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ABSTRACT
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A carbene known as a most active intermediate is complexed with a transition metal, which
affords the corresponding metal-carbene complex and catalytically inserts into ¢ and @ bonds of
the organic compound. Even though there are many reports on the carbene transfer process to
develop a new approach for the synthesis of medicine and other bioactive compounds, the regio-,
stereo- and chemoselective approaches are still limited and remained as the main subject in the
field of synthetic organic chemistry. For this background, I developed an efficient catalytic
intramolecular carbene transfer reactions by using originally developed ruthenium catalyst into ¢
and 7 bonds and successfully applied for the synthesis of y-lactam ring fused aromatics (oxindoles),
y-lactone ring fused cyclopropanes, and y-lactam ring fused seven-membered rings via Buchner
reaction.

Although the ruthenium complex is a newcomer in the field of catalytic carbene transfer
reaction, it has emerged as a useful transition metal for the carbenoid chemistry of diazo
compounds, besides copper and rhodium. And recently, we have developed a Ru(II)-Pheox
complex, which is efficient for carbene transfer reactions, in particular, asymmetric
cyclopropanation, N-H insertion, C-H insertion and Si-H insertion reactions.

Therefore, driven by my interests in the catalytic asymmetric carbene transfer reaction and
the efficiency displayed by the Ru(Il)-Pheox catalyst, I started to explore the asymmetric
cyclopropanation, C-H insertion, Buchner reactions of various diazo compounds, which are
potentially building blocks and expectant to be applied in pharmaceutical and medicinal fields.

In my thesis, Chapter 1 describes the importance of carbene transfer reactions. And a short
review of the metal carbene intermediates in C-H insertion, asymmetric cyclopropanations, and
Buchner reaction have been also illustrated in this chapter. In addition, the application of metal
carbene complexes in the synthesis of biologically-active or natural product-like compounds is
also mentioned.

Chapter 2 is for the synthesis of oxindoles. The oxindole ring is prevalent as an important
scaffold found in numerous natural products and pharmaceutically active compounds. Over the
past few decades, the emerging therapeutic potential of the structural motif of oxindole has

encouraged the medicinal chemists to synthesize novel oxindole derivatives. I report Ru(II)-Pheox



was found to be a highly efficient catalyst for the synthesis of oxindole derivatives in excellent
yields. We developed the efficient synthesis of oxindole derivatives via intramolecular ArCsp2-H
insertion reaction of diazo acetamides derived from the corresponding anilines by using Ru(Il)-
Pheox catalyst. The reaction proceeds smoothly under mild conditions, providing the
corresponding oxindole derivatives in excellent yield (up to 99%). No other side reactions related
to metal-carbene reactivity such as dimerization, aromatic ring expansion and Csp3-H on amide
nitrogen insertion reaction were observed.

On the other hand, the cyclopropane subunit is also present in many biologically important
compounds and it shows a large spectrum of biological properties. 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. Thus, Chapter 3 presents the development of asymmetric catalysts
based on Ru(Il)-Pheox complexes, I developed a new series of Ru-Colefin(sp?) bond-containing
organometallic complexes and successfully applied them to the catalytic asymmetric inter- and
intramolecular cyclopropanations, which are carbene transfer reaction. It is noteworthy that high
yields and stereoselectivity were achieved for frans-cyclopropane carboxylates even with a low
catalyst loading. Catalytic asymmetric cyclopropanations of diazoesters with olefins in the
presence of the Ru-Coefin(sp?)-phenyloxazoline complexes proceeded smoothly to give the
corresponding optically active cyclopropanes in high yields, with a trans/cis ratio 97/3 to >99/1
and 97% to >99% ee (trans). The enantioselectivities were affected by the geminal substituent on
the Ru-Coefin (sp?) bond; the highest enantioselectivities were obtained when using Ru(II)-Prox
catalyst with no substituent at the germinal position of the metal.

Furthermore, medium ring-containing organic molecules, such as seven-membered rings,
are also the cornerstone of many bioactive natural compounds such as guaiane sesquiterpenes,
guaianolide sesquiterpene lactones. However, there are few reports on their synthesis. Thus, the
development of an efficient method to prepare these scaffolds has attracted a significant amount
of research attention. This unique strategy toward seven-membered carbocycles has been utilized
in natural product synthesis. In Chapter 4, I report the development of an intramolecular Buchner
reaction of a variety of N-benzyl diazoamide derivatives in the presence of a chiral Ru(Il)-Pheox
catalyst. The aromatic rings are converted into the corresponding y-lactam ring fused seven-

membered ring system with high regio- and stereoselectivity. A variety of y-lactam fused 5,7-



bicyclic-heptatriene derivatives have been prepared from diazoacetamides in up to 99% yield with
high enantioselectively (up to 99% ee) using a chiral Ru(Il)-Pheox catalyst under mild reaction
conditions.

In conclusion, Chapter 5, the Ru(Il)-Pheox catalyzed C-H insertion reaction and
asymmetric Buchner reaction proved to be the efficient and straightforward methods for the
preparation of oxindole and seven-membered ring which are important intermediates in the
synthesis of many biologically active compounds. Moreover, we have successfully designed and
synthesized a novel Ru-Prox type catalyst. This catalyst showed excellent reactivities and
selectivities in asymmetric cyclopropanation reactions. And it is expected to provide many further
opportunities in asymmetric catalysis.

And in Chapter 6, all the experimental and analytical data as the evidence for Chapter 2

to 4 are described.
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CHAPTER 1

Introduction
1.1 Carbenes

Carbene is a neutral and divalent carbon active species. The general formula is R-(C:)-R’
or R=C:. The term "carbene™ may also refer to the specific compound H2C:, 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. If the non-bonding

electrons have parallel spins, it is the singlet carbene while the non-bonding electrons have parallel
spins in different orbitals, it is the triplet carbene.

y Y

R, R,
/c@ 0 =102° Q,C@ 6 = 125-140° g,C@
R R

R

R

Carbene Singlet carbene Triplet carbene

Figure 1. The electronic structure of carbenes.

Triplet carbenes are paramagnetic and may be observed by electron spin resonance
spectroscopy if they persist long enough. 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 (see also Hund's rule of
maximum multiplicity), thus, in general, the 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.

1.1.1. The history of carbenes

In 1885, the first assumption of a carbene species was reported by Geuther and Hermann.[*]
They suggested that the alkaline hydrolysis of chloroform proceeds though the formation of a
reaction 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 -

1



chloropyridine in chloroformf. 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 diazomethanef®.

Zn
O Cl _ > O . + 1/2 ZnCl,
O O

1 2

Scheme 1. Generation of the first stable radical.

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 statel®l. At the
beginning of the 1950s, there was a resurgence of interest in the organic chemical reactions of
carbenesl®. In 1953, Doering and Knox disclosed an elegant synthesis of tropolones 3 via an

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

CH2N2 KMnO4
UV-light
R

R = Alkyl

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



The most important contribution of Doering and his collaborators came a year later when
they proved the existence of a dibromomethylene intermediate 5, in the first cyclopropanation
product 6 operating via the addition of bromoform to an alkene 4 (Scheme 3)[1,

Then more organic synthesis involving the use of methylene were reported(*?!, prompting

chemists and physicists to have a closer look at this carbenic intermediate.

t B
() o omen OB [T M [T
Br

4 5 6

Scheme 3. Alkene cyclopropanation via methylene intermediate.

1.1.2. Carbene-metal bond formation

The formation of the C—M bond of a carbene-metal complex by orbitals overlapping
requires a narrowing of the valence angle (XCY) at the carbene center [*3l. Carbenes stabilized by
the donation from both -groups (+M/+M), such as diaminocarbenes or dialkoxycarbenes, adopt a
bent geometry with a small valence angle at the central carbon 4. They have the required
geometry to strongly and easily bind a metal fragment. In contrast push—pull carbenes, alkylidenes,
and triplet carbenes adopt a widened valence angle and tend to be linear . They do not have
adequate geometry to bind the metal fragment and any changes of conformation to narrow their
valence angle are energetically unfavorable 3. Consequently, they are very reluctant to form a

metal complex and give a weaker metal—carbon bond.

1.1.3. Fischer carbene complexes

Well-stabilized heteroatomcontaining 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 n-donation and

simultaneously from metal—carbene n-back donation (Scheme 4) 1261,
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OMe ©) OMe e OMe
(0C)sCr= ~—  (0C)Cr—@® (0c)scr—4
Ph Ph Ph

Metal Carbene

Scheme 4. Metal—carbon bonding in Fischer carbene complexes.

The n-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 -groups
[16. 171 For instance, in diaminocarbenes, including NHCs, the metal-carbon bond is seen as a
simple bond; the n-back donation is usually weak because the carbenic carbon is already well
stabilized by n-donation from its amino-groups 8 °1. Fischer carbene complexes are electrophilic
at the carbon—metal bond and are prone to nucleophilic attack at the carbene center (OMe/NMe;

exchange for instance) 3 16181 They are associated with low oxidation state metals 11618 21,

1.1.4. Schrock carbene complexes

Carbene

Scheme 5. Metal—carbon bonding in Schrock carbene complexes.

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 by
the coupling of two triplet fragments (Scheme 5) 3> 201 The z-electrons are nearly equally dis
tributed between the carbon and the metal, and the metal-carbon bond is seen as a true double
bond.[*6: 291 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 a ylide
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instead of a carbene.[*®1 They are found exclusively among early transition metals with the highest

oxidation state.[®!

1.1.5. Generation of carbene

A method that is broadly applicable to organic synthesis is induced elimination of halides
from gem-dihalides employing organolithium reagents. It remains uncertain if under these
conditions free carbenes are formed or metal-carbene complex. Nevertheless, these
metallocarbenes (or carbenoids) give the expected organic products.

R,CBr, + BulLi - R,CLi(Br) + BuBr

R,CLi(Br) - - R,C: + LiBr

Scheme 6. Generation of carbene.

For cyclopropanations, zinc is employed in the Simmons—Smith reaction. In a specialized
but instructive case, alpha-halomercury compounds can be isolated and separately thermolyzed.
Most commonly, carbenes are generated from diazoalkanes, via photolytic, thermal, or transition

metal-catalyzed routes. Catalysts typically feature rhodium and copper.

1.2. Diazocarbonyl compounds

The chemistry of diazocarbonyl compounds has a long history.??l It has attracted the
researchers owing to their diverse applications in organic synthesis. Curtius reported the first
synthesis of a-diazo carbonyl compound in 1883. It involved the diazotization of the natural a-
amino acid Glycine to give ethyl diazoacetate. In 1912, Wolff discovered the well-known
rearrangement that bears his name, ‘Wolff Rearrangement’. But, the availability of a wide range
of diazo compounds came about as a result of the works of Arndt and Eistert and Bradley and

Robinson. Since then, the diazo moiety has become very popular.

1.2.1. Properties of a-diazo carbonyl compounds
In 1935, Boetsch did an electron diffraction experiment, and in 1957, Clusius proceeded a

subsequent labeling experiment. They proved that the correct structure for aliphatic diazo
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compounds is the linear structure.??2l The bonding structure of a-diazo carbonyls is described by

the resonance structures shown in Scheme 7.

©
0 0 g o &
R1lka2 > R1JJ\G)(N2 - R1J\(N2
R2 R? R?

Scheme 7. The resonance structures of a-diazo carbonyls.

Most aliphatic diazo compounds have yellow to red color and absorb strongly in the IR
region from 1950 to 2300 cm™ which is assigned to the N-N stretching mode. In 3C NMR spectra,
the signal for the diazo carbon of diazomethane appears at 6 = 23.1 ppm relative to TMS, whereas
for a-diazo carbonyl compounds the diazo carbon signal is shifted downfield.?*l

In general, the thermal stability of diazo compounds varies very much with substituents
attached to the diazo group. Substituents with electron acceptor ability make a-diazo carbonyl
compounds less thermally stable via stabilizing the resonance contributing structure (Scheme 7)

through delocalization of the charge and hence favoring the nitrogen elimination.

1.2.2. Reactivity of a-diazo carbonyl compounds

Reactions of diazo carbonyl compounds proceed via thermal, photochemical or catalytic
expulsion of nitrogen (-N2), which will lead to give different types of reactive intermediates. For
example, free carbenes, metal carbenoids, carbonyl ylides, and diazonium ions (Figure 2).

(0] (0] (0] N
R1M\/R2 R'IJH.‘/R2 R‘IJK(RZ R1JK(N//

ML R4X\R3 RZX‘R3

Figure 2. Intermediates of a-diazo carbonyls.

These reactive intermediates lead to a wide variety of reactions, which can be organized
into the following categories: 1,3-dipolar cycloaddition reactions of the diazo group, [3+2]
cycloaddition reactions of carbonyl ylides from carbene intermediates, cyclopropanations,



aromatic cycloadditions, insertion into X-H (X = C, O, S, N) bonds, Wolff rearrangements, ylide
formation and its subsequent reactions, a,a-substitution reactions and oxidation of the a-diazo

group (Scheme 8).[2%1

C-H Insertion Reactions

Q » G

A\
O

Diazo Carbonyls Wolff Rearrangement Reaction

X-H Insertion Reactions

<.

XR

Ylide Formation Reaction

.

Scheme 8. Reactivity of a-diazo carbonyls.



Catalytic aromatic cycloaddition and cyclopropanation reactions of a-diazo carbonyl
compounds will be explained in detail since they relate to the chemistry to be discussed in this

dissertation.

1.3. Transition—metal—catalyzed aromatic C—H insertion reactions

Reactions of a-diazo carbonyl compounds with aromatic substrates leading to aromatic
substitution products is a significant pathway which, depending on the substrate structure, can
compete effectively with the aromatic cycloaddition process. In some cases, exclusive aromatic
substitution is observed, while in other mixtures of products are formed. Although incorrectly
termed C—H insertion, the process differs mechanistically from aliphatic C—H insertion in that
aromatic C—H insertion is believed to involve the formation of a zwitterionic intermediate from
electrophilic addition of a metal carbene to the aromatic ring and a subsequent rapid proton
transfer.[46.47]

These types of reactions, which can proceed both in an intermolecular and in an
intramolecular fashion, are a powerful synthetic tool by which C—C bonds can be formed between
two sp2-hybridized carbons under relatively mild conditions. These reactions have been

traditionally carried out in the presence of a transition metal catalyst, usually, rhodium or copper.

1.3.1. Intermolecular aromatic C—H insertion reactions
The area of intermolecular aromatic substitution has received increased attention in recent
years. In there, gold, copper, and rhodium complexes have emerged as potentially useful catalysts

for intermolecular aromatic substitution reactions.!**~2

\ CO,Et
N@ CO,Et Cu(OTf), \NO—<
< + N2:< >

CH,Cl,, RT < Ph
CO,Et Ph CO,Et

up to 89% vyield

Scheme 9. Copper-Catalyzed Intermolecular Aromatic Substitution Reaction.

Tayama and coworkers reported high yields in the intermolecular reactions of a-diazoesters

with N,N-disubstituted anilines (Scheme 9).*¢1 Reactions were carried out in the presence a range



of Lewis acid catalysts, and were found to proceed efficiently and with high yields in the presence
of Cu(OTf)a.

Diaz-Requejo and Perez found that that the complex IPrAuCl in the presence of Na(BARF)
as a halide scavenger promoted the conversion of toluene and ethyl diazoacetate into a 4:1 mixture

of aromatic C—H functionalization product and cycloheptatriene product (Scheme 10). [4:50]

Me

N7 “CO,Et X CO,Et =
Me—r + Me—
IPrAuCl, NaBARF _ N/

CO,Et

Scheme 10. Gold-catalyzed reaction of EDA with toluene.

On another hand, Li et al reported that rhodium(lll)-catalyzed intermolecular aromatic
C—H functionalization reactions of diazocarbonyl compounds with aromatics bearing azacycle
directing groups. The range of azacycle directing groups included pyrazoles, pyrimidines, and

oxazoles (Scheme 11).55%

R']

DG DG
NZZ\COzRZ
- CO,R?

[Cp RhCl,], (1 mol%), AgSbFg (5 mol%)
EtOH, 75 °C R’

-98% yield
) N\/j Ni> 0 52-98
DG = §7 N §—<}\l / §_<\N

R' = CO,R?, PO(OEt),, Ts, CONH,, COPh
R? = Me, Et, Bn, i-Pr

Scheme 11. Catalyzed azacycle-directed intermolecular aromatic C—H functionalization.

1.3.2. Intramolecular aromatic C—H insertion reactions

The intramolecular aromatic substitution reaction has been more extensively investigated
than its intermolecular counterpart. It represents a versatile method of annulation of a benzene
nucleus and has much appeal in medicinal heterocyclic chemistry. A number of successful
reactions involving the formation of [6,5]-bicyclic systems have been reported, allowing the

formation of both carbocyclic and heterocyclic systems such as indanones,® oxindoles, > ¢



benzofuranones,Y and sultans.[®? Formation of other bicyclic systems, such as [6,6]-bicycles, is
possible; however, competition between reaction pathways may occur in such cases. 6376

The reactions of a-diazo-p-ketoesters leading to 4-carbonylchromane derivatives were
investigated and were found to be more selective than their nitrogen-based counterparts, achieving
yields up to 97%. (Scheme 12).1]

O.__OEt O.__OEt
N2\
R @\ ’ o R— ~ ?
g CH,Cl, B
2 Z>o
R = H, 4-Cl, 4-1, 4-F, 4-MeO, 4-Bu, 4-Ph, 2-Cl, 2-MeO, 3-MeO, up to 97% vyield
2-1, 2-Me, 2,3-DiMe, 3,4-[1,3]Dioxole,1-Naphthyl, 2,6-DiMe.

Scheme 12. Rhodium(I1)-catalyzed aromatic substitution reactions of a-diazo-p-ketoesters.

Traditionally, intramolecular aromatic substitution reactions have been carried out in the
presence of rhodium(Il) or copper catalysts. However, in recent times other metals have emerged
as potentially useful catalysts for this type of transformation, although, in most instances, these
catalysts have seen themselves restricted to certain diazocarbonyl substrates. Rhodium, 485566l
copper,® ruthenium, 8 and silver®! catalysts have all found applicability in reactions involving
a-diazo-B-ketoanilides forming [6,5]-bicyclic products.

o Nas R H, R
1L S)-BINOL, Ti(O'Pr X
R (;L I (S) LT R .
CHPh, CHPh,
R = Me, Et, Bn, 2-Methyl-prop-2-enyl up to 96% ee
R' = 4-Me, 4-F, 4-Cl, 4-MeO,
3,5-MeO, 3-MeO, 5-MeO.

Scheme 13. Titanium BINOLate-catalyzed enantioselective intramolecular aromatic C—H

functionalization.

A titanium complex has also recently been reported as a successful catalyst for these types
of substrates.[®® The reactions were found to proceed efficiently, resulting in oxindoles in both
high yields and high enantioselectivities (Scheme 13).
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1.4. Cyclopropanations

The cyclopropane subunit is present in many biologically important compounds including
terpenes, pheromones, fatty acid metabolites, and unusual amino acids 71, 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.
The enantioselective synthesis of cyclopropanes has remained a challenge, since it was
demonstrated that members of the pyrethroid class of compounds were effective insecticides. !

1.4.1. Simmons-Smith cyclopropanation

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
RZnCHzl or 1ZnCH: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.[6]

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 14, path A), in
which the pseudo-trigonal methylene group of a halomethylzinc halide adds to an alkene z-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 w-bond
followed by intramolecular nucleophilic substitution of the pseudo-carbanion, can be supposed
(Scheme 14, 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
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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 course.l™”

(X/LA XZ /X/LA 2+
n
X,Zn J > H&\ H
>4

Path y CZ H H

XZn—\
X

+ Methylene transfer /\ + ZnX;

H20=CH2

Path R X 2+ X‘) SNZ
XzZn--7" xzn
oM - >_%
H H

Carbometallation

Scheme 14. Possible mechanisms for the Simmons—Smith reaction

It took place through two stages, an SN2-like displacement of the leaving group by the
olefin, followed by 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.l’]

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 1ZnCHal relative to dialkylzinc carbenoid
Zn(CHzal)2, 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.[’2

1.4.2. Transition-metal-catalyzed decomposition of diazoalkanes
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Since the pioneering work of Nozaki et al. in 1966, 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 diasterocontrol 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 15).

3 5

N, ML, R R
R‘1 R2 R4 R6

R! R?

N>
MLn R3 R5
1 2

R R R4 6

Scheme 15. Accepted catalytic cycle for the carbenoid cyclopropanation reaction

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.

1.4.2.1. Cobalt
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. The

mechanism of this reaction was examined by EPR and electrospray ionization—mass spectrometry
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(ESI-MS) techniques, especially when cobalt—porphyrin catalysts were used, and evidence for a
two-step mechanism was uncovered (Scheme 16).I74]

The first step is an adduct formation that could exist as two isomers: the “terminal carbene”
and the “bridging carbene.” In the former, the “carbene” behaves as a redox noninnocent ligand
having a d6 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.

R3 N,
R
Co(lll)(Por) R’
(Por)(ICo
H, M"IRz o
R3 R’ \N[ R

"Bridging carbene"
f
R3 Co(lll)(Por)
- N "

"Terminal carbene"

Scheme 16. Mechanism of cobalt—porphyrin catalysis.

1.4.2.2. Copper

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 C2-
symmetric bidentate bisoxazoline (box) ligands have been used 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
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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 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
enantioselectivity of asymmetric catalysis was predicted based on quantitative quadrant-diagram
representations of the catalysts and quantitative structure—selectivity relationship (QSSR)
modeling.["®! The data set included 30 chiral ligands belonging to four different oxazoline-based
ligand families. In a simpler approach, the derived stereochemical model indicated that an
enantioselective catalyst could be obtained by placing very large groups at two diagonal quadrants
and leaving free the two other quadrants. A higher-order approach revealed that bulky substituents
in diagonal quadrants operate synergistically. Some chiral ligands for the copper-catalyzed

cyclopropanation are listed in figure 3.

R! R? 7 R'=R%?=Me;R®='Pr; R* = H
8 R'=R?=Me;R*=Bu;R*=H

4 OW)QKO 4
R'-&I \ R 9 R'=H;R?2=Me;R®=Bu;R*= H
—N N 10 R'=R%=Me;R®=Ph;R*=H

RS R3 11 R'=R2=H;R¥=R*=Ph

12 R = OCHO
13 R = 0,CMe

Figure 3. Box ligands’ structures for asymmetric cyclopropane reactions.
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Some of these copper(l)-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.[”"]

For example, the cyclopropanation of N-Boc-3-methylindole yielded a key building block
for the synthesis of the indole alkaloid (—)-desoxyeseroline in 59% overall yield with 96% ee
(Figure 3).I®1 Moreover, ligand box 7 (Figure 3) performed the stereoselective preparation of the

tetracyclic core, and key intermediate, of cryptotrione (Figure 4) in 93% yield with >91:9 dr.

N H

(9-Desoxyeseroline Cryptotrione

Figure 4. Some natural products prepared by copper-box-catalyzed cyclopropanation.

Diazoalkanes have been employed in copper—bisoxazoline-catalyzed cyclopropanations.
For instance, a-diazophosphonate diazomethane was used to obtain cyclopropylphosphonate
derivatives under entbox catalysis (Scheme 17a). Another example is the reaction of diazomethane

with trans-cinnamate esters (Scheme 17b).l"]

a)
Ph Cu-ent-box8 Ph/ ;; \PZO

+ N,CHPO(OP > + <
N7 NeEHPOlOR) 72-91% rRo OR
84:16 to 90:10 E/Z
92-93% ee E , V4
R= Me, Et, i-Pr

b)

Ph CHAN Cu-ent-box10
+ ’ o
A\ 22 43-80%

Single diastereomer
55-80% ee R= Me, Et, i-Pr, Bn, Ph,
4-N0206H4, 4-MeOCGH4, 4-Tol

Scheme 17. Copper-bisoxazoline-catalyzed cyclopropanation of some diazoalkanes.
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1.4.2.3. Rhodium

Rhodium-based chiral complexes were synthesized and tested in both inter- and intramolecular
cyclopropanations. In particular, the development of dirhodium(I1) carboxylate and carboxamidate
catalysts (Figure 5) has resulted in many highly chemo-, regio-, and stereoselective reactions of a-

diazocarbonyl compounds.

R O-TRh R
o, > {l - 7
N OTRh
X
© O-tRh -Rh
)
X X O—TRh ~Rh
- X 4 —Ph Ph —, N 4 |
14 Rhy(S-PTTL)4: X =H, R='Bu 17 Rh,(R-TPCP),: R = H 20 Rhy(S-IBAZ)4: R ='Bu
15 Rh,(S-TCPTTL),: X = Cl, R = Bu 18 Rh,(R-BTPCP),: R = Br 21 Rhy(S-BNAZ),: R=Bn
16 Rhy(S-TBPTTL),: X = Br, R = 'Bu 19 Rh,(R-BPCP),: R = Ph 22 Rhy(S-MEAZ),: R = Me

Figure 5. Chiral dirhodium catalysts for asymmetric cyclopropanations.

Charette’s research group found Rho(S-1IBAZ)4 as an efficient catalyst for cyclopropanation
of o-cyanodiazophosphonate and a-cyanodiazoacetate.®l 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, «-
cyanocarbenes are forced to stay in-plane, conversely from other electron-withdrawing groups,
which adopt an out-of-plane conformation. The in-plane conformation is highly energetic, thus
leading to a more electron-deficient reactive carbene, allowing less nucleophilic z-systems such

as allenes to react.

n 18 Rh,(R-BTPCP),

R i CO,M
- . (0.01-1 mol%) _ A/er
| 54-92% R Ar

MeO,C N, 83-97 ee

R = Ph, 4-CF3CgHg, 4-NO,CgHy, 4-CICgHy, 3,4-Cl,CqHs,
4-MeOCgH,, 0-Tol, 2-MeO,CCgH,, Bu

Ar = Ph, 4-CF5CgH,, 4-CICgH,, 3,4-Cl,CgHs,
3,4—(MeO)206H3

Scheme 18. Cyclopropanation of styryldiazoacetates.
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Dirhodium complex Rh2(R-BTPCP)4 was found to be an effective chiral catalyst for the
enantioselective cyclopropanation of styryldiazoacetates (Scheme 18).[82 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.

16 Rhy(S-TBPTTL),

N, . \"/RZ (1 mol%) tBuozc}A\\Rz
)J\COZtBu 59-95% R

1
R 9:1 to >99:1 dr
81-93 ee

R1 = Ph, 4—CF3C6H4, 4—FC6H4, 4—C|C6H4, BU,
4-MeOCgH,4, 1-Naph, 2-Naph,PhCH=CH,
R? = H, Me, Ph

Scheme 19. Enantioselective cyclopropanation with a-diazopropionate.

Hashimoto described that the reaction of 1-aryl-substituted and related conjugated alkenes
with tert-butyl a-diazopropionate by catalysis with Rho(S-TBPTTL)4 led to the corresponding
(1R,2S)-cyclopropanes containing a quaternary stereogenic center (Scheme 19).[3

Awata and Arai achieved the asymmetric cyclopropanation of diazooxindoles with Rha(S-
PTTL)s as the catalyst. Spirocyclopropyloxindoles, which constitute biologically important
compounds, were obtained in good yield and diastereoselectivity (Scheme 20).[41 Then the
mechanism of this reaction was detailed by DFT calculations, which demonstrated that the origin
of the trans-diastereoselectivity lies in the n—=n 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 n—r and CH—m interactions in the transition states.[®]

Charette’s research group prepared various heteroleptic complexes and tested them in the
cyclopropanation reaction of styrene with a-nitrodiazoacetophenones.® Thus, the replacement of

one tetrachlorophthalimide ligand from 15 Rhz(S-TCPTTL)4 with phthalimide, succinimide, or
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1,8-naphthalimide ligands did not significantly affect the asymmetric induction, whereas 2-

naphthylacetate as the fourth ligand furnished a racemic product.

N R,
2 14 Rh,(S—PTTL), “
o .\ Vs (1 mol%) _
R 65 to >99% o
N 88:12 to 98:2 dr

Iz

48-74% ee
R = 4—C|CGH4, 3—C|CGH4, 2—C|CGH4,

4-FCgHy4, p—Tol, 4—-MeOCgH,, Pr

Scheme 20. Enantioselective synthesis of spirocyclopropyl oxindoles.

The absence of enantioinduction was ascribed to a lack of rigidifying halogen bonds in the
2-naphthylacetate complex and to the absence of the N-imido moiety evidently necessary in all
ligands to achieve a high asymmetric induction, independently of whether or not the fourth
carboxylate is chiral. Charette also found that the asymmetric induction increased, replacing one
of the four chiral ligands with a ligand that has a gem-dimethyl group instead of the chiral center,
because of a conformational change in the catalyst owing to the presence of the two methyl groups
in the fourth ligand.

Finally, just one rhodium(l) chiral catalyst was reported for the cyclopropanation of alkenes
with  dimethyl diazomalonate (Scheme 21).57 By wusing the (R,R)-configured
tetrafluorobenzobarrelene complex, the S-configured cyclopropanes have been recovered. The
reaction of a-methylstyrene gave only 57% ee, and in the reaction of 4-phenylbut-1-ene, as the
representative of aliphatic alkenes, the enantioselectivity and yield were both low. Experimental
evidence supported a transition state wherein the carbonyl oxygen on the ligand was coordinated
to the rhodium(l) center. An active single coordination site on the rhodium cation was essential for
the catalytic activity. In fact, the more bonded chloride ion, instead of the tetraborate, was not

catalytically active.

1.4.2.4. Ruthenium

Many highly active and selective homogeneous ruthenium catalysts have been introduced
for the asymmetric cyclopropanation of alkene.[® Indeed, ruthenium has emerged as an 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
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presumed ruthenium-—carbene intermediates, which often restricts the application to terminal

activated alkenes and double bonds with a higher degree of alkyl substitution.

'\ ,

®Rp----- N(Pr),
|
PPhj
Cone @B[3,5-(CF3)2Ph]4 MeOZC COzMe
N2:< . R~ (2 mol%) _
CO,Me 57-96% R
80-90% ee

R = Ph, O—TOl, p—TO', m—TOl, 4—C|C6H4, 4—CF3CGH4, 4—MeOCGH4, Ph(CH2)2

and Ph\’/

Scheme 21. Asymmetric cyclopropanation catalyzed by a rhodium(l) complex.

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.

Garcia and coworkers reported an extensive comparison of the two enantioselective
catalytic systems Ru-Pybox and Cu-box complexes by ab initio calculations in the
cyclopropanation of alkenes with methyl diazoacetate. 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).[®1 Moreover, 1-tosyl-3-vinylindoles
were excellently cyclopropanated by Nishiyama’s catalyst with ethyl and t-butyl diazoacetate
(Scheme 22).[°%1 |t should be noted that the E/Z diastereoselectivity was notably improved when
using t-butyl diazoacetate. Nishiyama also developed the water-soluble hydroxymethyl derivative.

The reaction of styrene with different diazoacetates in aqueous media provided the corresponding
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cyclopropanes in 24-75% vyields, with 92:8 to 97:3 E/Z ratio, 57-94% ee (1S,2S), and 26-76% ee
(1R,25).0U

| X
=
o N o 1
Fodd
TTTTRUTT - z
= iPr = “ipr
R2 N RuPybox R?
A\ . |2 (2.5 mol%) \
3 > 3
R CO,R! 73-85% R
N 2 N
Ts 89:11 to 96:4 dr Ts
81-88% ee R' = Et, ‘Bu
R?=H,F, CN;R®=H
R?=H; R®= Me

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

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 EDA.[°?

Bis(oxazolinyl)phenyl ruthenium complex (Ru-Phebox) was efficient for the
cyclopropanation reactions of various styrene derivatives with tert-butyl diazoacetate (85-92%
yields with 82:8 to 96:4 E/Z ratio and 98-99% ee (1R,2R).[®¥l 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
H0 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-salen systems (Figure 6) displayed cis-selectivity in the cyclopropanation reaction
(83:17 to 93:7 Z/E ratios, >97% ee).’l In particular, catalyst Ru-salen also 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.® Besides, Ru-salen, with the two free coordinating sites occupied
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by pyridine ligands, gave excellent enantiomeric excesses in the cyclopropanation of mono or 1,1-
disubstituted alkenes (30-97% vields, 66:34 to >99:1 E/Z ratios, 69-99% ee (trans)).[*®]

R! R?
)—{ Ru-salen
—N. N= 23 R'=R2= (CH,),
/RU\ 24 R'=H,R?=Me
By O O By 25 R'=R?=Ph
26 R'=R?=H
Bu Bu

Figure 6. Several ruthenium—salen complexes for asymmetric cyclopropanations.

Recently, our Iwasa's research group reported that ruthenium(ll)-phenyloxazolidinyl
complex (Ru(ll)-pheox 27) was found to be the crucial catalyst for the cyclopropanation of
monosubstituted alkenes with succinimidyldiazoacetate 28 under mild conditions (Scheme 23).[96]
The desired cyclopropane products 29 were obtained in high yields (94-98%) with excellent
diastereoselectivities (trans/cis >99:1). The products then were reduced using LiAIH4. To give the
corresponding alcohols 30 without epimerization. The absolute configuration of the products was
proved to be (1R, 2R). the preferred prochiral face for the attack of the the seven-membered ring
formed as a result of coordination between the succinimidyl cyclopropanation of vinylcarbamates
with diazo esters was also carried out using Ru(ll)-pheox 27.°71 The corresponding
cyclopropylamine derivatives were obtained in high yield (77-99%), excellent d.r (up to 24:1, with
N,N-disubstituted vinylcarbamates) and enantioselectivity (up to 99% ee). However, the reaction
of equimolecular amounts of cis- and trans-isomers with low enantiomeric excess.

Iwasa’s research group also reported an interesting intramolecular cyclopropanation in
water as reaction medium.& Ru(11)-pheox 31 was completely soluble in water, and completely
insoluble in diethyl ether. The easy separation of the ether phase, which contains the cyclopropane
product, the catalyst in the water phase was tested for reuse and it was proved to be reused at least
five times without significant decrease in reactivity or enantioselectivity. The reaction of trans-
allylic diazoacetates carried out at room temperature in the presence of 5 mol% of Ru(ll)-pheox
31 afforded (1S,5R,6R)-3-oxabicyclo[3.1.0]hexan-2-ones in 89-99% yield with 83-99% ee.
Disubstituted allylic diazoacetates gave lower results (76-95% yield, 36-97% ee), while cis-allylic

diazoacetates were not tested.
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Ru(ll)-pheox 27 LiAIH, R
0, > [ C_

NzoCOSu + R —mo), = _(2equiv)

CH,Cl,, RT D«co28u Et,0, 0 °C, 2h
OH

28 29 30

[ R PFe 94-98% yield > 99% yield
trans/cis >99:1 91-99% ee

0]

N |J
Ru—

| !
(NCCHg)s P, |

Ru(ll)-Pheox 27 R =H
31 R = CH,OH

Scheme 23. Ru(Il)-pheox catalyzed asymmetric cyclopropanation of terminal alkenes.

The intermolecular cyclopropanation of styrene with diazoacetate catalyzed by the same
catalyst Ru(ll)-pheox 31 was attempted. Although, the high trans-selectivity (97%), the
cyclopropanation product was isolated in only 30% yield. Ru(l1)-pheox 31 was also supported on
the macroporous polymer and gave the best results among the heterogeneous catalyst reported here.
Moreover, it was more effective tha the unsupported version at a loading of 6 mol%. In fact, not
only did trans-allylic diazoacetates react in less than a minute to give (1S,5R,6R)-3-
oxabicyclo[3.1.0]hexan-2-ones in 94-99% yield with 83-97% ee, but the supported catalyst also
afforded the corresponding (R,R)-cyclopropanecarboxylates intermolecularly, by reaction of
alkenes and diazoacetate, in 80-99% yield with 91-99% ee.[*l The most relevant feature of this
catalyst is its reusability as it can be recycled more than ten times, even after three months of
storage of the used catalyst, without any loss in its catalytic activity or selectivity. These valuable

results encourage further pursuit in the development of efficient supported ruthenium catalysts.

1.5. Buchner reaction
1.5.1. The history of Buchner reaction

The Buchner ring expansion reaction was first discovered in 1885 by E. Buchner and T.
Curtius®! who prepared a carbene from ethyl diazoacetate for addition to benzene using both
thermal and photochemical pathways in the synthesis of cycloheptatriene derivatives. Since this
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discovery, the non-catalyzed and metal-mediated variants of this reaction have become important

methods for the preparation of seven-membered rings.[?*]

) © O sigmatropic 0
Hk O shift
R — — D E——
| ML R R
N, " R
32 33 34 35

Scheme 24. The Buchner reaction.

The process is believed to involve cyclopropanation of a benzenoid double bond by an a-
ketocarbene or a metal carbene. The initial product is an acylnorcaradiene, 33, which is prone to
spontaneous, though reversible, electrocyclic ring opening to form an acylcycloheptatriene, 34
(Scheme 24).1%1 This initially formed acylcycloheptatriene 34 may undergo sigmatropic
rearrangements to give a thermodynamic mixture of cycloheptatrienes 35.2°1

SOREE (9

Scheme 25. Predominance of norcaradiene.

There are several cases known where the norcaradiene intermediate is stable and isolable
due to prevention of the electrocyclic ring-opening process by geometric (Scheme 25)7 or

electronic (Scheme 26) constraints.[28!

CN CN
CN CN

Scheme 26. Stabilization of norcaradiene.

The intermolecular Buchner reaction was discovered with poor yields and the formation of

isomeric cycloheptatriene products that were difficult to separate.[?®l To improving the synthetic
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application, intramolecular Buchner reaction was studied in combination with the use of

heterogeneous copper catalysts.

1.5.2. Transition—metal—catalyzed intramolecular Buchner reaction of a-diazo carbonyls
1.5.2.1. Buchner reaction vs C—H insertion

For intramolecular Buchner reactions, the structure of the a-diazocarbonyl can have a
dramatic effect on the ensuing reaction, in terms of both chemo- and regioselectivities.
Intramolecular aromatic cycloaddition reactions are typically favored in systems having a three-
atom spacer between the aromatic ring and the diazo carbon since an alternative C—H insertion
would produce a four-membered ring (Scheme 27).

However, the C—H insertion process becomes competitive in substrates containing four-
atom spacers since five-membered ring formation is now permitted.®? The nature of the
substituent R on the diazo carbon, and the identity of the catalyst and its attendant ligands, can also

affect the outcome.

C-H Insertion

N,

R
©\i/|/o Metalic Catalyst

)
Aromatic Cycloaddition &
>~ R

Scheme 27. Buchner reaction vs C—H insertion.

The first intramolecular system studied, in the 1990s, was 1-diazo-4-phenylbutan-2-one 37,
a terminal diazoketone (R = H) possessing a three-atom spacer.2%l Prior to the advent of rhodium
catalysts, the intramolecular Buchner reaction of 37 under copper catalysis had been observed to
produce an azulenone, 36, in low yield.Y However, the promise implicit in this potentially new

direct route to azulenes only became apparent when this reaction was reinvestigated under rhodium
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catalysis and was found to yield the isomeric kinetic azulenone 38 in high yield (Scheme 28).E%
32]

0 ’\Ilz o]

0 = oy = o
36 37 38

13% yield 95% yield

Scheme 28. Copper and rhodium catalyzed intramolecular Buchner reactions.

1.5.2.2. Rhodium catalyzed intramolecular Buchner reaction

Dirhodium(Il) catalysts were demonstrated that they improved effectively the
intramolecular Buchner reaction. The reports of McKervey, Padwa and others showed the effects
of arene substitution, diazo structure and catalyst electronics on the selectivity of the
cyclopropanation.

The intramolecular Buchner reaction tolerates a range of substituents on the aromatic ring
ranging from nitro to alkyl with a significant degree of regiocontrol: ortho substitution on the
aromatic ring generally tends to direct cyclization away from the substituent. There has been some
debate in the literature on the directive effect of an 0-methoxy substituent,[30 32,33, 3]

O OMe OMe
'V'eof # :( /f TFA l o
N,
|
O Rhy(0Ac), 39
0) (@]
OMe 0
. TFA_
OMe OMe OMe
40

Scheme 29. Rhodium catalyzed intramolecular Buchner reactions.
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Since the original report by McKervey®® 3 in the early 1990s that an o-methoxy
substituent favors cyclization toward itself, the issue has been ultimately resolved by independent
reports by Manitto® and Maguire.*®! The initial product of the reaction is indeed formed by
addition away from the methoxy substituent to form the kinetic product 40, the 5-substituted
azulenone, but this kinetic product is thought to rearrange to the thermodynamic product 39.
Subsequent treatment of either azulenone product with trifluoroacetic acid results in the
corresponding tetralone product (Scheme 29).

In addition it was found that substitution on the aryl component could affect the product
obtained from the reaction.®”] In most cases, substrates bearing electron-donating groups in the
ortho or para position reacted efficiently with low catalyst loadings to produce norcaradienes in
moderate to high yields in most cases (Scheme 30a).

However, in the case of electron-donating groups in the meta position, the resulting
norcaradienes were found to be unstable, rearomatizing easily to benzo-fused cycloheptanones (up
to 93% yield) (Scheme 30b).E7]

a) N CN
Y 2 Rhy(esp)
Re CH,Cl,, -40°C R °
, O 22" = CN
H
R = ortho/para substituent 50-90%
b) N CN R
m Rhy(esp),
_— —_—
CH,Cl,, -40 °C
R O 2~12s
3 NG 0]
R = Me, MeO 81-93%

Scheme 30. Buchner reactions of cyano-substituted diazoketones.

Substrates bearing electron withdrawing groups on the aromatic ring also produced stable
norcaradienes, though less efficiently and generally in lower yields (Scheme 30a). An analogous

series of a-diazo-f-cyanoamides behaved similarly when subjected to rhodium(Il) catalysis,
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forming stable norcaradiene products, though yields were typically lower because of increased
formation of carbene dimer products.

Reisman’s study is the latest demonstration of the power and versatility of the Buchner
cycloaddition reaction in fused- and bridged-ring carbocyclic synthesis.

Besides, McKervey and co-workers reported the first example of enantioselectivity in the
intramolecular Buchner reaction in the cyclization of 2-diazo-5-phenylpentan-3-one to the
azulenone 41, achieving enantioselectivities up to 33% ee with a rhodium(ll) prolinate-based
catalyst (Scheme 31).3%

N, o) Me 9
 Me Rh,L, Me H,, Pd-C :
CH,Cl, EtOH
H
41
33% ee

Scheme 31. Enantioselective rhodium-catalyzed intramolecular Buchner reaction.

1.5.2.3. Copper catalyzed intramolecular Buchner reaction

Copper catalysts were also effective for the intramolecular Buchner reaction. Since the
early 20" century, using the solubility ligands has enabled further development beyond the
heterogeneous catalysts employed. In 1960s, there is a lot of application of homogeneous copper
catalysts for alkene cyclopropanation, after the reports of Nozaki and Moser.[*8l In 1984, Saba
showed that o-diazoketones the reaction rate and efficiency with soluble Cu(ll) salts.t!

In the study of the intramolecular reaction of tetralin 2-diazo ketone 42 (Table 1), Mander
summarized the selectivity of both catalyst systems.[*]

The results showed that the yields of arene cyclopropanation are highly dependent on both
the catalyst and the arene substitution pattern. While rhodium catalysts provided mixtures of
norcaradiene 43 and cyclopentanone 44, copper catalysts provided lower overall yields, but
delivered better selectivity for the norcaradiene. Copper bisoxazoline complexes have recently
emerged as successful catalysts for intramolecular Buchner reaction of a-diazoketones, obtaining

enantioselectivities up to 95% ee (Scheme 32).141]
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Table 1. Mander’s studies of tetralin 2-diazomethyl ketones.

X N = (@) = 0
R~ 2 —_ —
42 O 43 44

Entry R Catalyst Yield [%] of 43 Yield [%] of 44
1 H Rhy(OAC), 39 41
2 H Cu(acac), 56 6
3 5-CH30 Rhy(OAC), 34 41
4 5-CH30 Cu(acac), 56 12
5 6-CH30 Rhy(OAC), 71 14
6 6-CH30 Cu(acac), 61 17
7 7-CH30 Rhy(OACc), 46 44
8 7-CH30 Cu(acac), 64 3

This is the highest enantioselectivity to date reported for this transformation. Further work
determined that the presence of additives such as Na(BARF) or K(BARF) enhanced the
enantiocontrol of the reaction, particularly in the case of a-diazoketones bearing electron-

withdrawing groups in the para position of the aryl ring.[*?]

o [Cu(MeCN),]PFg

45, CH,Cl,, 40 °C

95% ee

o?<(o
&/ \Q
N N
PR 45 Ph

Scheme 32. Enantioselective copper-catalyzed intramolecular Buchner reaction.

1.5.3. Synthesis bioactive compounds by intramolecular Buchner reaction
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Selected example of bioactive compounds can be synthesized by intramolecular Buchner

reaction

0] Rhy(mand),

CH,Cl,
AcO AcO

A

AcO

O~ 0" | =

Confertin 46

Scheme 33. Formal synthesis of (x)-confertin.

The intramolecular Buchner reaction has also found great applicability in the area of
bicyclic synthesis.[*> 44 Here are selected example of bioactive compounds can be synthesized by
intramolecular Buchner reaction such as: (¥)-confertin 46 (Scheme 33).[%l: diterpenoid
harringtonolide 47, (Scheme 34).1*°1: gibberellin derivatives (Scheme 35).[45

MeO

Rh(ll)
DBU

Harringtonolide 47

Scheme 34. Synthesis of harringtonolide.
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Scheme 35. Synthesis of gibberellin derivatives.

1.6. Research objectives

The typical reactions of free carbene are the addition into n-bond and the insertion into c-
bond. To modulate the reactivity of the free carbene, a complexation with a metal lead to the
carbenoid. The metal-carbenoid is a powerful and useful method for constructing targeted
molecules. And in our laboratory, we successfully synthesized the Ru(ll)-Pheox - an efficient

catalyst in the asymmetric carbene transfer reaction.

On another hand, the small and medium ring-containing organic molecules, such as three-,
four-, five-, six, and seven-membered rings are presented in many biologically important
compounds and they show a large spectrum of biological properties.

It inspired us to find novel and diverse approaches to the new methodology for:

- Synthesis of the oxindole derivatives.
- Synthesis of the cyclopropane ring.

- Synthesis of the 7 membered rings
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CHAPTER 2
Highly efficient synthesis of oxindole derivatives via catalytic intramolecular C-H insertion
reactions of diazoamides

2.1. Introduction
The oxindole ring is prevalent as an important scaffold found in numerous natural products

and pharmaceutically active compounds: antifungal, antibacterial and antiviral activities,
antimicrobial activity, antioxidant activity.[*% 111 Especially, in our previous report, oxindole
derivatives play an important role as a starting material for the synthesis of optically active spiro-
cyclopropyl oxindole derivatives.

Over the past few decades, the emerging therapeutic potential of oxindole structural motif
has encouraged the medicinal chemists to synthesize novel oxindole derivatives. Therefore, many
reports approach toward the oxindole substructure includes: the derivatization of isatin and
indoles,™**?! application of Heck reactions of aniline derivatives**®l or the Friedel-Crafts procedure

using palladium-catalyzed C-H functionalizations.[**

a) M902C Cl
N O O [Pd cat.] (4-15 mol%) N
R0 P Cs,CO;4 - R'T 0

N OMe DCE, reflux, 48-96h N

R N R

THF, RT, Ny, 15 min \

b)

AN /NZ AN
Fv@\ /E Cu(OTH), (5 mol%) r1L o
= N o > = N
|
R

up to 93% vyield

Scheme 36. Transition metal catalyzed C-H insertion reaction of diazoacetamides.

However, those methods usually require harsh reaction conditions (the strongly acidic
conditions, high temperatures) and a multi-step synthesis of the corresponding starting materials
as a functionalized precursor. So, existing methods are limited in their scope and generality.

On another hand, the oxindole framework can be constructed via intramolecular C—H
insertion reactions of a-diazo compouds by using transition metals such as Rh, Ru, Ag, and Pd as

catalysts. In this regard, in 2017, a significant contribution was made by Parul Garg et al,
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demonstrating that a copper-catalyzed (5 mol%), ligand-free, divergent route toward oxindoles
and isatins via intramolecular cyclization of a-diazoanilide with yield up to 93% (Scheme 36b).[*?4
Recently, the Pd-catalyzed intramolecular carbene C-H insertion of «o-diazo-a
(methoxycarbonyl)acetamides to prepare oxindoles (yield up to 79%) as well as -lactams was
studied by Solé and coworkers (Scheme 36a). Both these establishments approach to acquire
oxindole derivatives still remains challenging such as a large amount of catalyst or special reaction

conditions.

a) Our previous work: Regio- and enantioselective insertion reaction into primary C-H bonds

N
0 0]
R

Ru(ll)-Pheox
N N
A S

up to 99% yield, 91% ee
b) This work: Intramolecular C-H insertion reaction of diazoacetamides

N, X
Ru(ll)-Pheox (1 mol%) R o)
—> Z N

DCM, RT, 1 min \
R2

up to 99% yield

Y

Scheme 37. The efficiency of Ru(ll)-Pheox in the synthesis of oxindole derivatives and their

spirocyclopropanation.

In the past several years, our group has been engaged in developing a Ru(ll)-Pheox
complex, which is efficient in carbene transfer reactions, in particular, asymmetric
cyclopropanation and Si—H insertion reactions. %]

Due to the interest in the catalytic C-H insertion reaction of diazoacetamide, as well as the
importance of the oxindole scaffold in natural product synthesis, we have recently described the
results of experiments designed to probe the efficiency of Ru(l1)-Pheox in the synthesis of oxindole.
In this paper, we describe the development of an intramolecular C-H reaction of a variety of
diazoacetamide derivatives in the presence of Ru(ll)-Pheox catalyst for selective synthesis of
oxindole derivatives (Scheme 37b).
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2.2. Results and discussions
Table 2. Catalyst screening experiments for Ru(I1)-Pheox catalyzed intramolecular C-H insertion

of 2-diazo-N-phenyl-N-methylacetamide.

Br Br
O — —_ —
Br AN PFe
tBu N (o) = o) (0]
Br ] N \ N |
0] N N RIU_N
) @] +
/17 iPY pr L (NCCHa)a pp |
/R|h—/R|h 2H,0 [RuCl,(p-cymene)],
Cat. 1 Rhy(S-TBPTTL), Cat. 2 Ru-Pybox Cat. 3 Ru(ll)-Pheox
CHj
0]
o ;b 7/ Y
\ /
Ru Ru < __  “Rh
\
- o)
@ \ 4
H3
Cat. 4 [Benzene)RuCl,], Cat. 5 Cul Cat. 6 Rh,(OAc),
N2
~
©\ Cat. (X mol%) ©j>:0
> N
N0 DCM, RT, Time \
50a CH, 51a  CHj
Entry X [mol%] Cat.  Time [min] Yield [%]?  TONP!  TOF[® [min™]
1 1 Cat. 1 10 91 91 9.1
2 1 Cat. 2 10 83 83 8.3
3 1 Cat. 3 1 96 96 96
4 1 Cat. 4 30 92 92 3.1
5 1 Cat. 5 72h 30 30 _
6 1 Cat. 6 24h 83 83 0.1
7 0.5 Cat. 3 1 78 156 156
8 0.1 Cat. 3 60 58 580 9.7
[a] Isolated yield. [b] TON = moles of desired product (51a)/moles of catalyst.
[c] TOF = TON/reaction time (min).
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2.2.1. Catalyst and solvent screening for catalytic intramolecular C-H insertion reactions of
diazoamides

Initially, the 2-diazo-N-methyl-N phenylacetamide 53a was chosen as the model substrate
to screen the reaction conditions. As shown in Table 2, the oxindole 54a was obtained in 91%
yield and under the catalysis of 1 mol% Rh>(S-TBPTTL)4 at room temperature (entry 1). For
another Rhz(11) complex Rh2(OAc)4 (Cat.6), the intramolecular C-H insertion reaction dominated
as well, giving 51a in 83% yields after 24h (entry 6).

Subsequently, the Cull*¥l catalyst was then tested for this transformation as well. In this
case, the reaction proceeded very slowly (72h) and the yield of 51a decreased dramatically to 30%
(Table 2, entry 5). Besides, it is well known that ruthenium complexes are good catalysts for
carbene-transfer reactions. Other Ru(ll) complexes were also examined to improve reaction
performance (Table 2, entries 2-4, 7-8). When Ru-Pybox was used, product 51a was formed in
83% yield (Table 2, entry 2). In the case of the [Benzene)RuClz]. complexes, the yield of 51a
increased slightly to 92%. However, the reaction time was longer (30 min) (Table 2, entry 4).
Screening the Ru(ll)-Pheox catalyst with various loadings was also tested for the intramolecular
C-H insertion reaction (Table 2, entries 3, 7-8).

Lowering the Ru(ll)-Pheox loading from 1 to 0.1 mol% led to higher values TON (up to
580) and TOF (up to 156 min™), albeit with lower yields 58 and 78%, respectively (Table 2, entry
7-8). In the presence of 1 mol% Ru(ll)-Pheox, the reaction of diazoacetamide 50a proceeded
smoothly at room temperature, delivering the corresponding oxindole products 50a in high yield
96% (Table 2, entry 3).

To get more details of this reaction, the reaction condition was tested for the solvent system.
The results are shown in Table 3. Oxindole 51a was obtained in high yields for most of the
common organic solvents (Table 3, entries 1-6). Protic solvent such as methanol also gave high
yield without any O-H insertion reaction of the diazo compound (Table 3, entry 4). The reaction
proceeded rapidly except coordinatable solvent such as acetone, tetrahydrofuran (THF). In the case
of acetonitrile, the rate of reaction becomes slightly slow because of the stabilization of the catalyst
(Table 3, entry 6). Dimethyl sulfoxide (DMSO) gave no reaction (Table 3, entry 7). Ligation of
DMSO to the ruthenium catalyst may strong and becoming poison to the catalyst. DCM was found

as the best solvent for Ru(ll)-Pheox catalyzed reactions.
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Table 3. The solvent effect for Ru(l1)-Pheox catalyzed intramolecular C-H insertion of 2-diazo-

N-phenyl-N-methylacetamide.

solvent, RT, time

L

L rac-Ru(ll)-Pheox (X mol%) N ©j>:o
N~ 0 - N

50a C|3H3

\
51a CH,
Entry X [mol%] Solvent Time [min] Yield [%]?
1 1 DCM 1 96
2 1 THF 1 91
3 1 Acetone 1 79
4 1 Methanol 1 82
5 1 Toluene 1 86
6 1 Acetonitrile 10 78
7 1 DMSO 4h -

[a] Isolated yield.

2.2.2. Ru(ll)-Pheox catalyzed intramolecular C-H insertion reactions of diazoamides

Based on the optimized reaction conditions for intramolecular C-H insertion of
diazoacetamide (Table 3, entry 6), the substrate scope was then examined. As shown in Table 4,
all various substituents R at different positions of the phenyl group were also well-tolerated,
producing 51a—n in 91-99% yields.

As substitution R?>=CHs, R! with an electron-donating group (e.g., 4-OCHs, 2-OCHjs, 3-
CHpa) on the N-benzyl ring moiety has a strong impact on the reaction (Table 3, entries 2, 7 and 8).
The corresponding oxindole products were obtained in excellent yields. Besides, compared to
substitution with an electron-donating group, the efficiency of the intramolecular reaction of
substitution bearing an electron-withdrawing group (namely H, 4-Cl, 4-Br, 4-NO2, 2-Br and 2-1)
slightly decreased with yields (93-99%) (Table 4, entries 1, 3-6 and 9-10). As a plausible
explanation, the substituent changes thelectronic properties of the benzene ring. Nucleophilic
substituents are regarded as electronic donating groups, which increase the electropositivity of the
aryl group and improve the reactivity in the intramolecular ArCsp2-H insertion reaction. In contrast,
electrophilic substituents are regarded as electron-withdrawing groups, which decrease the

electropositivity of the aryl group.
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Table 4 Ru(ll)-Pheox catalyzed oxindole synthesis of diazoacetamides via intramolecular C-H

insertion of carbene.

N
R1©\ /E ’ Ru(ll}-Pheox (1 mol%) R : o
= N- "0 DCM, RT, 1 min N )
50 R2 51 R
Entry 50 R R? Yield [%]?
1 a H CH, 96
2 b 4-OCHj CH, 99
3 c 4-Cl CH, 94
4 d 4-Br CH, 93
5 e 4-| CH, 99
6 f 4-NO, CH, 94
7 g 3-CH, CH, 98
8 h 2-OCHj CH, 93
9 i 2-Br CH, 98
10 j 2-1 CH, 97
11 k H H _
12 I H Ph 99
13 m H CH,CHj, 94
14 n H CH(CH,), 91
15 o H CH,CgHs 95
[a] Isolated yield.

Switching the substrate to 50g (R' = 3-CHs) 2-diazo-N-methyl-N-(m-tolyl)acetamide
dramatically changed the reaction, affording the corresponding product 51g. Two regiomers of
51g were generated in ratio 51ga/51gb = 2/3 and in high overall yield (98%) (Scheme 38).

N2 Ru(ll)-Pheox
L (1 mol%) /©j>:
DCM, RT, 1m|n CH3

50g Hs 51ga CH3 51gb CH3
51ga/51gb = 2/3
Total yield 98%

Scheme 38 Intramolecular C-H insertion reaction of diazoacetamide 53g catalyzed by Ru(ll)-

Pheox.
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Furthermore, the N-substituent effect also evaluated, under reaction conditions similar to
the intramolecular C-H insertion. N-H substituted diazo (50k) could not transfer to the desired
oxindole because the dimerization reaction prevented (Table 4, entry 11).

However, greater steric demanding substituents R? (-CeHs, -CH.CHs, -CH(CHa), -
CH2CsHs) were compatible. Entry 12, the efficient synthesis of oxindole still kept on excellent
yield 99%. When substitution R>=-CH,CHs, -CH(CHa)2, in which the newly introduced methyl
groups provided additional competitive allylic C-H insertion sites, the reactions selectively took
place at the desired ArCsp2-H position and led to the products 51m, 51n in decreased yields (94%
and 91 %, respectively), probably because of the steric hindrance (Table 4, entries 13-14). And
diazoacetamide 500 (entry 15, Table 4) presented a highly regioselective intramolecular ArCsp2-H
insertion reaction. And only oxindole derivative 510 has been formed in 95% yield.

Oy QL

N N" S0

v y/ R2 |
|—|\RuLn

Ru(ll)-Pheox
No
©\/g:o @HERULn
N ARLY
i, R2 N~ ~0
K R2 I
3 H H
= ~J31~- 4 RuL
W : “7—Rulj =z
o — N s Dimer
k5 INI N~ o
5 RY O e /
H
R? = Me, Et, iPr, Ph, Bn K Q o
=
/
H —Rul,,

Scheme 39. Plausible mechanism of intramolecular C-H insertion reactions of diazoamides
catalyzed by Ru(ll)-Pheox.
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A mechanistic proposal is outlined in scheme 39. The interaction of diazo amide with the
ruthenium catalyst would form the ruthenium-carbene 3. The intermediate | would be generated
which will undergo a [1,5] hydrogen shift to afford the intermediate Il which ultimately leads to

the oxindole and regenerates the catalyst.

2.3. Conclusion

In conclusion, we developed the efficient synthesis of oxindole derivatives via
intramolecular ArCsp2-H insertion reaction of diazo acetamides derived from the corresponding
anilines by using Ru(Il)-Pheox catalyst. The reaction proceeds smoothly under mild conditions,
providing the corresponding oxindole derivatives in excellent yield (up to 99%). No other side
reactions related to metal-carbene reactivity such as dimerization, aromatic ring expansion and

Csp3-H on amide nitrogen insertion reaction were observed.
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CHAPTER 3
Synthesis of a new entries of chiral ruthenium complexes containing Ru-Colefin(sp?) bond and
their application for catalytic asymmetric cyclopropanation reactions

3.1. Introduction
The transition-metal catalyzed carbene transfer reaction of diazo compounds is one of the

most useful pathways of synthesis chemistry. 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.

a) Previous Studies
7 N\ [RuH(BH,)triphos] N
N >
H Oxidative addition R,P-Ru
R P’ | "PR
— H —
) o) KPg
\ J [RuCl,(benezene)l, { J
H N “ Ar(sp?)-H bond activation R+/N “
Ph cationic complex ! Ph
(NCCHg)4
Cat. 1 Ru(ll)-Pheox
b) This work
© [RuCly(b ) © e
’ ) u enezene J ;
yay e Y aY,
Ny N C(sp?)-H bond activation AN N
Ph cationic complex :u Ph
(NCCH3),

Scheme 40. Procedure for the synthesis of a series of Ru(Il) complexes.

In the catalytic asymmetric cyclopropanation reactions, the multidentate chelating ligands
of the ruthenium (II) complexes have a strong effect on the stereoselectivity!'?*!. Kastuki and
coworkers reported that the Ru(Il) complexes catalyzed the cyclopropanation of styrene and

ol125

diazoacetate!'>! with the high enantioselectivity. Moreover, in 1998, Nishiyama and coworker also
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reported highly enantioselective cyclopropanation by Ci-symmetric Ru(Il)-Pybox catalyst,
explaining that the major carbene intermediate, in which the ester group was anti to the bulky
substituent of the ligand, might be selectively attacked by olefins from the third quadrant. Although
the enantioselectivities were still lower than those obtained with the corresponding Cz-symmetric

analogs, this important report illustrated the potential of Ci-symmetric catalyst!'2%),

AN oy (COCIz DMF -~~~ o (S)-Phenyiglycinol, Et3 I"Ph
DCM, 1.5 h, RT | DCM. 1.5 h
0°C to RT
S 0 [RuCl,(benezene)], - o KPg
Et;N, MsCl, DBU : / \J 1N NaOH, KPFg . / \J
DCM, over night N—. CH3CN, reflux, 48h S N
0°C to RT H Ph Ru Ph
(NCCHg)4
i o KPG [ R2 o KPg i o |KPs
9 \ 9
+/N . R1 / +/N . O / +/N .
Ru Ph Ru Ph Ru Ph
(NCCH3), (NCCH3), (NCCHa),
Cat. 2 Cat. 3R’ = CHs, RZ=H Cat.5
Cat. 4R'=H, R?=CH,4

Scheme 41. Synthesis of chiral ruthenium complexes containing Ru-Coiefin(Sp?) bond.

Recently, we reported about structure of chiral Ru(Il)-phenyloxazoline (Ru(II)-Pheox)
complex (Scheme 40), bearing a metal-carbon 6-bond and C;-symmetric structure. This complex
contains the strong electron donating effect of the aromatic C(sp?) ligand on the ruthenium, which
facilitates oxidative addition. We also successfully demonstrated that Ru(Il)-Pheox complex can
promote catalytic asymmetric intra-molecular cyclopropanation, Si-H and C-H insertion produce
the desired products in high yields and high enantioselectivities!!’!. On another hand, in 1990, Jia
and coworker reported the reaction of ruthenium hydride complexes containing phosphines with
olefins (Scheme 40)!'?7l. The ruthenium complexes formed from these reactions are very
dependent on the olefins used. So we supposed that the simple alkenyl oxazoline ligands could

react to the ruthenium source. According to these previous research of Ru(Il) complexes, we
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designed a higher active ruthenium complex, which contains a strong electron-donating effect of

the simple alkene C(sp?)-Ru bond (Scheme 41).

3.2. Results and discussions
3.2.1. Preparing the ruthenium complexes

Initial, the alkenyl oxazoline ligand was readily synthesized in three steps. After
chlorination of an unsaturated carboxylic acid, the compound was condensed with (S)-

phenylglycinol and then oxazoline formation with methanesulfonyl chloride and triethylamine and

DBU.
(0]
an
H N “, \
Ph
il T 4

b o il il & 5 il

Catalyst

Lad 24 i .0 £d 14 41

Figure 7. "H-NMR spectra of ligand and Ru(II) complex.

Follow that, the ruthenium complex was prepared by the C-H bond activation method of
alkenyl oxazoline ligand, [RuClx(benzene):], IN NaOH, and KPFs in an acetonitrile solution at
85 °C. Finally, the catalysts 2-5 were obtained in high yield up to 91%. And the catalysts were
stable under argon atmosphere and could be stored for a long time. Moreover, these complexes'

structures also analyzed by '"H NMR and X-ray diffraction (Figure 7, 8).
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Figure 8. X-ray analysis of a novel Ru(ll) complexes.

3.2.2. Ruthenium complexes containing Ru-Colefin(sp?) bond catalyzed intermolecular
cyclopropanation

3.2.2.1 Catalyst screening and optimization conditions for the catalytic intermolecular
cyclopropanation reaction

The ruthenium complexes containing Ru-Colefin(sp?) bond were tested for catalytic
cyclopropanation reaction of ethyl diazoacetate 53 and olefins 52b (Table 5). The reaction
proceeded in the presence of 3 mol% of catalyst.

As shown in the Table 5, using cat. 2 and cat. 3, the product 54b was obtained in the
moderate yield (75-79%) and the enantioselectivity up to 90% (Table 5, entries 2, 3). While both
cat. 1 and cat. 5 showed their catalytic efficiency in this reaction with not only high yield (up to
91%) but also high enantioselectivity (up to 97%) of the desired product (Table 5, entries 1, 5).

However, in comparison, the cat. 4 was demonstrated that it is the most effective catalyst for this
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reaction (Table 5, entry 4). The given data showed that compound 54b was formed in the excellent
yield (97%), as well as diastereo- and stereoselectivities (trans/cis = 90/10 and 97% ee).
Table 5. Screening of various catalysts and optimization conditions of intermolecular

cyclopropantion reaction.

O
/O/\ QJ\ Cat. (3mol%) “\\”\OEt
OEt DCM RT, 5h
MeO

(5 equiv.) 52b 53 54b
Entry Cat. Solvent Temp.[°C]  Yield [%]@  Trans/cis® ee [%]

1 1 DCM RT 86 88/12 96

2 2 DCM RT 75 88/12 78

3 3 DCM RT 79 89/11 90

4 4 DCM RT 97 90/10 97

5 5 DCM RT 91 88/12 97

6 4 Toluene RT 38 92/8 97

7 4 CH5;CN RT 82 88/12 96

8 4 Et,O RT 96 92/8 96

9 4 THF RT 93 92/8 97

10 4 MTBE RT 98 93/7 97

1 4 MTBE 0 93 96/4 97

12 4 MTBE 0 92 95/5 97

13 4 MTBE 40 73 93/7 95

14 4 MTBE -10 96 96/4 98

15 4 MTBE -30 92 97/3 99
[a] Isolated yield. [b] Determined by 'H NMR. [c] Determined by chiral HPLC analysis.

It can be explained that cat. 4 has planarity of the substituent on B position of Ru-C(sp?)
bond (Scheme 42). This interpretation had already mentioned for the case of Ru(Il)-Pheox

catalyzed asymmetric cyclopropanation.
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OMe

O

@% oe:
MeO

97% yield,
90/10 trans/cis, 97% trans ee

0]
Disfavored

@# o
MeO

79% yield,
89/11 trans/cis, 90% trans ee

Moreover, we’re also interested in the influence of various solvents and temperatures on
this catalytic cyclopropanation reaction.

The results showed that the product was produced in high yields and enantioselectivitives

reaction.

Under the optimized conditions, we decided to explore the substrate scope (Tables 8). Most

Scheme 42. Planarity of the substituent on f position of Ru-C(sp?) bond.

for most of the common organic solvents (Table 5, entries 4, 7-10). In the case of toluene (Table
5, entry 6), the yield of reaction becomes dramatically decrease. Methyl tert-butyl ether (MTBE)

or dichloromethane (DCM) solvents and room temperature were found as best condition for this

3.2.2.2. The substrate scope for the catalytic intermolecular cyclopropanation reaction

of the styrene derivatives transformed into cyclopropanes with high yield (up to 99%), excellent

diastereoselectivities (up to >99/1) and enantioselectivities (97%—-99% ee).
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Table 6. Substrate scope of intermolecular cyclopropanation reaction.

R? 0o Cat. 4 (3 mol%) R2 ﬁ\
R1§ + NzQJ\OEt DCM, RT, 5h R1>V“\ OEt
52 53 54
Entry 55 R’ R? Yield [%]®  Trans/cis®  ee [%]
1 a  4-Me-Ph H 90 96/4 98
2 b  4-MeO-Ph H 97 96/4 97
3 c  2-MeO-Ph H 96 99/1 99
4 d  4-Cl-Ph H 92 98/2 98
5 e Ph Me 87 55/45 97

6 f ©\ H 87 83/17 97
O/

0
H 55 >99/1 99
1
|
N
H 97 99/1 99
0
9k ©il<‘<N— H 83 96/4 99
0

H 99 98/2 98

[a] Isolated yield. [b] Determined by "H NMR. [c] Determined by chiral HPLC analysis.

On another hand, only the a-methylstyrene provided the desired product in the moderate
diastereoselectivity (Table 6, entry 7). It means that the ruthenium complex is very suitable for

cyclopropanation of ethyl 2-diazoacetate.
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According to the positive result in Table 6, we decided to discover the efficiency of the
ruthenium complexes containing Ru-Coefin(sp?) bond in the intramolecular cyclopropanation of

allyl 2-diazoacetate derivatives.

3.2.3. Ruthenium complexes containing Ru-Colfin(sSp?) bond catalyzed intramolecular
cyclopropanation

3.2.3.1. Catalyst screening and optimization conditions for the catalytic intramolecular
cyclopropanation reaction

Table 7. Screening of various catalysts and optimization conditions of intramolecular

cyclopropantion reaction.

H ©
o Cat.4 (1 mol%)
AN )K;Nz : Ph 0
Ph™ X o Solvent, RT, 1 min
H
55a 56a
Entry Cat. Solvent Yield [%] ee [%]P!
1 1 DCM 96 96
2 2 DCM 87 97
3 3 DCM 95 90
4 4 DCM 96 99
5 5 DCM 91 96
6 4 Toluene 69 98
7 4 Et,O 87 98
8 4 THF 95 97
9 4 MTBE 98 98
[a] Isolated yield. [b] Determined by chiral HPLC analysis.

Table 7 showed that all the catalysts proceeded the reaction to form the product 56 in the
high yields (87%-98%) and excellent enantioselectivities (90%—-99%). Especially, at room
temperature with the presence of 1 mol% of cat. 4, the cinnamyl 2-diazoacetate (55a) transformed
into the corresponding cyclopropane (56a) in excellent both yield and enantioselectivity (Table 7,

entry 4).
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3.2.3.2. The substrate scope for the catalytic intramolecular cyclopropanation reaction

Base on that, we continued to screen the solvents for this reaction (Table 7, entries 4, 6-9).
Many solvents were applied such as dichloromethane, toluene, diethyl ether, tetrahydrofuran,
methyl tert-butyl ether. In there, DCM demonstrated to be the best solvent for this intramolecular
cyclopropanation reaction.

Table 8. Substrate scope of intramolecular cyclopropanation reaction.

0]
R2 o) H
Cat.4 (1mol%) 2
AN S R o)
R (0] DCM, RT, 1 min R
R3 R3
55 56
Entry 55 R’ R? RS Yield [%](® ee [%]!
1 a Ph H H 96 99
2 b Ph H Me 99 93
3 c 4-OMe-Ph H H 98 90
4 d 4-NO,-Ph H H 96 99
5 e Me Me H 99 98
6 f H H H 91 99
[a] Isolated yield. [b] Determined by chiral HPLC analysis.

With the optimized conditions in hand, we explored the substrate scope (Table 8). The
cycloaddition, of the allyl 2-diazoacetate derivatives 55a—55f were examined as shown in table 8.
Similar to our prediction, all the corresponding cyclopropantions 56a—56f were obtained in

excellent yields (91%—-99%) and enantioselectivities (90%—99%).

3.3. Conclusion

In summarize, we developed successfully a new efficient chiral ruthenium catalyst, which
was applied in catalytic asymmetric cyclopropanation of carbene transfer reaction. With an only
small amount of catalyst (1-3 mol%), the reaction proceeds smoothly under mild conditions,
giving the corresponding cyclopropane carboxylates products in excellent yields (up to 99%) and

enantioselectivities (up to 99%).

48



CHAPTER 4
Highly stereoselective intramolecular Buchner reactions of diazoacetamides catalyzed by

Ru(II)-Pheox complex

4.1. Introduction

Medium ring-containing organic molecules, such as seven-membered rings, are the
cornerstone of many bioactive natural compounds such as guaiane sesquiterpenes, guaianolide
sesquiterpene lactones, and diterpene tiglianes.[!®! However, there are few reports on their
synthesis. Unlike five- and six-membered rings, the synthesis of seven-membered rings is more
challenging and generally limited to multi-step processes rather than direct intramolecular

reactions.[101]

cN P
Cu(acac), - /Z<
@ > \ /\/N—Bn 94% yield
a
N
ILR? cN P
N Kfo Cu(OAc),eH,0 == //<
RT - \ N—R'  87% yield
| o yle
= N\R1 (b) R/\\J\/
OTBS
Bso | o )
Rhy(S-PTA), - //<
» CH30 \ N—tBu
(©) o~/ NG
PMP tBu
53% ee 41% ee
Total yield 90%

Scheme 43. Transition metal catalytic carbene transfer reaction of diazoacetamides.

Thus, the development of an efficient method to prepare these scaffolds has attracted a
significant amount of research attention. Over the past few decades, the transition metal-catalyzed
intramolecular Buchner reaction has been reported by several research groups.[*%? This unique
strategy toward seven-membered carbocycles has been utilized in natural product synthesis.[*%]

However, the catalytic intramolecular reaction of diazoacetamides, diazoketones and

diazoesters usually leads to competition between the Buchner and C-H insertion reactions.[%4]

49



Therefore, many reports deal with controlling the regioselectivity of the reaction, which not only
depends on the type of starting material used, but also the nature of the reaction solvent.

Moreover, when compared to the intramolecular C-H insertion reaction of diazoacetamides,
there are fewer reports on the Buchner reaction (Scheme 43a, b).1%! In particular, very few
examples have addressed the stereoselectivity of the Buchner product from the corresponding
diazoacetamide. %!

To date, only one research study by Doyle and co-workers (2015) has reported the
asymmetric intramolecular Buchner reaction of diazoacetamides, whereby N-tert-butyl-N-(p-
methoxybenzyl)enoldiazoacetamide resulted in a mixture of the C-H insertion product and
Buchner product in a total yield of 90% with moderate enantioselectivities of 41 and 53% ee,
respectively (Scheme 36¢).[2%]

Recently, we have developed a Ru(ll)-Pheox complex, which is efficient in carbene
transfer reactions, in particular, asymmetric cyclopropanation and Si-H insertion reactions.[*"]

Driven by our interests in the catalytic intramolecular Buchner reaction of diazoacetamide
and the efficiency displayed by the Ru(Il)-Pheox catalyst, we started to study the enantioselective
reaction, which is much more challenging (Scheme 44).

B “|PFg
O
; |J
N R
2 P 0
| o i (NCCH3), Ph_ __ H "
T Ru(ll)-Pheox \ /
R— > \
P N R RS
57 58
up to 99% vyield
up to 99% ee

Scheme 44. Asymmetric intramolecular reaction of diazoacetamides catalyzed by the Ru(ll)-

Pheox complex.
4.2. Results and discussions

4.2.1. Catalyst screening for intramolecular asymmetric Buchner reaction of

diazoacetamides
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At the outset of this investigation, N,N-bis(4-methoxybenzyl)-2-diazoacetamide 57b was
chosen as the substrate using 1 mol% of catalyst to optimize the reaction conditions. Initially, well-
know carbene transfer catalysts were screened and the results summarized in Table 7.

Table 9. Catalyst screening experiments.

| X
— R —_
0 N/ @] PFg
[ \\> Br Br
N 4 N 4 o
iPr [RuCly(p-cymene)], 7iPr O Br | jR1
+
Cat.1 1
tBU//,, R|u N “ R
o o Br L (NCCHz);  Ph
] o o o Ru(ll)-Pheox
N/ \N\) |/ |/ Cat.32R2R1=H
Cu 3 Rh—Rh Cat.5:R= H,R'=Ph
tBu ~ tBu 4 | 4 | 1
OTf Cat. 6: R = OCH3, R'=Ph
Cat.2 Cat.4 Cat. 7: R= NO,, R'=Ph
N
I2 4P 1 0
CH30 O cat. (1 mol%) R
———— CHO N—"+] |
N R DCM “_-R!
7 RT, time R
57b 58b 59b
R = -CgH4(4-OCH3)
Entry Cat.  Time [min.] Ratio [58b:59b)](@] Yield[%]®! ee[%]! 59b
1 1 48 h 100:0 52 0
2ldl 2 60 100:0 87 15
3 3 2 100:0 99 99
4 4 2 100:0 95 21
5 5 2 100:0 98 99
6 6 2 100:0 98 99
7 7 2 100:0 93 99
[a] The ratio of 58b:59b was determined using "H NMR spectroscopy. [b] Isolated yield.
[c] Determined using chiral HPLC analysis. [d] The reaction temperature was 40 °C.

Extensive studies on the reaction conditions indicated that after 48 h, product 58b was
obtained in 52% yield with no chirality using Ru(ll)-Pybox (Table 9, entry 1). When Cu(ll)-Box
was used, product 58b was formed in 87% yield and 15% ee (Table 9, entry 2). In the case of the
Rhx(S-TBPTTL)s complex, the yield of 58b increased dramatically to 95%. However, the
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enantioselectivity was relatively low (21% ee) (Table 9, entry 4). Screening the various Ru(ll)-
Pheox catalyst derivatives developed by our group showed that the chiral Ru(ll)-Pheox complex
(cat. 3) was the most effective catalyst (Table 9, entries 3, 5-7).[1] The reaction proceeds rapidly
to give 58b in excellent yield (99%) with almost perfect enantioselectivity (99% ee).

We next focused on the efficiency of the Ru(ll)-Pheox catalyst and the results shown in
Table 10. We found that decreasing the catalyst loading from 1 to 0.002 mol% showed no change
in the enantioselectivity (99% ee) of product 58b, while the TON and TOF values increased (Table
10). Using a very small amount of the Ru(I1)-Pheox catalyst (0.005 mol%) gave product 58b within
2 min in 99% vyield with excellent TOF (9900 min™t) (Table 10, entry 4). When 0.003 mol% of
catalyst was used, the TON increased dramatically to 33000 (Table 10, entry 5).
Table 10. Efficiency of the Ru(ll)-Pheox catalyst.

" Ru(l)-Ph H P
CH50 o u(lh)-Pheox R
(X mol%) /
] > CH3O N
N._R DCM, RT, time
57b 58b

R' = -CgH4(4-OCH3)

Entry X [mol%] Time [min.] TON TOF [min™"] Yield [%]! ee[%]"!
1 1 2 99 44.5 99 99
2 0.1 2 990 445 99 99
3 0.01 2 9990 4450 99 99
4 0.005 2 19800 9900 99 99
5 0.003 30 33000 1100 99 99
6 0.002 60 10000 167 20 99

[a] TON = moles of desired product (58b)/moles of catalyst (Ru(ll)-Pheox).
[b] TOF = TON/reaction time (min). [c] Isolated yield. [d] Determined using chiral HPLC analysis.

4.2.2. Solvent screening for intramolecular asymmetric Buchner reaction of diazoacetamides

In addition, the influence of various solvents on the decomposition of diazoacetamides was
examined and the results shown in Table 11. Bicyclic compound 58b was obtained in high yield
and excellent enantioselectivity in most conventional organic solvents (Table 11, entries 1-6, 8).
Protic solvents such as methanol also gave 58b in high yield without any C-H insertion reaction

of the diazo compound (Table 11, entry 8). The reaction proceeded rapidly except in the presence
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of a coordinatable solvent, such as acetonitrile and dimethylformamide (DMF). When using
toluene, acetonitrile, or dimethylformamide (DMF) (Table 11, entries 2, 5, 6), the rate of the
reaction become was reduced. Dimethyl sulfoxide (DMSQ) gave no reaction (Table 11, entry 7).
Ligation of DMSO to the ruthenium catalyst may be strong and poison the catalyst. DCM was
found to be the best solvent for the Ru(I1)-Pheox catalyzed reaction.

Table 11. Optimization of the reaction conditions.

N, y O
| Ru(ll)-Pheox 1
CH30 Kfo (1 mol%) JR
—> CH30 N
\©\/N\/R1 Solvent, RT, time
57b 58b
R' = -CgH4(4-OCHs)
Entry Solvent Time [min.] Yield [%)]! ee[%]"®!
1 DCM 2 99 99
2 Toluene 30 98 99
3 Acetone 2 86 99
4 THF 2 99 98
5 Acetonitrile 60 97 98
6 DMF 60 99 96
7 DMSO 5h n.r _
8 Methanol 2 99 94

[a] Isolated yield. [b] Determined by chiral HPLC analysis.

4.2.3. Ru(l1)-Pheox catalyzed intramolecular Buchner reactions of diazoacetamides

Using the optimized reaction conditions, we decided to explore the substrate scope of the
reaction (Table 10). Various diazoacetamides of N,N-bis(aryl)-2-diazo-acetamides were examined
(Table 10, entries 1-7).

Substrates bearing either electron-withdrawing or electron-donating groups (R = H, F, Cl,
Br, CH3, and OCHj3) on the N-benzyl ring were tolerated in the reaction, giving the desired products
(58a—Q) in 69-99% yield and 74-99% ee.

Substitution with an electron-donating group (e.g., 4-OCHzs, 3-OCHzs, and 4-CHs) on the
N-benzyl ring moiety has a strong impact on the reaction (Table 10, entries 2, 3, and 7). The
corresponding Buchner reaction products were obtained in excellent yield (up to 99%) and

enantioselectivity (up to 99% ee).
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Figure 9. X-Ray analysis of (S)-6-chloro-2-(4-chlorobenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-
1(2H)-one (58d).

In the case of substrates bearing an electron-withdrawing group (namely 4-Cl, 4-Br and 4-
F), the rate of the Buchner reaction slightly decreased and formation of the C-H insertion product
was observed (Table 10, entries 4-6). Nevertheless, the yield and enantioselectivity of the products
(51d—f) remained excellent (70—91% yield and 90—96% ee). In addition, the bicyclic product 58d
was prepared with the purpose of growing crystals suitable for analysis. The structure of 58d was
confirmed and the absolute configuration was determined to be the S configuration using single-
crystal X-ray diffraction (Figure 7). In short, entries 1-7 in Table 10 present an overview of the
decomposition of a series of N,N-bis(aryl)-2-diazo-acetamides used to prepare the target seven-
membered ring products (58a—g) with excellent stereo- and regioselectivity. Besides, a diazoamide
bearing both electron-withdrawing and electron-donating groups (57h) was also investigated as a
substrate, affording the desired Buchner reaction product (58h) in high yield (84%) and excellent
enantioselectivity (99% ee) (Scheme 45).

2 Ru(ll)-Ph 4P
| u(ll)-Pheox 1
CH30 Y (1 mol%) JR
; > CH3O N
N\/R DCM, RT, 2 min
57h 58h
R" = -CgH4(4-NOy) 84% vyield, 99% ee

Scheme 45. Asymmetric intramolecular reactions of 2-diazo-N-(4-methoxybenzyl)-N-(4-

nitrobenzyl)acetamide (50h) catalyzed by Ru(ll)-Pheox.
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The reaction afforded the intramolecular Buchner product 58j (R = 4-OCHg) in 76% yield
with high enantioselectivity (99% ee) (Table 12, entry 9). Switching the substrate to 57k (R = 4-
CHzs) dramatically changed the reaction, affording the corresponding seven-membered ring
product (58K) in 48% yield in 2 min (Table 12, entry 10). Surprisingly, we found that the reaction
could afford product 58k in 67% yield over a longer reaction time (4 h) (Table 12, entry 11). The
dimerization reaction was prevented and the reaction yield was improved upon slow addition of a
solution of the diazoacetamide to a stirred mixture of the Ru(ll)-Pheox catalyst in DCM over 4 h
(Table 12, entries 8, 11-15).

Table 12. Ru(ll)-Pheox catalyzed intramolecular Buchner reactions of diazoacetamides.

N> o
k’& 0 Rl(J*(|”m§|E/eOX
0
R_: > 1 NJ \/R1
= N\/R DCM, RT, time
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Entry 57 R R'  Time [min] [58:59]¥  Yield [%]!] 58ee[%)][°
58

1 a H CeHs 2 75:25 69 78
2 b 4-OCH;  4-CH30CgH, 2 100:0 99 99
3 c 4-CH3 4-CH3CgH4 2 97:3 96 97
4 d 4-C| 4-CICgH4 2 83:17 80 96
5 e 4-Br 4-BrCgH4 2 80:20 70 95
6 f 4-F 4-FCgHy4 2 92:8 91 90
7 g 3-OCH;  3-CH30CgH, 2 100:0 87 74
8 i H H 4h 45:55 47 71
9 j 4-OCHj4 H 2 100:0 76 99
10 Kk 4-CH3 H 2 90:10 48 99
11 k 4-CHj H 4 h 93:7 67 99
12 | 4-C| H 4 h 83:17 61 92
13 m 4-Br H 4h 80:20 43 96
14 n 4-F H 4h 79:21 55 92
15 o 4-NO, H 4 h _ n.o. _
[a] The ratio was determined using 1TH NMR spectroscopy of the reaction mixture.
[b] Isolated yield. [c] Determined using chiral HPLC analysis.
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Furthermore, there is intense competition between the reactive sites of the N-aryl-2-diazo-
N-methylacetamide (Table 12, entries 8, 12-14). Therefore, bicyclic products 58i and 581-58n
could be obtained in moderate yield (43-61%). In the case of diazo compound 570, the
corresponding product 580 as not obtained.

As a plausible explanation, the substituent changes the electronic properties of the benzene
ring and affects the regioselectivity. Nucleophilic substituents, such as 4-CHs and 4-OCHjs, are
regarded as electronic donating groups, which increase the electropositivity of the aryl group and
improve the reactivity in the aromatic addition reaction. Electrophilic substituents, such as -Cl, -
Br, -F, and -H, are regarded as electron-withdrawing groups, which decrease the electropositivity

of the aryl group and favor the C-H insertion reaction.

4.3. Conclusion

In summary, we have presented a highly stereoselective intramolecular Buchner reaction
of diazoacetamides using a Ru(ll)-Pheox catalyst. Specifically, a variety of y-lactam fused 5,7-
bicyclic-heptatriene derivatives have been prepared from diazoacetamides in up to 99% yield with
high enantioselectively (up to 99% ee) using a chiral Ru(ll)-Pheox catalyst under mild reaction
conditions. The product containing diene can be used for further transformation via the Diels-

Alder cycloaddition reaction.
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CHAPTER 5

Conclusion

The complexation between carbene and a transition metal is a most active intermediate,
which affords the catalytically inserts into ¢ and © bonds of the organic compound. On another
hand, recently, we have developed a Ru(ll)-Pheox complex, which is efficient for carbene transfer
reactions, in particular, asymmetric cyclopropanation, N-H insertion, C-H insertion and Si-H
insertion reactions.

They inspired us to develop an efficient catalytic intramolecular carbene transfer reactions
by using originally developed ruthenium catalyst into ¢ and ® bonds and successfully applied for
the synthesis of y-lactam ring fused aromatics (oxindoles), y-lactone ring fused cyclopropanes, and
y-lactam ring fused seven-membered rings via Buchner reaction. Base on the research objectives,
we successfully developed the new methodology for the synthesis of the oxindole derivatives,
cyclopropane ring, and the 7 membered rings by carbene transfer reaction using catalyst Ru(ll)-
Pheox:

In Chapter 2, the oxindole ring is prevalent as an important scaffold found in numerous
natural products and pharmaceutically active compounds. Over the past few decades, the emerging
therapeutic potential of the structural motif of oxindole has encouraged the medicinal chemists to
synthesize novel oxindole derivatives. In the presence of Ru(Il)-Pheox, the intramolecular C-H
insertion reaction proceeds smoothly under mild conditions, providing the corresponding oxindole
derivatives in excellent yield (up to 99%). And no other side reactions related to metal-carbene
reactivity were observed.

In Chapter 3, cyclopropane subunit is also present in many biologically important
compounds and it shows a large spectrum of biological properties. 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. Continuing our study of the development of asymmetric catalysts
based on Ru(Il)-Pheox complexes, we focus to tune the reactivity and selectivity of the metal
center in the Ru(Il)-Pheox complex. And we successfully developed a new series of

Ru—Colefin(Sp?) bond-containing organometallic complexes and applied them to the catalytic
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asymmetric intramolecular cyclopropanations with olefins. The corresponding optically active
cyclopropanes were obtained in excellent yield (99%) and excellent enantioselectivity 99% ee.

In Chapter 4, the seven-membered rings are the cornerstone of many bioactive natural
compounds such as guaiane sesquiterpenes, guaianolide sesquiterpene lactones. However, there
are few reports on their synthesis. Thus, the development of an efficient method to prepare these
scaffolds has attracted a significant amount of research attention. This unique strategy toward
seven-membered carbocycles has been utilized in natural product synthesis. In this chapter, |
demonstrated that the Ru(ll)-Pheox was shown to be highly efficient in this first efficient
enantioselective intramolecular Buchner reaction of diazoacetamides in terms of both the regio-

and enantioselectivity (up to 99% ee) giving the desired products in quantitative yield.

58



CHAPTER 6
Experimental analytical data
6.1. General:

All reactions were performed under an atmosphere of argon unless otherwise noted.
Dichloromethane (DCM) was purchased from Kanto Chemical Co., Inc.. All reactions were
monitored by thin layer chromatography (TLC), glass plates pre-coated with silica gel Merck
KGaA 60 F2s4, layer thickness 0.2 mm. The products were visualized by irradiation with UV light
or by treatment with a solution of phosphomolybdic acid or by treatment with a solution of p-
anisaldehyde. Flash column chromatography was performed using silica gel (Merck, Art. No.
7734). 'H NMR (500 MHz, 400 MHz) and **C NMR (125 MHz, 100 MHz) spectra were recorded
on JEOL JNM-ECX500, JEOL JNM-ECS400 spectrometer. Chemical shifts are reported as o
values (ppm) relative to internal tetramethylsilane (0.00 ppm) in CDCls. Elemental analyses were
measured on a Yanaco CHN CORDER MT-6. Optical rotations were performed with a JASCO P-
1030 polarimeter at the sodium D line (1.0 mL sample cell). Enantiomeric excesses were
determined by high-performance liquid chromatography (HPLC) analyses with a JASCO
GULLIVER using Daicel CHIRALPAK or CHIRALCEL columns.

59



6.2. Experimental analytical data for chapter 2
6.2.1. Procedure for the synthesis of diazoacetamides

To a solution of N-methylaniline derivatives (10 mmol) in CH2Cl> (20.0 mL) was added
dropwise neat bromoacetyl bromide (0.95 mL, 11 mmol) at 0 °C. The reaction mixture was stirred
for 30 min at room temperature. The organic product (bromoacetamide) was then extracted with
CHCl> (10 mLx3), dried (Na2SOa), and filtered. After evaporation of the solvent, the residue was
used for the next step without purification. The resulting bromoacetamide and N,N’-bis(p-
toluenesulfonyl)hydrazine (5.10 g, 15 mmol) were dissolved in THF (20 mL) and cooled down to
0 °C, then DBU (3 mL, 20 mmol) was added dropwise and stirred at 0 °C for 30 min. After
quenched with 10% NaHCO3 ag. and extracted with Et2O (10 mLx3), the combined organic phase
was dried over Na2SO4 and evaporated to give the crude product. Purification was performed with
flash column chromatography on silica gel eluted with EtOAc/n-Hexane (1/5(*/y)) to give the 2-
diazo-N-phenyl-N-methylacetamide (50a). 55% yield. Yellow oil. NMR (*H, *C) and IR data

agree with reported!*?? values.

@ By @l e oo (210

DCM RT,1h THF, 0 °C, 30 min

50a CH3

Scheme 46. Procedure for the synthesis of diazo acetamides.

6.2.2. Analytical data for diazoacetamides (50)
2-Diazo-N-(4-methoxyphenyl)-N-methylacetamide (50b)

CHaO N, Same procedure as described above for 50a. 66% vyield. Yellow
\©\ /E powder. 'H NMR (500MHz, CDCl3)  7.12 (ddd, J = 8.79, 3.44,

N o 1.91 Hz, 2H), 6.91 (ddd, J = 9.56, 3.4, 1.91 Hz, 2H), 4.48 (s, 1H),

3.83 (s, 3H), 3.29 (s, 3H) ppm. ¥C NMR (125 MHz, CDCls) §
166.19, 159.15, 135.95, 128.68, 115.02, 55.66, 47.22, 37.44 ppm.

IR (neat) v 3116, 2104, 1627, 1415, 1243, 774 cm™. HRMS (DART) calcd for CioH11N3zO2
[M+H]+: 206.0929 found: 206.0929.

2-Diazo-N-(4-chlorophenyl)-N-methylacetamide (50c)
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Same procedure as described above for 50a. 49% vyield. Yellow
¢l N, powder. *H NMR (500MHz, CDCls) § 7.39 (ddd, J = 8.41, 8.41, 1.91
\©\N/£O Hz, 2H), 7.17 (ddd, J = 8.41, 8.41, 1.91 Hz, 2H), 4.54 (s, 1H), 3.30 (s,
C|:H3 3H) ppm. C NMR (125 MHz, CDCls) § 165.75, 141.77, 133.76,

130.11, 128.79,47.55,37.26 ppm. IR (neat) v 3064, 2109, 1623, 1415,
1284, 722 cm™t. HRMS (DART) calcd for CoHgNsOCI [M+H]+: 210.0432 found: 210.0434.

2-Diazo-N-(4-bromophenyl)-N-methylacetamide (50d)

Same procedure as described above for 50a. 50% vyield. Yellow
o N2 powder. *H NMR (500MHz, CDCls) 6 7.54 (ddd, J = 8.79, 8.79, 3.06
\©\NLO Hz, 2H), 7.10 (ddd, J = 8.79, 8.79, 3.06 Hz, 2H), 4.53 (s, 1H), 3.29
(';H3 (s, 3H) ppm. 3C NMR (125 MHz, CDCls)  165.81, 142.37, 133.19,

129.18, 121.79, 47.65, 37.30 ppm. IR (neat) v 3088, 2100, 1623, 1419,
1281, 767 cm'L. HRMS (DART) calcd for CsHsNsOBr [M+H]+: 253.9923 found: 253.9923.

2-Diazo-N-(4-iodophenyl)-N-methylacetamide (50e)

Same procedure as described above for 50a. 65% vyield. Yellow

|

\©\ /ENZ powder. *H NMR (500MHz, CDCls) 6 7.74 (ddd, J = 8.79, 2.29, 2.29
N o Hz, 2H), 6.97 (ddd, J = 9.94, 2.29, 2.29 Hz, 2H), 4.54 (s, 1H), 3.29
(|:H3 (s, 3H) ppm. 3C NMR (125 MHz, CDCls3) § 165.61, 142.85, 138.98,

92.64, 47.72, 37.24 ppm. IR (neat) v 3075, 2105, 1621, 1483, 1281,
787 cm™. HRMS (DART) calcd for CeHgN3OBr [M+H]+: 301.9795 found: 301.9790.

2-Diazo-N-(4-nitrophenyl)-N-methylacetamide (50f)

Same procedure as described above for 50a. 53% vyield. Yellow
NOZ\@\ N powder. *H NMR (500MHz, CDCls) & 8.28 (ddd, J = 8.79, 8.79,
NLO 3.06 Hz, 2H), 7.44 (ddd, J = 8.79, 8.79, 3.06 Hz, 2H), 4.74 (s, 1H),
J;HS 3.34 (s, 3H) ppm. 3C NMR (125 MHz, CDCl3) & 165.60, 149.17,
146.16, 127.22, 125.24, 48.44, 37.19 ppm. IR (neat) v 3111, 2104,

1627, 1427, 1165, 770 cm™. HRMS (DART) calcd for CoHgN4Os [M+H]+: 221.0676 found:
221.0674.
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2-Diazo-N-(2-methoxyphenyl)-N-methylacetamide (50h)

Same procedure as described above for 50a. 43% yield. Yellow powder.
N2 |14 NMR (500MHz, CDCl3) & 7.26 (ddd, J = 7.84, 7.84, 1.91 Hz, 1H),
Q\NLO 7.06 (dd, J=7.64, 1.91 Hz, 1H), 6.89 (ddd, J = 15.67, 7.64, 1.53 Hz, 2H),
OCH, <';H3 4.54 (s, 1H), 3.76 (s, 3H), 3.13 (s, 3H) ppm. 13C NMR (125 MHz, CDCl3)

0 166.27, 155.46, 131.04, 129.84, 129.48, 121.04, 112.22, 55.62, 46.74,

35.77 ppm. IR (neat) v 3067, 2103, 1626, 1419, 1242, 751 cm™. HRMS (DART) calcd for
CoHsNzOBr [M+H]+: 206.0923 found: 206.0929.

2-Diazo-N-(2-bromophenyl)-N-methylacetamide (50i)

Same procedure as described above for 50a. 62% yield. Yellow powder.
N2 |14y NMR (500MHz, CDCls) 5 7.69 (dd, J = 13.76, 7.26 Hz, 2H), 7.41—
@NLO 7.39 (m, 1H), 7.31-7.26 (m, 2H), 4.31 (s, 1H), 3.25 (s, 3H) ppm. °C
Br c';|-|3 NMR (125 MHz, CDClz) 6 165.77, 141.58, 134.16, 130.40, 130.28,

129.20, 123.77, 47.38, 35.84 ppm. . IR (neat) v 3067, 2108, 1627, 1420,
1289, 767 cm'L. HRMS (DART) calcd for CsHsNsOBr [M+H]+: 253.9923 found: 253.9929.

2-Diazo-N-(2-iodophenyl)-N-methylacetamide (50j)

Same procedure as described above for 50a. 35% yield. Yellow powder.
N2 | 14 NMR (500MHz, CDCls) § 7.93 (dd, J = 7.64, 1.53 Hz, 1H), 7.42 (ddd,
Q\NLO J=7.64,7.64,1.53 Hz, 1H), 7.27 (dd, J = 7.64, 1.53 Hz, 1H), 7.09 (ddd,
i <';H3 J=7.64,7.64, 153 Hz, 1H), 4.25 (s, 1H), 3.22 (s, 3H) ppm. °C NMR
(125 MHz, CDCl3) 6 165.69, 145.11, 140.50, 130.37, 130.22, 129.67,

99.87, 47.72, 36.07 ppm. IR (neat) v 3065, 2100, 1634, 1467, 1256, 798 cm™. HRMS (DART)
calcd for CoHgN3OI [M+H]+: 301.97969 found: 301.97903.

2-Diazo-N-ethyl-N-phenylacetamide (50m)

Same procedure as described above for 50a. 56% yield. Yellow oil. *H NMR (500MHz, CDCls) &
7.40 (dt, J = 7.84, 1.91 Hz, 2H), 7.33 (dt, J = 7.64, 1.91 Hz, 1H), 7.16 (dd, J = 8.03, 1.15 Hz, 2H),
4.36 (s, 1H), 3.79 (d, J = 7.26 Hz 1H), 3.77 (d, J = 7.26 Hz, 1H), 1.11(t, J = 7.26 Hz, 3H), ppm.
13C NMR (125 MHz, CDCl3) § 165.43, 141.46, 129.81, 128.64, 128.21, 47.48, 44.12, 13.44 ppm.
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IR (neat) v 3059, 2106, 1621, 1401, 1257, 700 cm™. HRMS (DART)

©\ /ENZ calcd for: C1o0H11N3O [M+H]+: 190.0980 found: 190.0980.
L

2-Diazo-N-isopropyl-N-phenylacetamide (50n)

Same procedure as described above for 50a. 55% yield. Yellow oil. H
N2 | NMR (500MHz, CDCl3) 6 7.41-736 (m, 3H), 7.11-7.09 (m, 2H), 5.01
@NLO (sep., 1H), 4.13 (s, 1H), 1.06 (d, J = 6.88 Hz, 6H) ppm. 3C NMR (125
)\ MHz, CDCl3) 6 165.53, 137.85, 130.76, 129.23, 128.82, 47.57, 46.47,

21.26 ppm. IR (neat) v 3067, 2103, 1624, 1394, 1118, 704 cm™. HRMS
(DART) calcd for: C11H13N3O [M+H]+: 204.1137 found: 204.1136.
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6.2.3. General procedure for the intramolecular C-H insertion reaction of diazo acetamides
by using Ru(l1)-Pheox catalyst
To a solution of Ru(ll)-Pheox catalyst (1.3 mg, 0.002 mmol) in CH>Cl> (1.0 mL) was
slowly added a solution of diazoacetamides (0.2 mmol) in CH2Cl, (2.0 mL) at room temperature
with stirring under argon atmosphere. After the addition completed, the reaction was monitored
by TLC. Most of the case, nitrogen evolution was observed and the reaction rapidly proceeded
within 1 min. Upon completion, the solvent was removed and the residue was purified by flash

column chromatography on silica gel eluted with EtOAc/n-Hexane (1/5('/v)) to give the desired

product.
\ N2\ \
R—: rac-Ru(Il)-Pheox (1mol %) R—: o)
/ > /
N
’Tl © DCM, RT, 1 min \
50 R’ 51 R

Scheme 47. Decomposition of 2-diazo-N-methyl-N-phenylacetamide by Ru(lI1)-Pheox complex.

6.2.4. Analytical data for the intramolecular C-H insertion reaction of diazo acetamides by
using Ru(l1)-Pheox catalyst

1-Methylindolin-2-one (51a)

This compound was prepared according to the typical procedure for

©j>:o intramolecular C-H insertion reaction of diazo-N-phenyl-N-
N

\ methylacetamide 50a (29.4 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with EtOAc/n-Hexane as
an eluent to give 1-methylindolin-2-one (51a) as white powder. 96% yield. NMR(*H, 3C), IR data
agree with reported values.[*%]

5-Methoxy-1-methylindolin-2-one (51b)
This compound was prepared according to the typical procedure for intramolecular C-H insertion
reaction of 2-diazo-N-(4-methoxyphenyl)-N-methylacetamide 50b (40.8 mg, 0.2 mmol). The

resulting mixture was purified by silica gel column chromatography with EtOAc/n-Hexane as an
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eluent to give 5-methoxy-1-methylindolin-2-one (51b) as white

CH,0 .
’ \©j>:0 powder. NMR(*H, 3C), IR and HRMS data agree with reported
N values.[*%

5-Chloro-1-methylindolin-2-one (51c¢)
This compound was prepared according to the typical procedure for
¢ intramolecular C-H insertion reaction of 2-diazo-N-(4-
\©j,\>:0 chlorophenyl)-N-methylacetamide 50c (41.7 mg, 0.2 mmol). The
\CHs resulting mixture was purified by silica gel column chromatography

with EtOAc/n-Hexane as an eluent to give 5-chloro-1-methylindolin-
2-one (51c) as white powder. 94% vyield. *H NMR (500MHz, CDCls) & 7.26 (dd, J = 8.41, 1.91
Hz, 1H), 7.22 (s, 1H), 6.73 (d, J = 8.41 Hz, 1H), 3.51 (s, 2H), 3.19 (s, 3H) ppm. 13C NMR (125
MHz, CDCl3) 6 174.63, 143.95, 128.00, 127.84, 126.24, 124.96, 109.07, 35.83, 26.48 ppm. IR
(neat) v 2968, 1702, 1491, 1271, 754 cm™. HRMS (DART) calcd for CoHgNOCI [M+H]+:
182.0376 found: 182.0372.

5-Bromo-1-methylindolin-2-one (51d)

This compound was prepared according to the typical procedure for

B
r\©j>:0 intramolecular C-H insertion reaction of 2-diazo-N-(4-
N bromophenyl)-N-methylacetamide 50d (41.7 mg, 0.2 mmol). The

CHs resulting mixture was purified by silica gel column chromatography

with EtOAc/n-Hexane as an eluent to give 5-bromo-1-methylindolin-2-one (51d) as white powder.
93% yield. NMR(*H, 13C), IR data agree with reported™?®l values.

5-lodo-1-methylindolin-2-one (51e)

This compound was prepared according to the typical procedure for

I\©j>:0 intramolecular C-H insertion reaction of 2-diazo-N-(4-lodophenyl)-
N N-methylacetamide 50e (54.6 mg, 0.2 mmol). The resulting mixture
\

CHj was purified by silica gel column chromatography with EtOAc/n-

Hexane as an eluent to give 5-iodo-1-methylindolin-2-one (51e) as
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white powder. 99% yield. *H NMR (500MHz, CDCls) & 7.57 (d, J = 8.41 Hz, 1H), 7.51 (s, 1H),
6.58 (d, J = 8.41 Hz, 1H), 3.48 (s, 2H), 3.16 (s, 3H) ppm. *C NMR (125 MHz, CDCls) § 174.27,
144,76, 136.79, 133.13, 126.91, 110.14, 84.84, 35.42, 26.18 ppm. IR (neat) v 2935, 1696, 1364,
1100, 810 cm™. HRMS (DART) calcd for CoHgNOI [M+H]+: 273.9722 found: 273.9728.

5-Nitro-1-methylindolin-2-one (51f)

NO,
mo
N

\
CH;

This compound was prepared according to the typical procedure for

intramolecular C-H insertion reaction of 2-diazo-N-(4-nitrophenyl)-

N-methylacetamide 50f (43.8 mg, 0.2 mmol). The resulting mixture

was purified by silica gel column chromatography with EtOAc/n-

Hexane as an eluent to give 5-nitro-1-methylindolin-2-one (51f) as white powder. 94% yield. *H
NMR (500MHz, CDCls) & 8.28 (dd, J = 8.79, 2.29 Hz, 1H), 8.15-8.14 (m, 1H), 6.91 (d, J = 8.79
Hz, 1H), 3.64 (s, 2H), 3.29 (s, 3H) ppm. 3C NMR (125 MHz, CDCls) § 174.98, 150.99, 143.44,
125.59, 125.22, 120.36, 107.74, 35.45, 26.83 ppm. IR (neat) v 2913, 1718, 1507, 1288, 746 cm™.
HRMS (DART) calcd for CoHgN203 [M+H]+: 193.0613 found: 193.0613.

1,6-Dimethylindolin-2-one (51ga), 1,4-dimethylindolin-2-one (51gb)

O
CH N

3 \
CH,

CH,

CH,

This compound was prepared according to the
typical procedure for intramolecular C-H
insertion reaction of 2-diazo-N-(3-
methylphenyl)-N-methylacetamide 50g (37.8 mg,

0.2 mmol). The resulting mixture was purified by

silica gel column chromatography with EtOAc/n-Hexane as an eluent to give 1,6-dimethylindolin-
2-one (51ga), 1,4-dimethylindolin-2-one (51gb) as yellow powder. 98% yield. NMR(}H, 3C), IR

data agree with reported(*®! values.

7-Methoxy-1-methylindolin-2-one (51h)
o | This compound was prepared according to the typical procedure for

N\ intramolecular C-H insertion reaction of 2-diazo-N-(2-methoxyphenyl)-N-
CH
OCH; ™73 methylacetamide 50h (35.6 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with EtOAc/n-Hexane as an
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eluent to give 7-methoxy-1-methylindolin-2-one (51h) as yellow powder. 93% yield. *H NMR
(500MHz, CDCl3) 6 6.98-6.95 (m, 1H), 6.86-6.84 (m, 2H), 3.85 (s, 1H), 3.48 (s, 2H), 3.48 (s, 3H)
ppm. BC NMR (125 MHz, CDCls) § 175.20, 145.37, 133.11, 125.97, 122.46, 117.07, 111.54,
55.67, 35.62, 28.50 ppm. IR (neat) v 2978, 1694, 1467, 1253, 754 cm™. HRMS (DART) calcd for
C10H1:NO2 [M+H]+: 178.0863 found: 178.0868.

7-Bromo-1-methylindolin-2-one (51i)

This compound was prepared according to the typical procedure for
o | intramolecular C-H insertion reaction of 2-diazo-N-(2-bromophenyl)-N-
N methylacetamide 50i (45.2 mg, 0.2 mmol). The resulting mixture was

CH . . .
Br s purified by silica gel column chromatography with EtOAc/n-Hexane as an

eluent to give 7-bromo-1-methylindolin-2-one (51i) as yellow powder. 98%
yield. *H NMR (500MHz, CDCls) § 7.38 (d, J = 8.03 Hz, 1H), 7.16 (d, J = 8.03 Hz, 1H), 6.89—
6.86(m, 1H), 3.59 (s, 3H), 3.53 (s, 2H) ppm. °C NMR (125 MHz, CDCls3) § 175.41, 142.25, 133.62,
127.30, 123.44, 102.21, 35.78, 29.75 ppm. IR (neat) v 2943, 1716, 1462, 1332, 794 cm™*. HRMS
(DART) calcd for CoHgNOBr [M+H]+: 225.9860 found: 225.9867.

7-lodo-1-methylindolin-2-one (51j)

This compound was prepared according to the typical procedure for

o | intramolecular C-H insertion reaction of 2-diazo-N-(2-lodophenyl)-N-
N\ methylacetamide 50j (54.6 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with EtOAc/n-Hexane as an

eluent to give 7-iodo-1-methylindolin-2-one (51j) as yellow powder. 97%
yield. *H NMR (500MHz, CDCls) § 7.67 (dd, J = 8.03, 1.15 Hz, 1H), 7.18 (dd, J = 7.64, 1.15 Hz,
1H), 6.73 (t, J = 7.64 Hz, 1H), 3.58 (s, 3H), 3.49 (s, 2H) ppm. *C NMR (125 MHz, CDCls) §
175.14, 145.89, 140.23, 127.48, 124.19, 124. 11, 71.97, 36.12, 29.54 ppm. IR (neat) v 2942, 1706,
1455, 1333, 766 cm™. HRMS (DART) calcd for CoHsNOI [M+H]+: 273.9721 found: 273.9728.

1-Phenylindolin-2-one (51I)
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This compound was prepared according to the typical procedure for
©:\>:O intramolecular C-H insertion reaction of 2-diazo-N,N-diphenylacetamide 50I

@ (47.5 mg, 0.2 mmol). The resulting mixture was purified by silica gel column
chromatography with EtOAc/n-Hexane as an eluent to give 7-iodo-1-

methylindolin-2-one (511) as white powder, yield: 99%. NMR (*H, *C), IR data agree with

reported(*® values.

1-Ethylindolin-2-one (51m)
This compound was prepared according to the typical procedure for

@E’}:O intramolecular C-H insertion reaction of 2-diazo-N-ethyl-N-phenylacetamide
) 50m (32.4 mg, 0.2 mmol). The resulting mixture was purified by silica gel

column chromatography with EtOAc/n-Hexane as an eluent to give 1-
ethylindolin-2-one (51m) as white powder. 94% yield. *H NMR (500MHz, CDCls) § 7.25 (dd, J
=16.82, 8.03 Hz, 2H), 7.01 (t, J = 7.26 Hz, 1H), 6.83 (d, J = 8.03 Hz, 1H), 3.75 (q, J = 7.26 Hz,
2H), 3.49 (s, 2H), 1.25 (t, J = 7.26 Hz, 3H) ppm. 3C NMR (125 MHz, CDCl3) § 174.79, 144.05,
127.89, 124.85, 124.58, 122.20, 108.28, 35.94, 34.72, 12.76 ppm. IR (neat) v 2978, 1699, 1466,
1245, 749 cm™. HRMS (DART) calcd for CoHgNOI [M+H]+: 162.0914 found: 162.0928.

1-Isopropylindolin-2-one (51n)

This compound was prepared according to the typical procedure for

©E>:0 intramolecular C-H insertion reaction of 2-diazo-N-isopropyl-N-
N

)\ phenylacetamide 50n (35.2 mg, 0.2 mmol). The resulting mixture was purified

by silica gel column chromatography with EtOAc/n-Hexane as an eluent to give
1-isopropylindolin-2-one (51n) as white powder. 91% yield. *H NMR (500MHz, CDCls) § 7.25—
7.21 (m, 2H), 7.01-6.98 (m, 2H), 4.67 (seq, J = 6.88 Hz, 1H), 3.48 (s, 2H), 1.46 (d, J = 6.88 Hz,
6H) ppm. °C NMR (125 MHz, CDCl3) § 174.79, 143.88, 127.60, 125.09, 124.64, 121.81, 109.92,
43.59, 36.03, 19.40 ppm. IR (neat) v 2973, 1709, 1485, 1246, 749 cm™*. HRMS (DART) calcd for
CgHgNOI [M+H]+: 176.1071 found: 176.1074.
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6.3. Experimental analytical data for chapter 3
6.3.1. General procedure for catalytic asymmetric intramolecular cyclopropanation

reaction (56).

CH, o. |KPs

R? o)
)K/N (NCCHs5) R%,
R ™ o N2 i 34 y 0
R3

cat. 4 (1 mol%)
55 CH2C|2, RT, 1 min 56

Scheme 48. Procedure for catalytic asymmetric intramolecular cyclopropanation reaction.

To a solution of diazoester (0.2 mmol, 1.0 equiv.) in CH2Cl> (1.0 mL) was added to a mixture
of cat.4 (1.2 mg, 1 mol%) in CH2Cl, (1.0 mL) under argon atmosphere at room temperature. The
progress of the reaction was monitored by TLC. Upon completion, the solvent was removed under
reduced pressure and the residue was purified by silica gel column chromatography with EtOAc/n-
Hexane (1/5 (v/v)) to give the desired product. The ee value was determined by chiral HPLC

analysis.

6.3.2. Analytical data for asymmetric intermolecular cyclopropanation reaction products

(18,5R,6R)-5-Methyl-6-phenyl-3-oxabicyclo[3.1.0]hexan-2-one (56b)

This compound was prepared according to the typical procedure for

O
H
asymmetric intramolecular cyclopropanation reaction of (£)-2-methyl-
0 3-phenylallyl 2-diazoacetate (43.3 mg, 0.2 mmol). The reaction mixture
Me was purified by silica gel column chromatography with EtOAc/n-

Hexane (1/2 (v/v)) as an eluent to give the desired product in 99% yield (37.1 mg, 0.2 mmol) as
colorless solid. [a]*!*p=—120.3 (¢ 1.0, CHCI3). 93% trans ee. The ee value were determined by
HPLC analysis. Column (chiral OJ-H), UV detector 220 nm, eluent: n-Hexane/IPA = 4/1, Flow
late = 0.5 mL/min, tR = 23.7 min (major product), tR = 26.2 min (minor product). The spectral

data were confirmed reported reference.

(1R,55)-6,6-Dimethyl-3-oxabicyclo[3.1.0]hexan-2-one (56¢)
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Me
Me

H

This compound was prepared according to the typical procedure for

asymmetric intramolecular cyclopropanation reaction of 3-methylbut-2-

O en-1-yl 2-diazoacetate (30.8 mg, 0.2 mmol). The reaction mixture was

purified by silica gel column chromatography with EtOAc/n-Hexane (1/2

(v/v)) as an eluent to give the desired product in 96% yield (24.9 mg, 0.2 mmol) as colorless oil.
[a]**p=—42.7 (c 1.0, CHCI3). 98% trans ee. The ee value were determined by HPLC analysis.
Column (chiral IC-3), UV detector 220 nm, eluent: Hex/IPA = 7/3, Flow late = 1.0 mL/min, tR =

13.0 min (major product), tR = 16.0 min (minor product). The spectral data were confirmed

reported reference.

(18,5R)-3-Oxabicyclo[3.1.0]hexan-2-one (56f)

H

O

0]

This compound was prepared according to the typical procedure for asymmetric
intramolecular cyclopropanation reaction of allyl 2-diazoacetate (25.2 mg, 0.2
mmol). The reaction mixture was purified by silica gel column chromatography

with EtOAc/n-Hexane (1/2 (v/v)) as an eluent to give the desired product in 91%

yield (17.8 mg, 0.18 mmol) as colorless oil. [0]**’p=—-51.4 (¢ 0.65, CHCl3). 99% trans ee. The ee

value were determined by HPLC analysis. Column (chiral IC-3), UV detector 220 nm, eluent:

Hex/IPA = 7/3, Flow late = 1.0 mL/min, tR = 21.9 min (major product), tR = 20.4 min (minor

product). The spectral data were confirmed reported reference.
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6.4. Experimental analytical data for chapter 4

6.4.1. Preparation of diazoacetamides

B
CH30 '
\©\/H K2CO3, CoHzBr0 CH30 Kfo
N R DCM, 0°C -RT, 30 min \©\/N R
~
Br '\:2
CHaoWO TsNHNHTs, DBU CHgoWO
THF, 0°C, 30 min
N R N R
R = -C6H4(4-OCH3) 57b
Scheme 49. Synthesis of 2-diazo-N,N-bis(4-methoxybenzyl)acetamide (57b).
N, To a suspension of K,COz (1.66 g, 12 mmol) and
CH30 kfo OCHj; | bis(4-methoxybenzyl)amine (2.27 g, 10 mmol) in
\©\/NM©/ DCM (20.0 mL) was added dropwise bromoacetyl
57b bromide (0.95 mL, 11 mmol) at 0°C. The reaction

mixture was stirred for 30 minutes in room temperature. The mixture was then extracted three
times with DCM, dried (Na2S0O4), and filtered. After evaporation of the solvent, the residue was
obtained and used in the next step without purification. The resulting bromoacetamide and N,N"-
ditosylhydrazine (5.1 g, 15 mmol) were dissolved in THF (20 mL) and cooled down to 0°C, then
DBU (3 mL, 20 mmol) was added dropwise and stirred at 0°C for 30 minutes. After quenched with
NaHCO3 ag. and extracted with diethyl ether three times, the organic phase was dried over Na;SO4
and evaporated to give the crude product. Purification was performed with flash column
chromatography on silica gel eluted with EtOAc/n-Hexane (1/5(v/v)) to give 2-diazo-N,N-bis(4-
methoxybenzyl)acetamide (1.66 g, 51% yield) as a yellow oil 50b. *H NMR (500 MHz, CDCls) §
7.13 (brs, 4H), 6.88 (d, J = 8.41 Hz, 4H), 4.98 (s, 1H), 4.35 (br s, 4H), 3.77 (s, 6H) ppm. 3C NMR
(125 MHz, CDCl3) 6 166.2, 158.9, 129.38, 128.2, 113.8, 55.1, 48.53, 46.64 ppm. IR (neat) v 3068,
2928, 2837, 2100, 1606, 1440, 814 cm™. HRMS (DART) calcd for C1gH19N303 [M+H]": 326.1504
found: 326.1504.
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6.4.2. Analytical data for diazoacetamides
2-Diazo-N,N-dibenzylacetamide (57a)

Ny

@V

0

Same procedure as described above for 57b. (48% yield). Yellow
oil. *H NMR (500 MHz, CDCls) § 7.36-7.23 (m, 10H), 4.97 (s, 1H),
4.46 (br s, 4H) ppm. 3C NMR (125 MHz, CDCl3) § 166.61, 136.62,
128.72, 127.52, 126.56, 49.38, 47.00 ppm. IR (neat) v 3064, 2921,

2100, 1606, 1427, 727 cm™. HRMS (DART) calcd for CigHisN3O [M+H]*: 266.1293 found:

266.1293.

2-Diazo-N,N-bis(4-methylbenzyl)acetamide (57c)

CHj;

|8

Same procedure as described above for 57b. (43%
yield). Yellow oil. *H NMR (500 MHz, CDCls) § 7.15

o) CHs
v©/ (d, 3 =7.64 Hz, 4H), 7.11 (br s, 4H), 4.96 (s, 1H), 4.39

(br s, 4H), 2.35 (s, 6H) ppm. 3C NMR (125 MHz,

CDCls) & 166.59, 137.40, 133.88, 129.56, 127.07, 49.10, 47.12, 21.21 ppm. IR (neat) v 3052, 2921,
2104, 1603, 1432, 798 cm™. HRMS (DART) calcd for CigHioNsO [M+H]*: 294.1606 found:

294.1606.

2-Diazo-N,N-bis(4-chlorobenzyl)acetamide (57d)

Ny

jos

Same procedure as described above for 57b. (63% yield).
Yellow oil. *H NMR (500 MHz, CDCls) 6 7.32 (d, J = 7.94

O Cl
ﬁ Hz, 4H), 7.14 (d, J = 7.94 Hz, 4H), 4.94 (s, 1H), 4.39 (br s,

4H) ppm. 13C NMR (125 MHz, CDCls) § 166.64, 135.15,

133.66, 129.11, 128.87, 49.06, 47.24 ppm. IR (neat) v 3072, 2925, 2109, 1606, 1432, 802 cm™™.
HRMS (DART) calcd for C16H1sCloN3O [M+H]*: 334.0513 found: 334.0513.

2-Diazo-N,N-bis(4-bromobenzyl)acetamide (57¢)

N»

“OLT

Same procedure as described above for 57b. (55% yield).
Yellow oil. *H NMR (500 MHz, CDCls) 6 7.47 (d, J = 8.03

(0] Br
v©/ Hz, 4H), 7.08 (d, J = 8.03 Hz, 4H), 4.94 (s, 1H), 4.40 (br s,

4H) ppm. C NMR (125 MHz, CDCl3) § 166.5, 135.73,
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131.82, 128.70, 121.48, 48.93, 47.08 ppm. IR (neat) v 3069, 2918, 2103, 1623, 1438, 797 cm™.
HRMS (DART) calcd for C16H13BraNsO [M+H]*: 421.9503 found: 421.9503.

2-Diazo-N,N-bis(4-fluorobenzyl)acetamide (57f)

N

Same procedure as described above for 57b. (69% yield).
Yellow oil. *tH NMR (500 MHz, CDCl3) § 7.17 (t, J = 8.03 Hz,
4H), 7.03 (t, J = 8.03 Hz, 4H), 4.96 (s, 1H), 4.40 (br s, 4H)
ppm. $3C NMR (125 MHz, CDCls) § 166.52, 163.25, 161.29,

132.41, 128.83, 115.80, 48.82, 47.09 ppm. IR (neat) v 3072, 2921, 2109, 1599, 1440, 818 cm™™.
HRMS (DART) calcd for CisH13F2NsO [M+H]*: 302.1108 found: 302.1104.

2-Diazo-N,N-bis(3-methoxybenzyl)acetamide (579)

Ny

Kfo
/©\/N\/©\
CH30 OCHj,4

Same procedure as described above for 57b. (60%
yield). Yellow oil. *tH NMR (500 MHz, CDCls) §
7.26 (t, J = 8.03 Hz, 2H), 6.84-6.75 (m, 6H), 4.96
(s, 1H), 4.76-4.13 (br s, 4H), 3.79 (s, 6H) ppm. C

NMR (125 MHz, CDCls) 6 166.55, 160.02, 138.41, 129.84, 119.63, 113.25, 112.90, 55.20, 49.51,
47.00 ppm. IR (neat) v 3064, 2937, 2104, 1599, 1427, 782 cm™. HRMS (DART) calcd for
C18H19N303 [M+H]*: 326.1509 found: 326.1504.

2-Diazo-N-(4-methoxybenzyl)-N-(4-nitrobenzyl)acetamide (57h)

CH50

Ny

Same procedure as described above for 57b. (33%
yield). Yellow oil. *tH NMR (500 MHz, CDCl3) §
8.18 (d, J = 8.03 Hz, 2H), 7.38 (d, J = 8.03 Hz, 2H),
7.11 (d, J = 8.03 Hz, 2H), 6.88 (d, J = 8.03 Hz, 2H),

5.04 (br s, 1H), 4.6 (br s, 2H), 4.32 (br s, 2H), 3.81 (s, 3H) ppm. 13C NMR (125 MHz, CDCls) §
166.73, 159.46, 147.48, 145.05, 128.49, 127.95, 124.06, 114.47, 55.45, 49.85, 48.95, 47.32 ppm.
IR (neat) v 3076, 2933, 2109, 1606, 1440, 822 cm™. HRMS (DART) calcd for Ci7H1sN4Os
[M+H]": 341.1249 found: 341.1249.

2-Diazo-N-benzyl-N-methylacetamide (571)
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Same procedure as described above for 57b. (22% yield). Yellow oil. *H

kfo NMR (500 MHz, CDCl3) 6 7.35 (t, J = 7.64 Hz, 2H), 7.29 (d, J = 7.64 Hz,
©\/N\ 1H), 7.23 (d, J = 7.64 Hz, 2H), 4.99 (s, 1H), 4.55 (br s, 2H), 2.85 (br s, 3H)
CHs | ppm. 3C NMR (125 MHz, CDCls) § 166.22, 137.05, 128.83, 127.60,
126.64, 51.43, 46.62, 34.59 ppm. IR (neat) v 3068, 2921, 2104, 1610, 1404, 727 cm™. HRMS
(DART) calcd for C1oH11N30 [M+H]": 190.0982 found: 190.0980.

2-Diazo-N-(4-methoxybenzyl)-N-methylacetamide (57j)

Same procedure as described above for 57b. (43% yield). Yellow

CH50 kfo oil. 'H NMR (500 MHz, CDCls) 6 7.16 (d, J = 8.03 Hz, 2H), 6.87

\©\/N\ (d, J=8.03 Hz, 2H), 4.98 (s, 1H), 4.45 (br s, 2H), 3.8 (s, 3H), 2.83

CHs | (brs, 3H) ppm. ©*C NMR (125 MHz, CDCls) § 166.11, 159.22,

129.13, 128.82, 114.26, 55.41, 51.24, 46.6, 34.22 ppm. IR (neat) v 3068, 2933, 2104, 1606, 1455,
814 cm™*. HRMS (DART) calcd for C11H13N3O2 [M+H]*: 220.1087 found: 220.1086.

Ny

2-Diazo-N-(4-methylbenzyl)-N-methylacetamide (57k)

Same procedure as described above for 57b. (42% vyield). Yellow
CHs kfo oil. 'tH NMR (500 MHz, CDCls) 6 7.13 (dd, J = 17.76, 8.02 Hz, 4H),
\©\/N\ 4.97 (s, 1H), 4.45 (br s, 2H), 2.86 (br s, 3H), 2.34 (s, 3H) ppm. 13C
CHs | NMR (125 MHz, CDCl3) § 166.29, 136.18, 131.98, 129.38, 121.61,
50.89-, 46.7, 34.33, 23.14 ppm. IR (neat) v 3072, 2921, 2100, 1606, 1399, 798 cm™. HRMS
(DART) calcd for C11H13N30 [M+H]*: 204.1137 found: 204.1137.

Ny

2-Diazo-N-(4-chlorobenzyl)-N-methylacetamide (571)

Same procedure as described above for 57b. (46% vyield). Yellow
cl kfo powder. *H NMR (500 MHz, CDCl3) § 7.31 (d, J = 8.03 Hz, 2H), 7.17
\©\/N\ (d, J=8.03 Hz, 2H), 4.97 (s, 1H), 4.49 (br s, 2H), 2.83 (br s, 3H) ppm.
CHs | 13 NMR (125 MHz, CDCl3) 6 166.24, 135.68, 133.40, 128.97,
128.67, 50.77, 46.64, 34.40 ppm. IR (neat) v 3072, 2916, 2100, 1606, 1404, 791 cm™. HRMS
(DART) calcd for C10H10CIN3O [M+H]*: 224.0590 found: 224.0590.

N>
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2-Diazo-N-(4-bromobenzyl)-N-methylacetamide (57m)

N>

Br kfo
\©\/N\
CHj

Same procedure as described above for 57b. (47% vyield). Yellow
powder. *H NMR (500 MHz, CDClz) & 7.46 (d, J = 8.03 Hz, 2H), 7.11
(d,J=8.03 Hz, 2H), 4.97 (s, 1H), 4.47 (br s, 2H), 2.84 (br s, 3H) ppm.
13C NMR (125 MHz, CDCls) & 166.23, 136.19, 131.89, 129.37,

121.47, 50.98, 46.63, 34.39 ppm. IR (neat) v 3072, 2925, 2104, 1610, 1399, 746 cm™. HRMS
(DART) calcd for C10H10BrN3zO [M+H]": 268.0084 found: 268.0085.

2-Diazo-N-(4-flourobenzyl)-N-methylacetamide (57n)

Ny

F kfo
\©\/N\
CHs

Same procedure as described above for 57b. (25% vyield). Yellow
powder. *H NMR (500 MHz, CDCls) § 7.2 (t, J = 8.03 Hz, 2H), 7.01 (t,
J=8.03 Hz, 2H), 4.98 (s, 1H), 4.49 (br s, 2H), 2.82 (br s, 3H) ppm. $3C
NMR (125 MHz, CDCl3) 6 166.29, 163.33, 161.37, 129.35, 115.84,

50.79, 46.69, 34.35 ppm. IR (neat) v 3072, 2925, 2104, 1606, 1408, 818 cm™’. HRMS (DART)
calcd for C1oH10FN3O [M+H]*: 208.0886 found: 208.0886.

2-Diazo-N-(4-nitrobenzyl)-N-methylacetamide (570)

Ny

N
“CHj

Same procedure as described above for 57b. (20% vyield). Yellow
powder. *H NMR (500 MHz, CDCls) & 8.10 (d, J = 8.41 Hz, 2H),
7.34 (d, J = 8.41 Hz, 2H), 5.04 (s, 1H), 4.59 (br s, 2H), 3.37 (s, 2H),
2.81 (brs, 3H) ppm. 3C NMR (125 MHz, CDCls3) § 166.49, 147.52,

144.94, 128.37, 124.13, 51.04, 46.77, 34.8 ppm. IR (neat) v 3072, 2928, 2109, 1606, 1479, 727
cm™. HRMS (DART) calcd for C10H10N4O3 [M+H]*: 235.0839 found: 235.0831.
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6.4.3. General procedure for catalytic asymmetric intramolecular Buchner reaction of

diazoacetamides

’\:2 Ru(l)-Ph H P o
u - eox 1
AN o (1 mol%) - JR
o N._R' DCMRT tme R\~ = N\—R
\
—_
57 58 RN/ 59

Scheme 50. Catalytic Asymmetric Intramolecular Buchner Reaction of Diazoacetamides.

To a stirred mixture of Ru(ll)-Pheox catalyst (1.30 mg, 0.002 mmol) in DCM (1 ml) was
slowly added a solution of diazoacetamides (0.2 mmol) in DCM (2.0 ml) (for 2 minutes with N,N-
bisaryl-2-diazo-acetamides or 4 hours with N-aryl-2-diazo-N-methylacetamides) under argon
atmosphere at room temperature. After the addition completed, the progress of the reaction was
monitored by TLC. Upon completion, the solvent was removed and the residue was purified by
flash column chromatography on silica gel eluted with EtOAc/n—Hexane or IPA/n—Hexane to give
the desired product. The regioselective ratios were determined from the crude *H NMR spectra,

and the ee values were determined by chiral HPLC analysis.

6.4.4. Analytical data for asymmetric intramolecular Buchner reaction products
(S)-2-benzyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58a)

This compound was prepared according to the typical procedure for

0
H : . . . .
asymmetric Buchner ring expansion reaction of N,N-dibenzyl-2-

N diazoacetamide 57a (53.1 mg, 0.2 mmol). The resulting mixture was
purified by silica gel column chromatography with n-Hexane/Et20
as an eluent to give 2-phenyl-3,8a-dihydro cyclohepta[c]pyrrol-
1(2H)-one 58a as colorless oil (92% yield, 43.7 mg, 0.184 mmol), 78% ee. [a]?"p = +144.3 (¢ 0.7,
CHCIls). *H NMR (500MHz, CDCls) § 7.38-7.23 (m, 5H), 6.47 (t, J = 3.25 Hz, 2H), 6.22-6.17 (m,
1H), 6.08 (ddd, J = 4.59, 4.20, 2.29 Hz, 1H), 5.33 (dd, J = 9.56, 3.82 Hz, 1H), 4.60 (d, J = 14.52
Hz, 1H), 4.54 (d, J = 14.52 Hz, 1H), 4.08 (d, J = 17.2 Hz, 1H), 4.04 (d, J = 17.2 Hz, 1H), 3.15 (s,
1H) ppm. *C NMR (125 MHz, CDCls) § 174.25, 136.10, 130.50, 130.04, 129.30, 128.96, 128.32,
127.93, 127.17, 120.80, 119.70, 50.70, 46.70, 46.47 ppm. IR (neat) v 3027, 2924, 1683, 1422,
1272, 764 cm™. The ee value was determined by chiral HPLC analysis. Column (Chiral 1A-3), UV
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detector 220 nm, eluent: n-Hexane/IPA = 10/1, Flow rate = 1.0 ml/min, tR = 14.2 min (major
product), tR = 15.9 min (minor product). HRMS (DART) calcd for CisHisN101 [M+H]+:
238.1231 found: 238.1231.

(S)-6-Methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58b)

This compound was prepared according to the typical

0
H : . :
procedure for asymmetric Buchner ring expansion

CH30 N reaction of 2-diazo-N,N-bis(4-
methoxybenzyl)acetamide 57b (65.1 mg, 0.2mmol).

The resulting mixture was purified by silica gel
OCHj3

column chromatography with n-Hexane/ EtOAC as an

eluent to give 6-methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58b)
as white solid (99% yield, 58.9 mg, 0.198 mmol), 99% ee. [a]?*® p = —25.34 (c 1.0, CHClIs). H
NMR (500MHz, CDCl3z) 6 7.19 (d, J = 8.41 Hz, 2H), 6.86 (d, J = 8.41 Hz, 2H), 6.05 (dt, J = 10.32,
2.29 Hz, 1H), 5.98 (ddd, J = 4.97, 4.20, 2.29 Hz, 1H), 5.67 (d, J = 8.41 Hz, 1H), 5.51 (dd, J =
10.32, 4.2 Hz, 1H), 5.53 (d, J = 14.52 Hz, 1H), 4.46 (d, J = 14.52 Hz, 1H), 4.03 (d, J = 14.91 Hz,
1H), 3.98 (d, J = 14.91 Hz, 1H), 3.79 (s, 3H), 3.62 (s, 3H), 3.20 (s, 1H).3C NMR (125 MHz,
CDCI3) 6 173.78, 159.28, 159.24, 129.59, 128.10, 125.15, 123.26, 123.23,117.71, 114.17, 102.82,
55.34, 54.77, 50.32, 45.98, 45.95 ppm. IR (neat) v 2992, 2933, 1690, 1511, 1439, 806 cm™. The
ee value was determined by chiral HPLC analysis. Column (Chiral 1A-3), UV detector 220 nm,
eluent: n-Hexane/IPA = 10/1, Flow rate = 1.0 ml/min, tR = 23.1 min (major product), tR = 33.6
min (minor product). HRMS (DART) calcd for C1gH19NO3 [M+H]+: 206.0929 found: 206.0929.

(S)-6-Methyl-2-(4-methylbenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58c)

L o This compound was prepared according to the typical
procedure for asymmetric Buchner ring expansion
CHs N reaction of 2-diazo-N,N-bis(4-methylbenzyl)acetamide
57c (58.7 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with »n-

s Hexane/ EtOAc as an eluent to give 6-methyl-2-(4-

methylbenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one 58c as colorless oil (93% yield, 49.4
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mg, 0.186 mmol), 97% ee. [a]?>°p = +40.65 (¢ 0.5, CHCI3). *H NMR (500MHz, CDCl3) § 7.15 (d,
J =8.59 Hz, 2H), 7.13 (d, J = 8.59 Hz, 2H), 6.26 (d, J = 5.73 Hz, 1H), 6.02 (d, J = 9.74 Hz, 1H),
5.95 (d, J = 5.73 Hz, 1H), 5.31 (dd, J = 9.74, 4.01 Hz, 1H), 4.54 (d, J = 14.89 Hz, 1H), 4.49 (d, J
=14.89 Hz, 1H), 4.04 (d, J = 15.75 Hz, 1H), 3.99 (d, J = 15.75 Hz, 1H), 3.12 (s, 1H), 2.33 (s, 3H),
2.02 (s, 3H) ppm. 3C NMR (125 MHz, CDCl3) & 174.25, 139.37, 137.54, 133.08, 130.34, 129.55,
128.30, 127.11, 126.89, 120.00, 119.31, 50.47, 46.37, 46.15, 24.80, 21.21 ppm. IR (neat) v 3020,
2917, 1686, 1435, 1268, 806 cm™. The ee value was determined by chiral HPLC analysis. Column
(Chiral 1A-3), UV detector 220 nm, eluent: n-Hexane/IPA = 30/1, Flow rate = 1.0 ml/min, tR =
34.1 min (major product), tR = 38.1 min (minor product). HRMS (DART) calcd for C1gH20N101
[M+H]+: 266.1544 found: 266.1544.

(S)-6-Chloro-2-(4-chlorobenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58d)

This compound was prepared according to the typical

0
H . : . :
procedure for asymmetric Buchner ring expansion reaction of

Cl N N,N-bis(4-chlorobenzyl)-2-diazoacetamide 57d (66.8 mg, 0.2
mmol). The resulting mixture was purified by silica gel

column chromatography with n-Hexane/ EtOAC as an eluent
Cl

to give 6-chloro-2-(4-chlorobenzyl)-3,8a-
dihydrocyclohepta[c]pyrrol-1(2H)-one 58d as white solid (96% yield, 58.8 mg, 0.192 mmol), 96%
ee. [0]%3p = +90.26 (c 1.3, CHCI3). 'H NMR (500MHz, CDCl3) § 7.31 (d, J = 8.41 Hz, 2H), 7.20
(d, J=8.41Hz, 2H), 6.68 (d, J = 6.50 Hz, 1H), 6.20 (d, J =9.94 Hz, 1H), 6.02 (ddd, J = 4.59, 4.20,
2.29 Hz, 1H), 5.37 (dd, J = 9.94, 4.20 Hz, 1H), 4.56 (d, J = 14.91 Hz, 1H), 4.49 (d, J = 14.91 Hz,
1H), 4.06 (d, J = 15.29 Hz, 1H), 4.01 (d, J = 15.29 Hz, 1H), 3.26 (s, 1H) ppm. 1°C NMR (125
MHz, CDClz) 8 173.23, 135.22, 134.34, 133.95, 129.68, 129.23, 129.18, 129.06, 128.64, 122.35,
118.45,50.48, 46.04, 45.92 ppm. IR (neat) v 3029, 2909, 1694, 1491, 1268, 811 cm™. The ee value
was determined by chiral HPLC analysis. Column (Chiral 1A-3), UV detector 220 nm, eluent: n-
Hexane/IPA = 10/1, Flow rate = 1.0 ml/min, tR = 17.108 min (major product), tR = 15.908 min
(minor product). HRMS (DART) calcd for C16H14Cl2N1O1 [M+H]+: 306.0452 found: 306.0452.

(S)-6-Bromo-2-(4-bromobenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58e)
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This compound was prepared according to the typical
procedure for asymmetric Buchner ring expansion reaction of
Br N N,N-bis(4-bromobenzyl)-2-diazoacetamide 57e (84.6 mg, 0.2
mmol). The resulting mixture was purified by silica gel

column chromatography with n-Hexane/ EtOAC as an eluent
Br

to give 6-bromo-2-(4-bromobenzyl)-3,8a-
dihydrocyclohepta[c]pyrrol-1(2H)-one 58e as white solid (95% yield, 75.1 mg, 0.190 mmol), 95%
ee. [a]?"*p = +107.77 (¢ 0.6, CHCI3). *H NMR (500MHz, CDCl3) § 7.47 (d, J = 8.60 Hz, 2H), 7.13
(d, J=8.60 Hz, 2H), 6.90 (d, J = 6.50 Hz, 1H), 6.32 (d, J =9.94 Hz, 1H), 5.97 (ddd, J = 4.59, 4.20,
2.29 Hz, 1H), 5.27 (dd, J = 9.94, 4.59 Hz, 1H), 4.54 (d, J = 14.71 Hz, 1H), 4.47 (d, J = 14.71 Hz,
1H), 4.03 (d, J = 15.29 Hz, 1H), 3.98 (d, J = 15.29 Hz, 1H), 3.27 (s, 1H) ppm. C NMR (125
MHz, CDClz) 8 173.19, 134.90, 132.38, 132.16, 131.07, 130.03, 129.97, 124.71, 122.33, 122.07,
119.31, 50.50, 46.16, 45.98 ppm. IR (neat) v 3032, 2909, 1690, 1483, 1264, 798 cm™. The ee value
was determined by chiral HPLC analysis. Column (Chiral 1A-3), UV detector 220 nm, eluent: n-

Hexane/IPA = 10/1, Flow rate = 1.0 ml/min, tR = 19.9 min (minor product), tR = 27.5 min (major
product). HRMS (DART) calcd for C16H14BraN1O1 [M+H]+: 393.9442 found: 393.9442.

(S)-6-fluoro-2-(4-fluorobenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58f)
This compound was prepared according to the typical

H Q . . . .
procedure for asymmetric Buchner ring expansion reaction of

F N 2-diazo-N,N-bis(4-fluorobenzyl)acetamide 57f (60.3 mg, 0.2
mmol). The resulting mixture was purified by silica gel

column chromatography with n-Hexane/ EtOAC as an eluent
F

to give 6-fluoro-2-(4-fluorobenzyl)-3,8a-
dihydrocyclohepta[c]pyrrol-1(2H)-one 58f as yellow oil (90% yield, 49.2 mg, 0.180 mmol), 90%
ee. [a]**p = +63.71 (¢ 1.0, CHCIs3). *H NMR (500MHz, CDCl3) & 7.24 (dd, J = 8.59, 5.15 Hz,
2H), 7.03 (d, J = 8.59 Hz, 2H), 6.28-6.15 (m, 2H), 6.04-5.99 (m, 1H), 5.49 (m, 1H), 4.57 (d, J =
14.60 Hz, 1H), 4.49 (d, J = 14.60 Hz, 1H), 4.08 (d, J = 15.75 Hz, 1H), 4.00 (d, J = 15.75 Hz, 1H),
3.26 (s, 1H) ppm. *C NMR (125 MHz, CDCls) § 173.34, 162.81, 160.93, 130.08, 123.67, 122.34,
116.61, 115.99, 115.82, 110.85, 110.63, 50.57, 46.23, 46.03 ppm. IR (neat) v 3044, 2919, 1689,
1415, 1224, 754 cm™. The ee value was determined by chiral HPLC analysis. Column (Chiral 1A-
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3), UV detector 220 nm, eluent: n-Hexane/IPA = 10/1, Flow rate = 1.0 ml/min, tR = 13.9 min
(major product), tR = 14.7 min (minor product). HRMS (DART) calcd for C1H14F2N1O1 [M+H]+:
274.1043 found: 274.1043.

(S)-5-Methoxy-2-(3-methoxybenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (589)

5 This compound was prepared according to the typical
H . . :
procedure for asymmetric Buchner ring expansion
N reaction of 2-diazo-N,N-bis(3-
CH,0 OCH, methoxybenzyl)acetamide 57g (65.1 mg, 0.2 mmol).
The resulting mixture was purified by silica gel

column chromatography with n-Hexane/ EtOAc as an eluent to give 5-methoxy-2-(3-
methoxybenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one 589 as colorless oil (87% yield, 51.8
mg, 0.174 mmol), 74% ee. [a]*®*'p = —196.62 (c 1.0, CHCIs). *H NMR (500MHz, CDCls3) § 7.25
(t, J =8.03 Hz, 1H), 6.87-6.77 (m, 3H), 6.12 (ddd, J = 7.07, 4.87, 2.29 Hz, 1H), 5.94 (ddd, J =
4.59, 2.29, 1.91, Hz, 1H), 5.65 (dd, J = 6.88, 1.91 Hz, 1H), 5.17 (dd, J = 9.56, 3.44 Hz, 1H), 4.55
(d, J = 14.91 Hz, 1H), 4.52 (d, J = 14.91 Hz, 1H), 4.07 (d, J = 15.86 Hz, 1H), 4.04 (d, J = 15.86
Hz, 1H), 3.79 (s, 3H), 3.63 (s, 3H), 3.22 (s, 1H) ppm. 3C NMR (125 MHz, CDCls) § 174.18,
160.14, 158.96, 137.55, 131.68, 129.94, 125.65, 120.50, 117.97, 115.75, 113.80, 113.37, 102.80,
55.36, 54.76, 50.45, 46.59, 46.02 ppm. IR (neat) v 3005, 2928, 1690, 1427, 1260, 703 cm™. The
ee value was determined by chiral HPLC analysis. Column (Chiral 1A-3), UV detector 220 nm,
eluent: n-Hexane/IPA = 10/1, Flow rate = 1.0 ml/min, tR = 20.7 min (major product), tR = 25.8
min (minor product). HRMS (DART) calcd for C16H14F2N1O1 [M+H]+: 298.1443 found: 298.1443.

(S)-6-Methoxy-2-(4-nitrobenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58h)
This compound was prepared according to the typical

H Q _ . .
procedure for asymmetric Buchner ring expansion

CH30 N reaction  of  2-diazo-N-(4-methoxybenzyl)-N-(4-
nitrobenzyl)acetamide 57h (65.1 mg, 0.2mmol). The

resulting mixture was purified by silica gel column
NO,

chromatography with n-Hexane/ EtOAC as an eluent to

give 6-methoxy-2-(4-nitrobenzyl)-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58h) as yellow oil
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(84% yield, 52.5 mg, 0.168 mmol), 99% ee. [a]**"p = —40.09 (¢ 1.0, CHCIls). 'HNMR (500MHz,
CDCls3) 6 8.20 (d, J =8.87 Hz, 2H ), 7.43 (d, J = 8.87 Hz, 2H), 6.05 (dt., J = 10.31, 2.29 Hz, 1H),
6.04 (ddd., J = 4.58, 4.58, 2.29 Hz, 1H), 5.69 (d, J = 6.87 Hz, 1H), 5.50 (dd, J = 10.31, 4.01 Hz,
1H), 4.70 (d, J = 15.46 Hz, 1H), 4.63 (d, J = 15.46 Hz, 1H), 4.11 (d, J = 14.03 Hz, 1H), 4.04 (d, J
=14.03 Hz, 1H), 3.64 (s, 3H) , 3.24 (s, 1H) ppm. *C NMR (125 MHz, CDCls3) § 174.43, 159.58,
147.71,143.67, 128.85, 125.55, 124.18, 122.87, 122.30, 118.34, 102.81, 54.87, 50.70, 46.09, 45.54
ppm. IR (neat) v 3002, 2921, 1696, 1413, 1217, 702 cm™.The ee value was determined by chiral
HPLC analysis. Column (Chiral 1A-3), UV detector 220 nm, eluent: n-Hexane/IPA = 10/1, Flow
rate = 1.0 ml/min, tR = 45.2 min (major product), tR = 59.3 min (minor product). HRMS (DART)
calcd for C17H17N204 [M+H]+: 313.1188 found: 313.1188.

(S)-2-Methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58i)

This compound was prepared according to the typical procedure for

0
. asymmetric Buchner ring expansion reaction of N,N-dibenzyl-2-

N=CHs | diazoacetamide 57i (37.8 mg, 0.2 mmol). The resulting mixture was

purified by silica gel column chromatography with n-Hexane/IPA as

an eluent to give 2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58i) as white powder
(22 % yield, 7.1 mg, 0.044 mmol), 71% ee. [a]?*%p = + 91.67 (¢ 0.3, CHCI3). *H NMR (500MHz,
CDCI3) ¢ 6.49 (ddd, J = 12.23, 10.32, 5.35 Hz, 2H), 6.20-6.15(m, 2H), 5.28 (J = 10.32, 4.2 Hz,
1H), 4.23 (d, J = 15.29, 1H), 4.19 (d, J = 15.29, 1H), 3.08 (s, 1H), 2.97 (s, 3H) ppm. °C NMR
(125 MHz, CDCl3) 6 172.93, 130.53, 130.05, 127.10, 121.22, 120.93, 119.52, 53.42, 46.10, 29.70
ppm. IR (neat) v 3020, 2920, 1690, 1432, 1276, 703 cm™.The ee value was determined by chiral
HPLC analysis. Column (Chiral 1D-3), UV detector 220 nm, eluent: n-Hexane/IPA = 5/1, Flow
rate = 1.0 ml/min, tR = 19.6 min (major product), tR = 16.2 min (minor product). HRMS (DART)
calcd for C10H11N1O1 [M+H]+: 162.0910 found: 162.0918.

(S)-6-Methoxy-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58j)

This compound was prepared according to the typical

o)
H
procedure for asymmetric Buchner ring expansion reaction of
CH;0 N=CHs | N ,N-dibenzyl-2-diazoacetamide 57j (44 mg, 0.2 mmol). The
resulting mixture was purified by silica gel column
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chromatography with n-Hexane/IPA as an eluent to give 6-methoxy-2-methyl-3,8a-
dihydrocyclohepta[c]pyrrol-1(2H)-one (58)) as white powder (76% yield, 29 mg, 0.152 mmol),
99% ee. [0]*?p =-9.5 (¢ 1, CHCIl3). *H NMR (500MHz, CDCls) § 6.06-6.04 (m, 2H), 5.70 (d, J
=7.02 Hz, 1H), 5.47 (dd, J = 10.38, 4.27 Hz, 1H), 4.19 (d, J = 14.65 Hz, 1H), 4.13 (d, J = 14.65
Hz, 1H), 3.64 (s, 3H), 3.15 (s, 1H), 2.96 (s, 3H) ppm. *C NMR (125 MHz, CDCl3) § 174.08,
159.45, 125.18, 123.51, 123.40, 117.67, 102.84, 54.89, 53.28, 45.75, 29.72 ppm. IR (neat) v 3011,
2956, 1697, 1433, 1218, 717 cm™. The ee value was determined by chiral HPLC analysis. Column
(Chiral ID-3), UV detector 220 nm, eluent: n-Hexane/IPA = 5/1, Flow rate = 1.0 ml/min, tR = 31.8
min (major product), tR = 29.9 min (minor product). HRMS (DART) calcd for C11H13N10;
[M+H]+: 192.1029 found: 192.1024.

(S)-2,6-Dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58Kk)

This compound was prepared according to the typical procedure

0
H . : . .
for asymmetric Buchner ring expansion reaction of N,N-

CHs N=CHs | dibenzyl-2-diazoacetamide 57k (40.6 mg, 0.2 mmol). The

resulting mixture was purified by silica gel column

chromatography  with  n-Hexane/IPA as an eluent to give 2,6-dimethyl-3,8a-
dihydrocyclohepta[c]pyrrol-1(2H)-one (58k) as white powder (67% yield, 23.4 mg, 0.134 mmol),
99% ee. [0]%%p = +32.6 (¢ 0.55, CHCI3). *H NMR (500MHz, CDCl3) § 6.30 (d, J = 6.12 Hz, 1H),
6.05-6.01 (m, 2H), 5.28 (dd, J = 9.94, 4.20 Hz, 1H), 4.20 (d, J = 15.67 Hz, 1H), 4.15 (d, J = 15.67
Hz, 1H), 3.07 (s, 1H), 2.96 (s, 3H), 2.03 (s, 3H) ppm. *C NMR (125 MHz, CDCl3) § 174.35,
139.41, 130.25, 127.08, 126.82, 120.07, 119.13, 53.23, 45.78, 29.62, 24.82 ppm. IR (neat) v 2921,
2857, 1681, 1400, 1255, 735 cm™. The ee value was determined by chiral HPLC analysis. Column
(Chiral ID-3), UV detector 220 nm, eluent: n-Hexane/IPA = 5/1, Flow rate = 1.0 ml/min, tR =17.7
min (major product), tR = 15.9 min (minor product). HRMS (DART) calcd for Ci11H13N10O1
[M+H]+: 176.1070 found: 176.1075.

(S)-6-Chloro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58l)

e This compound was prepared according to the typical procedure for

asymmetric Buchner ring expansion reaction of N,N-dibenzyl-2-
Cl N—CHj,

diazoacetamide 571 (44.7 mg, 0.2 mmol). The resulting mixture was
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purified by silica gel column chromatography with n-Hexane/IPA as an eluent to give 6-chloro-2-
methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58l) as white powder (61% yield, 23.9 mg,
0.122 mmol), 92% ee. [a]**!p = +42.9 (c 0.1, CHCI3). THNMR (500MHz, CDCl3) § 6.70 (d, J =
6.88 Hz, 1H), 6.19 (dt, J = 9.94, 1.91 Hz, 1H), 6.08 (ddd., J = 4.59, 4.20, 1.91 Hz, 1H), 5.34 (dd,
J=9.94,4.2 Hz, 1H), 4.22 (d, J = 15.67 Hz, 1H), 4.16 (d, J = 15.67 Hz, 1H), 3.20 (s, 1H), 2.97 (s,
1H) ppm. **C NMR (125 MHz, CDCl3) § 173.23, 135.24, 129.69, 128.92, 128.62, 122.69, 118.17,
53.26, 45.77, 29.73 ppm. IR (neat) v 3036, 2920, 1694, 1486, 1268, 774 cm™. The ee value was
determined by chiral HPLC analysis. Column (Chiral ID-3), UV detector 220 nm, eluent: n-
Hexane/IPA = 5/1, Flow rate = 1.0 ml/min, tR = 32.6 min (major product), tR = 20.8 min (minor
product). HRMS (DART) calcd for C1oH10CI1N101 [M+H]+: 196.0527 found: 196.0529.

(S)-6-Bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58m)

5 This compound was prepared according to the typical procedure

H for asymmetric Buchner ring expansion reaction of N,N-dibenzyl-

Br N=CHs | 2-diazoacetamide 57m (53.6 mg, 0.2 mmol). The resulting
mixture was purified by silica gel column chromatography with n-

Hexane/IPA as an eluent to give 6-bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one
(51m) as white powder (43% yield, 20.8 mg, 0.086 mmol), 96% ee. [a]**p = +34.5 (¢ 0.1, CHCl3).
'H NMR (500MHz, CDCl3) § 6.93 (d, J = 6.5 Hz, 1H), 6.31 (d, J = 9.94 Hz, 1H), 6.03 (ddd., J =
459, 4.20, 2.29, 1H), 5.25 (dd, J = 9.94, 4.20 Hz, 1H), 4.18 (d, J = 15.67 Hz, 1H), 4.13 (d, J =
15.67 Hz, 1H), 3.22 (s, 1H), 2.96 (s, 3H) ppm. *C NMR (125 MHz, CDCls) § 173.16, 132.36,
130.86, 130.40, 124.66, 122.63, 118.99, 53.24, 45.82, 29.65 ppm. IR (neat) v 3032, 2924, 1686,
1399, 1275, 774 cm™. The ee value was determined by chiral HPLC analysis. Column (Chiral 1D-
3), UV detector 220 nm, eluent: n-Hexane/IPA = 5/1, Flow rate = 1.0 ml/min, tR = 33.0 min (major
product), tR = 23.4 min (minor product). HRMS (DART) calcd for C1oH10BriN1O1 [M+H]+:
240.0023 found: 240.0024.

(S)-6-Fluoro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one (58n)
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This compound was prepared according to the typical procedure for

0
H . . . : :
asymmetric Buchner ring expansion reaction of N,N-dibenzyl-2-
3 N=CHs | diazoacetamide 57n (41.4 mg, 0.2 mmol). The resulting mixture
was purified by silica gel column chromatography with n-

Hexane/IPA as an eluent to give 6-fluoro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one
(58n) as colorless oil (44% yield, 15.6 mg, 0.088 mmol), 92% ee. [a]?*3p =—172.16 (¢ 0.6, CHClIs).
'H NMR (500MHz, CDCl3) § 6.25 (dd, J = 17.97, 8.03 Hz, 1H), 6.18 (tdd, J = 8.98, 2.29, 2.29 Hz,
1H), 6.09-6.05 (m, 1H), 5.46 (ddt, J = 9.94, 4.97, 4.97 Hz, 1H), 4.23 (d, J = 15.29 Hz, 1H), 4.14
(d, J = 15.29 Hz, 1H), 3.17 (s, 1H), 2.97 (s, 3H) ppm. 3C NMR (125 MHz, CDCls) & 173.34,
128.10, 125.86, 123.86, 122.17, 116.23, 110.58, 53.35, 45.99, 29.74 ppm. IR (neat) v 3040, 2921,
1690, 1435, 1276, 715 cm™. The ee value was determined by chiral HPLC analysis. Column
(Chiral ID-3), UV detector 220 nm, eluent: n-Hexane/IPA = 5/1, Flow rate = 1.0 ml/min, tR = 23.7
min (major product), tR = 17.6 min (minor product). HRMS (DART) calcd for C1oH10F1N101
[M+H]+: 180.0825 found: 180.0829.
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Figure 10. IR spectral of 2-diazo-N,N-dibenzylacetamide.
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Figure 11. IR spectral of 2-diazo-N,N-bis(4-methoxybenzyl)acetamide.
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Figure 12. IR spectral of 2-diazo-N,N-bis(4-methylbenzyl)acetamide.
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Figure 13. IR spectral of 2-diazo-N,N-bis(4-chlorobenzyl)acetamide.
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Figure 14. IR spectral of 2-diazo-N,N-bis(4-fluorobenzyl)acetamide.
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Figure 15. IR spectral of 2-diazo-N,N-bis(3-methoxybenzyl)acetamide.
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Figure 16. IR spectral of 2-diazo-N-(4-methoxybenzyl)-N-(4-nitrobenzyl)acetamide.
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Figure 17. IR spectral of 2-diazo-N-benzyl-N-methylacetamide.
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Figure 18. IR spectral of 2-diazo-N-(4-methoxybenzyl)-N-methylacetamide.
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Figure 19. IR spectral of 2-diazo-N-(4-methylbenzyl)-N-methylacetamide.
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Figure 20. IR spectral of 2-diazo-N-(4-chlorobenzyl)-N-methylacetamide.
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Figure 21. IR spectral of 2-diazo-N-(4-bromobenzyl)-N-methylacetamide.
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Figure 22. IR spectral of 2-diazo-N-(4-flourobenzyl)-N-methylacetamide.
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Figure 23. IR spectral of 2-diazo-N-(4-nitrobenzyl)-N-methylacetamide.
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Figure 24. IR spectral of (S)-6-methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 25. IR spectral of (S)-6-methyl-2-(4-methylbenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 26. IR spectral of (S)-6-chloro-2-(4-chlorobenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 27. IR spectral of (S)-6-bromo-2-(4-bromobenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 28. IR spectral of (S)-5-methoxy-2-(3-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 29. IR spectral of (S)-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 30. IR spectral of (S)-6-methoxy-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-
1(2H)-one.
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Figure 31. IR spectral of (S)-2,6-dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 32. IR spectral of (S)-6-chloro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 33. IR spectral of (S)-6-bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 35. tTHNMR spectral of 2-diazo-N-(4-methoxyphenyl)-N-methylacetamide.
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Figure 36. 3CNMR spectral of 2-diazo-N-(4-methoxyphenyl)-N-methylacetamide.
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Figure 37. tTHNMR spectral of 2-diazo-N-(4-chlorophenyl)-N-methylacetamide.
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Figure 38. >*CNMR spectral of 2-diazo-N-(4-chlorophenyl)-N-methylacetamide.
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Figure 39. (HNMR spectral of 2-diazo-N-(4-bromophenyl)-N-methylacetamide.

1‘.2

oL
N e}

)
50d CHj

0‘.6 0‘.7 0‘.8 0;9 l‘.O 1‘.1

O‘.S

0‘.2 0‘.3 0;4

0‘.1

abundance
o

frerrrrrT T T IR T T T T T T SRR BARRRRARN DARRRRAN BARRRRAN BARRRRARN BARRRRRRN [ARARRARN BARRRRARN BARRRRARN DARARAAAE [RARARRAR
1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 90.0 800 700 600 500 400 300 200 100 0

165.766 —
141577 —
129.196
123.769 — —
77.50:
77.26
77.00:
47.376
35.835 —

Q@Y Qo
0 oQ
- o§
fo00
nO6O
B

X parts per Million : Carbon13

Figure 40. *CNMR spectral of 2-diazo-N-(4-bromophenyl)-N-methylacetamide.
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Figure 41. THNMR spectral of 2-diazo-N-(4-iodophenyl)-N-methylacetamide.
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Figure 42. 3 CNMR spectral of 2-diazo-N-(4-iodophenyl)-N-methylacetamide.

101



abundance

(o]

) 4‘.0 ) 670 ) 8‘.0 ) 10‘40 ) 12‘.0 ) 11{40 ) l(:‘:.O ) 18‘,0 ) 29.0 )

2.0
L I

1.97

2.08

3.09

oL
N (6]

I
50f CH,

X parts per Million : Proton

7.451 —_

7.421 7

4.741
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Figure 44. *CNMR spectral of 2-diazo-N-(4-nitrophenyl)-N-methylacetamide.
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Figure 45. THNMR spectral of 2-diazo-N-(2-methoxyphenyl)-N-methylacetamide.
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Figure 46. 3CNMR spectral of 2-diazo-N-(2-methoxyphenyl)-N-methylacetamide.
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Figure 48. *CNMR spectral of 2-diazo-N-(2-bromophenyl)-N-methylacetamide.
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Figure 50. ®*CNMR spectral of 2-diazo-N-(2-iodophenyl)-N-methylacetamide.
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Figure 51. THNMR spectral of 2-diazo-N-ethyl-N-phenylacetamide.
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Figure 52. ®*CNMR spectral of 2-diazo-N-ethyl-N-phenylacetamide.
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Figure 53. THNMR spectral of 2-diazo-N-isopropyl-N-phenylacetamide.
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Figure 55. THNMR spectral of 5-chloro-1-methylindolin-2-one.
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Figure 56. 3 CNMR spectral of 5-chloro-1-methylindolin-2-one.
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Figure 57. THNMR spectral of 5-iodo-1-methylindolin-2-one.
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Figure 58. 3CNMR spectral of 5-iodo-1-methylindolin-2-one.
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Figure 59. THNMR spectral of 5-nitro-1-methylindolin-2-one.
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Figure 60. *CNMR spectral of 5-nitro-1-methylindolin-2-one.
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Figure 61. tHNMR spectral of 7-methoxy-1-methylindolin-2-one.
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Figure 64. 3CNMR spectral of 7-bromo-1-methylindolin-2-one.
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Figure 65. THNMR spectral of 7-iodo-1-methylindolin-2-one.
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Figure 66. 3 CNMR spectral of 7-iodo-1-methylindolin-2-one.
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Figure 67. (HNMR spectral of 1-ethylindolin-2-one.
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Figure 68. 3 CNMR spectral of 1-ethylindolin-2-one.
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Figure 69. THNMR spectral of 1-isopropylindolin-2-one.

mo
] N

o

a1 51n />\\‘

abundance

o

1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 400 300 20 00 0
X, parts per Million : Carbon13

Figure 70. *CNMR spectral of 1-isopropylindolin-2-one.

115




& (3 H 7
= <: :)—é o]
EE Me

= 56b

SE Srs

8.0

7.0

6.0
i

73 r KE EE
%O J‘JL L _JL Jll N

T T T T T T T T T T T
10.0 2.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0
X : parts per Million : Proton

Figure 71. THNMR spectral of (1S, 5R, 6R)-5-Methyl-6-phenyl-3-oxabicyclo[3.1.0]hexan-2-one.
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Figure 72. ®*CNMR spectral of (1S,5R, 6R)-5-Methyl-6-phenyl-3-oxabicyclo[3.1.0]hexan-2-one.
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Figure 73. THNMR spectral of (1R,55)-6,6-dimethyl-3-oxabicyclo[3.1.0]hexan-2-one.
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Figure 74. ®*CNMR spectral of (1R,55)-6,6-dimethyl-3-oxabicyclo[3.1.0]hexan-2-one.
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Figure 75. THNMR spectral of (1S,5R)-3-oxabicyclo[3.1.0]hexan-2-one.
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Figure 76. >*CNMR spectral of (15,5R)-3-oxabicyclo[3.1.0]Thexan-2-one.
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Figure 77. tTHNMR spectral of 2-diazo-N,N-dibenzylacetamide.
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Figure 78. *CNMR spectral of 2-diazo-N,N-dibenzylacetamide.
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Figure 79. THNMR spectral of 2-diazo-N,N-bis(4-methoxybenzyl)acetamide.
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Figure 80. >*CNMR spectral of 2-diazo-N,N-bis(4-methoxybenzyl)acetamide.
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Figure 81. THNMR spectral of 2-diazo-N,N-bis(4-methylbenzyl)acetamide.
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Figure 82. >*CNMR spectral of 2-diazo-N,N-bis(4-methylbenzyl)acetamide.
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Figure 83. THNMR spectral of 2-diazo-N,N-bis(4-chlorobenzyl)acetamide.
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Figure 84. ®*CNMR spectral of 2-diazo-N,N-bis(4-chlorobenzyl)acetamide.

122




3 (g 9 g "iz
“ o Br Kfo Br
\©\/N\/©/
o]
N 57e
o]
(V]
]
o
8
o]
—
8
g
2 \J ‘k
éc ] J (N Ny J )_Ju
| i | Cepea | o | i | | |
100 90 80 70 6.0 50 40 30 20 10 0
LA L
5% 86 3 g
NNONN < <

X parts per Million : Proton

Figure 85. THNMR spectral of 2-diazo-N,N-bis(4-bromobenzyl)acetamide.
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Figure 86. >*CNMR spectral of 2-diazo-N,N-bis(4-bromobenzyl)acetamide.
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Figure 87. THNMR spectral of 2-diazo-N,N-bis(4-fluorobenzyl)acetamide.
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Figure 88. >*CNMR spectral of 2-diazo-N,N-bis(4-fluorobenzyl)acetamide.
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Figure 89. THNMR spectral of 2-diazo-N,N-bis(3-methoxybenzyl)acetamide.
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Figure 90. ®*CNMR spectral of 2-diazo-N,N-bis(3-methoxybenzyl)acetamide.
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Figure 91. tHNMR spectral of 2-diazo-N-(4-methoxybenzyl)-N-(4-nitrobenzyl)acetamide.
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Figure 92. *CNMR spectral of 2-diazo-N-(4-methoxybenzyl)-N-(4-nitrobenzyl)acetamide.
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Figure 93. THNMR spectral of 2-diazo-N-benzyl-N-methylacetamide.
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Figure 94. ®*CNMR spectral of 2-diazo-N-benzyl-N-methylacetamide.
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Figure 95. THNMR spectral of 2-diazo-N-(4-methoxybenzyl)-N-methylacetamide.
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Figure 96. >*CNMR spectral of 2-diazo-N-(4-methoxybenzyl)-N-methylacetamide.
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Figure 97. tHNMR spectral of 2-diazo-N-(4-methylbenzyl)-N-methylacetamide.
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Figure 98. >*CNMR spectral of 2-diazo-N-(4-methylbenzyl)-N-methylacetamide.
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Figure 99. THNMR spectral of 2-diazo-N-(4-chlorobenzyl)-N-methylacetamide.
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Figure 100. >*CNMR spectral of 2-diazo-N-(4-chlorobenzyl)-N-methylacetamide
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Figure 101. 'HNMR spectral of 2-diazo-N-(4-bromobenzyl)-N-methylacetamide.

O‘.l 0‘.2 0‘.3 0;4 0‘.5 076 0‘.7 078 O‘.Q 110 1‘.1 1‘.2 173 1‘.4

- A

abundance
o
1
1
C

g

AU A A DA A T
1200 1100 2000 90 800 700 600 500 400 300 200

-
@
=7
=

AR AU AR A A L AR A DA AR
2100 2000 1900 1800 1700 1600 1500 1400

>~
=

-3 @ dm © ©o© ~ @ =}
& o an~ © 40N [N -1
I q an < S0 o © ®
o ¢ do o NNN (=R <
© ® O o INININ B o< B
- oo B

X parts per Million : Carbon13

Figure 102. ®*CNMR spectral of 2-diazo-N-(4-bromobenzyl)-N-methylacetamide.
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Figure 103. THNMR spectral of 2-diazo-N-(4-flourobenzyl)-N-methylacetamide.
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Figure 104. ®*CNMR spectral of 2-diazo-N-(4-flourobenzyl)-N-methylacetamide.
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Figure 105. HNMR spectral of 2-diazo-N-(4-nitrobenzyl)-N-methylacetamide.
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Figure 106. >*CNMR spectral of 2-diazo-N-(4-nitrobenzyl)-N-methylacetamide.
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Figure 107. THNMR spectral of (S)-2-benzyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 108. >*CNMR spectral of (S)-2-benzyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 109. 'HNMR spectral of (S)-6-methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 110. CNMR spectral of (S)-6-methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 111. 'THNMR spectral of (S)-6-methyl-2-(4-methylbenzyl)-3,8a-dihydrocyclohepta

[c]pyrrol-1(2H)-one.
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Figure 112. ®*CNMR spectral of (S)-6-methyl-2-(4-methylbenzyl)-3,8a-dihydrocyclohepta[c]

pyrrol-1(2H)-one.
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Figure 113. HNMR spectral of (S)-6-chloro-2-(4-chlorobenzyl)-3,8adihydrocyclohepta[c]pyrrol
-1(2H)-one.
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Figure 114. ®*CNMR spectral of (S)-6-chloro-2-(4-chlorobenzyl)-3,8adihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 115. HNMR spectral of (S)-6-bromo-2-(4-bromobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 116. >*CNMR spectral of(S)-6-bromo-2-(4-bromobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 117. HNMR spectral of (S)-6-fluoro-2-(4-fluorobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 118. > CNMR spectral of (S)-6-fluoro-2-(4-fluorobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 119. 'HNMR spectral of (S)-5-Methoxy-2-(3-methoxybenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 120. > CNMR spectral of (S)-5-Methoxy-2-(3-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Figure 121. HNMR spectral of (S)-6-methoxy-2-(4-nitrobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 122. ®*CNMR spectral of (S)-6-methoxy-2-(4-nitrobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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Figure 123. THNMR spectral of (S)-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 124. ®*CNMR spectral of (S)-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 125. THNMR spectral of (S)-6-methoxy-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 126. >*CNMR spectral of (S)-6-methoxy-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-
1(2H)-one.
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Figure 127. THNMR spectral of (S)-2,6-dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 128. >*CNMR spectral of (S)-2,6-dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Figure 129. 'THNMR spectral of (S)-6-Chloro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 130. ®*CNMR spectral of (S)-6-Chloro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 131. *HNMR spectral of (S)-6-bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 132. ®*CNMR spectral of (S)-6-bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 133. 'THNMR spectral of (S)-6-fluoro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Figure 134. BCNMR spectral of (S)-6-fluoro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
one.
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Retention Time [min]

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 14.175 4998378 299334 89.146 89.343
2 15.867 608581 35704 10.854 10.657

Figure 135. HPLC data of chiral (S)-2-benzyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Retention Time [min]
PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 14.375 7722581 454495 50.284 52.250
2 15.992 7635293 415356 49.716 47.750

Figure 136. HPLC data of racemic 2-benzyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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200000 1 F20151015-pMe0-expl 99-143-220-10.1-1.0_001_38.20min - CH1
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58b

2000 22.0 26.0 Z8.0 30.0 32.0 36.0

Retention Time L rir |

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 23.125 6146103 196853 99.840 99.845
2 15.992 7635293 415356 49.716 47.750

Figure 137. HPLC data of chiral (S)-6-Methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Retention Tirme | min |

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 23.133 4234078 137212 50.121 56.990
2 15.992 7635293 415356 49.716 47.750

Figure 138. HPLC data of racemic 6-Methoxy-2-(4-methoxybenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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Z [F0181105_004 - CHL
[0}

______ @fb

------ 58¢c

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 34.125 295038 8787 1.361 2.064
2 38.108 21383869 416923 98.639 97.936

Figure 139. HPLC data of chiral (S)-6-methyl-2-(4-methylbenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.

_____ Fe0181105_003_44. Z8min - CH1

PEAK RT [min] AREA [UV-sec] HEIGHT [uV] AREA% HEIGHT%

1 33.967 15960801 394027 49.677 53.750
2 37.217 16168539 339041 50.323 46.250

Figure 140. HPLC data of racemic 6-methyl-2-(4-methylbenzyl)-3,8a-dihydrocyclohepta
[c]pyrrol-1(2H)-one.
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201807 13-tone7 L chiralcat3-10.1-1.0-220_001 - CH1

H

[0}

58d

1.1

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 15.908 123785 7090 1.851 2.148
2 17.108 6565407 323049 98.149 97.852

Figure 141. HPLC data of chiral (S)-6-chloro-2-(4-chlorobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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H

58d

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 15.917 4998114 261500 49.299 52.029
2 17.217 5140338 241108 50.701 47.971

Figure 142. HPLC data of racemic 6-chloro-2-(4-chlorobenzyl)-3,8a-dihydrocyclohepta[c]

pyrrol-1(2H)-one.
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[E0161022_00Z_46, 19min - CHI

158.0

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 19.992 342399 15821 2.722 4.406
2 27533 12237527 343240 97.278 95.594

Figure 143. HPLC data of chiral (S)-6-bromo-2-(4-bromobenzyl)-3,8a-dihydrocyclohepta[c]

pyrrol-1(2H)-one.
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H

58e

o)

34.0

PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 20.133 1689569 71715 50.168 58.329
2 27.642 1678278 51234 49832 41.671

Figure 144. HPLC data of racemic 6-bromo-2-(4-bromobenzyl)-3,8a-dihydrocyclohepta[c]

pyrrol-1(2H)-one.
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GO0000 1 F0181030_003_16.37min - CH1
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H
------ F@N

58f

[ARIEIE SN

14.5 15.0
Retention Tirme | min]
PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 13.992 13211783 769810 95.041 95.032
2 14.775 689306 40241 4,959 4.968

Figure 145. HPLC data of chiral (S)-6-fluoro-2-(4-fluorobenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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o

H

58f

BO00
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Retention Time | min

e

PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 14.008 98046 6202 49.186 51.143
2 14717 101291 5925 50.814 48.857

Figure 146. HPLC data of racemic 6-fluoro-2-(4-fluorobenzyl)-3,8a-dihydrocyclohepta[c] pyrrol-
1(2H)-one.
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Fen1E101Z_00Z_39.41min - CH1

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 20.700 29448287 876831 86.893 87.930
2 25.808 4441998 120360 13.107 12.070

Figure 147. HPLC data of chiral (S)-5-methoxy-2-(3-methoxybenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.

F2018101Z_001_32 5&min - CH1
H O

PEAK RT [min] AREA [UV-sec] HEIGHT [uV] AREA% HEIGHT%
1 21.033 16376122 503364 50.237 55.731
2 25.667 16221879 399841 49.763 44.269

Figure 148. HPLC data of racemic 5-methoxy-2-(3-methoxybenzyl)-3,8a-dihydrocyclohepta[c]
pyrrol-1(2H)-one.
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20151101 _00Z_50.20min - CH1

a0.0
ention Time [min]

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 45.267 10518585 151022 99.593 99.630
2 59.375 43024 561 0.407 0.370

Figure 149. HPLC data of chiral (S)-6-methoxy-2-(4-nitrobenzyl)-3,8a-dihydrocyclohepta[c]

pyrrol-1(2H)-one.
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“Retention Time | riir |

PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 46.208 6857632 94333 50.173 53.968
2 59.725 6810218 80461 49.827 46.032

Figure 150. HPLC data of racemic 6-methoxy-2-(4-nitrobenzyl)-3,8a-dihydrocyclohepta[c]

pyrrol-1(2H)-one.
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19.0 0.0
Retention Time | min]

21.0

H

[0}

58i

23.0 24.0

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 16.192 306518 16310 14.422 17.682
2 19.617 1818808 75934 85.578 82.318

Figure 151. HPLC data of chiral (S)-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.

201901 24-exp242Hracemic-103-220-5.1-1.0_001_55.75min - CHI
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58i

15.0 19.0 20.0 21.0 22.0 230 240
Retention Time | min |
PEAK RT [min] AREA [uV-sec] HEIGHT [pV] AREA% HEIGHT%
1 16.025 3954021 205833 50.172 56.646
2 19.417 3926904 157533 49.828 43.354

Figure 152. HPLC data of racemic 2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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2015091 9-exp1 80-1D5-220-5.1-1.0_001_38.5min - CHI

2.0
Retention Time | min]

4.0

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 29.942 15701 530 0.078 0.174
2 31.783 20074522 304757 99.922 99.826

Figure 153. HPLC data of chiral (S)-6-methoxy-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-

1(2H)-one.
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2, [e0180918-explEz-I03-220-5,1-1.0_001 -CH1

PEAK RT [min] AREA [pV-sec] HEIGHT [uV] AREA% HEIGHT%
1 29.742 2845125 55576 50.019 50.264
2 32.675 2842914 54992 49.981 49.736

Figure 154. HPLC data of racemic 6-methoxy-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-

one.
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F20181 1-exp2] 3-1D3-220-5.1-1.0_001_59.é4min - CH1
f

O

H
CH34C)\I:Z</N—CH3

58k

17.0 18.0

Rekention Time Lrnir]

19.0

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 15.850 28737 1989 0.368 0.677
2 17.692 7782124 291612 99.632 99.323

Figure 155. HPLC data of chiral (S)-2,6-dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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Rekention Time Lrnir]

PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 15.967 4407082 192794 49.790 52.096
2 18.017 4444247 177287 50.210 47.904

Figure 156. HPLC data of racemic 2,6-dimethyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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2019011 3-xp236-Ochiral-ID3-220-5.1-1.0_001_45 73min - CHI

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 20.758 445946 13306 3.909 7.211
2 32.642 10963663 171225 96.091 92.789

Figure 157. HPLC data of chiral (S)-6-chloro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-

one.

F01901135-exp@35-0racemic-105-220-5,1-1.0_001 _44.Z7min - CHI

PEAK RT [min] AREA [pV-sec] HEIGHT [uV] AREA% HEIGHT%
1 20.275 7136884 215242 50.024 64.095
2 32.442 7129926 120577 49.976 35.905

Figure 158. HPLC data

one.

of racemic 6-chloro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
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[201901 11 -exp229-Brchiral-ID3-220,5.1-1.0_001_56.33min - CHI

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 23.383 463948 12299 1.772 3.767
2 32.983 25721764 341184 98.228 96.233

Figure 159. HPLC data of chiral (S)-6-bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-

one.

201901 11-exp234-Erracemic-IDE-220-5.1-1.0_001 - CH1

40,0

PEAK RT [min] AREA [pV-sec] HEIGHT [uV] AREA% HEIGHT%
1 24.050 11156150 264719 50.414 61.992
2 35.133 10973026 162302 49,586 38.008

Figure 160. HPLC data

one.

of racemic 6-bromo-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-
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F201 9031 5-exp2S7chiral-ID3- 220-5.1-1.0_001_29,43min - CH1

PEAK RT [min] AREA [p1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 17558 677713 21987 3.961 5.259
2 23.700 16432700 396131 96.039 94.741

Figure 161. HPLC data of chiral (S)-6-fluoro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-

one.
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2019031 3-exp2SEFracemic-ID3- 220-5.1-1.0_001_32, 62min - CHI

PEAK RT [min] AREA [[V-sec] HEIGHT [uV] AREA% HEIGHT%
1 17.550 1055700 47015 50.449 60.178
2 24317 1036894 31112 49551 39.822
Figure 162. HPLC data of racemic 6-fluoro-2-methyl-3,8a-dihydrocyclohepta[c]pyrrol-1(2H)-one.
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[ HPLC_0502_001_007 - CH10

o)

PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
1 24.053 7933165 252439 49.962 53.327
2 25.840 7945341 220939 50.038 46.673

Figure 163. HPLC data of racemic 5-methyl-6-phenyl-3-oxabicyclo[3.1.0]hexan-2-one.

Intensity [V

| HPLC_0502_001_008 - CH10

PEAK RT [min] AREA [pV-sec] HEIGHT [uV] AREA% HEIGHT%
1 23.745 31944031 858180 96.547 96219
2 26.238 1142308 33720 3.453 3.781

Figure 164. HPLC data of chiral (18,5R,6R)-5-methyl-6-phenyl-3-oxabicyclo[3.1.0]hexan-2-one.
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| HPLC 0502_001_005 - CH10[

13.0
PEAK RT [min] AREA [[1V-sec] HEIGHT [uV] AREA% HEIGHT%
1 13.030 184827 10477 49.488 55.762
2 15.922 188650 8312 50.512 44.238

Figure 165. HPLC data of racemic 6,6-dimethyl-3-oxabicyclo[3.1.0]hexan-2-one.

Intensity [pv]

| HPLC_0502_001_006 - CH10

PEAK RT [min] AREA [pV-sec] HEIGHT [uV] AREA% HEIGHT%
1 12.962 454706 22728 98.862 98.605
2 15.952 5235 321 1.138 1.395

Figure 166. HPLC data of chiral (1R,55)-6,6-dimethyl-3-oxabicyclo[3.1.0]hexan-2-one.
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Intensity [uV]

A N

i I

|HPLC 0502_001_003 - CH10

PEAK RT [min] AREA [uV-sec] HEIGHT [uV] AREA% HEIGHT%
20.387 132241 5158 50140 52.327
21.903 131502 4699 49,860 47673

Intensity V]

Figure 167. HPLC data of racemic 3-oxabicyclo[3.1.0]hexan-2-one.
|HPLC 0502_001_002 - CH10

N i i

i
S s

PEAK RT [min] AREA [pV-sec] HEIGHT [uV] AREA% HEIGHT%
1 20.410 1906 112 0.553 0.988
2 21.875 342868 11210 99.447 99.012

Figure 168. HPLC data of chiral (1S,5R)-3-oxabicyclo[3.1.0]hexan-2-one.
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