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The cyclopropane subunit is present in many biologically important compounds including terpenes,
pheromones, fatty acid metabolites, and unusual amino acids, and it shows a large spectrum of biological
properties, including enzyme inhibition and insecticidal, antifungal, herbicidal, antimicrobial, antibiotic,
antibacterial, antitumor, and antiviral activities. This fact has inspired chemists to find novel and diverse
approaches to their synthesis, and thousands of cyclopropane compounds have been prepared. In particular,
naturally occurring cyclopropanes bearing simple or complex functionalities are chiral compounds; thus,
the cyclopropane motif has long been established as a valuable platform for the development of new
asymmetric technologies. Asymmetric synthesis constitutes the main strategy to gain access to
enantioenriched compounds, involving the use of either chiral auxiliaries or catalysts that in turn can be
metal-centered, small organic asymmetric molecules or enzymes. New and more efficient methods
employing all these methodologies to gain enantiomerically enriched cyclopropanes are still evolving.
Transition metal-catalyzed cyclopropanation involving carbene intermediate is powerful and useful
methods for constructing important substructures of targeted molecules, and therefore they have been
extensively studied for the past couple of decades.

Although Ruthenium complex is newcomer in the field of catalytic cyclopropanation, it has emerged as
the third important catalyst metal for the carbenoid chemistry of diazo compounds, besides copper and
rhodium. Therefore, future developments should try to find catalysts that give ruthenium carbene
intermediates electrophilic enough to react with a wide range of olefinic substrates and that at the same
time give high levels of dia- and enantioselectivity. This prompted us to explore the asymmetric
cyclopropanation of various diazo compounds which are potentially building blocks and expectant to be
applied in pharmaceutical and medicinal fields.

Chapter 1. Describes the history of the carbene transfer reactions. A brief review of the most
successful metal carbene intermediates in asymmetric cyclopropanations over the past ten years are

provided. Furthermore, the application of metal carbene complexes in the synthesis of biologically-active




or natural product-like compounds are also mentioned.

Chapter 2. Recently, our research group reported that the complex, Ru(Il)-pheox, has been completely
efficient in carbene transfer reactions, particularly the cyclopropanation of diethyl
diazomethylphosphonates with various electron-deficient olefins such as o,B-unsaturated carbonyl
compounds or vinyl carbamates in excellent yields and with high enantioselectivity. Thus, here in, novel
catalysis involving phosphonomethylation of N-methylaniline and asymmetric cyclopropylphosphonation
reactions of N,N-diethylaniline derivatives with diazomethylphosphonates are reported. Optically active
cyclopropylphosphonate derivatives were directly synthesized from diazomethylphosphonates and
N,N-diethylaniline derivatives catalyzed by a 3,4,5 methoxy-Ru(Il)-pheox complex in one step in good
yields and high diastereoselectivities (up to trans/cis = > 99:1<) and enantioselectivities (up to 99% ee). D
labeling mechanistic studies of phosphonomethylation and cyclopropylphosphonation suggested that an
enamine or iminium intermediate was generated in the reaction process.

Chapter 3. Continuously, the 3,4,5 methoxy-Ru(Il)-Pheox-catalyzed cyclopropanation of styrene with
diacceptor diazo compound is initially reported in the corresponding cyclopropylphosphonate product in
excellent yield (up to 99%) and good enantioselectivity (up to 68% ee).

Chapter 4. Furthermore, finding catalysts which can cyclopropanate with various diazo compounds to
enrich stereoselectivity also have been developed during the last decades. In our previous researches,
Ru(Il)-pheox-catalyzed asymmetric cyclopropanation of succinimidyl diazoacetate with olefins and allenes
resulted in high yields and excellent enantioselectivities and of o,f-unsaturated carbonyl compounds with
acetonyl diazoacetate in much higher stereoselectivities (diastereoselectivity >99:1 and enantioselectivity
up to 99%). Consequently, herein, The diazo derivative of acetonyl acetate is a useful basic skeleton for the
synthesis of cyclopropyl ketones. The intermolecular cyclopropanations of diazo acetoxy acetone with
olefins are accomplished by using a novel p-nitro-Ru(Il)-diphenyl-Pheox catalyst to give the corresponding
optically active cyclopropane derivatives in good yields (up to 95%) with excellent diastereoselectivities
(up to 99:1) and enantioselectivities (up to 98% ee).

Chapter 5. Finally, all the experimental and analytical data as the evidence for chapter 2 to 4 are
described.

In summary, the Ru(ll)~Pheox catalyzed asymmetric cyclopropanation reaction proved to be an
efficient and straightforward method for the preparation of chiral cyclopropylphosphonation, diaceptor
cyclopropylphosphonates, ketone cyclopropanes, which are important intermediates in the synthesis of
many biologically active compounds. We believe that Ru(Il)-Pheoxderivatives will contribute to the
progress of not only asymmetric cyclopropanation but also other asymmetric carbene transfer reactions.

List of publications and experimental supporting information are included in the appendices.
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ABSTRACT
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The cyclopropane subunit is present in many biologically important compounds including
terpenes, pheromones, fatty acid metabolites, and unusual amino acids, and it shows a large
spectrum of biological properties, including enzyme inhibition and insecticidal, antifungal,
herbicidal, antimicrobial, antibiotic, antibacterial, antitumor, and antiviral activities. This fact
has inspired chemists to find novel and diverse approaches to their synthesis, and thousands of
cyclopropane compounds have been prepared. In particular, naturally occurring cyclopropanes
bearing simple or complex functionalities are chiral compounds; thus, the cyclopropane motif
has long been established as a valuable platform for the development of new asymmetric
technologies. Asymmetric synthesis constitutes the main strategy to gain access to
enantioenriched compounds, involving the use of either chiral auxiliaries or catalysts that in turn
can be metal-centered, small organic asymmetric molecules or enzymes. New and more
efficient methods employing all these methodologies to gain enantiomerically enriched
cyclopropanes are still evolving. Transition metal-catalyzed cyclopropanation involving carbene
intermediate is powerful and useful methods for constructing important substructures of targeted
molecules, and therefore they have been extensively studied for the past couple of decades.

Although Ruthenium complex is newcomer in the field of catalytic cyclopropanation, it has
emerged as the third important catalyst metal for the carbenoid chemistry of diazo compounds,
besides copper and rhodium. Therefore, future developments should try to find catalysts that
give ruthenium carbene intermediates electrophilic enough to react with a wide range of olefinic
substrates and that at the same time give high levels of dia- and enantioselectivity. This
prompted us to explore the asymmetric cyclopropanation of various diazo compounds which are
potentially building blocks and expectant to be applied in pharmaceutical and medicinal fields.

Chapter 1. Describes the history of the carbene transfer reactions. A brief review of the
most successful metal carbene intermediates in asymmetric cyclopropanations over the past ten
years are provided. Furthermore, the application of metal carbene complexes in the synthesis of
biologically-active or natural product-like compounds are also mentioned.

Chapter 2. Recently, our research group reported that the complex, Ru(Il)-pheox, has been
completely efficient in carbene transfer reactions, particularly the cyclopropanation of diethyl
diazomethylphosphonates with various electron-deficient olefins such as o,B-unsaturated
carbonyl compounds or vinyl carbamates in excellent yields and with high enantioselectivity.
Thus, here in, novel catalysis involving phosphonomethylation of N-methylaniline and
asymmetric cyclopropylphosphonation reactions of N,N-diethylaniline derivatives with
diazomethylphosphonates are reported. Optically active cyclopropylphosphonate derivatives

were directly synthesized from diazomethylphosphonates and N,N-diethylaniline derivatives
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catalyzed by a 3,4,5 methoxy-Ru(Il)-pheox complex in one step in good yields and high
diastereoselectivities (up to trans/cis = > 99:1<) and enantioselectivities (up to 99% ee). D
labeling mechanistic studies of phosphonomethylation and cyclopropylphosphonation suggested
that an enamine or iminium intermediate was generated in the reaction process.

Chapter 3. Continuously, the 3,4,5 methoxy-Ru(Il)-Pheox-catalyzed cyclopropanation of
styrene with diacceptor diazo compound is initially reported in the corresponding
cyclopropylphosphonate product in excellent yield (up to 99%) and good enantioselectivity (up
to 68% ee).

Chapter 4. Furthermore, finding catalysts which can cyclopropanate with various diazo
compounds to enrich stereoselectivity also have been developed during the last decades. In our
previous researches, Ru(Il)-pheox-catalyzed asymmetric cyclopropanation of succinimidyl
diazoacetate with olefins and allenes resulted in high yields and excellent enantioselectivities
and of o,B-unsaturated carbonyl compounds with acetonyl diazoacetate in much higher
stereoselectivities (diastereoselectivity >99:1 and enantioselectivity up to 99%). Consequently,
herein, The diazo derivative of acetonyl acetate is a useful basic skeleton for the synthesis of
cyclopropyl ketones. The intermolecular cyclopropanations of diazo acetoxy acetone with
olefins are accomplished by using a novel p-nitro-Ru(Il)-diphenyl-Pheox catalyst to give the
corresponding optically active cyclopropane derivatives in good yields (up to 95%) with
excellent diastereoselectivities (up to 99:1) and enantioselectivities (up to 98% ee).

Chapter 5. Finally, all the experimental and analytical data as the evidence for chapter 2 to
4 are described.

In summary, the Ru(Il)-Pheox catalyzed asymmetric cyclopropanation reaction proved to
be an efficient and straightforward method for the preparation of chiral
cyclopropylphosphonation, diaceptor cyclopropylphosphonates, ketone cyclopropanes, which
are important intermediates in the synthesis of many biologically active compounds. We believe
that Ru(Il)-Pheox derivatives will contribute to the progress of not only asymmetric

cyclopropanation but also other asymmetric carbene transfer reactions.
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CHAPTER 1

Introduction
1.1 Carbenes

Carbenes are highly reactive species in which the central carbon only has 6 electrons. The
electrons are distributed around the carbon so that 4 electrons are in bonds and the remaining 2
are in a non-bonding orbital. The general formula is R-(C:)-R' or R=C: where the R
represents substituents or hydrogen atoms. The term "carbene" may also refer to the specific
compound H,C:, also called methylene, the parent hydride from which all other carbene
compounds are formally derived. Carbenes are classified as either singlets or triplets, depending
upon their electronic structure.

Singlet carbenes are spin-paired. In the language of valence bond theory, the molecule adopts
an sp? hybrid structure. Triplet carbenes have two unpaired electrons. Most carbenes have a
nonlinear triplet ground state, except for those with nitrogen, oxygen, or sulfur atoms, and
halides directly bonded to the divalent carbon.

Carbenes are called singlet or triplet depending on the electronic spins they possess. Triplet
carbenes are paramagnetic and may be observed by electron spin resonance spectroscopy if they
persist long enough. The total spin of singlet carbenes is zero while that of triplet carbenes is
one. Bond angles are 125-140° for triplet methylene and 102° for singlet methylene. Triplet
carbenes are generally stable in the gaseous state, while singlet carbenes occur more often in
aqueous media (Figure 1).

For simple hydrocarbons, triplet carbenes usually have energies 8 kcal/mol (33 kJ/mol) lower
than singlet carbenes, thus, in general, triplet is the more stable state (the ground state) and
singlet is the excited state species. Substituents that can donate electron pairs may stabilize the
singlet state by delocalizing the pair into an empty p orbital. If the energy of the singlet state is

sufficiently reduced it will actually become the ground state. No viable strategies exist for triplet

stabilization.
R
R, R, o
— 1000 (" 0 = 125-140
(/ c b 0= 102 (/ i ‘ !
R R R
Carbene Singlet carbene Triplet carbene

Figure 1. The electronic structure of carbene.
1.1.1 History of carbene intermediates
Geuther and Hermann!! reported the first assumption of a carbene species in 1855. They

suggested that the alkaline hydrolysis of chloroform proceeds though the formation of a reaction
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intermediate with a divalent carbon called dichlorocarbene. In 1897, Nef proposed the same
reaction intermediate for the Reimer—Tiemann reaction and the transformation of pyrrol to
-chloropyridine in chloroform!®. They both showed a lot of intuition and courage for their
postulations considering that most chemists did not even believe in the existence of free radicals
at that time. Indeed, it was only 3 years later that Gomberg characterized the first example of a
free radical, triphenylchloromethylene 2 (Scheme 1), through elemental analysis and chemical
reactivity®!. Its discovery was freshly welcomed by the scientific community™. Prior to the
Great War, Staudinger and Kupfer contributed to the recognition of carbenic reaction
intermediates by studying the formation of methylene derivatives™ and diazomethane!®!.
Throughout the 1920s and 1930s, the existence of free radicals was finally well recognized,
and their use in organic chemistry as reaction intermediates was growing extremely rapidly'¥. In
this context, carbene moieties were regarded as diradicals!”!. The methylene carbene was seen as
a linear species, with two degenerate p-orbitals inevitably leading to a triplet state!®!. At the
beginning of the 1950s, there was a resurgence of interest in the organic chemical reactions of
carbenes!. In 1953, Doering and Knox disclosed an elegant synthesis of tropolones 3 via an

addition of methylene to substituted benzene (Scheme 2)!1%,

G -
O Cl > Q Q + 1/2 ZnCl,
Benzene
O : ()

Scheme 1. Generation of the first stable radical

CH2N2 KMnO4
UV-light
R

R = Alkyl

Scheme 2. Synthesis of tropolone-derivatives via the insertion of a methylene intermediate.

KO'B Na
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Scheme 3. Alkene cyclopropanation via methylene intermediate.

The most important contribution of Doering and his collaborators came a year later when
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they proved the existence of a dibromomethylene intermediate 6, in the first cyclopropanation
product 7 operating via the addition of bromoform 5 to an alkene 4 (Scheme 3)!!,

Then more organic synthesis involving the use of methylene were reported!!?!, prompting
chemists and physicists to have a closer look at this carbenic intermediate.
1.1.2 Transition metal carbene intermediates

A transition metal carbene complex (or another name is carbenoid) is an organometallic
compound featuring a divalent organic ligand. The divalent organic ligand coordinated to the
metal center is called a carbene. Carbene complexes for almost all transition metals have been
reported. The term carbene ligand is formalism since many are not derived from carbenes and
almost none exhibit the reactivity characteristic of carbenes. Described often as M=CR,, they
represent a class of organic ligands intermediate between alkyls (—CR3) and carbynes (=CR).
They feature in some catalytic reactions, especially alkene metathesis, and are of value in the
preparation of some fine chemicals.
1.1.2.1 Classification of carbene intermediates

Metal carbene complexes are often classified into two types. The Fischer carbenes named
after Ernst Otto Fischer feature strong m-acceptors at the metal and being electrophilic at the
carbene carbon atom. Schrock carbenes, named after Richard R. Schrock, are characterized by
more nucleophilic carbene carbon centers; these species typically feature higher valent
metals. N-Heterocyclic carbenes (NHCs) were popularized following Arduengo's isolation of a
stable free carbene in 1991. Reflecting the growth of the area, carbene complexes are now
known with a broad range of different reactivities and diverse substituents. Often it is not
possible to classify a carbene complex with regards to its electrophilicity or nucleophilicity.

1.1.2.1.1 Fisher carbenes

OMe © ,LOMe
(0C)sCr==Lp = (0C)sCr—K pp

. ®
oM
% - g (00)5094%9

Scheme 4. Metal-carbon bonding in Fisher carbene complexes

In the early 1960s, free carbenes were found to be stabilized by coordination to transition
metals via formal metal-to—carbon double bond, and some of them could even be isolated as
metal-carbene complexes. The donation of d—orbital electrons on the metal to the electron—

deficient carbene carbon makes the carbene more stable and easier to work with. When this d—


https://en.wikipedia.org/wiki/Organometallic_compound
https://en.wikipedia.org/wiki/Organometallic_compound
https://en.wikipedia.org/wiki/Divalent
https://en.wikipedia.org/wiki/Ligand
https://en.wikipedia.org/wiki/Carbene
https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Alkene_metathesis
https://en.wikipedia.org/wiki/Ernst_Otto_Fischer
https://en.wikipedia.org/wiki/Electrophile
https://en.wikipedia.org/wiki/Richard_R._Schrock
https://en.wikipedia.org/wiki/N-heterocyclic_carbene

electron donation is moderate, as in the low oxidation state of middle and late d—series metals,
the carbenoids still behave electrophonically, and are known as Fischer carbenes.

Well-stabilized heteroatom containing singlet carbenes, such aminocarbenes and
alkoxycarbenes have a significant gap between their singlet and triplet ground states!'’. They
form a metal-carbon bond constituted by mutual donor—acceptor interaction of two closed-shell
(singlet) fragments. The dominant bonding arises from carbene—metal c—donation and
simultaneously from metal-carbene n—back donation (Scheme 4)!!4,

The m—electrons are usually polarized toward the metal and the carbon—metal bond has a
partial double bond character, which diminishes with the stabilization of the carbene by its

14,15

groups!!'*!3l For instance, in diaminocarbenes, including NHCs, the metal—carbon bond is seen

as a simple bond; the m—back donation is usually weak because the carbenic carbon is already

16,17

well stabilized by m—donation from its amino-groups!!®!”l. Fischer carbene complexes are

electrophilic at the carbon—metal bond and are prone to nucleophilic attack at the carbene center

14,16,18]

(OMe/NMe; exchange for instance)! . They are associated with low oxidation state

metals!!*16:17],
1.1.2.1.2 Schrock carbenes

When the electron donation from the metal to the carbene carbon is extreme, as in the early
transition metals, the carbenes become nucleophilic in their reactivity and are known as Schrock
carbenes.

Poorly stabilized carbenes such as dialkylcarbenes or alkylidenes have a small gap between
their singlet and triplet ground state. They form a covalent metal—carbon bond in nature created

186,191 The m—electrons are nearly equally

by the coupling of two triplet fragments (Scheme 5)!
distributed between the carbon and the metal, and the metal-carbon bond is seen as a true
double bond!"*"™. Schrock carbene complexes are nucleophilic at the carbon-metal bond and
are susceptible to react at the carbene center with electrophiles as in a Wittig reaction involving
an ylide instead of a carbenel'®!. They are found exclusively among early transition metals with

the highest oxidation state (d%)!".

D—

H H
)

metal carbene

Scheme 5. Metal-carbon bonding in Fisher carbene complexes



1.1.2.1.3 carbene radicals

Carbene radicals®” are long-lived reaction intermediates found with:[2!2223]
» Low oxidation state metal center

» Middle and late transition metal, e.g. Co(II)
»  o-donor and m-acceptor ligand
>

chemical

in carbene

both Fischer and Schrock carbenes (Figure 2).

radicals

m-acceptor substituents on the ligand such as carbonyl or sulfonyl groups. The
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Figure 2. Bonding Scheme of Carbene Radical Complexes as compared to Schrock and

Fischer-type carbene complexes.

1.1.2.2 Classification of carbenoid precursors
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M = Cu, Rh, Ru, Pd, Fe, ect.

Figure 3. Classification of carbenoid precursors.
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The reactivity of transitory metal carbenoids is greatly influenced by the nature of the
substituents on the carbenoid. Consequently, reviews of metal carbenoids often classify the
carbenoids into three distinct groups, the acceptor carbenoids, the acceptor/acceptor carbenoids
and the donor/acceptor carbenoids.? The terms “acceptor” and “donor” refer, respectively, to
the withdrawal and donation of electron density by the functional groups flanking the carbenoid
(Figure 3).

Generally, an acceptor substituent makes the carbenoid species more electrophilic and more
reactive, whereas a donor group makes the carbenoid more stable and thus more selective in the
reaction.”” It should be noted that the transition metal catalyzed diazo decomposition is
dependent not only on the Lewis acidity of the transition metal but also on the basicity of the
diazo compounds. Among the diazocarbonyl precursors, those with more withdrawing groups
tend to be more stable than those with fewer withdrawing groups since the formal negative

charge on diazo carbon can be further delocalized into the additional groups (Figure 4).1°!

stability
< ]
+ -
N2 N2 N2 N2 EWG COZR, COR,
A aneS X A CONR;
EWG™ "EWG EWG~ "EWG H~ "EwWG EDG" EWG EDW = Aryl, vinyl
Acceptor/Acceptor  Acceptor ~ Donor/Acceptor M = Cu, Rh, Ru, Pd,
' S Fe, ect.
basicity

Figure 4. Stability and reactivity of carbenoid precursors in catalytic decomposition.

Thus, a larger amount of energy is required for its decomposition to generate a metal carbene.
In general, higher temperatures are required for the decomposition of an acceptor/acceptor
diazocarbonyl than for acceptor/donor. Catalyst design remains a central issue in transition
metal catalyzed reactions of diazo compounds. The reactivity profile of these transient
metal-stabilized carbenoids is highly dependent on the structure of the carbenoid and the type of
the metal. Professor Padwa noted this problem succinctly: ‘A survey of the literature dealing
with the topic of catalytic diazo decomposition can be both enlightening and frustrating’.[2%?!
1.2 Metal carbene intermediates in asymmetric cyclopropanation
Organic chemists have always been fascinated by the cyclopropane subunit.*”! Its strained
structure, and interesting bonding characteristics have attracted the attention of the physical
organic community.? The strain energy is the difference between the observed heat of
formation of a strained molecule and that expected for a strain-free molecule with the same
number of atoms. Due to the limited degrees of freedom, these conformationally constrained

molecules have very pronounced steric, stereoelectronic, and directing effects, which make



them versatile probes for the study of regio-, diastereo-, and enantioselectivity.?’’ On the other
hand, the cyclopropane subunit is present in many biologically important compounds including
terpenes, pheromones, fatty acid metabolites and unusual amino acids,*®! and it shows a large
spectrum of biological properties, including enzyme inhibition and insecticidal, antifungal,
herbicidal, antimicrobial, antibiotic, antibacterial, antitumor, and antiviral activities®! (Figure 5).
Thus, the community of synthetic organic chemists is also interested in this structure, and
thousands of cyclopropane compounds have been prepared.

Nearly all biological compounds are chiral and cyclopropanes are not exempt from this rule,
thus synthetic methods to obtain them in enantiopure form have become a key goal and organic
chemists have been challenged in this research in recent years. In 2003, the first review on
enantioselective cyclopropanation reactions appeared.l*” Pellissier updated the research in this
field in 2008.5°*! However, new and more efficient methods for the preparation of these entities
in enantiomerically pure form are still evolving. Indeed, the last four years have provided an
impressive number of developments of asymmetric cyclopropanation, thus a further update is
necessary, and this review will focus on the methods that have appeared in the literature from
2008 to mid-2013. Accounts on some aspects of these reactions have also appeared in the

literature during recent years.!*
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Figure 5. Selected cyclopropane-containing natural products and pharmaceutical compounds.



1.2.1 Simmons—Smith cyclopropanation
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Scheme 6. Possible mechanisms for the Simmons-Smith reaction.

In the late 1950s, Simmons and Smith discovered that the reaction of alkenes with
diiodomethane in the presence of activated zinc afforded cyclopropanes in high yields!**. The
reactive intermediate is an organozinc species, and the preparation of such species, including
RZnCHo>I or IZnCH>I compounds and samarium derivatives, was developed in the following
years!®®!. The popularity of the Simmons—Smith reaction arose from the broad substrate
generality, the tolerance of a variety of functional groups, the stereospecificity with respect to
the alkene geometry, and the syn—directing and rate—enhancing effect observed with proximal
oxygen atoms!*®,

In spite of the practical importance of the asymmetric Simmons—Smith cyclopropanation,

the reaction pathway is not completely clear yet!*”)

. Theoretically, the Simmons—Smith
cyclopropanation can proceed via a concerted [2+1] methylene transfer (Scheme 6, path A), in
which the pseudo-trigonal methylene group of a halomethylzinc halide adds to an alkene n—
bond and forms two new carbon—carbon bonds simultaneously, accompanying a 1,2—migration
of the halide anion from the carbon to the zinc atom. Alternatively, a [2+2] carbometallation
mechanism, in which the halomethyl group and the zinc halide add to both termini of the
alkene m-bond followed by intramolecular nucleophilic substitution of the pseudo-carbanion,
can be supposed (Scheme 6, path B). Experimental studies show that, using a zinc carbenoid,
the cyclopropanation very likely proceeds by the [2+1] pathway, primarily because the carbon—
zinc bond is covalent and unpolarized. In 2003, Nakamura et al. studied the reaction pathways
of cyclopropanation using the Simmons—Smith reagent by means of the B3LYP hybrid
density functional method, confirming that the methylene-transfer pathway was the favored

reaction coursel*”). It took place through two stages, an Sx2-like displacement of the leaving
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group by the olefin, followed by a cleavage of the C—Zn bond to give the cyclopropane ring.
However, the alternative carbometallation and cyclization pathway was found to be preferred
when the carbon—-metal bond is more polarized, such as in lithium carbenoids, and this
hypothesis has received experimental support!s,

Kinetic studies on the cyclopropanation of dihydropyrroles show an induction period that
is consistent with a change in the structure of the carbenoid reagent during the course of the
reaction. This mechanistic transition is associated with an underlying Schlenk equilibrium that
favors the formation of monoalkylzinc carbenoid 1ZnCHoI relative to dialkylzinc carbenoid
Zn(CHzl),, which is responsible for the initiation of the cyclopropanation. Density functional
theory (DFT) computational studies were also conducted to study the factors influencing
reaction rates and diastereoselectivities*).

1.2.2 Transition—Metal-Catalyzed cyclopropanation

Since the pioneering work of Nozaki er al. in 19661°%, the transition-metal catalyzed
cyclopropanation of alkenes with diazo compounds has emerged as one of the most highly
effective and stereocontrolled routes to functionalized cyclopropanes. The diastereocontrol in
the cyclopropanation is often governed by the particular substituents on both the alkene and the
diazo compounds, and thus, the catalyst must be cleverly designed in order to enhance selective
formation of cis versus trans or syn versus anti—cyclopropanes. As already seen in the previous
section, the most ancient attempts to achieve enantioenriched cyclopropanes used chiral
auxiliaries. Since the 1990s, many chiral ligands surrounding the metal center of the catalyst
have been introduced for obtaining the enantiocontrol. The accepted catalytic cycle of the
carbenoid cyclopropanation reaction involves interaction of the catalyst with the diazo precursor
to afford a metallo—carbene complex followed by transfer of the carbene species to the alkene

(Scheme 7).
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Scheme 7. Accepted catalytic cycle for the carbenoid cyclopropanation reaction.
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The type of the reaction to be carried out (inter— vs intramolecular) plays a key role in the
appropriate selection of the most efficient catalyst for a given transformation. In light of this,
this section is divided into inter— and intramolecular cyclopropanation reactions, and in each
subsection, chiral auxiliaries are described before and then chiral ligands are listed according to
the involved metal ion.
1.2.2.1 Chiral Catalysts: Cobalt

R3
R27D/ Co(ll)(Por)
R1
2 1
R\I\(R
\ III R'l
Co(lll)(Por) | (Por)Co(ll) 2
H,,,'\)\\\\RZ N SR
RS R’ N2

\
‘Bridging carbene’ 9

[
/R@ )Ci(lll)(Por) N,

‘Terminal carbene™ 8

Scheme 8. Mechanism of cobalt-porphyrin catalysts

Cobalt complexes have been shown to be reactive catalysts for the a-diazoester
decomposition, leading to a metal carbene that could convert alkenes to cyclopropanes. In
2009, Doyle published a highlight article collecting what was known on this topict®!. The
mechanism of this reaction was examined by EPR and electrospray ionization—mass
spectrometry (ESI-MS) techniques, especially when cobalt—porphyrin catalysts were used,
and evidence for a two-step mechanism was uncovered (Scheme 8)52,

The first step is an adduct formation that could exist as two isomers: the “terminal carbene”
8 and the “bridging carbene” 9. In the former, the “carbene” behaves as a redox noninnocent
ligand having a d® cobalt center and the unpaired electron resides on the “carbene” carbon
atom. In the latter, the “carbene” is bound to the metal and one of the pyrrolic nitrogen atoms
of the porphyrin. DFT calculations suggested that the formation of the carbene is the rate—
limiting step and that the cyclopropane ring formation proceeds by way of a stepwise radical

process. Conclusive evidence for the existence of cobalt(Ill) carbene radicals has been
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obtained™. In fact, in the absence of the alkene substrate, the “terminal carbene” arising from
diazoacetate dimerizes to afford binuclear cobalt(Ill)-porphyrin complex, characterized by
X-ray structural analysis. Calculation methods confirmed that the “terminal carbene” complex
has a single bond from the metal to the carbon atom and radical character with localized spin
density on the carbon. In addition, the carbon is nucleophilic in character and “tunable”
through the introduction of different R substituents in order to achieve the desired reactivity.
Based on these findings, rational design strategies to enhance catalytic activity can be
proposed % highly increasing the low level of diastereo- and enantiocontrol of the early

work in this area 3.

Rf \\\COzt-Bu;

R2 RS Cat.
+ R
\W R2
1

39-94% vyield
83:17 to 98:2 dr
95-99% ee

R2 = Ph, 4-CICgH,4, 2-Naph,
4-M6006H4;
R®=H, Me

Cobalt-salen: X =Y = (R, R)-(CH,)4 (5 mol%)

Scheme 9. Cobalt-salen in enantioselective cyclopropanation reactions.
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Scheme 10. Cobalt porphyrins in enantioselective cyclopropanation reactions.
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Colbalt-salens are the potential efficient catalysts for asymmetric cyclopropantions of
tert-butyl diazoacetate 10 with olefins 11 in excellent yield and enantioselectivity (Scheme 9).
Other hands, their analogs, cobalt-porphyrins have been also found to be efficient catalysts for
cyclopropanation of o-—cyanodiazoacetates with alkenes as atypical dominant Z-isomers
(Scheme 10)°. Conversely, rhodium-based chiral catalysts provided predominantly the E—
isomers (see Section 2.2.3)P7,
1.2.2.2 Chiral Catalysts: Copper

Cu(l)L*
Ph> + NCHCOR ——> ph\\“AcozR + PhACOzR
E=1R2R Z=1R,2S
Ligand R E/Z ee (%) References
O~ o) D-Menthyl 86:14 98 (E) [165, 166]
g 96 (2)

o\?<(o BHT 94:6 99 (E) [167]
Co

N S Et 77:23 99 (E) [168]
box 2 /V Et 72:28 98 (E) [169]

O\lxl/o Et 84:16 100 (E) [177]
N N\> 100 (2)

box 3 /V

Table 1. Copper(I)-box catalysts employed in enantioselective cyclopropanation reactions.

Chiral copper-based catalysts are the most effective catalysts for the preparation of the
trans-isomer of cyclopropanes with the widest reaction scope. Among them, nonracemic
Cr-symmetric bidentate bisoxazoline (box) ligands have been wused in cyclopropanation

reactions with copper for more than 30 years?®®.,

Many investigations have shown that the
ligand structure has a strong influence on the stereoselectivity of the cyclopropanation. Even
very small structural changes often have drastic and sometimes unpredictable effects on the
enantioselectivity, and the phenomenon comprehension is complicated by very low
enthalpic barrier for the transition states leading to the R- and S-products. However, since
2001, using DFT calculations, Salvatella and coworkers rationalized the stereochemical

prediction of the cyclopropanation. The calculated relative energies are in good agreement
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with the experimental enantiomeric excesses as well as with the Z/E ratio®!. In 2004, Mend et
al. studied again this reaction by means of DFT, showing that it was exothermic and that the
turnover-limiting step was the formation of metal -catalyst—cyclopropyl carboxylate
complexes!®!. Then, Maseras and coworkers found a barrier, which arises from the entropic
term, in the Gibbs free-energy surface compatible with the experimentally observed
enantioselectivity®!). The data set included 30 chiral ligands belonging to four different
oxazoline-based ligand families.

Some examples of chiral ligands for the copper-catalyzed cyclopropanation in excellent yield

as well as stereoselectivity are listed in Table 1.

0 o)
W
cu -
1-Naph 1-Naph |
| (0.5 mol%) +
| + N2CHCOzt-BU 92%, (eq 1)
88:12 dr (E:2) CO-t-Bu
96% ee (E) CO.t-Bu 2
15 11 71% ee (2)
Ph Cu-ent-box5
\__*+ N2CHPO(OR), o - PhNP OR + P72 (eq2)
16,17, 18 84:16 to 90:10 dr (E:Z) £ R RO,F{\O
92-93% ee z OR
R = Me, Et, i-Pr
t-Bu R
1 N2 . \‘ 0,
R\/\Rz + )J\ i-Pr (5 mol%) . A/COZEt (eq 3)
Ph™ “CO,Et 51.99% o o
19 >99:1 dr 82-95% ee
R' = Ph, 4-MeOCgH,, p-Tol, 4-CICgH4, O-n-Bu; R? = H; R" = Ph, R? = (CH=CH,), (E)-alkene;
R', R? = (CH,),0, (CH,);0, (2)-alkene

Scheme 11. Copper-bisoxazoline-catalyzed cyclopropanation of some diazoalkanes
Some of these copper(I)-box catalyzed reaction were then employed in multistep synthesis
of natural products!®”. For instance, cyclopropanation of furans was applied to the total
syntheses of some key intermediates of natural products and drugs!®*
Alkenes that were more complex were also involved in copper—bisoxazolinecatalyzed
cyclopropanation with diazoalkanes. The cyclopropanation of 2,5-dimethyl-2,4-hexadiene 15
with ¢-butyl diazoacetate 10 (Scheme 11, eq 1), Diazoalkanes other than alkyl diazoacetates

have also been employed in copper—bisoxazoline-catalyzed cyclopropanations. For instance,
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a-diazophosphonate diazomethanes 16-18 was used to obtain cyclopropylphosphonate
derivatives under Cu-ent-box2 catalysis (Scheme 11, eq 2). However, Nishiyama’s ruthenium
catalyst (see Section 1.2.2.4) gave better results and can be used with a wider range of substrates
(88 : 12 to >98 : 2 E/Z ratio, 90-96% ee also with substituted styrenes, a-methylstyrene, and
1-phenylbuta-1,3-diene)!®”. Another example is the cyclopropanation of alkenes with ethyl
phenyldiazoacetate 19 (Scheme 11, eq 3)[°l.
1.2.2.3 Chiral Catalysts: Rhodium

Although many transition metal chiral complexes have been developed, dirhodium(II)
complexes are among the most attractive catalysts, because of their activity and efficiency.
Dirhodium(II) catalysts with very high turnover numbers have been reported, and consequently,
the cost and toxicity of rhodium can be greatly overshadowed by the ability to use tiny amounts
of the catalyst to generate large quantities of value added products. The use of dirhodium(II)

catalysts in inter- and intramolecular asymmetric cyclopropanation has been recently reviewed

1671 "and readers are invited to read this review for other information.

R 5 R ((:) Rh Rj' /O -
O1Rn |l
O1Rh X 0 N Rh
Ry <
P Ph X X Rh,(S-DOSP),:
- —4 - X —4

R = 4-CyoHpsCeHy, R' = H
Rhy(R-BTPCP),: R=Br  Rhy(R-PTTL)4: X = H, R = t-Bu 121725674

Rh,(R-BPCP),: R = Ph Rh,(R-PTAD),: X = H, R = 1-adamantyl
Rh,(R-TCPTTL),4: X = Cl, R = t-Bu
Rh,(R-TBPTTL),: X = Br, R = £-Bu — -

.Th
Rh RO,C
N—{Rh
<'\ l
O-Rh
a 4 Rh,(S-biTISP),:
Rh,(S-NTTL),: X = H Rhy(S-IBAZ),: R = i-Bu n =0, Ar = 2,4,6-(i-Pr)3CgH,

Figure 6. Chiral dirhodium catalysts for asymmetric cyclopropanation.
Rhodium-based chiral complexes were synthesized and tested in both inter- and
intramolecular cyclopropanations. In particular, the development of dirhodium(II) carboxylate

and carboxamidate catalysts (Figure 6) has resulted in many highly chemo-, regio-, and
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stereoselective reactions of a-diazocarbonyl compounds!®®l. As a general guideline, the level of
diasterocontrol with rhodium carbenes does not match that observed with copper, ruthenium, or
cobalt carbenes, even when sterically hindered a-diazoesters are used. This drawback has
minimized the use of rhodium catalysts in intermolecular processes involving simple
a-diazoesters in the most ancient period of asymmetric synthesis.

Charette’s research group found Rhy(S-IBAZ)s as an efficient catalyst for cyclopropanation
of a-cyanodiazophosphonate 20 and a-cyanodiazoacetate 13 (Scheme 12)°1. The particular
electrophilicity of cyanocarbene intermediates permitted the use of allenes as substrates,
affording the first catalytic asymmetric alkylidene cyclopropanation reaction using diazo
compounds. In fact, a-cyanocarbenes are forced to stay in-plane, conversely from other
electron-withdrawing groups, which adopt an out-of-plane conformation (see below). The
in-plane conformation is highly energetic, thus leading to a more electron-deficient reactive

carbene, allowing less nucleophilic n-systems such as allenes to react.

R1
R? , X, /NwR?  R'=Ph, Bn, 4-CF3CgH,, 4-CICgH,,
79-99% NC R’ p-Tol, 4-AcOCgH,, 3-MeOCgH,,
83:17 to 97:3 dr 3-NO,CgHy, 2-BrCgHy,
Rhy(S-IBAZ), - 188-99% ee 3-(N-Ts-indolyl), (Ph),C=CH,
NC.__X (1 mol%)
\[( Ph(CH,),, CO,Me, OBz, N-Phth
N2 R2=H, Me, Ph
X = CO,-t-Bu (13), = :< X, R' = Ph, Bn, 4-CICgH,, 4-MeCgH,,
PO(Oi-Pr), (20) 4-MeOCgH,, 2-BrCgH,, CO,Et,
29- 92% TMS, N-Phth, CH,-N-Phth
80:20 to 97:3 dr R2=H, Me
82-97% ee

Scheme 12. Asymmetric  cyclopropanation of  oa-cyanodiazophosphonate  and

a-cyanodiazoacetate.

N Rh,(S-DOSP), Ar = Ph, 4-MeOCgH,,
1
)Ji . RWN3 (0.2 mol%) NS\A/COZRZ 4-BrCgHy, 2-Naph
Ar” >CO,R? 70-99% R “Ar R"=Ph, 4-MeCgHa, 4-FCeH,
90:10 to 99:1 4-CNCgHy4, 2-Naph, 4-BrCgH,4
73-95% ee R? = Et, Bn, 4-BrBn, 4-MeOBn

Scheme 13. Enantioselective preparation of cis-f-azidocyclopropane esters.
B-Aminocyclopropane carboxylic acids are widely used in peptide syntheses, but they cannot
be efficiently prepared from asymmetric cyclopropanation of N-protected enamines!’”.
However, azidoalkenes could be regarded as alternative precursors of cis-f-aminocyclopropane

carboxylic acids, and Rh2(SDOSP)4 was found to be an efficient catalyst for the preparation of
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(1R,2S)-isomers (Scheme 13)U7!]. The reaction can be carried out on gram scale with the same
yield but with slightly lower enantioselectivity and longer reaction time.

Finally, intermolecular asymmetric cyclopropanations of aryldiazoacetates with labile
protecting groups on the ester and styrene derivatives can be catalyzed by chiral dirhodium(II)
complexes Rhy(S-DOSP); and Rhy(R-BPCP)4. In particular, the trimethylsilylethyl
aryldiazoacetates 21 gave the best results with Rhy(S-DOSP)4, while trichloroethyl
aryldiazoacetates 22 with Rhy(R-BPCP)4 (Scheme 14)!7%,

T™S
\P) Rh,(S-DOSP), Ar = Ph, 4-BrC¢H,4, PhCH = CH
Ar)KfO LRI_R? (1 mol%) R' = Ph, 4-AcOCgH,, 4-MeOCgH,,
o) atr.t. at-40 °C 5 4-BrCgH,, R?=H
\L 61-68% 50-71% N\ R'=R?=Ph
21 ™S 81-88% ee 87-96% ee R' Ar
Ar = 4—BrCGH4, 4-t—BrC6H4, 4-FCGH4,
N, Rh,(R-BPCP), CCly 4-CICgHy, (3,4-Cl,CgHz)CH=CH,
A )K’//o R'._R? (0.5mol%) Z\A/L O-N
r — R \
o ¥ \H/ atr.t. N/ z&/x)\
ﬁ 61-90% R’ Ar 1
K R'= Ph, 4-MeOCgH,, 4-BrCgH,
CCl 85-98% ee 5 _
2 0 R®=H
R'=R?=Ph

Scheme 14. Enantioselective synthesis of cyclopropanecarboxylates with labile protecting
groups on the ester.

Similar dirhodium complex Rh2(R-BTPCP)4 was found to be an effective chiral catalyst for
the enantioselective cyclopropanation of styryldiazoacetates (Scheme 15)13. DFT
computational studies at the B3LYP and UFF levels suggested that when the carbenoid binds to
the catalyst, two of the 4-bromophenyl groups rotate outward to make room for the carbenoid.
Then, the ester group aligns perpendicular to the carbene plane and blocks attack on its side.
Thus, the substrate approaches over the donor group, but it finds the Re-face blocked by the aryl
ring of the ligand and only the Si-face open for the attack, in agreement with the observed

absolute configuration of the product.

Ar
P Rh,(R-BTPCP), Ar = Ph, 4-CICgH,, 3,4-Cl,CgH3,
. RT (0.01-1 mol%) A\\Cjz\Me 3,4-(Me0),CgH3
- = 1_
MeO,C~ ~N, | 54-92% R’ =~ R =Ph, 4-CICgHy, 3,4-Cl,CeHs,
83-97% ee 4‘CF3CGH4, 4-MeOCGH4, o-Tol,
23 4-NO,CgHy4, 2-Me0,CCgHy4, Bu

Scheme 15. Cyclopropanation of styryldiazoacetates.
The enantiomer Rhy(S-PTAD)4 catalyzed the stereocontrolled synthesis of nitrile-substituted
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cyclopropanes from 2-diazo-2-phenylacetonitrile 24 and aryl alkenes (Scheme 16, eq 1), It is
worth noting that the small cyano acceptor group would be unable to influence the selectivity.
In fact, as reported earlier, studies on the mechanism asserted that the bulkiness of the
electron-withdrawing group drives the selectivity. This is true for alkylethenes (formed as 61 :
39 to 46 : 54 mixtures of diastereomers), but high diastereoselectivity was observed with
styrenes. Therefore, the authors claimed an attractive m-stacking interaction between the aryl
rings of styrene and phthalimide during the cyclopropanation that is absent in alkyl-substituted
alkenes. Catalyst Rhy(S-PTAD)4 also catalyzed the reaction of aryl-a-diazo ketones 25 with
activated alkenes (Scheme 16, eq 2)[°l. The enantioselectivity dropped when either the aryl
group in R1 was substituted with a styryl group or bulky groups were close to the carbonyl and
increased when the alkyl chain of the ketone group was lengthened. Vinyl acetate, dihydrofuran,
and dienes were less enantioselective, while vinyl ether and inactivated alkenes were not

effective substrates.

Rh,(R-PTAD),

N, = @mi%) ACN Ar = Ph, 3-BrCgHj, 4-CF5CgH,
M * A g 4-MeOCgH,, p-Tol, o-Tol, (€q.1)

Ph” “CNH 80-89% Ar Ph > Naon

24 95:5 dr -Nap

78-90% ee
N, Rh,(R-PTAD), o  R'=Ph, PhCH=CH, 4-BrC¢H,,
S Rp— (2 mol%) ,A\“\\LRZ 4-CICgH,, 4-NO,CgH, (eq.2)
R? + RS 81.95% ‘R3 ‘R1 R? = Me, Et, Pr, i-Pr, i-Bu,
= 0
© 95:5 dr Ph, t-Bu(CHy),
25 51-97% ee R® = Ph, Bn, 4-MeOCgHy, 4-CF3CgH.,

N-Phth, AcO, MeCH=CH, PhCH=CH

Scheme 16. Asymmetric synthesis of some cyclopropanes catalyzed by Rha(S-PTAD)s.

Rh,(S-TCPTTL) o) _
i (é 1 mol%) 4 i g X =NO,, CN, CO,Me
AR : A\ Ar Ar = 4-MeOCgHj, 4-CICqH,,
X 54-99% R! X 4-CF3CgHy4, 3-MeOCgH,

o) 81:19t0 99:1 dr 4 2 Rt
73-98% ee R' larger than R ,

R1= Ph, p-TOl, 4-t—BUC6H4, 4-C|C6H4, 4-FC6H4, 4-N02C6H4, 2-M3006H4, 2-C|C6H4,
2-FCgH,, 4-CF3CgHy, 3-MeOCgH,, 3-NO,CgH,, 3-FCgH,, m-Tol, 1-Phth, OBz

Scheme 17. Enantioselectivity synthesis of cis-cyclopropane a-amino acid precursors.
Similar results were obtained in the cyclopropanation of alkenes with diazoacetophenones
under Rhy(S-TCPTTL)s catalysis (Scheme 17)U7¢. The reaction could be carried out on a

multigram scale. Different substituted diazoacetophenones showed similar efficiency, except for
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the 4-dimethylamino derivative that achieved only 38% yield. Unfortunately, alkyl-substituted
alkenes did not provide the corresponding cyclopropanes in useful yields, and dienes afforded
only Cope-rearranged achiral products.

Hashimoto described that the reaction of 1-aryl-substituted and related conjugated alkenes
with tert-butyl a-diazopropionate 26 by catalysis with Rho(S-TBPTTL)s led to the
corresponding (1R,2S)-cyclopropanes containing a quaternary stereogenic center (Scheme
18)771,

N R Rhy(S-TBPTTL), , R'= Ph, 4-CICgHy4, 4-FCgH,,
2 N (1mol%) R &COZX 4-MeOCgHy, 4-CF3CgHy,
COX R %0 18?-959"/5 g R! 1-Phth, 2-Phth, PACH=CH, Bu
: 0 >99:1 dr 2 _ - X = ¢
2% 81-93% oo R? = H, Me, Ph; X = t-Bu

Scheme 18. Enantioselective cyclopropanation with a-diazopropionate.

Awata and Arai achieved the asymmetric cyclopropanation of diazooxindoles 27 with
Rhy(S-PTTL)4 as the catalyst. Spirocyclopropyloxindoles, which constitute biologically
important compounds, were obtained in good yield and diastereoselectivity (Scheme 19)78],
Then the mechanism of this reaction was detailed by DFT calculations, which demonstrated that
the origin of the trans-diastereoselectivity lies in the m—m interactions between the syn-indole
ring in carbenoid ligand and the phenyl group in styrene. The enantioselectivity could be
ascribed both to steric interaction between the phenyl ring in styrene and the phthalimide ligand

and to stabilization of m—m and CH—x interactions in the transition states!”".

R/
N2 Rhy(S-PTTL), ' R = 4-CICgHy, 3-CICgH.,
o)
N R 65 to >99% N O p-Tol, 4-MeOCgH,, Pr
H 88:12 to 98:2 dr H
27 48-74% ee

Scheme 19. Enantioselective synthesis of spirocyopropyloxindoles.
Rhy(S-biTISP), was able to catalyze the cyclopropanation of styrene with methyl
phenyldiazoacetate with high turnover number (92 000) and turnover frequency (4000 h—1).
This is one of the rare examples of a large-scale reaction with rhodium catalysts; in fact, with a
substrate/catalyst ratio of 100 000, 92% yield and 85% ee were obtained on a crude of 46 g. In
addition, this catalyst, immobilized on highly cross-linked polystyrene resins with a pyridine
attachment, provided up to 88% ee for this reaction®”. Finally, the same catalyst was applied to

the stereoselective synthesis of cyclopropylphosphonates containing quaternary stereocenters by
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the reaction of dimethyl aryldiazomethylphosphonates 29 (Scheme 20)®!,

, Rhy(S-biTISP), Ar' = Ph, 4-CICgH,4, 2-Naph,
" :<Ar . A1/= (1 mol%) APO(OMe)z 4-MeOCgHy, CH=CHPh
eoome)y, T 7698% AT as Ar' = Ph, 4-MeOCgHj, 2-Naph,
99:1 dr 4-BrCgH,, CH=CHPh
29a-e 62-92% ee

Scheme 20. Asymmetric synthesis of cyclopropylphosphonates catalyzed by Rhy(S-biTISP)..
The Rhy(NTTL)4 catalyst was the best-performing catalyst in the synthesis of
cyclopropylphosphonate derivatives (Schemes 21)#2!. The selectivity is independent of the size
of the phosphonate group and can be predicted by Hashimoto’s model. The use of Meldrum’s
acid, methyl diazostyrylacetate 29e and methyl diazophenylacetate 29a instead of the

phosphonate ester group dramatically deteriorated the asymmetric induction.

Rh,(S-NTTL),
Ph
1 mol%
N2:< + /: ( 0) . /A\\\PO(OMG)Z
PO(OMe), A" 86-93% Ar Bh
>905:5dr
29a 94 to >99% ee

Scheme 21. Asymmetric cyclopropanation with Rho(NTTL)4.

1.2.2.4 Chiral Catalysts: Ruthenium

The success of the rhodium complexes in catalyzing carbene-transfer reactions is tempered
by the high price of this metal. Therefore, ruthenium, a direct neighbor of rhodium in the
periodic table, has been more recently introduced in the field of catalytic cyclopropanation,
because it costs roughly one-tenth the price of rhodium. Another reason for focusing attention
on ruthenium catalysts is the greater diversity of complexes to be evaluated, due to the richer
coordination chemistry, as compared to rhodium!®*,

Thus, many highly active and selective homogeneous catalysts have been introduced for the

asymmetric cyclopropanation of alkenes (Figure 7)34.
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Figure 7. Chiral ruthenium catalysts for asymmetric cyclopropanations.
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Indeed, in a short time, ruthenium has emerged as the third important catalyst metal for the
carbenoid chemistry of diazo compounds, besides copper and rhodium. However, a significant
drawback of Ru catalysts is the rather low electrophilic character of the presumed ruthenium—
carbene intermediates, which often restricts the application to terminal activated alkenes and
double bonds with a higher degree of alkyl substitution. Another limitation of some ruthenium
complexes is the ability to catalyze other alkene reactions as well as cyclopropanation leading to
many by-products. However, if ruthenium catalysts work successfully, they often rival rhodium
catalysts in terms of effectiveness and relative, as well as absolute, stereochemistry.

Some methods of heterogenization of ruthenium catalysts, for instance, supporting them on
polymer or porous silica supports, have been investigated. Their activity, selectivity, and
recyclability have all been compared to those of the analogous homogeneous catalysts.

Nishiyama’s catalyst!®! has already been proven as better catalyst compared to Cu-ent-box5
catalyst in the synthesis of cyclopropylphosphonate derivatives!®!. In the reactions with pybox
ligands, the geometry of the recovered products is consistent with a model, in which the phenyl
group of styrene approaches the carbenoid species away from the ester and isopropyl groups.
Two interesting observations have been made.

1) A remote stereoelectronic effect exerted by the substituent in the 4-position of the
pyridine ring has been reported®®. Electron-donating substituents decrease (84% ee for the
cyclopropanation of styrene if X = NMe»), and electronwithdrawing groups increase the
enantiomeric excess significantly (X = CO>Me, 97% ee). The E/Z ratios were instead not
affected by the substituents.

ii) Non-C,-symmetric ligands are also quite effective in this reaction. For example,
Ru-Pybox4 afforded the cyclopropane not only with high enantioselectivity but also with an
improved diastereoselectivity, very likely because the removal of one of the oxazoline
substituents created more space for the ester group in the chiral pocket!®”,

Later, Deshpande et al. used Nishiyama’s catalyst to catalyze the cyclopropanation of styrene
with EDA, providing the corresponding trans-cyclopropane in 98% yield, with 96 : 4 dr, and
86% ee (trans)®¥l. Moreover, 1-tosyl-3-vinylindoles were excellently cyclopropanated by
Nishiyama’s catalyst with ethyl and t-butyl diazoacetate (30, 13) (Scheme 22)*). It should be
noted that the £/Z diastereoselectivity was notably improved when using #-butyl diazoacetate.
Moreover, the utility of this method was demonstrated by the conversion of one of the resulting
chiral cycloadducts into BMS-505130, a selective serotonin reuptake inhibitor.

Nishiyama also developed the water-soluble hydroxymethyl derivative (Ru-Pybox4). The
reaction of styrene with different diazoacetates in aqueous media provided the corresponding
cyclopropanes in 24-75% yields, with 92 : 8 to 97 : 3 E/Z ratio, 57-94% ee (1§,2S), and 26—
76% ee (1R,28)P0,
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RuPybox1
R? - Il\lz 2.5 mol% R R? "'CO,R!
N—r3 R'0,C 73-85% -
N 89:11 to 96:4 dr N
Ts 81-88% ee Ts
R?=H,F, CN,R®=H; R'=Et(30),
R2=H, R3= Me t-Bu (13)

Scheme 22. Asymmetric cyclopropanation of 1-tosyl-3-vinylindoles.

Simmoneaux et al. examined chiral 2,6-bis(thiazolinyl)pyridines as ligands for the

Ru-catalyzed cyclopropanation of olefins. The comparison of the enantiocontrol for the

cyclopropanation of styrene with chiral ruthenium bisoxazoline and bisthiazoline allowed the

evaluation of the different situation with regard to the diastereoselectivity and enantioselectivity

when an oxygen atom was substituted by sulfur. They found many similarities with, in some

cases, good enantiomeric excesses (up to 84% ee for trams-cyclopropylphosphonate were

observed)P!.

Nishiyama’s catalyst was immobilized in different manners:

1) By grafting on a Merrifield-type resin and on supports prepared by the polymerization
of 4-vinyl-substituted ligands, providing yields of over 60% with up to 91% ee in four
successive reactions. The enantioselectivity and the recyclability were strongly dependent
upon the catalyst preparation method and the total exclusion of oxygen and moisture in the
filtration process!®?.

ii) By preparing Ru-Pybox monolithic mini flow reactors on styrene—divinylbenzene
polymeric backbones having different compositions and pybox chiral moieties. Under
conventional conditions and in supercritical carbon dioxide, the continuous flow
cyclopropanation reaction between styrene and EDA led to good enantioselectivity (up to
83% ee) demonstrating these highly efficient and robust heterogeneous chiral catalyst and
allowing the development of environmentally friendly reaction conditions®!.

iii) By microencapsulation into linear polystyrene (60—68% yields, 75-85% ee in up to
four successive reactions were achieved in the benchmark cyclopropanation reaction
between styrene and EDA)P4,

iv) On modified starch, providing the cyclopropanation of styrene with EDA in 67% yield,
89 : 11 dr and 77% ee for the trans-isomer!®”.

Zingaro and coworkers tested a modified Nishiyama’s catalyst (Ru-Thibox) and obtained

70—-82% yields with 79 : 21 to 82 : 18 E/Z ratio and 87% to >99% ee (1R,2R), 82% to >99%ee
(1S,2R) for the cyclopropanation of styrenes and 1,1-diphenylethene with EDAP®!,

Bis(oxazolinyl)phenyl ruthenium complex (Ru-Phebox) was efficient for the
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cyclopropanation reactions of various styrene derivatives with fert-butyl diazoacetate (85-92%
yields with 82 : 18 to 96 : 4 E/Z ratio and 98-99% ee (1R,2R))"". Only a-methylstyrene
afforded the cis-isomer (80% overall yield, 67 : 33 dr, 98% ee (cis), and 93% ee (trans)). The
cyclopropanation of aliphatic alkenes proceeded in lower yield but with good diastereo- and
enantioselectivities, whereas cyclopropanation of 1,2-disubstituted alkenes, such as
1-phenylpropene or indene, did not occur. The ruthenium carbene intermediate should be
obtained by replacement of the equatorial H>O ligand with the diazoacetate group, and then the
alkene approached the Re-face to minimize the steric repulsion between the tert-butyl group of
the diazo compounds and the R group of the alkene.

Ru-salen1-3 systems displayed cis-selectivity in the cyclopropanation reaction (83 : 17 to
93 : 7 Z/E ratios, >97% ee)®®. In particular, catalyst Ru-salen2 was effective for the
cyclopropanation of 2,5-dimethyl-2,4-hexadiene, producing the cis-isomer in 75% ee (94 : 6 dr)
but only in 18% recovered yield®*<l. Ru-salen4—6, with the two free coordinating sites
occupied by pyridine ligands, gave excellent enantiomeric excesses in the cyclopropanation of
mono or 1,1-disubstituted alkenes (30-97% yields, 66 : 34 to >99 : 1 E/Z ratios, 69-99% ee
(trans))™). The heterogeneous catalysts generated the desired cyclopropanes, by reaction with
EDA and styrenes, in good trans-selectivity but with moderate enantioselectivities. Aliphatic
alkenes also reacted but in very low yields. The highest selectivities and yield were obtained
with longer linker between the Ru-salen active site and the polymer support, probably for a
lessened steric hindrance around the catalytic site. The silica support resulted in important
background reactions on the silica surface, thus lowering enantioselectivity. The addition of
pyridine during the washing steps between catalytic cycles stabilized the complex, preventing
both leaching of this ligand and losses in activity and selectivities upon recycling.

Recently, Ru-pheox was found to be an efficient catalyst for the cyclopropanation reaction of
monosubstituted alkenes with succinimidyldiazoacetate!'®”). The desired cyclopropanes were
obtained in 94-98% yield with >99 : 1 E/Z ratio. The enantiomeric excess was calculated after
reduction  without epimerization of succinimidyl cyclopropanecarboxylates  to
cyclopropylmethanols and found in the range of 91-99% (1R,2R). The preferred face for the
attack of the ruthenium carbene by the terminal alkene was determined by the steric crowding
around the seven-membered ring resulting after the coordination between the succinimidyl
carbonyl group and the ruthenium metal center. Then, the same research group applied the
Ru-Pheox1 catalyzed cyclopropanation:

1) To vinylcarbamates with diazoesters (77-99% yields, up to 96 : 4, with

N,Ndisubstituted vinylcarbamates and up to 99% ee). However, the reaction of

carbobenzyloxyvinylamine and tert-butyldiazoacetate or succinimidyl diazoacetate led to

about equimolecular amounts of cis- and trans-isomers, the latter with low enantiomeric
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excess!'1.

2) To diazomethylphosphonate with alkenes (72-93% yields, 62 : 38 to 99 : 1 E/Z ratio,
94-99% ee (R,R)) and a,B-unsaturated carbonyl compounds (33—87% yields, 98 : 2t0 99 : 1
E/Z ratio, 78-98% ee (R,R)). These compounds were used as key intermediates in the
synthesis of the analogs of nucleotide and 1-Glu (Scheme 1.89)[1%2],

3) To allenes with succinimidyl diazoacetate (60—-92% yields, 90 : 10 to 99 : 1 E/Z ratio,
84-99% ee (R,R)). It should be noted that only the less sterically hindered double bond was
attacked and that the reduction of the exocyclic double bond was performed with high
stereoselectivity, affording enantioenriched cis-cyclopropanes!!®,

4) To diazosulfones with alkenes (43-96% yields, 99:1 E/Z ratio, 76-99% ee (R,R) and
vinyl ethers together with vinyl amines (71-99% yield, 99:10 to 99:1 E/Z ratio, 95-98% ee
(R,R))!104],

5) To trifluorodiazoethane with alkenes (48-99% yields, 93:7 to 99:1 E/Z ratio, 92-97%
ee (R,R) and vinyl ethers together with vinyl amines (74-96% yield, 80:20 to 99:1 E/Z ratio,
91-97% ee (R,R))!'*L.

On the other hand, the cyclopropanation of styrene with diazoacetate catalyzed by
Ru-Pheox2 was attempted, but despite the high #rans-enantioselectivity (97% ee), the

1061 Better results are obtained with

cyclopropanation product was isolated in only 30% yield!
Ru-Pheox2 supported on a macroporous polymer; in fact, the corresponding
(R,R)-cyclopropanecarboxylates were obtained in 80-99% yield and with 91-99% eel'"’). The
most relevant features of this catalyst were the best results achieved among the heterogeneous
catalysts and its reusability, because it was recycled more than 10 times, even after 3 months of
storage of the used catalyst, without any loss in its catalytic activity or selectivity.

Cobalt porphyrins have provided robust catalysts for asymmetric cyclopropanations as
described in Scheme 9 but ruthenium—porphyrin catalysts were also often employed in this
reaction. In 2003, a comparison between rhodium and ruthenium—porphyrin complexes for
similar reactions showed that better £/Z ratios and higher ee values for the trans-isomer were
obtained with ruthenium complexes than with the corresponding rhodium complexes!!®®.
Moreover, Ru-Por (Figure 7 for the structure) afforded cyclopropanation of alkenes with EDA
3011 and of substituted styrenes with diisopropyl diazomethylphosphonate 18!''%! or with
2,2 2-trifluorodiazoethane 31! (Scheme 23). The reactions of EDAI'?! and

2,2, 2-trifluorodiazoethanel!!!]

were also investigated, giving similar results, under
heterogeneous conditions with the corresponding metalloporphyrin polymers, obtained from a
chiral ruthenium—porphyrin complex, functionalized with four vinyl groups and copolymerized

with divinylbenzene.
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/lL RuPor R//A\
ph Rt EDA ——— CO,Et
30
X (in RuPor) R Y (%) dr ee% (trans ee% (cis)
Cco Me 79 66:34 90 43
Cco H 80 96:4 87 34
PF3 OTMS 98 70:30 83 38
PF3 Ph 45 83:17 96 14
(i-F’IrO)zoF’\l Ar RuPor (X=CO)
I+ r - >
N, l 90-97% Ar PO(Oi-Pr),
18 95:5 to 99:1 dr
87-92% ee (trans) Ar = Ph, p-Tol, 4-CF3CgH,, 4-CICgH4,
5-34% ee (cis) 4-MeOCgH,4
WCFs rAr RuPor (X=CO) A
+ > Y,
N2 | 24-32% Ar CF,4
31 98:2t0 99:1 dr
30-58% ee Ar = Ph, 4-CICgHy, 4-BrCgH,

Scheme 23. Asymmetric cyclopropanation catalyzed by ruthenium porphyrin.

3. Application of metal carbene complexes (metal-carbenoids) for bioactive organic
compounds
Carbene and metal carbenoid species, originally viewed as too reactive to be useful for complex
molecule synthesis, have now emerged as attractive intermediates for the construction of highly
functionalized heterocyclic compounds. A popular route to metal carbenoids involves the
decomposition of diazo starting materials, using various transition metals. In the last two
decades several groups have demonstrated that other transition metals, such as Cu, Fe, Ag, Au,
Pd and Hg, can also generate carbenoids that are selective and that when appropriately utilized,
carbenoids could be powerful intermediates that can be successfully and selectively trapped to

yield “value-added” intermediates,!'!?

' which can be further elaborated into complex alkaloids,
for example. Other utilities of metal carbenoids in the synthesis of biologically-active or natural
product-like compounds via asymmetric reactions such as C-H insertion, cyclopropanation,
cycloaddition, etc. are showed (Scheme 24).

Some researchers anticipate that diazo intermediates will continue to be used to construct

complex natural products and drug-like chemical libraries.
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C-H insertion Cycloaddition

Cyclopropenation

R he
R>: MLn >:MLn R' A orv
Nz_> R —_—
R X=N,0,S
Diazo Metal-carbenoid R =

R ~s O

LM R
\ X=N,O, B, S,
/ |P, Se, S, Si
H © I Buchner Ring
\ ExpanS|on

Cyclopropanation

g
/

Dimerization X-H insertion

Scheme 24. Reaction classes of metal-carbenoids.
1.4 Objectives
Since the pioneering work of Nozaki et al.,’®! significant effort has been devoted to
developing the highly stereoselective cyclopropanation of olefins via carbene transfer catalyzed
by copper, rhodium, ruthenium, cobalt complexes...Electron-rich styrene derivatives are usually
employed as the olefinic substrate due to their high reactivity toward the electrophilic
metal—carbene intermediate. In contrast to the excellent results achieved with styrene
derivatives, which have been described in more than 300 reports over the last two decades. Thus,
the development of new powerful catalysts with broad substrate scope is the next challenge in
this field.
Therefore, in this thesis, the study objectives include:
» To develop the broad substrate scopes in the catalytic asymmetric carbene transfer
cyclopropanations of diazo ketones and diazo phosphonates.
» To improve the enantioselectivity in the cyclopropanations of transition Ruthenium
carbene complexes.

» To clarify the mechanisms of the catalytic asymmetric cyclopropanation reactions.
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CHAPTER 2
Direct Catalytic Asymmetric Cyclopropylphosphonation Reactions of N,/N-Dialkyl Groups
of Aniline Derivatives by Ru(II)-Pheox Complex

2.1. Introduction

Phosphonates are an important group of compounds in pharmaceutical and biological fields
because these functional groups are commonly found in biological systems. Furthermore, the
cyclopropane ring is an important structure in biologically active compounds!''*! and a versatile
unit that can be transferred to an array of other bioactive compounds.!''s Therefore,
cyclopropylphosphonate derivatives have numerous applications in a wide range of natural and
artificial compounds in the pharmaceutical industry!''®’ and in recent studies, the synthesis of

cyclopropylphosphonates has been extended to improve pharmaceutical properties.

a) Previous work

1
/OR1 Rh(1l), Ru(ll) R ,g -OR
R+ 'ID 1 catalysts " “OR!
Tyfor _mare TN,
N, solvent, temp
-R = Ar, alkyl, C(=0)R, C(=0)NRR'; R? = H; R" = Et up to 99% yield

)
-R =Ar, alkyl; R2= CN; Ph; R" = i-Pr; Me up to 99% ee

b) This work - Discovery _OEt
| Ru(ll)-Pheox K\ I ~OEt

O
N + N |y,/OE’E _derivatives O
1) S 2 \OEt k
N Ru(Il)-Pheox
~ 0]
2) /©/ + Ny p-OFt _ derivatives \/\ ~OFt
Br - “OEt o' “OEt

R' 1
| 2 Ru(ll)-Pheox 2
3) N I_OR /OR
Ar” W + N2§/ IB\ORZ derivatives |5 “OR?

R'= Et, Bn; R2 = Me, Et, Bn

Figure 8. Research background
After the pioneering work by Seyferth er al ' transition-metal-catalyzed asymmetric
cyclopropylphosphonation of alkenes with diazomethylphosphonate derivatives was quickly
developed, and several excellent results have been reported.!'" Highly effective and

stereo-controlled syntheses of phosphonate functionalized cyclopropanes have been reported
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using chiral transition metal complexes such as Rh(II) and Ru(Il) catalysts. In 2013, Lindsay et
al.,""! described the catalytic asymmetric synthesis of diacceptor cyclopropylphosphonate
derivatives from o-cyano-diazomethyl phosphonates in the presence of Rhy(S-IBAZ)s as a
chiral catalyst under mild conditions and reported excellent yield and enantioselectivity with
electron-rich alkenes. Recently, we reported highly stereoselective cyclopropanation of olefins
with diethyl diazomethylphosphonate using a Ru(II)-Pheox catalyst (Figure 8, a)). Importantly,
the cyclopropanation of electron-deficient olefins such as a,p-unsaturated esters, ketones, and
amides were also performed under mild conditions to afford the corresponding
cyclopropylphosphonates in high yields (up to 93%) and with excellent diastereo- and
enantioselectivity (up to 99:1 dr and 99% ee)!'?..

Herein, we examined N-methyl and N-allylaniline with diethyl diazomethylphosphonate using
a Ru(Il)-Pheox catalyst to synthesize B-amino cyclopropylphosphonate and observed no
cyclopropanation product. However, we isolated an interesting phosphonomethylation reaction
product on the -CHj; group!?!! of the aniline, along with trace amounts of phosphonation on the
aromatic ring as a minor product (Figure 8, b.1)). Thus, here, we describe a novel
phosphonomethylation of N-methylaniline and asymmetric cyclopropylphosphonation reactions
of N, N-diethylaniline derivatives with diazomethyl phosphonates using Ru(II)-pheox derivatives
as chiral catalysts (Figure 8, b.2,3)).
2.2 Results and discussions
2.2.1 Catalyst screening for the phosphonomethylation reaction of N-methylaniline with

diazomethyl phosphonates.

1. SOCl, R2 R%

2 4
R R OH 2. NaOH

H
R! N.Q 3. [(benzene)RuCl,], R |3

e} R5 KPFG, NaOH +Ru—N /
CH3CN, reflux (lllCMe)4 RS
R1~R5: see Table 1 & 2 34b-k N

Scheme 25. Procedure for the synthesis of a series of Ru(Il)-Pheox catalysts
After the novel reaction of N-methyl aniline with diazomethylphosphonate catalyzed by
Ru(I)-Pheox was observed, we were encouraged to develop a novel catalytic process using
N,N-dimethylaniline as a substrate to further examine the reaction. A brief optimization of the
phosphonomethylation reaction of N,N-dimethylaniline catalyzed by Ru(II)-Pheox (Table 1) and
the synthesis of a series of Ru(Il)-Pheox catalysts (Scheme 25) were performed. Rh>(OAc)4 and
other transition metals such as Fe(Il), Cu(l), and Cu(ll) are well-known carbene transfer

catalysts, but had almost no effect on the C-H insertion reaction (Table 2, entry 1).
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Phosphonomethylation product 4 was obtained in the highest yield (72%) in the presence of
electron-rich functional group-substituted Ru(Il)-Pheox 3f (Table 2, entry 6). Furthermore, the
electron-rich substituents on the phenyl group bonding with Ru(Il) were more effective than the
electron-withdrawing groups (Table 2, entries 3—-7).

Table 2. Catalyst screening for the phosphonomethylation of N,N-dimethylaniline with
diazomethylphosphonate

Q N
N, Ny Ig/OEt 3 mol % 34a-h R \/\P(OEt)z
7 COEt o
Br CHJCl,, reflux4 h By

32 5 equiv 33a %
entry  catalyst yield® (%)

1 34a: Rhy(OAc)4 trace

2 34b: R!'~R°=H 52

3 34¢c: R'~R*=H, R’=Ph 53

4 34d: R'~R*=F,R’=Ph 27

5 34e: R?=NO,,R'=R*=R*=H, R>=Ph 41

6 34f: R?*=0OMe, R!' =R?*=R*=H, R’ =Ph 72

7 34g: R' =0OMe, R?=R*=R*=H, R°=Ph 71

8 34h: R!' = R®= OMe, R? = R* =H, R = Ph 15

aReaction conditions: to Ru(Il)-Pheox 3(3%) in CH>Cl, (2.0 mL) a solution of diazomethylphosphonate
2a (0.2 mmol) in CH,Cl, (2.0 mL) was added under Ar. ®Isolated yield.

2.2.2 Catalyst screening for asymmetric cyclopropylphosphonation reactions of
N,N-diethylaniline derivatives with diazomethyl phosphonates.

The optimized reaction conditions from Table 2 were then applied to N,N-diethylaniline to
further understand the reaction process. First, the reaction of N,N-diethyl-p-bromoaniline 36b
with dimethyl diazomethylphosphonate 33b was performed using a series of Ru(Il)-Pheox
catalysts, and the results are summarized in Table 3.

Table 3. Ru(Il)-Pheox catalyst screening of cyclopropanation
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II _OMe

/©/ W + N || _OMe 5 mol % 34c-k /©/ ~"0
2\/ ~
OMe  cH,Cly, reflux 5 h

entry catalyst yield® (%) ee® (%)
1 34c¢ 26 96
2 34d 37 87
3 34e 20 94
4 34f 19 94
5 34g 19 94
6 34h 41 94
7 34i: R' ~R?*=0OMe, R*=H, R’ =Bu 30 82
8  34j:R'~R’=OMe, R*=H, R’ = iPr 34 51
9 34k: R' ~R?*=0OMe, R*=H, R*=Ph 49 96

aReaction conditions: to Ru(II)-Pheox (3%) in CH,Cl, (2.0 mL), a solution of diazomethylphosphonate 2a
(0.2 mmol) in CH,Cl, (2.0 mL) was added under Ar. ° Isolated yield. “Determined by chiral HPLC
analysis.

Surprisingly, the cyclopropanation product was obtained via a C-H insertion reaction with high
enantioselectivity without the formation of a methylphosphonation product in the case of
N,N-diethyl-p-bromoaniline 36b. As can be seen from Table 3 (entry 1), 96% ee as a sole trans
diastereomer in a 26% yield was obtained with the dimer as a minor product. Various electronic
effects on the aromatic ring bonding with Ru(Il) and chiral environment on the oxazoline ring
were examined for the cyclopropylphosphonation reaction (Table 3, entries 2—6). The
Ru(II)-Pheox catalyst bearing an electron-donating group on the benzene ring bonding with
Ru(Il) and a phenyl group providing a chiral environment was found to be the most efficient
catalyst for this reaction in terms of yield and stereoselectivity (Table 3, entry 9). For all of the
reaction conditions listed in Table 2, only the trans-isomers were observed.

2.2.3 Intermolecular asymmetric cyclopropylphosphonation reactions of diazomethyl
phosphonates with various N,/V-diethylaniline derivatives.

Based on the optimized conditions, we next explored the scope and generality of the direct
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catalytic asymmetric cyclophosphonation reaction of diazomethylphosphonate and N, N-diethyl

aniline derivatives, and the results are summarized in Table 4.

Table 4. Substrate scope of cyclopropanation

Ar/E1 . NzwloPI:ORi CH2Cly, reflux 5 h /51 \\(IP)I(ORE
OR? — OMe 7 P, Ar W OR
36a-g 33a-b MeO 37a-i
oo S huodidoo
+Ru—N\>
 (NCMe); |
5 mol % 34k
entry 36 33 37 yield® (%) ee® (%)
IIEt
¢ ©/NW 36a  33b 37a 46 93
2¢ 36a 33a 37g 28 93
IIEt
3 /©/NT 36b  33b 37b 49 96
Br
4 36b 33a 37h 35 97
Et
5 /@/ W 36¢ 33b 37c 36 94
Cl
Br IIEt
6 NT 36d  33b 37d 30 93
IIEt
7 NW 36e 33b 37e 40 94
I|3n
8 @NT 36g 33b 37 28 99
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N,N-Diethyl aniline as well and chloroaniline were reacted with

diazomethylphosphonate in the presence of the Ru(Il)-Pheox catalyst 34k to afford their

as p-bromo-

corresponding cyclopropane products in high enantioselectivities up to a 49% yield and 97% ee
(Table 4, entries 1, 3, 5, and 6). N-benzyl-N-ethylaniline gave a slightly lower enantioselectivity
and yield (Table 4, entry 8) than the other substrates. In addition, we examined
N,N-diethyl-p-OMe substituted aniline and the product was found to be unstable during the
work up and purification process, which might be due to cyclopropane ring opening.
Furthermore, the methyl ester substituent of the diazophosphonate showed 10 to 20% higher
yields compared to the ethyl ester (Table 4, entries 1, 3 and entries 2, 4). The minor products in
these reactions were difficult to isolate.
2.2.4 Mechanistic studies for intermolecular asymmetric cyclopropylphosphonation
reactions of diazomethyl phosphonates with N,/V-diethylaniline derivatives.
2.2.4.1 Determination of by-product

We used dibenzyl diazomethylphosphonate for cyclopropane reactions in the presence of
catalyst 34k (Scheme 26). Notably, the cyclopropanation products (37j and 37k) gave the same
high enantioselectivity, 96% ee. Meanwhile, the minor product 7 in both reactions was isolated

in a 42% yield.

Et Et 0 o
N N ('Ij/OBn CH,Cly, reflux 5 h A N \Ig:gsn Ii_OBn
Ar” + Nox - Ar” o N+ _PZ
) 70BN 5 mol % 34k V4 Me™ "OBn
36b 33c 37j 38
Ar: p-Br-CgHy 35% yield, 96% ee 42% vyield
Et Et o o
0]
A N . N, L-OBn CHyCly, reflux 5 h N p O8N . 1.0Bn
] e ~ Ar” * "OBn -
j 33080 5 mol % 34k \/ Me~' “OBn
36e 37k 38
Ar: anthracen-2-yl 27% yield, 96% ee 42% vyield

Scheme 26. By-product of cyclopropanation
2.2.4.2 Cyclopropylphosphonation reaction with hydrogen acceptors
The results reported above, such as the direct methylphosphonation of N-methyl aniline,
direct catalytic asymmetric cyclopropylphosphonation of N-ethyl aniline derivatives, and the
formation of benzyl methylphosphonate as a side product encouraged us to further explore the
mechanisms of these reactions.
First, mixtures of the Ru(Il)-Pheox catalyst and aniline derivative and the Ru(Il)-Pheox

catalyst, aniline derivative, and olefin without diazophosphonate were tested, but afforded no
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reaction under the 1identical reaction conditions listed above. Second, the
cyclopropylphosphonation reaction was conducted with hydrogen acceptors such as norbornene,
stilbene, 1,2-diphenylethyne, acetophenone, and p-nitroacetophenone, but no reducing product
was observed (Table 5).

Table 5. Cyclopropylphosphonation reaction with hydrogen acceptors

W LN ,, _OMe CH,Cly, reflux 5h \”\OMe
2\/ “OMe _ _ ;;
OMe PFe Br
33b MeO
0]
MeO
I
*RU—N \>
B (NCMe), Ph |
5 mol% 34k
entry  hydrogen aceptors (2 equiv.) yield [%] ee[%]
1 None 49 96
2 § 32 94
| Norbornene
3 41 95
sh
Stilbene
4 O 34 93
Sh
1,2-diphenylethyne
5 o 36 95
Acetophenone
6 /@)Oj\ 34 94
O2N p-nitroacetophenone

These results suggest that a transition metal hydride!'??! was not formed during the reaction.
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Remarkably, the other diazo compounds, such as diazoesters, also showed no reaction for N,
N-diethylaniline.
2.2.4.3 Catalytic asymmetric cyclopropanation of N,/V’-deuterated diethylaniline with
diazophosphonate

A D-labeled N,N-diethylaniline derivative was applied to determine the mechanism for this
reaction. The deuterated aniline [D10]-36b was synthesized and reacted with dibenzyl
diazomethylphosphonate 33c in the presence of catalyst 34k to afford the corresponding
partially deuterated cyclopropyl product [D8]-37j in a 27% yield with the minor product [D2]-8
in a 30% yield. This indicated that two protons from N-ethyl group of N-ethylaniline were
transformed into the by-product (Scheme 27) and suggested the formation of an imine or

121a

enamine intermediate!'*'® for the cyclopropylphosphonation via olefin insertion reaction of the

Ru-carbene complex.

CD,CD;0
CD2CD; O ogn 5 mol % 34k BB £ oBn
_N_ * NagPS > Ar” ~OBn . > oBn
Ar CD,CD; OBn CH,CI, reflux 5 h DD
[D10]-36b 33c oD
[D8]-37j [D2]-38
Ar: p-Br-CgH, 27% vyield 30% yield

Scheme 27. Preliminary mechanistic studies

2.2.4.4 Plausible mechanism

From all information above, a plausible mechanism was summarized (Scheme 28). First, the
reaction of Ru(Il)-pheox catalyst and diazophosphonate generates a metal-carbene complex,
which coordinates with the nitrogen of aniline immediately to activate intermediate I1. Then, the
Ru phosphonate intermediate 12 and iminium intermediate I3 are formed. The iminium
intermediate I3 is easily converted to the enamine and reacted with the Ru-carbene intermediate
to afford the corresponding cyclopropylphosphonation product. Simultaneously, the intermediate
12 attracts hydrogen to form intermediate 14, then reductive elimination occurs to generate the
corresponding benzyl methyl phosphonate and end of the catalytic cycle (Scheme 28A). The
process involved a C-H activation reaction when the substrates were aniline derivatives with a —
CH3; group (Scheme 28B).

The highly stereoselective cyclopropanation of ethylaniline derivatives with
diazomethylphosphonates catalyzed by Ru(I)-Pheox complex was determined to occur without
the formation of cis-isomer products. Although the cyclopropanation yields are moderate
because of multi-step reaction, excellent enantioselectivities are noteworthy.

Obviously, our previous report regarding the cyclopropanation of vinyl-amine derivatives

with diazomethylphosphonate in the presence of a Ru(Il)-Pheox complex also achieved high
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yields.['?*2l However, the synthetic procedure for the vinyl-amine derivatives involved many
steps with low yield and required long cyclopropanation times.['?*! Here, we demonstrated direct
cyclopropylphosphonate derivatives simultaneously from an N-ethylaniline derivative.

Scheme 28. Plausible mechanism based on D-labeling experiment

Scheme 28A: Direct cyclopropylphosphonation reaction

Step 1
o N, _ 0 < p_ D
1_OR 8 11_OR D %u Q>//CD3
N, PZ Ru P\OR D\‘/CD3 . >—N@
Y OR e u(iPh A RO—p~  Et
H u(llsPheox H ~N. R Ar
Ar” Et RO o
|
(6@ ? I_OR D ”:OR
[ I _OR Ru P OR
RUYP\OR 5 \|<D OR H
H .
. H\JD(, D 14 minor product
12 - Et 5
D | ®
Ar DA
13 D L .
enamine intermediate
Ar/N\Et formation
Step 2
D
)
D N n_OR
N AN P or
Arm Bt Ru(Il)-Pheox D
D
D

Scheme 28B: Phosphonomethylation reaction
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2.3 Conclusion

In summary, we developed a novel catalytic phosphonomethylation of N-methylaniline and
characterized the asymmetric cyclopropylphosphonation reactions of N, N-diethylaniline
derivatives with diazomethylphosphonates. The catalytic asymmetric cyclopropanation reaction
of diazophosphonates and N-ethylaniline derivatives by Ru(Il)-pheox complexes represent a
novel methodology for the synthesis of optically active cyclopropylphosphonate analogues.
Furthermore, we showed that the Ru(Il)-Pheox complex catalyzes the intermolecular C—H
insertion reactions of diethyl diazomethylphosphonate to form an inactivated methyl group in
the dimethylaniline derivatives in moderate yields to afford corresponding
B-aminophosphonates. These structures represent important skeletons found in biologically
active compounds. This procedure is an efficient strategy for the introduction of phosphonate
groups. To the best of our knowledge, no reports regarding the direct catalytic asymmetric

synthesis of cyclopropylphosphonate analogues have been published to date.
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CHAPTER 3
Asymmetric Synthesis of Diaceptor Cyclopropylphosphonates Catalyzed by Chiral

Ruthenium(II)-Pheox Derivatives

3.1 Introduction

1. Previous work

a. Synthesis of monoacceptor and diacceptor cyclopropylphosphonate catalyzed
by Rh(ll) catalyst

o Rh(ll) o
1 catalysts n_OR o/ vi
RX + R? II:I’:OR1 _calalysts | R PR up :O ggéo yield
\ﬂ/ OR Solvent, T°C R? up to 99% ee
N» ref.135

- R = Ar, Alkyl, C(=0)R, C(=0)NRR’; R?>=H; R'=Et. R = Ar, Alkyl; R?=CN; Ph; R'= i-Pr; Me

b. Synthesis of monoacceptor cyclopropylphosphonate catalyzed by Ru(ll)-Pheox

Ru(ll)-pheox 0]
talysts 1l _OEt % vi
AN+ N n_OEt ca R . up to 99% vyield
R 2P0kt Solvent, T°C W TOEt  upto99% ee
ref.120
2. This work
o Ru(Il)-pheox e)
_OEt derivatives Il_OEt
R™X +NC._ P o AN PoR
[ COEt Solvent, T°C W\NC

N2
Diacceptor cyclopropylphosphonate

Figure 9. Research background

The Chiral cyclopropyl moiety has participated an important role in organic chemistry for

124]

decades!™. Of particular interest, cyclopropylphosphonate derivatives have been widely

studied during the last decade as they are found in immense natural or artificial compounds of

125

pharmaceutical field due to their biological activities!'**!. While the phosphorus—oxygen bond in

phosphates is weak, the carbon—phosphorus bond is stable, which their characteristics increase

126,127

the resistance to enzymatic hydrolysis! 1. On the other hand, the addition of a cyclopropyl
ring into chemical frame can extend the significant for biological activities!'?®). Whereby,
desirable pharmacological properties can gain from the apposition of both cyclopropyl and
phosphonate groups in the same compound. For example, cyclopropylphosphonates play as

selective anti-HBV  agents!'®), N-methyl-D-aspartate (NMDA) receptor antagonists!'*".
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131a] 131b]

Moreover, they possess anti-proliferation properties!'3!?], are virostatics!!*!®, and display
antiviral activity!’*'l. In addition, some other cyclopropylphosphonates are served as mimicry
models for their phosphorus analogues, which have expressed important biological
properties!!*?l. They are employed as imitation of 1-aminocyclopropane carboxylic acid (ACC)
with a high inhibitory activity for the ACC-deaminase and alanine racemase!!**!, as structural
moieties of nucleotides!!***!, as phosphonic analogues of the antidepressant milnacipran''33), as a
constrained analogue of the GABA antagonist phaclophen!!334,

Among the methods for the stereoselective synthesis of highly functionalized

cyclopropyl-phosphonation have been extensively developed!*¥

, transition-metal- catalyzed
cyclopropanation of olefins with diazo phosphonates is the most efficient method. In the recent
years, chiral rhodium(Il) complex has been known as an efficient catalyst in the asymmetric
cyclopropanation of a monoacceptor or a diacceptor diazophosphonate species with an alkene in
high yields and excellent diastereo- and enantioselectivity!!**]. However, the cost of rhodium
maybe becomes an issue when a catalytic reaction is carried out in an industrial process unit
because of its expensiveness!'*®!. Therefore, many researchers usually chose Ruthenium, a next
neighbor of rhodium in the periodic table, currently costs nearly one tenth the price of rhodium.
Furthermore, ruthenium is considered by the greater diversity of complexes, due to the larger
number of oxidation states and the richer coordinate chemistry when compared to rhodium.

Recently, our research group reported that the complex, Ru(Il)-pheox, has been completely
efficient in carbine transfer reactions, particularly the cyclopropanation of diethyl
diazomethylphosphonates with various electron-deficient olefins such as a,B-unsaturated
carbonyl compounds or vinyl carbamates in excellent yields and with high enantioselectivity!!?,
Herein, we report the initial step of the research about the first asymmetric cyclopropanation of
diacceptor diazophosphonate with olefin catalyzed by Ru(Il)-pheox derivatives in high yield
and good enantioselectivity (Figure 9). This research is still in improving the enantioselectivity
stage to get the optimization conditions, so in this paper we still not describe about substrate
scope.
3.2 Results and discussions
3.2.1 Catalyst screenings

The cyclopropanation of (Diethyl cyano(diazo)methyl)Phosphonate (2) with styrene using
series of Ru(Il)-Pheox complexes and the influence of various solvents were preliminarily
described in Table 6. Firstly, as the results, the cyclopropyl reactions catalyzed by Ru-Pheox
catalysts always obtained in excellent yields together with excellent diastereoselectivity (99:1).
To describe the screening catalysts, the series of Ru-Pheox complexes which bear different
substituents at the phenyl backbone and the oxazoline moiety were carried out to

cyclopropanate the reaction above. It was observed that the cyclopropyl reactions catalyzed by
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Ru(Il)-Pheox compound carrying electron donating groups

at phenyl backbone

in

dichloromethane, at room temperature were more effective in both yield and enantioselectivity

than eletron withdrawing groups at the same position (entries 2,3).

Table 6: Catalyst screenings

o)

N, Ii_OEt

X Cat.34 ~\ 7%, OEt

©/\ * NC)J\IID:/SEt Sol T°C 72; © N
OET olvent, , 5-
39 40 41
- -pex [ R® eE-  bE.-
. PFs . [ PFg
//N
o]
| (eMele P (NCMe), R¢ (NCMe)s B, |
34c 34e,f,h,i,jk 341

Entry Catalyst Solvent Tem [°C] yield -ee
[%]>  [%]°
1 34c CH,Cl, RT 99 55
2 34e:R'=R?=H,R>*=NO,, R*=Ph CHCl, RT 92 21
3 34f:R'=R?’=H,R*=0OMe, R*=Ph CH.Cl, RT 99 48
4  34h:R'=R’=0OMe,R?=H,R*=Ph CH.Cl, RT 99 50
5  34k:R'=R’=R’=OMe, R’ = Ph CH.Cl, RT 99 63
6  34j:R'=R>=R>=OMe, R*=iPr CH.Cl, RT 80 32
7  34i:R'=R?>=R’*=0Me, R*=1Bu CH.Cl, RT 86 35
8 341 CH,Cl, RT 0 -

Therein, the highest enantioselectivity and yield could be received in 63% ee and 99%

yield by using Ru-Pheox catalyst, which holds three OMe electron-donations group at phenyl

backbone (entry 6). After that, the cyclopropyl reaction also was considered by the effective of

3,4,5 methoxy Ru(ll)-Pheox derivatives bearing the substituents at the C4 position of oxazoline
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ring. The result was found these kinds of catalyst derivative could not improve the
enantioselectivity (entries 6,7). In contrast, we also examined the cyclopropanation by using
chiral Ru(Il)-Amm-Pheox complexe; however, no cyclopropane products were observed.

3.2.2 Optimization conditions

Table 7. Optimization of Reaction Conditions

O
N, Il _OEt
N Cat.34k 7% OEt
o M s, o
| -
OET Solvent, T°C, 5-72h
39a 40 41
MeO
MeO | 0
+
Rlu_NJ_
(NCMe), pn
34k
Entry Solvent Tem [°C] yield [%]° -ee[%]°
1 Et,O RT 90 58
2 1,4 Dioxan RT 89 63
3 THF RT 93 51
4 Toluene RT 95 57
5 CH:Cl, 5 99 68

Besides, due to improve the reactive cyclopropanation of this type diazo compounds, we
tried to express the influence of various solvents on the cyclopropyl reaction to improve the
enantioselectivity (Table 7). However, both the yields and the enantioselectivity had
significantly decreases, from 99% to 89% in yield and from 63% to 51% in enantioselectivity
(entries 1-4). Moreover, as we can see, 1,4 Dioxan also had same effect with dichloromethane,
however we still chose dichloromethane as the best solvent in this case because of its low
boiling point.

In entry 5, the cyclopropyl reaction was carried out by using catalyst 7e, in dichloromethane

at 5 °C and the enantioselectivity could be obtained in 68%. This means that the temperature has
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effected on the enantioselectivity of this reaction. Thereby, the cyclopropylphosphonate
reactions will be conducted more with various conditions to improve the enantioselectivity.
3.3 Conclusion

In conclusion, we presented the first catalytic asymmetric synthesis of diacceptor
cyclopropylphosphonate reaction, using an o-cyano diazophosphonate reagent and
Ru(IT)-Pheox derivatives as chiral catalyst in excellent yields and good enantioselectivity. The
development of catalytic asymmetric cyclopropanation of olefin using diacceptor diazo
compounds plays an important role in synthetic intermediates in a vast array of transformations.
Based on the results above, we are completely believed that Ru(I)-Pheox derivatives are
potential to this reactions, hence, conducting more experiments to improve the

enantioselectivity is necessary.

43



CHAPTER 4

Catalytic Asymmetric Intermolecular Cyclopropanation of Diazoketones with
Olefins by using Novel Ru(IT)-Pheox Complex

4.1 Introduction

a) Previous work

0 ML,,, M: Rh, Pd ~f|3 N
1) szj\o/\ Cu, Ru, Co o Q'./\
= =~ RT\/ -
R: electron rich olefin'® R up to 99% ee
99% vyield
o 0 /o 5
2) N2§/ZL N Ru(ll)-Pheox /w‘\‘.‘:( :
(o) /:-: R .
R
(0] up to 99% ee
o)
R: alkyl® 92% yield increase the reactivity
o~ for cyclopropanation
0 O 7
3) N Ru(Il)-Pheox \\;;IJ\ P
) 2%0/\[1/ — = . QN
0O R 0}
up to 99% ee
140

R: electron deficient olefin 87% yield

b) Sites for synthesis cyclopropanation by functional group modification

.,'(‘)‘\“ 5, ester source
S~ o G 8
oY T o T 09

c) This work

(@]
N Novel Ru(ll)-Pheox k”\\/O-l
2%)1\0/\[0( — . R/v ' \H/‘/

R

Figure 10. Research background
Optically active cyclopropane derivatives have received considerable attention in the fields
of organic and pharmaceutical chemistry owing to the biological activities of cyclopropanes.!*”)
The transition metal-catalyzed asymmetric cyclopropanations of diazoacetates with olefins
using chiral Cu,!!3%-dl Rp [138-el Ry [13804] Cp 1138k and Trl138ml catalysts have been reported

with excellent stereoselectivities. In most cases, steric hindrance plays an important role in
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obtaining high stereoselectivities. For example, for a carbene transfer reaction of diazoacetate to
olefins, sterically hindered ester substituents such as i-Pr and #-Bu gave generally higher
stereoselectivities than that from the less hindered Et substituent. Carbene transfer reactions
have also thus far been generally limited to the use of a diazoester (Figure 10, reaction 1).
Recently, we reported on the modification of diazoacetates to improve catalytic asymmetric
cyclopropanations not only for electron-rich olefins, but also for allenes and electron-deficient
olefins. Thus, Ru(Il)-pheox-catalyzed asymmetric cyclopropanation of succinimidyl
diazoacetate with olefins and allenes resulted in cyclopropanes with high yields and excellent

1391 Continuing this line of research, an

enantioselectivities (up to 99%) (Figure 10, reaction 2).!
asymmetric cyclopropanation of o,f—unsaturated carbonyl compounds with acetonyl
diazoacetate by using Ru(Il)-pheox was reported (Figure 10, reaction 3).1'*’! Succinimidyl
diazoacetate and acetonyl diazoacetate gave much higher stereoselectivities (diastereoselectivity
>99:1 and enantioselectivity up to 99%) in the cyclopropanation reactions compared with

sterically hindered esters.!'*"!

Consequently, we proposed that the carbonyl groups of
succinimidyl diazoacetate and acetonyl diazoacetate played an important role, in which the
carbonyl group might be coordinated to Ru after the formation of a carbene-metal complex,
resulting in enhanced stereoselectivity.

Since the reaction of acetonyl diazoacetate with olefins gave the corresponding cyclopropyl
esters in high yields and high stereoselectivities, we thought to introduce the diazo group onto
the acetonyl group. This could give the corresponding cyclopropyl ketone moiety with high
stereoselectivity, since the carbonyl group is the same distance from another carbonyl group
of the acetyl group and therefore we would expect the same effect on the stereoselectivity.!'*!
Furthermore, cyclopropyl ketone moieties are found in natural products having important

1421 but only a-diazoacetophenone has been developed as a ketone

physiological properties,!
source, having been obtained in 67% yield with 86% ee.['*! Thus, we report herein the first
catalytic asymmetric synthesis of a ketone carbene precursor based on an acetonyl acetate
skeleton by using novel Ru(Il)-Pheox complexes as chiral catalysts (Figure 10).

4.2 Results and discussions

4.2.1 Catalyst screenings

Diazo acetoxy acetonel!**

was prepared by modification of the diazo acetonyl acetate
synthesis, and examined in the carbene transfer reaction by using a series of Ru(Il)-Pheox
complexes, which had been found to be efficient catalysts for the inter- and intramolecular
cyclopropanation of various diazo compounds.['**]

As part of our ongoing interest in cyclopropanation reactions with alternative diazo esters,
we first examined the reaction of styrene 39a with diazo acetoxy acetone 42a using Rha(OAc)4

and the series of Ru(Il)-Pheox derivatives 34 as catalysts. The results are summarized in Table
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8.

Table 8. Initial catalyst screenings.?

0 o}
% 34
PR 4 Nzyk/O\H/ 3 mol % 3 /v”\/O\H/
Ph
39a 42a O CH2Clz, RT, Sh 43a O
34b: R'=Ph,R2=R3=R*=H
_ _ _34m:R'=Pr,R2=R3=R*=H
R2 PF6

34n:R'=Bu, R?=R3=R*=H

O o 340:R'"=Bn,R2=R3=R*=H

4
I =R 34p: R'= Ph, R2= NO,, R®= R= H
[ A
(H3CCN), R! 34f. R'= Ph, R2= OMe, R®=R*=H
N Cat. 34 N

34e: R'=Ph,R?=R*=H, R®*=NO,

34q: R'=Ph,R2=R3=H, R*=Ph

Entry Cat3 Yield[%]® dr® -ee [%]9
1 34b 70 92:8 68
2 34m 54 85:15 50
3 34n 60 90:10 65
4 340 68 75:25 46
5 34p 50 95:5 74
6 34f 53 90:10 55
7 34e 60 90:10 43
8 34q 73 95:5 75

) Reaction conditions: To Ru(II)-Pheox 3(3%) in CH>Cl» (2.0 mL), a solution of diazoketone 2a (0.2
mmol) in CH,Cl, (2.0 mL) was added under Ar. ® Isolated yield. © Determined by 'H NMR analysis. ¢
Determined by chiral HPLC analysis.

RhOACc; and other transition metals such as FeSO4, CuOAc, and CuOAc; are well-known
carbene transfer catalysts, yet had almost no effect on the cyclopropanation reaction at room
temperature. In contrast, using Ru(II)-Pheox derivatives 34 as catalysts gave moderate to high

reactivities and moderate to good stereoselectivities. Having a phenyl group on the oxazoline
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ring of the catalyst improved the enantioselectivity to 70% ee (Table 8, entries 1-4). The
influence of the electron donating or withdrawing ability of the R? and R? groups on the
Ru(Il)-pheox complexes were then examined. Changing the R? or R group improved the
enantioselectivity to up to 74% ee (Table 8, entries 5—7). A Ru(Il)-pheox skeleton bearing an
R* substituent at the C5 position of the oxazoline ring was also examined (R*=Ph, catalyst 3h).
This was the most efficient catalyst for both stereoselectivity and yield (73% yield and 75%
ee) (Table 8, entry 8).

R2 cocl
NH, 1
= " oy 1-SOCly MeOH HO  NH, :
> R1>_~
R 2. R'"MgBr, R'  Ph 2. Et3N, DCM
THF, 0 °C 3. CH3SO3H, DCM, Reflux
R? il F
PFg
1. [Ru(BenzeneCl,)],
o R 2. 1N NaOH, KPFg | O_ R
1 G
,\} R 3. CH4CN, . +—NJ<R1
a4 reflux 85 °C (NCCHa)s Py
Cat. 34r-u

34r:R"=Ph,R?=H  34t:R'=Ph, R?=NO,
34s:R"=CH3;, R?=H 34u:R'=Ph, R?=0Me

Scheme 29. Synthesis of Ru(Il)-dialky/-Pheox complexes.

The enantioselectivity and yield were further improved when Ru(Il)-Pheox 34q was
modified with bulky dialkyl substituents at the C5 position of the oxazoline ring (catalysts
34r-u). Based on the previous method for synthesizing Ru(II)-Pheox derivatives,!'>¥) catalysts
34r-u were prepared as shown in Scheme 29. First we synthesized dialkyl-phenylglycinoll'4*]
from the corresponding Grignard reagent, alkyl magnesium bromide, and
(8)-2-amino-2-phenylacetic acid, and then treated it with benzoyl chloride and methanesulfonic
acid"*® to give ligand 44. Ru(Il)-diphenyl-Pheox derivatives were synthesized from ligand 44
in high yields for each step, for an overall yield from the amino acid up to 60% in yield.

The screening of Ru(Il)-diphenyl-Pheox catalysts 34r-u for the carbene transfer reaction is
summarized in Table 9. We found that the bulky p-nitro-Ru(ll)-dipheny/-Pheox complex 34t
had higher activity and enantioselectivity compared with Ru(Il)-phenyl-Pheox 34q, giving the
corresponding product in high yield (78% yield) and good enantioselectivity (83% ee) (Table
9, entry 3). Ru(ll)-dimethyl-Pheox catalyst 34s was also tested for use in the cyclopropanation

reaction, however, the enantioselectivity and yield decreased in comparison with 34t.
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Table 9. Screening of various Ru(Il)-pheox type catalysts®.

O

0
e Nzy@o 71/ Cat. 34r-u_ \\‘”vom/

S CH,Cl,, RT, 5h  pr’\/

39a 42a 43a ©
R2
PFe
34r: R'=Ph,R?2=H
| O R'  34s:R'=CHs R?=H
I _N\)<R1 34t: R»] = Ph, R2 = NO2
(NCCH3)s ppy 34u: R, = Ph, R, = OMe
Cat. 34r-u
Entry Cat3 Yield[%]” A —ee[%]?

1 34r 75 95:5 79
2 34s 72 92:8 75
3 34t 78 90:10 83
4 34u 70 90:10 62

9Isolated yield. ® Determined by 'H NMR analysis.
9 Determined by chiral HPLC analysis.
4.2.2 Optimization conditions

Next, we optimized the reaction using p-nitro-Ru(Il)-diphenyl-Pheox 34t as the catalyst in
various solvents and temperatures as shown in Table 10. Dichloromethane was the best
solvent among those examined, and the catalytic cyclopropanation proceeded at —50 °C to
give the highest yield (85%) with excellent enantioselectivity (95% ee) (Table 10, entry 12).
Although diethyl ether (Et;O) was a more efficient solvent for diastereoselectivity, its use

resulted in a very low yield (Table 10, entry 1).
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Table 10. Optimization of the reaction conditions.

PR N2§)K/O

0]

Cat. 34t

>

CH,Cl,, -50 °C, 5h

39a 42a O o 432 ©
NO, _
PFg
O_ Ph
, —N|J< Ph
(NCCH3)s4 ph
Cat. 34t
Entry Solvent Temp. [°C] Yield [%]? d.r® -ee [%]°
1 Et,O RT 23 99:1 90
2 CH:Cly/ Et,O RT 60 95:5 77
3 Acetone RT 60 99:1 80
4 EDCY RT 75 90:10 60
5 1,4 Dioxane RT 70 95:5 82
6 Diglyme RT 65 86:14 68
7 Diisopropyl ether RT 62 90:10 80
8 CHxCl, RT 78 90:10 83
9 CHxCl, 0 80 95:1 84
10 CH.Cl» -10 80 99:1 88
11 CHxCl, -30 82 99:1 90
12 CH:Cl, -50 85 99:1 95
13 CHCl, -70 85 99:1 92

a)

Isolated yield. ® Determined by 'H NMR analysis, the enantioselectivty for trans

product only. © Determined by chiral HPLC analysis. 9 1,2-Dichloroethane.
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4.2.3 Asymmetric cyclopropanation of various olefins

Table 11. Asymmetric cyclopropanation of various olefins.

(0]
R2 (@) R2 |

— . v o Cat. 34t ‘\\\JVOW/

/ )? 4
R ] o) CH2C|2 R1 ()

39a-i 42a -50 °C, 5h 43a-i

NO, _
PFe
| O  Ph
U—N J< Ph
(NCCH3)4 ppy
Cat. 34t
Entry 43a-i Yield[%] d.ro -ee [%]Y
1" 39a: R'=Ph,R>=H 85 99:1 95
2" 39b: R!=4-CH;-C¢H4, R?=H 79 98:2 96
3" 39¢: R'=4-OMe-CsH4, R2=H 62 97:3 83
4 39d: R!=4-1Bu- C¢H4, R>=H 72 98:2 91
5" 39e: R'=4-Cl-C¢Hs, R2=H 95 97:3 98
6" 39f: R!'=3- CH3-C¢H4, RZ=H 85 91:9 92
7" 39g: R!=2-Cl-C¢H4, R2=H 92 99:1 97
X
8 90 90:10 97
39h:

9 39i: R'=Ph, R? = CH; 55 98:2 85

9 Jsolated yield. ® Determined by '"H NMR analysis, the enantioselectivity for trans product only.
© Determined by chiral HPLC analysis.

Encouraged by the above results, we investigated the cyclopropanation of diazo acetoxy
acetone 42a with olefins 39a—j using p-nitro-Ru(Il)-diphenyl-Pheox 34t under the optimized
conditions. The results are summarized in Table 4. Styrene derivatives having ortho, meta, or

para substituents were all tolerated under the reaction conditions (Table 11, entries 2-7). It is
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noteworthy that styrenes bearing an electron-withdrawing group at the para position were more
effective than those with an electron-rich substituent at that position, due to the strong
electrophilic nature (Table 11, entries 2—-5). The highest enantioselectivity (98% ee) and yield
(95%) were obtained for the styrene bearing a para-Cl substituent (Table 11, entry 5). In contrast,
the cyclopropanation of a-methyl substituted styrene afforded the desired product with good
enantioselectivity (85% ee) but in only moderate yield (55%) (Table 11, entry 9).
4.2.4 Asymmetric cyclopropanation of various diazo ketones

To consider other functional groups on diazoketone in asymmetric cyclopropanation reaction,
various diazo ketones 42b-h were examined under the optimization conditions above and the
results were shown in Table 12. Besides the catalytic asymmetric cyclopropanation of

1431 and 45114 reported before, other various diazo ketones 45¢-h as

o—diazoacetophenone 45b!
carbene precursors are first investigated to cyclopropanate and give the coresponding several
cyclopropane products in high diastereoselectivity with good enantioselectivity and yield. The
optimization conditions are suitable for simple diazoketon in stereoselectivity than bulky

diazoketon subtituted aromatic ring (entry 6 compare with entries 1-5).
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Table 12. Asymmetric cyclopropanation of various diazo ketones.

45h

; N
Cat. 3k
/\ N \)J\ Y
Ph™ ™ + 2 R
R CH,Cl, pr
39a 42b-h .50 °C. 5h 45b-h
Entry 5b-h Yield [%]? d.® -ee [%]°
(0]
| 80/75
1 Ph/v 80 96:4 S—
450 rans/Cis
|O Br
2 o 87 99:1 86
45c
89/88
3 70 90:10
Trans/Cis
4 85 973 65
5 62 99:1 65
6 45 95:5 90
i
o 60 92:8 41
v ‘\K

9 [solated yield. ® Determined by '"H NMR analysis, the enantioselectivty for trans product only.

® Determined by chiral HPLC analysis.
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4.3. Conclusion

In summary, on the basis of our experimental evidence concerning the stereoinduction
mechanism in Ru(Il)-dialkyl-Pheox complexes catalyzed cyclopropanation, we have designed
and developed a highly stereoselective cyclopropanation of alkenes with simple diazo ketone
without aromatic substituent 42a excellent yield (up to 87% yield) with diastereoselectivity (up
to 99:1) and enantioselectivity (up to 98% ee). This work contributes to access a variety of
new and useful enantioenriched cyclopropyl ketones, variously functionalized cyclopropyl
ketones were synthesized in good yields (up to 87% yield) with high trans selectivity and

enantioselectivity (up to 90% ee).
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CHAPTER 5
Conclusion

Firstly, we developed a novel catalytic phosphonomethylation of N-methylaniline and
characterized the asymmetric cyclopropylphosphonation reactions of N, N-diethylaniline
derivatives with diazomethylphosphonates. The catalytic asymmetric cyclopropanation reaction
of diazophosphonates and N-ethylaniline derivatives by 2,3,4 methoxy-Ru(II)-pheox complexes
represent a novel methodology for the synthesis of optically active cyclopropylphosphonate
analogues. Furthermore, we showed that the Ru(II)-Pheox complex catalyzes the intermolecular
C—H insertion reactions of diethyl diazomethylphosphonate to form an inactivated methyl group
in the dimethylaniline derivatives in moderate yields to afford corresponding
B-aminophosphonates.

Next, we presented the first catalytic asymmetric synthesis of diacceptor
cyclopropylphosphonate reaction, using an a-cyano diazophosphonate reagent and
Ru(I)-Pheox derivatives as chiral catalyst in excellent yields (up to 99% yield) and good
enantioselectivity. Although the stereoselectivity just got 68%, we are completely believed that
Ru(Il)-Pheox derivatives are potential to this reactions, hence, conducting more experiments to
improve the enantioselectivity is necessary.

Thirdly, on the basis of our experimental evidence concerning the stereoinduction
mechanism in Ru(Il)-dialkyl-Pheox complexes catalyzed cyclopropanation, we have designed
and developed a highly stereoselective cyclopropanation of alkenes with simple diazo ketone
without aromatic substituent excellent yield (up to 87% yield) with diastereoselectivity (up to
99:1) and enantioselectivity (up to 98% ee). This work contributes to access a variety of new
and useful enantioenriched cyclopropyl ketones, variously functionalized cyclopropyl ketones
were synthesized in good yields (up to 87% yield) with high trans selectivity and
enantioselectivity (up to 90% ee).

In summary, the Ru(Il)-Pheox catalyzed asymmetric cyclopropanation reaction proved to be
an efficient and straightforward method for the preparation of chiral cyclopropylphosphonation,
diaceptor cyclopropylphosphonates, ketone cyclopropanes, which are important intermediates in
the synthesis of many biologically active compounds. We believe that Ru(II)-Pheox derivatives
will contribute to the progress of not only asymmetric cyclopropanation but also other

asymmetric carbene transfer reactions.
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CHAPTER 6
Experimental and Analytical Data

6.1 General considerations

All reactions were performed under an argon atmosphere unless otherwise noted.
Dichloromethane (CH.Cl,) was purchased from Kanto Chemical Co., Inc. Acetonitrile was
purchased from Wako Pure Chemical Industries, Ltd.. All reactions were monitored by thin
layer chromatography (TLC), glass plates pre-coated with silica gel Merck KGaA 60 F254,
layer thickness 0.2 mm. All the staring materials are commercially available and were used
without further purification unless otherwise noted. The products were visualized by irradiation
with UV light or by treatment with a solution of phosphomolybdic acid, a solution of a KMnO4
or a solution of p-anisaldehyde. Column chromatography was performed using silica gel (Merck,
Art. No.7734). ' H NMR (500 MHz, 400 MHz), *C NMR (126, 100 MHz) and *'P NMR (202,
161 MHz) spectra were recorded on JEOL JNM-ECX500, JEOL JM-ECS400 spectrometer.
Chemical shifts are reported in ppm () relative internal tetramethylsilane (0.00 ppm) in CDCls.
Phosphorous chemical shifts are reported in ppm (8) relative to 85% H3PO4 as an external
standard (0.00 ppm). Optical rotations were performed with a JASCO P-1030 polarimeter at the
sodium D line (1.0 ml sample cell). DART mass (positive mode) analyses were performed on a
LC-TOF JMS-T100LP.
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6.2 Experimental and analytical data for chapter 2
6.2.1 Synthesis of dialkyl diazomethylphosphonates 33a—c
Dialkyl diazomethylphosphonates 33a—b'?°, and 33¢!4” were prepared according to literature
procedures.
Dimethyl (diazomethyl)phosphonate
"H NMR (500 MHz, CDCls): 6 3.75 (d,J= 11.9 Hz, 6H, 2 x OCHs), 3.77

(0]
N 11_OMe (d, 2Jup = 10.4 Hz, 1H, CH=N,). 3P NMR (202 MHz, CDCl3): 6 22.5
X" SoMe

Diethyl (diazomethyl)phosphonate
"H NMR (400 MHz, CDCIs) & 4.15-4.05 (m, 4H) ppm, 3.76 (d, 1H,J = 11.3

0
l_OEt| Hz), 1.29 (t, 6H, J = 14.3 Hz)
X" oFt

Dibenzyl (diazomethyl)phosphonate

5 '"H NMR (300 MHz, CDCl;5): 4 7.35-7.31 (m, 10 H), 5.06 (d, J= 8.6 Hz, 4 H),

NzwlFl’ig:: 3.74 (d,J=11.3 Hz, 1 H); *C NMR (75 MHz, CDCl;): § 135.9, 135.8, 128.7,
128.6, 128.0, 68.2, 68.1, 30.2 (' J("*C, *'P) = 232.2 Hz).

6.2.2 Synthesis of V,N-diethylaniline derivatives 36a—g

N,N-Diethylaniline derivatives 36a and 36b used in the cyclopropanation reactions were
commercially available. 36¢'*, 36d'*, and 36g'*’ were prepared according to literature
procedures. 36e was modified from procedure!*s.

Synthesis of N, V-diethylanthracen-2-amine 36e

NHz lodoethane, K,CO3 NEt,
EtOH, reflux, 1 day

36e

To a mixture of K,CO; (553.0 mg, 4.0 mmol) and anthracen-2-amine (387.0 mg, 2.0 mmol) in

EtOH (15 mL) was added iodoethane (0.75 mL, 9.4 mmol). The mixture was refluxed for 1 day.
Once the starting material was consumed (monitored by TLC), the reaction mixture was added
to distilled water, and the organic product was extracted with CH,Cl,. The organic layer was
dried over Na,SOs, concentrated and purified by silica gel column chromatography with
Hexane/Ether (30/1 (v/v)) as an eluent to give the desired product 36e.
N,N-diethylanthracen-2-amine 36e (244.4 mg, 49% yield): Yellow solid.
"H NMR (500 MHz, CDCls) & 8.23 (s, 1 H), 8.11 (s, 1H), 7.90-7.85 (m, 3H), 7.36 (t,J =7.1
Hz, 1H), 7.29 (t, /= 7.1 Hz, 1H) 7.22 (dd, J = 2.3, J= 9.4 Hz, 1H), 6.94 (d, J = 2.3 Hz, 1H),
3.50(q,J=7.1 Hz, 2H), 1.26 (t,J =7.1 Hz, 3H) ppm. *C NMR (100 MHz, CDCls)  145.31,
133.92, 132.68, 129.59, 129.40, 128.43, 127.62, 127.56, 126.30, 125.40, 123.66, 122.64, 120.50,
101.42, 38.5, 14.77 ppm. IR (neat) 2971, 2927, 1628, 1494,1463, 1351, 876 cm’'. HRMS
(DART) calcd for CisHxoN [M+H]": 250.1596 found: 250.1590.
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6.2.3 Synthesis of Ru(II)-Pheox ligands
6.2.3.1 (S5)-4-phenyl-2-(2,3,4,5-tetrafluorophenyl)-4,5-dihydrooxazole

F
F
F F 1. (S)-(+)-2-Phenylglycinol (1.1 equiv.) F F
Et;N (4.0 equiv.), CH,Cl,, 0 °C - rt o
F cocl F Cl
2. SOClI, (5.0 equiv.), CHCI3, 0 °C - rt HN\)
A Ph
F
2.5N NaOH (5.0 equiv.) F F
MeOH, 0 °C - rt F |\O>
N -
Ph
44A

A solution of 2.3,4,5-tetrafluorobenzoyl chloride A (638.0 mg, 3.0 mmol, 1.0 equiv.) in
CHCl, (4 mL) was added dropwise in a mixture of (S§)-(+)-2-phenylglycinol (452.7 mg, 3.3
mmol, 1.1 equiv.) and triethylamine (1.70 mL, 12.0 mmol, 4.0 equiv.) in CH>Cl, (5 mL) at 0 °C.
After the stirring for 2h at room temperature, the reaction mixture was concentrated under
reduced pressure. The residue was dissolved in CHCl3 (20 mL) and treated with SOCl, (1.10
mL, 15.0 mmol, 5.0 equiv.) at 0°C. After stirring for 12 h at room temperature, the solvent and
excess SOCI, were removed under reduced pressure. Sat. NaHCOs3 (aq.) (40 mL) was added to
the residue with stirring for 10 minutes. The organic product was extracted with CH>Cl> (3 x 25
mL), dried over anhydrous Na,SO4 and concentrated under reduced pressure. By using a
sonicator, the solid residue was dissolved in CH30H (12 mL) and 2.5N NaOH (aq.) (600.0 mg,
15.0 mmol, 5.0 equiv.) was added slowly at 0 °C. Then the reaction mixture was stirred for 12 h
at room temperature. The solvent was removed under vacuum, followed by addition of water
(25 mL) and CH>Cl, (3 x 25 mL) for extraction. The solvent was evaporated under vacuum to
afford (S)-4-phenyl-2-(2,3,4,5-tetrafluorophenyl)-4,5-dihydrooxazole 44A (820.6 mg, 94%
yield). [a]3’* = -36.5(c 1.01, CHCls). '"H NMR (125 MHz, CDCls) § 4.30 (t, J = 8.41 Hz,
1H), 4.82 (dd, J=8.41 Hz, J = 10.13 Hz, 1H), 5.43 (dd, J=8.41 Hz, J=10.13 Hz, 1H), 7.26—
7.40 (m, 5H). 3C NMR (125 MHz, CDCI;) § 70.26, 75.03, 76.86, 77.11, 77.37, 112.27, 112.36,
126.73, 128.00, 128.98, 141.50, 159.52 ppm. F (CDCl3)d —153.73, -149.61, —138.17, —133.92
ppm. IR (neat) 3085, 2907, 1610, 1482 ¢cm™, HRMS (DART) calcd for Ci¢HisNO, [M+H]":
296.0693 found: 296.0704.
6.2.3.2 (5)-2-(4-nitrophenyl)-4-phenyl-4,5-dihydrooxazole
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O.N 1. (S)-(+)-2-Phenylglycinol (1.1 equiv.) O,N
2 EtsN (4.0 equiv.), CH,Cl,, 0 °C - rt
0
COCI' 2.s0cCl, (5.0 equiv.), CHCI3, 0 °C - rt jl
. 5 (5.0 equiv.), 3 -r HN
B Bh
O,N
2.5N NaOH (5.0 equiv.) 0]
)
MeOH, 0 °C - rt N~/
Ph
44B

A solution of 4-nitrobenzoyl chloride B (556.7 mg, 1.6 mmol, 1.0 equiv.) in CH>Cl, (4 mL)
was added dropwise in a mixture of (§)-(+)-2-phenylglycinol (452.7 mg, 3.3 mmol, 1.1 equiv.)
and EtN (1.62 mL, 4.0 equiv.) in CH,CL> (5 mL) at 0 °C. After the stirring for 2 h at room
temperature, the reaction mixture was concentrated under reduced pressure. The residue was
dissolved in CHCl; (20 mL) and treated with SOCI, (1.10 mL, 15 mmol, 5.0 equiv.) at 0°C.
After stirring for 24 h at room temperature, the solvent and excess SOCl, were removed under
reduced pressure. Sat. NaHCO; (aq.) (30 mL) was added to the residue with stirring for 5
minutes. The organic product was extracted with CH,Cl, (3 x 25 mL), dried over anhydrous
Na»SOs, and concentrated under reduced pressure. By using a sonicator, the solid residue was
dissolved in MeOH (12 mL) and 2.5N NaOH (aq.) (600.0 mg, 15.0 mmol, 5.0 equiv.) was added
slowly at 0°C , then the reaction mixture was stirred for 12 h at room temperature. The solvent
was removed under vacuum, followed by addition of water (25 mL) and CH>Cl; (3 x 25 mL) for
extraction. The solvent was evaporated under vacuum to afford (S)-2-(4-nitrophenyl)-
4-phenyl-4,5- dihydrooxazole 44B (804.8 mg, 100% yield). [a]3'® = -24.8 (c 1.12, CHCL).
"H NMR (500 MHz, CDCl;) & 4.37 (t, J = 8.41 Hz, 1H), 4.88 (dd, J = 8.41 Hz, J = 10.32 Hz,
1H) 5.45 (dd, J = 8.41 Hz, J = 10.32 Hz, 1H), 7.28-7.38 (m, 5H), 8.23 (d, J = 8.68 Hz, 2H),
8.30 (d, J = 8.68 Hz, 2H). '*C NMR (125 MHz, CDCls) § 70.50, 75.40, 123.67, 126.80, 128.01,
129.00, 129.60, 133.46, 141.68, 149.72, 162.98 ppm. IR (neat) 3069, 2902, 1646, 1521 cm’!,
HRMS (DART) calcd for CisHi2N,O3 [M+H]": 269.0926 found: 269.0902.
6.2.3.3 (S)-2-(3-methoxyphenyl)-4-phenyl-4,5-dihydrooxazole
A solution of 3-methoxybenzoyl chloride C (512.0 mg, 3.0 mmol, 1.0 equiv.) in CH>Cl, (4 mL)
was added dropwise in a mixture of (S)-(+)-2-phenylglycinol (452.7 mg, 3.3 mmol, 1.1 equiv.)
and triethylamine (1.70 mL, 12.0 mmol, 4.0 equiv.) in CH>Cl, (5 mL) at 0 °C. After the stirring

for 2 h at room temperature, the reaction mixture was concentrated under reduced pressure. The

58



residue was dissolved in CHCls (20 mL) and treated with SOCI; (1.10 mL, 15 mmol, 5.0 equiv.)
at 0 °C. After stirring for 12 h at room temperature, the solvent and excess SOCl, were removed
under reduced pressure. Sat. NaHCOs (aq.) (40 mL) was added to the residue with stirring for
10 minutes. The organic product was extracted with CH,Cl, (3 x 25 mL), dried over anhydrous
Na»SOs4 and concentrated under reduced pressure. By using a sonicator, the solid residue was
dissolved in MeOH (12 mL) and 2.5N NaOH (aq.) (600.0 mg, 15 mmol, 5.0 equiv.) was added
slowly at 0 °C, then the reaction mixture was stirred for 12 h at room temperature. The solvent
was removed under vacuum, followed by addition of water (25 mL) and CH»Cl, (3 x 25 mL) for
extraction. The solvent was evaporated under vacuum to afford
(8)-2-(3-methoxyphenyl)-4-phenyl-4,5-dihydrooxazole 44C (740.0 mg, 97% yield).

[@]3%3 =-9.8(c 0.91, CHCl;). '"H NMR (500 MHz, CDCl5) § 3.85 (s, 3H), 4.27(t, J= 8.41 Hz,
1H), 4.79 (dd, J = 8.41 Hz, J=10.13Hz, 1H), 5.38 (dd, J = 8.03 Hz, J = 9.94Hz, 1H), 7.06 (dd,
J=2.68 Hz, J = 8.22Hz, 1H), 7.25-7.37 (m, 6H), 7.58 (s, 1H), 7.62 (d, J = 7.64 Hz, 1H). 1*C
NMR (125 MHz, CDCls) 6 55.52, 70.24, 75.03, 112.93, 118.44, 121.05, 126.90, 127.77, 128.89,
129.59, 142.47, 159.66, 164.78 ppm.

IR (neat) 3049, 2969, 1606, 1495 cm™, HRMS (DART) caled. for Ci¢H;sNO, [M+H]*: 254.1176
found: 254.1171.

OMe 1. (S)-(+)-2-Phenylglycinol (1.1 equiv.) OMe
Et3N (4.0 equiv.), CH,Cl,, 0 °C - rt
0
COClI 2. SOCI, (5.0 equiv.), CHCI3, 0 °C - rt Cl
c HN ;
Ph
OMe
2.5N NaOH (5.0 equiv.)
MeOH, 0 °C - rt | 0
i)
44C Ph

6.2.3.4 (5)-2-(3,5-dimethoxyphenyl)-4-phenyl-4,5-dihydrooxazole

A solution of 3,5-dimethoxybenzoyl chloride D (602.0 mg, 3.0 mmol, 1.0 equiv.) in CH2Cl, (4
mL) was added dropwise in a mixture of (§)-(+)-2-phenylglycinol (452.7 mg, 3.3 mmol, 1.1
equiv.) and triethylamine (1.70 mL, 12.0 mmol, 4.0 equiv.) in CH,Cl, (5 mL) at 0°C. After the
stirring for 4 h at room temperature, the reaction mixture was concentrated under reduced
pressure. The residue was dissolved in CHCl; (20 mL) and treated with SOCl, (1.10 mL, 15

mmol, 5.0 equiv.) at 0 °C. After stirring for 12 h at room temperature, the solvent and excess
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SOCI; were removed under reduced pressure. Sat. NaHCOs (aq.) (40 mL) was added to the
residue with stirring for 10 minutes. The organic product was extracted with CH>Cl, (3 x 25
mL), dried over anhydrous Na,SO4 and concentrated under reduced pressure. By using a
sonicator, the solid residue was dissolved in MeOH (12 mL) and 2.5 N NaOH (aq.) (600.0 mg,
15.0 mmol, 5.0 equiv.) was added slowly at 0 °C, then the reaction mixture was stirred for 12 h
at room temperature. The solvent was removed under vacuum, followed by addition of water
(25 mL) and CH,Cl, (3 x 25 mL) for extraction. The solvent was evaporated under vacuum to
afford (5)-2-(3,5-dimethoxyphenyl)-4-phenyl-4,5-dihydrooxazole 44D (940 mg, 98% yield).
[a]3?* =-13.3 (c 1.35, CHCl3). '"H NMR (400 MHz, CDCls) & 3.83 (s, 6H), 4.27 (dd, J = 8.24,
1H), 4.79 (dd, J=8.24, J=10.22, 1H), 5.38 (dd, /= 8.24, /= 10.07, 1H), 6.61 (t, J = 2.35, 1H),
7.20 (d, J = 2.44, 2H), 7.28-7.41 (m, 5H). *C NMR (125 MHz, CDCIs) & 55.70, 70.29, 75.07,
104.79, 106.12, 126.89, 127.79, 128.88, 129.41, 142.37, 160.74, 164.77 ppm. IR (neat) 3395,
2959, 1963, 1648 cm’!, HRMS (DART) caldc for CicHisNO> [M+H]": 284.1281 found:
284.1283.

OMe
OMe . ;
1. (S)-(+)-2-Phenylglycinol (1.1 equiv.)
EtsN (4.0 equiv.), CH,Cl,, 0 °C - rt o
MeO Cl
MeO cocl 2. SOCI, (5.0 equiv.), CHCls, 0 °C - rt HN
D Ph
OMe
2.5N NaOH (5.0 equiv.)
g o]
MeOH, 0 °C - rt MeO IJ
N -
44D Ph

6.2.3.5 (8)-4-(tert-butyl)-2-(3,4,5-trimethoxyphenyl)-4,5-dihydrooxazole
A solution of 3,4, 5-trimethoxybenzoyl chloride E (692.0 mg, 3.0 mmol, 1.0 equiv.) in CH2Cl, (4
mL) was added dropwise in a mixture of (§)-(+)-2-amino-3,3-dimethylbutanol (386.2 mg, 3.3
mmol, 1.1 equiv.) and triethylamine (1.70 mL, 12.0 mmol, 4.0 equiv.) in CH>Cl, (5 mL) at 0 °C.
After the stirring for 12 h at room temperature, the reaction mixture was concentrated under
reduced pressure. The residue was dissolved in CHCl3 (20 mL) and treated with SOCl, (1.50
mL, 20.0 mmol, 5.0 equiv.) at 0 °C. After stirring for 2h at room temperature, the solvent and
excess SOCI, were removed under reduced pressure. Sat. NaHCOs3 (aq.) (40 mL) was added to
the residue with stirring for 10 min. The organic product was extracted with CH>Cl; (3 x 25 mL),

dried over anhydrous Na>SO4 and concentrated under reduced pressure. By using a sonicator,
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the solid residue was dissolved in methanol (12 mL) and 2.5 N NaOH (aq.) (600.0 mg, 15.0
mmol, 5.0 equiv.) was added slowly at 0 °C, then the reaction mixture was stirred for 12 h at
room temperature. The solvent was removed under vacuum followed by addition of water (25
mL) and CH,Cl, (3 x 25 mL) for extraction. The solvent was evaporated under vacuum to afford
(8)-4-(tert-butyl)-2-(3,4,5-trimethoxyphenyl)-4,5-dihydrooxazole 44E (774 mg, 88% yield).
[@]3° =-48.7 (c 1.02, CHCls). '"H NMR (500 MHz, CDCl5) & 0.94 (s, 9H), 3.87 (s, 3H), 3.90
(s, 6H), 4.02 (dd, J=7.26 Hz, J=10.13 Hz, 1H), 4.23 (dd, J = 7.64 Hz, J = 8.41 Hz, 1H), 4.32
(dd, J = 8.41 Hz, J = 9.94 Hz, 1H), 7.20 (s, 2H). *C NMR (125 MHz, CDCl;) § 25.92, 27.19,
34.15, 53.51, 56.26, 60.93, 68.85, 76.30, 105.46, 123.31, 140.66, 153.03, 162.97 ppm. IR (neat)
3395, 2957, 1963, 1650 cm™!, HRMS (DART) caled. for CisHisNO, [M+H]": 294.1700 found:
294.1698.

OMe OMe
MeO 1. (S)-(+)-2-Amino-3-methyl-1-butanol MeO
EtsN (4.0 equiv.), CH,Cl,, 0 °C - rt o
MeO cocl 2. SOCl, (5.0 equiv.), CHCIs, 0 °C - rt MeO Gl
HNJ
E :
PN
OMe
2.5N NaOH (5.0 equiv.) MeO
MeOH, 0 °C - rt MeO | 0
i)
44

6.2.3.6 (5)-4-(tert-butyl)-2-(3,4,5-trimethoxyphenyl)-4,5-dihydrooxazole

A solution of 3,4, 5-trimethoxybenzoyl chloride F (692.0 mg, 3.0 mmol, 1.0 equiv.) in CH.Cl, (4
mL) was added dropwise in a mixture of (§)-(+)-2-amino-3,3-dimethylbutanol (386.2 mg, 3.3
mmol, 1.1 equiv.) and triethylamine (1.70 mL, 12.0 mmol, 4.0 equiv.) in CH2Cl, (5 mL) at 0 °C.
After the stirring for 12 h at room temperature, the reaction mixture was concentrated under
reduced pressure. The residue was dissolved in CHCI3 (20 mL) and treated with SOCl, (1.50
mL, 20.0 mmol, 5.0 equiv.) at 0 °C. After stirring for 2h at room temperature, the solvent and
excess SOCI, were removed under reduced pressure. Sat. NaHCOs3 (aq.) (40 mL) was added to
the residue with stirring for 10 min. The organic product was extracted with CH>Cl; (3 x 25 mL),
dried over anhydrous Na>SO4 and concentrated under reduced pressure. By using a sonicator,
the solid residue was dissolved in methanol (12 mL) and 2.5 N NaOH (aq.) (600.0 mg, 15.0

mmol, 5.0 equiv.) was added slowly at 0 °C, then the reaction mixture was stirred for 12 h at
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room temperature. The solvent was removed under vacuum followed by addition of water (25
mL) and CH,Cl, (3 x 25 mL) for extraction. The solvent was evaporated under vacuum to afford
(8)-4-(tert-butyl)-2-(3,4,5-trimethoxyphenyl)-4,5-dihydrooxazole 44F (774 mg, 88% yield).
[]3° =-48.7 (c 1.02, CHCls). '"H NMR (500 MHz, CDCls) & 0.94 (s, 9H), 3.87 (s, 3H), 3.90
(s, 6H), 4.02 (dd, J=7.26 Hz, J=10.13 Hz, 1H), 4.23 (dd, J = 7.64 Hz, J = 8.41 Hz, 1H), 4.32
(dd, J = 8.41 Hz, J = 9.94 Hz, 1H), 7.20 (s, 2H). *C NMR (125 MHz, CDCl;) § 25.92, 27.19,
34.15, 53.51, 56.26, 60.93, 68.85, 76.30, 105.46, 123.31, 140.66, 153.03, 162.97 ppm. IR (neat)
3395, 2957, 1963, 1650 cm™!, HRMS (DART) caled. for CisHisNO, [M+H]": 294.1700 found:
294.1698.

OMe
OMe . .
1. (S)-(+)-2-Amino-3,3-dimethylbutanol ~ MeO
MeO Et;N (4.0 equiv.), CH,Cl,, 0 °C - rt o
>  MeO Cl
MeO COCl| 2.SO0ClI, (5.0 equiv.), CHCI3, 0 °C - rt HN
E /T\
OMe
MeO
2.5N NaOH (5.0 equiv.)
@)
MeOH, 0 °C - rt MeO IJ
N -
ask N\

6.2.3.7 (S)-4-isopropyl-2-(3,4,5-trimethoxyphenyl)-4,5-dihydrooxazole

A solution of 3,4,5-trimethoxybenzoyl chloride G (692 mg, 3.0 mmol, 1.0 equiv.) in CH,Cl;
(4.0 mL) was added dropwise to a mixture of (S)-(+)-2-Amino-3-methyl-1-buta-nol (334.5 mg,
3.3 mmol, 1.1 equiv.) and triethylamine (1.70 mL, 12.0 mmol, 4.0 equiv.) in CH>Cl (5.0 mL) at
0 °C. After the stirring for 12h at room temperature, the reaction mixture was concentrated
under reduced pressure. The residue was dissolved in CHCl3 (20 mL) and treated with SOCI,
(1.10 mL, 15 mmol, 5.0 equiv.) at 0 °C. After stirring for 2 h at room temperature, the solvent
and excess SOCl, were removed under reduced pressure. Sat. NaHCO3 (aq.) (40 mL) was added
to the residue with stirring for 10 minutes. The organic product was extracted with CH>Cl, (3 x
25 mL), dried over anhydrous Na,SO4 and concentrated under reduced pressure. By using a
sonicator, the solid residue was dissolved in MeOH (12 mL) and 2.5N NaOH (aq.) (600.0 mg,
15 mmol, 4.0 equiv.) was added slowly at 0 °C, then the reaction mixture was stirred for 12 h at
room temperature. The solvent was removed under vacuum followed by addition of water (25

mL) and CH>Cl, (3 x 25 mL) for extraction. The solvent was evaporated under vacuum to afford
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(S)-4-isopropyl-2-(3,4,5-trimethoxyphenyl)-4,5- dihydrooxazole 44G (770 mg, 92% yield).
y Yy y Y g y

OMe
OMe 1. (S)-(+)-2-Phenylglycinol (1.1 equiv.) MeO
MeO Et;N (4.0 equiv.), CH,Cl,, 0 °C - rt
o)
MeO COcCl 2. SOC|2 (5.0 equiv.), CHC|3, 0°C-rt MeO HN ¢l
E Iéh
OMe
) MeO
2.5N NaOH (5.0 equiv.)
g MeO | 0
MeOH, 0 °C - rt N
446 Ph
[a]3%3 =-34.5(c 1.31, CHCl3). '"H NMR (400 MHz, CDCl3) § 0.93 (d, J = 6.71, 3H), 5 1.03

(d, J=6.71, 3H), 1.88 (m, 1H), 3.88 (s, 3H), 3.91 (s, 6H), 4.13 (m, 2H), 4.40 (m, 1H), 7.21 (s,
1H). *C NMR (125 MHz, CDCl;) 8 17.99, 19.06, 32.06, 32.84, 56.28, 60.96, 70.13, 72.68,
77.16, 105.44, 125.25, 140.68, 153.04, 163.15 ppm. IR (neat) 3395, 2961, 1963, 1648 cm’,
HRMS (DART) caldc for Ci¢HisNO, [M+H]": 280.1543 found: 280.1548.

6.2.4 Typical procedures for the synthesis of various Ru(II)-Pheox catalysts

R3
R2
R1
44A-G

R4

[(benzene)RuCl,], (0.5 equiv.) R2 R*

u N

| P
(CH3CN)4 /RS

34
34d:R'=R?=R*=R*=F, R°=Ph
34e: R*=NO,, R'=R*=R*=H, R®= Ph
34f: R3=0OMe, R' =R?=R*=H, R®=Ph
34g: R = OMe, R? =R®*=R*=H, R°= Ph
34h: R'=R3=OMe, R?=R*=H, R%=Ph
34i: R'=R?=R®=0OMe, R*=H,R%=1Bu
34j:R'"=R?=R%=0OMe, R*=H, R%=iPr
34k: R'=R?=R3=0Me, R*=H, R%= Ph

1N NaOH (4.0 equiv.)
CH3CN, 48 h, 85 °C

— 3 -
R PFg

A two necked round bottom flask fitted with a magnetic stirring bar and a reflux condenser was

charged with a mixture of the ligand (B, D, F, H, J, L or N) (0.4 mmol, 1.0 equiv.),
[RuCly(benzene)]» (0.2 mmol, 0.5 equiv.) and KPF¢ (1.6 mmol, 4.0 equiv.). The reaction flask
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was evacuated and backfilled with argon. Through the side arm CH3;CN (10 mL, degassed) and
IN NaOH (aq.) (0.8 mmol, 4.0 equiv.) were injected. The suspended reaction mixture was
refluxed for 48 h at 80 °C. The solvent was removed under reduced pressure and the residue was
purified by silica gel column chromatography with CH3CN/CH.Cl, (1/10 (v/v)) to give the
desired Ru(Il)-Pheox complexes (up to 96% yield).

6.2.5 Analytical data for various Ru(Il)-Pheox catalysts

Catalyst 34a used in the cyclopropanation reaction was commercially available. 34b—¢!?, were
prepared according to literature procedures. 34d—k were modified from procedures'?.

6.2.5.1 Tetrafluoro-Ru(II)-Pheox complex

A two necked round bottom flask fitted with a magnetic stirring

B . F . |PFs |bar and a reflux condenser was charged  with
(8)-4-phenyl-2-(2,3,4,5-tetrafluorophenyl)-4,5-dihydrooxazole
F | \O> 44A (118.1 mg, 0.4 mmol, 1.0 equiv.), [RuCly(benzene)], (100.4
Il?u"—N / mg, 0.2 mmol, 0.5 equiv.), and KPFs (294.4 mg, 1.6 mmol, 4.0
(CH3CN)4 Py equiv.). The reaction flask was evacuated and backfilled with
34d

argon. Through the side arm CH3CN (10 mL, degassed) and 1N
NaOH (aq.) (0.8 mmol, 4.0 equiv.) were injected. The suspended reaction mixture was refluxed
for 48 h at 85 °C. The solvent was removed under reduced pressure and the residue was purified
by silica gel column chromatography with CH3CN/CH>CL, (1/10 (v/v)) to give the desired
complex 34d (239.5 mg, 85% yield) as a green solid. "H NMR (400 MHz, CD;CN) & 1.95 (s,
3H, CH3CN), 2.04 (s, 3H, CH3CN), 2.18 (s, 3H, CH3CN), 2.35 (s, 3H, CH3CN), 4.49 (dd, J =
2.75 Hz, J= 8.7, 1H), 4.89 (t, J=9.00, 1H), 4.59 (dd, J = 7.26 Hz, J = 8.41, 1H), 5.10-5.20 (m,
3H), 7.31-7.46 (m, 5H). *C NMR (125 MHz, CDsCN) & 0.77, 0.98, 2.92, 3.03, 3.08, 67.60,
78.80, 117.39, 121.63, 122.52, 122.76, 123.34, 128.11, 128.41, 128.50, 140.51, 172.78 ppm. "°F
(376 MHz, CDCls) o6 —164.81, —152.22, —139.93, —-126.59, —73.67, —72.16 ppm. IR (neat)
3676, 3223, 2941, 2280, 1617, 1473, 837 cm’".

6.2.5.2 4-Nitro-Ru(II)-Pheox complex

— — = A two necked round bottom flask fitted with a magnetic
02N PF6

stirring bar and a reflux condenser was charged with

(8)-2-(4-nitrophenyl)-4-phenyl-4,5-dihydrooxazole 44B (107.3

|
Il?u"—N\_) mg, 0.4 mmol, 1.0 equiv.), [RuCly(benzene)]> (100.4 mg, 0.2
(CH3CN)4 Py mmol, 0.5 equiv.), and KPFs (294.4 mg, 1.6 mmol, 4.0 equiv.).
L 34e =

The reaction flask was evacuated and backfilled with argon.
Through the side arm CH3CN (10 mL, degassed) and 1N NaOH (aq.) (0.8 mmol, 4.0 equiv.)

were injected. The suspended reaction mixture was refluxed for 48 h at 80 °C. The solvent was

removed under reduced pressure and the residue was purified by silica gel column
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chromatography with CH3CN/CHCl, (1/10 (v/v)) to give the desired complex 34e (271.0 mg,
94% yield) as a green solid. "H NMR (500 MHz, CDsCN) § 2.00 (s, 3H, CH3CN), 2.13 (s, 3H,
CH3CN), 2.15 (s, 3H, CH3CN) 2.48 (s, 3H, CH3CN), 4.61 (t, J = 13.28 Hz, 1H), 5.19 (dd, J =
10.07 Hz, J = 13.43, 2H), 7.31-7.46 (m, 5H), 7.63 (d, J = 8.24 Hz, 1H), 7.73(dd, J=2.14, J =
8.39 Hz, 1H), 8.59 (d, J = 2.44 Hz, 1H). '*C NMR (125 MHz, CDsCN) & 0.73, 0.99, 3.00, 3.03,
3.42, 68.51, 78.50, 115.69, 121.88, 122.19, 123.22, 125.80, 128.21, 128.38, 128.48, 131.40,
140.73, 141.61, 147.82, 174.03, 190.57 ppm. IR (neat) v 2934, 2276, 1621, 837 cm™".
6.2.5.3 o-methoxy and p-methoxy Ru(II)-Pheox 34f and 34g
A two necked round bottom flask fitted with a magnetic stirring bar and a reflux condenser was
charged with (.5)-2-(3-methoxyphenyl)-4-phenyl-4,5-dihydrooxazole 44C (202.5 mg, 0.8 mmol,
1.0 equiv.), [RuClx(benzene)], (200.0 mg, 0.4 mmol, 0.5 equiv.), and KPF¢ (589.0 mg, 3.2 mmol,
4.0 equiv.). The reaction flask was evacuated and backfilled with argon. Through the side arm
CH3CN (10 mL, degassed) and 1IN NaOH (aq.) (3.2 mmol, 4.0 equiv.) were injected. The
suspended reaction mixture was refluxed for 48 h at 80 °C. The solvent was removed under
reduced pressure and the residue was purified by silica gel column chromatography with
CH3CN/CH:Cl, (1/10 (v/v)) to give the desired two complexes 34f and 34g.
6.2.5.3.1 0-methoxy Ru(II)-Pheox 34f
T E— 34f (353.0 mg, 77% yield) as a green solid. '"H NMR (400 MHz,
6] CDsCN) & 1.99 (s, 3H, CHsCN), 2.11 (s, 3H, CH3CN), 2.13 (s, 3H,
CH3CN), 2.40 (s, 3H, CH3CN), 3.76 (s, 3H, OMe), 4.49 (t, J = 8.0 Hz,
.| \O> 1H), 5.09 (dd, 2H), 6.84 (d, J=10.7 Hz, 1H), 7.09 (d, J = 2.7 Hz, 1H),
(2‘;‘3;':])4% h 731-7.41 (m, SH), 7.70 (d, J = 7.6, 1H). 3C NMR (125 MHz,
L N CDsCN) 6 0.88, 3.04, 3.13, 3.38, 54.98, 68.22, 78.05, 110.42, 116.19,
34f 121.27,121.51, 122.49, 128.09, 128.13, 128.39, 134.44 ppm. IR (neat)
3661, 2931, 2272, 1629, 837 cm™.
6.2.5.3.2 p-methoxy Ru(1I)-Pheox 34¢g
_ 34g (67.0 mg, 13% yield) as a green solid. '"H NMR (400 MHz,
PFe CDs:;CN) 6 1.94 (s, 3H, CH3CN), 2.23 (s, 6H, CH3CN), 2.40 (s,
3H, CH3CN), 3.9(s, 3H), 4.49 (dd, J = 2.75 Hz, J = 8.7, 1H),
MeO N \O> 4.89 (t, J=9.00, 1H), 5.46 (dd, J = 2.75 Hz, J = 8.7, 1H), 7.09
(2:3;:)4-? h (d, J = 2.7 Hz, 1H), 7.29-7.31 (m, 3H), 7.39-7.57 (m, SH). 1*C
| NMR (100 MHz, CDs;CN) & 0.78, 0.98, 3.13, 55.53, 72.44,
76.59, 116.21, 122.02, 125.28, 125.81, 128.19, 129.25, 130.01,
141.45, 159.38, 175.06 ppm. IR (neat) 3676, 3223, 2941, 1617, 1468, 837 cm™.
6.2.5.4 3,5- Methoxy Ru(II)-Pheox complexe 34h

34g
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A two necked round bottom flask fitted with a magnetic

— OMe . PF6
stirring bar and a reflux condenser was charged with
o (8)-2-(3,5-dimethoxyphenyl)-4-phenyl-4,5-dihydrooxazole 44D
MeO I |N J (141.7 mg, 0.5 mmol, 1.0 equiv.), [RuCly(benzene)]> (125.0 mg,
ut—
(CIH3CN)4 :Ph 0.25 mmol, 0.5 equiv.), and KPFs (368.0 mg, 2.0 mmol, 4.0
34h equiv.). The reaction flask was evacuated and backfilled with

argon. Through the side arm CH3CN (10 mL, degassed) and 1N
NaOH (aq.) (2.0 mmol, 4.0 equiv.) were injected. The suspended reaction mixture was refluxed
for 48 h at 80 °C. The solvent was removed under reduced pressure and the residue was purified
by silica gel column chromatography with CH3CN/CH>CL, (1/10 (v/v)) to give the desired
complex 34h (235.0 mg, 68% yield) as a yellow solid. '"H NMR (400 MHz, CDsCN) & 1.96 (s,
3H, CH3;CN), 2.03 (s, 3H, CH3CN), 2.15 (s, 6H, CH3CN), 2.38 (s, 3H, CH3CN), 3.74 (s, 3H,
OMe), 3.78 (s, 3H, OMe), 4.49 (dd, J = 7.01 Hz, J = 7.94, 1H), 5.12 (m, H), 6.40 (d, J = 2.44
Hz, 1H), 6.82 (dd, J = 2.44 Hz, 1H), 7.30-7.45 (m, 5H). *C NMR (100 MHz, CD;CN) 8 0.78,
0.98, 3.10, 55.00, 68.26, 78.00, 102.26, 102.88, 121.67, 128.00, 128.13, 128.42, 135.62, 156.79,
159.13, 170.83, 175.27 ppm. IR (neat) 3661, 2941, 2276, 1591, 841 cm™'.

6.2.5.5 Iso-propyl-3,4,5 methoxy-Ru(Il)- Pheox 34j

— A two necked round bottom flask fitted with a magnetic

MeO OMe PFe stirring bar and a reflux condenser was charged with
(8)-4-isopropyl-2-(3,4,5-trimethoxyphenyl)-4,5-dihydroo

MeO | \O) -xazole 44E (112.0 mg, 0.4 mmol, 1.0 equiv.),

$u+_N ! [RuCla(benzene)]z (100.4 mg, 0.2 mmol, 0.5 equiv.), and KPFs

(CHsCN)s (294.4 mg, 1.6 mmol, 4.0 equiv.). The reaction flask was

L 34 ] evacuated and backfilled with argon. Through the side arm

CH;CN (10 mL, degassed) and 1N NaOH (aqua) (1.6 mmol,
4.0 equiv.) were injected. The suspended reaction mixture was refluxed for 48 h at 80 °C. The
solvent was removed under reduced pressure and the residue was purified by silica gel column
chromatography with CH3CN/CH2Cl, (1/10 (v/v)) to give the desired complex 34j (253.0 mg,
92% yield) as a green solid. '"H NMR (400 MHz, CD;CN) 6 0.70 (d, J = 6.71, 3H, Me), 0.97 (d,
J=17.32,3H, Me), 1.96 (s, 6H, CH3CN), 2.15 (s, 6H, CH3CN), 2.56 (m,1H), 3.68 (s, 3H, OMe),
3.77 (s, 3H, OMe), 3.85 (s, 3H, OMe), 4.03(m, 1H), 4.55 (t, J=9.16 Hz, 1H), 4.65 (dd, J =4.88
Hz, J =9.16, 1H), 6.90 (s, H). *C NMR (100 MHz, CDsCN) & 0.78, 0.98, 3.01, 13.59, 18.48,
29.27, 60.13, 60.40, 68049, 70.04, 107.03, 121.59, 122.37, 129.58, 145.11, 149.23, 163.46,
173.43 ppm. IR (neat) 3660, 2938, 2272, 1633, 841 cm™.
6.2.5.6 Tert-butyl-3,4,5 methoxy-Ru(II)-Pheox 3i
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A two necked round bottom flask fitted with a magnetic stirring bar and a reflux condenser was
charged with (§)-4-(tert-butyl)-2-(3,4,5-trimethoxyphenyl)-4,5-dihydro

B OMe ] PF6_ -oxazole 44F (111.3 mg, 0.4 mmol, 1.0 equiv.),
MeO [RuClx(benzene)], (100.4 mg, 0.2 mmol, 0.5 equiv.), and KPFs
MeO o (294.4 mg, 1.6 mmol, 4.0 equiv.). The reaction flask was

© Ru*—lNJ evacuated and backfilled with argon. Through the side arm
((|3H3CN)4.': CH3CN (10 mL, degassed) and 1N NaOH (aq.) (0.8 mmol, 4.0
3 equiv.) were injected. The suspended reaction mixture was

refluxed for 48 h at 90 °C. The solvent was removed under
reduced pressure and the residue was purified by silica gel column chromatography with
CH3CN/CHCl, (1/10 (v/v)) to give the desired complex 34i (85.0 mg, 30% yield) as a green
solid. '"H NMR (500 MHz, CDs;CN) 8 0.97 (s, 9H, CH3), 1.96 (s, 6H, CH5CN), 2.15 (s, 3H,
CH;CN), 2.20 (s, 3H, CH3CN), 3.71 (s, 3H, OMe), 3.73(m,1H), 3.78 (s, 3H, OMe), 3.86 (s, 3H,
OMe), 4.48 (t, J = 9.36 Hz, 1H), 4.77 (dd, J = 3.44 Hz, J = 9.17, 1H), 6.91 (s, H). *C NMR
(125 MHz, CD;CN) § 0.72, 0.89, 3.08, 25.51, 34.65, 55.76, 60.10, 60.45, 71.99, 72.44, 107.23,
121.30, 123.00, 129.84, 145.22, 149.29, 162.89, 163.42, 174.58 ppm. IR (neat) 3660, 2938,
2268, 1618, 837 cm™.

6.2.4.7 3,4,5 methoxy Ru(1I)-pheox complexe 34k

oM — A two necked round bottom flask fitted with a magnetic stirring
B e TPFg

MeO

bar and a reflux condenser was charged with
(8)-4-phenyl-2-(3,4,5-trimethoxyphenyl)-4,5-dihydrooxazo

MeO . | \O> -le 44G (125.3 mg, 0.4 mmol, 1.0 equiv.), [RuClx(benzene)],

(2:3;%)4-: (100.4 mg, 0.2 mmol, 0.5 equiv.), and KPFs (294.4 mg, 1.60

Ph mmol, 4.0 equiv.). The reaction flask was evacuated and

backfilled with argon. Through the side arm CH3;CN (10 mL,

degassed) and 1N NaOH (aq.) (1.6 mmol, 4.0 equiv.) were injected. The suspended reaction

L 3k _

mixture was refluxed for 48 h at 80 °C. The solvent was removed under reduced pressure and
the residue was purified by silica gel column chromatography with CH3CN/CHCl, (1/10 (v/v))
to give the desired complex 34k (251.5 mg, 87% yield) as a green solid. '"H NMR (400 MHz,
CDsCN) 8 1.94 (s, 6H, CH3CN), 2.05 (s, 3H, CH3CN), 2.16 (s, 3H, CH3CN), 3.66 (s, 3H, OMe),
3.81 (s, 3H, OMe), 3.86 (s, 3H, OMe), 4.49 (t, J = 6.87 Hz, 1H), 5.11 (m, 2H), 7.03(s, 1H),
7.33-7.44 (m, 5H). *C NMR (100 MHz, CDsCN) § 0.78, 0.99, 3.09, 60.15, 60.37, 68.20, 78.00,
107.40, 121.83, 127.98, 128.11, 128.41, 129.47, 141.64, 145.38, 149.35, 163.48, 164.57, 174.80
ppm. IR (neat) 3653, 3223, 2934, 2272, 1397, 837 cm’'.
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6.2.6 General procedure for -catalytic asymmetric phosphonomethylation of

N,N-dimethylaniline with diazomethylphosphonate

|
N (I?,OEt 5 mol% Ru(ll)-Pheox XN lll\/\ LOEt
R *en P ~ R~ Ot
= CH,Cly, reflux 5h = o)
32: R = p-Br 33a 35: R = p-Br, 72% yield
32A:R=H 35A: R =H, 42% yield
32B: R = p-CHj 35B: R = p-CHj, 31% yield

The solution of diazophosphonate 33a (0.2 mmol) in CH,Cl, (2.0 mL) was slowly added to a
mixture of Ru(Il)-Pheox catalyst 34 (6.2 mg, 0.005 mmol) and dimethylaniline derivatives 32 (1
mmol) in CH>C1, (2.0 mL) for 4 h under argon atmosphere and the suspended reaction mixture
was refluxed at 45 °C. After the addition completed, the reaction mixture was continuously
refluxed for 1 h. The reaction was monitored by TLC. Upon completion, solvent was removed
and the residue was purified by column chromatography on silica gel eluted with
EtOAc/n-Hexane (1/1) (1% Et:N) to give the phosphonomethylation products.

6.2.7 Analytical data for catalytic asymmetric phosphonomethylation of
N,N-dimethylaniline with diazomethylphosphonate

Diethyl (2-((4-bromophenyl)(methyl)amino)ethyl)phosphonate 35

"H NMR (400 MHz, CDCls) 8 7.31 (d, J = 8.85 Hz, 2H), 6.58

|

d, J = 9.16 Hz, 2H), 4.04—4.18 (m, 4H), 3.60-3.66 (m, 2H),

/@/N\/\P/OEt ( Z ) (m ) (m )
Br

UOEt | 5 90 (s, 3H), 1.94-2.03 (m, 2 H), 1.33 (¢, J = 7.02 Hz, 6H) ppm.

B3C NMR (100 MHz, CDCls) & 147.24, 132.07, 114.26, 108.95,

61.85, 61.79, 46.66, 38.15, 21.90, 16.59, 16.53 ppm. *'P NMR (200 MHz, CDCls) § 29.98 ppm

HRMS (DART) calcd for Ci3Hz;BrNOsP [M+H] *: 350.0521, found: 350.0519.

Diethyl (2-(methyl(phenyl)amino)ethyl)phosphonate 35A'!

'"H NMR (400 MHz, CDCl3) § 7.24 (d, J = 7.32 Hz, 2H), 6.72-6.75
| o OF | (m.3H), 406416 (m, 4H), 3.64-3.69 (m, 2H), 293 (5, 3H), 1.97-

O ssn O OFt | 2.06 (m, 2 H), 1.34 (t, /= 7.02 Hz, 6H) ppm. *C NMR (100 MHz,

CDCls) 6 148.33, 129.48, 117.07, 112.78, 61.83, 61.76, 46.69, 38.12,

21.99, 16.65, 16.60 ppm
Diethyl (2-(methyl(p-tolyl)amino)ethyl)phosphonate 35B'>!
'H NMR (400 MHz, CDCl3) § 7.06 (d, J = 8.41 Hz, 2H), 6.65

B\OEt (s, 3H), 2.25 (s, 3H), 1.96-2.03 (m, 2 H), 1.34 (t, J = 7.26 Hz,
6H) ppm.

|
=8. H), 4.06-4.1 4H), 3.60-3.6 2H), 2.88
/@/N\/\P,oa d,J 79, 3H), 5 (m, 4H), 5 (m, 2H),
35B
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6.2.8 General procedure for catalytic asymmetric cyclopropanation of ethylaniline

derivatives with dialkyl diazomethylphosphonates

R’ 1
N Q or2 5 mol% 34k E ('F?VORZ
AN S ||/OR mol7o K
R Et o NzVP\ORZ R X W “OR?
= CH,Cl,, reflux 5h —
36a-g 33a-c 37a-k
R: Br, CI
R': Et, Bn
R?: Me, Et, Bn

A solution of diazophosphonate 33a-¢ (0.1 mmol, 1.0 equiv.) in CH>Cl, (2.0 mL) was slowly
added to a mixture of Ru(Il)-Pheox catalyst 34k (3.6 mg, 0.005 mmol) and diethylaniline
derivatives 36a-g (0.5 mmol, 5.0 equiv.) in CH,C1, (2.0 mL) for 4 h under argon atmosphere
and the suspended reaction mixture was refluxed at 45 °C. After the addition completed, the
reaction mixture was continuously refluxed for 1 h. The reaction was monitored by TLC. Upon
completion, solvent was removed and the residue was purified by column chromatography on
silica gel eluted with EtOAc/n-Hexane (1% Et;N) to give the cyclopropanation products. The
trans/cis ratio was determined from the crude 'H NMR spectra, and the enantioselectivity was
determined by chiral HPLC analysis.

6.2.9 Analytical data for catalytic asymmetric cyclopropanation of ethylaniline derivatives
with dialkyl diazomethylphosphonates
Dimethyl (2-(ethyl(phenyl)amino)cyclopropyl)phosphonate 37a
A solution of dimethyl diazomethylphosphonate 33b (30.0 mg,
Et o 0.2 mmol, 1.0 equiv.) in CH>Cl, (2.0 mL) was slowly added to a
Ph/lil W‘\\ E(gmz mixture of Ru(Il)-Pheox catalyst 34k (7.2 mg, 0.01 mmol) and
N,N-diethylaniline 36a (0.16 mL, 1.0 mmol, 5.0 equiv.) in
CH:C1; (2.0 mL) for 4 h under argon atmosphere and the

suspended reaction mixture was refluxed at 45 °C. After the addition completed, the reaction
mixture was continuously refluxed for 1 h. The crude mixture was purified by silica gel
column chromatography with Hexane/EtOAc as an eluent to give the cyclopropanation product
37a in (24.8 mg, 46% yield) as pale yellow oil.

The ee value was determined by HPLC analysis. Column (Chiral OJ-H), UV detector 254 nm,
eluent: Hexane/IPA = 20/1, Flow rate: 1 ml/min, tR = 21.8 min (major product), 23.9 min
(minor product). 93% trans ee. [a]3! =-19.1 (c = 0.44, CHCI;).

'H NMR (500 MHz, CDCls) 8 7.26-7.23 (m, 2H, Ph), 6.99 (d, J = 9.6 Hz, 2H, Ph), 6.81 (dd, J
=7.1,7.1 Hz, 1H, Ph), 3.82 (d, *J(P, H) = 11.1 Hz, 3H, OMe), 3.79 (d, *J(P, H) = 10.7 Hz, 3H,
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OMe), 3.46 (m, 2H, 8 peaks, N-CH,), 2.92 (dddd, J = 4.2, 4.2, 6.9, 3J(P, H) = 10.7 Hz, 1H,
N-CH (cyclopropane)), 1.48-1.41 (m, 1H, P-CH (cycloprop -ane)), 1.21-1.41 (m, 1H, C-CH
(cyclopropane)), 1.11 (t, J = 6.9 Hz, 3H, CH3), 1.13-1.07 (m, 1H, C-CH (cyclopropane)) ppm.
BC NMR (125 MHz, CDCl;) & 147.60, 131.80, 116.76, 110.48, 62.17 (*Jpc = 6.0 Hz), 62.00
(3Jpc = 7.2 Hz), 46.10, 35.53 (3Jpc = 2.4 Hz), 16.66 (*Jpc = 2.4 Hz), 14.00 (Jpc = 122.4 Hz),
11.32 ppm. *'PNMR (161 MHz, CDCl;) § 27.48 ppm.

HRMS (DART) calcd for Ci3Hz NO3;P [M+H] " : 270.1259, found: 270.1257.

Dimethyl (2-((4-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate 37b

37b was obtained according to the typical procedure for

|| OMe the asymmetric cyclopropanation reactions  of

/@/ W\\‘ P~o 4-bromo-N, N-diethylaniline 36b (114.0 mg, 0.5 mmol)

with dimethyl diazomethylphosphonate 33b (15.0 mg,

0.1 mmol). The crude mixture was purified by silica gel
column chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the
cyclopropanation product 37b in (17.1 mg, 49% yield) as a pale yellow oil. The ee value was
determined by HPLC analysis. Column (Chiral OJ-H), UV detector 254 nm, eluent: Hexane/IPA
= 20/1, Flow rate: 1 ml/min, tR = 20.9 min (major product), 22.7 min (minor product). 96%
trans ee. [a]3° =—6.5 (c = 0.70, CHCI;).

'H NMR (500 MHz, CDCl;) § 7.32 (d, J = 9.2 Hz, 2H, Ph), 6.86 (d, J = 9.2 Hz, 2H, Ph), 3.82
(d, *J(P, H) = 10.7, 3H, OMe), 3.79 (d, *J(P, H) = 10.7, 3H, OMe), 3.47-3.39 (m, 2H, N-CH,),
2.89 (dddd, J=4.2, 4.2, 6.9, °J(P, H) = 11.1 Hz, 1H, N-CH (cycloprop -ane)), 1.44 (dddd, J =
5.0, 6.9, 69, 2J(P, H) = 13.38 Hz, 1H, P-CH (cyclopropane)), 1.15 (m, 1H, C-CH
(cyclopropane)), 1.09 (t,J= 7.1 Hz, 3H, CH3), 1.09-1.05 (m, 1H, C-CH (cyclopropane) ) ppm.
BC NMR (100 MHz, CDCl;) & 147.59, 131.86, 116.85, 110.65, 52.93 (*Jpc = 6.0 Hz), 52.88
(3Jec = 6.0 Hz), 46.23, 35.45 (*Jpc = 2.4 Hz), 14.86 ('Jpc = 171.5 Hz), 14.00 (}Jpc = 4.8 Hz),
11.39 ppm. 3'P NMR (161 MHz, CDCIs) & 30.31 ppm.

HRMS (DART) caled for Ci3H20BrNOsP [M+H] " : 348.0364, found: 348.0365.

Dimethyl (2-((4-chlorophenyl)(ethyl)amino)cyclopropyl)phosphonate 37¢

37¢ was obtained according to the typical procedure for

u OMe the  asymmetric  cyclopropanation  reactions  of

/©/ W w \ 4-chloro-N, N-diethylaniline 36¢ (92.0 mg, 0.5 mmol) with

dimethyl diazomethylphosphonate 33b (15.0 mg, 0.1

mmol). The crude mixture was purified by silica gel
column chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the desired product
in (10.9 mg, 36% yield) as pale yellow oil. The ee value was determined by HPLC analysis.
Column (Chiral OJ-H), UV detector 254 nm, eluent: Hexane/IPA = 30/1, Flow rate: 1.0 ml/min,
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tR = 22.4 min (major product), 24.2 min (minor product). 94% trans ee. [a]3® = +12.7 (c =
0.55, CHCl).

'H NMR (500 MHz, CDCl;) 8 7.19 (d, J = 8.8 Hz, 2H, Ph), 6.90 (d, J = 8.8 Hz, 2H, Ph), 3.82
(d, 3J(P, H) = 10.7 Hz, 3H, OMe), 3.79 (d, *J(P, H) = 11.1 Hz, 3H, OMe), 3.47-3.39 (m, 2H,
N-CH>), 2.89 (dddd, J = 4.2, 4.2, 6.9, *J(P, H) = 11.1 Hz, 1H, N-CH (cyclopropane)), 1.44
(dddd, J = 4.6, 6.9, 6.9, 2J(P, H) = 13.38 Hz, 1H, P-CH (cyclo -propane)), 1.19-1.13 (m, 1H,
C-CH (cyclopropane)), 1.09 (t, /= 7.1 Hz, 3H, CH3), 1.10-1.05 (m, 1H, C-CH (cyclopropane))
ppm. C NMR (125 MHz, CDCl;) & 147.20, 128.98, 123.48, 116.46, 52.98 (*Jpc = 4.8 Hz),
52.89 (Jpc = 6.0 Hz), 46.40, 35.54, 15.54 (\Jpc = 174.5 Hz), 14.00 (3Jpc = 4.80 Hz), 11.39 ppm.
3'PNMR (161 MHz, CDCl;) & 30.25 ppm.

HRMS (DART) calcd for Ci3H20CINO;P [M+H] * : 304.0869, found: 304.0870.

Dimethyl (2-((2-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate 37d

37d was obtained according to the typical procedure for the

B E . . .

' lil t Q,OMe asymmetric cyclopropanation reactions of
W\\ OMe 2-bromo-N, N-diethylaniline 36d (114.0 mg, 0.5 mmol) with

dimethyl diazomethylphosphonate 33b (15.0 mg, 0.1 mmol).

The crude mixture was purified by silica gel column
chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the cyclopropanation
product in (10.5 mg, 30% yield) as colourless oil. The ee value was determined by HPLC
analysis. Column (Chiral OJ), UV detector 210 nm, eluent: Hexane/IPA = 20/1, Flow rate: 1.0
ml/min, tR = 6.6 min (major product), 9.4 min (minor product). 93% trans ee. [a]3! =-8.7 (c
=0.75, CHCl).

'H NMR (500 MHz, CDCl3) & 7.54-7.52 (m, 1H, Ph), 7.28-7.27 (m, 2H, Ph), 6.96-6.93 (m,
1H, Ph), 3.72 (d, *J(P, H) = 10.7 Hz, 3H, OMe), 3.67 (d, *J(P, H) = 10.7 Hz, 3H, OMe), 3.21 (m,
2H, 8peaks, N-CH,), 3.04 (dddd, J = 4.0, 4.0, 6.5, *J(P, H) = 10.7 Hz, 1H, N-CH
(cyclopropane)), 1.28-1.25 (m, 1H, P-CH (cyclopropane)), 1.10 (t, J = 7.1 Hz, 3H, CH3) ,
1.04-1.00 (m, 2H, C-CH; (cyclopropane)) ppm. *C NMR (125 MHz, CDCls) & 149.19, 135.57,
127.93, 125.33, 125.31, 121.56, 52.69 (3Jpc = 6.0 Hz), 52.64 (2Jpc = 6.0 Hz), 49.83, 37.93 (*Jpc =
2.4 Hz), 14.49 ('Jec = 125.96 Hz), 13.48 (*Joc = 6.0 Hz), 11.86 ppm. *'P NMR (161 MHz,
CDCl3) 6 31.25 ppm

HRMS (DART) calcd for Ci3H20BrNOsP [M+H] " : 348.0364, found: 348.0364.

Dimethyl (2-(anthracen-2-yl(ethyl)amino)cyclopropyl)phosphonate 37e

37e was obtained according to the typical

Et (IP'?/OMe procedure for the asymmetric cyclopropanation
W\\\ “OMe reactions of N,N-diethylanthracen-2-amine 36e
(125.0 mg, 0.5 mmol) with dimethyl
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diazomethylphosphonate 33b (15.0 mg, 0.1 mmol). The crude mixture was purified by silica gel
column chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the
cyclopropanation product in (15.9 mg, 43% yield) as yellow solid. The ee value was determined
by HPLC analysis. Column (Chiral IE), UV detector 270 nm, eluent: Hexane/IPA = 8/2, Flow
rate: 1.0 ml/min, tR = 23.1 min (minor product), 26.4 min (major product). 94% trans ee.
[a]3® =—14.5 (c = 0.74, CHCL).

"H NMR (500 MHz, CDCls) & 8.29 (s, 1H, Ph), 8.20 (s, 1H, Ph), 7.93-7.88 (m, 3H, Ph), 7.42—
7.32 (m, 4H, Ph), 3.88 (d, *J(P, H) = 10.7 Hz, 3H, OMe), 3.83 (d, >*J(P, H) = 11.1 Hz, 3H, OMe),
3.61 (q, J = 7.1 Hz, 2H, N-CH>), 3.11 (dddd, J = 4.2, 4.2, 6.9, *J(P, H) = 11.1 Hz, 1H, N-CH
(cyclopropane)), 1.58-1.52 (m, 1H, P-CH (cyclopropane)), 1.30-1.23 (m, 1H, C-CH
(cyclopropane)), 1.19—-1.14 (m, 1H, , C-CH (cyclopropane)), 1.17 (t, /= 7.1 Hz, 3H, CH3) ppm.
BC NMR (125 MHz, CDCl5) & 145.76, 133.16, 132.45, 130.14, 129.13, 128.31, 127.70,
127.62, 125.93, 125.37, 124.03, 123.57, 119.44, 108.65, 52.95 (*Jpc = 6.0 Hz), 52.89 (*Jpc = 6.0
Hz), 46.55, 35.52, 14.85 ('Jpc = 157.2 Hz), 13.97 (3Jpc = 4.8 Hz), 11.80 ppm. *'P NMR (161
MHz, CDCl;) 6 30.55 ppm.

HRMS (DART) calcd for Co1HasNO;P [M+H] " : 370.1572, found: 370.1571.

Dimethyl (2-(benzyl(phenyl)amino)cyclopropyl)phosphonate 37i

37i was obtained according to the typical procedure for the

” OMe asymmetric cyclopropanation reactions of N-benzyl-N-ethylaniline

©/ ; 36g (158.0 mg, 0.75 mmol) with dimethyl diazomethylphosphonate
33b (22.5 mg, 0.15 mmol). The crude mixture was purified by silica

gel column chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the
cyclopropanation product in (13.9 mg, 28% yield) as pale yellow oil. The ee value was
determined by HPLC analysis. Column (Chiral IE-3), UV detector 248 nm, eluent: Hexane/IPA
= 30/1, Flow rate: 1.1 ml/min, tR = 68.8 min (major product), 72.2 min (minor product). 99%
trans ee. [a]3® =-11.3 (¢ =0.7, CHCL).

'H NMR (500 MHz, CDCl3) & 7.29-7.26 (m, 2H, Ph), 7.23-7.20 (m, 3H, Ph), 7.16-7.15 (m,
2H, Ph), 6.95-6.93 (m, 2H, Ph), 6.81-6.78 (m, 1H, Ph), 4.6 (s, 2H, N-CH3), 3.76 (d, *J(P, H) =
6.9 Hz, 3H, OMe), 3.74 (d, *J(P, H) = 6.5 Hz, 3H, OMe), 3.09 (dddd, /= 4.2, 4.2, 6.9, °J(P, H)
= 11.1 Hz, 1H, N-CH (cyclopropane)), 1.43 (dddd, J = 5.0, 6.9, 6.9, 2J(P, H) = 13.38 Hz, 1H,
P-CH (cyclopropane)), 1.26-1.13 (m, 2H, C-CH; (cyclopropane)) ppm. *C NMR (125 MHz,
CDCl3) $ 149.30, 139.36, 129.14, 128.73, 127.07, 126.47, 118.65, 114.63, 56.86, 52.91 (*Jpc =
6.0 Hz), 52.87 (*Jec = 6.0 Hz), 37.09, 14.65 ("Jpc = 154.75 Hz), 14.04 (*Jpc = 6.0 Hz) ppm. *'P
NMR (161 MHz, CDCl;) 6 27.48 ppm

HRMS (DART) calcd for CisH2;NO3;P [M+H] " : 332.1416, found: 332.1414.

Diethyl (2-((4-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate 37g
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37g was obtained according to the typical procedure for the

” OEt asymmetric cyclopropanation reactions of N, N-diethylaniline 36a

©/ W (74.6 mg, 0.5 mmol) with diethyl diazomethylphosphonate 33a
(17.3 mg, 0.1 mmol). The crude mixture was purified by silica gel

column chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the desired product
in (10.7 mg, 36% yield) as pale yellow oil. The ee value was determined by HPLC analysis.
Column (Chiral IC-3), UV detector 254 nm, eluent: Hexane/IPA = 20/1, Flow rate: 1.2 ml/min,
= 23.8 min (major product), 25.5 min (minor product). 93% trans ee.

"H NMR (500 MHz, CDCls) §7.24 (t, J = 8.41 Hz, 2H, Ph), 7.00 (d, J = 8.41 Hz, 2H, Ph), 6.78
(t, J = 7.26 Hz, 1H, Ph), 4.08-4.18 (m, 4H, OCH;), 3.42-3.48 (m, 2H, N-CH3), 2.87-2.93
(dddd, J = 4.2, 4.2, 6.9, °J(P, H) = 11.1 Hz, 1H, N-CH (cyclopropane)), 1.33-1.39 (m, 7H),
1.18-1.05 (m, 5H) ppm. *C NMR (125 MHz, CDCls) § 148.61, 129.11, 118.39, 115.20, 62.16
(*Jpc = 6.0 Hz), 62.08 (*Jpc = 7.2 Hz), 46.20, 35.66, 16.66 (*Jpc = 2.4 Hz), 16.61, 16.37,
14.18  (YJpc =82.77 Hz), 11.55 ppm.

HRMS (DART) calcd for CisHasNOsP [M+H] *: 298.1572, found: 298.1570.

Diethyl (2-((4-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate 37h

37h was obtained according to the typical procedure for the

” OEt asymmetric cyclopropanation reactions of

/©/ W 4-bromo-N, N-diethylaniline 36b (114.0 mg, 0.5 mmol) with

diethyl diazomethylphosphonate 33a (17.3 mg, 0.1 mmol). The

crude mixture was purified by silica gel column chromatography with Hexane/EtOAc (1%
TEA) as an eluent to give the cyclopropanation product in (13.5 mg, 36% yield) as pale yellow
oil. The ee value was determined by HPLC analysis. Column (Chiral IC-3), UV detector 254 nm,
eluent: Hexane/IPA = 20/1, Flow rate: 1.2 ml/min, tR = 23.8 min (major product), 25.5 min
(minor product). 97% trans ee. [a]3® =—22.7 (c = 0.65, CHCl;).

'H NMR (500 MHz, CDCl;) 8 7.31 (d, J = 9.2 Hz, 2H, Ph), 6.88( d, J = 9.2 Hz, 2H, Ph),
4.23-4.10 (m, 4H, OCH,), 3.43 (m, 2H, 8 peaks, N-CH,), 2.87 (dddd, J=4.2, 4.2, 6.9, *J(P, H)
= 11.1 Hz, 1H), 1.46-1.39 (m, 1H, P-CH (cyclopropane)), 1.37 (dt, J = 6.9, 14.1 Hz, 6H,
(OCH,CH3)y), 1.18-1.05 (m, 5SH) ppm. *C NMR (125 MHz, CDCls) 8 147.55, 131.54, 116.81,
110.60, 62.26 (*Jpc = 6.0 Hz), 62.05 (3Jpc = 7.2 Hz), 46.10, 35.55, 16.66 (*Jpc = 2.4 Hz), 16.61,
16.52, 14.01 ('Jpc = 88.35 Hz), 11.37 ppm. *'P NMR (161 MHz, CDCl;) § 27.48 ppm

HRMS (DART) caled for CisH24BrNOsP [M+H] *: 376.0677, found: 376.0676.

Dibenzyl (2-((4-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate 37j

37j was obtained according to the typical procedure for the

” OBn asymmetric cyclopropanation reactions of

/O/ W 2-bromo-N, N-diethylaniline 36b (114.0 mg, 0.5 mmol) with
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dibenzyl diazomethylphosphonate 33¢ (30.2 mg, 0.1 mmol). The crude mixture was purified by
silica gel column chromatography with Hexane/EtOAc (1% TEA) as an eluent to give the
cyclopropanation product in (17.5 mg, 35% yield) as a colourless oil. The ee value was
determined by HPLC analysis. Column (Chiral IC-3), UV detector 254 nm, eluent: Hexane/IPA
= 9/1, Flow rate: 1.0 ml/min, tR = 20.2 min (major product), 21.9 min (minor product). 96%
trans ee. [a]p’ =-16.5 (c =0.55, CHCI;).

"H NMR (500 MHz, CDCl3) & 7.39-7.35 (m, 10H, Ph), 7.16-7.14 (m, 2H, Ph), 6.82-6.80 (m,
2H, Ph), 5.16-4.98 (m, 4H, OCH), 3.37-3.32 (m, 2H, , N-CH3), 2.86 (dddd, J=4.2, 4.2, 6.9,
3J(P, H) = 10.7 Hz, 1H), 1.39-1.32 (m, 1H, P-CH (cyclopropane)), 1.12-1.04 (m, 2H, C-CH;
(cyclopropane)), 1.01 (t, J = 7.3 Hz, 3H, CH3) ppm. *C NMR (125 MHz, CDCls) & 147.70,
136.46 (Jpc = 4.79 Hz), 136.34 (*Jec = 6.71 Hz), 131.78, 128.80, 128.77, 128.68, 128.64,
128.13, 128.07, 116.75, 110.48, 67.86 (2Jpc = 5.75 Hz), 67.59 (*Jec = 6.71 Hz), 46.08, 35.69,
16.08 (1Jpc = 193.61 Hz), 14.00 (*Jpc = 4.79 Hz), 11.32 ppm. *'P NMR (161 MHz, CDCl;) &
28.99 ppm.

HRMS (DART) calcd for CosHasBrNOsP [M+H] " : 500.0990, found: 500.0991.

Dibenzyl (2-(anthracen-2-yl(ethyl)amino)cyclopropyl)phosphonate 37k

5 37k was obtained according to the typical procedure for
1.OBn| the asymmetric cyclopropanation reactions of

IIEt
N “\P\OB
W " N,N-diethylanthracen-2-amine 36e (125.0 mg, 0.5

mmol) with dibenzyl diazomethylphosphonate 33¢ (30.2

mg, 0.1 mmol). The crude mixture was purified by silica gel column chromatography with
Hexane/EtOAc (1% TEA) as an eluent to give the cyclopropanation product in (14.1 mg, 27%
yield) as a colourless oil. The ee value was determined by HPLC analysis. Column (Chiral IE),
UV detector 270 nm, eluent: Hexane/IPA = 8/2, Flow rate: 1.5 ml/min, tR = 22.6 min (minor
product), 28.8 min (major product). 96% trans ee. [a]i® =+728 (c = 0.70, CHCl;).

'H NMR (500 MHz, CDCl3) & 8.24 (s, 1H, Ph), 8.04 (s, 1H, Ph), 7.91 (d, J = 8.4 Hz, 1H, Ph)
7.81-7.78 (m, 2H, Ph), 7.42-7.30 (m, 14H, Ph), 5.23-5.05 (m, 4H), 3.54 (q, J = 7.26 Hz, 2H),
3.09 (dddd, J = 4.2, 4.2, 6.9, *J(P, H) = 11.1 Hz, 1H), 1.49 (dddd, J = 4.2, 6.5, 6.5, *J(P, H) =
13.0 Hz, 1H, P-CH (cyclopropane)), 1.25-1.15 (m, 2H, C-CHj; (cyclopropane)), 1.10 (t, J = 7.3
Hz, 3H, CH3) ppm.

B3C NMR (125 MHz, CDCl3) & 145.64, 136.52, 136.47 (*Jec = 6.0 Hz), 136.45 (*Jpc = 6.0 Hz),
136.40, 133.11, 132.36, 130.07, 129.11, 128.77, 128.74, 128.59, 128.26, 128.04, 127.76, 127.55,
125.84, 125.23, 123.96, 123.65, 119.34, 108.40, 67.88 (*Jec = 6.0 Hz), 67.56 (*Jpc = 6.0 Hz),
46.45, 35.83, 16.05 (1Jpc = 193.13 Hz), 14.38 (*Jpc = 4.8 Hz), 11.74 ppm. *'P NMR (161 MHz,
CDCls) 6 29.37 ppm.

HRMS (DART) caled for C33H33NO3sP [M+H] * : 522.2198, found: 522.2199.
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6.2.10 Cyclopropylphosphonation reaction with hydrogen acceptors

A solution of diazophosphonate 33b (0.1 mmol, 1.0 equiv.) in CH>Cl, (2.0 mL) was slowly
added to a mixture of Ru(Il)-Pheox catalyst 34k (3.6 mg, 0.005 mmol), diethylaniline
derivative 33b (0.5 mmol, 5.0 equiv.) in CH>C1, (2.0 mL) and hydrogen acceptors (2.0 equiv.)
for 4 h under argon atmosphere and the suspended reaction mixture was refluxed at 45 °C. After
the addition completed, the reaction mixture was continuously refluxed for 1 h. The reaction
was monitored by TLC. Upon completion, solvent was removed and the residue was purified by
column chromatography on silica gel eluted with EtOAc/n-Hexane (1% Et;N) to give the
cyclopropanation products. The trans/cis ratio was determined from the crude 'H NMR spectra,
and the ee value was determined by chiral HPLC analysis.
6.2.11 Synthesis of N,N’-deuterated diethylaniline for mechanistic study

N,N’-deuterated diethylaniline [D10]-36b'>> was synthesized according to literature

procedure from ethanol-De.

0 0
1. NaH
Ethanol-D6  + CH3—©—sii—C|—a, CH3—®—SK—OCDZCD3
o) o

2. THF, 0°C ~rt

TsOEt(D5)

CD,CD,

NH
2 1. iPr,NEt N<cp.cb
+  TsOEt(D5) - 2CDs
Br
Br

2. MeCN, reflux
[D10]-36b

A solution of ethanol-Dg (390.8 mg, 7.5 mmol) was added to a solution of sodium hydride
(240.0 mg, 10.0 mmol) in THF (3.0 mL) at 0 °C under argon atmosphere and the mixture was
stirred at room temperature for 0.5 h. This mixture was slowly added a solution of
p-toluenesulfonyl chloride (1906.4 mg, 10.0 mmol) in THF (2.0 mL) and was stirred for 1 h at
0 °C. The reaction was quenched with water (20 mL), and organic materials were extracted with
EtOAc (3 x 20 mL). The combined extracts were washed with brine (20 mL) and dried over
NaSOs. Removal of the solvent under reduced pressure gave the crude product, which was
purified by silica gel column chromatography with Hexane/EtOAc (5/1(v/v)). Product
TsOEt(D5) was obtained in 82% yield. "H NMR (500 MHz, CDCls) & 7.79 (d, J = 8.41 Hz, 2H),
7.34 (d, J = 8.03 Hz, 2H), 2.44 (s, 1H) ppm.

A solution of p-bromoaniline (344 mg, 2 mmol) and N-ethyl-N-isopropylpropan- 2-amine
(775.5 mg, 6.0 mmol) were sequentially added to a solution of TSOEt(DS) (821.1 mg, 4.0

mmol) in CH3;CN (5 mL) at room temperature under argon atmosphere. The mixture was
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refluxed for 4 days. At the end of this period, the solvent was removed, and the residue was
purified by silica gel column chromatography with Hexane/EtOAc (10/1(v/v)) to give the
desired N,N’-deuterated diethylaniline [D10]-36b in (362.1 mg 76% yield). 'H NMR (500 MHz,
CDCls) 6 7.25 (d, J=9.17 Hz, 2H), 6.52 (d, J=9.17 Hz, 2H) ppm.
6.2.12 General procedure for catalytic asymmetric cyclopropanation of NV,N’-deuterated
diethylaniline with diazophosphonate

A solution of diazophosphonate 33c¢ (30.2 mg, 0.1 mmol) in CH>Cl, (2.0 mL) was slowly
added to a mixture of Ru(Il)-Pheox catalyst (3.6 mg, 0.005 mmol) and N,N’-deuterated
diethylaniline [D10]-36b (119.1 mg, 0.5 mmol) in CH>Cl, (2.0 mL) for 4 h under argon
atmosphere and the suspended reaction mixture was refluxed at 45 °C. After the addition
completed, the reaction mixture was continuously refluxed for 1 h. The progress of the reaction
was monitored by TLC. Upon completion, solvent was removed and the residue was purified by
column chromatography on silica gel eluted with EtOAc/n-Hexane (1% Et;N) to give dibenzyl
(2-((4-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate [D8]-37j in (13.70 mg, 27% yield)
as a colourless oil and dibenzyl methylphosphonate [D2]-38 in (8.34 mg, 30% yield).

CDZCD3 CDZCD3 Bn
|| OBn 5m0|% 3k W \ n
CD20D3 + Nz\/P\
OBn
CH,Cly, reflux 5h
Br
[D10]-36b 33c [08]-371
0
Ho _P<
|
* T OeRE"
D
[D2]-38

6.2.13 Analytical data for for Catalytic asymmetric cyclopropanation of NV,N’-deuterated

diethylaniline with diazophosphonate

Dibenzyl (2-((4-bromophenyl)(ethyl)amino)cyclopropyl)phosphonate [D8]-37j

CDZCD3 o "H NMR (500 MHz, CDCl;) 87.39-7.35 (m, 10H), 7.16-7.14
8-OBn|  (m, 2H), 6.82-6.80 (m, 2H), 5.16-4.98 (m, 4H), 1.12-1.04 (m,

N P\OB
T
Br D

D

Dibenzyl methylphosphonate [D2]-38
5 'H NMR (500 MHz, CDCl3) 87.43 - 7.29 (m, 10H), 5.00 (m, 4H), 1.52 (m,
p-OBn|  1H) ppm.

>,/OB
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6.3 Experimental and analytical data for chapter 3

6.3.1 Synthesis of dialkyl (cyano(diazo)methyl)phosphonates

. N
150°C _0 1. NaH/oil + THF 2
CI”" OCN + P(OEt); — NC/\FIKOEt Ne S pr0
3.5h OET 0 1 “OFEt
2. N3—S; NH OET
46 o o) 40

Phosphonoacetonitrile diethyl ester 46: 906 mg (12 mmol) triethyl phosphite were heated to
150 °C. 997 mg (6.0 mmol) chloroacetonitrile were added at 150 °C over a period of 3.5h.
Yield: 75%.

(Diethyl cyano(diazo)methyl)Phosphonate 40: Phosphonoacetonitrile diethyl ester 46
(442.8 mg, 2.5 mmol) was dissolved in 10 mL of dry toluene and NaH (150 mg, 3.75 mmol)
was added portion wise, after stirred for 1 h at the 0°C, a solution of p-ABSA (620 mg, 2.5
mmol) in 25 mL of dry THF was added dropwise. Then, the reaction mixture was stirred at
room temperature for 24 h, after the reaction was completed (monitored by TLC analysis), 50
mL petroleum ether was added, then the precipitate was filtered off, and the filter cake was
washed with ether (3 x 50 mL), the filtrate was evaporated and the residue was purified by
column chromatography on silica gel (Hex/EA = 2:1 to 2:1), give the 40 as yellow liquid, yield
92%. '"H NMR (CDCls, 500MHz): § 4.32—4.16 (m, 4H, OCH,CH3) , 1.41(t, 6H, OCH,CH3). 13C
NMR (CDCl;, 125MHZ): & 108.5, 64.6, 36.1, 16.0. *'P NMR (CDCls, 202 MHz): § 9.3. IR
(neat) 2221, 2120, 1271, 1010, 984.

6.3.2 Analytical data for various Ru(II)-Pheox catalysts

All Catalysts 34a used in the cyclopropanation reaction were synthesized from above
(section 5.2.4).

6.3.3 General procedure for catalytic asymmetric cyclopropanation of olefin with
diacceptor diazomethyl phosphonates

The solution of diazophosphonate 40 (0.2 mmol) in CH,Cl, (1.0 mL) was slowly added to a
mixture of Ru(Il)-Pheox catalyst 34 (3.8 mg, 0.006 mmol) and olefins (1.0 mmol) in CH>C1, (1
ml) for 4 h under argon atmosphere at room temperature. After the addition completed, the
reaction mixture was then stirred for 1 h at room temperature. The progress of the reaction was
monitored by TLC. Upon completion, solvent was removed and the residue was purified by
column chromatography on silica gel eluted with EtOAc/n-Hexane to give desired product. The
trans/cis ratio was determined from the crude 'H NMR spectra, and the ee value was determined
by chiral HPLC analysis.
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This compound 41 was prepared according to the typical procedure for asymmetric
cyclopropanation reactions between styrene (104.2 mg, 1.0 mmol) and diethyl cyano
diazomethylphosphonate 40 (35.6 mg, 0.2 mmol). The resulting mixture was purified by silica
gel column chromatography with EtOAc/n-Hexane as an eluent to give the desired product in

99% yield as yellow oil, trans/cis =>99:1.

N 0 okt
@ . NC)J\P//O Ru-Pheox Cat. P:OEt
1 "OR i \‘\‘w
OR Solv, temp., time CN
39a  5equiv. 40 41

6.3.4 Analytical data for catalytic asymmetric cyclopropanation of olefin with diacceptor
diazomethyl phosphonate 41
5 "H NMR (CDCl;, 400 MHz): 8 7.43-7.30 (m, 3H, ArH), 7.30-7.24 (m,
'F;:OEt 2H, ArH), 4.33-420 (m, 4H, OCH,CHs), 3.18-3.05 (m, 1H,
©\“‘WCNOH CH cyclopropane), 2.10-1.93 (m, 2H, CH: cyclopropane), 1.47-1.37 (m,
6H, OCH,CH3;). *C NMR (CDCls;, 100 MHz):  137.1 (d,J= 1.8 Hz),
128.9 (2C), 128.7, 127.0 (2C), 115.7 (d, J=4.1 Hz), 65.5 (d, /= 6.5 Hz,
2C), 40.8 (d,J= 1.7 Hz), 18.6 (d,J =3.0 Hz), 17.1 (m, 2C), 15.1 (d,J= 196.2 Hz).’'P
NMR (CDCl3, 162 MHz): & 16.9.
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6.4 Experimental and analytical data for chapter 4
6.4.1 Synthesis of various diazo ketones
Procedure for the synthesis of diazo ketones 42a'#, 42b!53, 42¢!%%, 42d'5, 4256, 4217, 42g'58,
42h'>’ were prepared according to literature procedures.
Diazo acetoxy acetone 42a

) "H NMR (CDCls, 400 MHz) & 5.58 (s, 1H); 4.62 (s, 2H); 2.15 (s, 3H); 1*C
Nzyj\/o\[( NMR (CDCls, 400 MHz), 6 188.90, 169.86, 66.75, 53.25.

)

2-diazo-1-phenylethan-1-one 42b

"H NMR (400 MHz, CDCls) 8 7.79-7.72 (m, 2H), 7.57- 7.50 (m, 1H), 7.43
(dd, J= 6.8, 4.5 Hz, 2H), 5.93 (s, 1H); *C NMR (101 MHz, CDCl;) & 186.4,
136.6, 132.7, 128.7, 126.7, 54.2.

N,

éﬁo

1-(2-bromophenyl)-2-diazoethan-1-one 42¢
o Br | 'HNMR (500 MHz, CDCl3) 8 7.60 (m, 1H), 7.45 (d, J = 6.9 Hz, 1H), 7.36 (t,

N2 J =174 Hz, 1H), 7.30 (m, 1H), 5.72 (s, 1H). *C NMR (101 MHz, CDCl;) &
187.82, 139.54, 133.71, 131.81, 129.00, 127.51, 119.23, 57.48.

1-diazo-3-phenylpropan-2-one 42d

"H NMR (400 MHz, CDCls) § 3.64 (s, 2H), 5.17 (s, 1H), 7.25-7.39 (m,

o)
sz 5H). C NMR (125 MHz, CDCls) & 48.5, 55.6, 127.7, 129.3, 129.8, 135.4,

193.4

3-diazo-1,1-diphenylpropan-2-one 42e
'"H NMR (400 MHz, CDCls) 8 7.23-7.45 (m, 10H), 5.23 (s, 1H), 4.92
0

O (s, 1H); PC NMR (125 MHz, CDCls) 8 193.77, 138.95, 129.17, 128.86,

127.49, 62.35, 56.24.

2-diazo-2,3-dihydro-1H-inden-1-one 42f
'H NMR (CDCls, 400 MHz) § 7.73 (d, J=7.3, 1H); 7.54 (t, J=7.2, 1H); 7.40 (d,

0
J=7.3, TH); 7.39 (t, I=7.2, 1H); 4.02 (s, 2H); '*C NMR (CDCls, 100 MHz), 5:
N, 188.4; 143.2; 137.3; 133.1; 127.8; 125.3; 122.6; 28.6.

1-diazohexan-2-one 42g

Nox
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"H NMR (400 MHz, CDCls)  5.22 (s, 1H), 2.29 (t, J = 6.8, 2H), 1.10-1.18
Nzyj\/\/ (m, 4H), 0.92 (t, J = 4.20, 3H) ; *C NMR (125 MHz, CDCls) & 195.48,
54.15, 40.78, 27.15, 22.30, 13.55.

1-diazo-3,3-dimethylbutan-2-one 42h

o) "H NMR (400 MHz, CDCls) & 5.40 (s, 1H), 1.12 (s, 9H). *C NMR (125 MHz,

Nzyj\’< CDCl;) 6 201.85, 52.98, 42.48, 26.99

80



6.4.2 Synthesis of Ru(II)-Pheox ligands
6.4.2.1 (45, 55)-2,4,5-triphenyl-4,5-dihydrooxazole

HoN OH 1. Benzoyl chloride O Ph
25 : (1.0 equiv.) /f\rOH 1. SOCI, (5.0 equiv.)
S N
PR Ph 2. Et;N (4.0 equiv.) H By 2. CHCI;,0°C
F 3. CH,Cly, 0 °C —rt
(0] Ph
/?\(Cl 1. 2.5N NaOH (5.0 equiv.) o
N
o~ \\)APh
H Ph 2. MeOH,0 C—-rt N—
Ph
44H

To a mixture of (18,25)2-amino-1,2-diphenylethan-1-ol F (639.8 mg, 3.3 mmol, 1.1 equiv.)
and Et;N (1.70 mL, 4.0 equiv.) in CH>Cl, (5 mL), a solution of benzoyl chloride (421.7 mg, 3.0
mmol, 1.0 equiv.) in CH>Cl, (4 mL) was added dropwise with magnetic stirring at 0°C. After the
stirring for 2 h at room temperature, the reaction mixture was concentrated under reduced
pressure. The residue was dissolved in CHCl; (20 mL) and treated with SOCl, (1.10 mL, 15.0
mmol, 5.0 equiv.) at 0°C. After stirring for 24 h at room temperature, the solvent and excess
SOCI, were removed under reduced pressure. Sat. NaHCO; (aq.) (30 mL) was added to the
residue with stirring for 5 minutes. The organic product was extracted with CH2Cl (3 x 25 mL),
dried over anhydrous Na,SO4 and concentrated under reduced pressure. By using a sonicator,
the solid residue was dissolved in CH30H (12 mL) and 2.5 N NaOH (aq.) (0.24 mL, 15.0 mmol,
5.0 equiv.) was added slowly at 0°C, then the reaction mixture was stirred for 12 h at room
temperature. The solvent was removed under vacuum, followed by addition of water (25 mL)
and CH2CL (3 x 25 mL) for extraction. The solvent was evaporated under vacuum to afford
(4S,5S5)-2,4,5-triphenyl-4,5-dihydrooxazole ligand 44H'* (898.20 mg, gummy liquid, 92%
yield from F). '"H NMR (CDCls, 400 MHz): & 8.13 (d, J = 7.2 Hz, 2H), 7.30-7.51 (m, 12H),
7.08-7.25 (m, 1H), 5.42 (d, J = 7.63 Hz, 1H), 5.21 (d, J = 7.63 Hz, 1H). *C NMR (CDCls, 100
MHz): & 164.21, 142.12, 140.62, 131.81, 129.08, 129.02, 128.79, 128.64, 128.60, 127.95,
127.64, 126.92, 125.86, 89.15, 79.18 ppm.

IR (neat) v 3030, 2917, 1648, 1450, 1063, 695 cm', HRMS (DART) calcd for C,H;sNO
[M+H]": 300.13884 found: 300.13880.
6.4.2.2 (5)-2.,4,5,5-tetraphenyl-4,5-dihydrooxazole
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- O Ph
HO NH, 1. E(u:r:)zgyl ghl)orlde - o
Ph%—“\ .0 equiv. - \
- H Ph
Ph Ph 2. Et3N (4.0 equiv.), OH
G CH,Cl,, 0°C —rt H

1. CH3SO3H (8.0 equiv.)

O Ph
2.MS4.0A '\}fph
Ph

3. CH2C|2, reflux
44|

(S)-Diphenylphenylglycinol G'' was prepared according to literature procedures.

To a mixture of (S)-diphenylphenylglycinol G (954.9 mg, 3.3 mmol, 1.1 equiv.) and a
solution of benzoyl chloride (421.7 mg, 3.0 mmol, 1.0 equiv.) in CH,Cl, (20 mL), EtsN (1.70
mL, 12.0 mmol, 4.0 equiv.) was added dropwise with magnetic stirring at 0 C. After the stirring
for 24 h at room temperature, the reaction mixture was concentrated under reduced pressure. Sat.
NaHCOs (aq.) (30 mL) was added to the residue with stirring for 5 minutes. The organic
product was extracted with CH,Cl, (3 x 25 mL), dried over anhydrous Na,SO4, and
concentrated under reduced pressure to give the desired product. The crude H was purified by
silica gel column chromatography with Hex/EtOAC (6/1 (v/v)) to give pure H (1074.3 mg, 91%
yield).

To a mixture of H (1967.4 mg, 5.0 mmol, 1.0 equiv.) and methanesulfonic acid (40.0 mmol,
2.7 mL, 8.0 equiv.) in CH>Cl, (30 mL), molecular sieve 4.0 A (3.0 g) were added and refluxed
for 20h." The reaction mixture was diluted with CH>Cl, (20 mL), washed with aqueous
NaHCOs (40 mL) and brine. The organic layer was dried over anhydrous Na;SOs4. The solvent
was evaporated under vacuum to afford pure ($)-2,4,5,5- tetraphenyl-4,5-dihydrooxazole 441'%
(1595.8 mg, 85% yield). [a]3”* =-2.58 (c 0.96, CHCls), '"H NMR (400 MHz, CDCl;) & 8.24
(d, J=7.26 Hz, 2H), 7.73 (t, J = 8.41 Hz, 2H), 7.53 (t, J = 7.26 Hz, 1H), 7.48 (t, J = 7.26 Hz,
2H), 7.38 (t, J = 8.79 Hz, 2H), 7.32 (t, J = 7.26 Hz, 1H), 6.90-7.04 (m, 10H), 6.13 (s, 1H). *C
NMR (100 MHz, CDCls) 6 163.35, 144.84, 140.54, 138.77, 131.97, 128.75, 128.68, 128.65,
128.22,127.92, 127.77, 127.42, 126.92, 126.85, 126.65, 94.41, 80.02
IR (neat) v 3061, 2926, 1645, 1520, 778 cm™'. HRMS (DART) calcd for C27H,NO [M+H]":
376.17014 found: 376.17010.
6.4.2.3 (5)-2-(3-nitrophenyl)-4,5,5-triphenyl-4,5-dihydrooxazole
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Ho N, - 3Nitrobenzoyl chioride O Ph
NH; 1.0 equiv. O,N ~_Ph
Ph ; : ( quiv.) N 2 H o
Ph Ph 2. Et3N (4.0 equiv.), OH
G CH,Cl,, 0 °C —rt |
NO,
1. CH3SO3H (8.0 equiv.)
2.MS 4.0 A O. Ph
3. CH,ClI,, reflux ,\}\%Ph
44 Ph

To a mixture of (S)-diphenylphenylglycinol G'¢! (954.9 mg, 3.3 mmol, 1.1 equiv.) and a
solution of 3-nitrobenzoyl chloride (556.7 mg, 3.0 mmol, 1.0 equiv.) in CH>Cl, (20 mL), Et;N
(1.70 mL, 12.0 mmol, 4.0 equiv) was added dropwise with magnetic stirring at 0°C. After the
stirring for 24 h at room temperature, the reaction mixture was concentrated under reduced
pressure. Sat. NaHCOs3 (aq.) (30 mL) was added to the residue with stirring for 5 minutes. The
organic product was extracted with CH>Cl, (3 x 25 mL), dried over anhydrous Na,SOa, and
concentrated under reduced pressure to give the desired product I. The crude I was purified by
silica gel column chromatography with Hex/EtOAC (6/1 (v/v)) to give pure I (929.2 mg, 8§9%
yield).

A solution of I (2192.4 mg, 5.0 mmol, 1.0 equiv.), methanesulfonic acid (40 mmol, 2.7 mL,
8.0 equiv.) in CH,Cl, (30 mL) and molecular sieve 4.0 A (3.0 g) were refluxed for 20h.'*® The
reaction mixture was diluted with CH,Cl, (20 mL), washed with aqueous NaHCO3 (40 mL) and
brine. The organic layer was dried over anhydrous Na>SOs. The solvent was evaporated under
vacuum to afford pure (S)-2-(3-nitrophenyl)-4,5,5 -triphenyl-4,5-dihydrooxazole 44J (1932.7
mg, 92% yield). [a]3”? = —-2.66 (¢ 1.04, CHCl;), '"H NMR (400 MHz, CDCls) & 9.03 (d, J =
1.91 Hz, 1H), 8.54 (d, J=7.64 Hz, 1H), 8.41 (d, J = 8.41 Hz, 1H), 7.68-7.73 (m, 3H), 7.44 (t,J
=7.64 Hz, 2H), 7.36 (t, J = 7.64 Hz, 1H), 7.06-7.10 (m, 3H), 6.97-7.03 (m, 7H), 6.20 (s, 1H).
3C NMR (100 MHz, CDCl3) 8 161.27, 148.53, 144.20, 139.93, 138.01, 134.39, 129.85, 129.54,
128.75, 128.50, 128.48, 127.97, 127.59, 127.46, 127.03, 126.75, 126.58, 126.37, 123.58, 95.31,
72.92 ppm.

IR (neat) v 3087, 2926, 2316, 1951, 1659, 861 cm™, HRMS (DART) calcd for C27H21N20;3
[M+H]": 421.15522 found: 421.15520.
6.4.2.4 (5)-2-(3-methoxyphenyl)-4,5,5-triphenyl-4,5-dihydrooxazole
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To a mixture of (S)-diphenylphenylglycinol G'*' (954.9 mg, 3.3 mmol, 1.1 equiv.) and a
solution of 3-methoxybenzoyl chloride (511.8 mg, 3.0 mmol, 1.0 equiv.) in CH,Cl, (20 mL),
Et;N (1.70 mL, 12.0 mmol) was added drop wise with magnetic stirring at 0 C. After the stirring
for 24 h at room temperature, the reaction mixture was concentrated under reduced pressure. Sat.
NaHCOs (aq.) (30 mL) was added to the residue with stirring for 5 minutes. The organic
product was extracted with CH,Cl, (3 x 25 mL), dried over anhydrous Na,SO4, and
concentrated under reduced pressure to give desired product J. The crude J was purified by
silica gel column chromatography with Hex/EtOAC (6/1 (v/v)) to give pure J (1129.9 mg, 89%
yield).

1. 3-Methoxybenzoyl chloride 0]

PI:O NH, (1.0 equiv.) MeO Ph

PH Ph 2. Et3N (4.0 equiv.), H OH
G CH,Cl,, 0 °C —rt

Z
g
E o
i)
>

OMe
1. CH3SO3H (8.0 equiv.)

2.MS4.0A O. Ph
X

3. CH,Cly, reflux N—/ “Ph
4K Pnh

4

A solution of J (2117.6 mg, 5.0 mmol, 1.0 equiv.), methanesulfonic acid (40 mmol, 2.7 mL,
8.0 equiv.) in CH,Cl, (30 mL) and molecular sieve 4.0 A (3.0 g) were refluxed for 20h. The
reaction mixture was diluted with CH,Cl, (20 mL), washed with aqueous NaHCO3 (40 mL) and
brine. The organic layer was dried over anhydrous Na>SOs. The solvent was evaporated under
vacuum to afford pure (§)-2-(3-methoxyphenyl)- 4,5,5-triphenyl-4,5-dihydrooxazole 44K
(1905.9 mg, 94% yield). [a]378=-2.32 (c 0.97, CHCl3), '"H NMR (500 MHz, CDCl;) & 7.83 (d,
J=17.64 Hz, 1H), 7.72-7.75 (m, 3H), 7.48 (t, J = 8.03 Hz, 3H), 7.33 (t, J = 7.26 Hz, 1H), 6.97—
7.14 (m, 11H), 6.13 (s, 1H), 3.88 (s, 3H). *C NMR (125 MHz, CDCls) 8 163.25, 159.82, 144.82,
140.47, 138.71, 129.82, 129.04, 129.01, 128.66, 128.23, 127.93, 127.42, 126.91, 126.87, 126.62,
126.59, 121.20, 118.59, 113.18, 94.42, 80.07, 55.68 ppm. IR (neat) v 3061, 2928, 1949, 1651,
755 cm. HRMS (DART) calcd for C2sH24NO, [M+H]": 406.18070 found: 406.18070.
6.4.2.5 (5)-5,5-dimethyl-2,4-diphenyl-4,5-dihydrooxaz-ole
(S)-diphenylphenylglycinol K'®* was prepared according to literature procedures.
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1. benzoyl chloride O Ph
HO NH; (1.0 equiv.) ~

Ph 2. Et3N (4.0 equiv.), OH

K CH,Cl,, 0 °'C —rt L

1. CH3SO3H (8.0 equiv.)

. o)

2.MS 4.0 A d\){

3. CH20|2, reflux -
44 Ph

To a mixture of (S)-dimethylphenylglycinol K (545.3 mg, 3.3 mmol, 1.1 equiv.) and a
solution of benzoyl chloride (421.7 mg, 3.0 mmol, 1.0 equiv.) in CH,Cl, (20 mL), EtsN (1.70
mL, 12.0 mmol, 4.0 equiv.) was added drop wise with magnetic stirring at 0 C. After the stirring
for 24 h at room temperature, the reaction mixture was concentrated under reduced pressure. Sat.
NaHCOs (aq.) (30 mL) was added to the residue with stirring for 5 minutes. The organic
product was extracted with CH,Cl, (3 x 25 mL), dried over anhydrous Na,SO4, and
concentrated under reduced pressure to give crude L.

The crude L was purified by silica gel column chromatography with Hex/EtOAC (6/1 (v/v)) to
give pure L (82% yield).

A solution of L (1346.7 mg, 5.0 mmol, 1.0 equiv.), methanesulfonic acid (40 mmol, 2.7 mL,
8.0 equiv.) in CH>Cl, (30 mL) and molecular sieve 4.0 A (3.0 g) were refluxed for 20 h. The
reaction mixture was diluted with CH,Cl, (20 mL), washed with aqueous NaHCO3 and brine.
The organic layer was dried over anhydrous Na,SO4. The solvent was evaporated under vacuum
to afford pure (S)-5,5-dimethyl-2,4-diphenyl-4,5- dihydrooxaz-ole 44L (95% yield). [a]3*? =
+0.48 (¢ 1.09, CHCI3), '"H NMR (500 MHz, CDCls) & 8.06 (d, J = 8.24 Hz, 2H), 7.40-7.52 (m,
3H), 7.23-7.35 (m, 5H), 5.04 (s, 1H), 1.65 (s, 3H), 0.94 (s, 3H). *C NMR (125 MHz, CDCl3) &
163.73, 139.11, 131.46, 128.42, 128.33, 127.56, 127.35, 87.41, 78.55, 29.20, 24.01 ppm. IR
(neat) v 3061, 2975, 1645, 1339, 1066, 844 cm'. HRMS (DART) calcd for Ci7H;sNO [M+H]":
252.13884 found: 252.13880.

6.4.3 Typical procedures for synthesis of various Ru(II)-Pheox catalysts
Catalyst 3a used in the cyclopropanation reaction was commercially available. 3b—g'*, were
prepared according to literature procedures. 3h were modified from procedures’. 3i-1'2*!4¢ were

prepared according to literature procedures.
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R - R PFs
R4 [(benzene)RuCl,], (0.5 equiv.) R4
KPFg (4.0 equiv.)
| O R2 | O  R2
N— R' 1N NaOH (4.0 equiv.) Rut—N R
ah CH4CN, 48 h, 85 °C ((I:H3CN)4LI5h
44H-L - 349-u

34q:R'=Ph,R?>=H,R®=R*=H
34r:R'"=R?=Ph, R®=R*=H

34t: R' = R?=Ph, R®*=NO,, R* = H
34u: R'=R%?=Ph, R®=0OMe, R*=H
34s: R'"=R?=CH3, R®*=R*=H

A two necked round bottom flask fitted with a magnetic stirring bar and a reflux condenser
was charged with a mixture of the ligand 44H-L (0.4 mmol, 1.0 equiv.), [RuCly(benzene)], (0.2
mmol, 0.5 equiv.) and KPFs¢ (1.6 mmol, 4.0 equiv.). The reaction flask was evacuated and
backfilled with argon. Through the side arm CH3CN (10 mL, degassed) and 1N NaOH (aq.) (0.8
mmol, 4.0 equiv.) were injected. The suspended reaction mixture was refluxed for 48 h at 80 °C.
The solvent was removed under reduced pressure and the residue was purified by silica gel
column chromatography with CH3CN/CH>ClL, (1/10 (v/v)) to give the desired Ru(Il)-Pheox
complexes (up to 96% yield).

6.4.4 Analytical data for Analytical data for Ru(Il)-phenyl-Pheox catalyst and
Ru(IY)-dialkyl-Pheox catalysts

Catalysts 34b,f,e used in the cyclopropanation reaction were aynthesize from the section
5.2.2. 34m—p'>%6 were prepared according to literature procedures.
6.4.4.1 Ru(II)- phenyl -Pheox complex 34q
A two necked round bottom flask (100 mL) fitted with a magnetic

PFe stirring bar and a reflux condenser was charged with

0 (4S,595)-2,4,5-triphenyl-4,5-dihydrooxazole ligand 44H (119.8 mg,
+_N|\)'-Ph 0.4 mmol, 1.0 equiv.), [(benzene)RuCl], (100.4 mg, 0.2 mmol, 0.5
(lilCCH3)4;’ph equiv.), and KPF¢ (294.4 mg, 1.6 mmol, 4.0 equiv.). The reaction

B 34q } flask was evacuated and backfilled with argon. Through the side

arm CH3CN (10 mL, degassed) and 1N NaOH (aq.) (1.6 mL, 1.6
mmol, 4.0 equiv.) were injected. The suspended mixture was refluxed for 24 h at 85°C. The
solvent was removed under reduced pressure and the residue was purified by silica gel column
chromatography with CH3CN/CH,Cl, (1/10 (v/v)) to give the desired complex 3h (333.1 mg,
94% vyield) as a green solid. '"H NMR (400 MHz, CDCls) 6 7.83 (d, J = 7.32 Hz, 1H), 7.55(d, J
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=7.32 Hz, 1H), 7.14-7.31 (m, 11H), 6.94 (d, J = 7.32 Hz, 1H), 5.62 (d, J = 6.71 Hz, 1H), 4.83
(d, J = 6.71 Hz, 1H), 2.41 (s, 3H), 2.06 (s, 3H), 1.98 (s, 6H). *C NMR (100 MHz, CDCl3) &
186.77, 174.91, 140.72, 138.95, 138.42, 134.17, 129.70, 129.20, 128.67, 128.61, 127.78, 126.41,

125.58, 121.80, 120.98, 120.71, 120.62, 120.24, 91.62, 76.80, 76.58, 29.79, 4.30, 4.07, 3.01
IR (neat)v 3033, 2271, 1620, 839 cm’'.
6.4.4.2 Ru(I)-diphenyl-Pheox complex 34r

)

[ 4
(NCCH3)4 ph
- 34r

Ph

A
—N Ph

PFg

A two necked round bottom flask (100 mL) fitted with a
magnetic stirring bar and a reflux condenser was charged with
(8)-2,4,5,5-tetraphenyl-4,5-dihydrooxazole 441 (150.1 mg, 0.4
mmol, 1.0 equiv.), [(benzene)RuCl,], (100.36 mg, 0.2 mmol, 0.5
equiv.), and KPFs (294.4 mg, 1.6 mmol, 4.0 equiv.). The reaction
flask was evacuated and backfilled with argon. Through the side

arm CH3CN (10 mL, degassed) and 1 N NaOH (aq.) (1.6 mL, 1.6
mmol, 4.0 equiv.) were injected. The suspended reaction mixture was refluxed for 24 h at 85C.
The solvent was removed under reduced pressure and the residue was purified by silica gel
column chromatography with CH3CN/CH.Cl, (1/15 (v/v)) to give the desired complex 34r
(271.4 mg, 94% yield) as a yellow solid. 'H NMR (400 MHz, CDCl;) & 7.87 (d, J = 7.63 Hz,
1H), 7.78 (t, J = 7.32 Hz, 3H), 7.39 (t, J = 7.93, 2H), 7.20-7.28 (m, 2H), 7.15 (d, J = 7.93 Hz,
2H), 6.94-7.11 (m, 9H), 5.84 (s, 1H), 2.43 (s, 3H), 2.22 (s, 3H), 1.89 (s, 3H), 1.80 (s, 3H). °C
NMR (100 MHz, CDCIl3) & 186.84, 173.88, 144.09, 139.65, 138.39, 137.70, 134.77, 129.57,
129.41, 128.77, 128.32, 127.83, 127.63, 127.39, 127.04, 126.53, 126.34, 126.16, 121.79, 121.00,
120.67, 120.64, 120.45, 120.37, 97.36, 76.80, 4.32, 4.04, 3.46, 3.18 ppm.

IR (neat) v 3059, 2271, 1624, 839 cm™.
6.4.4.3 p-Nitro Ru(Il)-diphenyl -Pheox complex 34t
A two necked round bottom flask (100 mL) fitted with a magnetic

PFe

NO,

stirring bar and a reflux condenser was charged with

(8)-2-(3-nitrophenyl)-4,5,5-triphenyl-4,5-dihydrooxa 44J
(168.06 mg, 0.4 mmol, 1.0 equiv.), [(benzene)RuCl,]» (100.4 mg,
0.2 mmol, 0.5 equiv.), and KPF¢ (294.4 mg, 1.6 mmol, 4.0 equiv.).

-zole

The reaction flask was evacuated and backfilled with argon.
Through the side arm CH3CN (10 mL, degassed) and 1 N NaOH

(aq.) (1.6 mL, 1.6 mmol, 4.0 equiv.) were injected. The suspended reaction mixture was

refluxed for 24 h at 95°C (The high temperature was carried out to avoid the by-product). The
solvent was removed under reduced pressure and the residue was purified by silica gel column
chromatography with CH3CN/CHCl, (1/15 (v/v)) to give the desired complex 34t (156.0 mg,
94% yield) as a green solid. '"H NMR (400 MHz, CDCl;) 6 8.53 (d, J = 2.14 Hz, 1H), 8.07 (d, J
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=8.24 Hz, 1H), 7.97 (dd, J=2.44, 2.44 Hz, 1H), 7.76 (d, J= 7.63 Hz, 2H), 7.41 (t, J=7.63 Hz,
2H), 7.28 (t, J=7.63 Hz, 1H), 7.15 (d, J = 7.02 Hz, 2H), 6.96-7.11 (m, 8H), 5.95 (s, 1H), 3.08
(s, 3H), 2.28 (s, 3H), 1.95 (s, 3H), 1.90 (s, 3H). *C NMR (100 MHz, CDCl;) & 172.89, 143.47,
139.14, 136.99, 135.55, 129.38, 128.90, 128.59, 128.11, 127.76, 127.53, 127.25, 126.38, 126.22,
122.62, 122.01, 121.81, 121.31, 119.73, 98.39, 76.61, 4.16, 3.86, 3.33, 3.15 ppm.
IR (neat) v 3235, 2931, 2278, 1628, 1323, 840 cm™.
6.4.4.4 m-Methoxy Ru(Il)-diphenyl-Pheox complex 34u
A two necked round bottom flask (100 mL) fitted with a magnetic stirring bar and a reflux
condenser was charged with (S)-2-(4-nitrophenyl)-4-phenyl-4,5-dihydrooxazole ligand 44J
(162.1 mg, 0.4 mmol, 1.0 equiv.), [(benzene)RuCL]> (100.4 mg, 0.2 mmol, 0.5 equiv.), and
KPFs (294.4 mg, 1.6 mmol, 4.0 equiv.). The reaction flask was evacuated and backfilled with
argon. Through the side arm CH3CN (10 mL, degassed) and 1 N NaOH (aq.) (1.6 mL, 1.6 mmol,
4.0 equiv.) were injected. The suspended reaction mixture was refluxed for 24 h at 85C. The
solvent was removed under reduced pressure and the residue was purified by silica gel column
chromatography with CH3CN/CH,Cl; (1/10 (v/v)) to give the complex X (61.9 mg, 38% yield)
as green solid and the catalyst 34u (92.9 mg, 57% yield) as a yellow solid.
34u: 'H NMR (400 MHz, CDsCN) 8 7.77 (d, J = 7.26 Hz, 2H), 7.54
(dd, J=0.76, 1.15 Hz, 1H), 7.41 (t, J = 8.41 Hz, 2H), 7.25-7.3 (m,
o pn 1H), 6.96-7.14 (m, 11H), 6.77 (d, J = 7.64 Hz, 1H), 5.89 (s, 1H),
Ru— |\><Ph 3.79 (s, 3H), 2.41 (s, 3H, CH3CN), 2.25 (s, 3H, CH3CN), 1.93 (s, 3H,
(IllCCH3)4?3h CH;CN), 1.84 (s, 3H, CH3CN). *C NMR (100 MHz, CDsCN) §
34u 174.00, 171.09, 170.59, 144.60, 139.68, 137.57, 136.24, 129.43,
128.69, 128.53, 127.86, 127.76, 127.62, 127.10, 126.43, 125.75,
122.48, 122.26, 121.49, 121.34, 119.57, 113.59, 97.12, 76.36, 56.27, 3.01, 2.46 ppm.
IR (neat) v 3666, 3036, 2932, 1632, 1408, 843 cm™.

OMe

PFe

MeO

+

Rlu

@)

Ph

<
N Ph

(NCCHa)s pp,

X

PFg

Complex X: 'H NMR (400 MHz, CDCl3) & 7.78 (d, J = 7.07,
2H), 7.40 (dd, J = 8.41 Hz, 4H), 7.28 (d, J = 7.26, 1H), 7.14 (d,
J=17.26 Hz, 1H), 6.93-7.10 (m, 9H), 5.91 (s, 1H), 3.93 (s, 3H),
2.46 (s, 3H, CH;CN), 2.24 (s, 3H, CH;CN), 1.96 (s, 3H,
CH:CN), 1.89 (s, 3H, CH:CN). 3C NMR (100 MHz, CDCls) &
143.90, 139.56, 129.40, 128.79, 128.36, 127.60, 127.34,

127.06, 126.54, 126.21, 97.40, 77.33, 55.40, 4.39, 3.08 ppm.
6.4.4.5 Ru(Il)-dimethyl-Pheox complex 34s

A two necked round bottom flask (100 mL) fitted with a magnetic stirring bar and a reflux
condenser was charged with ($)-5,5-dimethyl-2,4-diphenyl-4,5-dihydrooxazole 44L (100.4 mg,
0.4 mmol, 1 equiv.), [(benzene)RuCl,]» (100.4 mg, 0.2 mmol, 0.5 equiv.), and KPFs (294.4 mg,
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= A PFG_ 1.6 mmol, 4.0 equiv.). The reaction flask was evacuated and
backfilled with argon. Through the side arm CH3;CN (10 mL,

g |\0)< degassed) and NaOH (aq.) (1.6 mL, 1.6 mmol, 4.0 equiv.) were
| —N B
(NCCHa)s Py,
- 34s B

injected. The suspended reaction mixture was refluxed for 24 h at

85C. The solvent was removed under reduced pressure and the

residue was purified by silica gel column chromatography with
CH3CN/CHClL, (1/15 (v/v)) to give the desired complex 3j (124.2 mg, 92% yield) as a green
solid. '"H NMR (500 MHz, CDCls) § 7.77 (d, J = 7.02, 1H), 7.51 (d, J = 7.32 Hz, 1H), 7.30 (s,
3H), 7.20 (t, /= 7.02 Hz, 1H), 6.91 (t, J = 6.71 Hz, 1H), 4.92 (s, 1H), 2.50 (s, 3H), 2.24 (s, 3H),
2.14 (s, 3H), 2.07 (s, 3H), 1.62 (s, 3H), 1.06 (s, 3H). *C NMR (100 MHz, CDCl3) & 173.97,
138.55, 135.90, 128.58, 128.38, 128.08, 127.86, 125.77, 121.78, 120.81, 91.09, 75.87, 53.59,
29.39,23.99,4.34,4.12, 3.82, 2.81 ppm. IR (neat) v 2981, 2270, 1619, 1452, 840 cm™'.

6.4.5 Typical procedure for catalytic asymmetric cyclopropanation of olefins with diazo

acetoxy acetone

0 0
AT L N o - 3mol % 34t ““”VO\H/
_ (o]
39 a2a O CHyClp, -50°C,5h A ”\/ PR
NO, )
PFg
O_ Ph

X
—N Ph

|
(NCCH3)4 ppy
cat. 34t

A solution of diazo acetoxy acetone 42a (0.2 mmol, 1.0 equiv.) in CH>Cl, (2.0 mL) was slowly
added to a mixture of Ru(Il)-Pheox catalyst 3 (0.01 mmol) and olefins 39a-i (1.0 mmol, 5.0
equiv.) in CH>Cl1; (2.0 mL) for 4 h under argon atmosphere and the suspended reaction mixture
was designed at -50 °C. After the addition completed, the reaction mixture was continuously
stirred for 1 h at the same temperature. The reaction was monitored by TLC. Upon completion,
solvent was removed and the residue was purified by column chromatography on silica gel
eluted with EtOAc/n-Hexane to give the cyclopropanation products. The frans/cis ratio was
determined from the crude 'H NMR spectra, and the enantioselectivity was determined by chiral
HPLC analysis.

6.4.6 Analytical data for catalytic asymmetric cyclopropanation reaction products

6.4.6.1 2-oxo0-2-(2-phenylcyclopropyl)ethyl acetate 43a
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43a was obtained according to the typical procedure for the

\”\/O asymmetric cyclopropanation reactions of styrene 39a (104.2 mg,
(j/v \g/ 1.0 mmol) with 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2
43a mmol). The crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (10/1 (v/v)) as an eluent to

give trans- product in (37.1 mg, 85% yield) as white solid. 95% ee (trans). The ee value was
determined by HPLC analysis. Column (Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA
=9/1, Flow rate: 1.0 ml/min. [a]33® =-3.66 (c 1.03, CHCL;).

"H NMR (400 MHz, CDCl;) & 7.29 (t, J = 7.64 Hz, 2H, Ar-H), 7.22 (t, J = 7.26 Hz, 1H, Ar-H),
7.10 (d, J=17.26 Hz, 2H, Ar-H), 4.86 (d, J=16.82, Hz, 1H, OCHH), 4.81 (d, J=16.82, Hz, 1H,
OCHH), 2.59 (ddd, J = 4.20, 6.88, 9.56 Hz, 1H, OCCH (cyclopropane)), 2.18 (ddd, J = 4.20,
5.30, 8.41 Hz, 1H, Ar—CH (cyclopropane)), 2.14 (s, 3H, CH3CO), 1.76 (ddd, J = 4.20, 5.30,
9.17 Hz, 1H, CHH (cyclopropane)), 1.49 (ddd, J = 4.20, 6.50, 8.03 Hz, 1H, CHH
(cyclopropane)). *C NMR (100 MHz, CDCls) 4 201.91, 170.31, 139.72, 128.66, 126.88, 126.21,
68.64, 29.71, 29.07, 20.56, 19.09 ppm.

HRMS (DART) calcd for Ci3H;isOs [M+H]": 219.10212 found 219.10211.

IR (neat) v 3031, 2929, 1749, 1714, 1232, 1057, 700 cm™.

6.4.6.2 2-0x0-2-(2-(p-tolyl)cyclopropyl)ethyl acetate 43b

43b was obtained according to the typical procedure for the

”\/O asymmetric cyclopropanation reactions of
/@v E/ 1-methyl-4-vinylbenzene 39b (118.2 mg, 1.0 mmol) with
43b 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol). The

crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (5/1 (v/v)) as an eluent to give trans- product in (41.3 mg,
89% vyield) as white solid. 96% ee (trans). The ee was determined chiral HPLC analysis.
Column (Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min.
[a]3*1 =-3.45(c 0.91, CHCL).

"H NMR (400 MHz, CDCI3) 8 7.10 (d, J = 7.93 Hz, 2H, Ar-H), 6.99 (d, J = 7.63 Hz, 2H, Ar-H),
4.85 (d, J = 16.78 Hz, 1H, OCHH), 4.79 (d, J = 16.78 Hz, 1H, OCHH), 2.56 (ddd, J = 4.20,
5.80, 7.02 Hz, 1H, OCCH (cyclopropane)), 2.32 (s, 3H, Ar—CH3), 2.15 (s, 3H, CH3CO), 2.13
(m, 1H, Ar—CH (cyclopropane)), 1.74 (ddd, J = 4.27, 5.65, 7.16 Hz, 1H, CHH (cyclopropane)),
1.45 (dt, J = 4.27, 5.80, 7.02 Hz, 1H, CHH (cyclopropane)). *C NMR (100 MHz, CDCls) &
201.97,170.31, 136.66, 136.58, 129.33, 126.14, 68.64, 29.60, 29.07, 21.10, 20.59, 19.10 ppm.
HRMS (DART) caled for Ci4H,703 [M+H]": 233.11777 found 233.11782.

IR (neat) v 3016, 2925, 1752, 1715, 1232, 1043, 810 cm’

6.4.6.3 2-(2-(4-methoxyphenyl)cyclopropyl)-2-oxoethyl acetate 43¢
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43¢ was obtained according to the typical procedure for

o]
\”\/O the  asymmetric  cyclopropanation  reactions  of
/@V\ 1/ 1-methoxy-4-vinylbenzene 39¢ (134.2 mg, 1.0 mmol) with
MeO 42¢ 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol). The

crude mixture was purified by silica gel column
chromatography with Hexane/EtOAc (5/1 (v/v)) as an eluent to give trans- product in (39.7 mg,
80% yield) as yellow oil. 83% ee (frans). The ee was determined chiral HPLC analysis. Column
(Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min. [a]3*? =
—6.3 (c 1.98, CHCly).
"H NMR (400 MHz, CDCI3) & 7.03 (d, J = 8.54 Hz, 2H, Ar-H), 6.83 (d, J = 8.54 Hz, 2H, Ar-H),
4.85(d,J=16.78 Hz, 1H, OCHH), 4.79 (d, J=16.78 Hz, 1H, OCHH), 3.78 (s, 3H, OMe), 2.55
(ddd, J=3.97, 6.71, 8.85 Hz, 1H, OCCH (cyclopropane)), 2.15 (s, 3H, CH3CO), 2.12 (m, 1H,
Ar—CH (cyclopropane)), 1.74 (ddd, J = 4.27, 6.71, 8.93 Hz, 1H, CHH (cyclopropane)), 1.43
(ddd, J=4.27, 6.71, 7.93 Hz, 1H, CHH (cyclopropane)). *C NMR (100 MHz, CDCls) & 202.00,
170.31, 158.63, 131.66, 127.40, 114.08, 68.64, 55.41, 29.37, 28.97, 20.56, 18.84 ppm.
HRMS (DART) calcd for Ci14H;704 [M+H]": 249.11268 found 249.11269.
IR (neat) v 3004, 2933, 1747, 1714, 1246, 1229, 831 cm’
6.4.6.4 2-(2-(4-(tert-butyl)phenyl)cyclopropyl)-2-oxoethyl acetate 43d

43d was obtained according to the typical procedure for the

ﬁ\/O asymmetric cyclopropanation reactions of
\ \f( 1-(tert-butyl)-4-vinylbenzene 39d (160.3 mg, 1.0 mmol)
43d © with 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol).

The crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (5/1 (v/v)) as an eluent to give trans- product in (50.5 mg,
92% yield) as white solid. 91% ee (trans). The ee was determined chiral HPLC analysis.
Column (Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min.
[a]3® =-6.68 (c 1.81, CHCI;).

"H NMR (400 MHz, CDCls) 6 7.32 (d, J=7.93 Hz , 2H, Ar-H), 7.05 (d, J = 7.93 Hz, 2H, Ar—
H), 4.85 (d, J=16.78 Hz, 1H, OCHH), 4.79 (d, J = 16.78 Hz, 1H, OCHH), 2.57 (ddd, J = 4.27,
7.63, 9.77 Hz, 1H, OCCH (cyclopropane)), 2.17 (m, 1H, Ar—CH (cyclopropane)), 2.15 (s, 3H,
CH;3CO), 1.75 (ddd, J = 4.27, 5.30, 9.56 Hz, 1H, CHH (cyclopropane)), 1.47 (ddd, J = 4.27,
7.61, 8.85 Hz, 1H, CHH (cyclopropane)), 1.30 (s, 9H, Ar—C(CH3);). *C NMR (100 MHz,
CDCl) 6 201.96, 170.30, 149.95, 137.60, 125.92, 125.57, 68.64, 34.55, 31.41, 29.51, 29.03,
20.59, 19.12 ppm.

HRMS (DART) caled for Ci7H2303 [M+H]": 275.16472 found 275.16470.

IR (neat) v 3028, 2962, 1752, 1715, 1231, 1043, 834 cm™',
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6.4.6.5 2-(2-(4-chlorophenyl)cyclopropyl)-2-oxoethyl acetate 43¢

43e was obtained according to the typical procedure for the

o
\”\/O asymmetric cyclopropanation reactions of
m‘ \([)( 1-chloro-4-vinylbenzene 39e (138.6 mg, 1.0 mmol) with
cl 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol). The
43e . . -
crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (5/1 (v/v)) as an eluent to give trans- product in (48.0 mg,
95% yield) as white solid. 98% ee (trans). The ee was determined chiral HPLC analysis.
Column (Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min.
[a]33* =-2.78 (c 0.74, CHCL;).

"H NMR (400 MHz, CDCI5) 6 7.26 (d, J = 8.41 Hz, 2H, Ar-H), 7.03 (d, J = 8.41 Hz, 2H, Ar-H),
4.83 (d, J = 16.82 Hz, 1H, OCHH), 4.79 (d, J = 16.82 Hz, 1H, OCHH), 2.57 (ddd, J = 3.82,
6.50, 8.79 Hz, 1H, OCCH (cyclopropane)), 2.15 (s, 3H, CH3CO), 2.14 (m, 1H, Ar-CH
(cyclopropane)), 1.76 (ddd, J = 4.20, 6.50, 8.85 Hz, 1H, CHH (cyclopropane)), 1.44 (ddd, J =
4.20, 6.50, 8.03 Hz, 1H, CHH (cyclopropane)). *C NMR (100 MHz, CDCls) & 201.71, 170.31,
138.22, 132.59, 128.76, 127.60, 68.62, 28.89, 25.43, 20.55, 19.01 ppm.

HRMS (DART) calcd for Ci3H14C105 [M+H]"™: 253.06315 found 253.06310.

IR (neat) v 3008, 2929, 1751, 1716, 1231, 1044, 809 cm™',

6.4.6.6 2-0x0-2-(2-(m-tolyl)cyclopropyl)ethyl acetate 43f

43f was obtained according to the typical procedure for the

”\/O asymmetric cyclopropanation reactions of
\@v E/ 1-methyl-3-vinylbenzene 39f (118.2 mg, 1.0 mmol) with
43f 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol). The

crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (5/1 (v/v)) as an eluent to give trans- product in (39.5 mg,
85% yield) as colourless oil. 92% ee (trans). The ee was determined chiral HPLC analysis.
Column (Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min.
[@]33® =-3.75(c 0.98, CHCI;).

"H NMR (400 MHz, CDCl5) 6 7.18 (t,J = 7.63 Hz , 2H, Ar-H), 7.04 (s, 1H, Ar-H), 6.90 (dd, J
= 6.1, 4.27 Hz, 2H, Ar-H), 4.86 (d, J = 16.78 Hz, 1H, OCHH), 4.80 (d, J = 16.78 Hz, 1H,
OCHH), 2.56 (ddd, J =3.97, 6.71, 9.46 Hz, 1H, OCCH (cyclopropane)), 2.33 (s, 3H, Ar—CH3),
2.17 (m, 1H, Ar—CH (cyclopropane)), 2.15 (s, 3H, CH3CO), 1.75 (ddd, J = 4.27, 6.50, 9.16 Hz,
1H, CHH (cyclopropane)), 1.47 (ddd, J = 4.27, 7.03, 7.93 Hz, 1H, CHH (cyclopropane)). *C
NMR (100 MHz, CDCl3) 6 201.92, 170.31, 139.66, 138.33, 128.58, 127.65, 127.04, 123.18,
68.64, 29.73, 29.04, 21.46, 20.59, 19.05 ppm.

HRMS (DART) caled for Ci4H,703 [M+H]": 233.11777 found 233.11780.
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IR (neat) v 3019, 2925, 1754, 1748, 1230, 1059, 781 cm’!
6.4.6.7 2-(2-(2-chlorophenyl)cyclopropyl)-2-oxoethyl acetate 43g

43g was obtained according to the typical procedure for the

(o)
Cl \\\”\/O asymmetric cyclopropanation reactions of
©/V 70( 1-methyl-3-vinylbenzene 39g (138.6 mg, 1.0 mmol) with
439 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol). The crude

mixture was purified by silica gel column chromatography with
Hexane/EtOAc (5/1 (v/v)) as an eluent to give frans- product in (46.5 mg, 92% yield) as
colourless oil. 97% ee (trans). The ee was determined chiral HPLC analysis. Column (Chiral
IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min. [a]3*? =-1.23
(c 0.60, CHCI3).
"H NMR (400 MHz, CDCl3) 8 7.37 (m, 1H, Ar-H), 7.17-7.21 (m, 2H, Ar-H), 7.06 (m, 1H, Ar—
H), 4.93 (d, J=16.82 Hz, 1H, OCHH), 4.89 (d, /= 16.82 Hz, 1H, OCHH), 2.75 (ddd, J = 4.20,
6.88, 8.79 Hz, 1H, OCCH (cyclopropane)), 2.17 (s, 3H, CH3CO), 2.04 (ddd, J = 4.20, 6.35, 8.09
Hz, 1H, Ar—CH (cyclopropane)), 1.78 (ddd, J = 4.59, 6.50, 8.79 Hz, 1H, CHH (cyclopropane)),
1.51 (ddd, J = 4.20, 6.88, 8.03 Hz, 1H, CHH (cyclopropane)). *C NMR (100 MHz, CDCI;) &
201.71, 170.31, 138.22, 132.59, 128.76, 127.60, 68.62, 28.89, 25.43, 20.55, 19.01 ppm.
HRMS (DART) calcd for Ci3Hi4C103 [M+H]": 253.06315 found 253.06312.
IR (neat) v 3010, 2929, 1750, 1718, 1231, 1040, 771 cm™',
6.4.6.8 2-(2-(naphthalen-2-yl)cyclopropyl)-2-oxoethyl acetate 43h

43h was obtained according to the typical procedure for the

O

”\/O asymmetric cyclopropanation reactions of
\ E/ 2-vinylnaphthalene 39h (154.2 mg, 1.0 mmol) with

43h 3-diazo-2-oxopropyl acetate 42a (28.4 mg, 0.2 mmol). The

crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (5/1 (v/v)) as an eluent to give trans- product in (48.3 mg,
90% yield) as white solid. 85% ee (trans). The ee was determined chiral HPLC analysis.
Column (Chiral IC3), UV detector 254 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0 ml/min.
[a]g™* =-4.11 (c 0.99, CHCI5).

"H NMR (400 MHz, CDCI3) 6 7.76-7.81 (m, 3H, Ar—H), 7.56 (s, 1H, Ar-H), 7.42-7.49 (m, 2H,
Ar-H), 7.20 (dd, /=191, 1.72 Hz, 1H, Ar-H), 4.88 (d, J=16.82 Hz, 1H, OCHH), 4.82 (d, J=
16.82 Hz, 1H, OCHH), 2.76 (ddd, J = 4.20, 6.88, 9.17 Hz, 1H, OCCH (cyclopropane)), 2.28
(ddd, J=4.20, 5.35, 8.41 Hz, 1H, Ar—CH (cyclopropane)), 2.15 (s, 3H, CH3CO), 1.84 (ddd, J =
4.20, 5.65, 9.17 Hz, 1H, CHH (cyclopropane)), 1.61 (ddd, J = 4.20, 6.50, 8.03 Hz, 1H, CHH
(cyclopropane)). *C NMR (100 MHz, CDCls) § 201.91, 170.35, 137.08, 133.37, 132.49, 128.40,
127.77, 127.55, 126.48, 125.80, 124.90, 124.46, 68.66, 30.00, 29.11, 20.57, 19.02 ppm.
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HRMS (DART) caled for Ci7H;703 [M+H]": 269.11777 found 269.11780.
IR (neat) v 3019, 2929, 1750, 1715, 1231, 1042, 819 cm™.
6.4.6.9 2-(2-methyl-2-phenylcyclopropyl)-2-oxoethyl acetate 43i

43i was obtained according to the typical procedure for the

(o)

\”\/O asymmetric cyclopropanation reactions of prop-1-en-2-ylbenzene
\ T)( 39i (118.2 mg, 1.0 mmol) with 3-diazo-2-oxopropyl acetate 42a
43i (28.4 mg, 0.2 mmol). The crude mixture was purified by silica gel

column chromatography with Hexane/EtOAc (5/1 (v/v)) as an
eluent to give frans- product in (25.6 mg, 55% yield) as yellow oil. 85% ee (trans). The ee was
determined chiral HPLC analysis. Column (Chiral IC3), UV detector 254 nm, eluent:
Hexane/IPA = 9/1, Flow rate: 1.0 ml/min. [a]3*? =-0.37 (c 0.41, CHCL;).
'H NMR (400 MHz, CDCl;) 8 7.18-7.30 (m, 5H, Ar—H), 4.63 (s, 2H, OCH3), 2.23 (t, J = 6.56
Hz, 1H, OCCH (cyclopropane)), 2.11 (s, 3H, CH3CO), 2.00 (t, J = 4.58 Hz, 1H, CHH
(cyclopropane)), 1.52 (s, 3H, C—CHj3 (cyclopropane)), 1.28 (dd, J = 4.58, 7.63 Hz, 1H, CHH
(cyclopropane)). *C NMR (100 MHz, CDCls) 4 199.54, 170.21, 140.36, 128.96, 128.45, 127.06,
68.97,36.71, 32.97, 28.70, 21.40, 20.64 ppm.
HRMS (DART) calcd for Ci4Hi7O3 [M+H]": 233.11777 found 233.11780.
IR (neat) v 3025, 2926, 1752, 1719, 1232, 1071, 843 cm™".
6.4.7 Typical procedure for catalytic asymmetric cyclopropanation of styrene with various
diazo ketones
A solution of diazo ketones 42b-h (0.2 mmol, 1.0 equiv.) in CH>Cl, (2.0 mL) was slowly added
to a mixture of Ru(Il)-Pheox catalyst 34t (0.01 mmol) and olefin (1.0 mmol, 5.0 equiv.) in
CH:Cl1; (2.0 mL) for 4 h under argon atmosphere and the suspended reaction mixture was
designed at -50 °C. After the addition completed, the reaction mixture was continuously stirred
for 1 h at the same temperature. The reaction was monitored by TLC. Upon completion, solvent
was removed and the residue was purified by column chromatography on silica gel eluted with
EtOAc/n-Hexane to give the cyclopropanation products. The trans/cis ratio was determined
from the crude 'H NMR spectra, and the enantioselectivity was determined by chiral HPLC

analysis.
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0 3 mol % 34t |
Ph X + de J\R
R CH,Cly, -50 °C, 5 h "\
39 42b-h NO, 45b-h
PFe
O_ Ph

6.4.8 Analytical data for catalytic asymmetric cyclopropanation reaction products

Phenyl(2-phenylcyclopropyl)methanone 45b'*

0] 45b was obtained according to the typical procedure for the

\\\‘l asymmetric cyclopropanation reactions of styrene 39a (104.2 mg,
@vﬁb 1.0 mmol) with a-diazoacetophenone 42b (29.3 mg, 0.2 mmol).
e crude mixture was purified by silica gel column chromatography

with Hexane/EtOAc (8/1 (v/v)) as an eluent to give the mixture of trans- and cis-diastereomers
in (35.6 mg, 80% yield, dr = 96:4) as white solid. 80% ee (trans), 75% ee (cis). The ee was
determined chiral HPLC analysis. Column (Chiral AD), UV detector 220 nm, eluent:
Hexane/IPA = 60/1, Flow rate: 0.5 ml/min. [a]3>® =-1.61 (c 0.72, CHCL).

Trans- product: '"H NMR (400 MHz, CDCls) & 7.99 (d, J = 9.56 Hz, 2H, Ar-H), 7.55 (m, 1H,
Ar-H), 7.46 (t,J=7.64 Hz, 2H, Ar—H), 7.31 (t, /= 7.64 Hz, 2H, Ar—H), 7.17-7.25 (m, 3H, Ar—
H), 2.90 (ddd, J = 4.20, 5.35, 8.03 Hz, 1H, OCCH (cyclopropane)), 2.66 (ddd, J = 4.20, 6.50,
9.17 Hz, 1H, Ar—CH (cyclopropane)), 1.93 (ddd, J = 4.20, 5.35, 9.17 Hz, 1H, CHH
(cyclopropane)), 1.56 (ddd, J = 4.20, 6.88, 8.03 Hz, 1H, CHH (cyclopropane)). *C NMR (100
MHz, CDCls) 6 198.68, 140.58, 137.78, 133.02, 128.67, 128.63, 128.21, 128.18, 126.71, 126.67,
126.33, 126.29, 30.09, 29.42, 19.36 ppm.

(2-bromophenyl)(2-phenylcyclopropyl)methanone 45c¢

o B 45¢ was obtained according to the typical procedure for the
r
| asymmetric cyclopropanation reactions of styrene 39a (104.2 mg,

1.0 mmol) with 1-(2-bromophenyl)-2-diazoethan-1-one 42¢ (51.2
mgs9 45¢c mmol). The crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (8/1 (v/v)) as an eluent to give trans- product in (44.7 mg,

87% yield) as yellow oil. 86% ee (trans). The ee was determined chiral HPLC analysis. Column
(Chiral ODH), UV detector 220 nm, eluent: Hexane/IPA = 140/1, Flow rate: 0.5 ml/min. [a]33®
=-2.57 (c 1.28, CHCly).
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"H NMR (400 MHz, CDCIs) 6 7.50 (d, J=7.63 Hz, 1H, Ar-H), 7.45 (d, J=7.93 Hz, 1H, Ar-H),
7.30 (m, 7H, Ar—H), 2.79 (ddd, J=3.97, 7.02, 10.38 Hz, 1H, OCCH (cyclopropane)), 2.70 (ddd,
J=3.97, 535, 8.54 Hz, 1H, Ar—CH (cyclopropane)), 1.97 (ddd, J = 4.27, 7.02, 8.54 Hz, 1H,
CHH (cyclopropane)), 1.59 (ddd, J = 4.27, 5.19, 10.38 Hz, 1H, CHH (cyclopropane)). *C
NMR (100 MHz, CDCls) 6 20.83, 31.80, 33.64, 119.33, 126.28, 126.75, 127.52, 128.61, 129.12,
131.79, 133.68, 140.06, 142.12, 202.29.

HRMS (DART) calcd for Ci¢Hi4BrO [M+H]": 301.02280 found 301.02280.

IR (neat) v 3061, 3029, 2923, 1681, 1213, 749 cm™.
2-phenyl-1-(2-phenylcyclopropyl)ethan-1-one 45d

45d was obtained according to the typical procedure for the

ﬁ\/@ asymmetric cyclopropanation reactions of styrene 39a (104.2 mg,
1.0 mmol) with 1-diazo-3-phenylpropan-2-one 42d (32.0 mg, 0.2
45d mmol). The crude mixture was purified by silica gel column

chromatography with Hexane/EtOAc (8/1 (v/v)) as an eluent to

give the mixture of frans- and cis-diastereomers in (33.1 mg, 70% yield, dr = 90:10) as yellow
oil. The ee was determined chiral HPLC analysis. Column (Chiral AD), UV detector 220 nm,
eluent: Hexane/IPA = 100/1, Flow rate: 1.0 ml/min. 89% ee (trans), 88% ee (cis). [a]3>? =—
1.54 (¢ 0.65, CHCL).

Trans- product: 'H NMR (400 MHz, CDCl;) & 7.17-7.34 (m, 8H, Ar-H), 7.17-7.34 (m, 8H, Ar—
H), 7.0 (d, J = 6.88 Hz, 2H, Ar-H), 2.50 (ddd, J = 4.20, 6.88, 9.17 Hz, 1H, OCCH
(cyclopropane)), 3.87 (s, 2H, OCCH,), 2.21 (ddd, J = 4.20, 5.35, 8.03 Hz, 1H, Ar—CH
(cyclopropane)), 1.68 (ddd, J = 4.20, 5.35, 9.17 Hz, 1H, CHH (cyclopropane)), 1.34 (ddd, J =
4.20, 6.50, 8.03 Hz, 1H, CHH (cyclopropane)). *C NMR (100 MHz, CDCls) & 206.48, 140.24,
134.22, 129.62, 128.84, 128.52, 127.10, 126.62, 126.34, 51.10, 31.86, 29.78, 19.18 ppm.

HRMS (DART) caled for Ci7H;70 [M+H]": 237.12794 found 237.12790.

IR (neat) v 3061, 3028, 1694, 1603, 1397, 1069, 698 cm™',
2,2-diphenyl-1-(2-phenylcyclopropyl)ethan-1-one 45¢

45e was obtained according to the typical procedure for the

Q O asymmetric cyclopropanation reactions of styrene 39a (104.2

\
W

mg, 1.0 mmol) with 3-diazo-1,l-diphenylpropan-2-one 42e
Ej/v O (47.3 mg, 0.2 mmol). The crude mixture was purified by silica
45e gel column chromatography with Hexane/EtOAc (8/1 (v/v)) as

an eluent to give the mixture of trans- and cis-diastereomers in
(55.1 mg, 85% yield, dr = 97:3) as white solid. 65% ee (trans). The ee was determined chiral
HPLC analysis. Column (Chiral AD), UV detector 220 nm, eluent: Hexane/IPA = 120/1, Flow
rate: 1.0 ml/min. [a]5°® =-3.2716 (c 1.56, CHCl;).
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Trans- product: "H NMR (400 MHz, CDCI3) 8 7.17-7.35 (m, 13H, Ar-H), 6.95 (d, /= 7.02 Hz,
2H, Ar-H), 7.21 (t, J = 7.26 Hz, 1H, Ar-H), 5.29 (s, 1H, OCCHa»), 2.56 (ddd, J = 4.27, 7.02,
9.46 Hz, 1H, OCCH (cyclopropane)), 2.23 (ddd, J = 3.97, 6.71, 7.93 Hz, 1H, Ar-CH
(cyclopropane)), 1.75 (ddd, J = 3.97, 6.95, 9.16 Hz, 1H, CHH (cyclopropane)), 1.36 (dt, J =
3.97, 6.71, 9.47 Hz, 1H, CHH (cyclopropane)). *C NMR (100 MHz, CDCls) § 206.73, 140.13,
138.46, 138.41, 129.31, 129.26, 128.86, 128.74, 128.49, 127.35, 127.27, 126.64, 126.47, 65.55,
32.81, 30.45, 19.41 ppm.

HRMS (DART) calcd for C23H10 [M+H]": 313.15924 found 313.15920.

IR (neat) v 3060, 3027, 1698, 1088, 1070, 698 cm.
2-phenylspiro[cyclopropane-1,2'-inden]-1'(3'H)-one 45f'%

45f was obtained according to the typical procedure for the

asymmetric cyclopropanation reactions of styrene 39a (104.2 mg, 1.0
mmol) with 1-diazo-3-phenylpropan-2-one 42f (31.6 mg, 0.2 mmol).

The crude mixture was purified by silica gel column chromatography

with Hexane/EtOAc (8/1 (v/v)) as an eluent to give trans- product in
(29.1 mg, 62% yield) as colourless oil. 65% ee (trans). The ee was determined chiral HPLC
analysis. Column (Chiral IC3), UV detector 220 nm, eluent: Hexane/IPA = 9/1, Flow rate: 1.0
ml/min. [a]3%7 =-1.00 (c 0.47, CHCI).

"H NMR (400 MHz, CDCl5) 6 7.79 (d, J = 8.41 Hz, 1H), 7.53 (t, J = 7.26 Hz, 1H), 7.38 (t, J =
7.26 Hz, 2H), 7.30-7.33 (m, 3H), 7.13 (d, J = 6.88 Hz, 2H), 3.00 (d, /= 17.58 Hz, 1H, ), 2.92 (t,
J =726 Hz, 1H), 2.79 (d, J = 17.58 Hz, 1H), 1.99 (q, J = 4.59 Hz, 1H), 1.69 (q, d = 4.59 Hz,
1H). *C NMR (100 MHz, CDCls) & 206.73, 140.13, 138.46, 138.41,129.31, 129.26, 128.86,
128.74, 128.49, 127.35, 127.27, 126.64, 126.47, 65.55, 32.81, 30.45, 19.41 ppm.
1-(2-phenylcyclopropyl)pentan-1-one 45g

45g was obtained according to the typical procedure for the

O

|J\/\/ asymmetric cyclopropanation reactions of styrene 39a (104.2 mg,
Ej/v 1.0 mmol) with 2-diazo-2,3-dihydro-1H- inden-1-one 42g (25.2

439 mg, 0.2 mmol). The crude mixture was purified by silica gel

column chromatography with Hexane/EtOAc (8/1 (v/v)) as an

eluent to give the mixture of trans- and cis-diastereomers in (18.2 mg, 45% yield, dr = 95:5) as
yellow oil. 90% ee (trans). The ee was determined chiral HPLC analysis. Column (Chiral OD),
UV detector 220 nm, eluent: Hexane/IPA = 60/1, Flow rate: 0.5 ml/min. [a]3® = -1.3679 (c
0.53, CHCly).

Trans— product: "H NMR (400 MHz, CDCls) & 7.08-7.29 (m, 5H, Ar-H), 2.58 (t, J = 7.26 Hz,
2H, OCCH»), 2.49 (ddd, J = 4.20, 6.50, 9.17 Hz, 1H, OCCH (cyclopropane)), 2.19 (ddd, J =
4.20, 5.35, 8.41 Hz, 1H, Ar—CH (cyclopropane)), 1.57-1.67 (m, 3H, CHH (cyclopropane),
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OCCH,CH,), 1.31-1.37 (m, 3H, CHH (cyclopropane), CH>CH3), 0.903 (t, J = 7.26 Hz, 3H,

CH3). *C NMR (100 MHz, CDCl5) & 209.35, 140.60, 128.57, 126.67, 126.13, 43.86, 32.27,

28.88, 26.16, 22.46, 18.92, 13.94 ppm.

HRMS (DART) caled for Ci4H;90 [M+H]": 203.14359 found 203.14360.

IR (neat) v 2957, 2931, 1697, 1399, 1065, 697 cm™.

2,2-dimethyl-1-(2-phenylcyclopropyl)propan-1-one 45h

45h was obtained according to the typical procedure for the asymmetric

\\| cyclopropanation reactions of styrene 3a (104.2 mg, 1.0 mmol) with

©/V \ ‘\y< 1-diazo-3,3-dimethylbutan-2-one 42h (25.2 mg, 0.2 mmol). The crude

45h mixture was purified by silica gel column chromatography with

Hexane/EtOAc (8/1 (v/v)) as an eluent to give the mixture of ¢trans- and

cis-diestereomers in (24.3 mg, 60% yield, dr = 92:8) as yellow oil. 41% ee (trans). The ee was
determined chiral HPLC analysis. Column (Chiral OJH), UV detector 220nm, eluent:
Hexane/IPA = 50/1, Flow rate: 1.0 ml/min. [a]3*° =-0.4206 (c 0.26, CHCI;).

Trans— product: '"H NMR (400 MHz, CDCls) & 7.29 (t, J = 7.26 Hz, 2H, Ar-H), 7.21 (t,J=7.26
Hz, 1H, Ar-H), 7.11 (d, J=7.26 Hz, 2H, Ar-H), 2.42 (ddd, J = 4.20, 6.50, 9.17 Hz, 1H, OCCH
(cyclopropane)), 2.37 (ddd, J = 3.82, 5.35, 8.03 Hz, 1H, Ar—CH (cyclopropane)), 1.63 (ddd, J =
4.20, 5.35, 9.03 Hz, 1H, CHH (cyclopropane)), 1.35 (ddd, J = 4.20, 6.50, 8.03 Hz, 1H, CHH
(cyclopropane)), 1.20 (s, 9H, C-(CH3)3). *C NMR (100 MHz, CDCls) 4 213.61, 140.68, 128.57,
126.51, 126.34, 44.11, 29.79, 29.21, 27.81, 26.31, 18.57 ppm. IR (neat) v 2965, 1690, 1365,
1068, 697 cm™.

HRMS (DART) calcd for Ci4Hi9O [M+H]": 203.14359 found 203.14360.
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HPLC

£x422 1E-3_045 - CH1iod

Y

22.0 23.0 24.0
Retention Time [min]

I,

§1 Uwb | OH | SR fmin) | K [Vion] | BRE V1| ks | &y || NP | OB [ D-B8 ) BE
YWurkeown | 10| 21680 1881621 7117 50054| 52843  N/Al 20402 3247 1.187
Arknown | 101 23989 t7e02] 6351} 4omae] 47358  N/AL tosET  N/A 1.225

Ex423 IE-3 006 - CH1C]

Et O
| 1_OM
N OMe

Ph” W“‘P\OMe

37a

Intensity [pv]

220 23,9
Retention Time {min]

THHG B

#] E—D& | GH | R {min) | B (V-sec) | RS V) | BEORS | %a% | ERIE] NTP | DR |2 X1l | K
Bunknown [ 10 | 21809 15748 6unl  3.547) 3884l N/A| 20081 3.247 1,188
Binfmown | 10 | 23,870 428258 18467 96.453] 960060  N/AL 199981 N/A 1.207|
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FEx416 03-H_004 - CH10j

3
z
5
£

200 210
Retention Time [min]

#] C-0%, ]CH 1R frin] | R BVesec) | MRS Gl aiis | 6es [ RMGE ] NTP | MR oo -l BE
Hundnown |10 | 20880 250341 6438 49470 szus] N/AL evae|  1nag 1.221
Pirdenrowm | 10 | 20738 251645 5711 BOE30 470050 N/AL 8321  N/AL 1,259

H OMe

QW

Intensity {pV]

0.0

21.0
Retention Timea [min]

%] U~ | CH | R [rin) | IOMK [V-enc) | M2 (Vi) ER% | Aox |2l | NTP O SO0 -RRT RS
Hunknown ] 10| 20428 378034 sote] 9souif 97854 /A oovel  zo7i 1.289]
Hueknown { 10| 22485 7687 211 1esst amd  tva] smd  N/A 1.457)
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3
&
[ 4]
3
=

T A &

#| -4 | OH | R fmin] | B8 [¥-sec] BRI T | M |t M- S
THunknown N/A| Breal  1.892 1,273
Zunknown N/a|_ 8163 N/ 13451

Intensity [uv]

[Ex455 01-H 30ont 005 - CH1G]

¥| D% iR fin] | B GV 60l HRW| NP | OME [ -G
Hunknown nal sree] 2010 1217
unksiown w/Ab 11520 N/A 1.308]




FEx506 01 002_14.12min - CH118

B
g
3
&

9.0 10.0
Retention Time {min}

K| E—0% | CH]tRImin) | W8k [WWseo) | 368 (w1 | 3% | ®an | R NTP | SB[ 00 M- B
Minknown | 11 ] 6803 950854, a0257] 49.298 0607  N/A 11800 1989 1,791
shinknown | 111 9572 ug7261| | 12541] 507041 20308  N/A| 3400 N/A 1197

Ex567 0]_001 - CH1H

200000

Intensity fuvi

9.0 10.0
Retention Time {min]
#| E—i& | CH| R [min] | E8K [uV-sec) | B4 [V | BEiRK | 2% | R | NTP | DM [0l | BE
Hunknown { 11 £.553 5974957] 174638] gssuo] eazer  wsab 12t 2345 1824
Aurkrown | 11 9,377 1go208]  sos?l ase] 17l M soy WAl 1,282
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Ex493 IE_002 - o1z

o 300050

200 216 0 220 23.0 4.0 25;0 26.0 270 28.0 26.0 300

" Retention Time [min]
#] CDd | CH | (R (o | R vesec] | 62 (V) | B | 2% | Ak ] NTP | S ME | UoA b-RIR| B8
Yuntnown | 13| 22823 12581302  379336] 50.024] 54.908  w/Al 10953  a4at 1.201
urencen |13} 263408 1p5e0500]  S11544] 40.8v6] ssoe4l oAl ssod] WA 1.209

T

%494 1€_004 - CHis

(e}
11_OMe

I‘Et

N Pl
v e

37e

400000

240 250 . 260 220 280 290 300

Ratention Time [min]

206 210 22.0 23.0

o it

3] -t | O] R fwind | Bk [ivisec) ] B3 vl O | &S [B] a7P [ M I VUAM-RRI BE
Minknown | 13 ] 23163 700598 21859 wisy sewf  wA nimdl a4nm 1.082
glunknown | 13 | 26448  21808653] 550401 968481 8698F  N/Al 10455]  N/A 1.26%
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2
z
5
E

85,0
Retention Time [min]

70.0

Tnkersity [UV]

J

37i

“OMe

2] E-0% {CH| R (min) | 3K bivsec] | & VD] s | a5 TR wip | OME [Loab—R8) BE
tlinkagwe {13 1 62330 41184 576 47060 5463 N/A] 1368y 1967 1.247]
Aorknown 131 66348 41691 ao| 4762 4810 N/A] 14785 1.860) 1.219
Huekoown | 13| 50808 39540 s078] 45503 4ri28] /A 18208 1698 1,233
Himknown | 13| 72362 aos03sf  ab2z] 460000 4zsos]  N/A 1343w/l 1.289]
3 {Ex46Z [E-3, 002 - CH13
B o}
'\‘ln 1I_OMe

65.0
Retention Time [min}

700

TR MDA

#] B—D% | Or | IR bmind | K Vesec] | % (V1] THIRS | Hah |RM| NTP | MK |0 by~ WH
Hirknown | 13 | 63763 7402 1780 0784] o9se]  nvAl 16753 1350 0,994
Purknown | 13| 65.798) 43615 655 4400 Ses  N/AL 2eped  1smd 1052
Yurknown | 13 1 68850 oieasn] 11689 oasqp] sased  wal 18373 1239 1.408]
dunknown | 13§ 72188 1895 29 at9s] ozss sl el WA 2803
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FEx400 ID-3_003_15.64min - CH9

T I\

#] €—5% | CH | R [min] | B [uV-sec) | B& (V]| GHs | ma% |RBIE | NTP | DB | UUX M-l B
tunknown | 9 5.083 2056856  240401] 51.291 55959  N/A| 8836] 2.254 1.322
2unknown | 9 5.628 1953285  189201] 48.709 44.041]  N/Al 7029]  N/A 1.218]

Rt

T
N

Ph” W P okt

o
1l_OEt

37g

Ex400 ID-3 004 - CHY|

#| E=9% | CH| R [min] | E@HE [uV-sec] [ B& (V] | EHE% | mex | BEE | NTP | DBEE | VXM -FEK | BES
1{Unknown 9 5.110] 186995 20825 3.563] 4.897 N/Al 8042 1.815 1411
2Unknown 9 5.632 5061913 404406] 96.437| 95.103] N/Al 4179 N/A] 1.274]
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100498

3
z
g
g

442 1C-3_002 - CH10}

210 220 2.0 240 25.0 26.0
Retention Time [min}
T Al T
#] P08 1 oM ] R [min) | B9K Biveec) [ 08 [uv] | BHIS | oy R RiE] NTP | HIRE [SoabU-G | Wi
Yelnknown | 10 | 24088 4554420]  t3102e] so2se] s1996f  N/A] 11328]  1.889 1.185
Zonknown | 10 | 25.845) aso7est|  1zi62s] sugd2f 4eomal WAl 19389 N/A 1.183

Intensity {1V

FEx443 1C-3 (1.2m] per min)_003 - CHio}

210 220 230 240 25.0 26.0
Retenticn Time fmin

#] O—5% | CH]tR [min] | il fuvses] | 2 vl ] NE | may [ERE] e | SME [l -BR1 B8
Huaknown | 10 {  z377 2550858 7ao7e] omeis oeses]  wsal 11327 1933 1.188}
nknown | 10 ] 25480 as7ast  togs| 1amf ra4se]  nA 10368 N/ 1,174
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100060

3
&
a
]
E

#] P~5& | OR|R juin] | B [Vsec) | 2 V1] % | Be% | el | NTP | T | vod Ul | e
Woknown | 10] 20422 s085962] 114309 soos3] se703]  N/A] 7eAn 1735 1,193
Zriknown | 101 22085 4072257 1087e 40937 48207} N/AL vesl /A 1239

e JE Ex546 1C3_006 - CH1O

0O
11_OBn

|‘5t
N Pl
/©/ W OBn
Br
37

Intensity [V}

21.0 220
Retention Time [min]

M TN

#] B2 [ oM | R foin) | K [pvsec] | e vl | H0AS | Mas | B | NTP | SYMERE | DUX M- IRe | W
Yorsnown |10 | 50277 2465056  sasse] gsneo] o7esS| /Al 7573  18di 1.213
Yurinewn F 8} 21879 agszol  1505] 1esif 2148 vl eseel  wsd 1.157

S105



£x561 IE_003 -~ CHi2

104006

g
£

260 28.0
Retention Time [min]

81 -t | O { 4R [min] | K [vrseo] | M8 LV | BGMRK | M02% DR SHIK | NTO FONMEAE | 500 - R RS
onknown | 12 22537 8382087 193467 49948 sedvel  N/Al 6178 4644 1151
Zunknown |12 ] 28770 s3940y 147888 s0.0827 4aszd]  N/AL sois] A 1663

Ex562 IE 004 - CHI

Q/OBn

I‘Et
N Pl
v
37k

400008

300000 -

200000

Intensity [uv]

180008

6.0 280
Retention Time [min]

THHE i
#] B-b% | OH [ R fmin] | B [uveec] | 358 VI | UM | RSN [ SRIRIN | NTP | SRR {504 M- RIR | W
Wninown |12 | 22.752) 477882 10809] 2089 27051  N/AL Bos 4456 1,082
Hunkeown |12 | 28725]  2z614030] 392033 57931] u72u5] /AL ST2tl  N/A 1.259
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20000

=
G
=
oy
=

F197 Rac_001_39.78min - CH1}

15.0 16.0
Retention Time [min]

#| €=D% | CH]AR [min] | @k [uV-sec) [ & V1] EHs | W& [RRE | NP [SME [SUAM-RB]|BES

1unknown | 1 15.083 1242005| 36064 50230 53.924]  N/A] 4488] 1.819 2062

Junknown | 1| -16.842 1231635] 30815 49770 46.076] N/A] 4215  N/Al 2.130
£220-2122 OD 254 1.0_001_21.62min - CH1} = ¢
T i
5 5

200000 p-OEt

©\\\-¢P\0Et
CN
41

[ =08 [cu| 1A [min] | MM Givsec) | X2 v)] B | X2s [ 2R | ne | a2 b -En | XS
trknown | 1 17 008 2280178 e7iry] inery 2263 woal seay 222 1 584
Rueknown [ 1 | 182294 99341200 220556 8932 1736 NAl a0d oA 1 891
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300000

Intensity [uV]

100000

200000 -

[Rac 301 I1C3 220 1.0 9-1_001_29.63min - CH1

18.0

f 20.0
Retention Time [min]

#[ E=>%& [CH[ R [min) | T [uV-sec) | #& (V] | Ttk | Max |l | ne | Smte [ oo bRk B
unknown | 1 | 15.325 7172217]  360628] 48.387] 55556  N/Al 174729 6913 1757
2unknown | 1 19.017 215586] 8368 1.454] 1289  N/A| 15609 2.418| 1.494
Junknown | 1 | 20500 7265714] 273959 49.017] 42.204]  N/A] 17324 5.021 1697
4unknown | 1 | 23817 169225] 6170 1.142] 09500 nN/Al 18441]  N/A 1.282

400000 -

200000

[2x335 IC3 9-1 220 1.0_001 - CH1

18.0

20.0

“Retention Time [min]

#] €=5% | CH] R [min] | S8R [V-sec] | W& (V] | moikx | Wax |2l | NTP | M [SVA ) -RE| B
1funknown | 1 15.875| 390979]  22072] 2725 4290 N/Al 20071 9.87g] 1.358]
Qunknown | 1 | 21.375]  13958602] 492434 97.275 95710  N/A| 16368  N/A| 1.297|
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£340R IC3 9-1 1.0 220_001_63.34min - CH1j

it 20.0
Retention Time [min]

#] E=D% | CHtR [min] | @8k V-sec) | M V]| @y | mas | Rl | NTP | HRE [V -G EE
tfunknown | 1 | 16.208] 4483471  212432] 48455 56.869]  N/A[ 16789 6.166] 1.701
Qunknown | 1 | :19.575] 120567 so49f 1.303] 1.359]  N/Al 17341  2.179] 1.329]
Junknown | 1.4 420867 122276]  5474] 1.321] 1.466]  N/A] 19747] 4312 1.143]
4unknown | 1 | 23683 4526621]  150588] 48.921] 40.313] N/A] 17514  N/A 1.686]

341 220 9-1 1.0 220_001_47.45min - CH1|
800000 -1 .

\»‘U\/Oj(

[0)

600000 - SN

18.0 20.0
Retention Time [min]
#| E=hg -i?:@"ﬂ EH [uv-sec) | & (uV] | THRS | A6as |RRA| NTP | SRRAE [SVAb)—Rik| B
1Junknown | 117 15.517 585081 33321 2230] 3848] N/A] 19786] 7938 1.408]
Qunknown | 1 19.550) 581930 241671 2227] 2791 N/A| 18327  N/A N/A
nknown | 1 | 20.408| 125758 s068] 0481] 0585 N/A]  N/A]  N/A N/A
funknown | 1 | 22075]  24835490] 803376] 95.052] 92.776]  N/A] 14198]  N/A 1.984]
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200000

—
=>
=1
=
‘@
g
=
=
—

100000

35.0
Retention Time [min]

#]| E=0& | cH [ R [min] | E#& [uv-sec] | && V]| mits | Baw | w@iE]| NP [ o [Sorr)—FE| 25
1|Unknown 1 27.542 732'}4'}9| 195048 49.946] 59.683 N/A] 16225 12.032 1.944|
2|Unknown 1 40.433 7343388| 131758 50.054] 40.317, N/A] 15872 N/A 2.012|

200000

100000

Intensity [uV]

Fex349 1.0 220 9-1 IC3_001_51.18min - CH1

o
\o\”\/o\"/

[0)

35.0
Retention Time [min]

#]| E=D% | CH| R [min] | B4 [uV-sec] | B& V]| EEs | B [ EEE | NTP | S8E | VoA bRl Ba
1jUnknown | 1 27.275 878271] 25695 8.664] 13.044] N/A] 18080 11.901 1.647
2unknown | 1 39.550 9258798]  171296] 91.336] 86.956]  N/Al 15839  N/A 2.029
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fex363RacTrans 220 1C3 9-1 1.0_001_50.01min - CH1

—
=>
3
=
z
[72]
Z
o
£
=

|} LR . | PR {4
16.0 17.0 |

14.0 i 15.0
| Retention Time [min]

#] E—5% | CH|¥R minl | G [:V-sec] | M& V] | TN | Ma% Rl | NTP | SREE [OUX)—Ghok| RE |
1junknown | 1 13.550) 8495176] 430230| 49.898] 55.837]  N/A|l 13600] 6.854] 1.774)
2Qunknown | 1 17.133] 8529755] 340281 50.102] 44.163]  N/A| 13785  N/A| 1.708]

Fex368 (363Rac)_001 - CH1

"“‘K/OT(

)

200000

Intensity (V]

—
(=]
<
o
[
(<
|

15.0 16,0 17.0
Retention Time [min]

#| E=5%& | cH | tR [min] | SR [V'sec] | & (V] | T8RS | Was [ERI| NTP | SRE | VAN R | B
tunknown | 1 | 13.508] 300918]  15607] 3.944] 4959  N/A| 11424] 6.424] 1.307
nkncwn | 1| 16.958 7320062] 299137] 96.056] 95041)  N/A] 14089  N/A] 1.698|
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400000

—
=
EX
flr
‘@
=
2
=
—

200000

Fex344Rac 220 1.0 IC3 9-1_001_29.11min - CH1

18.0
Retentio

20.0
n Time [min]

22.0

#]| E=0# |cH | R [min] | E#E [uv-sec] | && [wv] | Eigx | &aw |w@iE]| NP | s8eE |SuAr)—Fey| 25
1|Unknown 1 15.800, 10371078 483839' 49.765| 59.103 N/Al 16560 11.897, 1.890;
Junknown | 1 | 22967 10469155  334801] 50235 40897  N/A] ted21]  N/A 1.842

300000

200000

Intensity [LV]

100000

[ex350 1.0 IC3 9-1 220_001_48.39min - CH1

Cl o
Mo
pW T

Retention Time [min]

20.0 22.0

24.0

26.0

#]| E=0% | cH | tR [min] | E@#& [uv-sec] [ && [v] | Eikx | e [E@iE | NTP [ o8t |vurb)—Eg| =5
1funknown | 1 15.858 109130 6653 1.170] 2.182]  N/A| 21304 12.435 1.195
Unknown | 1] 22.950] 9218235 298193 98.830] 97.818]  N/A| 16762]  N/A 1.826
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Fex364Rac IC3 9-1 220_001_40.58min - CH1

400000

200000

=
=
=L
=
@
c
o}
=
=

18.0 22.0

20.0
Retention Time [min]

#| =% | cH| R min] | E@H [uV-sec] | & w1 | @ | Has | E@E | NTP [ S8R [VUA MR8 | BE
1lunknown | 1 15.208 9587689  461798] 50.131| 59.028]  N/A| 16033 11.320 1.802)
2|unknown 1 21.833, 9537690 320536] 49.869 40.972' N/A] 15872 N/A 1.79

Fex369 (rAC 364) 001 - CH1

o
\o\”\/o\n/

600000 43f o)

400000

Intensity [uV]

200000

18.0 20.0 22.0 24.0
Retention Time [min]

#| E=D% | CH | R [min] | B [uV-sec] | && V]| Eigs | &% | ERE | NTP | SBE [SUA b —R% | BE
1Junknown | 1 14.900) 1216990]  47456] 4994 58400  N/A] 6533 8.567) 1.736
2lunknown | 1 21.083 23151505| 765185 95006] 94.160|  N/Al 14100 N/ 1.938
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=
=
S
=
B
c
3
=
=

400000

200000

Fex367 Rac 9-1 220 1.0 IC3_002_34.94min - CH1

C

43g

"o

e

(0]

22.0 24.0
Retention Time [min]

26.0

#| E=D4 | CH| R [min] | EIFE [V-sec] | &2 [uV] | EHES | &% | EEME | NTP | SBR[ VX MR | ZE
1funknown | 1 15.675 1164277 54132 4.205| 5.369]  N/A| 15467 4.406 1.689
2Unknown | 1 18.025 12724352 521742 45954 517500  N/A| 16264 7.971 1.839
3lUnknown | 1 | 23242 13800925]  432321] 49.842] 42.881)  N/A| 15485  N/A 1.852

Intensity [uV]

300000

200000

100000

fex371 (Rac 367) IC3 9-1 1.0 220_001 - CH1

Cl o
(I Mo
43g \([)]/

22.0
Retention Time [min]

24.

0

#]| E=0% [ cH|tR [min] | E# [uV-sec] | & V] | EHgs | Ba% | EEiE | NTP | SEE [ DA bRl | BE
1[Unknown | 1 18.117 373391 156500 2.705] 3571  N/Al 18086[ 7.990 1,649
2lunknown | 1 23.217 13420662  422593] 97.295] 96.429]  N/Al 15698  N/A 1.858]
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Fex365Rac 9-1 220 1C3 1.0_001_66.22min - CH|

800000

600000

=
p=1
=
&
w
c
&
[=
=

200000

20.0 30.0
Retention Time [min]

#| E=5% | CH [ R [min] | E#& [uV-sec] | B& [uV]| T | &% | T@RE| NTP | S8R | VA - (R | BE
IIUnknown 1 21.783 25572529] 828137 49.795 60.662) N/Al 14639 13.708 1.785
ZIUnknown 1 34.358 25783233] 537038 50.205) 39.338]  N/A] 15074 N/A 1.757,

600000 ‘
43h V

400000

%370 (Rac 365)_001_54.29min - CH1

Intensity [pV]

200000

20.0 30.0
Retention Time [min]

#| E=0% [CH|tR [min] | EH#E [uV-sec] | &S [uv] | migs | & |ERME | NP | SBE [SUA Y| 25
funknown | 1] 21.325 655718] 22575 1.859] 2.943]  N/A| 15761] 13.473] 1.594)
unknown | 1| 33.167 34621129] 744525 98.141] 97.057]  N/A[ 15002]  N/A| 1.765
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400000~

360000 ©

>
=
2z
&
3
£

100000

fEx347Rac IC3 9-1 220 1.0_001_36.10min - CH1

] R v-sec) | wh& vl | maks | s | R NTe | et | ouAb) -] BE
" 21.475 13184794]  422568] 49.934] 55490 N/Al 11761] 6.431 1.687
2unknown | 1 27.192 13219703  338958] 50.066] 44.510]  N/Al 12060  N/A| 16

300000

100000

'

)

[ex374 (Rac 347) 1C3 1.0 220 9-1_001_30.86min - CH1j

22.0 24.0
Retention Time [min]

26.0

#] C—D%& | CH| R [min] | K [iV-sec] | M (V] | miRs | max | Rl | NTP | HRE [OAM -] B &
unknown | 1| 21617 9605431  317631] 97.429] 97543  N/A] 12734]  7.061 1.620
2unknown | 1| 27325 253484]  8000] 2571] 2457  N/A| 16345]  N/A 1.105
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400000 Fu—. Fex388 Rac AD 0.5 60-1 220_001 - CH1]

200000 19

100000

12.0 14.0
Retention Time [min]

# | E=0% | CRrind | TR [uV-sec) | @& V] | GRS | maw | Rl | NTP | SYRERE | VoA NI — ik B e
1junknown | 1 8.992 5706749| 380758 44.196] 55.941]  N/A] 8902] 3411 1.388|
2{Unknown 1 10.383 751181 43976' 5818] 6.461 N/A] 9031 2628, 1.307
3|Unknown 1 11.600 765047, 89549[ 5.925| 5.810 N/A] 8922] 6.635 1.379|
dunknown | 1| 15450 5680255 216361| 44.061] 31.788]  N/A| 8448]  N/A 1.413]

fex389 (rac 388) 0.5 220 AD 60-1_001 - CH1

L

200000 *

100000

1
j\ /
Y 'L'/&
A TA A

10.0 12.0 14.0 16.0 18.0 20.0
Retention Time [min]

#| E-9% |C Tmin] | @K [V-sec) [ @& V]| @0is | &as [RRM[NTP [ SMm [SoA b -HE ] BE
1funknown | 1 9.067| 8as260] 576200 9.849 16300  N/Al 9228 362 1.345
Junknown | 1 | 10.525] ss198] 3505 0676] 1017]  N/A| 9607 2477 1.270)
3unknown | 1 11.658] 383539]  19832] 4453 56100 N/Al 9132] 6.692 1.370)
dJunknown | 1 | 15583 7322884 272449 85022 77.073]  N/Al 8205  N/A 1.465
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tex382Rac 140-1 ODH 220 0.5_001_53.90min - CH1

#| E=H% | cH| tR{min] | EHk [uv-sec] | M (V] | 0k | Wax |2l | nTe | SRE | SV M) -Rl ]| Bé
tjunknown | 1 | 25050 6483572] 110974 46.469] 49.207]  N/A] 4383 1.43g| 2.035)
Junknown | 1 | 27.308] 6484535]  101006] 46.476| 44.827]  N/A] 4455 3.026] N/A
unknown | 1 | - 32.808| 468254]  6984] 3356] 3097 N/Al 4271 0.794] N/A
4unknown | 1 |”°34.475] 516173] 6469 3699 2869 N/A] 3922]  N/A| N/A

600000 - . fex378(Rac382) ODH 220 140-1 0.5_001 - CH1

400000 -

Intensity [uV]

200000

25.0 30.0 35.0 40.0
Retention Time [min]

#] ©—D%& | CH] R lrmin] | G [uV-sec] | e [uV] ]| GRS | mas | eRi | NTP [ SRl [oox b —ml [ &
1|unknown | 1 25.383 3440519]  59576] 7.697] 9.273]  N/A] 4460 1.206| N/A
Junknown | 1 | 27.425 41256754 582801] 92303 90727  N/A| 3429  N/A] 2.258
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fex329Ra AD 100-1 AD 1.0 220_001_48.35min - CH1

A2

6000 :
y 45d v

13.0
Retention Time [min]

#] E=D%& [CH] R [min] [ @I [v-sec] | & [uv] | @ks | Mas | 2Rl | NTP | SRR | Sox b—fRs | &
1Junknown | 1 10.550) 47703] 2464 1.447] 1683 N/A| 6954 2.281 1.201
Aunknown | 1 | 11.692] 1587155] 79249 48.129] 54.135]  N/A| 8836|3521 1.079
Fnknown | 1 13517 63761 3028] 1934] 2068] N/A| 9954 2.33 1.163
unknown | 1 | :.14.900 1500081] 61651 48.491] 42.114]  N/A] 8523 N/ 1.465

tex342 AD 22 1.0 100-1 001 - CH1

200000~

Intensity [uV]

100000 —H

1
12.0 13.0
Retention Time [min]

#] E—5%& | CH [ 4R [min) | T8k [uV-sec) | & (V] | TS | My | 2Rl | NTP | SRR [V M) —Rl] BE
unknown | 1 9.833) 42105 2145 0489 0629 N/A] 5766 3.176] 1.221
Junknown | 1 |  11.400 435699] 24003 5.0s6| 7.038]  N/Al 9359 3.324] 1.330)
FUnknown | 1 | 13108 637697] 29384 7.400| 8616] N/A| 8793 2.258 1.325|
dunknown | 1 | . :14.500 7502130] 285519 87.056] 83.717]  N/Al 7339  nN/A 1.507
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fex390Rac AD 120-1 220 1.0_001_31.39min - CH1jH

200000

2
g

180 20,0 22,0

- Retention Time [min]
#] E=5%& | CHY#R [min] | @ [uV-sec) | B& V] | MRS | W% [ RRIL| NTP | SME [SUAF) Rl BE
1Unknown | 1 15.825 7959473]  259039] 48.823] 54631 N/A| 6540 5.287| 1.539|
unknown | 1 | 20517 7829237]  202099] 48.024] 42623 N/A| 6779] 1832 1.428]
unknown | 1 22.300 216562]  6142] 1.328] 1.295]  N/A] 8726] 1.775) 1.374]
dJunknown | 1] 24,42 207376]  e878] 1.824] 1451 N/A] 7358]  N/A 1.309]

2tex391(rac390) AD 120-1 1.0 220_001_27.87min - CH1j =

E
* 400000 - o O
& ; 45e O

Intensity UVl

20.0 22.0
Retention Time [min]

#| E=5& | CH|tR [min] | K [uV-sec] [ W& (V]| mks | ey | 2@l | NTe | S8k | b -l | BE
unknown | 1 | 15642 3805917]  136296| 17.899] 22352  N/A| 7621] 5076 1.425|
2unknown | 1 10858 17456952 473472 82.101 77.648]  N/A| 7008]  N/A| 1.506|
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rex392Rac IC3 1.0 220 9-1_001_63.97min - CH1|

400000

=
>
=
=
g
s
=
=

10.0 14,0

12.0
Retention Time [min]

#]| E=b& | cH| R [min] | T [uV-sec) | #& V] | TS | Wax [RRE]| NP |08 [OUA M) -Eis]| BE
Yunknown | 1 | 10875 6693026| 486693 37.973 436751 N/l 16484 5.180) 1510
Junknown | 1 | 12775 6715065 417561] 38.098] 37471  N/Al 16591 5563 1.475
unknown | 1 | 15200 2133759 110523 12.108] 9918  N/Al 16216] 2767 1411
4unknown | 1 | 16575 2083852]  99581] 11.823] 8936] N/A] 16322 N/A 1452

Fex393 (rac 392) IC3 220 1.0 9-1_001_24.50min - CH1|

800000

600000

400000

Intensity [uv]

200000

12.0 14.0
Retention Time [min]

#| E=5& | CH] R [min] | TH [uV-sec) | W& (V]| TS | Wax | BRE | NTP | SRR [N Rk | B
unknown | 1 | 10875 2786201  203860] 17.405| 20060]  N/A| 16738]  5.056] 1437
Junknown | 1 | 12742 13222137 812300] 82.595] 79.940f  N/A] 15903]  N/A| 1522
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fex381Rac OD 60-1 220 0.5_001_36.12min - CH1

, .
| %
459
200000 -8
o \ 4
7 A

14.0 15.0
Retention Time [min]

Antensity (V]

#]| E=5& | CH| R [min] | E@Hk [V-sec] | W& (V] | TN | W& | =Rl | NTP | S8R | SUX M -R| BS
1Junknown | 1 13.225|  10638886] 541408 42.864] 44.978]  N/A| 10628]  N/A N/A
2unknown | 1 13.858] 1534362]  83432] 6.182] 6931 N/Al  N/A]  N/A N/A
Yunknown | 1 14.367 10859546]  504598] 43.753 41.92 N/Al 10845] 3327 N/A
4unknown | 1 16.317 1787161  74279] 72000 6.171] N/A| 10962 N/ 1.258]

FEX377 (rAC381) 220 od 60-1 0.5_001 - CH1

400000

300000

200000 -

-y
=
z
g
=

100000

14.0 15.0
Retention Time [min]

#| P=5% | cH| R {min] | T [uV-sec] | & (V] | Bs | e |2l | NTP | M | o2 bu-EN] B
Tunknown | 1| 13.083 435927] 23928 4.474] 5287  N/A] 11425 1.502] 1.171
Junknown | 1 | 13742 83s16]  6126] 0860 1.354  N/Al 19943 1.31] 0.955)
Yunknown | 1 | . 14.367 9081994 416927 93.220] 92139  N/A] 10387 3.110 1.356)
dunknown | 1 {:-16.33 140755]  5521] 1.445] 12200 N/A] 86 N/A 1.008
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45h

#| €=H% | CH| R [min] | EH [V-sec] | & (V] | Eiks | Wax || nve [ smm [ooAb)-Fme] B&
funknown | 1 4.833 2026869] 295348 34.001| 38.036] N/Al 12036] 3121 1.278]
2unknown | 1 5.408] 2054105] 274911] 34.457] 35404  N/Al 12530 4.820) 1.249
Junknown | 1 6.433 944899] 105560| 15.851] 13594]  N/Al 12176] 1419 N/A
dJunknown | 1 6.767| 935413] 100682 15.691] 12966] N/Al 12056]  N/A N/A

|
VA

#]| E=58 | oH | tR [min] | THk [uV-sec] | H& (V] | Ty | My | 2R | NP | HME [S0AM-RK] B
1junknown | 1 5.358] 2390535  326522] 27.986] 29.947]  N/A] 12616] 2.358 1.204]
2Unknown | 1 5.825) 5700431]  715463] 66485 65619 N/A| 12796]  N/A 1.188]
Unknown | 1 6.600 1840) 44 0021 o, NN NAl N/A N/A
4unknown | 1 6.867 472190]  48300| 5507 44300 N/Al 11539  N/A 1.149]
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