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1. Introduction

The thesis title is “3d Metal-Catalyzed Chemoselective Hydrogenation of
Unsaturated Double Bonds and Regioselective C-H Arylation of Indoles.” The thesis is
divided into six chapters. Chapter-1 deals with the literature survey on transition metal-
catalyzed chemoselective hydrogenation of various unsaturated double bonds and
regioselective C—H bond arylation of indoles. Particularly, a comprehensive analysis on
various transition metal-catalyzed chemoselective hydrogenation of cinnamonitriles, a.f-
unsaturated compounds, expoxy ketones, and ketoamides under transfer as well as direct
hydrogenation is described. Additionally, it includes regioselective C—H bond arylation of
indoles using various arylating agents by transition metal catalysis. Chapter-2, deals with the
synthesis of (®*PN’NP*)Mn(I) manganese complexes and their application in the
chemoselective C=C, C=0 and C=N bonds of a.f-unsaturated compounds. Detailed
mechanistic studies have been performed to understand the plausible mechanism. Chapter-3
describes the implication of developed manganese catalysts for the synthesis of a-hydroxy
epoxides via chemoselective C=0 bond hydrogenation of a.,f-epoxy ketones using molecular
hydrogen. The applicability of this protocol was showcased by performing reactions on
different a,f-epoxy ketones derived from biologically active molecules and aroma
compounds. Chapter-4 presents manganese-catalyzed direct hydrogenation of a-ketoamides
to generate a-hydroxy amides. Controlled experiments were performed to understand the
catalytic pathway of the reaction. Chapter-5 consists of the development of a solvent-free and
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ligandless approach for the regioselective C-H bond arylation of indoles and related
heteroarenes using copper catalyst. The synthetic utility of this protocol was shown by the
successful removal of the directing group and by synthesizing Tryptamine derivatives. Lastly,
Chapter-6 presents the overall summary of the thesis work, followed by the future direction

related to the field.

2. Statement of the Problem

In both academia and industries, chemoselective hydrogenation of unsaturated organic
molecules is vital since it's used to prepare perfumes, fine chemicals, pharmaceutical
intermediates, and other bulk products. Particularly, the catalytic reductions using molecular
hydrogen under ambient conditions represent one of the economical, atom-efficient and
environmentally benign transformations. This background leads to the development and
demonstration of a multitude of heterogeneous catalysts for the hydrogenation of different
functional groups, which frequently result in poor selectivity and employ high reaction
temperatures and/or pressures. For the chemoselective hydrogenation of different unsaturated
moieties, several well-defined and extremely active homogeneous catalysts generated from
noble and non-noble metals have been investigated over time. However, the need for harsh
reaction conditions and excess hydrogen pressure as well as cost-effectiveness forces the
scientific committee to develop homogenous catalysts based on non-noble metals that can
advance the reaction under mild conditions to build a sustainable protocol. Furthermore,
indoles are important structural motifs in biology as well as in various natural products.
Particularly arylation of indole via C-H bond activation is widely explored using noble metal
catalysts. However, 3d metal-catalyzed C-H bond activation serves one sustainable and
economical protocol. Recently, several 3d metal catalyzed arylation of indoles were
demonstrated. However, the access of a mixture of products, the necessity of ligand and
solvent as well as utilization of activated coupling partners are associated limitations with
those methods. Thus there is a need to develop a sustainable and atom-economical process

for the regioselective C—H bond arylation of indoles.

3. Objectives

As discussed in the above section, the chemoselective hydrogenation of various
unsaturated double bonds and regioselective C—H bond arylation are under development but
face various limitations. These include harsh reaction conditions, use of excess hydrogen

pressure, and the formation of a mixture of multiple products. Though there are many

PNe&K~ A
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challenges associated with the 3d metals as catalysts, designing a suitable hybrid pincer
ligand and corresponding metal complexes will result in controlling the reactivity and
selectivity under mild reaction conditions. After looking into the literatures we hypothesize
that the synthesis of pincer based metal complexes plays very important role in the various
steps for the chemoselective hydrogenation. These includes Hz activation via metal ligand
cooperation (MLC), controlling the selectivity by varing the sterics and electronics on the
ligand backbone. Particularly the mixed donor PNN-ligand where the sterics could be
controlled by varying the substituent on the phosphine arm, the NH moiety could show the
MLC helping for H> activation, and the heteroarene backbone will provide the necessary
electron density for the reaction. Hence our objective is to look into the problems related to
these reports and proceed forward to resolve by developing suitable catalytic system using 3d
metal catalysts under mild reaction conditions. Another objective was to develop a method
for regioselective direct arylation of indole. The existing method for copper catalyzed
arylation of indole have some limitations including the resulting mixture of C2 and C3
arylated product and using aryl iodonium salts, which needs to be synthesized from aryl
iodides as an arylating agent. Recent result shows the 3d-metal catalyzed arylation can be
performed by using aryl iodides itself, which will be a step economical process. Hence our
objective was to look in to the associated problemes with the existing reports and try to

resolve those, by developing a direct arylation strategy for indoles under copper catalysis.

4. Methodology and Results

Chapter 2. Synthesis of Mn(I) Complexes for Chemoselective Hydrogenation of a,f-
Unsaturated Compounds

The selective hydrogenation of unsaturated organic compounds holds great significance in
both academic research and industrial applications, playing a pivotal role in the synthesis of
pharmaceutical intermediates, fragrances, fine chemicals, and a variety of bulk products.
Specifically, catalytic reductions employing molecular hydrogen under ambient conditions
are recognized as cost-effective, atom-efficient, and environmentally friendly
transformations.' Precedented approaches are limited to access multiple products, necessity
of harsh reaction conditions using excess of hydrogen pressure.”> Hence we developed
(RPPN*NP¥)Min(I) catalyst and implemented for the chemoselective hydrogenation of

conjugated ketones, aldehydes and imines. These synthesized complexes have shown

excellent chemoselectivity for the hydrogenation of C=C in a.f-unsaturated ketone, C=0 in

PR =
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a.f-unsaturated aldehyde and C=N bond hydrogenation in a,f-unsaturated imines. In addition
these hydrogenation was performed at ambient reaction temperature and using lower
hydrogen pressure. The tolerance of various reducible functional group including terminal
alkyne, alkene, nitro, nitrile, epoxide and heteroarenes were well tolerated under standard
reaction conditions. The detailed mechanistic studies suggested this reaction follows metal-

ligand cooperation path for Hz activation.

Rroom Temperature
(27 °C)

Scheme 1. Mn(I) catalyzed chemoselective C=C, C=0 and C=N bond hydrogenation.

Chapter 3. Chemoselective Hydrogenation of «f-Epoxy Ketones to a-Hydroxy
Epoxides by a Well-Defined Manganese Catalyst

The a,f-epoxy alcohols are important structural moieties in synthetic chemistry,
biologically active molecules and naturally present in marine species.® In addition, a,$-epoxy
alcohols are used as an intermediate for synthesis of various bioactive molecules. These
moieties can be synthesized via different methods including epoxidation of allyl alcohols,
nucleophilic addition of organometallic reagent to a.f-epoxy ketones and chemoselective
hydrogenation of a,f-epoxy ketones. The traditional method follows the use of stoichiometric
strong hydrides resulting in generation of bulk amount of waste. Hence we were curious to
implement the developed catalysts for the hydrogenation of a.f-epoxy ketones to get
corresponding a.f-epoxy alcohols. In this chapter we have shown that the developed catalytic
system is suitable for the chemoselective hydrogenation of a.,f-epoxy ketones. A variety of
substrates containing sensitive functional groups resulted in moderate to good yieds of a,f-
epoxy alcohols. Also we shown the synthetic utility of this method by performing the
> -

-
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reaction of a,f-epoxy ketones derived from biologically active and aroma derivatives.

room Temgeratu,g

(27 °C)

Scheme 2. Manganese catalyzed chemoselective hydrogenation of a.,f-epoxy ketones.

Chapter 4. Synthesis of a-Hydroxy Amides via Direct Hydrogenation of «-Ketoamides
under Mild Conditions

a-Hydroxy amides are important structural moieties in synthetic chemistry, biologically
active molecules.* Additionally these moieties are used as an intermediate for different
organic transformations. Recently various reports were established for the synthesis of a-
hydroxy amides via transfer hydrogenation of a-ketoamides. However, catalytic
hydrogenation method using molecular hydrogen serves as one of the sustainable and greener
approach. In this direction we implemented the synthesized manganese catalysts for the
chemoselective hydrogenation of a-ketoamides to achieve a-hydroxy amides. This method is
suitable for various ketoamides containing sensitive functional groups including alcohol,
halides, acetyl, ether, thioether, diazo, and heteroarenes to provide desired products in good
yields. In addition preliminary mechanistic studies were carried out to know the catalytic
pathway of this reaction. The result outcomes from controlled experiments, using the
dearomatized species and N-methylated manganese complexes suggested this reaction
proceeds through MLC for Hz activation. The standard reaction using CD3OD proven that the
hydride source for this reaction comes from molecular hydrogen and methanol provides the

proton for the reaction.

P
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Scheme 3. Manganese catalyzed direct hydrogenation of a-ketoamides.

Chapter 5. Copper-Catalyzed Regioselective C(2)-H Bond Arylation of Indoles and
Related (Hetero)arenes

The regioselective direct arylation of C—H bonds in heteroarenes, with a particular focus
on indoles and related alkaloids, holds significance due to the widespread occurrence of
arylated heteroarenes in pharmaceuticals and biologically relevant compounds.® In the realm
of varied regio-specific C—H functionalizations of indoles, particular emphasis has been
placed on exploring the selective C(2)-H arylation.® This is largely attributed to the
distinctive significance of C-2 arylated indole and its derivatives. The limitation associated
with the developed protocols includes the use of ligand, solvents and the formation of
multiple products using activated aryl partners. Hence, here we developed a sustainable
method for copper-catalyzed C(2)-H arylation of indoles under ligandless and solvent-free
conditions using aryl iodides as arylating source. The synthetic utility of this method was
demonstrated by the successful removal of the directing group and synthesizing Tryptamine
derivatives. Controlled experiments and kinetic studies were performed to know the catalytic
pathway of this reaction which suggested proceeding through the formation of a radical

intermediate.

M/"
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Tryptamine Derivatives

Scheme 4. Copper catalyzed direct arylation of indoles.

5. Summary

We have developed a series of manganese complexes and shown their application
towards chemoselective C=C, C=0, C=N bond hydrogenation of conjugated ketones,
aldehydes and imines (Chapter-2). In chaper-3, we implemented these synthesized complexes
for the chemoselective hydrogenation of a,f-epoxy ketones for the synthsis of a.,f-epoxy
alcohols. In chapter-4 we synthesized a-hydroxy amides via the chemoselective
hydrogenation of a-ketoamides, using molecular hydrogen. Detailed mechanistic findings
suggest that these reactions proceed via metal-ligand cooperation for Hx activation.
Furthermore, we developed a sustainable protocol for the copper-catalyzed regioselective
C(2)-H bond arylation of indoles directly using aryl iodides as arylating agent. We show the
applicability of this protocol by removing the directing group and synthesizing Tryptamine

derivatives in good yields (Chapter-5).
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Hydrogenation is a cornerstone of synthetic chemistry that offers a powerful means to
selectively modify functional groups within complex molecular structures. Since the early 20™
century, catalytic hydrogenative processes have grown and advanced significantly with the help of
many transition metal catalysts. For example, well-known hydrogenation catalysis such as Pd or Pt
on carbon in the presence of H> are employed for the catalytic hydrogenation of multiple bonds.
However, the lack of selectivity in such a heterogeneous hydrogenation process resulted in multiple
product formation. Hence researchers moved toward homogeneous hydrogenation processes that are
much milder and more product-selective.> Over the time, ruthenium, rhodium, palladium, and
iridium, the 4d and 5d transition metals have played a significant role in the homogeneous
hydrogenation process with molecular hydrogen. While homogeneous hydrogenation reactions
resulted in improved product selectivity and were achieved under milder conditions, the heavy 4d/5d
transition metals were expensive, naturally less abundant, and toxic.>* As a result, more affordable,
naturally abundant and relatively non-hazardous 3d transition metals were employed instead for these
changes.®

In recent years, the pursuit of chemoselective hydrogenation methods has gained significant
attention. Chemoselective hydrogenation refers to the chemoselective hydrogenation of one
unsaturated moiety in the presence of others within a molecule. Driven by the imperative to
streamline synthetic routes while minimizing waste and maximizing atom economy, 3d-metal
catalysis emerges as a promising frontier, offering unparalleled precision and efficiency in the
selective reduction of multiple functional groups. Traditional hydrogenation processes often suffer
from a lack of selectivity, necessitating laborious protection and deprotection steps or leading to
undesired side reactions.®® The advent of 3d-metal catalysts has revolutionized this landscape,
enabling direct and chemoselective hydrogenation of specific functional groups within complex
organic frameworks. By harnessing the unique coordination environments and electronic properties
of 3d-metal complexes, various research groups have unlocked a new realm of catalytic selective
hydrogenation, paving the way for more sustainable and efficient synthetic pathways.® In this
chapter, we delve into the growing field of 3d-metal catalyzed chemoselective direct hydrogenation,
exploring the underlying principles, synthetic methodologies, and transformative applications. We
highlight the key advances in catalyst design, and mechanistic insights, illustrating how these
catalysts enable precise control over reaction outcomes in diverse chemical contexts.

Besides the hydrogenation, the regioselective C—H arylation of indoles has garnered
considerable interest in recent years, owing in part to the pivotal role of 3d-metal catalysis in
enabling this synthetic transformation.®'® Leveraging the unique reactivity and coordination

properties of 3d transition metals including cobalt, nickel, and copper, researchers developed a
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plethora of innovative catalytic systems that not only facilitate the direct arylation of indoles but also
afford remarkable levels of regiocontrol. By harnessing the redox versatility, ligand design strategies,
and tunable reactivity profiles of 3d-metal catalysts, synthetic chemists have achieved exquisite
selectivity in accessing diverse regioisomeric products, thereby expanding the practical applicability
of this powerful method. In this context, this chapter, also explores the promising field of 3d-metal
catalyzed selective C—H bond arylation of indoles, highlighting key advancements, and mechanistic
insights in the pursuit of efficient, sustainable, and versatile synthetic methodologies.

1.1 3d-METAL CATALYZED CHEMOSELECTIVE DIRECT HYDROGENATION

REACTIONS

Chemoselective hydrogenation using noble metal catalysts under hydrogenation conditions is
well developed.**® Along with this, the heterogeneous chemoselective hydrogenation of various
unsaturated moieties is explored using noble and non-noble metal catalysts.’*%1° However, the
limited abundance of noble metals found in the Earth’s crust and the harsh reaction conditions
associated with heterogeneous catalysis force chemists to find alternative methods for sustainable
development. In the last twenty years, remarkable progress has been achieved in this field, driven by
a persistent commitment to innovation and advancement. Moreover, chemoselective hydrogenation
using molecular hydrogen under 3d-metal catalysis stands as a pivotal advancement in synthetic
organic chemistry.?2' While traditional methods rely on various hydrogenation sources such as
NaBHs, LiAlH4, and isopropanol, they often encounter limitations. These limitations include the
formation of multiple products, lack of functional group tolerance, harsh reaction conditions, and the
generation of hazardous stoichiometric waste. Addressing these drawbacks, recent research has
focused on the development of 3d-metal catalyzed chemoselective hydrogenation utilizing molecular
hydrogen as a clean source. This approach offers several advantages, including the use of molecular
H>, milder reaction conditions, and improved chemoselectivity. By harnessing the catalytic properties
of 3d-transition metals, such as cobalt, iron, or nickel, chemists can selectively reduce specific
functional groups within the complex molecules while leaving others untouched. This advancement
not only enhances the efficiency of hydrogenation but also aligns with the principles of green
chemistry by minimizing waste generation and utilizing a renewable and environmentally benign
hydrogen source. As a result, 3d-metal catalyzed chemoselective hydrogenation holds promise for

enabling more sustainable and efficient synthetic routes in organic chemistry.
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1.1.1 Manganese-Catalyzed Chemoselective Hydrogenation

In 2016, Beller's groundbreaking discovery unveiled manganese's ability to activate molecular
hydrogen, thus catalyzing the hydrogenation of unsaturated moieties.?? This pivotal breakthrough
marked a significant turning point, sparking new avenues of exploration and innovation within the
field of hydrogenation. After this many researchers developed numerous manganese-centered
catalysts for the reduction of various polar and non-polar multiple bonds including, imine, aldehyde,
ketone, amide, ester, alkene and alkyne.? In these reports, a little modification in the ligand
backbone resulted in a drastic change in the reactivity of the catalyst.

In the last decade, manganese has emerged as an attractive metal for chemoselective
hydrogenation due to its abundance, low toxicity, and relatively low cost compared to precious
metals like platinum, palladium, or ruthenium often used in hydrogenation reactions.*® Moreover,
manganese catalysts can exhibit high activity and selectivity under appropriate reaction conditions.
One of the key challenges in chemoselective hydrogenation is designing catalysts that can distinguish
between different functional groups based on their electronic and steric properties. Manganese
catalysts, often in coordination with suitable ligands, can be tailored to selectively hydrogenate
certain functional groups while leaving others untouched.

The pioneering work on the application of manganese-based catalyst for the hydrogenation of
polar double bonds via activation of H: is typically attributed to the research conducted by Beller and
co-workers (Scheme 1.1).22 By carefully designing ligands around the manganese center, they were
able to control the selectivity in the hydrogenation reaction, enabling the reduction of polar
functional groups such as ketones, aldehydes, and nitriles while leaving other functionalities intact.
This breakthrough opened up new avenues for the development of manganese-catalyzed
hydrogenation protocols, expanding the scope of chemoselective hydrogenation reactions and
contributing to the advancement of sustainable and efficient catalytic processes in organic synthesis.
The synthesized Mn-1 catalyst showed excellent selectively for C=0 bond hydrogenation in «,f-
unsaturated aldehydes, however formation of two products was observed when a,f5-unsaturated
nitrile was subjected to the hydrogenation.

Soon after, Kempe developed a (PNP)Mn(I) catalyst for the reduction of ketones to secondary
alcohols (Scheme 1.2).3! This catalyst was more active compared to Beller’s catalyst. In this report,
authors have shown two examples of chemoselective C=0O bond hydrogenation of ketone having
isolated double bonds. The hydrogenation of even simple alkyl and aromatic ketone was achieved in
excellent yields. The developed method shows the chemoselective C=0O bond hydrogenation in

presence of highly reducible functionalities such as nitro and nitrile groups.
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Scheme 1.1 Mn-Catalyzed Chemoselective Hydrogenation of Carbonyl Compounds.
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Scheme 1.2 Mn-Catalyzed Chemoselective Hydrogenation of Unconjugated Ketones.

In 2017, Beller synthesized a chiral version of the Mn-1 catalyst for asymmetric hydrogenation
of carbonyl compounds (Scheme 1.3).%2 In this report, they have shown three examples of
chemoselective chiral C=0 bond hydrogenation in a,f-unsaturated ketones. The developed catalyst is
efficient for the hydrogenation of unconjugated aliphatic as well as aromatic ketone moieties with

good enantioselectivity.
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Scheme 1.3 Mn-3 Catalyzed Chemoselective Hydrogenation of Conjugated Ketones.

Furthermore, Kirchner has developed a sequence of (PNP)Mn(l) hydride complexes for the
chemoselective reduction of aldehydes to corresponding alcohols (Scheme 1.4).% Among all these
complexes, Mn-4 with NH group in the ligand backbone for metal-ligand cooperation has shown
excellent selectivity for C=0 bond hydrogenation of aldehyde in the presence of other reducible
groups. In this report, authors have compared the reactivity of manganese and rhenium pincer
complexes for hydrogenation where the synthesized manganese catalyst showed better activity than
the rhenium catalyst. This reaction is highly selective for aldehyde hydrogenation in the presence of
other sensitive functional groups such as ketones, esters, alkynes, alkene, cyano, and conjugated
double bonds. The reaction proceeded even at 0.05 mol% catalyst loading with excellent
chemoselectivity at room temperature (Scheme 1.4). Similar to the previously discussed manganese
catalyst, the hydrogenation catalyzed by Mn-4 was also proceeding via metal-ligand cooperative Hy
activation. The plausible catalytic pathway starts from the manganese hydride (Mn-4), which upon
coordination with the aldehyde followed by hydride transfer (via A) will result in the formation of
manganese alkoxy complex B. This intermediate upon deprotonation of the NH group will result in
the dearomatized species coordinated to the molecular hydrogen (C). This intermediate upon H:

activation will regenerate the active catalyst Mn-4 (Figure 1.1).
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Figure 1.1 Plausible Catalytic Pathway for the Mn-Catalyzed Chemoselective Hydrogenation of

Aldehyde.

With significant advancement, the Huang group developed air-stable Mn(Il) pincer PNN

complexes for the selective C=0 bond reduction in conjugated aldehydes, and ynals (Scheme 1.5).3*

The developed protocols exhibit selectivity solely for the C=0 bond of aldehydes, leaving the C=0

bonds of ketone and esters unreacted. In addition to «,f-unsaturated aldehydes, and ynals simple

alkyl and aryl aldehydes were also hydrogenated efficiently. The affordability of Mn(ll) in
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comparison with Mn(l) and the robustness of the developed catalysts opens doors for large-scale

applications.

OI Mn-5 or Mn-6 (3 mol%) OH
P H KO'Bu (10 mol%) P H
R = H, (27 bar) R ~
100 °C

Selected Examples:

Me
_"oH
Me™ >0 ©/\/\ | ©/
89% 80% Me o 78%

82%
Scheme 1.5 Manganese-Catalyzed Chemoselective C=0 Bond Hydrogenation of «,5-Unsaturated
Aldehydes, and Ynals.

In a remarkable development, Wang, Han, and Ding reported the chemo- and diastereoselective
C=0 bond hydrogenation of a-substituted p-ketoamides (Scheme 1.6).3 This reaction proceeds
through dynamic kinetic resolution for the first time under manganese catalysis. This method was
suitable for the reduction of various substituted £- including heteroaryl, alkyl, aryl, and halogen
groups. The developed Mn-7 catalyst showed the highest TON of 10000 for the hydrogenation of a-
substituted p-ketoamides. DFT calculations unveiled that the distinct anti-stereoselectivity observed
in the catalysis stems from an appealing interaction involving the =7 stacking of the substrate's

phenyl ring with the ligand's pyridinyl ring in the preferred transition state.

E Bu l
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t 0 . . / 1
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Scheme 1.6 Mn-7 Catalyzed Chemo- and Diastereoselective C=0O Bond Hydrogenation of a-
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Substituted S-Ketoamides.

Sortais has shown the chemoselective C=0 bond hydrogenation in unconjugated ketones using
a PNP-based manganese pincer catalyst.3® With significant modification later on the same group
synthesized bidentate Mn(l) complex and used it for the chemoselective C=C and complete
hydrogenation of conjugated ketone (Scheme 1.7).3” By using changing bases along with reaction

temperatures, they were able to achieve the other chemoselectivity of the hydrogenation reaction.

Mn-8 (0.5 - 2 mol%)
KOtBu or KHMDS

(2-5mol%) ] e .

o \ .

O| 30 or 80 °C | / :

N H, (50 bar) B .
©/\)\R thp_/Mn: r :
\ Mn-8 (5 mol%) ©/\)O\H ' oC CIoco 5

KOtBu (10 mol%)
80or 100°C

R = Me or Ph

Scheme 1.7 Manganese-Catalyzed C=C and Complete Hydrogenation of Conjugated Ketone.

A phosphine-free method for the selective alkene hydrogenation in conjugated esters and
nitriles was demonstrated by Topf (Scheme 1.8).38 This system utilizes the commercially available
Mn(CO)sBr precursor in combination with the 2-picolylamine ligand. Various di-, tri- and
tetrasubstituted conjugated alkenes were hydrogenated efficiently under developed protocols. A
mixture of products was formed when a,f-unsaturated ketone was reacted under the standard
conditions. However, this report is associated with some drawbacks including high reaction
temperature and formation of multiple products in the hydrogenation of chalcone, a conjugated

ketone.

Mn(CO)sBr (3-5 mol%) ;TTTTTTTT :

R3 L9 (3-5 mol%) RS 'H,N Y
R%Rél KO'Bu (3-5 mol%) _ RLH\RA N~ !
R?2 H, (30-50 bar) R?2 E Lo 5
100-120 °C R '
Selected Examples: h O
o] i o Ph Ph
EtO Ph OFEt
/\)J\o/\/ Ph/jkoa Noa ll /ﬁ)‘\
07 “OEt 0 N |N|
87% 83% 64% 78% 75%

Scheme 1.8 Mn-Catalyzed Chemoselective C=C Bond Hydrogenation of Conjugated Double Bonds.
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Recently, Rueping and co-workers have demonstrated chemoselective hydrogenation of
nitroarenes to the corresponding anilines using (PNP)Mn(I) complex (Scheme 1.9).%° In this report,
they have shown the wide substrate scope where highly reducible functional groups including
alkynyl, benzyl, ester and amide groups were tolerated. Based on the experimental outcomes they
proposed a plausible catalytic pathway that proceeds via metal-ligand cooperation and direct
formation of aniline without observing the accumulation of intermediates including hydroxylamine,
azo, hydrazo and azoxy compounds. In addition to the nitroarenes, the advanced system was

appropriate for the reduction of azoarene derivatives.

___________________

! H

Mn-10 (5 mol%) ! (\,ll/\ :

N0z K,COs (12,5 mol%) 10 T O Py

R— > R - :
= H, (80 bar), 130 °C = - oc Ly
Mn-10

___________________

Selected Examples:

NH, NH,
NH, NH, Ny
MeO _N
F PR Bn
o ol

83% 94% 79% 85%

Scheme 1.9 Manganese-Catalyzed Chemoselective Hydrogenation of Nitroarenes.

1.1.2 Iron-Catalyzed Chemoselective Hydrogenation

Iron is one of the most plentiful, least toxic, and inexpensive transition metal available in the
lithosphere. Iron-based catalysts were well explored in the various organic transformations in
synthetic organic chemistry.“°-4* With its convincing chemical properties, iron has found significant
applications in the pharmaceutical and agrochemical industries. These properties of iron, make it an
attractive option for large-scale synthesis, aligning with the economic demands of these sectors.

With these aspects, Milstein and co-workers synthesized lutidine-based PNP iron complex (Fe-
1) for direct hydrogenation of ketone (Figure 1.2a).*> However, in the case of hydrogenation of a,/-
unsaturated ketones they end up getting multiple products in a moderate ratio. In addition, the
borohydride derivative of Fe-1 (Fe-2) developed by the same group also resulted in multiple product
formation on the reduction of conjugated (Figure 1.2b).*¢ Moreover, these catalysts were efficient for
the reduction of alkyl and aryl ketones in good vyields with the tolerance of various sensitive

functional groups including halides and trifluoromethyl substituents.
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a) Milstein, 2011 ) Milstein, 2012
HBH3
N H
IPrzp\Fe——‘P Pr2 IPrzp\Fe——‘P Pr2
Br CO Br CO
Fe-1 Fe-2

Figure 1.2 Developed (PNP)Fe(1l) Complexes by Milstein.

Beller showed selective C=0 bond reduction of conjugated aldehydes using a robust, non-
pincer iron catalyst (Scheme 1.10).*” The developed catalyst was stable under air and water. Using
catalyst Fe-3, they have shown 8 examples of selective C=0 bond hydrogenation of conjugated
aldehydes, up to >99% vyield using catalyst loading up to 0.1 mol%. In addition, this catalyst
hydrogenated simple aryl and alkyl aldehydes, and ketones hydrogenated efficiently. The aromatic
ketones containing the other reducible functional groups including nitro, ester, and amide were

hydrogenated selectively to the corresponding alcohol.

___________________

SiMe, |

R2 Fe-3 (0.1-0.5 mol%) R2 : | °

~ K,COj (0.5-2.5 mol%) )\(\ | OC Feo. SiMe; !
R1)\(§O —> R OH | (co
R3 H, (30 bar), 100 °C R3 I oC ;

i Fe-3 '

Selected Examples:

93% 98% 91%

98%
Scheme 1.10 Iron-Catalyzed Chemoselective C=0 Bond Hydrogenation in «,5-Unsaturated
Aldehydes.

Later a catalytic system for iron-catalyzed chemoselective hydrogenation of «,f-unsaturated
aldehydes under acidic conditions was reported by the same group (Scheme 1.11).% In contrast to the
majority of other catalytic systems, that work under basic conditions, this system is active under
acidic conditions (using catalytic TFA). Various a,fp-unsaturated aldehydes with alkyl and aryl

backbone were tested under the optimized reaction conditions which provided good vyield for
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corresponding allyl alcohols. The chemoselective C=0 bond hydrogenation of aldehyde was
observed in the case of substituted benzaldehyde with reducible functional groups including alkene,

ester, and ketone.

________________

R2 [FeF(L4)][BF,] (0.2-0.4 mol%) R? g Q |
TFA (5 mol% Q |

R1)\(§O ( o) - R1)\(\OH ! R Pth:
16 H, (20 bar), 120 °C R3 | PhaP :

Selected Examples:

Me
X OH “ y @AOH OH
Me OH e\H\\-' |
95% 99% 99% Me™ Me
97%

Scheme 1.11 Iron-Catalyzed Chemoselective C=0O Bond Hydrogenation of «,f-Unsaturated
Aldehydes.

Later, Kirchner developed PNP-based iron complexes with NH (Fe-5) and NMe (Fe-6) groups
in the ligand backbone (Figure 1.3).%° Catalysts having NH group were active for the hydrogenation
of ketones and aldehydes; however, catalysts having NMe group in the ligand backbone were
selective for only aldehyde hydrogenation. When a,f-unsaturated ketone was reacted under the
reaction conditions, they resulted in formation of C=C, C=0, and fully hydrogenated products. The
reaction using Fe-5 proceeds through metal-ligand cooperation (MLC) however the mechanism with

Fe-6 does not involve MLC.

QN @\
H. H Me N _Me

NS
N NN N NN
PrP—F&—PPr, PrP—Fé—PIPr,
Br co Br co
Fe-5 Fe-6
for hydrogenation of for chemoselective
ketones and aldehydes aldehydes hydrogenation

Figure 1.3 Iron-Catalyst for Chemoselective Hydrogenation of C=0 Bonds.

Based on the experimental results and theoretical calculations the catalytic cycle for Fe-6
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catalyzed aldehyde hydrogenation was proposed (Figure 1.3).° This reaction proceeds with the
activation of precatalyst Fe-6 in the presence of a base and molecular hydrogen to form an iron
dihydride intermediate either trans A or cis A. Upon coordination with aldehyde followed by hydride
migration led to the intermediate B. The intermediate B will undergo ligand exchange directly with
H> or, in the presence of ethanol, in two steps via C to form intermediate D. Then the alkoxide ion on

protonolysis will result in the product formation and regenerate the active catalyst A (Figure 1.4).

Me NS .M
Me. A .Me O o |, 1 EtOH

N NHN

0
L1 / H
'PrzP\Fe/PPrz o] (|JO R)<H
B CO KO'Bu, H, R);H B
Fe-6 EtOH
Me

+
JOW
\ M ~ \ /M
N n-Me Ha CNTONTONTTE
'Pr2P~Fe——PPr2 - 'PrzPH\Fe——PPQ
0] /
W do A HQ co
trans A R™ H Et ¢
LI .
Me\ N
N H N o =
'szP*Fe—‘Psz H Me. A | .Me H,
oc” | H \ T H
O H iPrzP\Fe/—“PiPrz EtOH
cis A )< H |
R H \HCO
D

Figure 1.4 Plausible Catalytic Pathway of Iron-Catalyzed Chemoselective Aldehyde Hydrogenation.

With significant modifications, Hu and co-workers developed (PONOP)Fe(1l) complexes for
chemoselective C=0 bond hydrogenation of aldehydes at room temperature (Scheme 1.12).5! The
exceptional selectivity shown towards aldehyde groups over alkene, and particularly ketone groups,
in chemical reactions is highly noteworthy and valuable in synthetic applications. The authors
showed the potential of Fe-7 and Fe-8 in the chemoselective reduction of the aldehyde’s C=0 bond
under direct as well as transfer hydrogenation conditions. In addition, simple aromatic aldehydes can

also be hydrogenated using these catalysts.
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Scheme 1.12 (PONOP)Fe(ll) Catalyzed Selective Hydrogenation of Aldehydes.

On the other side, Duan, Wen, and Zhang reported the single catalytic system for the selective
reduction of C=0O, C=C, and NO: functionalities using commercially available iron
precursor/tetraphos ligand (L9).>2 This method tolerated various reducible functional groups

including isolated alkene, alkyne, acetyl group, amide, and sulphonyl group (Scheme 1.13).

Ar/vj\Ar Ar/\)J\Ar Eﬂ i -|5h2|-3 __________

R2 Fe(acac), (0.1 mol%) / . .
0, I BN '
R1)§/§o L9 (0.11 mol%) _ R1)§/\OH " N pp!
R3 K,COj3 (1 mol%) L 5 \/N¥P) !
H, (30 bar), 80-120 °C 5 !
NH ! !
N NO, R_,\ 2 | PPh, |
R N ok
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o 0 o) o)
Ph © Ph S Ph Ph
| | oo
93% 95% cl 87% © 95%
F OH
Ph/WOH S I N OH
\ /
OH 99% 98% Ph 95%
N o] /@: NH,
99% H OPh HO
80% 98% 96%

Scheme 1.13 Iron-Catalyzed Chemoselective C=C, C=0, and NO2 Hydrogenation.
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Furthermore, an efficient method for iron-catalyzed chemoselective hydrogenation of the
nitrobenzene derivatives in the presence of other sensitive functionalities including heteroarenes,
alkene, esters, and ketone was developed (Scheme 1.14).% In this method, a tetraphos-based iron
catalyst and 20 bar H> pressure were employed. Based on the experimental outcomes, a catalytic
pathway was proposed, involving either the formation of hydroxylamine or azobenzene as

intermediates (Figure 1.5).

A ©/N02 [FeF(L10)[BF4] (1 mol%) @NHZEQP; EPth.
A H, (20 bar), 120 °C A Ph2P© 5

_________________

Selected Examples:

NH» NH»
NH; S NH,
MeO Me /\/©/ <\ j©/
Ph™ ™ N
(0] (@]

92% 99% 98% 91%

Scheme 1.14 Iron-Catalyzed Chemoselective Hydrogenation of Nitroarenes.

H
H H 2
Ar—NO, — 2= [Ar—NO| —2—> Ar—NHOH ——= Ar—NH,
- H,0 - H,0
Pathway A H2
_ Hy Hy H H
Ar—N=N(0)—Ar ——>= Ar—N=—N—Ar ——> Ar—N—N—Ar

- Hy
Pathway B

Figure 1.5 Plausible Catalytic Pathways for Hydrogenation of Nitroarene.

1.1.3 Cobalt-Catalyzed Chemoselective Hydrogenation

Cobalt, a relatively inexpensive and low-toxic metal, plays a crucial role in biology, notably
through its presence in vitamin B12. Additionally, the distinctive electronic structural properties of
this base metal may enable the observation of uncommon activity or selectivity profiles. Thus, in
recent times, employing rational ligand design has unveiled several novel cobalt catalysts for
homogeneous hydrogenation.>*>® Cobalt catalysts are well-studied for the independent hydrogenation
of various unsaturated moieties including alkene, alkyne, carbonyl, and other groups under both

direct and transfer hydrogenation conditions.>®-%2 However, the chemoselective hydrogenation using
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cobalt catalysts is underdeveloped.

In 2015, Kempe developed a (PN3P)CoCl, catalyst Co-1 for the reduction of the carbonyl
group (Scheme 1.15).%% Furthermore, alongside simple ketones, this catalyst demonstrated
outstanding efficacy in selectively hydrogenating C=0 bonds in a,f-unsaturated aldehydes, requiring
catalyst loadings as low as 0.5 mol%.

Me !
' N)\N 5
R'" H Co-1 (0.5-1 mol%) R" H ! )\\ J\ :
h s © HN” N7 °NH
R? N NaO'Bu (1-2 mol%) R2 X OH | | [
o o V'ProP—co—P'Pry:
R3 H, (20 bar), 20 °C R3 | '
: / N\ '
' Cl Cl :
\ Co-1

Selected Examples:
WOH Me MeWOH /M(/\/Q/\OH
Me Me)\/\OH Me Me Me™ N7
97% >99% >99% 95%

Scheme 1.15 Cobalt-Catalyzed Chemoselective C=0 Bond Hydrogenation in «,5-Unsaturated
Aldehydes.

Subsequently, Wen and Zhang developed a general catalytic system for cobalt-catalyzed
chemoselective hydrogenation of various unsaturated moieties including conjugated aldehydes,
ketones, imines as well as a-ketoamides, and heteroarenes (Scheme 1.16).%* The developed
tetraphos/Co(ll) system was very efficient and showed excellent activity even at 0.002 mol% catalyst
loading. This reaction proceeds through the formation of radical species A and B, followed by cobalt
dihydride as an intermediate C (Figure 1.6).

Recently, Li and Liu represented an NHC-cobalt catalyzed C=C bond hydrogenation
chemoselectively in conjugated carbonyl compounds (Scheme 1.17).°° The developed catalyst
efficiently hydrogenated the challenging hindered, tetrasubstituted C=C bonds selectively by taking
advantage of empty coordination sites and less steric hindrance because of the bidentate NHC ligand.
The developed system efficiently hydrogenated isolated hindered alkenes to the corresponding
alkanes with a tolerance of highly reducible ester group. The outcomes achieved with this in-situ
method, utilizing readily available carbene and cobalt precursor, proved to be highly competitive
when compared to the results obtained through meticulously developed well-defined catalysis

systems.
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Scheme 1.16 Cobalt-Catalyzed Chemoselective Hydrogenation of «,f-Unsaturated Aldehydes,

Ketones, Imines, a-Ketoamides.
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Scheme 1.17. Cobalt-Catalyzed Chemoselective C=C Bond Hydrogenation.
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1.2 3d-METAL CATALYZED REGIOSELECTIVE C-H ARYLATION OF INDOLES

C—H bond functionalization stands as a potent technique within organic synthesis, involving
the selective substitution or alteration of a C—H bond within an organic compound to introduce a
different functional group, including C—O, C—C, C—X, or C—N bonds. (where X represents a
halogen).®®-%8 This method offers a more direct and efficient approach by utilizing the inherent C—H
bonds present in organic molecules as starting materials. Over the years, significant advancement has
been achieved in developing methods for C—H bond functionalization, driven by advances in
catalysis, organometallic chemistry, and reaction methodology. Transition metal catalysis,
particularly using palladium, ruthenium, rhodium, and iron catalysts, has emerged as a dominant
strategy for achieving selective C—H bond transformations. Additionally, strategies for controlling
regioselectivity and stereoselectivity in C—H bond functionalization reactions have been developed,
enabling chemists to selectively target specific C—H bonds within complex molecules. These
advancements have greatly expanded the synthetic toolbox available to organic chemists, facilitating
the rapid construction of complex molecular architectures via selective C—H arylation, alkylation,
alkenylation, alkynylation, and oxygenation. Regioselective C—H arylation is a significant
transformation in organic synthesis. It involves the selective transformation of one carbon-hydrogen
bond of substrate with an aryl group. Regioselectivity is a crucial aspect of this reaction, ensuring
that the aryl group is added to the desired position of the substrate. Recently, arylation of various
moieties such as aromatic compounds such as benzamide, anilines, phenols and quinolines, and
heteroarenes including indoles, azoles and pyrroles have been studied.5®"® The arylating agents used
for these transformations include organometallic agents such as boronic acids, and Grignard as well
as organic coupling agents including phenol derivatives, aryl iodonium salts and aryl halides. In
particular, the production of naturally occurring product derivatives and physiologically active
chemicals has found use for the regioselective C—H arylation of indoles, thereby contributing to
advancements in medicinal chemistry and chemical biology.>® For this reason, many transition
metals have been investigated, including ruthenium, iridium, palladium, and rhodium.””-®2 These
metals often form complexes with ligands that control the regioselectivity of the C—H activation step.
Several research groups have contributed to the development of this methodology, continually
improving its efficiency, selectivity, and applicability to various substrates. However, the limited
abundance of 4d/5d metals in the Earth's crust has led researchers to consider alternative metals with
greater abundance. Exploration into alternative metals aims to address concerns regarding the
sustainability and accessibility of transition metal catalysts. Metals such as copper, nickel, and
cobalt, which are plentiful in the Earth's crust, have emerged as promising candidates for catalyzing

C—H bond arylation reactions. These metals offer potential solutions to the challenges associated
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with the scarcity and cost of traditional transition metals. Additionally, research efforts focus on
developing new ligands and reaction conditions tailored to these alternative metal catalysts, aiming
to achieve comparable levels of selectivity and efficiency. By harnessing the catalytic properties of
earth-abundant metals, scientists strive to create more sustainable and environmentally friendly

synthetic methodologies for organic synthesis.

1.2.1 Cobalt-Catalyzed Regioselective C—H Arylation of Indoles

Cobalt is a relatively inexpensive transition metal, making it an attractive option from a
sustainability and cost perspective. By adding a 2-pyridyl ring to the nitrogen of the indole,
Ackermann and colleagues reported the first regioselective C2 arylation of indoles enabled by cobalt
catalysis (Scheme 1.18). In this method, the pyridine ring directs the arylation to the indole’s C2 and
couples with the phenol-derived organic electrophiles. With significant development, the same group
showed the use of aryl chloride as a coupling for cobalt-catalyzed C2 arylation of indole.®

H
H )OJ\ Co(acac), (10 mol%) m
@E\S>H + NMe, [MesHCI (20 mol%) N ’\R
N

(0]
A CyMgCl (2 equiv) o 7 N
N | o \
7\ X 60 °C —
= R 6 examples

up to 94% yield
Scheme 1.18 Cobalt-Catalyzed Regioselective C2 Arylation of Indoles.

Similarly, aryl boronic acids can be coupled regioselectively to the indole at C2 (Scheme
1.19).8% In the seminal report, Niu and Song demonstrated a method for cobalt-catalyzed C2 arylation
of indoles in the air using stoichiometric amounts of manganese as an oxidant. VVarious electronically
distinct indoles and aryl boronic acids reacted efficiently to provide comparable C2-coupled indoles
with respectable yields. The catalytic cycle was proposed based on experimental outcomes and
literature, which proceeds from the Co(ll) to Co(IV) pathway using manganese as an oxidant (Figure
1.7).
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Scheme 1.19 Cobalt-Catalyzed C2 Arylation Using Aryl Boronic Acid.

A\
N
)/\N Co(ll)

7N
e O
N Cllo
o

©/B(OH)2 Mn(lll) @

Mn(ll)
Figure 1.7 Plausible Catalytic Cycle of Cobalt-Catalyzed C2 Arylation of Indoles.

Very recently, Ackermann and Delord developed a method for enantioselective C2 arylation
of indole using copper catalysis (Scheme 1.20).%° This method utilizes chiral carbene ligand in
combination with commercially available CoBr. salt in the presence of stoichiometric Grignard
reagent and aryl chloride for the regioselective arylation of indoles. Here, aldimine at the C3 position
of indole directs the arylation through weak chelation assistance. After treating with the reaction
mixture under the HCI workup, the corresponding aldehyde will be generated from the aldimine. By
using this method, they showed more than 30 examples, 96% ee for the arylated indoles and up to

99% vyields.
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Scheme 1.20 Cobalt-Catalyzed Enantioselective C2 Arylation of Indoles.

1.2.2 Nickel-Catalyzed Regioselective C—H Arylation of Indoles

Nickel is a useful tool for C—H bond arylation reactions in organic synthesis because of its
unusual mix of reactivity, adaptability, and affordability. Using a (NNN)Ni(ll) catalyst and neat
conditions, Punji and colleagues reported the first nickel-catalyzed regioselective C2 arylation of
indoles [Scheme 1.21 (a)].28 Additionally, they used the commercially available Ni(OAc)./dppf
system to demonstrate an easy-to-use procedure for the C2 arylation of indoles after making further
modifications [Scheme 1.21 (b)].%° Based on experimental analysis, they proposed a catalytic cycle
for this method, which starts from complex A (Figure 1.8). Upon base-mediated reversible C—H
activation, it will result in the formation of B. From B, two pathways are possible. In path 1, either in
the presence of an aryl halide, B will undergo 1-electron oxidation via C and recombination of the
aryl radical to form D. The intermediate D will undergo reductive elimination to provide the desired
coupled product and regenerate the active intermediate A. Alternatively, in path 2, the aryl chloride
will be oxidatively added onto B in a bimetallic fashion to give E. The reductive elimination will
form the desired product and F. The intermediate F upon comproportionation with G regenerated the

active catalyst.
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(a) Puniji, 2017

0
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EtyN—pNj—N<
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(5 mol%)
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(b) Punji, 2019
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80 °C
(X = Cl)

Scheme 1.21 Nickel-Catalyzed Regioselective Arylation of Indoles Using Aryl Halides.
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Figure 1.8 Plausible Mechanism of Nickel-Catalyzed C2 arylation of indoles.

1.2.3 Copper-Catalyzed Regioselective C—H Arylation of Indoles
Copper catalysts can undergo oxidative addition with aryl halides or related electrophiles,

facilitating the activation of the aryl group for subsequent reaction with the C—H bond. In addition, it
can exist in multiple oxidation states, allowing for redox flexibility in catalytic cycles. This
versatility enables the activation of both aryl halides and C—H bonds. The first regioselective C—H
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arylation of indoles was created by Gaunt using copper as a catalyst (Scheme 1.22).8¢ This reaction
proceeds via the migration of C3 arylated indoles to C2 arylated indoles. This selectivity can be
controlled by varying the substituent on the nitrogen of indoles as well as by differing the reaction
temperature. However, the limitation associated with this method is that utilizes aryl iodonium salts
as an arylating agent, which requires an additional synthetic step for this process. The tandem
diarylation (of C—H and N—H bonds) method was developed by Greaney and co-workers in one pot
using a copper catalyst (Scheme 1.23).8” By using an aryl iodonium salt as a coupling partner they
were able to transform NH indoles to corresponding C1 and C3 arylated products in good yields. In
this, they have shown 16 examples with substituted aryl iodonium salts including methyl, methoxy,

trifluoromethyl and chloro substitution.

H
Ar N H
N 1_N A\
R H X
R1—:</:E§>H ( dtbpy A dtbpy RI- N Ar
-

1.1 equiv) i?z (1.1equiv) Z~N

\ >
H/Me . Ac
13 examples Cu(OTf), (10 mol%) 10 examples
up to 86% yield * up to 83% yield
[TRIP—I—ATr]OTf P oYy

Scheme 1.22 Copper-Catalyzed Regioselective C—H Arylation of Indoles.

Cul (20 mol%)

H dtbpy (1.1 equiv) _C N
A 0 L
R CE\% + [Ar—I—Ar|OTf dioxane or Toluene 60 C N
Z N then DMEDA (30 mol%) Ar
H K3PO, (2 equiv), 110 °C 16 examples

up to 68 % yield

F. MeO AN
L o R (L,
N N N5 0
Q 2\/( 74 \
~Me
N-Me N
M’ N\\< Me” \\E)

F Cl
57% 55% 42% 47%

Scheme 1.23 Copper-Catalyzed Tandem C1 and C3 Diarylation of Indoles.

Soon after, Shi and the group showed the first copper-catalyzed regioselective C6 arylation of

indole using sterically hindered removable N-substituted phosphine oxide as a directing group
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(Scheme 1.24).%° Authors have shown 31 examples by varying different substitutions on indoles and
arylating agents in good to excellent yields. The tolerance of different functional groups including
halide, trifluoromethyl, ester, alkene, ketones, and heteroarene moieties was remarkable. However,
only a 25% yield for C6 alkenylation was observed when an alkenylating coupling partner was used
under standard reaction conditions. Further deprotection of the directing group was demonstrated
followed by C2 and C3 arylation using Pd and Cu catalysts respectively was represented.

X
Y
CuO (10 mol%) A TN tBu
X o D
R@ + [Ar—I—Ar]OTf DCEOTC -t
H N tBu

JP~tBu 31 examples
up to 95 % yield

Selected Examples:
Ph
_ cl F

A\
A m cl % N tBu
Ph N tBu  ph | Py

Ph N tBu S o
6]
68% 89% 85% 51% 31%

i /,Pl‘tBU
/,P‘tBu 0
Scheme 1.24 Copper-Catalyzed C6 Arylation of Indoles.

Afterward, the C5 arylation of indoles was developed by substituting the pivaloyl directing
group at C3 of indole and using copper-(I)thiophene-2-carboxylate (Cu-1) catalyst (Scheme 1.25).%
Other less hindered directing groups including formyl, acetyl, and isobutyryl resulted in lower yields
for the C5 arylation of indole. Good functional group tolerance was observed when arylating agents
with various substituents including trifluoromethyl, trifluoromethoxy, halides and esters reacted
smoothly. In addition, authors have shown the deprotections of the pivaloyl group in good yields.
However, the protection of the NH group was necessary for this process.

Very recently, Zhou and Yang has reported the regioselective C2 and C3 arylation of indoles
under copper catalysis (Scheme 1.26).9? In this, the solvent and phosphine oxide substituted at C4
played a very important role in getting particular selectivity by controlling the migration of the
aromatic ring. In the presence of toluene as a solvent, the migration of the aryl ring results in the C2
arylated product, whereas in the presence of THF (tetrahydrofuran), only the C3 arylated product is
formed. This indicates that the choice of solvent can significantly influence the regioselectivity of the

arylation reaction.
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Scheme 1.26 Copper-Catalyzed C2 and C3 Arylation of Indoles.
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1.3 CONCLUSION

In recent decades, significant attention has focused on innovating the shift from noble metal-
catalyzed direct hydrogenation and C—H bond arylation to the use of more abundant metal catalysts.
Particularly, manganese-catalyzed chemoselective hydrogenation has been extensively explored.
However, iron and cobalt have been less developed for chemoselective hydrogenation of unsaturated
moieties. While 3d-metal-catalyzed chemoselective hydrogenation is advancing, it has notable
drawbacks. Many protocols require excess highly reactive additives, which can damage sensitive
functional groups. Additionally, the need for high hydrogen pressure and elevated reaction
temperatures remains a concern for both industrial and laboratory applications. Moreover, most of
these reactions use phosphine ligands, which require specialized handling for their synthesis and are
not stable in air. Therefore, there is potential to develop methods for chemoselective hydrogenation
that use lower hydrogen pressure, ambient reaction temperatures, and phosphine-free ligands.
Additionally, investigating the reactivity of other 3d metal catalysts for these types of hydrogenations
could be highly insightful. The regioselective C—H bond arylation of indoles and related heteroarenes
has been well-studied with noble metal catalysts. However, regioselective C—H arylation using 3d-
metal catalysts remains underdeveloped. Recently, research groups have explored cobalt, nickel, and
copper-catalyzed arylation of indoles. Nonetheless, these studies often face limitations due to the use
of excessive amounts of pre-functionalized coupling partners, such as functionalized phenols,
boronic acids, aryl iodonium salts, and Grignard reagents, which necessitate additional synthetic
steps. Furthermore, the use of over-stoichiometric amounts of Grignard reagents can damage
sensitive functional groups. Therefore, there is an opportunity to develop more atom-economical 3d-
metal-catalyzed reactions using commercially available and less reactive aryl halides as arylating

agents.
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Objective of the Present Study

In recent years, significant efforts have been devoted to the chemoselective hydrogenation of various
unsaturated bonds, as well as C—H bond functionalization, using base metal catalysts. Particularly,
the chemoselective hydrogenation of unsaturated moieties has mostly employed noble metal catalysts
under transfer hydrogenation conditions. However, the harsh reaction conditions, higher hydrogen
pressure, and generation of stoichiometric waste remain major limitations for industrial applications.
Therefore, the objective of the present work was to develop environmentally benign and efficient
protocols for the chemoselective hydrogenation of various unsaturated moieties by designing a
mixed-donor pincer manganese complex. Specifically, achieving chemoselective C=C, C=0, and
C=C bond hydrogenation of conjugated carbonyl compounds, conjugated imines, epoxy ketones, and
ketoamides is crucial for late-stage functionalization, thereby minimizing unnecessary synthetic steps
such as protection and deprotection. Additionally, we aimed to develop a direct arylation method

using aryl iodides under copper catalysis.

The results obtained from the present studies are discussed in Chapters 2-5. In Chapter 2, the
synthesis of mixed donor pincer manganese complexes and their application for chemoselective C=C,
C=0, and C=N bond hydrogenation of «,f-unsaturated compounds is described. In this, we
developed a chemoselective hydrogenation process at room temperature using moderate hydrogen
pressure. Using this method various C=C bonds in «,f-unsaturated ketones could be selectively
reduced to form saturated ketones with the tolerance of multiple reducing functional groups including
terminal alkene, alkyne, epoxide, nitrile, nitro, and heteroarenes. In addition, C=0 and C=N bonds in
a,f-unsaturated aldehydes, and a,f-unsaturated imines could be selectively reduced to corresponding
ally alcohol and allyl amine respectively. The experimental and DFT calculations suggest that the
reaction proceeds via metal-ligand cooperation for H» activation and the manganese hydride adds in

1,4 fashion to the a,f-unsaturated ketone (Michael addition).

The chemoselective hydrogenation of the C=0 bond in «,5-epoxy ketones using synthesized
manganese(l) complexes was achieved under mild reaction conditions, and these results were
discussed in Chapter 3. Various a,f-epoxy ketones were hydrogenated to provide the corresponding
a-hydroxy epoxide with excellent selectivity. In addition to aromatic epoxy ketones, aliphatic epoxy
ketones derived from different aromatic derivatives, as well as steroid molecules, were efficiently
hydrogenated with good functional group tolerance, including reducible functional groups such as
alkenes, alkynes, sulfones, alcohols, and acetyl groups. Furthermore, the synthetic utility of this
protocol was demonstrated by protecting the alcoholic group with acetyl and silyl protecting groups.

Additionally, the epoxide ring can be selectively reacted with sodium azide in good yield and
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selectivity. To extend the application of the developed catalyst, we examined the chemoselective
hydrogenation of a-ketoamides to synthetically important «-hydroxy amides with excellent
selectivity and these were described in Chapter 4. This method represents the first hydrogenation of
a-ketoamides using a 3d-metal catalyst with molecular hydrogen. Similar to the earlier process, the
current method also proceeds via metal-ligand cooperative H> activation.

In Chapter 5, we demonstrated a user-friendly, ligand-free, and solvent-free protocol for
copper-catalyzed regioselective C(2)—H arylation of indoles directly using aryl iodides with a copper
catalyst. Under optimized reaction conditions, various substituted aryl iodides and indoles were
coupled in good to excellent yields. The wide scope was presented which shows the functional group
tolerance of a range of functionalities, including halides, ethers, substituted amines, pyrrolyl, indolyl,
and carbazolyl groups. This method further can be employed to the arylation of other related
heteroarenes including, pyrrole and thiophenes. We showcased the applicability of this method by
successfully removing directing groups to achieve NH-indoles, which were further functionalized to
obtain tryptamine derivatives in good yields. Initial studies to elucidate the catalytic pathway

suggested that this reaction proceeds via the formation of radicals as intermediates.
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Chapter 2

Synthesis of Mn(l) Complexes for
Chemoselective Hydrogenation of a,f-
Unsaturated Compounds
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This chapter has been adapted from the publication “Room Temperature Chemoselective
Hydrogenation of C=C, C=0 and C=N Bonds by Using a Well-Defined Mixed Donor Mn(l) Pincer
Catalyst” Shabade, A. B.; Sharma, D. M.; Bajpai, P.; Gonnade, R. G.; Vanka, K.; and Punji, B.
Chem. Sci., 2022, 13, 13764-13773.
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2.1 INTRODUCTION

Chemoselective hydrogenation of unsaturated organic compounds is extremely important in
academia and industry, as it is pivotal in preparing pharmaceutical intermediates, fragrances and
various bulk products. Particularly, the catalytic reductions using molecular hydrogen under ambient
conditions represent one of the economical, atom-efficient and environmentally benign
transformations.>? In this context, numerous heterogeneous catalysts are developed and
demonstrated for the hydrogenation of various functional groups, which often require high reaction
temperatures and/or pressures and result in poor selectivity.>® Over the time, many well-defined,
active and highly efficient homogeneous catalysts,® derived from the precious and non-precious
transition metals, have been established for the hydrogenation.”*? In general, noble metal catalysis
has dominated the field and accomplished very high catalytic turnovers and desired selectivity.
However, the limited availability of noble metals in the lithosphere, expensiveness and underlying
toxicity could limit their future wide applications in hydrogenation.

Sustainable and environmentally friendly development is one of the main goals of modern
science. Accordingly, consideration has been made to the hydrogenations using catalysts based on
non-precious metals that are affordable, readily available, and low-toxic.**1® Particularly, the
hydrogenations employing iron,*’2° cobalt?*?® and nickel®® are substantially explored and disclosed
as active and highly efficient for reducing carbonyls, imines and nitriles.?*?" Being the less toxic,
cheap and third most abundant transition metal, the manganese-based catalyst has been implemented
for the hydrogenation of aldehydes/ketones by Beller,®® Kempe,? Sortais,3** Kirchner3*% and
others (Scheme 2.1a).3"#® Similarly, the hydrogenation of imines (or C=N bond) using bidentate or
pincer-ligated manganese catalysts was established.***® Meanwhile, the independent development of
chiral pincer-manganese catalysts by Clarke,*® Beller,®*®* Han/Ding®?3 and others>*®’ led to the
asymmetric hydrogenation of ketones. In a significant advancement, Liu has shown the asymmetric
hydrogenation of C=N bond in heteroaromatics using chiral Mn-catalyst.>®° Despite all
developments on the Mn-catalyzed hydrogenations of multiple polar bonds, the selective
hydrogenation of alkene is highly challenging and extremely rare due to the associated high bond
enthalpies. The group of Kirchner and Khusnutdinova independently showed the bidentate PP- and
PN-ligated manganese (l) catalysts for the reduction of alkenes using 50 bar and 30 bar H2 pressures,
respectively, at elevated temperature (Scheme 2.1b).%0 61

Similarly, Topf has demonstrated alkene hydrogenation in conjugated carboxylic derivatives
using 30-50 bar H> at 100-120 °C; however, this protocol failed to provide selective hydrogenation in

conjugated ketones.*® Though, manganese-based catalysts promoted the hydrogenations of many
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C=0 and C=N bonds and certain C=C bonds;13*%61 most of the reactions proceed at a high H-
pressure and at elevated temperature, which is a significant drawback for practical applications.
Additionally, most Mn-catalyzed hydrogenations require a large amount of strong base (KO'Bu) as
an additive. As yet, a chemoselective hydrogenation protocol for reducing one unsaturated functional
moiety in the presence of the other using beneficial Mn-catalyst under ambient H. pressure and
temperature is unknown. %%

a) Hydrogenation of polar double bonds

R? H R? [Mn] R? H R
=0 o >N > )—OH or NH
R R H, (up to 60 bar) R R1
KO'Bu (most cases)
(aldehydes/ketones) (imines) up to 130 °C (alcohols) (amines)

several Mn-catalysts known (around 24 reports)

H R? [Mn] _ H R2?
R>1 <H H, (30 - 50 bar) R>1 <H
KO'Bu

60-120 °C
R' = aryl or alkyl

R? = aryl, alkyl or esters three reports

c) This work: Chemoselective hydrogenation of C=C, C=0 & C=N bonds

(0]
O
/\)k R \l)J\Ar
R , Ar (tB“PN3NPY‘)Mn(I) R2 R
R 3 KsPO, _ & RN ONT
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& RV N~ >
R/\/\ H, (5 bar) (0]

MeOH, 27 °C N
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Scheme 2.1 Manganese-Catalyzed Hydrogenation of Unsaturated Bonds: a) Carbonyls and Imines,
b) C=C Bonds, ¢) Chemoselective Hydrogenation of C=C, C=0, C=N Bonds.

To achieve more sustainability, efficiency and selectivity in Mn-catalysis; in this chapter, we
developed the mixed-donor (PN3N)Mn(1) complexes and disclosed the hydrogenation of C=C, C=0,
and C=N bonds chemoselectively using 5 bar H. and a mild base KsPO,; at room temperature
(Scheme 2.1c). The notable features of the present method are (i) using 3" most plentiful transition

metal as a catalyst, (ii) high chemoselectivity for reducing C=0O, C=C, and C=N bonds, (iii)
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hydrogenation using 5 bar H> and at room temperature (27 °C), (iv) use of mild base and atom-
efficient H> source, and (v) broad substrates scope with excellent tolerance of hydrogen-sensitive

functionalities.

2.2 RESULTS AND DISCUSSION

2.2.1 Synthesis of Mn(l) Complexes

We were interested in synthesizing mixed-donor PN3N ligands and pincer manganese
complexes. It was envisioned that a mixed-donor ligand with different electronic features of donating
center could suitably administer the electronic requirement at the metal center and can stabilize the
active catalytic species. Furthermore, the inclusion of NH on the side arm may promote the ligand's
non-innocent behavior through the aromatization/dearomatization process, which would result in the
heterolytic activation of H, molecules. With this in mind, the isopropyl-tagged PN3N ligand L2 was
synthesized in a few steps starting from 2,6-dibromopyridine, following the protocol similar to the
synthesis of phenyl or tert-butyl PN3N ligands L1 and L3.57%8 Similar to the synthesis of Mn-3
complex,® treatment of pincer ligands L1 and L2 with Mn(CO)sBr in THF at room temperature
afforded dicarbonyl Mn(l) complexes in good vyields (Scheme 2.2). These complexes were
extensively described by elemental analysis, FT-IR, ESI-MS, and multinuclear NMR spectroscopy.
The 3P{*H}-NMR spectra of complexes Mn-1, and Mn-2 show peaks at 134.5, 136.9 and 158.4,
159.8, respectively. Two peaks for each complex at very similar chemical shift values indicate the
formation of two geometrical isomers for each complex. Interestingly, all complexes displayed three
IR peaks for carbonyls ranging between 1857-2053 cm™. Similarly, a closer look at the B¥C{‘H}-
NMR spectra of complexes indicates the three carbonyl signals. Moreover, the NMR spectra [both
H and C{*H}] of all complexes display two sets of peaks. All these observations support the
formation of two geometrical isomeric species in each complex Mn-1, and Mn-2. Considering the
presence of three signals for carbonyls in each complex, we assume that one isomer of the Mn-
complex would have two carbonyls that are trans to —Br and —Npy ligands accounting for two peaks
(as indicated in X-ray structure), whereas the other isomer would have two carbonyls trans to each
other and display a single carbonyl peak (Scheme 2.2). Even though the assumed isomers are highly
convincing, the probability of the mixture of a neutral (with —Br coordination) and a cationic (with
Br as an anion) manganese species cannot be completely ruled out.}1®13016.172 Al| the complexes are
further characterized by ESI-MS that show two prominent isotopic masses for °Br and 'Br
containing complexes. Mn-3 was prepared following the reported method.'° The structure of Mn-2
was verified by X-ray crystallography (Figure 2.1). As expected, the coordination geometry around

the manganese is distorted octahedral with —Br and one —CO unit trans to each other, making the
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C9-Mn1-Br angle almost linear (175.54(15)°). The Mn1-C10 bond length (1.797(4) A) is
marginally more than the bond length of Mn1-C9 bond length (1.773(4) A), which might be due to
the greater trans influence of —Npy than the —Br. Although each synthesized manganese complexes
contain two isomeric species, it is anticipated that the active catalyst generated in presence of base
will consist of a single isomer (proved and discussed vide infra).

. X
A (i) EtsN, R,PCI m MnBr(CO)s; /(j\ /(j\
| THF or toluene =

P THF, rt
HoNT N7 ONTN 7o e 'H’\IIN’\‘I\g’
- (ii) "BuLi R,P N= R2P\M /N R P\M /N
_ o . ~
70080°C o b 1) or iPr (L2) oc” | g, oc” | \CO
CcO Br
R =Ph (Mn-1)
R ='Pr (Mn-2)

Scheme 2.2 Synthesis of (R?PN3NP2) Manganese Pincer Complexes.

S X "
PSS
v v w b
N ZCQ\',‘% / |
C”"\i_b \y‘
~N NS\\ t'\c7
P el

Figure 2.1 ORTEP of Compound Mn-2. showing the atom-numbering scheme. Displacement
ellipsoids are drawn at the 50% probability level. Selected bond length (A): Bri-Mn1, 2.5916(7);
Mnl1-C9, 1.773(4); Mnl-C10, 1.797(4); Mnl-N3, 2.011(3); Mnl-N1, 2.012(3); Mnl-P1,
2.2462(12). Selected bond angles (°): N3-Mnl-P1, 160.49(11); C10-Mnl1-N1, 175.88(16);
C9-Mnl1-Brl, 175.54(14); C9-Mnl1-C10, 87.40(19); C9-Mnl1l-N1, 96.23(16); N1-Mnl1l-Bri,
84.57(9).

2.2.2 Optimization for Catalytic Hydrogenation

After synthesizing the sterically and electronically distinct mixed-donor (PN3N) manganese
complexes, we have investigated their catalytic behavior for the chemoselective reduction of
conjugated ketones using molecular hydrogen. We first screened the activity of (PN3N)Mn(l)
complexes Mn-1 to Mn-3 for C=C bond hydrogenation in (E)-Chalcone (4a) using a catalytic
amount of KO'Bu and 30 bar hydrogen pressure in methanol at 50 °C (Table 2.1). The use of Mn-1

as catalyst led to 75% conversion of 4a, wherein chemoselective C=C hydrogenated product 4 was
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obtained in 65%, and complete hydrogenated compound 4’ in 10% (entry 1). The electronically rich
complex Mn-2 gave complete conversion of 4a; however, the product 4> was obtained in 80%, and
the remaining was allylic alcohol with only C=0O hydrogenation (entry 2). Interestingly, the bulky
'‘Bu-substituted complex Mn-3 gave a complete conversion of 4a with more chemoselectivity for 4
(entry 3). The formation of allylic alcohol in the presence of catalyst Mn-2 suggests the probability
of a sequential C=0 hydrogenation-allylic alcohol isomerization leading to the uncontrolled
hydrogenated compound 4°. The low steric in complex Mn-2 compared to Mn-3 might play a crucial
role in chemoselective hydrogenation (1,2 hydrogenation of C=0 versus 1,4 hydrogenation of C=C).
Notably, the reaction at lower hydrogen pressure and room temperature (27 °C) significantly
improved the chemoselective C=C bond hydrogenation without altering the overall conversion
(entries 4, 5). The use of other bases, such as NaO'Bu, LiO'Bu, and KOAg, led to low conversion,
whereas the presence of mild bases K.COs or KsPOs provided complete conversion with good
chemoselectivity for 4 using 10 bar H. and at room temperature (entries 7-11). The activity of
manganese catalyst using a catalytic amount of mild base K3POs is notable, as most of the Mn-
catalysis generally employs a strong base like KO'Bu. The chemoselectivity was further increased
with less reaction time (entries 12, 13). The chemoselective hydrogenation of 4a also proceeded
smoothly using 5 bar hydrogen pressure at room temperature (27 °C) and provided 4 in 96% isolated
yield just in an hour (entry 14). Lower conversion of 4a was observed when the hydrogen pressure
was reduced from 5 bar to 2 bar (entry 15). In addition, lowering the catalyst and base loading
resulted in inferior results (entries 16-18). Notably, the manganese catalysts Mn-1 and Mn-2 were
less effective for the hydrogenation under the optimized conditions (5 bar Hx/27 °C/1 h), and
provided < 19% of product 4 (entries 19, 20). Therefore, all chemoselective hydrogenations were
conducted employing the Mn-3 catalyst and 5 bar H> pressure at room temperature with the best-
optimized reaction time. In-situ generated Mn(CO)sBr/L3 catalyst system is less effective, affording
the hydrogenated product in 39%; highlighting the importance of a well-defined manganese catalyst
(entry 21). However, a Mn(ll) precursor with L3 ligand (MnCl/L3 or MnBr2/L3) did not provide
the hydrogenation (entries 22, 23). Similarly, the Mn(CO)sBr precursor and bidentate N-donor or P-
donor ligand systems were ineffective (entries 24-27). The hydrogenation did not proceed in the
absence of catalyst, base or Ha, which suggests the importance of these components for the reaction
(entries 28-30).
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Table 2.1 Optimization of Reaction Conditions. 2

o [Mn] (5.0 mol%) 0 Q
N “pp _ base (10 mol%) Ph Ph
©/\)J\ alvd _ W . ©/\)\
MeOH
(4a) T(°C), t(h) () @)
Entry [Mn] base H. T(°C)) Conv 4 (%) 4 (%)°
(bar)  t(h) (%)°
1 Mn-1 KO'Bu 30 50/20 75 65 10
2° Mn-2 KO'Bu 30 50/20 100 -- 80
3 Mn-3 KO'Bu 30 50/20 100 63 (60) 37
4 Mn-3 KO'Bu 30 27/20 100 81(79) 19
5 Mn-3 KO'Bu 20 27/20 100 86 14
6 Mn-3 KOBu 10 27/20 100 91(88) 9
7 Mn-3 NaO'Bu 10 27/20 40 39 trace
8 Mn-3 LiO'Bu 10 27/20 74 73 trace
9 Mn-3 KoCOs 10 27/20 100 74 26
10 Mn-3 KOAc 10 27/20 20 19 trace
11 Mn-3 K3POq4 10 27/20 100 88 12
12 Mn-3 K3PO4 10 27/8 100 95 5
13 Mn-3 K3POq4 10 27/1 99 95 4
14 Mn-3 K:POs 5 2711 100 98 (96) 2
15 Mn-3 K3POq4 2 27/1 53 53 --
169  Mn-3 KsPOs 5 27/1 50 49 1
17¢  Mn-3 K3POq4 5 271 68 68 trace
18" Mn-3 KsPOs 5 27/1 45 44 1
19 Mn-1 K3POq4 5 27/1 trace trace --
20 Mn-2 K3POq4 5 27/1 23 19 --
21 Mn(CO)sBr/L3 K3POq4 5 27/1 39 39 --
22 MnBr2/L3 K3PO4 5 27/1 -- -- --
23 MnCl2/L3 K3PO4 5 27/1 -- -- --
24 Mn(CO)sBr/bpy K3PO4 5 27/1 -- -- --
25 Mn(CO)sBr/phen  K3POq 5 27/1 -- -- --
26 Mn(CO)sBr/dppf K3POy4 5 271 -- -- --
27 Mn(CO)sBr/dppbz  K3POs4 5 27/1 -- -- --
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28 -- K;POq4 5 27/1 -- -- -
29 Mn-3 -- 5 27/1 -- - -
30 K;POs  -- 27/1 -- -- -
Il Il J@ N
|
NN
thP\M /N ’PrzP\M /N BuP—pj— V=
oc | e oc’ | g oc” ln\Br
Co co co
(Mn-1) (Mn-2) (Mn-3)

@ Reaction Conditions: 4a (0.042 g, 0.20 mmol), base (0.02 mmol), [Mn] catalyst (0.01 mmol, 5 mol
%), solvent (1.0 mL). °GC conversion, isolated yield is given in parentheses. ©20% allylic alcohol
was observerd. ¢ Using 6.0 mol% KsPOa. ¢ Using 3 mol% of Mn-3.  Using 3 mol% of Mn-3 and 6
mol% of KsPOa. bpy = 2,2’-bipyridine, phen = 1,10-phenanthroline, dppf = 1,1'-
bis(diphenylphosphino)ferrocene, dppbz = 1,2-bis(diphenylphosphino)benzene. All three manganese

complexes contain mixture of two geometrical isomers.

2.2.3 Substrate Scope of the Hydrogenation

After successfully optimizing the reaction parameters for chemoselective C=C bond
hydrogenation in chalcone, we have explored the reaction scope using catalyst Mn-3, catalytic KsPO4
and 5 bar Hz at room temperature (Scheme 2.3). Depending upon the substrates, the hydrogenations
were performed for different time intervals, and the best yields were reported. First, we checked the
scope of conjugated ketones with various substitutions on the benzoyl ring. Thus, the chalcones
containing electron-donating alkyl and alkoxy substitutions at the para position of benzoyl reacted
smoothly to give a good to an excellent yield of saturated ketones, 5-7. The halogen substitutions,
—Cl, -Br, -1, —-CFs, were well tolerated at para of the benzoyl moiety affording desired saturated
ketones (8-11) in good yields. The tolerance of such functionalities is noteworthy as they can be
employed for late-stage diversification. In addition to the para-substituted chalcones, the electron-
rich and electron-deficient ortho-substituted compounds smoothly participated in the hydrogenation
(12 and 13). Chalcone having a phenolic —OH at the meta position of benzoyl, reacted slowly and
afforded the product 14 in 33% yield.

Interestingly, unsaturated ketones with sensitive and reducible functionalities, such as terminal
alkene, alkyne, and epoxide, reacted chemoselectively to give compounds 15-17. The unsaturated
ketones with the naphthyl moiety also reacted with good yields (18, 19). A higher-scale
hydrogenation of compound 4a (0.5 g, 2.4 mmol) provided the product 4 in 87% isolated vyield
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(Scheme 2.3, in parenthesis), highlighting the potential practical application.
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Me Me OMe Cl
): 96%, 1 h ):88%, 3 h (6):70%, 5 h (7):89%, 3 h (8):81%,2h
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Scheme 2.3 Scope of Mn-Catalyzed C=C Bond Hydrogenation of « f—Unsaturated Ketones.
Reaction conditions: Substrate, a,f-unsaturated ketone (0.20 mmol), Mn-3 (0.005 g, 0.01 mmol, 5
mol%), KsPOs (0.0043 g, 0.02 mmol), MeOH (1.0 mL), H2 (5 bar). Yields are of isolated
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compounds. 2 Reaction on 0.5 g scale. ® Reaction at 50 °C. ¢ Mixture of MeOH:DCM (4:1) used. ¢
Reaction at 10 bar H2 and 50 °C.

After this, we moved to check the effect and tolerability of different substitutions on the
alkenyl-arenes towards the chemoselective hydrogenation. Substrates with electron-rich substituents
such as phenyl, methoxy and benzyloxy reacted efficiently, producing an excellent yield of products,
20-22. The survival of benzyl protection of phenolic —OH is notable, as such substrates are prone to
hydrogenolysis under hydrogenation conditions. Similarly, the —Cl and -CFs groups remained
unaffected and delivered the saturated halo-ketones 23 and 24 in 80% and 96% vyields, respectively.
An amine functionality that could poison the catalysis by binding to the metal is also sustained under
optimized conditions (25). To our surprise, the highly desirous and hydrogenation-sensitive
functionalities, -CN and —NO> groups, could be tolerated to afford the products 26 and 28 in around
88% yields. A range of conjugated ketones derived from heteroarenes, including furanyl, thiophenyl,
indolyl, pyrrolyl and pyridinyl, were successfully hydrogenated to afford the saturated heteroaryl
ketones (30-35). The chemoselective hydrogenation of these heteroaryl-containing compounds is
remarkable, as the heteroaryl rings often interfere with the reaction due to their coordinating ability
to metal. The hydrogenation of ketones having unprotected NH indolyl and pyrrolyl opens up a new
avenue as they can further be diversified. An unsaturated ketone containing a ferrocene backbone
provided selective hydrogenation to 36 in 72% yield. Interestingly, the hydrogenation of a ketone
containing extended conjugation provided selectively semi-hydrogenated product 37 in 78% yield.
Similarly, the substrate where the carbonyl group is in conjugation with two alkenes, selectively one
C=C bond was hydrogenated and provided a good yield of product, 38. This hydrogenation protocol
is also suitable for «,f-unsaturated ketones having trisubstituted alkene to provide saturated ketones,
albeit in moderate yields (39, 40). A p-alkyl-a,f-unsaturated ketone, (E)-1-phenyloct-2-en-1-one
could be hydrogenated to give compound 41 in 75% vyield. Interestingly, in all these cases, an
excellent chemoselective C=C bond hydrogenation was observed in the presence of other H»-
sensitive functionalities. Such chemoselective hydrogenation employing Mn-catalyst is extremely
rare.3-:36:3% Unfortunately, the conjugated ketones with free -OH at the ortho, carboxylate, ester and
amide derivatives failed to participate in the reaction under the optimized conditions. However, the

substrate (E)-4-phenylbut-3-en-2-one gave a mixture of highly unselective hydrogenated products.
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cat Mn-3 (5 mol%)
RONTS) KaPO, (10 mol%) RYNYTX

R? (5 bar) MeOH, 27 °C

Scope of Aldehyes:

N X o
MeO Me

(42): 95%, 1 h (43): 99%, 3 h (44): 86%, 3 h (45): 77%, 3 h
N N

(46): 73%, 3 h? (47): 86%, 3 h (48): 99%, 3 h (49): 92%, 3 h
HO =" ~"o

(6] Fe \ N
I ~
UGB B
(50): 83%, 3 h (51):97%, 3 h (52): 93%, 3 h
Scope of Imines: Falled substrates:
e 20
W a
(53): 89%, 4 h (54): 91%, 20 hP

Scheme 2.4 Scope of Mn-Catalyzed Hydrogenation of Aldehydes and Imines. Reaction conditions:
Substrate (0.20 mmol), Mn-3 (0.005 g, 0.01 mmol, 5 mol%), KsPO, (0.0043 g, 0.02 mmol), H2 (5
bar), MeOH (1.0 mL). Yields are of isolated compounds. 2 Obtained as a mixture of E and Z isomers

as the starting compound was also mixture of both. ® Reaction performed at 50 °C.

After exploring the scopes and limitations of selective hydrogenation of C=C bond in
unsaturated ketones, we were eager to know the reactivity of the synthesized manganese complex on
the hydrogenation of enals and conjugated imines (Scheme 2.4). Surprisingly, under the standard
reaction conditions, selective C=0 bond hydrogenation of cinnamaldehyde derivatives was observed,
leading to the 3-phenylprop-2-en-1-ols (42-44) in excellent yields. Aliphatic and acyclic conjugated
aldehydes also participated in the selective hydrogenation to unsaturated alcohols without harming
the alkenyl groups, thus leading to the products 45 and 46 in 77% and 73% yields, respectively. The
aromatic aldehydes containing benzyloxy, nitro, -OH, and pyrrolyl groups were also smoothly
hydrogenated to the corresponding alcohols at room temperature (48-52). The tolerance of free -OH

and —NH groups is highly impressive. Similarly, an o,f-unsaturated imine was chemoselectively
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hydrogenated to unsaturated amine (53) in good yield. Even a simple unconjugated N-aryl imine
could be hydrogenated to amine in high yield (54). However, the attempted hydrogenations of
ketone-derived imine analogues failed under the optimized conditions and the unreacted starting
compounds were quantitatively recovered (Scheme 2.4). We assume that the steric around the keto-
derived imine inhibited its approach towards the manganese center, leading to an unsuccessful
reaction. The chemoselective hydrogenations of C=C bond over the ketone carbonyl and that of C=0
bond of aldehyde and C=N bond of imine over the C=C by the newly developed catalyst are notable.
Particularly, mild reaction conditions and the use of catalytic KsPOs base are significant. This
catalyst can further be applied to novel catalytic approaches considering its advantage over other
similar catalysts. Though, an excellent chemoselectivity was observed in the reduction of o,f-
unsaturated ketones, a trace formation of both C=C and C=0O reductions was unavoidable in some

cases.

2.2.4 Mechanistic Aspect

2.2.4.1 Controlled Mechanistic Experiments

We have performed a few controlled experiments to understand the operating mode of
manganese catalyst. First, the N-methyl substituted ligand (L3-Me) and corresponding manganese
complex, (B'PN(Me)N”¥?)Mn(CO)sBr (Mn-3M¢) were synthesized and thoroughly described using a
range of analytical methods (Scheme 2.5a). An attempted hydrogenation of 4a employing complex
Mn-3Me as catalyst under the standard hydrogenation conditions did not provide hydrogenated
product (Scheme 2.5b), and the starting compound (4a) was quantitatively recovered. This finding
supports the important role of the N—H proton in the complex (BUPN3(H)NP?)Mn(CO).Br (Mn-3)
during hydrogenation. Furthermore, the treatment of Mn-3 with stoichiometric KO'Bu produced
dearomatized active intermediate A (Figure 2.2). The 3P{*H} NMR spectrum of A showed a single
peak (against two isomeric peaks for Mn-3), and two CO signals were observed in IR as well as
BC{*H} NMR spectra of A (against three peaks for CO in Mn-3). Interestingly, the employment of
species A as a catalyst in the hydrogenation without the use of additional base provided quantitative
yield of 4. All these results suggest that the species A acts as active catalyst and the catalytic reaction

proceeds through metal-ligand cooperation (dearomatization/aromatization) pathway.
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a) Synthesis of (BYPNNFY?-Me)Mn(CO),Br (Mn-3"€) complex

| >
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b) Attempted hydrogenation using catalyst Mn-3Ve
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d) Attempted hydrogenation of allylic alcohol
OH Mn-3 (5 mol%)
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O O + Hy > No Reaction
(5 bar) MeOH

rt., 1h

Scheme 2.5 Synthesis of Mn-3M¢ and Controlled Mechanistic Experiments.

A hydrogenation reaction was performed using CDsOD as a solvent to thoroughly understand
the hydrogenation process (Scheme 2.5¢). The isolated hydrogenated product 4-[D] shows 92%
deuterium incorporation at the alpha-methylene position (see *H, $3C and deuterium NMR spectra in
the figure 2.5). Moreover, the reaction did not proceed in an aprotic solvent (THF, dioxane or
CH2Clz). These observations indicate the necessity of a protic solvent as a proton source and
tentatively supports a Mn-enolate intermediate. All these findings are consistent with the low energy
barrier observed for the protonation step (discussed vide infra). An attempted hydrogenation of
allylic alcohol under the standard reaction conditions failed to give hydrogenated product (Scheme
2.5d). These finding highlights that the hydrogenation of (E)-chalcone (4a) does not proceed via the
1,2-hydrogen addition, instead a 1,4-addition of hydrogen occurs. The observed chemoselectivity

and controlled studies allowed us to propose the followings: (i) the Mn-3 catalyst prefers 1,2
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hydrogen addition to C=0O or C=N when steric on carbonyl’s/imine’s carbon is low (C=0O of
aldehyde and C=N of imine preferred over the C=C), whereas (ii) the Mn-3 catalyst allowed 1,4
hydrogen addition when carbonyl’s carbon is doubly substituted (i.e. in o,f—unsaturated ketones) due
to more steric constraint. The Mn—H might fail to approach the carbonyl’s carbon in ¢,f—unsaturated
ketones due to steric, instead it can access the f-carbon via 1,4-hydrogen addition. Notably, the Mn-
2 catalyst, which is less bulky than the Mn-3, allowed 1,2 hydrogen addition even in o, f—unsaturated
ketone to form allylic alcohol. These findings are noteworthy in the consideration of catalyst

developments for chemoselective functionalization.

a) Synthesis of intermediate A by dearomatization
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Figure 2.2 Synthesis of Active Intermediate A and Characterization Spectra.
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2.2.4.2 DFT Calculations

We have investigated the reaction mechanism of Mn-3 catalyzed hydrogenation of «,f-
unsaturated carbonyl compound 4a using density functional theory (DFT) calculations (Figure 2.3).
Initially, the generation of the active catalyst A would occur when the pre-catalyst Mn-3 reacts with
K3POs (Figure 2.3(1)). In this step, the Mn-Br and N-H bonds break, forming the catalyst A,
K2HPO4 and KBr. This step is thermodynamically favorable (AG = -19.9 kcal/mol). Next, the H:
molecule adds to catalyst A, forming the intermediate B via a limit of 14.7 kcal/mol (TS-1). Then,
the reaction proceeds through TS-2 with a limit of 21.7 kcal/mol, in which the H-H bond breaks, and
the Mn—-H and N-H bonds form, generating the intermediate C. The overall barrier for the H>
activation (31.3 kcal/mol) seems reasonable, considering that a minimum of 5 bar H> pressure is
essential for the reaction. In the next step, the reaction crosses the barrier of 9.1 kcal/mol (TS-3),
wherein 4a reacts with C to form the intermediate D by hydride (H") migration from Mn-H to 4a. In
the next step, the intermediate D rearranges and forms a new intermediate E. This step is found to be
thermodynamically favorable (AG = -5.2 kcal/mol). Starting with the intermediate E, two approaches
are considered for protonation (Figure 2.3(I)). In the first possibility, the methanol protonates the
substrate step-wise, as shown in Figure 2.3(I1). Thus, MeOH can provide a proton to the substrate
and coordinates with Mn concurrently. In this process, the Mn—O bond breaks and a different Mn—-O
bond forms via the transition state TS-4 with a barrier of 10.7 kcal/mol, leads to form intermediate F.
The reaction crosses a limit of 1.1 kcal/mol (TS-5) in the following step, leading to product 4 and
intermediate G. Then, the reaction could proceed in two different ways: with the assistance of
solvent (MeOH) TS-6 and without the assistance of solvent TS-6, which has barriers of 6.8 kcal/mol
and 14.6 kcal/mol, respectively. The energy values show that, with the help of a solvent, the process
will pass through the transition state TS-6 (MeOH), result in to the formation of intermediate H. In
next step, H converts into A after releasing the methanol. This step is thermodynamically favourable
(AG = -4.4 kcal/mol). The overall low limit for protonation step tentatively supports the experimental
observation, wherein a reversible protonation was assumed.

In the second possibility of protonation, the solvent MeOH directly shuttles the protons
between Mn—O and N-H through a transition state TS-7 with a barrier of 11.0 kcal/mol, result to
form intermediate I (Figure 2.3(11)). In the next step, intermediate | convert into the active species A
and product 4. This step is thermodynamically favourable (AG = -18.5 kcal/mol). A perusal of the
two pathways based on turnover frequency (TOF) analysis indicates that the TOF would be the same
for both approaches (Figure 2.3(11)), because the main intermediate (TDI) (A) along the pathways

and the main transition state (TDTS) (TS-2) are present in the early part of the cycles, which are
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common to both the proposed protonation pathways (for more information on the TOF analysis, see
the Supporting Information). The calculated energy barrier values indicated a maximum barrier for
H> activation, which would be feasible at room temperature considering the reaction's 5.0 bar H>
pressure requirement. Consequently, it is possible to suggest that the H» activation is a plausible

turnover-limiting step. Notably, the protonation of the final compound by MeOH is very facile,
which corroborates the experimental findings.
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Figure 2.3 Free Energy Profile for the (B'PNN™?)Mn(l)-Catalyzed Hydrogenation: (1) Mn-3 to
intermediate E, (I1) Intermediate E to regeneration of active catalyst A. The free energy values are
given in kcal/mol.
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2.2.4.3 Plausible Catalytic Cycle
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Figure 2.4 Plausible Catalytic Cycle for Mn(l) Catalyzed Chemoselective C=C Bond Hydrogenation

of a,f-Unsaturated Ketones.

For the Mn-catalyzed chemoselective hydrogenation of «,8-unsaturated ketones, we
suggested a tentative catalytic cycle based on experimental results, DFT calculations, and prior
literatur.3*#61 we proposed a tentative catalytic cycle for the Mn-catalyzed chemoselective
hydrogenation of «,-unsaturated ketones (Figure 2.4). Initially, the complex Mn-3 would transform
into the active catalyst A by dearomatization in the presence of KsPOs. We have identified the
species A by NMR and IR analyses. The similar conversion of metal complex into dearomatized
species is well documented.®+61:5%70 Moreover, the species A as an active catalyst was verified. The

H> molecule will coordinate to Mn(l) species, followed by metal-ligand (M-L) cooperative activation
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of H leading to species C through transition state TS-2. Next, the reaction of substrate 4a with C
leads to the 1,4-hydride migration resulting in intermediate D (or E). The protonation of the semi-
hydrogenated species in intermediate D (or E) by methanol provides the hydrogenated product 4.
Finally, the resulted intermediate G would lead to the regeneration of active catalyst A. The DFT
energy calculations supported all these elementary catalytic steps. The H» activation by the Mn(l)
species has a high barrier and is a pivotal step in the hydrogenation process. Therefore, the H>
activation by Mn(l)-ligand cooperation can be assumed as the turnover-limiting step.

2.3 CONCLUSIONS

In this chapter, we have shown how the well-defined pincer-ligated Mn(l) complex catalyzes
the chemoselective hydrogenation of C=C, C=0, and C=N bonds in a,f-unsaturated ketones,
aldehydes, and imines. The employment of a mild base, moderate H pressure and room temperature
(27 °C) in the Mn-catalyzed hydrogenation are highly advantageous to the commonly employed
KO'Bu base and extreme reaction conditions. The mixed donor Mn(l) complexes were developed
and carefully characterized using a range of methods. Though both 'Pr and ‘Bu-substituted Mn(1)
complexes are efficient for the reduction of conjugated ketones, the (B“2PNN™?)Mn(CO).Br
complex as a catalyst provided exceptional chemoselectivity for the hydrogenation of alkene (1,4-
hydrogen addition). Thus, using the beneficial molecular hydrogen and a mild K3POas base, the
(BY2PNNPY?)Mn(I) catalyst could hydrogenate diverse unsaturated ketones to saturated ketones at
room temperature with the compatibility of sensitive groups, including halides, alkoxy, alcohol,
oxirane, acetyl, cyano, nitro, isolated alkene and alkyne. The C=0 bond in aldehydes and C=N bond
in imines were preferentially hydrogenated (1,2-hydrogen addition) over the C=C bond using the
Mn-3 catalyst. A comprehensive mechanistic investigation by controlled studies endorsed the metal-
ligand cooperation of ligand in the Mn catalyst. The DFT energy calculations highlighted a probable
turnover-limiting H; activation with the facile progress of other elementary steps. Particularly, the H»
provided a hydride source, and solvent MeOH acts as a proton-source for the hydrogenation. The

DFT energy calculations unanimously supported the proposed mechanistic cycle.

2.4  EXPERIMENTAL SECTION

All the manipulations were conducted under an argon atmosphere either in a glove box or
using standard Schlenk techniques in pre-dried glassware. The catalytic reactions were performed in
flame-dried reaction vessels with a Teflon screw cap. Solvents were dried over Na/benzophenone or

CaH; and distilled prior to use. Liquid reagents were flushed with argon prior to use. All other
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chemicals were obtained from commercial sources and were used without further purification. High-
resolution mass spectrometry (HRMS) mass spectra were recorded on a Thermo Scientific Q-
Exactive, Accela 1250 pump. NMR: (*H and **C) spectra were recorded at 400 or 500 MHz (H),
100 or 125 MHz {*3C, DEPT (distortionless enhancement by polarization transfer)}, 377 MHz (*°F),
respectively in CDCl; solutions, if not otherwise specified; chemical shifts (J) are given in ppm. The
'H and *C NMR spectra are referenced to residual solvent signals (CDCls:d H = 7.26 ppm, 6 C =
77.2 ppm).

GC Method. Gas Chromatography analyses were performed using a Shimadzu GC-2010gas
chromatograph equipped with a Shimadzu AOC-20s auto sampler and a Restek RTX-5 capillary
column (30 m x 0.25 mm x 0.25 pum). The instrument was set to an injection volumeof 1 pL, an inlet
split ratio of 10:1, and inlet and detector temperatures of 250 and 320 °C, respectively. UHP-grade
argon was used as carrier gas with a flow rate of 30 mL/min. The temperature program used for all
the analyses is as follows: 80 °C, 1 min; 30 °C/min to 200 °C, 2 min; 30 °C/min to 260 °C, 3 min;
30 °C/min to 300 °C, 15 min.

2.4.1 Synthesis of Ligand and Manganese Complexes
Synthesis of N-(di-iso-propylphosphaneyl)-6-(1H-pyrazol-1-yl)pyridin-2-amine (L2):

=
Ho A |
e
PryP N=

In a 50 mL oven dried Schlenk flask, 6-(1H-pyrazol-1-yl)pyridin-2-amine (0.20 g, 1.25 mmol) was
dissolved in THF (10 mL) followed by the addition of freshly distilled EtsN (0.21 mL, 1.5 mmol)
under inert atmosphere. The reaction mixture was cooled to 0 °C and chlorodiisopropylphosphine
(0.21 g, 1.37 mmol) was added dropwise. The reaction mixture was allowed to room temperature and
stirred for 1 h. Further the reaction mixture was cooled to -78 °C and n-BuL.i (0.94 mL, 1.5 mmol; 1.6
M in THF) was added dropwise resulting in a colorless solution. Then the reaction was allowed to
room temperature and stirred for 1 h, followed by heating at 60 °C for 16 h. The volatiles were
evaporated under vacuum and 30 mL of toluene was added into it. The filtration and evaporation of
toluene extract gave N-(di-iso-propylphosphaneyl)-6-(1H-pyrazol-1-yl)pyridin-2-amine (L2; 0.27 g,
78%) as colorless liquid. *H-NMR (500 MHz, Cg¢Ds): 6 = 8.65 (d, J = 2.1 Hz, 1H, Ar-H), 7.68-7.66
(m, 2H, Ar-H), 7.13 (t, J = 8.1 Hz, 1H, Ar-H), 6.95 (dd, J = 7.9, 2.2 Hz, 1H, Ar-H), 6.14 (dd, J =
2.4, 1.5 Hz, 1H), 4.55 (br s, 1H, NH), 1.41 (d sept, J = 6.9, 1.7 Hz, 2H, CH), 0.90 (dd, J = 16.2, 7.3
Hz, 6H, CHs), 0.86 (dd, J = 11.0, 7.0 Hz, 6H, CH3). BC{*H}-NMR (125 MHz, C¢Ds): 5 = 160.4 (d, J
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=20.0 Hz, Cy), 151.4 (Cg), 142.2 (CH), 140.6 (CH), 127.0 (CH), 107.7 (CH), 106.4 (d, J = 17.2 Hz,
CH), 103.0 (CH), 26.8 (d, J = 12.4 Hz, 2C, CH), 19.2 (CHs), 19.0 (CHa), 17.5 (CHs), 17.4 (CHg).
S1pf1H}-NMR (162 MHz, CsDe): 48.6 (s).

ﬁ

Me N
;D
'Bu,P N=

N-(Di-tert-butylphosphaneyl)-N-methyl-6-(1H-pyrazol-1-yl)pyridin-2-amine (L3"): In a 50 mL
round bottom flask, N-(di-tert-butylphosphaneyl)-6-(1H-pyrazol-1-yl)pyridin-2-amine (0.10 g, 0.33
mmol) in THF (5 mL) was cooled to -20 °C and n-BuLi (0.25 mL, 0.40 mmol; 1.6 M in hexane) was
added followed by the addition of Mel (0.055 g, 0.39 mmol). The reaction mixture was allowed to
the room temperature and stirred for overnight. The volatiles were evaporated under vacuo and 20
mL of water was added. The organic layer was extracted in EtOAc and the crude product was
subjected to the column chromatography on silica gel (petroleum ether/EtOAc:10/1) to yield L3M®
(0.071 g, 68%) as white solid. *H-NMR (500 MHz, CDCls): 6 = 8.30 (d, J = 2.4 Hz, 1H, Ar-H), 7.66
(s, 1H, Ar-H), 7.36 (dt, J = 7.9, 2.1 Hz, 1H, Ar-H), 7.04 (d, J = 7.5 Hz, 1H, Ar-H), 6.51 (d, J =8.1
Hz, 1H), 6.37 (t, J = 2.1 Hz, 1H, Ar-H), 1.83 (d, J = 11.1 Hz, 3H, CH3), 1.34 (d, J = 14.1 Hz, 18H,
CHs). BC{*H}-NMR (100 MHz, CDCl3): 6 = 164.4 (d, J = 9.2 Hz, Cq), 149.8 (Cg), 140.9 (CH),
138.6 (d, J = 3.8 Hz, CH), 126.3 (CH), 116.1 (d, J = 22.1 Hz, CH), 106.5 (CH), 98.5 (CH), 36.4 (d, J
= 65.6 Hz, 2C, Cg), 27.2 (6C, CHs3), 5.6 (d, J = 42.0 Hz, CH3). 3P{*H}-NMR (162 MHz, CDCls):
36.9 (s).

/ ﬁ
H\ ~ | H\ NS
TN T NN
Phy,P Mn N= thp—‘Mn—N\

oc’ | g oc’ | Mo
cO Br

Synthesis and Characterization of Mn-1. In a 25 mL round bottom flask N-
(diphenylphosphaneyl)-6-(1H-pyrazol-1-yl)pyridin-2-amine  (L1; 0.084 g, 0.244 mmol) and
Mn(CO)sBr (0.067 g, 0.244 mmol) were added inside the glove box. The reaction flask was taken
out and THF (3 mL) was added. The reaction mixture was stirred under inert atmosphere at room
temperature (27 °C) for 20 h, wherein the desired complex was precipitated out. The solid compound
was separated from mother liquor and was washed with n-hexane (10 mL x 3). The resulted complex
was dried under vacuum to give yellow powder of Mn-1 (0.090 g, 69%). FT-IR (vco, cm™): 1935,
1865, 1857. 'H-NMR (500 MHz, DMSO-ds): (one isomer): 6 = 10.34 (br s, 1H), 9.15 (br s, 1H),
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8.57 (brs, 1H), 8.10 (br s, 1H), 7.77-7.42 (m, 11H), 7.28 (br s, 1H), 6.92 (br s, 1H); (other isomer): ¢
= 10.02 (br s, 1H), 8.99 (br s, 1H), 8.22 (br s, 1H), 7.96 (br s, 1H), 7.77-7.42 (m, 11H), 7.16 (br s,
1H), 6.77 (br s, 1H). ¥ C{*H}-NMR (125 MHz, DMSO-de): (for both isomers) ¢ = 229.3, 225.3,
223.8, 160.0, 147.4, 146.1, 144.9, 141.5, 139.9, 136.2, 130.9, 129.8, 129.5, 128.9, 128.1, 127.7,
127.0, 125.7, 110.9, 106.7, 99.3. 3P{*H}-NMR (162 MHz, DMSO-ds, ppm): 136. 9 (s), 134.5 (s).
ESI-MS (-ve mode): m/z [M-H]~ Calcd for [C22H17"°BrMnN4O-P-H] 532.9569, Found 532.9575;
m/z [M-H]~ Calcd for (C22H17%'BrMnNsO,P—H) 534.9549, Found 534.9554.

. L
H. N | H. N
NNy e TS
P)Pr—Mn—N= PPr—Mn—N=
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Synthesis and Characterization of Mn-2: This complex was synthesized following a procedure
similar to the synthesis of Mn-1, using N-(di-iso-propylphosphaneyl)-6-(1H-pyrazol-1-yl)pyridin-2-
amine (L2; 0.060 g, 0.217 mmol) and Mn(CO)sBr (0.060 g, 0.218 mmol). The complex Mn-2 was
obtained as an orange powder. Yield: 0.090 g (89%). FT-IR (vco, cm™): 1940, 1872, 1857. *H-NMR
(400 MHz, DMSO-dg): (one isomer): ¢ = 9.15 (br s, 1H), 8.92 (br s, 1H), 8.49 (br s, 1H), 7.94 (br s,
1H), 7.53 (br s, 1H), 7.03 (br s, 1H), 6.91 (br s, 1H), 1.30-1.18 (m, 14H); (other isomer): 6 = 9.13 (br
s, 1H), 8.80 (br s, 1H), 8.10 (br s, 1H), 7.79 (br s, 1H), 7.40 (br s, 1H), 6.91 (br s, 1H), 6.72 (br s,
1H), 1.18-1.09 (m, 14H). BC{*H}-NMR (100 MHz, DMSO-ds): (one isomer): ¢ = 230.2 (d, J =
15.3 Hz, CO), 226.6 (d, J = 22.9 Hz, CO), 161.0 (d, J = 9.5 Hz, Cy), 147.4 (Cy), 146.1 (CH), 141.1
(CH), 130.9 (CH), 111.4 (CH), 106.5 (CH), 98.8 (CH), 29.7, 26.4, 18.1, 17.4; (other isomer): ¢ =
227.0 (d, J = 19.1 Hz, CO), 225.8 (d, J = 22.9 Hz, CO), 160.6 (d, J = 9.5 Hz, Cy), 147.4 (Cy), 144.3
(CH), 139.5 (CH), 129.3 (CH), 110.6 (CH), 105.2 (CH), 98.1 (CH), 26.5, 25.8, 17.3, 16.5. *'P{!H}-
NMR (162 MHz, DMSO-ds): 159.8 (s), 158.4 (s). ESI-MS (—ve mode): m/z [M-H]~ Calcd for
[C16H21°BrMnN4O2P—H] 464.9882, Found 464.9887; m/z [M—H]~ Calcd for [C16H213*BrMnNsO,P—
H] 466.9862, Found 466.9866.

7
A \Nl N
Noc NN
P,'Bu Mn—N=
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Co
Synthesis and characterization of Mn-3M¢: This complex was synthesized following the procedure

similar to the synthesis of Mn-1, using N-(di-tert-butylphosphaneyl)-N-methyl-6-(1H-pyrazol-1-

Ph.D. Thesis: Shabade Anand Basavraj 53



Chapter-2
yl)pyridin-2-amine (0.042 g, 0.132 mmol) and Mn(CO)sBr (0.036 g, 0.131 mmol), and the reaction
mixture was stirred at room temperature (27 °C) for 16 h. The complex Mn-3"¢ was obtained as an
orange powder. Yield: 0.060 g (85%). FT-IR (vco, cm™): 2018, 1924, 1901. 'H-NMR (500 MHz,
acetone-de): 0 = 8.67 (br s, 1H, Ar—H), 8.21 (br s, 1H, Ar—H), 7.45 (br s, 1H, Ar—H), 7.02 (br s, 1H,
Ar—H), 6.73 (br s, 1H, Ar—H), 6.63 (br s, 1H, Ar—H), 1.93 (s, 3H, CH3), 1.43 (d, J = 12.8 Hz, 18H,
CHs). BC{*H}-NMR (125 MHz, DMSO-dg): § = 224.2 (CO), 223.9 (CO), 223.1 (CO), 164.9 (Cy),
148.3 (Cy), 144.0 (CH), 138.1 (CH), 129.7 (CH), 112.0 (CH), 110.5 (CH), 96.4 (CH), 36.2 (d, J =
63.6 Hz, 2C Cq), 25.8 (d, J = 30.5 Hz, 6C, CHs), 5.1 (d, J = 42.0 Hz, CHa). *'P{*H}-NMR (162
MHz, acetone-de): 41.5 (5).

2.4.2 Representative Procedure for Hydrogenation and Characterization Data
o}

Synthesis of 1,3-diphenylpropan-1-one (4): To a dry vial with magnetic bar was introduced Mn-3
(0.005 g, 0.01 mmol), KzPO4 (0.0043 g, 0.02 mmol), and (E)-chalcone (4a; 0.042 g, 0.202 mmol)
inside the glove box. The reaction vial was transferred to an autoclave under argon atmosphere. Then
MeOH (1.0 mL) was added and the autoclave was pressurized with Hz (5 bar) and vented for five
times. Finally, the autoclave was pressurized with 5 bar Hz and stirred (700 rpm) at room
temperature (27 °C) for 1 h. After reaction time, the reaction mixture was concentrated and subjected
to column chromatography on silica gel (petroleum ether/EtOAc: 70/1) to yield 4 (0.041 g, 97%) as
white solid. *H-NMR (500 MHz, CDCls): 6 = 7.95 (d, J = 7.4 Hz, 2H, Ar-H), 7.54 (t, J = 7.4 Hz, 1H,
Ar-H), 7.44 (t, J = 7.6 Hz, 2H, Ar-H), 7.31-7.18 (m, 5H, Ar-H), 3.29 (t, J = 7.7 Hz, 2H, CH>), 3.06
(t, J=7.7 Hz, 2H, CH,). ¥C{*H}-NMR (125 MHz, CDCl): 6 = 199.4 (CO), 144.4 (Cq), 137.0 (Cy),
133.2 (CH), 128.8 (2C, CH), 128.7 (2C, CH), 128.6 (2C, CH), 128.2 (2C, CH), 126.3 (CH), 40.6
(CHz), 30.3 (CH2). HRMS (ESI): m/z Calcd for CisH140 + H* [M + H]* 211.1117; Found 211.1115.

The *H and 3C spectra are consistent with those reported in the literature.”

0]

saacy

3-Phenyl-1-(p-tolyl)propan-1-one (5): The representative procedure was followed, using substrate
5a (0.045 g, 0.202 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.

Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 5 (0.040
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g, 88%) as brown solid. *H-NMR (400 MHz, CDCls): ¢ = 7.85 (d, J = 8.3 Hz, 2H, Ar-H), 7.30-7.27
(m, 2H, Ar—H), 7.25-7.17 (m, 5H, Ar—H), 3.26 (t, J = 7.8 Hz, 2H, CHy), 3.05 (t, J = 7.7 Hz, 2H,
CHy), 2.39 (s, 3H, CHs). BC{*H}-NMR (100 MHz, CDCls): J = 199.0 (CO), 143.9 (Cy), 141.5 (Cy),
134.5 (Cy), 129.4 (2C, CH), 128.6 (2C, CH), 128.6 (2C, CH), 128.3 (2C, CH), 126.2 (CH), 40.5
(CHz), 30.4 (CH2), 21.8 (CHs). HRMS (ESI): m/z Calcd for CigH160 + H* [M + H]* 225.1274:
Found 225.1272. The H and *C{*H} spectra are consistent with those reported in the literature.’

T L
M

1-(4-1sobutylphenyl)-3-phenylpropan-1-one (6): The representative procedure was followed, using

e

substrate 6a (0.053 g, 0.20 mmol) and the reaction mixture was stirred at room temperature (27 °C)
for 5 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded
6 (0.037 g, 70%) as yellow oil. *H-NMR (500 MHz, CDCls): 6 = 7.88 (d, J = 8.1 Hz, 2H, Ar—H),
7.31-7.28 (m, 2H, Ar—H), 7.26-7.18 (m, 5H, Ar-H), 3.28 (t, J = 7.7 Hz, 2H, CH,), 3.06 (t, J = 7.8
Hz, 2H, CHy), 2.52 (d, J = 7.1 Hz, 2H, CHy), 1.89 (sept, J = 6.8 Hz, 1H, CH), 0.90 (d, J = 6.6 Hz,
6H, CHs). BC{*H}-NMR (125 MHz, CDCl): 6 = 199.1 (CO), 147.7 (Cy), 141.6 (Cy), 134.8 (Cy),
129.5 (2C, CH), 128.7 (2C, CH), 128.6 (2C, CH), 128.2 (2C, CH), 126.3 (CH), 45.6 (CH>), 40.5
(CHz), 30.4 (CH2), 30.3 (CH), 22.5 (2C, CH3). HRMS (ESI): m/z Calcd for C1gH220 + H* [M + H]*
267.1743; Found 276.1740. The *H and *C{*H} spectra are consistent with those reported in the

literature.”

0]
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1-(4-Methoxyphenyl)-3-phenylpropan-1-one (7): The representative procedure was followed,
using substrate 7a (0.048 g, 0.201 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 7 (0.043 g, 89%) as white solid. *H-NMR (400 MHz, CDCls): 6 = 7.94 (d, J = 9.0 Hz, 2H,
Ar-H), 7.32-7.24 (m, 4H, Ar-H), 7.20 (t, J = 7.0 Hz, 1H, Ar-H), 6.92 (d, J = 9.0 Hz, 2H, Ar-H),
3.85 (s, 3H, CHs), 3.25 (t, J = 7.8 Hz, 2H, CH,), 3.06 (t, J = 7.8 Hz, 2H, CH,). BC{*H}-NMR (100
MHz, CDCls): 6 = 198.0 (CO), 163.6 (Cg), 141.6 (Cy), 130.4 (2C, CH), 130.1 (Cg), 128.6 (2C, CH),
128.6 (2C, CH), 126.2 (CH), 113.9 (2C, CH), 55.6 (CH3), 40.2 (CH2), 30.5 (CH2). HRMS (ESI): m/z
Calcd for CigH160, + H* [M + H]* 241.1223; Found 241.1220. The H and C{'H} spectra are
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consistent with those reported in the literature.”

0]

Saasl

1-(4-Chlorophenyl)-3-phenylpropan-1-one (8): The representative procedure was followed, using
substrate 8a (0.049 g, 0.202 mmol) and the reaction mixture was stirred at room temperature (27 °C)
for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded
8 (0.040 g, 81%) as white solid. *H-NMR (400 MHz, CDCls): 6 = 7.88 (d, J = 8.6 Hz, 2H, Ar—H),
7.41 (d, J = 8.6 Hz, 2H, Ar-H), 7.31-7.27 (m, 2H, Ar-H), 7.24-7.18 (m, 3H, Ar—H), 3.26 (t, J = 7.7
Hz, 2H, CHy), 3.05 (t, J = 7.7 Hz, 2H, CHy). C{*H}-NMR (100 MHz, CDCls): § = 198.1 (CO),
141.2 (Cg), 139.6 (Cq), 135.3 (Cy), 129.6 (2C, CH), 129.1 (2C, CH), 128.7 (2C, CH), 128.6 (2C,
CH), 126.4 (CH), 40.6 (CH,), 30.2 (CH2). HRMS (ESI): m/z Calcd for Ci5sH13CIO + H* [M + H]*
245.0728; Found 245.0726. The *H and *C{*H} spectra are consistent with those reported in the

literature.”

0]

o,

1-(4-Bromophenyl)-3-phenylpropan-1-one (9): The representative procedure was followed, using
substrate 9a (0.058 g, 0.202 mmol) and the reaction mixture was stirred at room temperature (27 °C)
for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 100/1) yielded
9 (0.042 g, 72%) as white solid. *H-NMR (400 MHz, CDCls): 6 = 7.80 (d, J = 8.6 Hz, 2H, Ar-H),
7.58 (d, J = 8.6 Hz, 2H, Ar-H), 7.31-7.18 (m, 5H, Ar-H), 3.25 (t, J = 7.6 Hz, 2H, CH>), 3.05 (t, J =
7.6 Hz, 2H, CHy). BC{*H}-NMR (100 MHz, CDCls): 6 = 198.3 (CO), 141.2 (Cq), 135.7 (Cy), 132.1
(2C, CH), 129.7 (2C, CH), 128.7 (2C, CH), 128.6 (2C, CH), 128.4 (Cg), 126.4 (CH), 40.6 (CH>),
30.2 (CH2). HRMS (ESI): m/z Calcd for CisH13BrO + H* [M + H]" 289.0223, 291.0208; Found
289.0216, 291.0197. The H and BC{'H} spectra are consistent with those reported in the

literature.’®

Saasl

1-(4-1odophenyl)-3-phenylpropan-1-one (10): The representative procedure was followed, using
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substrate 10a (0.067 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 10 (0.055 g, 81%) as white solid. *H-NMR (400 MHz, CDCls): 6 = 7.80 (d, J = 8.4 Hz, 2H,
Ar-H), 7.64 (d, J = 8.4 Hz, 2H, Ar—H), 7.29 (t, J = 7.4 Hz, 2H, Ar-H), 7.24-7.18 (m, 3H, Ar—H),
3.24 (t, J= 7.6 Hz, 2H, CH,), 2.93 (t, J = 7.6 Hz, 2H, CH). *C{*H}-NMR (100 MHz, CDCl): 6 =
198.6 (CO), 141.2 (Cg), 138.1 (2C, CH), 136.2 (Cy), 129.6 (2C, CH), 128.7 (2C, CH), 128.6 (2C,
CH), 126.4 (CH), 101.2 (Cy), 40.5 (CH2), 30.2 (CH.). HRMS (ESI): m/z Calcd for C1sH1310 + H" [M
+ H]* 337.0084; Found 337.0080. The *H and**C{*H} spectra are consistent with those reported in
the literature.””

O

C Fs

3-Phenyl-1-(4-(trifluoromethyl)phenyl)propan-1-one (11): The representative procedure was
followed, using substrate 11a (0.056 g, 0.203 mmol) and the reaction mixture was stirred at room
temperature (27 °C) for 2 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 100/1) yielded 11 (0.044 g, 78%) as yellow oil. *tH-NMR (500 MHz, CDCls): 6 = 8.04
(d, J =8.2 Hz, 2H, Ar—H), 7.71 (d, J = 8.2 Hz, 2H, Ar-H), 7.33-7.28 (m, 2H, Ar-H), 7.26-7.20 (m,
3H, Ar-H), 3.33 (t, J = 7.6 Hz, 2H, CHy), 3.08 (t, J = 7.6 Hz, 2H, CH,). *C{*H}-NMR (125 MHz,
CDCls): § = 198.4 (CO), 141.0 (Cg), 139.7 (Cy), 134.5 (q, 2Jcr = 32.8 Hz, Cg), 128.8 (2C, CH),
128.6 (2C, CH), 128.5 (2C, CH), 126.5 (CH), 125.9 (q, *Jc-r = 3.8 Hz, 2C, CH), 123.8 (q, YJcr =
272.6 Hz, Cg), 40.9 (CHy), 30.1 (CHy). *F-NMR (377 MHz, CDCl3): § = —63.1 (s). HRMS (ESI):
m/z Calcd for C16H13F30 + H* [M + H]* 279.0991; Found 279.0988. The ‘H and **C{*H} spectra are

consistent with those reported in the literature.”

3-Phenyl-1-(o-tolyl)propan-1-one (12): The representative procedure was followed, using substrate
12a (0.045 g, 0.202 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 12
(0.035 g, 77%) as yellow oil. *H-NMR (400 MHz, CDCls): § = 7.59 (d, J = 7.9 Hz, 1H, Ar-H), 7.35
(t, J=7.4 Hz, 1H, Ar-H), 7.28 (t, J = 7.4 Hz, 2H, Ar-H), 7.24-7.17 (m, 5H, Ar-H), 3.22 (t, J = 7.7
Hz, 2H, Ar-H), 3.04 (t, J = 7.6 Hz, 2H, CH,), 2.46 (s, 3H, CHs). *C{*H}-NMR (100 MHz, CDCls):
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o = 203.6 (Cy), 141.4 (Cy), 138.3 (Cy), 138.1 (Cy), 132.1 (CH), 131.4 (CH), 128.7 (2C, CH), 128.6
(2C, CH), 128.5 (CH), 126.3 (CH), 125.8 (CH), 43.4 (CH.), 30.5 (CH>), 21.4 (CH3). HRMS (ESI):
m/z Calcd for Ci6H160 + H* [M + H]* 225.1274; Found 225.1271. The H and *C{*H} spectra are

consistent with those reported in the literature.’®

3-Phenyl-1-(2-(trifluoromethyl)phenyl)propan-1-one (13): The representative procedure was
followed, using substrate 13a (0.056 g, 0.203 mmol) and the reaction mixture was stirred at room
temperature (27 °C) for 2 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 50/1) yielded 13 (0.048 g, 85%) as yellow oil. *H-NMR (400 MHz, CDCl): 6 = 7.69
(d, J = 7.8 Hz, 1H, Ar-H), 7.57-7.50 (m, 2H, Ar-H), 7.31-7.27 (m, 3H, Ar-H), 7.24-7.18 (m, 3H,
Ar-H), 3.16 (t, J = 7.6 Hz, 2H, CHy), 3.05 (t, J = 7.4 Hz, 2H, CH>). C{*H}-NMR (100 MHz,
CDCls): 6 = 203.6 (CO), 140.8 (Cq), 140.5 (g, ®Jcr = 1.9 Hz, Cg), 132.0 (CH), 130.2 (CH), 128.7
(2C, CH), 128.5 (2C, CH), 127.1 (q, 2Jc_r = 32.1 Hz, Cg), 127.0 (CH), 126.9 (q, 3Jc_ = 5.0 Hz, CH),
126.4 (CH), 122.4 (q, Yc-r = 273.9 Hz, Cy), 45.0 (q, ®Jc-r = 1.5 Hz, CHy), 30.0 (CH2). **F-NMR
(377 MHz, CDCl3): § = —58.1 (s). HRMS (ESI): m/z Calcd for CisH13F30 + H* [M + H]* 279.0991;
Found 279.0986. The *H and 3C{*H} spectra are consistent with those reported in the literature.’”®

0]

OH

1-(3-Hydroxyphenyl)-3-phenylpropan-1-one (14): The representative procedure was followed,
using substrate 14a (0.045 g, 0.201 mmol) and the reaction mixture was stirred at 50 °C for 24 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 14
(0.015 g, 33%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 7.53 (s, 1H, Ar-H), 7.50 (d, J =
7.9 Hz, 1H, Ar-H), 7.34-7.27 (m, 3H, Ar-H), 7.24-7.18 (m, 3H, Ar-H), 7.07 (d, J = 7.9 Hz, 1H, Ar-
H), 6.21-6.09 (br s, 1H, OH), 3.28 (t, J = 7.3 Hz, 2H, CH,), 3.05 (t, J = 7.3 Hz, 2H, CH,). ¥*C{iH}-
NMR (100 MHz, CDCls): ¢ = 200.0 (CO), 156.4 (Cg), 141.3 (Cy), 138.4 (Cq), 130.1 (CH), 128.7 (2C,
CH), 128.6 (2C, CH), 126.4 (CH), 120.9 (CH), 120.8 (CH), 114.7 (CH), 40.8 (CH>), 30.3 (CH>).
HRMS (ESI): m/z Calcd for C15sH1402 + H* [M + H]* 227.1067; Found 227.1065.7°
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1-(3-(Allyloxy)phenyl)-3-phenylpropan-1-one (15): The representative procedure was followed,
using substrate 15a (0.053 g, 0.201 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 15 (0.039 g, 73%) as yellow oil. *H-NMR (400 MHz, CDCl): § = 7.54 (d, J = 7.8 Hz, 1H,
Ar-H), 7.51-7.50 (m, 1H, Ar-H), 7.35 (t, J = 7.9 Hz, 1H, Ar-H), 7.30 (t, J = 7.3 Hz, 2H, Ar—H),
7.26-7.19 (m, 3H, Ar-H), 7.12 (dd, J = 8.3, 2.0 Hz, 1H, Ar-H), 6.10-6.01 (m, 1H, CH), 5.43 (dd, J =
17.3, 1.5 Hz, 1H, CH), 5.31 (dd, J = 10.6, 1.4 Hz, 1H, CH), 4.57 (d, J = 5.3 Hz, 2H, CH), 3.28 (t, J
= 7.7 Hz, 2H, CH>), 3.06 (t, J = 7.6 Hz, 2H, CH,). BC{'H}-NMR (100 MHz, CDCls): § = 199.4
(CO), 159.3 (Cy), 141.7 (Cy), 138.7 (Cy), 133.3 (CH), 130.1 (CH), 129.0 (2C, CH), 129.0 (2C, CH),
126.6 (CH), 121.3 (CH), 120.6 (CH), 118.4 (CH>), 113.8 (CH), 69.4 (CH>), 41.0 (CH>), 30.6 (CH>).
HRMS (ESI): m/z Calcd for C1gH1802 + H* [M + H]* 267.1380; Found 267.1373.

0]
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3-Phenyl-1-(3-(prop-2-yn-1-yloxy)phenyl)propan-1-one (16): The representative procedure was
followed, using substrate 16a (0.053 g, 0.202 mmol) and the reaction mixture was stirred at room
temperature (27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 50/1) yielded 16 (0.037 g, 69%) as yellow oil. *H-NMR (400 MHz, CDCl3): 6 = 7.57
(d, J=8.1Hz, 2H, Ar-H), 7.38 (t, J = 7.9 Hz, 1H, Ar-H), 7.30 (t, J = 7.4 Hz, 2H, Ar-H), 7.26-7.16
(m, 4H, Ar—H), 4.73 (d, J = 2.3 Hz, 2H, CH»), 3.28 (t, J = 7.7 Hz, 2H, CH>), 3.06 (t, J = 7.6 Hz, 2H,
CHy), 2.53 (t, J = 2.2 Hz, 1H, CH). BC{*H}-NMR (100 MHz, CDCls): ¢ = 198.9 (CO), 157.9 (Cy),
141.4 (Cq), 138.4 (Cy), 129.8 (CH), 128.7 (2C, CH), 128.6 (2C, CH), 126.3 (CH), 121.6 (CH), 120.4
(CH), 113.7 (CH), 78.2 (Cg), 76.1 (CH), 56.1 (CH2), 40.7 (CH), 30.3 (CH2). HRMS (ESI): m/z
Calcd for C1gH1602 + H* [M + H]* 265.1223; Found 265.1217.

0]

O

1-(3-(Oxiran-2-ylmethoxy)phenyl)-3-phenylpropan-1-one (17): The representative procedure was
followed, using substrate 17a (0.057 g, 0.203 mmol) and the reaction mixture was stirred at room

temperature (27 °C) for 4 h. Purification by column chromatography on silica gel (petroleum
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ether/EtOAc: 30/1) yielded 17 (0.039 g, 68%) as yellow oil. *H-NMR (400 MHz, CDCls): § = 7.56
(d, J = 7.8 Hz, 1H, Ar—H), 7.50 (t, J = 1.9 Hz, 1H, Ar—H), 7.36 (t, J = 7.9 Hz, 1H, Ar—H), 7.30 (t, J =
7.3 Hz, 2H, Ar—H), 7.26-7.19 (m, 3H, Ar-H), 7.14 (dd, J = 2.5, 0.6 Hz, 1H, Ar-H), 4.30 (dd, J =
11.0, 2.9 Hz, 1H, CH), 3.97 (dd, J = 11.0, 5.9 Hz, 1H, CH), 3.39-3.35 (m, 1H, CH), 3.29 (t, J = 7.6
Hz, 2H, CH>), 3.06 (t, J = 7.6 Hz, 2H, CH>), 2.92 (t, J = 4.5 Hz, 1H, CH>), 2.67 (dd, J = 4.9 Hz, 2.63
Hz, 1H, CH). BC{*H}-NMR (100 MHz, CDCls): § = 199.1 (CO), 158.9 (Cg), 141.4 (Cy), 138.4
(Cy), 129.9 (CH), 128.7 (2C, CH), 128.6 (2C, CH), 126.3 (CH), 121.4 (CH), 120.3 (CH), 113.2
(CH), 69.1 (CHy), 50.2 (CH), 44.7 (CH>), 40.7 (CH2), 30.3 (CH,). HRMS (ESI): m/z Calcd for
Ci1sH1803 + H* [M + H]* 283.1329; Found 283.1223.

1-(Naphthalen-2-yl)-3-phenylpropan-1-one (18): The representative procedure was followed,
using substrate 18a (0.052 g, 0.201 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 18 (0.037 g, 71%) as brown solid. *H-NMR (500 MHz, CDCls): J = 8.44 (s, 1H, Ar—H), 8.02
(dd, J = 8.6, 1.6 Hz, 1H, Ar—H), 7.92-7.84 (m, 3H, Ar-H), 7.59-7.50 (m, 2H, Ar-H), 7.33-7.19 (m,
5H, Ar-H), 3.42 (t, J = 7.8 Hz, 2H, CHy), 3.12 (t, J = 7.7 Hz, 2H, CH). ®C{*H}-NMR (125 MHz,
CDCl): ¢ = 199.3 (CO), 141.5 (Cy), 135.7 (Cq), 134.3 (Cy), 132.7 (Cg), 129.8 (CH), 129.7 (CH),
128.7 (2C, CH), 128.6 (2C, CH), 128.6 (CH), 128.6 (CH), 127.9 (CH), 126.9 (CH), 126.3 (CH),
124.0 (CH), 40.7 (CH>), 30.4 (CH). HRMS (ESI): m/z Calcd for C19H160 + H* [M + H]* 261.1274;
Found 261.1270. The *H and 3*C{*H} spectra are consistent with those reported in the literature.®°

L

3

1-(Naphthalen-1-yl)-3-phenylpropan-1-one (19): The representative procedure was followed, using
substrate 19a (0.052 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 19 (0.049 g, 94%) as white solid. *H-NMR (400 MHz, CDCl): § = 8.54 (d, J = 8.5 Hz, 1H,
Ar-H), 7.94 (d, J = 8.3 Hz, 1H, Ar-H), 7.85 (d, J = 8.3 Hz, 1H, Ar-H), 7.79 (dd, J = 7.1, 0.9 Hz, 1H,
Ar—H), 7.58-7.49 (m, 2H, Ar-H), 7.44 (t, J = 7.7 Hz, 1H, Ar-H), 7.30-7.17 (m, 5H, Ar-H), 3.36 (t, J
= 7.7 Hz, 2H, CHy), 3.12 (t, J = 7.6 Hz, 2H, CH,). *C{*H}-NMR (100 MHz, CDCls): 6 = 203.7
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(CO), 141.3 (Cy), 136.1 (Cy), 134.1 (Cy), 132.7 (CH), 130.3 (Cy), 128.7 (2C, CH), 128.6 (2C, CH),
128.6 (CH), 128.0 (CH), 127.6 (CH), 126.6 (CH), 126.3 (CH), 125.9 (CH), 124.5 (CH), 44.0 (CH>),
30.7 (CH2). HRMS (ESI): m/z Calcd for CigH160 + H* [M + H]* 261.1274; Found 261.1270. The 'H

and B*C{*H} spectra are consistent with those reported in the literature.®

0]

0

3-([1,1'-Biphenyl]-4-yl)-1-phenylpropan-1-one (20): The representative procedure was followed,
using substrate 20a (0.057 g, 0.20 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 20 (0.051 g, 89%) as yellow solid. *H-NMR (500 MHz, CDCls): 6 = 8.01 (d, J = 7.1 Hz, 2H,
Ar-H), 7.63-7.56 (m, 5H, Ar—H), 7.50-7.44 (m, 4H, Ar-H), 7.38-7.34 (m, 3H, Ar-H), 3.37 (t, J = 7.7
Hz, 2H, CHy), 3.15 (t, J = 7.6 Hz, 2H, CH). *°C{*H}-NMR (125 MHz, CDCls): 6 = 199.3 (CO),
141.1 (Cy), 140.6 (Cy), 139.3 (Cy), 137.0 (Cy), 133.2 (CH), 129.0 (2C, CH), 128.9 (2C, CH), 128.8
(2C, CH), 128.2 (2C, CH), 127.4 (2C, CH), 127.3 (CH), 127.1 (2C, CH), 40.5 (CH2), 29.9 (CH,).
HRMS (ESI): m/z Calcd for CxHisO + H* [M + H]* 287.1430; Found 287.1425. The 'H and

13C{'H} spectra are consistent with those reported in the literature.’

)

Meo

3-(4-Methoxyphenyl)-1-phenylpropan-1-one (21): The representative procedure was followed,
using substrate 21a (0.048 g, 0.201 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 21 (0.044 g, 91%) as yellow solid. *H-NMR (400 MHz, CDCls): § = 7.98-7.95 (m, 2H, Ar—
H), 7.56 (vt, J = 7.4 Hz, 1H, Ar-H), 7.48-7.43 (m, 2H, Ar-H), 7.18 (d, J = 8.8 Hz, 2H, Ar-H), 6.85
(d, J=8.8 Hz, 2H, Ar—H), 3.79 (s, 3H, CH3), 3.28 (t, J = 7.7 Hz, 2H, CH>), 3.02 (t, J = 7.6 Hz, 2H,
CHy). BC{*H}-NMR (100 MHz, CDCls): 6 = 199.5 (CO), 158.1 (Cg), 137.0 (Cg), 133.5 (Cg), 133.2
(CH), 129.5 (2C, CH), 128.7 (2C, CH), 128.2 (2C, CH), 114.1 (2C, CH), 55.4 (CH3), 40.9 (CHy),
29.4 (CH2). HRMS (ESI): m/z Calcd for Ci6H1602 + H* [M + H]™ 241.1223; Found 241.1218. The

'H and 3C{*H} spectra are consistent with those reported in the literature.”
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3-(4-(Benzyloxy)phenyl)-1-phenylpropan-1-one (22): The representative procedure was followed,
using substrate 22a (0.063 g, 0.20 mmol), 1.0 mL of MeOH:DCM (4:1) and the reaction mixture was
stirred at room temperature (27 °C) for 5 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAc: 30/1) yielded 22 (0.046 g, 73%) as yellow oil. *H-NMR (400 MHz,
CDCl): 6 = 7.96 (d, J = 7.7 Hz, 2H, Ar—H), 7.56 (vt, J = 7.4 Hz, 1H, Ar—H), 7.48-7.31 (m, 7H, Ar—
H), 7.18 (d, J = 8.8 Hz, 2H, Ar-H), 6.92 (d, J = 8.6 Hz, 2H, Ar-H), 5.05 (s, 2H, CH>), 3.28 (t, J = 7.6
Hz, 2H, CHy), 3.02 (t, J = 7.7 Hz, 2H, CHy). 3C{*H}-NMR (100 MHz, CDCls): § = 199.6 (CO),
157.4 (Cy), 137.3 (Cy), 137.1 (Cy), 133.8 (Cy), 133.2 (CH), 129.6 (2C, CH), 128.8 (2C, CH), 128.7
(2C, CH), 128.2 (2C, CH), 128.1 (CH), 127.6 (2C, CH), 115.1 (2C, CH), 70.2 (CH2), 40.9 (CH,),
29.5 (CH,). HRMS (ESI): m/z Calcd for CaoH200; + H* [M + H]* 317.1536; Found 317.1531. The
'H and 3C{*H} spectra are consistent with those reported in the literature.??

0

3-(4-Chlorophenyl)-1-phenylpropan-1-one (23): The representative procedure was followed, using
substrate 23a (0.049 g, 0.20 mmol) and the reaction mixture was stirred at room temperature (27 °C)
for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded
23 (0.039 g, 80%) as yellow solid. *H-NMR (400 MHz, CDCls): § = 7.94 (d, J = 7.4 Hz, 2H, Ar—H),
7.55 (t, J = 7.4 Hz, 1H, Ar-H), 7.45 (t, J = 7.6 Hz, 2H, Ar-H), 7.25 (d, J = 8.4 Hz, 2H, Ar-H), 7.17
(d, J = 8.4 Hz, 2H, Ar-H), 3.27 (t, J = 7.6 Hz, 2H, CH>), 3.03 (t, J = 7.6 Hz, 2H, CHy). BC{*H}-
NMR (100 MHz, CDCls): 6 = 199.0 (CO), 139.9 (Cg), 136.9 (Cq), 133.3 (CH), 132.0 (Cq), 130.0 (2C,
CH), 128.8 (2C, CH), 128.7 (2C, CH), 128.2 (2C, CH), 40.3 (CH2), 29.5 (CH2). HRMS (ESI): m/z
Calcd for C15H13CIO — H* [M — H]* 243.0571; Found 243.0570. The H and *C{*H} spectra are

consistent with those reported in the literature.”

O

F3C

1-Phenyl-3-(4-(trifluoromethyl)phenyl)propan-1-one (24): The representative procedure was
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followed, using substrate 24a (0.056 g, 0.203 mmol) and the reaction mixture was stirred at room
temperature (27 °C) for 2 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 50/1) yielded 24 (0.054 g, 96%) as a white solid. *H-NMR (500 MHz, CDCls): § =
7.96 (d, J = 7.8 Hz, 2H, Ar-H), 7.59-7.54 (m, 3H, Ar-H), 7.46 (t, J = 7.6 Hz, 2H, Ar-H), 7.38 (d, J =
8.0 Hz, 2H, Ar-H), 3.33 (t, J = 7.6 Hz, 2H, CH>), 3.14 (t, J = 7.5 Hz, 2H, CH,). *C{*H}-NMR (125
MHz, CDCls): 6 = 198.7 (CO), 145.6 (g, °Jcr = 1.5 Hz, Cg), 136.8 (Cg), 133.4 (CH), 129.0 (2C,
CH), 128.8 (2C, CH), 128.7 (q, 2Jc r = 32.1 Hz, Cy), 128.2 (2C, CH), 125.6 (q, 3Jc r = 3.8 Hz, 2C,
CH), 124.5 (q, Ycr = 271.1 Hz, CFs3), 40.0 (CHy), 29.9 (CHy). *F-NMR (377 MHz, CDCls): § =
—62.4 (s). HRMS (ESI): m/z Calcd for C16H13Fs0 + H* [M + H]* 279.0991; Found 279.0985. The H
and B*C{*H} spectra are consistent with those reported in the literature.”

3-(4-(Dimethylamino)phenyl)-1-phenylpropan-1-one (25): The representative procedure was
followed, using substrate 25a (0.051 g, 0.203 mmol), 1.0 mL of MeOH:DCM (4:1) and the reaction
mixture was stirred at room temperature (27 °C) for 5 h. Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 30/1) yielded 25 (0.041 g, 80%) as yellow oil. *H-NMR (400
MHz, CDCls): 6 =7.97 (d, J = 7.8 Hz, 2H, Ar-H), 7.56 (t, J = 7.3 Hz, 1H, Ar-H), 7.46 (t, J = 7.6 Hz,
2H, Ar-H), 7.15 (d, J = 8.63 Hz, 2H, Ar-H), 6.72 (d, J = 8.8 Hz, 2H, Ar-H), 3.27 (t, J = 7.8 Hz, 2H,
CHy), 2.99 (t, J = 7.8 Hz, 2H, CH?>), 2.93 (s, 6H, CH3). BC{*H}-NMR (100 MHz, CDCls): 6 = 199.9
(CO), 149.4 (Cy), 137.1 (Cy), 133.1 (CH), 129.4 (Cy), 129.2 (2C, CH), 128.7 (2C, CH), 128.2 (2C,
CH), 113.2 (2C, CH), 41.1 (CH>), 41.0 (CHz), 29.4 (CH2). HRMS (ESI): m/z Calcd for C17H1sNO +
H* [M + H]* 254.1539; Found 254.1536. The *H and *C{'H} spectra are consistent with those

reported in the literature.’®

(@)
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4-(3-Oxo-3-phenylpropyl)benzonitrile (26): The representative procedure was followed, using
substrate 26a (0.047 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 26 (0.042 g, 89%) as white solid. *H-NMR (500 MHz, CDCl3): § = 7.94 (d, J = 7.2 Hz, 2H,
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Ar—H), 7.54-7.58 (m, 3H, Ar—H), 7.54 (t, J = 7.7 Hz, 2H, Ar-H), 7.36 (d, J = 8.3 Hz, 2H, Ar-H),
3.32 (t, J= 7.4 Hz, 2H, CHy), 3.13 (t, J = 7.4 Hz, 2H, CHy). ¥C{*H}-NMR (125 MHz, CDCl3): ¢ =
198.4 (CO), 147.1 (Cy), 136.7 (Cy), 133.5 (CH), 132.4 (2C, CH), 129.5 (2C, CH), 128.8 (2C, CH),
128.1 (2C, CH), 119.1 (Cqg), 110.2 (Cg), 39.5 (CHz), 30.1 (CH2). HRMS (ESI): m/z Calcd for
C16H13sNO + H* [M + H]* 236.1070; Found 236.1067. The H and *C{*H} spectra are consistent
with those reported in the literature.®

U0

3-(3-Fluorophenyl)-1-phenylpropan-1-one (27): The representative procedure was followed, using
substrate 27a (0.046 g, 0.203 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 27 (0.038 g, 82%) as yellow solid. *H-NMR (400 MHz, CDCls): 6 = 7.96 (d, J = 7.8 Hz, 2H,
Ar-H), 7.57 (tt, J = 7.4, 1.9 Hz, 1H, Ar-H), 7.46 (t, J = 7.6 Hz, 2H, Ar-H), 7.28-7.23 (m, 1H, Ar—
H), 7.03 (d, J = 7.6 Hz, 1H, Ar-H), 6.98-6.95 (m, 1H, Ar—H), 6.90 (td, J = 8.5, 2.4 Hz, 1H, Ar—H),
3.31 (t, J = 7.6 Hz, 2H, CH>), 3.08 (t, J = 7.6 Hz, 2H, CH,). BC{*H}-NMR (100 MHz, CDCl): 6 =
198.9 (CO), 163.1 (d, Nc ¢ = 245.4 Hz, Cy), 144.0 (d, 3Jcr = 6.9 Hz, Cy), 136.9 (Cy), 133.3 (CH),
130.1 (d, 3Jc_r = 8.4 Hz, CH), 128.8 (2C, CH), 128.2 (2C, CH), 124.2 (d, “Jc ¢ = 3.1 Hz, CH), 115.5
(d, 2 F = 20.6 Hz, CH), 113.2 (d, 2Jc_r = 21.4 Hz, CH), 40.1 (CH,), 29.9 (d, “Jc F = 1.5 Hz, CHy>).
9F-NMR (377 MHz, CDCls): § = —113.5 (s). HRMS (ESI): m/z Calcd for CisH1sFO + H* [M + H]*
229.1023; Found 229.1021. The H and *C{*H} spectra are consistent with those reported in the

literature.®

0]
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3-(3-Nitrophenyl)-1-phenylpropan-1-one (28): The representative procedure was followed, using
substrate 28a (0.051 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 5 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1)
yielded 28 (0.045 g, 88%) as a white solid. *H-NMR (400 MHz, CDCls): § = 8.12 (s, 1H, Ar—H),
8.05 (d, J = 8.1 Hz, 1H, Ar-H), 7.95 (d, J = 7.8 Hz, 2H, Ar-H), 7.61 (d, J = 7.8 Hz, 1H, Ar-H), 7.57
(t, J =7.4 Hz, 1H, Ar-H), 7.48-7.43 (m, 3H, Ar—H), 3.37 (t, 7.4 Hz, 2H, CH>), 3.19 (t, J = 7.3 Hz,
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2H, CHy). BC{*H}-NMR (100 MHz, CDCls): § = 198.4 (CO), 148.5 (Cg), 143.5 (Cq), 136.7 (Cy),
135.1 (CH), 133.5 (CH), 129.5 (CH), 128.9 (2C, CH), 128.1 (2C, CH), 123.4 (CH), 121.5 (CH), 39.7
(CH2), 29.6 (CHz). HRMS (ESI): m/z Calcd for CisHi1sNOs + H* [M + H]* 256.0973; Found
256.0961. The *H and 3C{*H} spectra are consistent with those reported in the literature.®*

3-(Naphthalen-2-yl)-1-phenylpropan-1-one (29): The representative procedure was followed,
using substrate 29a (0.052 g, 0.201 mmol), 1.0 mL of MeOH:DCM (4:1)] and the reaction mixture
was stirred at room temperature (27 °C) for 5 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAc: 50/1) yielded 29 (0.050 g, 96%) as a white solid. *H-NMR (400 MHz,
CDCl): 6 = 7.99 (d, J = 8.3 Hz, 2H, Ar—H), 7.81 (t, J = 7.8 Hz, 3H, Ar-H), 7.70 (s, 1H, Ar-H), 7.56
(t, J = 7.4 Hz, 1H, Ar-H), 7.49-7.39 (m, 5H, Ar—H), 3.40 (t, J = 7.7 Hz, 2H, CHy), 3.25 (t, J = 7.7
Hz, 2H, CHy) B3C{*H}-NMR (100 MHz, CDCls): 6 = 199.4 (CO), 139.0 (Cg), 137.0 (Cq), 133.8 (Cy),
133.3 (CH), 132.3 (Cy), 128.8 (2C, CH), 128.3 (CH), 128.2 (2C, CH), 127.8 (CH), 127.6 (CH), 127.4
(CH), 126.7 (CH), 126.2 (CH), 125.5 (CH), 40.5 (CH.), 30.4 (CH,). HRMS (ESI): m/z Calcd for
CioH160 + H* [M + H]* 261.1274; Found 261.1270. The *H and **C{*H} spectra are consistent with

those reported in the literature.®

AN
(0]

\
3-(Furan-2-yl)-1-phenylpropan-1-one (30): The representative procedure was followed, using
substrate 30a (0.040 g, 0.202 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 30 (0.035 g, 87%) as yellow oil. *H-NMR (400 MHz, CDCls): 6 = 7.98 (d, J = 7.8 Hz, 2H,
Ar-H), 7.56 (tt, J = 7.4, 1.9 Hz, 1H, Ar-H), 7.46 (t, J = 7.6 Hz, 2H, Ar-H), 7.31 (d, J = 1.8 Hz, 1H,
Ar-H), 6.29 (dd, J = 3.1, 1.9 Hz, 1H, Ar-H), 6.05 (dd, J = 3.1, 0.8 Hz, 1H, Ar-H), 3.34 (t, J = 7.4
Hz, 2H, CHy), 3.10 (t, J = 7.5 Hz, 2H, CH). C{*H}-NMR (100 MHz, CDCls): 6 = 198.8 (CO),
154.9 (Cy), 141.2 (CH), 136.9 (Cy), 133.3 (CH), 128.8 (2C, CH), 128.2 (2C, CH), 110.4 (CH), 105.5
(CH), 37.1 (CH2), 22.6 (CH2). HRMS (ESI): m/z Calcd for Ci3H120. + H* [M + H]* 201.0910;
Found 201.0908. The *H and *C{*H} spectra are consistent with those reported in the literature.®®
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1-Phenyl-3-(thiophen-2-yl)propan-1-one (31): The representative procedure was followed, using
substrate 31a (0.043 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 31 (0.035 g, 81%) as green oil. *H-NMR (400 MHz, CDCl): § = 7.96 (d, J = 7.4 Hz, 2H,
Ar-H), 7.56 (t, J = 7.4 Hz, 1H, Ar—H), 7.45 (t, J = 7.7 Hz, 2H, Ar-H), 7.11 (d, J = 5.1 Hz, 1H, Ar—
H), 6.91 (dd, J = 5.0, 3.5 Hz, 1H, Ar-H), 6.86 (d, J = 3.3 Hz, 1H, Ar—H), 3.38-3.34 (m, 2H, CHy),
3.31-3.27 (m, 2H, CHy). BC{*H}-NMR (100 MHz, CDCls): 6 = 198.7 (CO) 144.0 (Cy), 136.9 (Cy),
133.3 (CH), 128.8 (2C, CH), 128.2 (2C, CH), 127.0 (CH), 124.8 (CH), 123.5 (CH), 40.7 (CHy), 24.4

(CH_). The *H and *C{*H} spectra are consistent with those reported in the literature.”

o}

H
3-(1H-Indol-5-yl)-1-phenylpropan-1-one (32): The representative procedure was followed, using
substrate 32a (0.050 g, 0.202 mmol), 1.0 mL of MeOH:DCM (4:1) and the reaction mixture was
stirred at room temperature (27 °C) for 5 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAc: 20/1) yielded 32 (0.036 g, 72%) as a yellow solid. *H-NMR (400 MHz,
CDCl3): 0 = 8.19 (br s, 1H, NH), 7.99 (d, J = 7.4 Hz, 2H, Ar-H), 7.58-7.53 (m, 2H, Ar-H), 7.46 (t, J
= 7.6 Hz, 2H, Ar-H), 7.33 (d, J = 8.4 Hz, 1H, Ar-H), 7.19 (t, J = 2.8 Hz, 1H, Ar-H), 7.11 (dd, J =
8.4, 1.6 Hz, 1H, Ar-H), 6.51 (t, J = 8.4 Hz, 1H, Ar-H), 3.36 (d, J = 7.8 Hz, 2H, CH>), 3.18 (t, J = 7.7
Hz, 2H, CH). BC{*H}-NMR (100 MHz, CDCls): § = 200.0 (CO), 137.1 (Cg), 134.7 (Cg), 133.1
(CH), 132.7 (Cy), 128.7 (2C, CH), 128.3 (Cy), 128.2 (2C, CH), 124.7 (CH), 123.0 (CH), 120.0 (CH),
111.2 (CH), 102.4 (CH), 41.7 (CH2), 30.5 (CH2). HRMS (ESI): m/z Calcd for C17H1isNO + H* [M +
H]* 250.1226; Found 250.1225.

| X
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3-Phenyl-1-(pyridin-2-yl)propan-1-one (33): The representative procedure was followed, using
substrate 33a (0.042 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 33 (0.026 g, 61%) as a green oil. *H-NMR (400 MHz, CDCls): 6 = 8.66 (d, J = 4.6 Hz, 1H,
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Ar—H), 8.05 (d, J = 7.8 Hz, 1H, Ar-H), 7.83 (td, J = 7.8, 1.7 Hz, 1H, Ar—H), 7.47-7.44 (m, 1H, Ar—
H), 7.28 (d, J = 4.5 Hz, 4H, Ar—-H), 7.21-7.17 (m, 1H, Ar-H), 3.58 (t, J = 7.7 Hz, 2H, CH5), 3.08 (t, J
= 7.7 Hz, 2H, CHy). BC{*H}-NMR (100 MHz, CDCl): 6 = 201.2 (CO), 153.5 (Cg), 149.1 (CH),
141.6 (Cy), 137.0 (CH), 128.6 (2C, CH), 128.6 (2C, CH), 127.3 (CH), 126.1 (CH), 122.0 (CH), 39.6
(CH), 30.0 (CH2). HRMS (ESI): m/z Calcd for Ci4H1sNO + H* [M + H]* 212.1070; Found
212.1068. The H and 3C{*H} spectra are consistent with those reported in the literature.®

3-(1H-Pyrrol-2-yl)-1-(thiophen-2-yl)propan-1-one (34): The representative procedure was
followed, using substrate 34a (0.041 g, 0.202 mmol), 1.0 mL of MeOH:DCM (4:1) and the reaction
mixture was stirred at room temperature (27 °C) for 12 h. Purification by column chromatography on
silica gel (petroleum ether/EtOAc: 20/1) yielded 34 (0.025 g, 60%) as brown solid. *H-NMR (400
MHz, CDCl): § = 8.65 (br s, 1H, NH), 7.72 (dd, J = 3.8, 0.8 Hz, 1H, Ar—H), 7.65 (dd, J = 4.9, 0.8
Hz, 1H, Ar—H), 7.13 (dd, J = 4.8, 4.0 Hz, 1H, Ar—H), 6.68-6.67 (m, 1H, Ar—H), 6.12-6.09 (m, 1H,
Ar-H), 5.96 (s, 1H, Ar-H), 3.29 (t, J = 6.4 Hz, 2H, CHy), 3.05 (t, J = 6.4 Hz, 2H, CH,). ®C{'H}-
NMR (100 MHz, CDCl3): 6 = 193.6 (CO), 144.0 (Cq), 134.0 (CH), 132.3 (CH), 131.5 (Cy), 128.4
(CH), 117.0 (CH), 108.0 (CH), 105.6 (CH), 40.1 (CH.), 21.8 (CH,). HRMS (ESI): m/z Calcd for
C11H11NOS + H* [M + H]* 206.0634; Found 206.0630.

N =

\_¢ s/

3-(Furan-2-yl)-1-(thiophen-2-yl)propan-1-one (35): The representative procedure was followed,
using substrate 35a (0.041 g, 0.201 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 2 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 35 (0.037 g, 89%) as brown liquid. *H-NMR (400 MHz, CDCls): 6 = 7.71 (d, J = 3.9 Hz, 1H,
Ar-H), 7.63 (d, J = 5.0 Hz, 1H, Ar-H), 7.30 (d, J = 1.1 Hz, 1H, Ar-H), 7.12 (dd, J = 4.9, 3.9 Hz, 1H,
Ar-H), 6.27 (dd, J = 2.9, 2.0 Hz, 1H, Ar-H), 6.05 (d, J = 3.0 Hz, 1H, Ar-H), 3.26 (t, J = 7.5 Hz, 2H,
CHy), 3.08 (t, J = 7.5 Hz, CH). *C{*H}-NMR (100 MHz, CDCl): 6 = 191.7 (CO), 154.6 (Cy),
144.1 (Cg), 141.3 (CH), 133.8 (CH), 132.0 (CH), 128.3 (CH), 110.4 (CH), 105.6 (CH), 37.7 (CH>),
22.8 (CH2). HRMS (ESI): m/z Calcd for C11H1002S + H* [M + H]* 207.0474; Found 207.0470.
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3-Ferrocenyl-1-phenylpropan-1-one (36): The representative procedure was followed, using
substrate 36a (0.064 g, 0.202 mmol), 1.0 mL of MeOH:DCM (4:1) and the reaction mixture was
stirred at room temperature (27 °C) for 5 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAc: 30/1) yielded 36 (0.046 g, 72%) as a yellow solid. *H-NMR (400 MHz,
CDCls): 0 =7.97 (d, J =7.8 Hz, 2H, Ar-H), 7.57 (t, J = 7.4 Hz, 1H, Ar—H), 7.47 (t, J = 7.6 Hz, 2H,
Ar-H), 4.14 (s, 5H, Ar-H), 4.13 (s, 2H, Ar—H), 4.08 (s, 2H, Ar—H), 3.20 (t, J = 7.7 Hz, 2H, CHy)
2.79 (t, J = 7.7 Hz, 2H, CH,). BC{*H}-NMR (100 MHz, CDCl3): d = 199.7 (CO), 137.1 (Cy), 133.2
(CH), 128.8 (2C, CH), 128.2 (2C, CH), 88.2 (Cy), 68.8 (5C, CH), 68.3 (2C, CH), 67.6 (2C, CH), 40.5
(CHy), 24.3 (CH2). HRMS (ESI): m/z Calcd for CigHigFeO + H* [M + H]* 318.0702; Found
318.0699. The *H and *C{*H} spectra are consistent with those reported in the literature.”

OAEA®

(E)-1,5-Diphenylpent-4-en-1-one (37): The representative procedure was followed, using substrate
37a (0.047 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 2 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 37
(0.037 g, 78%) as brown solid. *H-NMR (400 MHz, CDCl): § = 8.01 (d, J = 7.8 Hz, 2H, Ar-H),
7.58 (t, J = 7.3 Hz, 1H, Ar-H), 7.48 (t, J = 7.6 Hz, 2H, Ar—H), 7.36 (d, J = 7.3 Hz, 2H, Ar-H), 7.30
(t, J=7.6 Hz, 2H, Ar-H), 7.21 (t, J= 7.1 Hz, 1H, Ar-H), 6.48 (d, J = 15.8 Hz, 1H, CH), 6.31 (dt, J =
15.9, 6.8 Hz, 1H, CH) 3.17 (t, J = 7.4 Hz, 2H, CH,), 2.68 (g, J = 6.9 Hz, 2H, CH2). B®C{*H}-NMR
(100 MHz, CDCl3): 6 = 199.5 (CO), 137.6 (Cq), 137.1 (Cg), 133.2 (CH), 130.9 (CH), 129.3 (CH),
128.8 (2C, CH), 128.7 (2C, CH), 128.2 (2C, CH), 127.2 (CH), 126.2 (2C, CH), 38.4 (CHy), 27.7
(CH2). HRMS (ESI): m/z Calcd for C17H160 + H* [M + H]* 237.1274; Found 237.1271. The 'H and

13C{*H} spectra are consistent with those reported in the literature.®’

OARA®
(E)-1,5-Diphenylpent-1-en-3-one (38): The representative procedure was followed, using substrate

38a (0.047 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 1 h.
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Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 38
(0.035 g, 74%) as yellow solid. *H-NMR (400 MHz, CDCl): 6 = 7.56-7.51 (m, 3H, Ar-H), 7.39-
7.37 (m, 3H, Ar-H), 7.31-7.28 (m, 2H, Ar-H), 7.24-7.18 (m, 3H, Ar-H), 7.73 (d, J = 16.3 Hz, 1H,
Ar—H), 3.00 (br s, 4H, CH,). ¥*C{*H}-NMR (100 MHz, CDCls): § = 199.5 (CO), 142.9 (CH), 131.4
(Cq), 134.6 (Cg), 130.6 (CH), 129.1 (2C, CH), 128.7 (2C, CH), 128.6 (2C, CH), 128.4 (2C, CH),
126.3 (CH), 126.3 (CH), 42.6 (CH), 30.3 (CH2). HRMS (ESI): m/z Calcd for C17H10 + H* [M +
H]* 237.1274; Found 237.1273. The *H and *C{*H} spectra are consistent with those reported in the

literature.®

O Me

2-Methyl-1,3-diphenylpropan-1-one (39): The representative procedure was followed, using
substrate 39a (0.045 g, 0.202 mmol), 10 bar H» and the reaction mixture was stirred at 50 °C for 20
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded 39
(0.028 g, 62%) as colorless oil. *H-NMR (400 MHz, CDCl): § = 7.94-7.91 (m, 2H, Ar-H), 7.55-
7.51 (m, 1H, Ar-H), 7.43 (vt, J = 7.5 Hz, 2H, Ar-H), 7.28-7.24 (m, 2H, Ar—H), 7.20-7.15 (m, 3H,
Ar-H), 3.79-3.70 (m, 1H, CH), 3.17 (dd, J = 13.7, 6.3 Hz, 1H, CH), 2.69 (dd, J = 13.7, 7.8 Hz, 1H,
CHy), 1.20 (d, J = 6.9 Hz, 3H, CH3). ®*C{*H}-NMR (100 MHz, CDCls): § = 203.9 (CO), 140.1 (Cy),
136.6 (Cq), 133.1 (CH), 129.3 (2C, CH), 128.8 (2C, CH), 128.5 (2C, CH), 128.5 (2C, CH), 126.4
(CH), 42.9 (CH), 39.5 (CH2), 17.6 (CH3). HRMS (ESI): m/z Calcd for CicH16O + H* [M + H]*
225.1274; Found 225.1268. The *H and *C{*H} spectra are consistent with those reported in the

literature.?®

2-(4-Acetylphenoxy)-1,3-diphenylpropan-1-one (40): The representative procedure was followed,
using substrate 40a (0.069 g, 0.202 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 30/1)
yielded 40 (0.040 g, 57%) as a yellow solid. *H-NMR (500 MHz, CDCls): 6 = 8.04 (d, J = 7.9 Hz,
2H, Ar-H), 7.82 (d, J = 8.8 Hz, 2H, Ar-H), 7.61 (t, J = 7.4 Hz, 1H, Ar—H), 7.48 (t, J = 7.8 Hz, 2H,
Ar—H), 7.32-7.23 (m, 5H, Ar-H), 6.84 (d, J = 8.9 Hz, 2H, Ar-H), 5.61 (dd, J = 7.4, 5.3 Hz, 1H, CH),
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3.36-3.34 (m, 2H, CHy), 2.48 (s, 3H, CHs). ¥)C{*H}-NMR (125 MHz, CDCl): 6 = 197.4 (CO),
196.8 (CO), 161.5 (Cq), 136.6 (Cq), 134.4 (Cy), 134.2 (CH), 131.2 (Cg), 130.8 (2C, CH), 129.5 (2C,
CH), 129.1 (2C, CH), 128.9 (2C, CH), 128.8 (2C, CH), 127.3 (CH), 115.1 (2C, CH), 81.8 (CH), 39.4
(CHa), 26.5 (CH3). HRMS (ESI): m/z Calcd for Ca3H2003 + H* [M + H]* 345.1485; Found 345.1478.

©/\/\OH

(E)-3-Phenylprop-2-en-1-ol (41): The representative procedure was followed, using substrate 41a
(0.027 g, 0.204 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 1 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 41
(0.026 g, 95%) as yellow oil. *H-NMR (500 MHz, CDCls): 6 = 7.38 (d, J = 7.3 Hz, 2H, Ar-H), 7.32
(t, J= 7.4 Hz, 2H, Ar—H), 7.24 (t, J = 7.2 Hz, 1H, Ar-H), 6.61 (d, J = 16.0 Hz, 1H, CH), 6.35 (dt, J =
15.8, 5.8 Hz, 1H, CH), 4.31 (dd, J = 5.8, 1.5 Hz, 2H, CH>), 2.01 (br s, 1H, OH). ®C{*H}-NMR (125
MHz, CDCl): 6 = 136.8 (Cy), 131.2 (CH), 128.7 (2C, CH), 128.7 (CH), 127.8 (CH), 126.6 (2C,
CH), 63.8 (CH>). The *H and *C{*H} spectra are consistent with those reported in the literature.?:

MeO

(E)-3-(4-Methoxyphenyl)prop-2-en-1-ol (42): The representative procedure was followed, using
substrate 42a (0.033 g, 0.203 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1)
yielded 42 (0.033 g, 99%) as a white solid. *H-NMR (400 MHz, CDCls): § = 7.31 (d, J = 8.6 Hz, 2H,
Ar-H), 6.85 (d, J = 8.8 Hz, 2H, Ar-H), 6.54 (d, J = 15.9 Hz, 1H, CH), 6.22 (dt, J = 15.9, 5.9 Hz, 1H,
CH), 4.28 (dd, J = 4.9, 1.4 Hz, 2H, CH_), 3.80 (s, 3H, CH3), 1.88 (br s, 1H, OH). *C{*H}-NMR (100
MHz, CDCls): 6 = 159.4 (Cq), 131.0 (CH), 129.6 (Cq), 127.8 (2C, CH), 126.4 (CH), 114.1 (2C, CH),
64.0 (CH), 55.4 (CH3). HRMS (ESI): m/z Calcd for Ci0H120. + H* [M + H]" 165.0910; Found
165.0908. The *H and *C{*H} spectra are consistent with those reported in the literature.*

A OH
Me

(E)-2-Methyl-3-phenylprop-2-en-1-ol (43): The representative procedure was followed, using
substrate 43a (0.030 g, 0.205 mmol) and the reaction mixture was stirred at room temperature (27
°C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1)
yielded 43 (0.026 g, 86%) as colorless liquid. *H-NMR (400 MHz, CDCls): 6 = 7.33 (t, J = 7.4 Hz,
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2H, Ar-H), 7.27 (d, J = 7.1 Hz, 2H, Ar-H), 7.21 (t, J = 7.13 Hz, 1H, Ar-H), 6.52 (s, 1H, CH), 4.18
(s, 2H, CHy), 1.90 (s, 3H, CHs), 1.82 (br s, 1H, OH). BC{*H}-NMR (100 MHz, CDCls): 6 = 137.8
(Cy), 137.7 (Cy), 129.0 (2C, CH), 128.3 (2C, CH), 126.6 (CH), 125.2 (CH), 69.1 (CH>), 15.4 (CH3).

The H and BC{*H} spectra are consistent with those reported in the literature.?

o

(4-(Prop-1-en-2-yl)cyclohex-1-en-1-yl)methanol (44): The representative procedure was followed,
using substrate 44a (0.031 g, 0.206 mmol) and the reaction mixture was stirred at room temperature
(27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 20/1)
yielded 44 (0.024 g, 77%) as yellow oil. *H-NMR (400 MHz, CDCls): 6 = 5.71-5.67 (m, 1H, CH),
4.73-4.66 (M, 2H, CH2), 4.01-3.97 (m, 2H, CHy), 2.19-1.79 (m, 7H, CH), 1.74 (s, 3H, CH3), 1.37 (br
s, 1H, OH). BC{*H}-NMR (100 MHz, CDCls): 6 = 150.0 (Cg), 137.4 (Cy), 122.7 (CH), 108.8 (CH>),
67.5 (CHy), 41.3 (CH), 30.6 (CH>), 27.7 (CH>), 26.3 (CH2), 21.0 (CH3). HRMS (ESI): m/z Calcd for
C1oH160 + H* [M + H]* 153.1274; Found 153.11273. The *H and *C{*H} spectra are consistent

with those reported in the literature.®*

Me
Me Me . Me™ ™3
e S~ Ao
Me X OH

(E/Z)-3-(4-Methoxyphenyl)prop-2-en-1-ol (45): The representative procedure was followed, using
isomeric mixture of 45a (0.031 g, 0.204 mmol) and the reaction mixture was stirred at room
temperature (27 °C) for 3 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 10/1) yielded isomeric mixture (3:2) of 45 (0.023 g, 73%) as colorless oil. H-NMR
(400 MHz, CDCl3): 6 = 5.45-5.41 (m, 1H, CH), 5.11-5.06 (m, 1H, CH), 4.15-4.07 (m, 2H, CH>),
2.12-2.00 (m, 4H, CH>), 1.75-1.67 (m, 6H, CHs), 1.60 (s, 3H, CHs). BC{*H}-NMR for one isomer of
46 (100 MHz, CDCls): 6 = 139.9 (Cg), 131.9 (Cg), 124.0 (CH), 123.5 (CH), 59.6 (CH>), 39.7 (CH>),
26.6 (CH>), 25.8 (CHs3), 17.8 (CHs3), 16.4 (CHs). For other isomer of 46: (100 MHz, CDCls): ¢ =
140.1 (Cy), 132.6 (Cy), 124.6 (CH), 124.0 (CH), 59.1 (CH), 32.1 (CHy2), 26.7 (CH2), 25.8 (CH3),
23.6 (CH3), 17.8 (CHs). HRMS (ESI): m/z Calcd for CioH1s0 — H" [M — H]* 153.1274; Found
153.1273. The *H and *C{*H} spectra are consistent with those reported in the literature.®?
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1,4-Phenylenedimethanol (46): The representative procedure was followed, using substrate 46a
(0.027 g, 0.201 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 46
(0.024 g, 86%) as white solid. tH-NMR (500 MHz, DMSO-dg): 6 = 7.26 (s, 4H, Ar—H), 5.12 (t, J =
5.7 Hz, 2H, OH), 4.48 (d, J = 5.6 Hz, 4H, CHy). ¥ C{*H}-NMR (125 MHz, DMSO-ds): 5 = 140.9
(2C, Cg), 126.2 (4C, CH), 62.8 (2C, CH,). The H and 3C{'H} spectra are consistent with those
reported in the literature.®

©ﬂo @AOH

(4-(Benzyloxy)phenyl)methanol (47): The representative procedure was followed, using substrate
47a (0.043 g, 0.203 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 47
(0.043 g, 99%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 7.41 (d, J = 7.3 Hz, 2H, Ar-H),
7.36 (t, J = 7.3 Hz, 2H, Ar-H), 7.30 (t, J = 7.1 Hz, 1H, Ar—H), 7.25 (d, J = 8.6 Hz, 2H, Ar-H), 6.94
(d, J = 8.6 Hz, 2H, Ar-H), 5.04 (s, 2H, CH), 4.56 (s, 2H, CH,), 1.91 (s, 1H, OH). 3C{*H}-NMR
(100 MHz, CDCl3): ¢ = 158.5 (Cg), 137.1 (Cqg), 133.6 (Cy), 128.8 (2C, CH), 128.7 (2C, CH), 128.1
(CH), 127.6 (2C, CH), 115.1 (2C, CH), 70.2 (CH.), 65.1 (CH2). HRMS (ESI): m/z Calcd for
C14H1402 — H* [M — H]* 213.0910; Found 213.0907. The H and *C{*H} spectra are consistent with

those reported in the literature.®

o
O,N

(4-Nitrophenyl)methanol (48): The representative procedure was followed, using substrate 48a
(0.031 g, 0.205 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 48
(0.029 g, 92%) as yellow solid. *H-NMR (400 MHz, CDCls): ¢ = 8.18 (d, J = 8.8 Hz, 2H, Ar-H),
7.51 (d, J = 8.9 Hz, 2H, Ar-H), 4.82 (s, 2H, CH,), 2.28 (s, 1H, OH). ¥C{*H}-NMR (100 MHz,
CDCls): 6 = 148.4 (Cy), 147.4 (Cg), 127.2 (2C, CH), 123.9 (2C, CH), 64.1 (CH2). The H and

13C{*H} spectra are consistent with those reported in the literature.%
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3-(Hydroxymethyl)phenol (49): The representative procedure was followed, using substrate 49a
(0.025 g, 0.205 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 49
(0.021 g, 83%) as white solid. *H-NMR (400 MHz, DMSO-ds): 6 = 9.30 (s, 1H, OH), 7.13 (t, J = 7.8
Hz, 1H, Ar-H), 6.78 (s, 1H, Ar-H), 6.75 (d, J = 7.5 Hz, 1H, Ar—H), 6.65 (dd, J = 8.0, 2.0 Hz, 1H,
Ar-H), 5.12 (t, J = 5.8 Hz, 1H, OH), 4.45 (d, J = 5.8 Hz, 2H, CH>). *C{*H}-NMR (100 MHz,
DMSO-dg): § = 158.2 (Cq), 145.0 (Cg), 129.9 (CH), 117.8 (CH), 114.4 (CH), 114.2 (CH), 63.8

(CH_). The *H and *C{*H} spectra are consistent with those reported in the literature.*

=" ‘oH

Fe

<

Ferrocenylmethanol (50): The representative procedure was followed, using substrate 51a (0.043 g,
0.201 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h. Purification
by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded 51 (0.042 g, 97%) as
a yellow solid. *H-NMR (400 MHz, CDCls): § = 4.32 (s, 2H, CHy), 4.24 (t, J = 1.6 Hz, 2H, Ar-H),
4.19-4.17 (m, 7H, Ar-H), 1.71 (s, 1H, OH). B3C{*H}-NMR (100 MHz, CDCls): ¢ = 88.5 (Cg), 68.5
(7C, CH), 68.1 (2C, CH), 60.9 (CH2). HRMS (ESI): m/z Calcd for CiiH12FeO + H* [M + H]*
217.0312; Found 217.0311. The H and *C{*H} spectra are consistent with those reported in the

literature.%

\_NH

(1H-Pyrrol-2-yl)methanol (51): The representative procedure was followed, using substrate 5la
(0.019 g, 0.20 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 3 h.
Purification by column chromatography on neutral alumina (petroleum ether/EtOAc: 20/1) yielded
51 (0.018 g, 93%) as a colorless liquid. After purification the isolated product was stored in in
refrigerator to avoid polymerization at room temperature. tH-NMR (400 MHz, CDCls): ¢ = 8.62 (br
s, 1H, NH), 6.73 (s, 1H, Ar-H), 6.13 (d, J = 15.3 Hz, 2H, Ar-H), 4.54 (s, 2H, CH>), 2.66 (br s, 1H,
OH). BC{*H}-NMR (100 MHz, CDCl): ¢ = 131.1 (Cy), 118.8 (CH), 108.4 (CH), 107.3 (CH), 58.0
(CH2).
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N-Cinnamylaniline (52): The representative procedure was followed, using substrate 52a (0.042 g,
0.203 mmol) and the reaction mixture was stirred at room temperature (27 °C) for 4 h. Purification
by column chromatography on silica gel (petroleum ether/EtOAc: 50/1) yielded mixture of 52 and N-
(3-phenylpropylaniline (0.038 g, 89%) as a yellow oil. For compound 52: *H-NMR (400 MHz,
CDCls): 6 = 7.35 (d, J = 7.1 Hz, 2H, Ar-H), 7.29 (t, J = 7.3 Hz, 2H, Ar-H), 7.23-7.16 (m, 3H, Ar—
H), 6.71 (t, J = 7.3 Hz, 1H, Ar—H), 6.65 (d, J = 7.9 Hz, 2H, Ar—H), 6.58-6.55 (m, 1H, CH), 6.31 (dt,
J=15.9, 5.7 Hz, 1H, CH), 3.92 (d, J = 5.4 Hz, 2H, CHy), 3.68 (br s, 1H, NH). C{*H}-NMR (100
MHz, CDCly): 6 = 148.2 (Cq), 137.0 (Cy), 131.7 (CH), 129.4 (2C, CH), 128.7 (2C, CH), 127.7 (CH),
127.2 (CH), 126.5 (2C, CH), 117.8 (CH), 113.2 (2C, CH), 46.4 (CH2). HRMS (ESI): m/z Calcd for
CisHisN — H* [M — H]* 208.1121; Found 208.1120. The *H and **C{*H} spectra are consistent with
those reported in the literature.®

o

N-benzylaniline (53): The representative procedure was followed, using substrate 53a (0.037 g,
0.204 mmol) and the reaction mixture was stirred at 50 °C for 20 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 30/1) yielded 53 (0.034 g, 91%) as yellow oil.
'H-NMR (400 MHz, CDCls): § = 7.38-7.31 (m, 4H, Ar-H), 7.28-7.24 (m, 1H, Ar-H), 7.16 (dd, J =
8.6, 7.4 Hz, 2H, Ar-H), 6.71 (t, J = 7.3 Hz, 1H, Ar-H), 6.62 (dd, J = 8.6, 0.9 Hz, 2H, Ar-H), 4.31 (s,
2H, CHy), 4.00 (br s, 1H, NH). ¥ C{*H}-NMR (100 MHz, CDCls): 6 = 148.3 (Cq), 139.6 (Cg), 129.4
(2C, CH), 128.8 (2C, CH), 127.7 (2C, CH), 127.4 (CH), 117.7 (CH), 113.0 (2C, CH), 48.5 (CHy>).
HRMS (ESI): m/z Calcd for CizsHisN + H* [M + H]* 184.1121; Found 184.1120. The 'H and

13C{*H} spectra are consistent with those reported in the literature.®

2.4.3 Mechanistic Experiments

Procedure for Deuterium Labelling Experiment. A standard catalytic hydrogenation
reaction was performed using CD30D as a solvent. After completion of reaction time, the reaction
mixture was evaporated under vacuo. Purification by column chromatography provided the semi-
hydrogenated product 4-[D] with 92% deuterium incorporation (Figure 2.5). This finding suggests

that one of the hydrogen sources for hydrogenation is the methanol, and incorporation of two D at a-
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position supports the reversible protonation of substrate.

No D incorporation

¥
0 Mn-3 (5 mol%) HH O
. K3PO, (10 mol%) O O
+ Hy >
O O (5 bar) CD50D, RT, 1h D\D
___________________ @42y . _(ADD___(92%Dincorporation)
LT
Bk ol 1,
RENI B
IE
. R O B
e iy R
200 1.04 212 511 0.16 2.08
Sy N By | |y |
3 2 1 0

6

©
-~

9 5 4
Chemical Shift (ppm)

Figure 2.5. *H NMR of Compound 4-[D].

Experiment to Understand Non-innocent Behaviour of Ligand NH. A standard
hydrogenation reaction was performed using Mn-3M¢ as catalyst. After 5 h of the reaction time, the
reaction mixture was analyzed by GC that ensured no formation of hydrogenated product. This
experiment suggests the NH moiety in the manganese catalyst is necessary to generate active de-

aromatized catalyst in the presence of base (KsPO4) that would activate the H> molecule.

NS
Me\N N N\
: | OC_ l l\\l\
BUZP Mn/
< \B
oC co r (Mn_3Me)
0 (5 mol%)

X +  H K3PO, (10 mol%) » No Reaction
(5 bar) MeOH, rt (27 °C)
5h

of (E)-1,3-Diphenylprop-2-en-1-ol:  Under standard

Attempted Hydrogenation

hydrogenation conditions, the compound (E)-1,3-diphenylprop-2-en-1-ol was attempted for

hydrogenation. The GC analysis of the reaction mixture does not show the formation of alkene
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hydrogenation product. This experiment suggests that the hydrogenation of (E)-chalcone (4) does not
proceed via the 1,2-addition. Hence this reaction proceeds via the 1,4-addition of hydrogen.

OH Mn-3 (5 mol%)
K3PO, (10 mol%)

\ * Hp > No Reaction
(5 bar) MeOH, rt (27 °C)

1h

2.4.4 DFT Calculations

All the calculations in this study have been performed with density functional theory (DFT),
with the aid of the Turbomole 7.5 suite of programs,®® using the PBE functional,®” along with
dispersion correction (DFT-D3).% The def2-SVP basis set®® for Mn and the TZVP basis set for all
other atoms have been employed. The resolution of identity (RI),'® along with the multipole
accelerated resolution of identity (marij)°* approximations have been employed for an accurate and
efficient treatment of the electronic Coulomb term in the DFT calculations. A solvent correction was
incorporated with optimization calculations using the COSMO model,*°? with methanol (¢ = 32.7) as
the solvent. The values reported are AG values, with zero-point energy corrections, internal energy,
and entropic contributions included through frequency calculations on the optimized minima, with
the temperature is taken to be 298.15 K. Harmonic frequency calculations were performed for all
stationary points to confirm them as local minima or transition state structures.

Energy span model (ESM)- The Turnover frequency (TOF) of the catalytic cycle can be
calculated through the Energetic Span Model (ESM) and put into practical use by Shaik and co-
workers.1%31% The ESM imparts an easy method to determine the turnover frequencies (TOFs) of
catalytic cycles based on their computed energy profiles. In most cases, the TOF is calculated by the
TOF-determining transition state (TDTS), the TOF-determining intermediate (TDI), and by the

reaction energy, AGr, as shown below

TOF = kB_T e -S3E/RT
h

where JE is the energy span and is defined as the Gibbs energy difference between the TDTS and the
TDI, with the addition of the AGr when the TDTS appears before the TDI. oE is the effective
activation energy barrier of the global reaction. The TDTS and TDI are the intermediate and the

transition state, respectively, that maximize SE, according to equation 1.
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TDTS - TDTI, if TDTS appears after TDI

TFTS - TDI + AG;, if TDTS appears before TDI
1)

This model has been used to calculate the TOFs (at 298.15 K). The ESM can be applied in a user-
friendly way with the recently developed AUTOF computer program., 353637

2.4.5 X-ray Structural Data

X-ray intensity data measurements of compound Mn-2 was carried out on a Bruker D8
VENTURE Kappa Duo PHOTON II CPAD diffractometer equipped with Incoatech multilayer
mirrors optics. The intensity measurements were carried out with Mo micro-focus sealed tube
diffraction source (MoK,= 0.71073 A) at 100(2) K temperature. The X-ray generator was operated at
50 kV and 1.4 mA. A preliminary set of cell constants and an orientation matrix were calculated from
three matrix sets of 36 frames (each matrix run consists of 12 frames). Data were collected with @
scan width of 0.5° at different settings of ¢ and 26 with a frame time of 10-20 sec depending on the
diffraction power of the crystals keeping the sample-to-detector distance fixed at 5.00 cm. The X-ray
data collection was monitored by APEX3 program (Bruker, 2016).1% All the data were corrected for
Lorentzian, polarization and absorption effects using SAINT and SADABS programs (Bruker, 2016).
Using the APEX3 (Bruker) program suite, the structure was solved with the ShelXS-97 (Sheldrick,
2008)%7 structure solution program, using direct methods. The model was refined with a version of
ShelXL-2018/3 (Sheldrick, 2015)'% using Least Squares minimization. All the hydrogen atoms were
placed in a geometrically idealized position and constrained to ride on their parent atoms. An ORTEP
1111%° view of the compounds was drawn with 50% probability displacement ellipsoids, and H atoms

are shown as small spheres of arbitrary radii.

Procedure of crystallization: Equimolar ratio of L2 (0.005 g) and Mn(CO)sBr (0.005 g) was taken
in a dry NMR tube and added dry THF (0.5 mL). Then the tube was closed with cap and kept inside

the glove box for three days to form orange crystal on the wall of the tube.
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Table 2.2. Crystal Data of Compound Mn-2.

Crystal Data Mn-2

Formula C16H2:BrMnN4O2P
Molecular weight 467.19

Crystal Size, mm? 0.240 x 0.260 x 0.360
Temp. (K) 100(2)
Wavelength (A) 0.71073
Crystal Syst. orthorhombic
Space Group Pbca

a/A 9.1016(5)

b/A 14.4759(6)
c/A 28.6257(14)
VIAS 3771.5(3)

Z 8

Dcalc/g cm 1.642

w/mm’? 2.921

F(000) 1880

Ab. Correct. multi-scan
Tmin/ Tmax 0.419/0.541

2 Gnax 56

Total reflns. 73416

Unique refins. 4688

Obs. refins. 3291

h, k, I (min, max) (-12,11), (-19, 19), (-38, 38)
Rint / Rsig 0.1649/ 0.0655
No. of parameters 230

R1 [I> 26(1)] 0.0494
WR2[I> 246(1)] 0.0889

R1 [all data] 0.0882

WR2 [all data] 0.1012
goodness-of-fit 1.051

Apmax, Apmin(€A) +0.798, -0.589
CCDC No. 2194541
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Table 2.3. Bond Lengths (A) for Compound Mn-2.

Bri-Mnl 2.5916(7) Mn1-C9 1.773(4)
Mn1-C10 1.797(4) Mn1-N3 2.011(3)
Mn1-N1 2.012(3) Mn1-P1 2.2462(12)
P1-N4 1.732(3) P1-C11 1.846(4)
P1-C14 1.849(4) 01-C9 1.157(5)
02-C10 1.149(5) N1-C1 1.344(5)
N1-C5 1.345(5) N2-N3 1.362(5)
N2-C6 1.368(6) N2-C5 1.401(6)
N3-C8 1.323(5) N4-C1 1.375(5)
N4-H4N 0.88

C1-C2 1.404(5) C2-C3 1.376(6)
C2-H2 0.95 C3-C4 1.389(7)
C3-H3 0.95 C4-C5 1.377(6)
C4-H4 0.95 C6-C7 1.356(7)
C6-H6 0.95 C7-C8 1.394(6)
C7-H7 0.95 C8-H8 0.95
C11-C12 1.516(6) C11-C13 1.530(5)
C11-H11 1.0 C12-H12A 0.98
C12-H12B 0.98 C12-H12C 0.98
C13-H13A 0.98 C13-H13B 0.98
C13-H13C 0.98 C14-C16 1.528(5)
C14-C15 1.535(6) C14-H14 1.0
C15-H15A 0.98 C15-H15B 0.98
C15-H15C 0.98 C16-H16A 0.98
C16-H16B 0.98 C16-H16C 0.98

Table 2.4. Bond Angles (°) for Compound Mn-2.

C9-Mn1-C10 87.40(19) C9-Mn1-N3 91.59(17)
C10-Mn1-N3 99.97(17) C9-Mn1-N1 96.23(16)
C10-Mn1-N1 175.88(16) N3-Mn1-N1 78.02(14)
C9-Mn1-P1 92.06(14) C10-Mn1-P1 99.34(14)
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N3-Mn1-P1 160.49(11) N1-Mn1-P1 82.53(10)
C9-Mn1-Brl 175.54(14) C10-Mn1-Br1 91.66(13)
N3-Mn1-Brl 84.28(10) N1-Mn1-Brl 84.57(9)
P1-Mn1-Brl 92.39(3) N4-P1-C11 103.72(17)
N4-P1-C14 100.77(17) C11-P1-C14 104.30(19)
N4-P1-Mn1 99.98(12) C11-P1-Mnl 121.95(14)
C14-P1-Mnl 122.10(14) C1-N1-C5 119.5(4)
C1-N1-Mnl 122.5(3) C5-N1-Mn1l 117.9(3)
N3-N2-C6 110.9(4) N3-N2-C5 117.2(3)
C6-N2-C5 131.7(4) C8-N3-N2 105.3(3)
C8-N3-Mn1 140.2(3) N2-N3-Mn1 114.5(3)
C1-N4-P1 118.6(3) N1-C1-N4 116.1(3)
C1-N4-H4N 120.2 P1-N4-H4N 120.2
N1-C1-C2 120.6(4) N4-C1-C2 123.3(4)
C3-C2-C1 118.4(4) C3-C2-H2 120.8
C1-C2-H2 120.8 C2-C3-C4 121.3(4)
C2-C3-H3 119.3 C4-C3-H3 119.3
C5-C4-C3 116.6(4) C5-C4-H4 121.7
C3-C4-H4 121.7 N1-C5-C4 123.5(4)
N1-C5-N2 112.2(4) C4-C5-N2 124.3(4)
C7-C6-N2 106.6(4) C7-C6-H6 126.7
N2-C6-H6 126.7 C6-C7-C8 106.1(4)
C6-C7-H7 126.9 C8-C7-H7 126.9
N3-C8-C7 111.1(4) N3-C8-H8 124.4
C7-C8-H8 124.4 01-C9-Mnl 175.3(4)
02-C10-Mn1 176.7(4) C12-C11-C13 110.5(3)
C12-C11-P1 112.9(3) C13-C11-P1 111.0(3)
C12-C11-H11 107.4 C13-C11-H11 107.4
P1-C11-H11 107.4 C11-C12-H12A 109.5
C11-C12-H12B 109.5 H12A-C12-H12B  109.5
C11-C12-H12C 109.5 H12A-C12-H12C  109.5

H12B-C12-H12C 109.5 C11-C13-H13A 109.5
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C11-C13-H13B
C11-C13-H13C
H13B-C13-H13C
C16-C14-P1
C16-C14-H14
P1-C14-H14
C14-C15-H15B
C14-C15-H15C
H15B-C15-H15C
C14-C16-H16B
C14-C16-H16C
H16B-C16-H16C

109.5
109.5
109.5
111.1(3)
106.8
106.8
109.5
109.5
109.5
109.5
109.5
109.5

H13A-C13-H13B
H13A-C13-H13C
C16-C14-C15
C15-C14-P1
C15-C14-H14
C14-C15-H15A

109.5
109.5
110.5(3)
114.4(3)
106.8
109.5

H15A-C15-H15B 109.5
H15A-C15-H15C 109.5

C14-C16-H16A

109.5

H16A-C16-H16B 109.5
H16A-C16-H16C 109.5

Table 2.5. Torsion Angles (°) for Compound Mn-2.

C6-N2-N3-C8
C6-N2-N3-Mn1
C11-P1-N4-C1
Mn1-P1-N4-C1
Mn1-N1-C1-N4
Mn1-N1-C1-C2
P1-N4-C1-C2
N4-C1-C2-C3
C2-C3-C4-C5
Mn1-N1-C5-C4
Mn1-N1-C5-N2
C3-C4-C5-N2
C6-N2-C5-N1
C6-N2-C5-C4
C5-N2-C6-C7
N2-N3-C8-C7
C6-C7-C8-N3

-0.1(5)
178.5(3)
132.7(3)
6.2(3)
1.3(5)
-177.1(3)
173.0(3)
-176.5(4)
-2.0(6)
174.9(3)
-4.6(4)
-177.7(4)
-174.0(4)
6.5(7)
176.2(4)
-0.3(5)
0.7(6)

C5-N2-N3-C8
C5-N2-N3-Mnl
C14-P1-N4-C1
C5-N1-C1-N4
C5-N1-C1-C2
P1-N4-C1-N1
N1-C1-C2-C3
C1-C2-C3-C4
C1-N1-C5-C4
C1-N1-C5-N2
C3-C4-C5-N1
N3-N2-C5-N1
N3-N2-C5-C4
N3-N2-C6-C7
N2-C6-C7-C8
Mn1-N3-C8-C7

N4-P1-C11-C12

-176.5(4)
2.1(4)
-119.5(3)
177.3(3)
-1.1(6)
-5.4(5)
1.8(6)
-0.1(6)
-1.3(6)
179.2(3)
2.8(6)
1.5(5)
-178.0(4)
0.5(5)
-0.7(6)
-178.4(4)
-37.8(3)
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C14-P1-C11-C12
N4-P1-C11-C13
Mn1-P1-C11-C13
C11-P1-C14-C16
N4-P1-C14-C15
Mn1-P1-C14-C15

-142.9(3)
-162.5(3)
-51.2(3)
-74.2(3)
-55.5(3)
-164.6(2)

Mn1-P1-C11-C12
C14-P1-C11-C13
N4-P1-C14-C16

Mn1-P1-C14-C16
C11-P1-C14-C15

2.4.6 'Hand ®*C{*H} NMR and IR Spectra of Complexes

Normalized Intensity

73.5(3)
92.4(3)
178.5(3)
69.4(3)
51.9(3)
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2.4.7 Hand *C NMR Spectra of Selected Hydrogenated Compounds
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Chapter 3

Chemoselective Hydrogenation of a,f-
Epoxy Ketones to a-Hydroxy Epoxides by
a Well-Defined Manganese Catalyst

This chapter has been partly adapted from the publication “Manganese-Catalyzed Chemoselective
Direct Hydrogenation of «,-Epoxy Ketones and a-Ketoamides at Room Temperature” Shabade, A.

B.; Singh, R. K., Gonnade, R. G.; and Punji, B. Adv. Synth. Catal., 2024,
doi.org/10.1002/adsc.202400267.
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3.1 INTRODUCTION

The a-hydroxy epoxides are key starting materials in a variety of organic transformations as
well as in the production of medicines and agrochemicals.>® Further, they are crucial structural
motifs in diverse biologically active molecules and drug candidates (Scheme 3.1a).* The a-hydroxy
epoxides can be synthesized by epoxidation of allyl alcohols, coupling of organometallic reagent to
a,f-epoxy ketones, and chemoselective hydrogenation of a,f-epoxy ketones.>® In particular,
selective hydrogenation of «,5-epoxy ketones is traditionally followed, wherein borohydrides,
silanes, and tin-hydrides are used as hydrogen sources (Scheme 3.1b).”1% These protocols suffer from
poor chemoselectivity, require extreme conditions, and are accompanied by toxic waste production.
Therefore, the transition metal-catalyzed protocol using a mild and environment-friendly hydrogen
source is given significant attention. In that direction, the catalysts based on cost-effective and
abundant 3d metals are substantially explored for the independent hydrogenation of carbonyl, imine
or epoxide functionalities using molecular hydrogen.'*® However, the selective hydrogenation of
C=0 moiety in presence of other reducible functionality is highly challenging and extremely rare
using base metal catalysts.'”>> Notably, the diastereoselective reduction of ketone in a,f-epoxy
ketones is developed by noble ruthenium-based metal catalysts using isopropanol or EtsN/HCOOH
as sacrificial hydrogen sources (Scheme 3.1c).2%27
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a) Bioactive compounds bearing a-hydroxy epoxide
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Scheme 3.1 Bioactive Compounds Containing a-Hydroxy Epoxide and Selective Reduction of a,f-

Epoxy Ketones.

The direct hydrogenation of alkenes, carbonyls, imines, and nitriles has been studied by
several research groups using manganese-based catalysts, as it is the third most prevalent transition
metal with reduced toxicity.?®3” However, the chemoselective reduction of an unsaturated bond
using manganese catalysts and molecular hydrogen is scarce,*®*? and the reactions were performed at
high H> pressure and elevated temperature, which is a significant drawback. Unfortunately,
chemoselective hydrogenation of o,5-epoxy ketones employing cost-effective and sustainable 3d
metal catalysts and industrial-friendly molecular Hz has not been precedented. In this chapter, we
reveal an effective protocol for the chemoselective hydrogenation of C=0 bonds in a,f-epoxy
ketones to produce valuable a-hydroxy epoxides at room temperature (25 °C). This process uses
Mn(l) catalyst and moderate H. This protocol takes into account the synthetic importance of epoxy
alcohols and is a step towards sustainable metal catalysis (Scheme 3.1d).
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3.2 RESULTS AND DISCUSSION

3.2.1 Optimization of Reaction Conditions

Given the unavailability of a cost-effective and direct hydrogenative approach for the
synthesis o, -epoxy alcohols, we have investigated the chemoselective C=0 bond hydrogenation in
phenyl(3-phenyloxiran-2-yl)methanone (1a) using recently developed manganese catalysts (Mn-1 to
Mn-3; Table 3.1). Thus, using 30 bar of molecular H as a hydrogen source at 50 °C, compound la
was chemoselectively converted to phenyl(3-phenyloxiran-2-yl)methanol (1) under Mn-catalyst and a
catalytic amount of KO'Bu in MeOH (Table 3.1, entries 1-3). Notably, the hydrogenation provided
quantitative conversion to desired product 1 in the presence of catalysts Mn-2 and Mn-3, whereas
Mn-1 was less effective. Performing the reaction at 5 or 2 bar H, employing Mn-3 catalyst also
provided quantitative hydrogenated product 1, whereas a further decrease in Hy pressure resulted in
low yield (Table 3.1, entries 4-7). The hydrogenation proceeded even at room temperature (25 °C)
using the Mn-3/KO'Bu system and 2 bar H. to afford compound 1 in 92% vyield (entry 6). Screening
various bases as catalytic additives indicates that the mild bases K3sPO4 and K2COs are as effective as
KO'Bu (Table 3.1, entries 10, 11). Notably, the effectiveness of a catalytic mild base in this Mn-
catalyzed hydrogenation is notable, as many Mn-catalyzed processes generally employ a strong base.
The hydrogenation in EtOH or 'PrOH provided a low yield, whereas the hydrogenation was not
observed under aprotic solvents such as 1,4-dioxane, 2-MeTHF, or toluene (Table 3.1, entries 17-20).
Lowering the catalyst loading or reaction time led to a decline in reaction yield (entry 24). Under the
optimized condition (entry 11), the catalysts Mn-1 and Mn-2 afforded 10% and 76% of 1,
respectively. Using Mn(CO)sBr as a catalyst with or without ligand L3 gave a trace or low yield of 1,
indicating the significance of structurally defined Mn(l) complex Mn-3. The attempted
hydrogenation using MnCl> or MnBr> and other metal salts (Fe, Co, Ni) failed to perform the
hydrogenation (Table 3.1, entries 29-37). The use of Mn-3 catalyst is essential for hydrogenation,
and the reaction failed in its absence (entry 38). Thus, upon optimization, the reaction parameters for
chemoselective hydrogenation of 1a to 1 are as follows; 1a (0.2 mmol), catalyst Mn-3 (5 mol%), 10
mol% of K>COgz and 2 bar Hz in MeOH (1.0 mL) at room temperature for 16 h (entry 11).
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Table 3.1 Optimization of Reaction Conditions. ®

[Mn] (5.0 mol%) HO
I ll > I base (10 mol%) o
O O Hy (boar) MeOH
T (°C), t (h)
(1a) (1)
Entry [Mn] Base Hy(bar) T (°C)/t (h) Conv (%)°
1 Mn-1 KO'Bu 30 50/16 28
2 Mn-2 KO'Bu 30 50/16 95 (87)
3 Mn-3 KO'Bu 30 50/16 98 (90)
4 Mn-3 KO'Bu 5 50/16 98 (90)
5 Mn-3 KO'Bu 2 50/16 98 (92)
6 Mn-3 KO'Bu 2 RT/16 99 (92)
7 Mn-3 KO'Bu 1 RT/16 38
8 Mn-3 NaO'Bu 2 RT/16 26
9 Mn-3 LiO'Bu 2 RT/16 28
10 Mn-3 K3sPO, 2 RT/16 99 (93)
11 Mn-3 K.CO; 2 RT/16 99 (93)
12 Mn-3 KOAc 2 RT/16 28
13 Mn-3 Na,CO3 2 RT/16 19
14 Mn-3 NaOAc 2 RT/16 trace
15 Mn-3 Li.COs 2 RT/16 16
16 Mn-3 LiOAc 2 RT/16 trace
17° Mn-3 K2CO3 2 RT/16 28
18° Mn-3 K2COs 2 RT/16 22
19° Mn-3 K2COs 2 RT/16 NR
20" Mn-3 K2COs 2 RT/16 NR
219 Mn-3 K2COs 2 RT/16 81
22" Mn-3 K2COs3 2 RT/16 69
23! Mn-3 K.CO3 2 RT/16 96 (88)
24 Mn-3 K,CO;3 2 RT/8 95 (91)
25 Mn-1 K2CO3 2 RT/16 10
26 Mn-2 K2CO3 2 RT/16 76
27 Mn(CO)sBr/L3  K,COs 2 RT/16 51
28 Mn(CO)sBr K>COs3 2 RT/16 trace
29 Mny(CO)1/L3  K,COs3 2 RT/16 NR
30 MnCl,/L3 K2CO3 2 RT/16 NR
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31 MnBr,/L3 K.COs3 2 RT/16 NR
32 FeCl,/L3 K2COs3 2 RT/16 NR
33 FeCls/L3 K2COs3 2 RT/16 NR
34 CoCl,/L3 K2COs3 2 RT/16 NR
35 Co(OAC)/L3 K2CO3 2 RT/16 trace
36 (DME)NICI/L3  K3COs 2 RT/16 NR
37 Ni(OACc)2/L3 K.CO3 2 RT/16 NR
38 K2COs3 2 RT/16 NR
Il Il JOR
HNT N N Z |
N [ N Ry o | l\\l\ N
Ph2P\M — Pr. P\M — BU2P\Mn/ HN N N \
oc | 8 oc” | 8 oc’ | e Bu P N=
co co co 2
(Mn-1) (Mn-2) (Mn-3) (L3)

@Reaction conditions: 1a (0.042 g, 0.20 mmol), base (0.02 mmol), [Mn] catalyst (0.01 mmol, 5
mol%), solvent (1.0 mL). ® *H-NMR vyield using CH,Br as standard. Isolated yields are given
in parentheses. ¢ Using EtOH as solvent. ¢ Using 'PrOH as solvent. ¢ Using 1,4-dioxane as
solvent. fUsing 2MeTHF as solvent. 9 0.5 mL MeOH was used. " 0.2 mL MeOH was used. '
Using 3 mol% of Mn-3 and 6 mol% of K>COs. All three manganese complexes contain a

mixture of two geometrical isomers. RT = room temperature (~ 25 °C).

3.2.2 Substrate Scope for Diaryl and Alkyl a,f-Epoxy Ketones

Next, we explored the generality and limitations of selective C=0 hydrogenation of aryl-
substituted a,f-epoxy ketones (Scheme 3.2). The a,f-epoxy ketones containing electronically distinct
substituents on the benzoyl ring reacted smoothly to deliver a-hydroxy epoxides, 1-8 in good to
excellent yields. The tolerability of halide functionalities, —F, —Br, and —I is notable as they allow
late-stage modification to access more complex molecules. The hydrogenation proceeded efficiently
even in the presence of electron-withdrawing substituents, —CF3 and —-SO>Me (7, 8), demonstrating
the uniqueness of the protocol. The terminal alkenyl and alkynyl moieties remain unaffected, and
excellent chemoselective C=0 bond reduction was achieved to produce 9 and 10 in 51% and 68%,
respectively. The ortho-substituted aryl and naphthyl-derived o,5-epoxy ketone hydrogenated with
excellent chemoselectivity and yields (11-13). The synthetically crucial functionalities, such as —ClI, —
CF3, —CN, and alkynyl, were well compatible even at the phenyl ring (14-17). Notably, a formyl
group (—CHO) is hydrogenated under the condition to deliver epoxy alcohol 18 in 97% vyield, which
could be due to the high electrophilicity nature of C=0 of the aldehyde. The meta fluoro-, nitro-
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substituted aryl epoxy ketones undergo efficient hydrogenation, yielding 20 and 21 in 87% and 84%,
respectively. An epoxy cyclic ketone 22a delivered a 63% vyield of epoxy alcohol 22. Interestingly,
higher-scale hydrogenation of 1a (0.5 g, 2.2 mmol) produced 1 in 92% indicating the potential
scalability of the protocol (Scheme 3.2, in parenthesis). Overall, the developed protocol is highly
efficient and chemoselective for the reduction of C=0 in a,f-epoxy ketones to deliver synthetically
demanding a,f-epoxy alcohols. The compatibility of H»-sensitive functionalities, such as halides,
nitrile, nitro, alkenyl, alkynyl, and epoxy, makes this Mn-catalyzed protocol distinctive. Such
chemoselective hydrogenation employing a base metal catalyst has not been precedented.

0 Mn-3 (5 mol%) HO

0 K»COj3 (10 mol%) 0
1 RS + Ho > R R®
R , (2 bar) MeOH (1.0 mL) L2
R 25°C, 16 h
‘)\‘>\‘ /‘)\l}\‘ - ‘ / N ; \ ‘ ‘/ \l; \‘
) 93% (92%) ° 2) 97% 3) 80% 4) 87%
5) 73% 6) 84% 7) 74% 8) 80%
/‘)\l}\‘ |L /‘)\1}\‘ iMe HJ\O > ' 1 Hol > |
9) 51% (10) 68% 93% 94%
(13) 85% (14) 95% (15) 91% (16) 74%
73% (18) 97% 88% 87%
) 84% (22) 63% (23) Trace

Scheme 3.2 Scope for Chemoselective C=0 Bond Hydrogenation of Diaryl a,f-Epoxy Ketones.
Reaction conditions: a,-Epoxy ketone (0.20 mmol), Hz (2 bar), Mn-3 (0.005 g, 0.01 mmol), K.COs
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(0.0028 g, 0.02 mmol). Yields are of isolated compounds. 2 Reaction on a 0.5 g scale. All compounds

are obtained as two or three isomeric mixtures.

Unfortunately, the 2,2-disubstituted epoxy ketone, 23a failed to undergo the desired
hydrogenation, probably due to the steric crowding. Though excellent chemoselectivity towards C=0
bond hydrogenation is observed in this protocol, a trace amount of diol due to epoxy ring opening

was unavoidable in some cases.

o Mn-3 (5 mol%) HO o
)J\?% s h K,CO3 (10 mol%) )\P\ ,
R’ R ’  MeOH,25°C,16h R 18 R
Me =
HO o o HO :
Me)\[)\@ m Me | Me
= M
. Me €
(24) 84% : [ (27) 69%; from nootkatone
M O
o
HO
Me
(28) 63%
from R-carvone
(30) 60% (31) 58% (32) 55%
Me Me from Testosterone from Testosterone from Progesterone
O o
HO ' @ g ¥ sq , % ‘
Z W*?‘ i Z j\' K er" ”\;\ﬁ A
I & A 7 \« A
T RN . x’ o
Me {F A s % Fr : @
(29) trace =
from R-pulegone (30) CCDC: 2330236 (31) CCDC: 2330235 (32) ccDC: 2330237

Scheme 3.3 Scope of Alkyl-based «,5-Epoxy Ketones. Reaction conditions: a,f-Epoxy ketone (0.20
mmol), Mn-3 (0.005 g, 0.01 mmol), K2COz (0.0028 g, 0.02 mmol), MeOH (1.0 mL), Hz (2 bar).

Yields are of isolated compounds.

The Mn-catalyzed protocol was extended to the hydrogenation of methyl- and cyclopropyl-
based a,p-epoxy ketones, wherein compounds 24 and 25 were obtained in 84% and 86% yields,
respectively, without compromising the reactivity and selectivity (Scheme 3.3). The epoxy ketones
derived from terpenes (a-ionone, nootkatone, and R-carvone) delivered the chemoselectively
hydrogenated compounds 26-28, in good yields with untouched internal and terminal alkenyl

moieties. Similarly, the steroids (testosterone and progesterone)-derived epoxy ketones delivered
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moderate to good yields of compounds, 30-32. The endurance of —-OH, —OAc, and —C(O)Me groups

under the reaction condition is notable. The structural conformations of 30-32 were studied by a
crystallographic analysis, wherein anti-isomers were observed. Unfortunately, the pulegone-derived
epoxy ketone afforded a trace of product 29, probably due to the high steric crowding. The notable
reactivity, selectivity, and functional tolerance of this Mn-catalyzed protocol highlight the

prospective usefulness of this methodology for late-stage modifications.

a) Nucleophilic addition to epoxide b) Protection of OH

DMAP (20 mol%)
EtsN (1.2 equiv) Me™ O

. o)
OH Nj Ac,0 (1.2 equiv) Ph)\l>\Ph

HO DCM, 0 °C to rt/1 h
NaNs, NH,CI )\(IDP\ , (34): 76%
Ph)\/KPh -
OH DMF, 100°C PR Fh TBSCI (2.5 equi
-5 equiv) TBSO
(33): 63% 16h 1) imidazole (5 equiv) _ 0
DMF, r.t., 16 h Ph Ph
(35): 78%

Scheme 3.4 Derivatization of a-Hydroxy Epoxides.

Further functionalization of the hydrogenated compounds was demonstrated by performing
nucleophilic addition of azide with 1 to achieve azo compound 33 in 63% yield (Scheme 3.4a). The
alcoholic —OH can be easily protected with acetyl and silyl groups using Ac.O and TBSCI,
respectively, in good yields of 34 and 35 (Scheme 3.4b). We believe the current protocol would

benefit further organic transformation in various fields.

3.2.3 Mechanistic Aspects

The hydrogenation was attempted using the Mn-3Me complex, wherein the expected product
was not observed (Scheme 3.5a). Interestingly, hydrogenation of la using dearomatized complex
Mn-3” as catalyst delivered 1 in 94% (Scheme 3.5b). These findings suggest the crucial role of
ligand’s NH in Mn-3, and indicate Mn-3” as an active catalyst for the activation of H> through metal-
ligand cooperation (MLC). A standard reaction using CD3OD as the solvent did not incorporate
deuterium in the product (Scheme 3.5¢). Moreover, the hydrogenation reaction failed to deliver 1 in
aprotic solvents, THF, 1,4-dioxane, or toluene. These observations indicate that the molecular H> and
MeOH act as the hydrogen (hydride) and proton sources in the reduction. It also rules out methanol
as the sole hydrogen source for the reduction process. Unfortunately, we could not avail D> gas for

additional deuterium labeling study.
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a) Elucidating the role of NH: b) Reaction with complex A:
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Scheme 3.5 Mechanistic experiments.

3.2.4 Plausible Catalytic Cycle

Bu,P 7 -N=
2 \Mn'\ BuP—_ |7,
N n
oc co SN\
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(Mn-3)
H
o - @
A R
B N Y S
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MeOH \!VI\ oc co
OC: coO \/
(B)

Figure 3.1 A Plausible Mechanism for the Chemoselective Hydrogenation of «,5-Epoxy Ketone.

Based on the experimental outcome and literature,®®43 we proposed a catalytic cycle that

proceeds with the formation of dearomatized inter-mediate Mn-3’ from the reaction of Mn-3 with
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K2COs (Scheme 3.1). Similar transformations of metal complexes into dearomatized intermediates
are well known. The failure of complex Mn-3V¢ as a catalyst, and the involvement of Mn-3’ as an
active catalyst strongly supported the role of NH in the aromatization/dearomatization process. The
molecular Hz will coordinate to Mn-3 followed by H activation via metal-ligand cooperation
(MLC) leading to intermediate B. The reaction of substrate 1a with B via MeOH-assisted, MLC

hydride and proton transfer resulted in product 1 and the regeneration of active catalyst Mn-3°.

3.3 CONCLUSION

In summary, we disclosed an efficient and chemoselective hydrogenation protocol for the
exclusive synthesis of a-hydroxy epoxides from a,f-epoxy ketones using a cost-effective manganese
catalyst and benign Hz source. The employment of (B2PNNP?)Mn(1)/K.CO3 system, moderate
hydrogen pressure, and friendly MeOH solvent at room temperature is beneficial to the commonly
employed noble metal-based catalyst, strong KO'Bu, hazardous hydrogen source, and extreme
conditions. A range of alkyl and aryl-substituted «,f-epoxy ketones hydrogenated to a-hydroxy
epoxides with the endurance of synthetically vital and sensitive functionalities, such as halides, —CFs,
acetyl, nitrile, nitro, hydroxy, alkoxy, alkenyl, and alkynyl groups. The reaction proceeds via the H>
activation by metal-ligand cooperation and protonation by MeOH. A higher-scale reaction and

synthetic modifications highlight the applicability of the protocol.

3.4 EXPERIMENTAL SECTION

All the manipulations were conducted under an argon atmosphere either in a glove box or
using standard Schlenk techniques in pre-dried glassware. The catalytic reactions were performed in
oven-dried glass vials with magnetic bar by placing them in the pressure reactor. Solvents were dried
over Na/benzophenone or Mg and distilled prior to use. Liquid reagents were flushed with argon
prior to use. All other chemicals were obtained from commercial sources and were used without
further purification. All o,5-epoxy ketones were synthesized by treating corresponding conjugated
ketones with an excess of H2O./NaOH in MeOH at 0 °C. High resolution mass spectrometry (HRMS)
mass spectra were recorded on a Thermo Scientific Q-Exactive, Accela 1250 pump. NMR (*H and
13C) spectra were recorded at 400 or 500 MHz (*H), 100 or 125 MHz {*3C, DEPT (distortionless
enhancement by polarization transfer)}, 377 MHz (*°F), respectively in CDCIs solutions, if not
otherwise specified; chemical shifts (5) are given in ppm. The *H and *C{*H} NMR spectra are
referenced to residual solvent signals (CDClz: 6 H = 7.26 ppm, 6 C = 77.2 ppm; methanol-ds: 6 H =
3.34 ppm, 6 C =49.5 ppm).
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3.4.1  Synthesis of Starting Compounds (Representative Procedure)

e

Z
(3-Phenyloxiran-2-yl)(4-(prop-2-yn-1-yloxy)phenyl)methanone (10a): In a 50 mL round bottom

flask, (E)-3-phenyl-1-(4-(prop-2-yn-1-yloxy)phenyl)prop-2-en-1-one (0.8 g, 3.04 mmol) was
dissolved in 10 mL MeOH. After cooling the reaction mixture at 0 °C, 1.72 mL H>O; (30% in H.0)
was added dropwise followed by the addition of 3.50 mL of NaOH (10% in H20O). The reaction
mixture was allowed to room temperature and stirred until complete conversion of starting material,
which was ensured by TLC. The volatiles were evaporated under vacuo and 20 mL of water was
added. The organic compound was extracted in EtOAc (50 mL X 3), the combined extract was dried
over NaxSO4 and the volatile were evaporated under vacuo. The crude product was purified by
column chromatography on silica gel (petroleum ether/EtOAc: 20/1) to yield (3-phenyloxiran-2-
yl)(4-(prop-2-yn-1-yloxy)phenyl)methanone (10a) (0.22 g, 26%) as a white solid. *H-NMR (500
MHz, CDClz): ¢ = 8.04-8.00 (m, 2H, Ar-H), 7.42-7.35 (m, 5H, Ar-H), 7.05-7.00 (m, 2H, Ar-H),
4.76 (d, J = 2.5 Hz, 2H, CH>), 4.25 (d, J = 2.0 Hz, 1H, CH), 4.06 (d, J = 1.9 Hz, 1H, CH), 2.56 (t, J =
2.5 Hz, 1H, CH). BC{*H}-NMR (125 MHz, CDCls): 6 = 191.6 (CO), 162.1 (Cq), 135.8 (Cg), 130.8
(2C, CH), 129.4 (Cy), 129.2 (CH), 128.9 (2C, CH), 125.9 (2C, CH), 115.1 (2C, CH), 77.7 (Cy), 76.5
(CH), 61.1 (CH), 59.4 (CH), 56.1 (CH2>).

o) Me
0
Me

1-(3-(2,6,6-Trimethylcyclohex-2-en-1-yl)oxiran-2-yl)ethan-1-one  (26a): The representative
procedure for the synthesis of «,/-epoxy ketones was followed, using a-ionone (1.0 g, 5.20 mmol),
3.12 mL H.O2 (30% in H20) and 7.28 mL of NaOH (10% in H20). Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 20/1) yielded 26a (0.72 g, 66%) as colorless
liquid. tH-NMR (400 MHz, CDCls): 6 =5.50 (s, 1H, CH), 3.28 (d, J = 1.9 Hz, 1H, CH), 2.90 (dd, J =
8.6, 2.0 Hz, 1H, CH), 2.05 (s, 3H, CH3), 2.01-2.00 (m, 2H, CH>), 1.69 (d, J = 1.4 Hz, 3H, CH3), 1.55-
1.47 (m, 1H, CH), 1.37 (d, J = 8.6 Hz, 1H, CH), 1.29-1.24 (m, 1H, CH), 1.08 (s, 3H, CHs), 0.90 (s,
3H, CHs). BC{*H}-NMR (100 MHz, CDCls): 6 = 206.2 (CO), 130.5 (Cq), 124.8 (CH), 59.4 (CH),
58.8 (CH), 52.7 (CH), 32.8 (Cqg), 31.8 (CHy), 27.5 (CHg), 27.1 (CH3), 26.6 (CH3), 23.8 (CH3), 23.1
(CHy).
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(4aR,4bS,6aS,7S,9aS,9bS)-7-hydroxy-4a,6a-
dimethyltetradecahydrocyclopenta[7,8]phenanthrol[1,10a-bJoxiren-2(1aH)-one  (30a): The
representative procedure for the synthesis of «,5-epoxyketones was followed, using Testosterone (1.5
g, 5.20 mmol), 3.12 mL H20> (30% in H2O) and 7.28 mL of NaOH (10% in H.O). Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 30a (1.28 g, 81%) as a
white solid. 30a is obtained as mixture of two isomers (19: 81 ratio) denoted as 30a’ and 30a". *H-
NMR (400 MHz, CDCls): ¢ = 3.68-3.62 (m, 1H, CH), 3.03 (s, 0.19H, CH; 30a'), 2.97 (s, 0.81H, CH;
30a"), 2.32-3.02 (m, 4H, CH), 1.88-1.79 (m, 3H, CH), 1.64-1.54 (m, 5H, CH), 1.50-1.38 (m, 3H,
CH), 1.36-1.20 (m, 2H, CH), 1.15 (s, 3H, CH3), 1.10-1.08 (m, 1H, CH), 1.03-0.95 (m, 2H, CH), 0.77
(s, 0.68H, CHs; 30a"), 0.76 (s, 2.49H, CHs; 30a'"). *C{*H}-NMR (100 MHz, CDCls) For 30a": 6 =
207.0 (CO), 81.7 (CH), 70.2 (Cg), 62.9 (CH), 50.8 (CH), 50.3 (CH), 42.9 (Cqg), 36.8 (Cg), 36.5 (CH>),
35.5 (CH), 33.1 (CHz), 30.4 (CH>), 29.6 (CH>), 29.1 (CH>), 28.5 (CH>), 23.4 (CH>), 21.0 (CH>), 16.6
(CHs), 11.1 (CHg3). For 30a'": 6 = 206.9 (CO), 81.6 (CH), 70.3 (Cy), 62.7 (CH), 50.5 (CH), 46.6
(CH), 43.1 (Cg), 37.3 (Cq), 36.2 (CH>), 35.1 (CH), 32.6 (CH>), 30.4 (CH>), 29.9 (CH>), 29.8 (CH2),
26.2 (CH2), 23.4 (CH>), 21.2 (CH?2), 19.0 (CHa), 11.1 (CHj3).

(4aR,4bS,6aS,7S,9aS,9bS)-7-acetyl-4a,6a-

dimethyltetradecahydrocyclopenta[7,8]phenanthrol[1,10a-b]Joxiren-2(1aH)-one  (32a): The
representative procedure for the synthesis of a,f-epoxy ketones was followed, using Progesterone
(0.314 g, 1.00 mmol), 0.6 mL H202 (30% in H20) and 1.4 mL of NaOH (10% in H-O). Purification
by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded
(4aR,4bS,6aS,7S,9aS,9bS)-7-acetyl-4a,6a-dimethyltetradecahydrocyclopenta [7,8]phenanthrol [1,10a-
b]oxiren-2(1aH)-one (33a) (0.238 g, 72%) as a white solid. 32a is obtained as mixture of two
isomers (22: 78 ratio) denoted as 32a' and 32a’". *H-NMR (500 MHz, CDCls): 6 = 3.03 (s, 0.22H,
CH; 32a"), 2.97 (s, 0.78H, CH; 32a"), 2.57-2.49 (m, 1H, CH), 2.42-2.12 (m, 4H, CH), 2.11 (s,
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0.77H, CHs; 32a"), 2.10 (s, 2.36H, CHs; 32a'""), 2.07-2.01 (m, 1H, CH), 1.89-1.80 (m, 2H, CH), 1.73-
1.64 (m, 3H, CH), 1.60-1.36 (m, 5H, CH), 1.29-1.18 (m, 2H, CH), 1.14 (s, 2.51H, CH3; 32a"), 1.11
(s, 0.74H, CHs; 32a’), 1.10-1.04 (m, 2H, CH), 0.64 (s, 0.76H, CHs; 32a’), 0.63 (s, 2.37H, CHa;
32a™). BC{*H}-NMR (125 MHz, CDCls) For 32a": § = 209.5 (CO), 207.0 (CO), 70.2 (Cy), 63.8
(CH), 63.0 (CH), 56.0 (CH), 50.7 (CH), 44.2 (Cy), 38.9 (CH2), 36.9 (Cq), 35.5 (CH), 33.2 (CH2),
31.7 (CH3), 30.5 (CH2), 29.8 (CHy), 29.3 (CHz), 29.0 (CH2), 21.6 (CH3), 23.0 (CHy), 16.7 (CHa),
13.5 (CHs). For 32a": & = 209.4 (CO), 206.9 (CO), 70.4 (Cy), 63.6 (CH), 62.8 (CH), 56.1 (CH), 46.6
(CH), 44.3 (C,), 38.6 (CH2), 37.4 (Cq), 35.2 (CH), 32.7 (CH3), 31.6 (CHs), 30.5 (CH2), 29.9 (CHy),
26.3 (CH2), 24.5 (CH2), 23.0 (CH2), 21.7 (CHy), 19.1 (CHs), 13.5 (CHs).

3.4.2 Representative Procedure for Hydrogenation a,f-Epoxy Ketones and Characterization
Data

Saad

T

Synthesis of phenyl(3-phenyloxiran-2-yl)methanol (1): To a dry vial with magnetic bar was
introduced Mn-3 (0.005 g, 0.010 mmol), K.COz (0.004 g, 0.020 mmol), and phenyl(3-phenyloxiran-
2-yl)methanone (1a; 0.046 g, 0.205 mmol) inside the glove box. The reaction vial was transferred to
an autoclave under argon atmosphere. Then MeOH (1.0 mL) was added and the autoclave was
pressurized with Hz (2 bar) and vented for three times. Finally, the autoclave was pressurized with 2
bar H. and stirred (700 rpm) at room temperature (25 °C) for 12 h. The reaction mixture was then
concentrated and subjected to column chromatography on silica gel (petroleum ether/EtOAc: 10/1) to
yield isomeric mixture of 1 (0.043 g, 93%) as a white solid. 1 is obtained as mixture of two isomers
(56:44 ratio) denoted as 1" and 1"".

'H-NMR (500 MHz, CDCls): § = 7.46-7.24 (m, 10H, Ar—H), 5.00 (d, J = 2.8 Hz, 0.56H, CH; 1),
4.71 (d, J = 4.3 Hz, 0.44H, CH; 1), 4.14 (d, J = 2.0 Hz, 0.56H, CH; 1", 4.0 (d, J = 2.0 Hz, 0.44H,
CH; 1), 3.31-3.30 (d, J = 2.3 Hz, 0.42H, CH; 1'"), 3.30-3.28 (m, 0.57H, CH; 1), 2.66 (br s, 0.36H,
OH; 1"), 2.55 (br s, 0.46H, OH; 1").

BC{*H}-NMR (125 MHz, CDCls) For 1": § = 139.4 (Cg), 136.7 (Cg), 128.9 (2C, CH), 128.7 (2C,
CH), 128.5 (CH), 128.5 (CH), 126.7 (2C, CH), 125.9 (2C, CH), 71.4 (CH), 65.1 (CH), 55.2 (CH).
For 1": 6 = 140.3 (Cy), 136.5 (Cy), 128.9 (2C, CH), 128.7 (2C, CH), 128.6 (CH), 128.4 (CH), 126.4
(2C, CH), 125.9 (2C, CH), 73.6 (CH), 65.9 (CH), 57.1 (CH).
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(3-Phenyloxiran-2-yl)(p-tolyl)methanol (2): The representative procedure was followed, using
substrate 2a (0.048 g, 0.201 mmol) and the reaction mixture was stirred at 25 °C for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 2 (0.047 g, 97%) as a yellow oil. Compound 2 is obtained as a mixture of three
isomers (12:47:41 ratio) denoted as 2, 2" and 2'"".

IH-NMR (400 MHz, CDCls): 6 = 7.42-7.23 (m, 7H, Ar-H), 7.18-7.10 (m, 2H, Ar-H), 4.97 (d, J =
2.6 Hz, 0.12, CH; 2"), 4.95 (d, J = 2.5 Hz, 0.47, CH; 2'"), 4.66 (br s, 0.41H, CH; 2'""), 4.13 (d,J=1.9
Hz, 0.48H, CH; 2'"), 4.10 (d, J = 1.9 Hz, 0.11H, CH; 2'), 3.97 (d, J = 1.9 Hz, 0.41H, CH; 2'""), 3.28-
3.25 (m, 1H, CH), 2.70 (br s, 0.47H, OH; 2'), 2.60 (br s, 0.45H, OH; 2''"), 2.33 (s, 1.26H, CH3; 2'"),
2.32 (s, 1.42H, CHz; 2'), 2.31 (s, 0.35H, CHg3; 2Y).

BC{*H}-NMR (125 MHz, CDCls) For 2'": § = 138.2 (Cq), 138.1 (Cq), 137.4 (Cg), 129.5 (2C, CH),
128.6 (2C, CH), 128.4 (CH), 126.7 (2C, CH), 125.9 (2C, CH), 73.4 (CH), 66.0 (CH), 57.0 (CH),
21.3 (CH3). For 2'"": 6 = 136.8 (Cq), 136.6 (Cg), 136.5 (Cg), 129.5 (2C, CH), 128.6 (2C, CH), 128.5
(CH), 126.3 (2C, CH), 125.9 (2C, CH), 71.2 (CH), 65.2 (CH), 65.2 (CH), 21.3 (CH3). HRMS (ESI):
m/z Calcd for C16H1602 — H* [M — H]* 239.1067; Found 239.1065.

HO

jsaas
MeO

(4-Methoxyphenyl)(3-phenyloxiran-2-yl)methanol (3): The representative procedure was
followed, using substrate 3a (0.051 g, 0.200 mmol), and the reaction mixture was stirred at r.t. for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded an
isomeric mixture of 3 (0.041 g, 80%) as a colorless liquid. Compound 3 is obtained as a mixture of
two isomers (56:44 ratio) denoted as 3" and 3.

!H-NMR (500 MHz, CDCl3) 3’: 6 = 7.39-7.26 (m, 7H, Ar-H), 6.92-6.09 (m, 2H, Ar-H), 4.97 (d, J =
2.8 Hz, 0.56H, CH; 3"), 4.68 (d, J = 4.8 Hz, 0.44H, CH; 3"), 4.14 (d, J = 2.0 Hz, 0.55H, CH; 3"),
3.98 (d, J = 2.0 Hz, 0.45H, CH; 3"), 3.81 (s, 1.33H, CHs; 3"), 3.80 (s, 1.76H, CHg; 3'), 3.30-3.26 (m,
1H, CH).

BC{*H}-NMR (100 MHz, CDCl3) For 3": 6 = 159.7 (Cg), 136.6 (Cq), 131.5 (Cg), 128.7 (2C, CH),
128.5 (CH), 127.8 (2C, CH), 125.9 (2C, CH), 114.3 (2C, CH), 71.0 (CH), 65.2 (CH), 55.5 (CHs3),
55.2 (CH). For 3": 6 = 159.9 (Cq), 136.8 (Cg), 132.6 (Cq), 128.7 (2C, CH), 128.5 (CH), 128.2 (2C,
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CH), 125.9 (2C, CH), 114.3 (2C, CH), 73.2 (CH), 63.0 (CH), 57.0 (CH), 55.5 (CHs3).

0

(4-Fluorophenyl)(3-phenyloxiran-2-yl)methanol (4): The representative procedure was followed,
using substrate 4a (0.049 g, 0.202 mmol), and the reaction mixture was stirred at r.t. for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 4 (0.043 g, 87%) as a colorless liquid. Compound 4 is obtained as a mixture of
two isomers (52:48 ratio) denoted as 4" and 4.

'H-NMR (400 MHz, CDCls): 6 = 7.44-7.19 (m, 7H, Ar-H), 7.09-6.97 (m, 2H, Ar-H), 4.98 (d, J =
3.0 Hz, 0.52H, CH; 4"), 4.69 (br s, 0.48H, CH; 4'"), 4.10 (d, J = 2.0 Hz, 0.53H, CH; 4"), 3.98 (d, J =
2.0 Hz, 0.47H, CH; 4'), 3.27-3.24 (m, 1H, CH), 2.85 (br s, 0.48H, OH; 4"), 2.72 (br s, 0.50H, OH;
4",

BC{*H}-NMR (100 MHz, CDCls3) For 4': § = 162.9 (d, 1Jc_r = 246.4 Hz, Cq), 136.5 (Cq), 136.1 (d,
“JcF = 3.1 Hz, Cg), 128.7 (2C, CH), 128.7 (CH), 128.5 (d, 2Jc_F = 8.4 Hz, 2C, CH), 125.9 (2C, CH),
115.9 (d, 3Jc ¢ = 1.5 Hz, 2C, CH), 72.9 (CH), 65.8 (CH), 57.1 (CH). For 4": 5 = 162.8 (d, YJc.r =
247.2 Hz, Cg), 136.3 (Cy), 136.2 (d, “Jc_r = 3.1 Hz, Cy), 128.7 (2C, CH), 128.6 (CH), 128.2 (Jcr =
8.4 Hz, 2C, CH), 125.9 (2C, CH), 115.7 (d, 3Jcr = 2.3 Hz, 2C, CH), 70.8 (CH), 65.0 (CH), 55.2
(CH). *F-NMR (377 MHz, CDCl3): 6 =—113.5, -113.7.

HO

jonae
PORA®

(4-Bromophenyl)(3-phenyloxiran-2-yl)methanol (5): The representative procedure was followed,
using substrate 5a (0.061 g, 0.201 mmol), and the reaction mixture was stirred at r.t. for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 5 (0.045 g, 73%) as a white solid. Compound 5 is obtained as mixture of three
isomers (14:34:52 ratio) denoted as 5°, 5" and 5'"".

'H-NMR (400 MHz, CDCls): § = 7.50-7.41 (m, 2H, Ar—H), 7.39-7.26 (m, 5H, Ar—H), 7.24-7.10 (m,
2H, Ar-H), 4.97 (d, J = 2.8 Hz, 0.14H, CH; 5'), 4.93 (d, J = 2.8 Hz, 0.34H, CH; 5"), 4.67 (d, J = 4.6
Hz, 0.52H, CH; 5'""), 4.08 (vd, J = 2.8 Hz, 0.15H, CH; 5'), 4.07 (d, J = 1.8 Hz, 0.34H, CH; 5", 3.97
(d, J = 1.9 Hz, 0.52H, CH; 5""), 3.25-3.21 (m, 1H, CH), 2.84 (br s, 0.52H, OH; 5""), 2.71 (br s,
0.39H, OH; 5™).
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B3C{'H}-NMR (100 MHz, CDCls) For 5": 6 = 138.4 (Cq), 136.2 (Cy), 132.0 (2C, CH), 128.7 (2C,
CH), 128.6 (CH), 128.1 (2C, CH), 125.9 (2C, CH), 122.3 (Cy), 70.8 (CH), 64.9 (CH), 55.2 (CH). For
5" § = 139.2 (Cq), 136.4 (Cq), 132.0 (2C, CH), 128.7 (2C, CH), 128.6 (CH), 128.3 (2C, CH), 125.9
(2C, CH), 122.4 (Cy), 72.9 (CH), 65.6 (CH), 57.1 (CH). Due to the low concentration of 5°, we could
not interpret *C{*H} for 5.

jogas

(4-lodophenyl)(3-phenyloxiran-2-yl)methanol (6): The representative procedure was followed,
using substrate 6a (0.036 g, 0.102 mmol), and the reaction mixture was stirred at r.t. for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 6 (0.030 g, 84%) as a yellow oil. Compound 6 is obtained as a mixture of three
isomers (10:56:34 ratio) denoted as 6°, 6" and 6""".

'H-NMR (400 MHz, CDClg): 6 = 7.73-7.63 (m, 2H, Ar-H), 7.43-7.29 (m, 3H, Ar—H), 7.26-6.99 (m,
4H, Ar-H), 5.00 (d, J = 2.8 Hz, 0.10H, CH; 6"), 4.96 (d, J = 2.9 Hz, 0.56H, CH; 6'"), 4.68 (d, J = 4.6
Hz, 0.34H, CH; 6'"'"), 4.08 (d, J = 2.0 Hz, 0.64H, CH; 6" and 6"), 3.99 (d, J = 2.1 Hz, 0.36H, CH;
6'""), 3.26-3.23 (m, 1H, CH).

BC{'H}-NMR (100 MHz, CDCls) For 6': 6 = 139.9 (Cg), 138.0 (2C, CH), 136.4 (Cg), 128.8 (2C,
CH), 128.6 (CH), 128.5 (2C, CH), 125.9 (2C, CH), 94.1 (Cy), 73.0 (CH), 65.6 (CH), 57.1 (CH). For
6"": 0 =139.1 (Cg), 137.9 (2C, CH), 136.2 (Cy), 128.7 (2C, CH), 128.6 (CH), 128.3 (2C, CH), 125.9
(2C, CH), 94.0 (Cy), 70.9 (CH), 64.8 (CH), 55.1 (CH). Due to low concentration of 6*, we could not
interpret *C{*H}-NMR for 6".

HO

joaas
Joaas

(3-Phenyloxiran-2-yl)(4-(trifluoromethyl)phenyl)methanol (7): The representative procedure was
followed, using substrate 7a (0.059 g, 0.202 mmol), and the reaction mixture was stirred at r.t. for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 7 (0.044 g, 74%) as a colorless liquid. Compound 7 is obtained as a mixture of
three isomers (33:12:55 ratio) denoted as 7*, 7" and 7'"".

'H-NMR (400 MHz, CDCl3): d = 7.66-7.55 (m, 4H, Ar-H), 7.44-7.36 (m, 1H, Ar—H), 7.34-7.30 (m,
2H, Ar—H), 7.27-7.22 (m, 2H, Ar-H), 5.07 (d, J = 2.9 Hz, 0.33H, CH; 7*), 5.03 (d, J = 2.9 Hz, 0.12H,
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CH; 7', 4.80 (d, J = 4.6 Hz, 0.55H, CH; 7**"), 4.20 (d, J = 1.8 Hz, 0.12H, CH; 7*"),4.10 (d, J= 2.1
Hz, 0.33H, CH; 7, 4.03 (d, J = 2.1 Hz, 0.55H, CH; 7**"), 3.30-3.29 (m, 0.32H, CH; 77), 3.29-3.27
(m, 0.56H, CH; 7"*"), 3.26-3.25 (m, 0.13H, CH: 7™).

13C{'H}-NMR (100 MHz, CDCls) For 7': 6 = 143.4 (Cy), 136.2 (Cg), 130.5 (Cq), 128.8 (2C, CH),
128.7 (CH), 126.9 (2C, CH), 125.9 (2C, CH), 125.8 (2C, CH), 124.2 (q, YJc_r = 272.4 Hz, C,), 70.8
(CH), 64.8 (CH), 55.2 (CH). For 7*: & = 144.1 (Cy), 136.2 (Cg), 130.8 (Cq), 128.8 (2C, CH), 128.8
(CH), 126.7 (2C, CH), 125.9 (2C, CH), 125.8 (2C, CH), 124.2 (q, YJc_r = 272.4 Hz, Cg), 72.9 (CH),
65.6 (CH), 57.2 (CH). ®F-NMR (377 MHz, CDCls): § = —62.5, —62.6. Due to the low concentration
of 7", we could not interpret 3C{*H}-NMR for 7"".

HO

(e}
9
O:S

|
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(4-(Methylsulfonyl)phenyl)(3-phenyloxiran-2-yl)methanol (8): The representative procedure was
followed, using substrate 8a (0.061 g, 0.202 mmol) and the reaction mixture was stirred at r.t. for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 2/1) yielded an
isomeric mixture of 8 (0.049 g, 80%) as a white solid. Compound 8 is obtained as a mixture of three
isomers (35:13:52 ratio) denoted as 8, 8" and 8""".

!H-NMR (400 MHz, CDCls): 6 = 7.96-7.22 (m, 9H, Ar—H), 5.09 (d, J = 3.3 Hz, 0.35H, CH; 8"), 5.03
(d, J=2.9Hz, 0.13H, CH; 8"), 4.86 (d, J = 4.8 Hz, 0.52H, CH; 8""), 4.23 (d, J = 1.9 Hz, 0.13H, CH;
8", 4.09 (d, J = 2.0 Hz, 0.35H, CH; 8"), 4.05 (d, J = 2.1 Hz, 0.52H, CH; 8'""), 3.30-3.29 (m, 0.35H,
CH; 8", 3.28-3.26 (m, 0.52H, CH; 8'""), 3.24-4.23 (m, 0.14H, CH; 8""), 3.04 (s, 1.11H, CHg3; 8'), 3.04
(s, 1.55H, CHgs; 8""), 3.02 (s, 0.37H, CH3; 8'"), 1.68 (br s, 1H, OH).

BC{*H}-NMR (125 MHz, CDCl3) For 8': 6 = 146.0 (Cq), 140.2 (Cg), 135.9 (Cg), 128.8 (2C, CH),
128.7 (CH), 127.8 (2C, CH), 127.3 (2C, CH), 125.8 (2C, CH), 71.0 (CH), 64.7 (CH), 55.4 (CH),
44.6 (CHs). For 8"": 0 = 146.5 (Cq), 140.3 (Cq), 136.1 (Cy), 128.8 (2C, CH), 128.7 (CH), 127.9 (2C,
CH), 127.4 (2C, CH), 125.9 (2C, CH), 72.7 (CH), 65.4 (CH), 57.1 (CH), 44.6 (CH3). HRMS (ESI):
m/z Calcd for C16H1604S + H" [M + H]" 305.0848; Found 305.0851. Due to the lower concentration
of 8", we could not interpret 3C{*H}-NMR for 8"".

Soaas

(4-(Allyloxy)phenyl)(3-phenyloxiran-2-yl)methanol (9): The representative procedure was
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followed, using substrate 9a (0.057 g, 0.203 mmol), and the reaction mixture was stirred at r.t. for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 9 (0.029 g, 51%) as a yellow oil. Compound 9 is obtained as a mixture of two
isomers (60:40 ratio) denoted as 9" and 9"'.

'H-NMR (500 MHz, CDCls): 6 = 7.38-7.24 (m, 7H, Ar-H), 6.94-6.89 (m, 2H, Ar-H), 6.09-5.99 (m,
1H, CH), 5.43-5.37 (m, 1H, CH), 5.30-5.26 (m, 1H, CH), 4.96 (d, J = 2.8 Hz, 0.60H, CH; 9'), 4.67
(d, J = 4.8 Hz, 0.40H, CH; 9"), 4.54-4.51 (m, 2H, CH>), 4.13 (d, J = 2.0 Hz, 0.60H, CH; 9'), 3.98 (d,
J=2.0Hz, 0.40H, CH; 9", 3.29-3.26 (m, 1H, CH). 3.29-3.26 (m, 1H, CH).

BC{*H}-NMR (125 MHz, CDCls) For 9': § = 158.7 (Cg), 136.6 (Cg), 133.3 (CH), 132.7 (Cg), 128.7
(2C, CH), 128.5 (CH), 127.7 (2C, CH), 125.9 (2C, CH), 117.9 (CHy), 115.1 (2C, CH), 73.1 (CH),
69.0 (CHy), 65.9 (CH), 57.0 (CH>). For 9": 6 = 158.9 (Cq), 136.8 (Cqg), 133.3 (CH), 131.7 (Cy), 128.7
(2C, CH), 128.5 (CH), 128.1 (2C, CH), 125.9 (2C, CH), 117.9 (CH2), 115.1 (2C, CH), 71.0 (CH),
69.0 (CH>), 65.1 (CH), 55.2 (CH).

Usane

(3-Phenyloxiran-2-yl)(4-(prop-2-yn-1-yloxy)phenyl)methanol (10): The representative procedure
was followed, using substrate 10a (0.057 g, 0.205 mmol) and the reaction mixture was stirred at r.t.
for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded
an isomeric mixture of 10 (0.039 g, 68%) as a colorless liquid. Compound 10 is obtained as a
mixture of two isomers (58:42 ratio) denoted as 10" and 10™".

!H-NMR (400 MHz, CDCls): 6 = 7.40-7.24 (m, 7TH, Ar-H), 7.00-6.96 (m, 2H, Ar-H), 4.96 (d, J =
2.8 Hz, 0.58H, CH; 10", 4.69 (s, 0.42H, CH; 10"), 4.68-4.67 (m, 2H, CH2), 4.13 (d, J = 2.0 Hz,
0.58H, CH; 10™), 3.98 (d, J = 2.0 Hz, 0.42H, CH; 10"), 3.29-3.28 (m, 0.42H, CH; 10""), 3.27-3.26
(m, 0.59H, CH; 10%), 2.53-2.50 (m, 1H, CH), 2.45 (br s, 1H, OH).

13C{*H}-NMR (100 MHz, CDCI3) For 10'": 6 = 157.8 (Cq), 136.7 (Cq), 132.4 (Cg), 128.7 (2C, CH),
128.5 (CH), 128.2 (2C, CH), 125.9 (2C, CH), 115.3 (2C, CH), 77.4 (Cy), 75.8 (CH), 70.9 (CH), 65.1
(CH), 56.0 (CHy), 55.2 (CH). For 10"": ¢ = 157.7 (Cy), 136.5 (Cqg), 133.5 (Cq), 128.7 (2C, CH), 128.6
(CH), 127.8 (2C, CH), 125.9 (2C, CH), 115.3 (2C, CH), 78.6 (CH), 77.4 (Cg), 73.1 (CH), 65.9 (CH),
57.0 (CH), 56.0 (CH>).
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0
(3-Phenyloxiran-2-yl)(o-tolyl)methanol (11): The representative procedure was followed, using
substrate 11a (0.048 g, 0.201 mmol), and the reaction mixture was stirred at r.t. for 16 h. Purification
by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an isomeric mixture
of 11 (0.045 g, 93%) as a colorless liquid. Compound 11 is obtained as a mixture of three isomers
(52:26:22 ratio) denoted as 11°, 11" and 11",
IH-NMR (500 MHz, CDCls): § = 7.57-7.07 (m, 9H, Ar-H), 5.26 (s, 0.52H, CH; 11'), 5.03 (s, 0.26H,
CH; 11'), 4.97 (s, 0.22H, CH; 11", 4.21 (s, 0.26H, CH; 11'), 4.12 (s, 0.52H, CH; 11"), 4.01 (s,
0.22H, CH; 11", 3.31 (s, 0.26H, CH; 11'), 3.27 (s, 0.52H, CH; 11", 3.14 (s, 0.22H, CH; 11'"),
2.66 (brs, 0.22H, OH; 11'"), 2.56 (br s, 0.78H, OH; 11" and 11'"), 2.40 (s, 2.32H, CHz; 11" and 11"),
2.20 (s, 0.68H, CHs; 11').
BC{*H}-NMR (125 MHz, CDCls) For 11": 6 = 137.4 (C), 136.8 (Cg), 135.8 (Cy), 130.7 (CH), 128.7
(2C, CH), 128.5 (CH), 128.3 (CH), 126.6 (CH), 126.3 (CH), 125.9 (2C, CH), 67.7 (CH), 64.5 (CH),
55.2 (CH), 19.3 (CH3). For 11" 6 = 138.5 (Cg), 136.6 (Cq), 135.6 (Cg), 130.8 (CH), 128.7 (2C, CH),
128.6 (CH), 128.3 (CH), 126.6 (CH), 126.4 (CH), 125.9 (2C, CH), 69.7 (CH), 65.2 (CH), 57.0 (CH),
19.5 (CH3). HRMS (ESI): m/z Calcd for C16H1602 + Na [M + Na]* 263.1043; Found 263.1038. Due
to the low concentration of 11", we could not interpret **C{*H}-NMR for 11"".

O HO

J ¢
Naphthalen-1-yl(3-phenyloxiran-2-yl)methanol (12): The representative procedure was followed,
using substrate 12a (0.055 g, 0.20 mmol) and the reaction mixture was stirred at r.t. for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded isomeric
mixture of 12 (0.052 g, 94%) as yellow oil. Compound 12 is obtained as a mixture of two isomers
(76:24 ratio) denoted as 12" and 12",
'H-NMR (500 MHz, CDCl3): J = 8.10-8.05 (m, 1H, Ar-H), 7.81-7.71 (m, 2H, Ar—H), 7.66-7.58 (m,
1H, Ar—H), 7.46-7.36 (m, 3H, Ar—H), 7.21-7.16 (m, 5H, Ar-H), 5.73 (s, 0.76H, CH; 12"), 5.45 (s,
0.24H, CH; 12'), 4.10 (s, 0.74H, CH; 12'), 4.03 (s, 0.24H, CH; 12'"), 3.44 (s, 0.24H, CH; 12'), 3.41
(s, 0.77H, CH; 12"), 2.65 (br s, 0.72H, OH).
BC{*H}-NMR (125 MHz, CDCls) For 12': § = 136.6 (Cg), 136.2 (Cg), 134.1 (Cq), 131.0 (Cg), 129.1
(CH), 129.0 (CH), 128.7 (2C, CH), 128.5 (CH), 126.6 (CH), 125.9 (CH), 125.9 (2C, CH), 125.7
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(CH), 124.1 (CH), 123.1 (CH), 67.8 (CH), 64.7 (CH), 55.5 (CH). For 12": ¢ = 136.6 (Cg), 135.0
(Cq), 133.9 (Cg), 131.1 (Cq), 129.1 (CH), 129.0 (CH), 128.7 (2C, CH), 128.5 (CH), 126.6 (CH),
125.9 (CH), 125.9 (2C, CH), 125.7 (CH), 124.1 (CH), 123.1 (CH), 67.8 (CH), 64.7 (CH), 55.5 (CH).

Naphthalen-2-yl(3-phenyloxiran-2-yl)methanol (13): The representative procedure was followed,
using substrate 13a (0.055 g, 0.200 mmol) and the reaction mixture was stirred at r.t. for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 13 (0.047 g, 85%) as a yellow solid. Compound 13 is obtained as a mixture of
three isomers (40:14:46 ratio) denoted as 13°, 13" and 13'"".

'H-NMR (500 MHz, CDCls): § = 7.89-7.75 (m, 4H, Ar—H), 7.54-7.43 (m, 3H, Ar—H), 7.37-7.22 (m,
5H, Ar-H), 5.12 (d, J = 2.9 Hz, 0.40H, CH; 13"), 5.01 (d, J = 2.9 Hz, 0.14H, CH; 13"), 4.85 (d, J =
4.6 Hz, 0.46H, CH; 13""), 4.28 (d, J = 1.9 Hz, 0.14H, CH; 13"), 4.16 (d, J = 2.0 Hz, 0.40H, CH;
13", 4.03 (d, J = 2.0 Hz, 0.47H, CH; 13'"), 3.37-3.34 (m, 1H, CH), 2.98 (br s, 0.29H, OH; 13""),
2.84 (brs, 0.19H, OH; 13").

BC{*H}-NMR (125 MHz, CDCls) For 13": § = 136.9 (Cg), 136.4 (Cg), 133.4 (Cq), 133.3 (Cy), 128.7
(CH), 128.6 (2C, CH), 128.5 (CH), 128.2 (CH), 127.9 (CH), 126.4 (CH), 126.3 (CH), 125.9 (2C,
CH), 125.4 (CH), 124.3 (CH), 71.6 (CH), 65.2 (CH), 55.4 (CH). For 13"": § = 137.7 (Cg), 136.6
(Cy), 133.4 (Cq), 133.4 (Cy), 128.9 (CH), 128.7 (2C, CH), 128.5 (CH), 128.2 (CH), 127.9 (CH),
126.5 (CH), 126.3 (CH), 125.9 (2C, CH), 125.8 (CH), 124.3 (CH), 73.6 (CH), 65.9 (CH), 57.1 (CH).
HRMS (ESI): m/z Calcd for C19H1602 + Na* [M + Na]* 299.1043; Found 299.1045. Due to the low
concentration of 13", we could not interpret *C{*H}-NMR for 13".

HO

saasy

(3-(4-Chlorophenyl)oxiran-2-yl)(phenyl)methanol (14): The representative procedure was
followed, using substrate 14a (0.052 g, 0.201 mmol) and the reaction mixture was stirred at r.t. for
16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 14 (0.050 g, 95%) as a yellow oil. Compound 14 is obtained as a mixture of two
isomers (55:45 ratio) denoted as 14" and 14",

!H-NMR (400 MHz, CDCls): § = 7.44-7.26 (m, 7H, Ar-H), 7.17 (d, J = 8.5 Hz, 2H, Ar-H), 4.97 (d,
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J=2.9 Hz, 0.55H, CH; 14'), 4.70 (d, J = 4.6 Hz, 0.45H, CH; 14"), 4.10 (d, J = 2.0 Hz, 0.55H, CH:;
14", 3.97 (d, J = 2.0 Hz, 0.45H, CH; 14™"), 3.25-3.22 (m, 1H, CH), 2.63 (br s, 1H, OH).
13C{!H}-NMR (100 MHz, CDCls) For 14" § = 140.2 (Cy), 135.3 (Cy), 134.3 (Cg), 129.0 (2C, CH),
128.9 (2C, CH), 128.6 (CH), 127.2 (2C, CH), 126.7 (2C, CH), 71.3 (CH), 65.2 (CH), 56.3 (CH). For
14" § = 139.3 (Cy), 135.1 (Cy), 134.4 (Cy), 128.9 (2C, CH), 128.9 (CH), 128.5 (CH), 127.2 (2C,
CH), 126.4 (CH), 73.3 (CH), 65.9 (CH), 54.6 (CH). HRMS (ESI): m/z Calcd for C15H1sClOz — H
[M — H]* 259.0520; Found 259.0516.

HO

‘%
SAa oW

Phenyl(3-(4-(trifluoromethyl)phenyl)oxiran-2-yl)methanol (15): The representative procedure
was followed, using substrate 15a (0.059 g, 0.202 mmol) and the reaction mixture was stirred at r.t.
for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded
isomeric mixture of 15 (0.054 g, 91%) as yellow solid. Compound 15 is obtained as mixture of three
isomers (21:30:49 ratio) denoted as 15°, 15" and 15'"".

!H-NMR (500 MHz, CDCls): 6 = 7.63-7.53 (m, 2H, Ar-H), 7.45-7.21 (m, 7H, Ar-H), 5.03 (d, J =
2.0 Hz, 0.21H, CH; 15", 4.99 (d, J = 2.4 Hz, 0.30H, CH; 15"), 4.74 (s, 0.49H, CH; 15'"), 4.19 (d, J
= 1.6 Hz, 0.30H, CH; 15"), 4.09 (d, J = 1.9 Hz, 0.22H, CH; 15'), 4.05 (d, J = 1.8 Hz, 0.49H, CH;
15", 3.28-3.27 (m, 0.49H, CH; 15""), 3.26 (d, J = 2.1 Hz, 0.22H, CH; 15", 3.24 (t, J = 2.4 Hz,
0.30H, CH; 15™), 2.82 (br s, 0.20H, OH; 15"), 2.76 (br s, 0.45H, OH; 15""), 2.66 (br s, 0.27H, OH;
15").

BC{'H}-NMR (100 MHz, CDCIs) For 15" 6 = 141.0 (Cg), 139.2 (Cg), 130.9 (d, 2JcF = 32.8 Hz,
Cg), 129.0 (2C, CH), 128.7 (CH), 126.6 (2C, CH), 126.1 (2C, CH), 125.7 (q, 3Jcr = 3.8 Hz, 2C,
CH), 122.7 (q, Yc_r = 272.4 Hz), 71.3 (CH), 65.6 (CH), 54.5 (CH).

For 15"": § = 140.7 (Cg), 140.1 (Cq), 130.9 (d, 2Jcr = 32.8 Hz, Cg), 129.0 (2C, CH), 128.7 (CH),
126.4 (2C, CH), 126.1 (2C, CH), 125.7 (q, *Jc_r = 3.8 Hz, 2C, CH), 122.7 (q, }Jc_r = 272.4 Hz), 73.3
(CH), 66.2 (CH), 56.2 (CH). HRMS (ESI): m/z Calcd for CigH13F302 — H* [M — H]* 293.0788;
Found 293.1767. *F-NMR (377 MHz, CDCls): § = —62.6, —62.7. Due to the low concentration of
15", we could not interpret *C{*H}-NMR for 15'.
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‘N
X

(3-(4-ethynylphenyl)oxiran-2-yl)(phenyl)methanol (16): The representative procedure was
followed, using substrate 16a (0.050 g, 0.201 mmol) and the reaction mixture was stirred at r.t. for
16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 16 (0.037 g, 74%) as a colorless liquid. Compound 16 is obtained as a mixture of
two isomers (56:44 ratio) denoted as 16" and 16™".

'H-NMR (400 MHz, CDCls): ¢ = 7.50-7.19 (m, 9H, Ar-H), 5.00 (d, J = 2.9 Hz, 0.56H, CH; 16"),
473 (d, J = 4.6 Hz, 0.44H, CH; 16"), 4.12-4.08 (m, 0.56H, CH; 16"), 4.00 (d, J = 2.0 Hz, 0.44H, CH;
16""), 3.28-3.24 (m, 1H, CH), 3.08 (s, 0.43H, CH; 16"), 3.07 (s, 0.56H, CH; 16"), 2.56 (br s, 1H,
OH).

BC{*H}-NMR (125 MHz, CDCIs) For 16": 6 = 140.2 (Cq), 139.3 (Cq), 137.5 (Cg), 132.5 (2C, CH),
129.0 (2C, CH), 128.6 (CH), 126.7 (2C, CH), 125.8 (2C, CH), 122.3 (Cy), 83.4 (d, J = 2.3 Hz, CH),
73.3 (CH), 66.0 (CH), 56.5 (CH). For 16"": 6 = 140.1 (Cy), 137.3 (Cq), 136.4 (Cy), 132.4 (2C, CH),
128.9 (2C, CH), 128.5 (CH), 126.4 (2C, CH), 125.8 (2C, CH), 122.2 (Cy), 78.0 (d, J = 5.3 Hz, CH),
71.3 (CH), 65.3 (CH), 54.8 (CH).

HO

‘N
SRAGW
SN

4-(3-(Hydroxy(phenyl)methyl)oxiran-2-yl)benzonitrile (17): The representative procedure was
followed, using substrate 17a (0.050 g, 0.20 mmol) and the reaction mixture was stirred at r.t. for 16
h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded an
isomeric mixture of 17 (0.037 g, 73%) as a yellow oil. Compound 17 is obtained as a mixture of
three isomers (16:28:56 ratio) denoted as 17, 17'* and 17'"".

!H-NMR (400 MHz, CDCls): 6 = 7.66-7.54 (m, 2H, Ar—H), 7.45-7.20 (m, 7H, Ar-H), 5.00 (d, J =
3.3 Hz, 0.16H, CH; 17%), 4.99 (d, J = 2.9 Hz, 0.28H, CH; 17"), 4.77 (d, J = 4.4 Hz, 0.56H, CH;
17", 4.17 (d, J = 1.8 Hz, 0.29H, CH; 17""), 4.05 (d, J = 1.9 Hz, 0.71H, CH; 17" and 17'*"), 3.27-3.23
(m, 0.72H, CH; 17" and 17'""), 3.23-3.21 (m, 0.28H, CH; 17").

B3C{*H}-NMR (100 MHz, CDCls3) For 17': ¢ = 142.4 (Cq), 139.1 (Cq), 132.5 (2C, CH), 129.0 (2C,
CH), 128.7 (2C, CH), 127.1 (CH), 126.4 (2C, CH), 118.7 (Cg), 112.1 (Cg), 71.3 (CH), 65.7 (CH),
54.4 (CH). For 17'"": 6 = 142.2 (Cy), 139.9 (Cy), 132.5 (2C, CH), 129.0 (2C, CH), 128.7 (2C, CH),
126.6 (CH), 126.5 (2C, CH), 118.7 (Cq), 112.2 (Cy), 73.1 (CH), 66.3 (CH), 55.9 (CH). HRMS (ESI):
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m/z Calcd for C16H13NO2 + H" [M + H]* 252.1025; Found 252.1014. Due to the low concentration of
17", we could not interpret *C{*H}-NMR for 17'.

o
OH

(3-(4-(Hydroxymethyl)phenyl)oxiran-2-yl)(phenyl)methanol (18): The representative procedure
was followed, using substrate 18a (0.051 g, 0.201 mmol) and the reaction mixture was stirred at r.t.
for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded
an isomeric mixture of 18 (0.050 g, 97%) as yellow oil. Compound 18 is obtained as a mixture of
two isomers (69:31 ratio) denoted as 18" and 18"".

'H-NMR (400 MHz, CDCls): § = 7.44-7.21 (m, 9H, Ar-H), 4.97 (d, J = 2.9 Hz, 0.69H, CH; 18",
4.70 (d, J = 4.9 Hz, 0.31H, CH; 18"), 4.63 (s, 1.14H, CH; 18), 4.63 (s, 0.88H, CH>; 18"), 4.12 (d, J
= 2.0 Hz, 0.69H, CH; 18"), 3.98 (d, J = 3.1 Hz, 0.30H, CH; 18"), 3.28-3.26 (m, 1H, CH), 2.80 (br s,
0.31H, OH; 18'), 2.69 (br s, 0.68H, OH; 18").

BC{'H}-NMR (125 MHz, CDCIs) For 18': 6 = 141.2 (Cg), 139.4 (Cg), 136.1 (Cg), 128.9 (2C, CH),
128.6 (CH), 127.3 (2C, CH), 126.7 (2C, CH), 126.1 (2C, CH), 71.4 (CH), 65.2 (CH), 65.0 (CH>),
55.1 (CH). For 18": ¢ = 141.3 (Cy), 140.3 (Cy), 135.9 (Cy), 128.9 (2C, CH), 128.7 (CH), 127.4 (2C,
CH), 126.9 (2C, CH), 126.4 (2C, CH), 73.5 (CH), 65.9 (CH), 65.0 (CH>), 56.9 (CH).

(3-([1,1'-Biphenyl]-4-yl)oxiran-2-yl)(phenyl)methanol (19): The representative procedure was
followed, using substrate 19a (0.061 g, 0.203 mmol) and the reaction mixture was stirred at r.t. for
16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 19 (0.054 g, 88%) as a white solid. Compound 19 is obtained as a mixture of
three isomers (15:37:48 ratio) denoted as 19, 19" and 19'"".

!H-NMR (400 MHz, CDCls): § = 7.59-7.49 (m, 4H, Ar-H), 7.46-7.25 (m, 10H, Ar-H), 5.01 (d, J =
2.8 Hz, 0.15H, CH; 19", 4.99 (d, J = 2.5 Hz, 0.37H, CH; 19"), 4.71 (d, J = 3.5 Hz, 0.48H, CH;
19'"), 4.17 (d, J = 1.6 Hz, 0.38H, CH; 19"), 4.15 (d, J = 1.8 Hz, 0.15H, CH; 19'), 4.03 (d, J = 1.8
Hz, 0.46H; 19'"), 3.34-3.30 (m, 1H, CH), 2.86 (br s, 0.40H, OH; 19'"), 2.72 (br s, 0.44H, OH; 19'
and 19").

BC{*H}-NMR (100 MHz, CDCls3) For 19'": 6 = 141.6 (Cg), 140.7 (Cg), 139.4 (Cg), 135.5 (Cq), 129.0
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(2C, CH), 128.9 (2C, CH), 128.4 (CH), 127.6 (CH), 127.4 (2C, CH), 127.2 (2C, CH), 126.7 (2C,
CH), 126.4 (2C, CH), 73.6 (CH), 66.0 (CH), 55.1 (CH). For 19"": & = 1415 (Cy), 140.7 (C), 140.3
(Cq), 135.7 (Cg), 129.0 (2C, CH), 128.9 (2C, CH), 128.5 (CH), 127.6 (CH), 127.4 (2C, CH), 127.2
(2C, CH), 126.7 (2C, CH), 126.4 (2C, CH), 71.4 (CH), 65.2 (CH), 56.9 (CH). Due to the low
concentration of 19", we could not interpret **C{*H}-NMR for 19".

saav]

U

(3-(3-Fluorophenyl)oxiran-2-yl)(phenyl)methanol (20): The representative procedure was
followed, using substrate 20a (0.049 g, 0.202 mmol) and the reaction mixture was stirred at r.t. for
16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 20 (0.043 g, 87%) as a colorless liquid. Compound 20 is obtained as a mixture of
two isomers (54:46 ratio) denoted as 20" and 20".

'H-NMR (400 MHz, CDCls): § = 7.45-6.92 (m, 9H, Ar-H), 4.97 (d, J = 2.3 Hz, 0.54H, CH; 20"),
4.70 (d, J = 3.6 Hz, 0.46H, CH; 20™), 4.12-4.09 (m, 0.54H, CH; 20"), 3.99 (d, J = 1.9 Hz, 0.46H, CH;
20", 3.27-3.22 (m, 1H, CH), 2.76 (br s, 0.54H, OH; 20"), 2.65 (br s, 0.33H, OH; 20™).
1B3C{*H}-NMR (100 MHz, CDCl3) For 20'": § = 163.2 (d, *Jc_r = 246.3 Hz, Cg), 140.2 (Cq), 139.3 (d,
3JcF = 10.2 Hz, Cg), 130.3 (d, 3Jc_F = 8.7 Hz, CH), 129.0 (2C, CH), 128.5 (CH), 126.4 (2C, CH),
121.7 (CH), 115.5 (d, 2Jc_r = 21.1 Hz, CH), 112.8 (CH), 73.3 (CH), 66.0 (CH), 56.3 (d, °Jc.r = 2.2
Hz, CH). For 20": ¢ = 163.2 (d, YJcr = 246.3 Hz, Cg), 139.5 (d, 3Jc.r = 7.3 Hz, Cg), 139.3 (Cy),
130.3 (d, %Jcr = 8.7 Hz, CH), 128.9 (2C, CH), 128.6 (CH), 126.7 (2C, CH), 121.6 (CH), 115.4 (d,
2Jc_¢ = 21.8 Hz, CH), 112.6 (CH), 71.3 (CH), 65.3 (CH), 54.6 (d, °Jc_¢ = 1.5 Hz, CH). HRMS (ESI):
m/z Calcd for C15H13FO2 + H* [M + H]* 245.0978; Found 245.0880. *F-NMR (377 MHz, CDCls): &
=-112.7,-112.9.

HO
N02

(3-(3-Nitrophenyl)oxiran-2-yl)(phenyl)methanol (21): The representative procedure was followed,
using substrate 21a (0.054 g, 0.201 mmol) and the reaction mixture was stirred at r.t. for 16 h.
Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an
isomeric mixture of 21 (0.046 g, 84%) as a colorless liquid. Compound 21 is obtained as a mixture of

three isomers (16:30:54 ratio) denoted as 21°, 21'* and 21'"".
'H-NMR (400 MHz, CDCls): § = 8.34-7.76 (m, 2H, Ar-H), 7.59-7.22 (m, 7H, Ar-H), 5.08 (d, J =
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3.3 Hz, 0.16H, CH; 21", 5.01 (d, J = 2.9 Hz, 0.30H, CH; 21"), 4.78 (d, J = 4.4 Hz, 0.54H, CH;
21", 4.23 (d, J = 2.0 Hz, 0.29H, CH; 21'), 4.11 (d, J = 2.0 Hz, 0.70H, CH; 21" and 21'""), 3.22-3.28
(m, 1H, CH).

1BC{H}-NMR (125 MHz, CDCls) For 21" § = 141.7 (Cg), 139.3 (Cy), 136.0 (Cg), 131.8 (CH),
129.7 (CH), 129.0 (2C, CH), 128.8 (CH), 126.6 (2C, CH), 123.3 (CH), 120.9 (CH), 71.3 (CH), 65.6
(CH), 54.1 (CH). For 21"": 5 = 148.6 (C), 139.3 (Cyg), 139.1 (C), 131.8 (CH), 129.8 (CH), 129.0
(2C, CH), 128.7 (CH), 126.4 (2C, CH), 123.4 (CH), 120.9 (CH), 73.1 (CH), 66.2 (CH), 55.7 (CH).
Due to the low concentration of 21", we could not interpret *C{*H}-NMR for 21".

3'-Phenyl-3,4-dihydro-1H-spiro[naphthalene-2,2'-oxiran]-1-ol (22): The representative procedure
was followed, using substrate 22a (0.100 g, 0.40 mmol) and the reaction mixture was stirred at r.t.
for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded
22' (0.022 g, 22%) and mixture of 22" and 22" (0.042 g, 41%) as white solid.

'H-NMR (400 MHz, CDCl3) for 22': § = 7.57-7.55 (m, 1H, Ar-H), 7.39-7.28 (m, 5H, Ar—H), 7.27-
7.21 (m, 2H, Ar-H), 7.11 (d, J = 6.9 Hz, 1H, Ar—H), 4.94 (s, 1H, CH), 4.38 (s, 1H, CH), 2.96-2.98
(m, 1H, CH), 2.69-2.62 (m, 1H, CH), 2.47 (br s, 1H, OH), 1.99-1.92 (m, 1H, CH), 1.69-1.63 (m, 1H,
CH). B¥C{*H}-NMR (100 MHz, CDCls): § = 137.8 (Cq), 136.6 (Cq), 135.3 (Cq), 129.0 (CH), 128.5
(CH), 128.3 (2C, CH), 128.1 (CH), 127.9 (CH), 126.7 (CH), 126.6 (2C, CH), 69.9 (CH), 66.4 (Cy),
61.8 (CH), 27.4 (CHy), 22.4 (CH2). PC{*H}-NMR (125 MHz, CDCls) for 22': 5 = 137.8 (Cg), 136.6
(Cq), 135.3 (Cy), 129.0 (CH), 128.5 (CH), 128.3 (2C, CH), 128.1 (CH), 127.9 (CH), 126.7 (CH),
126.6 (2C, CH), 69.9 (CH), 66.4 (Cg), 61.8 (CH), 27.4 (CH>), 22.4 (CHy>).

IH-NMR (500 MHz, CDCls) for 22" and 22"": § = 7.57-7.17 (m, 8H, Ar—H), 7.08-7.04 (m, 1H, Ar—
H), 4.98 (s, 0.73H, CH; 22"), 4.89 (s, 0.27H, CH; 22'™"), 4.44 (s, 0.27H, CH; 22"""), 4.23 (s, 0.73H,
CH; 22", 2.87-2.83 (m, 0.73H, CH; 22"), 2.81 (br s, 0.73H, OH; 22", 2.78-2.75 (m, 0.27H, CH:
22", 2.64-2.61 (m, 0.47H, CH), 2.55-2.50 (m, 0.73H, CH: 22"), 2.14-2.10 (m, 0.73H, CH; 22"),
1.93-1.87 (m, 0.27H, CH; 22", 1.77-1.74 (m, 0.27H, CH; 22", 1.66-1.60 (m, 0.73H, CH; 22").

BC{H}-NMR (125 MHz, CDCls): For 22" § = 139.5 (Cg), 137.5 (Cy), 132.0 (Cg), 129.8 (CH),
128.9 (CH), 128.7 (2C, CH), 128.5 (CH), 128.5 (CH), 127.4 (2C, CH), 126.4 (CH), 74.3 (CH), 66.9
(Cq), 56.0 (CH), 25.6 (CH,), 22.8 (CH2). For 22" & = 137.2 (Cy), 136.3 (Cy), 135.5 (Cq), 1285
(CH), 128.2 (2C, CH), 127.9 (CH), 127.7 (CH), 127.7 (CH), 126.6 (CH), 126.6 (2C, CH), 70.7 (CH),
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66.8 (Cq), 60.0 (CH), 27.6 (CH2), 23.3 (CH2). HRMS (ESI): m/z Calcd for Ci7H1s02 + H* [M + HJ*
253.1229; Found 253.0527.

0
Me)\Q\@

1-(3-Phenyloxiran-2-yl)ethan-1-ol (24): The representative procedure was followed, using substrate
24a (0.033 g, 0.203 mmol) and the reaction mixture was stirred at r.t. for 16 h. Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded an isomeric mixture of
24 (0.028 g, 84%) as a colorless liquid. Compound 24 is obtained as a mixture of two isomers (46:54
ratio) denoted as 24" and 24"'.

H-NMR (500 MHz, CDCls3): § = 7.36-7.26 (m, 5H, Ar—H), 4.10-3.95 (m, 0.46H, CH; 24"), 3.96 (d, J
= 2.1 Hz, 0.46H, CH; 24"), 3.86 (d, J = 2.1 Hz, 0.54H, CH; 24'), 3.84 (br s, 0.54H, CH; 24'), 3.08
(dd, J = 2.8, 2.3 Hz, 0.46H, CH; 24"), 3.04 (dd, J = 2.6, 2.1 Hz, 0.54H, CH; 24"), 2.29 (br s, 1H,
OH), 1.33(d, J = 6.6 Hz, 1.62H, CH3; 24'"), 1.31 (d, J = 6.6 Hz, 1.38H, CH3; 24").

BC{'H}-NMR (125 MHz, CDCl3) For 24'": § = 136.9 (Cy), 128.7 (2C, CH), 128.4 (CH), 125.9 (2C,
CH), 66.5 (CH), 65.0 (CH), 54.9 (CH), 18.9 (CHs). For 24™: 6 = 137.1 (Cy), 128.7 (2C, CH), 128.5
(CH), 125.9 (2C, CH), 67.4 (CH), 65.8 (CH), 56.7 (CH), 20.1 (CH3s). HRMS (ESI): m/z Calcd for
C10H1202 + H* [M + H]* 165.0910; Found 165.0912.

Cyclopropyl(3-phenyloxiran-2-yl)methanol (25): The representative procedure was followed using
substrate 25a (0.038 g, 0.202 mmol) and the reaction mixture was stirred at r.t. for 16 h. Purification
by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded an isomeric mixture
of 25 (0.033 g, 86%) as a colorless liquid. Compound 25 is obtained as a mixture of two isomers
(35:65 ratio) denoted as 25" and 25",

!H-NMR (400 MHz, CDCls): 6 = 7.36-7.26 (m, 5H, Ar-H), 4.03 (s, 0.35H, CH; 25"), 3.89 (s, 0.65H,
CH; 25'), 3.28 (d, J = 8.5 Hz, 0.35H, CH; 25", 3.23-3.19 (m, 1H, CH), 3.09-3.07 (m, 0.65H, CH;
25"), 2.10 (br s, 0.50H, OH), 1.13-0.88 (m, 1H, CH), 0.64-0.60 (m, 2H, CH2), 0.45-0.36 (m, 2H,
CH>).

13C{*H}-NMR (100 MHz, CDCls) For 25" ¢ = 137.2 (Cg), 128.7 (2C, CH), 128.4 (CH), 125.9 (2C,
CH), 73.4 (CH), 64.5 (CH), 54.8 (CH), 13.3 (CH), 2.9 (2C, CHy). For 25": ¢ = 137.0 (Cy), 128.7
(2C, CH), 128.5 (CH), 125.9 (2C, CH), 74.8 (CH), 65.1 (CH), 56.4 (CH), 15.0 (CH), 2.1 (2C, CH>).
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1-(3-(2,6,6-Trimethylcyclohex-2-en-1-yl)oxiran-2-yl)ethan-1-ol (26): The representative procedure
was followed using substrate 26a (0.084 g, 0.403 mmol) and the reaction mixture was stirred at r.t.
for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 10/1) yielded
an isomeric mixture of 26 (0.076 g, 90%) as a colorless liquid. Compound 26 is obtained as a
mixture of two isomers, denoted as 26" and 26"".
'H-NMR (400 MHz, CDCls3) 26": § = 5.46 (s, 1H, CH), 3.95-3.89 (m, 1H, CH), 2.88-2.74 (m, 2H,
CHy), 2.18 (br s, 1H, OH), 1.99-1.98 (m, 2H, CHy), 1.70-1.67 (m, 3H, CH3), 1.57-1.47 (m, 1H, CH),
1.33-1.28 (m, 1H, CH), 1.25 (d, J = 6.5 Hz, 3H, CHg), 1.22-1.19 (m, 1H, CH), 1.05 (s, 3H, CHj3),
0.88 (s, 3H, CH3).
Due to low concentration of 26°°, we could not interpret *H-NMR for 26"".
BC{*H}-NMR (100 MHz, CDCl3) For 26": § = 131.2 (Cq), 124.0 (CH), 65.6 (CH), 60.5 (CH), 56.0
(CH), 52.4 (CH), 32.7 (Cq), 31.5 (CH), 27.9 (CHs3), 26.9 (CHs), 24.0 (CHs), 23.2 (CH2), 19.1 (CHs).
For 26': 0= 131.1 (Cy), 124.1 (CH), 67.9 (CH), 61.6 (CH), 67.6 (CH), 52.4 (CH), 32.7 (Cy), 31.7
(CHy), 27.7 (CHa), 27.0 (CHs3), 23.9 (CHa), 23.2 (CH>), 20.0 (CH3). HRMS (ESI): m/z Calcd for
C13H202 + H* [M + H]* 211.1693; Found 211.1692.

HOL ioi

l\é/lel\:Ae Me
(4R,4aS,6R)-4,4a-Dimethyl-6-(prop-1-en-2-yl)octahydro-3H-naphtho[1,8a-bJoxiren-2-ol  (27):
The representative procedure was followed, using substrate 27a (0.047 g, 0.201 mmol) and the
reaction mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAcC: 5/1) yielded 27 (0.033 g, 69%) as colorless liquid.
'H-NMR (400 MHz, CDClg): § = 4.71 (d, J = 8.0 Hz, 2H, CH), 4.08 (t, J = 8.6 Hz, 1H, CH), 2.92 (s,
1H, OH), 2.37-2.29 (m, 1H, CH), 2.16 (td, J = 13.7, 4.3 Hz, 1H, CH), 1.72 (s, 3H, CH3), 1.69-1.50
(m, 6H, CHy), 1.22-1.19 (m, 2H, CHy), 1.12-1.07 (m, 1H, CH), 1.03 (s, 3H, CHs), 0.74 (d, J = 6.9
Hz, 3H, CHs). BC{*H}-NMR (125 MHz, CDCls): 6 = 150.1 (Cg), 109.1 (CH2), 67.1 (Cg), 65.9 (CH),
64.4 (CH), 40.5 (CH), 39.8 (CH>), 36.1 (Cq), 35.6 (CH2), 31.0 (CH), 30.4 (CH>), 28.7 (CH>), 20.9
(CHs), 15.3 (CHg), 14.9 (CHs).
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(4S)-1-Methyl-4-(prop-1-en-2-yl)-7-oxabicyclo[4.1.0]heptan-2-0l ~ (28): The representative
procedure was followed, using substrate 28a (0.036 g, 0.217 mmol) and H> (5 bar) and the reaction
mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 10/1) yielded isomeric mixture of 28 (0.023 g, 63%) as a colorless liquid. Compound
28 is obtained as mixture of two isomers (16:84), denoted as 28" and 28™".

'H-NMR (400 MHz, CDClIs) for 28" and 28'": 6 = 4.79 (m, 2H, CH>), 4.16-4.15 (m, 0.16H, CH; 28"),
3.93-3.87 (m, 0.84H, CH; 28'), 3.29-3.13 (m, 0.84H, CH; 28"), 2.21-2.14 (m, 2H, CH>), 1.70 (s, 3H,
CHzs), 1.67-1.61 (m, 2H, CH>), 1.42 (s, 2.17H, CHg; 28"), 1.39 (s, 0.89H, CHgs; 28'), 1.38-1.30 (m,
1H, CH).

BC{'H}-NMR (100 MHz, CDClIz) For 28'": §= 148.1 (Cq), 109.7 (CHy), 77.4 (Cy), 68.2 (CH), 63.4
(CH), 36.0 (CH>), 31.8 (CH), 30.3 (CH>), 21.7 (CHs3), 21.2 (CHa).

(1aS,2R,4aR,4bS,6aS,7S,9aS,9bS,11aR)-4a,6a-
Dimethylhexadecahydrocyclopenta[7,8]phenanthrol[1,10a-bJoxirene-2,7-diol (30): The
representative procedure was followed, using substrate 30a (0.061 g, 0.20 mmol) and the reaction
mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 30 (0.037 g, 60%) as a white solid. *H-NMR (400 MHz, CD3s0D): ¢ =
4.59 (br s, 1H, OH), 3.81 (dd, J = 9.6, 7.5 Hz, 1H, CH), 3.60 (t, J = 8.6 Hz, 1H, CH), 2.82 (s, 1H,
CH), 2.14-2.10 (m, 1H, CH), 2.04-1.98 (m, 1H, CH), 1.88-1.80 (m, 2H, CH>), 1.70-1.65 (m, 2H,
CHy), 1.58-1.53 (m, 2H, CHy), 1.47-1.27 (m, 7H, CH,, CH), 1.16-1.06 (m, 4H, CH>), 1.02 (s, 3H,
CHj3), 0.77 (s, 3H, CH3). BC{*H}-NMR (100 MHz, CD3s0D): ¢ = 83.3 (CH), 69.1 (Cy), 68.3 (CH),
68.1 (CH), 52.9 (Cy), 48.3 (CH), 44.9 (Cg), 38.7 (CH>), 38.4 (CH), 37.4 (CH), 32.8 (CHy), 31.7
(CHy), 31.5 (CHy), 28.1 (CH>), 27.2 (CH>), 25.2 (CH2), 22.7 (CH), 20.0 (CHz), 12.4 (CHs). HRMS
(ESI): m/z Calcd for C19H3003 + H* [M + H]* 307.2268; Found 307.2262.
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(1aS,2R,4aR,4bS,6aS,7S,9aS,9bS,11aR)-2-hydroxy-4a,6a-
dimethylhexadecahydrocyclopenta[7,8]phenanthro[1,10a-b]oxiren-7-yl — acetate (31): The
representative procedure was followed, using substrate 31a (0.139 g, 0.401 mmol), 1.0 mL of
MeOH:DCM (4:1) and the reaction mixture was stirred at r.t. for 16 h. Purification by column
chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 31 (0.081 g, 58%) as a white
solid. tH-NMR (500 MHz, CDCls): 6 = 4.58 (dd, J = 8.9 8.1 Hz, 1H, CH), 3.95 (dd, J = 9.5, 7.4 Hz,
1H, CH), 2.84 (s, 1H, CH), 2.22-2.12 (m, 1H, CH), 2.03 (s, 3H, CHa), 1.79-1.61 (m, 5H, CH), 1.54-
1.46 (m, 3H, CH), 1.38-1.23 (m, 6H, CH), 1.19-1.05 (m, 5H, CH), 1.00 (s, 3H, CHs), 0.79 (s, 3H,
CHs). BC{*H}-NMR (125 MHz, CDCls): § = 171.4 (CO), 82.9 (CH), 66.9 (Cq), 66.9 (CH), 66.0
(CH), 50.6 (CH), 46.3 (CH), 42.8 (Cq), 36.9 (CH2), 36.6 (Cq), 35.1 (CH), 30.9 (CH2), 29.9 (CH2),
27.7 (CH2), 26.2 (CH2), 25.9 (CHy), 23.8 (CH>), 21.4 (CHa), 20.8 (CH>), 18.9 (CHa), 12.2 (CHsa).
HRMS (ESI): m/z Calcd for C21H3204 + H* [M + H]* 349.2373; Found 349.2371.

1-((4aR,4bS,6aS,7S,9aS,9bS)-2-hydroxy-4a,6a-

dimethylhexadecahydrocyclopenta[7,8]phenanthro[1,10a-b]oxiren-7-yl)ethan-1-one (32): The
representative procedure was followed, using substrate 32a (0.133 g, 0.402 mmol), 2.0 mL of
MeOH:DCM (4:1) as solvent. The reaction mixture was stirred at r.t. for 16 h. Purification by
column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded 32 (0.073 g, 55%) as a
white solid. *H-NMR (400 MHz, CDCls): 6 = 3.97-3.93 (m, 1H, CH), 2.83 (s, 1H, CH), 2.51 (t, J =
9.0 Hz, 1H, CH), 1.44 (br s, 1H, OH), 2.18-2.13 (m, 1H, CH), 2.10 (s, 3H, CH3), 2.07-1.99 (m, 2H,
CH), 1.78-1.61 (m, 4H, CH), 1.53-1.34 (m, 5H, CH), 1.30-1.18 (m, 4H, CH), 1.09-1.02 (m, 3H, CH),
0.97 (s, 3H, CHz3), 0.61 (s, 3H, CHs). *C{*H}-NMR (100 MHz, CDCls): § = 209.8 (CO), 66.9 (Cg),
66.7 (CH), 66.0 (CH), 63.8 (CH), 56.4 (CH), 46.1 (CH), 44.3 (Cy), 38.9 (CH>), 36.5 (Cq), 35.2 (CH),
31.6 (CHg), 30.9 (CH2), 30.3 (CH2), 26.2 (CH2), 25.7 (CH), 24.6 (CH), 23.0 (CH.), 21.3 (CH>),
18.8 (CHs3), 13.5 (CH3). HRMS (ESI): m/z Calcd for C21H3203 + H* [M + H]* 333.2424; Found
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333.2420.

3.4.3 Derivatization of a,f-Epoxy Alcohols

Nucleophilic Addition to Epoxide
N3 OH

Synthesis of 3-azido-1,3-diphenylpropane-1,2-diol (33): To an oven dried round bottom flask was
introduced phenyl(3-phenyloxiran-2-yl)methanol (1; 0.1 g, 0.44 mmol) and dissolved in 5 mL of dry
DMF. To this NaN3 (0.057 g, 0.88 mmol) and NH4ClI (0.88 mmol, 0.047 g) was added and stirred for
10 minutes. Then the reaction flask was heated at 100 °C for 16 h. After completion of reaction, the
crude mixture was subjected to the column chromatography (silica gel, petroleum ether/EtOAcC:
10/1) to yield an isomeric mixture of 3-azido-1,3-diphenylpropane-1,2-diol (33; 0.075 g, 63%) as a
colorless liquid. Compound 33 is obtained as a mixture of two isomers (50:50 ratio) denoted as 33"
and 33".

H-NMR (500 MHz, CDCls): ¢ = 7.38-7.23 (m, 10H, Ar-H), 4.72-4.71 (d, J = 3.3 Hz, 0.49H, CH;
33"), 4.54 (d, J = 5.9 Hz, 0.50H, CH; 33"), 4.50 (d, J = 7.0 Hz, 0.49H, CH; 33'), 4.36 (d, J = 7.0 Hz,
0.51H, CH; 33"), 3.98 (vt, J = 6.5 Hz, 0.52H, CH; 33, 3.81 (dd, J = 6.9, 3.4 Hz, 0.48H, CH; 33""),
2.76 (br s, 1H, OH), 2.24 (br s, 1H, OH).

BC{'H}-NMR (125 MHz, CDCls) For 33": § = 140.9 (Cg), 136.1 (Cq), 129.0 (2C, CH), 128.8 (2C,
CH), 128.7 (2C, CH), 128.4 (CH), 128.1 (CH), 127.6 (2C, CH), 77.2 (CH), 74.5 (CH), 66.9 (CH).
For 33": 0 = 139.9 (Cy), 135.9 (Cq), 128.9 (2C, CH), 128.9 (2C, CH), 128.7 (2C, CH), 128.5 (CH),
128.0 (CH), 126.5 (2C, CH), 76.1 (CH), 72.5 (CH), 66.8 (CH).

Protection of OH group

Synthesis of phenyl(3-phenyloxiran-2-yl)methyl acetate (34): To an oven dried round bottom
flask was introduced phenyl(3-phenyloxiran-2-yl)methanol (1; 0.1 g, 0.44 mmol) and dissolved in 5
mL of dry CH.Cl,. To this reaction mixture, DMAP (0.011 g, 0.088 mmol) and EtzN (0.53 mmol,
0.074 mL) was added at 0 °C and stirred for 10 minutes followed by dropwise addition of acetic
anhydride (0.53 mmol, 0.050 mL) and the stirring was continued for 1 h. After completion of

Ph.D. Thesis: Shabade Anand Basavraj 135



Chapter-3

reaction, the volatiles were evaporated under vacuo and 10 mL of water was added. The organic
compound was extracted in EtOAc and the crude product was subjected to the column
chromatography on silica gel (petroleum ether/EtOAc: 40/1) to yield two isomers 34" (0.048 g, 41%)
and 34" (0.041 g, 35%) as colorless liquids.

For 34': 'H-NMR (400 MHz, CDCls): 6 = 7.45-7.24 (m, 10H, Ar-H), 5.92 (d, J = 4.4 Hz, 1H, CH),
3.90 (d, J = 1.8 Hz, 1H, CH), 3.28 (dd, J = 4.3, 1.9 Hz, 1H, CH), 2.12 (s, 3H, CH3). *C{*H}-NMR
(100 MHz, CDCls): 6 = 170.0 (CO), 136.5 (Cg), 136.3 (Cg), 128.9 (CH), 128.8 (2C, CH), 128.7 (2C,
CH), 128.5 (CH), 127.5 (2C, CH), 125.8 (2C, CH), 74.0 (CH), 62.8 (CH), 56.8 (CH), 21.2 (CH3).
For 34"": 'H-NMR (500 MHz, CDCls): § = 7.42-7.26 (m, 8H, Ar—H), 7.24-7.20 (m, 2H, Ar-H), 5.75
(d, J =6.1 Hz, 1H, CH), 3.85 (d, J = 1.9 Hz, 1H, CH), 3.86 (dd, J = 6.2, 2.0 Hz, 1H, CH), 2.16 (s,
3H, CHa). B®C{*H}-NMR (125 MHz, CDCls): 6 = 170.1 (CO), 136.7 (Cq), 136.2 (Cg), 128.9 (2C,
CH), 128.8 (CH), 128.7 (2C, CH), 128.6 (CH), 127.0 (2C, CH), 125.8 (2C, CH), 75.8 (CH), 63.5
(CH), 57.0 (CH), 21.3 (CHz3). HRMS (ESI): m/z Calcd for C17H1603 + H™ [M + H]* 269.1172; Found
269.11609.

Synthesis of tert-butyldimethyl(phenyl(3-phenyloxiran-2-yl)methoxy)silane (35): To an oven
dried 25 mL round bottom flask was introduced phenyl(3-phenyloxiran-2-yl)methanol (1; 0.072 g,
0.318 mmol) and dissolved in 5 mL of dry DMF. To this imidazole (0.11 g, 1.6 mmol) and tert-
butyldimethylsilyl chloride (0.8 mmol, 0.12 g) was added at 0 °C and stirred for 16 h. After
completion of reaction, the crude mixture was subjected to the column chromatography on silica gel
(petroleum ether/EtOAc: 100/1) to yield isomeric mixture of tert-butyldimethyl(phenyl(3-
phenyloxiran-2-yl)methoxy)silane (35; 0.085 g, 78%) as colorless liquid. Compound 35 is obtained
as mixture of two isomers (50:50 ratio) denoted as 35" and 35™".

'H-NMR (400 MHz, CDCls): ¢ = 7.40-7.39 (m, 2H, Ar—H), 7.34-7.17 (m, 8H, Ar-H), 4.81 (d, J =
3.5 Hz, 0.50H, CH; 35"), 4.60 (d, J = 5.9 Hz, 0.50H, CH; 35"), 4.01 (vd, 0.50H, CH; 35", 3.85 (d, J
= 1.6 Hz, 0.50H, CH; 35"), 3.16 (dd, J = 5.9, 1.9 Hz, 0.50H, CH; 35"), 3.08 (dd, J = 3.5, 1.9 Hz,
0.50H, CH; 35™), 0.94 (s, 4.5H, CH3; 35", 0.15 (s, 1.5H, CHg; 35%), 0.11 (s, 1.5H, CHs; 35™), 0.90
(s, 4.5H, CHg; 35™), 0.02 (s, 1.5H, CHs; 35%), 0.00 (s, 1.5H, CHs; 35™).

BC{'H}-NMR (100 MHz, CDCls) For 35" § = 141.4 (Cg), 137.5 (Cq), 128.6 (2C, CH), 128.5 (2C,
CH), 128.3 (CH), 127.9 (CH), 126.4 (2C, CH), 125.8 (2C, CH), 76.0 (CH), 66.9 (CH), 57.1 (CH),
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26.0 (CH3), 18.5 (Cq), -4.5 (CH3), -4.7 (3C, CHa). For 35" 6 = 141.0 (Cy), 137.0 (Cq), 128.6 (2C,
CH), 128.6 (2C, CH), 128.1 (CH), 127.9 (CH), 126.3 (2C, CH), 125.8 (2C, CH), 73.5 (CH), 66.2
(CH), 55.9 (CH), 26.0 (CH3), 18.5 (Cy), -4.6 (CHs), -4.7 (3C, CHa). HRMS (ESI): m/z Calcd for
Ca1Has02Si + H* [M + H]* 341.1937; Found 341.2631.

3.4.4 Mechanistic Experiments

Procedure for Deuterium Labelling Experiment. A standard catalytic hydrogenation
reaction was performed using CD30D as a solvent. After completion of reaction time, the reaction
mixture was evaporated under vacuo. Purification by column chromatography provided the

hydrogenated product 1 without any deuterium incorporation.

O o Mn-3 (5 mol%) D/Ho
‘ H, K,CO3 (10 mol%) -
(2 bar) CD30D, RT, 16 h
(1a)

(O% D incorporation)

Experiment to Understand Non-innocent Behaviour of Ligand NH. The representative procedure
was followed, using phenyl(3-phenyloxiran-2-yl)methanone (1a; 0.046 g, 0.205 mmol), Mn-3Me
(0.0054 g, 0.010 mmol), K>CO3 (0.0028 g, 0.020 mmol), and the reaction mixture was stirred at r.t
for 16 h. The reaction mixture was analysed by GC that ensured no formation of hydrogenated

product.

Attempted Hydrogenation using Dearomatized Species. The representative procedure was
followed, using phenyl(3-phenyloxiran-2-yl)methanone (1a; 0.046 g, 0.205 mmol), Mn-3’ (0.0043 g,
0.010 mmol) and the reaction mixture was stirred at r.t. for 16 h. Purification by column

chromatography on silica gel (petroleum ether/EtOAc: 1/1) yielded 1 (0.044 g, 95%) as a white solid.

3.4.5 X-ray Structural Data

X-ray intensity data measurement of compounds 30-32 were carried out on a Bruker D8
VENTURE Kappa Duo PHOTON Il CPAD diffractometer equipped with Incoatech multilayer
mirrors optics. The intensity measurements were carried out with Cu and Mo micro-focus sealed
tube diffraction sources (CuKa= 1.54178 A for 31 and 32 and MoKa= 0.71073 A for 30) at 100(2)
K temperature. The X-ray generator was operated at 50 kV and 1.1 A for Cu and 50 kV and 1.4 mA
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for Mo radiations. A preliminary set of cell constants and an orientation matrix were calculated from
two sets of 40 frames for Cu radiation and three sets of 36 frames for Mo radiation. Data were
collected with ® scan width of 0.5° at different settings of ¢ and 26 with a frame time of 20-30 secs
(depending on the diffraction power of the crystals) keeping the sample-to-detector distance fixed at
5.00 cm. The unit-cell measurements, data collection, integration, scaling, and absorption corrections
were performed by using Bruker APEX3 software.*® The diffraction images were integrated by using
Bruker SAINT Programs. The data were corrected for Lorentz-polarization and absorption effects by
using the multi-scan method by using SADABS with the transmission coefficients. Using APEX3
program suite, the structure was solved with the SHELXT 2014/5 (Sheldrick, 2014) structure
solution program,*’ using direct methods. The model was refined with a version of ShelXL-2018/3
(Sheldrick, 2018),* using Least Squares minimization based on F2. All the H-atoms (except —~OH
bound H atoms) were placed in a geometrically idealized positions and constrained to ride on their
parent atoms by using the HFIX command in SHELX-TL. The —OH bound H atoms were located in
the difference Fourier map and refined isotropically. The crystallographic details for all the

compounds are summarized in Table 3.2.
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Crystal Data 30 31 32
Formula C19H3003, C21H3204 C21H3203
CH3OH

M, 338.47 348.46 332.46

Crystal Size, 0.12x0.09x0.07 0.11x0.10x0.08 0.16x0.11x0.05

(mm)

Temp. (K) 100(2) 100(2) 100(2)

Wavelength (A) MoKa: 0.71073 CuKo: 1.54178 CuKa: 1.54178

Crystal Syst. orthorhombic monoclinic monoclinic

Space Group P2:12:12; P2; P2,

a/A 7.4467(2) 7.3919(5) 7.9965(7)

b/A 11.3626(3) 11.4351(8) 11.2314(9)

c/A 21.7245(5) 10.8839(7) 10.0681(8)

al° 90 90 90

AP 90 102.920(2) 93.820(4)
0 90 90 90

VIA3 1838.19(8) 896.69(10) 902.23(13)

Z 4 2 2

Deaic/g cm™® 1.223 1.291 1.224

w/mm? 0.083 0.697 0.625

F(000) 744 380 364

Ab. Correct. multi-scan multi-scan multi-scan

Trmin/ Tmax 0.5697/0.7457 0.6289/0.7536 0.6477/0.7536

2 Gnax 56.6 144.6 149

Total reflns. 29701 15982 40077

Uni. reflns. 4531 3410 3527

Obs. refins. 4398 3388 3183

h, k, I (min, (-9,9), (-9,9), (-9,9),

max) (-9, 0), (-14, 14), (-13, 13),

(-28, 28) (-13, 13) (-12,12)

Rint 0.0345 0.0432 0.0745

Rsig 0.0574 0.0327 0.0315

No. of para. 230 233 224

No. of restraints 0 1 1

R1 [I> 26(1)] 0.0309 0.0299 0.0388

WR2[1> 26(1)] 0.0810 0.0784 0.0855

R1 [all data] 0.0320 0.0301 0.0468

wR?2 [all data] 0.0820 0.0785 0.0909

goodness-of-fit 1.050 1.074 1.119

Apmax, Apmin(€A +0.296, -0.168 +0.234, -0.145 +0.158, -0.173

3

)

CCDC No. 2330236 2330235 2330237
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Figure 3.2. ORTEP of compound 30 showing the atom-numbering scheme. Displacement ellipsoids
are drawn at the 50% probability level and H atoms are shown as small spheres with arbitrary radii.
H-atoms are shown as small spheres with arbitrary radii. The dotted line (cyan) indicate the H-

bonding interactions engaging methanol molecule and hydroxy Oxygen of 30.
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Figure 3.3. ORTEP of compound 31 showing the atom-numbering scheme. Displacement ellipsoids
are drawn at the 50% probability level and H atoms are shown as small spheres with arbitrary radii.

H-atoms are shown as small spheres with arbitrary radii.
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Figure 3.4. ORTEP of compound 32 showing the atom-numbering scheme. Displacement ellipsoids

are drawn at the 30% probability level and H atoms are shown as small spheres with arbitrary radii.

H-atoms are shown as small spheres with arbitrary radii.
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3.4.6 'Hand3C{*H} NMR Spectra of Selected Hydrogenated Compounds
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Chapter 4

Manganese-Catalyzed Chemoselective
Direct Hydrogenation of a-Ketoamides

This chapter has been partly adapted from the publication “Manganese-Catalyzed Chemoselective
Direct Hydrogenation of «,5-Epoxy Ketones and a-Ketoamides at Room Temperature” Shabade, A.

B.; Singh, R. K. Gonnade, R. G.; and Punji, B. Adv. Synth. Catal., 2024,
doi.org/10.1002/adsc.202400267.
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4.1 INTRODUCTION

Chemoselective hydrogenation is one of the key processes in the synthesis of organic
compounds. This method minimizes the requirement of additional steps for synthesizing a particular
moiety by eliminating protection and deprotection reactions in the complete process. Transition
metal-catalyzed hydrogenation has been developed using noble metal catalysts such as rhodium,
ruthenium, palladium, and iridium.! However, the high costs and the lower abundance of these
metals are the major concerns related to the developed protocols. Hence there is a need to develop a
sustainable protocol using base metal catalysts towards chemoselective reduction of various
unsaturated moieties. Recently, iron, cobalt, and manganese have been explored for the
hydrogenation of ketone, imine, and amide.>’ However, it is quite difficult to selectively
hydrogenate carbonyl groups when there are other reducible functionalities present, especially using
base metal catalysts.®® In particular, the chemoselective hydrogenation of a-ketoamides to a-hydroxy
amides are very important reaction. The a-hydroxy amides present in structural backbones in a wide
range of organic compounds are used in different organic transformations. Additionally, they are
essential structural motifs in a variety of drugs and biologically active compounds. (Scheme 4.1a).1%*
15 The chemoselective hydrogenation of a-ketoamides is well developed using silanes, formate, and
DMF as a hydrogen source under either transition metal catalysis, organocatalysis, or metal-free
conditions (Scheme 4.1b).1*2! These protocols are associated with limitations that require high
temperatures and result in the production of stoichiometric waste. Hence the use of molecular
hydrogen an environmentally friendly hydrogen source, under 3d metal-catalyzed hydrogenation is
the current interest of the research community.

Manganese is the third most prevalent element in the crust of the Earth (with a concentration
of 950 mg kg?), which has piqued the interest of scientists.?? Notably, manganese is less toxic
compared to the noble metals. It is commonly found in living organisms and plays crucial roles in
metabolism and antioxidant mechanisms.?*?* Recently, manganese has been well explored towards
independent reduction of polar double bonds. However, the chemoselective hydrogenation of
unsaturated bonds catalyzed by manganese using molecular hydrogen is rare, and previous
approaches have often required high temperatures and hydrogen pressures, presenting a major
drawback (Scheme 4c).2® Unfortunately, the chemoselective hydrogenation of a-ketoamides using
industrially compatible molecular hydrogen and sustainable, cost-effective 3d metal catalysts has not
been precedented. Acknowledging the significance of a-hydroxy amides in organic synthesis, we

introduce an effective method for selectively hydrogenating o-ketoamides to yield valuable «-
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hydroxy amides at room temperature (25°C) using a Mn(l) catalyst and moderate H, pressure
(Scheme 4.1d).

a) Bioactive compounds bearing a-hydroxy epoxide
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Scheme 4.1 a) Bioactive Compounds Containing a-Hydroxy Amides b) Organo-Catalyzed, Metal-
Catalyzed, or Metal-Free Chemoselective Hydrogenation of a-Ketoamides, ¢) Manganese-Catalyzed
Direct Hydrogenation of Ketone, Imine, and Amide, d) Present Work: Mn-Catalyzed

Chemoselective Direct Hydrogenation of a-Ketoamides.

4.2 RESULTS AND DISCUSSION

4.2.1 Optimization of Reaction Conditions

Initially, we started optimization for the chemoselective hydrogenation of a-ketoamide by
using N-benzyl-2-oxo-2-phenylacetamide (1a) as a model substrate. We were interested in
implementing the recently developed manganese catalysts using molecular hydrogen for this process.

Firstly, we screened the manganese catalysts (Mn-1 to Mn-3; Table 1) using 20 bar H. at room
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temperature. Among these catalysts, Mn-3 in combination with catalytic KO'Bu exhibited superior
conversion (Table 4.1, entries 1-3). Hence, we continued further optimization with Mn-3. Reducing
the hydrogen pressure from 20 bar to 2 bar did not affect the overall conversion of 1a (entries 4 and
5). At this stage, we screened other mild bases including KzPOa, K2CO3z, and KOAc, using 2 bar Ha.
Among these bases, K.COs was suitable to achieve a 95% isolated yield of 1 (entries 6-8). A
reduction in the yield of 1 was seen when the hydrogen pressure was lowered from 2 to 1 bar (entry
9). Lowering the catalyst concentration from 5 mol% to 3 mol% resulted in lower yield of 1 (entry
10). The reaction using other alcoholic solvents including ethanol and isopropanol resulted in only
55% and 39% of 1 respectively (entries 11, 12). However, the reaction did not proceed under non-
alcoholic solvents, such as 1,4-dioxane or 2MeTHF as a solvent (entry 13). The in-situ method using
the equimolar ratio of 5 mol% Mn(CO)sBr and L3 was not an optimal condition, resulting in only
62% of 1 (entry 14). Again, at this stage, the Mn-1 and Mn-2 were compared, which showed inferior
yield for 1 than that observed with Mn-3 (entries 15, 16). Other controlled reactions suggested the
necessity of 5 mol% of Mn-3, and 10 mol% K>COg, in 1.0 mL MeOH, using 2 bar H> at room
temperature for 16 h reaction time as an optimal condition (Entries 12-18).

Table 4.1 Optimization of Reaction Conditions. 2

O H [Mn] (5 mol%)
©)J\H/N base (10 mol%) ©)\H/
H, (bar)
© MeOH

(1a) t, 16 h

Entry [Mn] Base H. (bar) Yields ®
1 Mn-1 KO'BU 20 82 (79)
2 Mn-2 KO'Bu 20 95 (93)
3 Mn-3 KO'Bu 20 98 (95)
4 Mn-3 KO'Bu 5 98

5 Mn-3 KO'Bu 2 98

6 Mn-3 K3PO4 2 97

7 Mn-3 K2COs 2 97 (95)
8 Mn-3 KOACc 2 19

9 Mn-3 K2COs3 1 24

10 Mn-3 (3mol%)  KoCOs 2 92 (88)
11°¢ Mn-3 K2COs3 2 55

129 Mn-3 K2COs3 2 39
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13¢ Mn-3 K2COs3 2 --
14 Mn(CO).Br + L3 K2CO3 2 62
15 Mn-1 K2COs3 2 04
16 Mn-2 K2COs3 2 62
17 Mn(CO).Br K2CO3 2 --
18 KzCOg 2
thP\M /N3 'PrZP\M /N3 tBuzP\M /N t
oc” | e oc’ | e oc” | e BUZP
co co co
(Mn-1) (Mn-2) (Mn-3) L3

@ Reaction Conditions: 1a (0.048 g, 0.20 mmol), base (0.02 mmol), [Mn] catalyst (0.01 mmol, 5
mol%), solvent (1.0 mL). ®*H-NMR yield using CHBr; as standard. Isolated yields are given in
parentheses. ¢ Using EtOH as solvent. ¢ Using 'PrOH as solvent. ¢ Using 1,4-dioxane or 2MeTHF
as solvent. All three manganese complexes contain a mixture of two geometrical isomers. RT =

room temperature (~ 25 °C).

4.2.2 Substrate Scope for Substituted a-Ketoamides

Next, we explored the generality and limitations of chemoselective hydrogenation of N-
substituted a-ketoamides using optimized reaction conditions (Scheme 4.2). Notably, we have used a
mixture of methanol and dichloromethane (MeOH:CH2Cl, in 4:1) to address the solubility issue of
other derivatives of a-ketoamides. The a-ketoamides containing electronically distinct substituents on
the amide nitrogen including alkyl and aryl substitution were tested under standard reaction
conditions. The a-ketoamide derived from substituted benzylamines resulted in the formation of 2
and 3 in 59% and 91% respectively. These examples show the susceptibility of alcoholic OH and
heteroaromatic moieties, under standard conditions. In addition to alkylamines, ketoamides derived
from aromatic amines were suitable for hydrogenation using our protocol (4 and 5). The sensitive
substitutions like halo groups remained untouched to give corresponding a-hydroxy amides in good
yields (6-9). This method was very selective for the C=0 bond reduction of a-ketoamide without
affecting reducible functional groups including acetyl and azobenzene remained unaffected (10 and
11). These examples highlight the importance of the current protocol for the chemoselective
hydrogenation of a-ketoamides to a-hydroxy amides. Highly coordinative groups such as thiomethyl,
trifluoromethoxy, and N-heterocyclic moieties, which could potentially poison the catalyst, are

suitable for this transformation (13-17). Unfortunately, tertiary ketoamides were not suitable under
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the optimized conditions due to the competitive esterification of the amide group in methanol (18a
and 19a).

0 Mn-3 (5 mol%) OH
H K,CO3(10 mol%) H
“R Hy (2 bar) “R
o] MeOH:CH,Cl, (4:1) o]
rt, 16 h
SUOIN v )0
|
N N,, N ~ N
o] o]
0 OH °
(1) 95%°2 (2) 59% (3)91% (4) 93%
OH H OH H OH H
N N N
o) o] o]
F cl Br
5) 75% (6) 91% (7) 95% (8) 98%
OH H
Y’ Q -y’ f A L
9) 93% (10) 81% (11) 77% (12) 51%
OH
H OH H . OH H
T U, @ SO ILe G
o]
OCF3 (@] = (6] =
(13) 64% (14) 88% (15) 93% (16) 99%

r- Failed Substrates ----------=--=--------s-osooooooooos

% l OH Ph |
4 H & 5 N OH H
"y e L N
' (@] //N\
o ' N Ph

(17) 87% (18a) (19a)

Scheme 4.2 Scope for Chemoselective Hydrogenation of Substituted a-Ketoamides. Conditions: a-
ketoamide (0.20 mmol), Hz (2 bar), Mn-3 (0.005 g, 0.01 mmol), K.COj3 (0.0028 g, 0.02 mmol) using
1 mL of MeOH:CH2Cl, (4:1). Due to the solubility problem of substrates in MeOH, a mixture of

MeOH and CH.Cl, was used. * MeOH was used as a solvent. Yields are of isolated compounds.
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4.2.3 Mechanistic Aspects

To get into mechanistic insight we performed different controlled experiments. The attempted
hydrogenation using the Mn-3¢ complex did not yield the expected product (Scheme 4.3a).
Additionally, the hydrogenation of 1a using the dearomatized complex Mn-3" as a catalyst resulted in
94% of 1. These two experiments suggest there is the necessity of NH group in the ligand backbone
and this reaction is proceeding via the metal-ligand cooperation pathway for H. activation. Further to
know the hydrogen source of the reaction, we performed a standard reaction using CD3OD as
methanol is the solvent. However, we did not observe any deuterium incorporation in product 1 (not
even at hydroxy). To verify the role of MeOH, we performed reactions using aprotic solvents,
including 2MeTHF and dioxane, where la remained unreacted. This suggests, that although no
deuterium incorporation was detected at oxygen (which might be due to the proton exchange)

probably methanol provides proton for this reaction and molecular hydrogen serves hydride.

a) Elucidating the role of NH: b) Reaction with complex Mn-3":
Jol 9!
Me‘N N7 TN N 'I‘ N§
'Bu,POC- |v! _N= ’BuzP—Mn/N
HO H oc | \ Br (0] H
ph)\ﬂ/N\/Ph ‘Mn-3'v'e (5 mol%) Ph)kﬂ/N\/Ph Mn-3' (5 mol%) Ph)\ﬂ/ ~Ph
(0] Standard Cond. O] Standard Cond.
(1) No Reaction (1a) w/o K,COj 94%

¢) Hydrogenation using CD30D:
Mn-3 (5 mol%)

0
H K,CO3 (10 mol%)
N_ _Ph 23 o) NP

H, (2 bar), CD;0D

o)
(1a) rt., 16 h noD

incorporation (1):8

9%
d) Hydrogenation using aprotic solvent:
o Mn-3 (5 mol%) HO H
H
K5,CO3 (10 mol%) N Ph
Ph)J\H/N\/F’h > p ~
o H, (2 bar), rt/16 h
2MeTHF or dioxane
No Reaction M

\
=

(1a)

Scheme 4.3 Mechanistic Experiments.

4.2.4 Plausible Catalytic Cycle
For chemoselective hydrogenation of ketoamides under manganese catalysis, we propose a

plausible catalytic cycle based on previous literature (Figure 4.1). The cycle starts from the reaction
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of KoCOs with precatalyst Mn-3 to form the dearomatized active intermediate Mn-3'. This active
intermediate upon H> activation (via B) results in the formation of manganese hydride species C.
Then the hydride would be transferred to the carbonyl group of 1a to form alkoxy intermediate D.
Followed by the protonation with methanol, the final product will be delivered along with the
formation of methoxy manganese intermediate E, which upon deprotonation of NH group in the
ligand by methoxy group regenerates the active intermediate Mn-3'.

|
Mn KBr + tBu2F>\|
H OH SN\ KHCO;4
N._Ph OC_ €O oc co (B
(E) K,COs \
0
Ph B
1 < N/
MeOH

| I/ /" Ph Bugp—_ [/ N
HN T NN g
Bup—_ /T N= A/{OC co (¢
oc co ?
N._Ph

Figure 4.1 The catalytic cycle of Mn(l) catalyzed direct hydrogenation of ketoamides.

4.3 CONCLUSION

In this chapter, we have developed a streamlined and chemoselective process for
hydrogenating a-ketoamides to produce a-hydroxy amides with excellent selectivity. This method
utilizes an affordable manganese catalyst and an environmentally friendly source of hydrogen,
improving efficiency and sustainability. This method represents a greener process for the synthesis of

valuable a-hydroxy amides which offers advantages over conventional approaches hazardous
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hydrogen sources, and harsh conditions. Various substituted o-ketoamides were successfully
converted to a-hydroxy amides with the retention of crucial and delicate functionalities essential for
synthesis. These functionalities include halides, hydroxy, alkoxy, thiomethyl, acetyl, and azo groups.
Initial mechanistic findings suggest this reaction proceeds via the H» activation by metal-ligand

cooperation and protonation by MeOH.

4.4 EXPERIMENTAL SECTION

All the manipulations were conducted under an argon atmosphere either in a glove box or
using standard Schlenk techniques in pre-dried glassware. The catalytic reactions were performed in
oven-dried glass vials with magnetic bars by placing them in the pressure reactor. Solvents were
dried over Na/benzophenone or Mg and distilled prior to use. Liquid reagents were flushed with
argon prior to use. All other chemicals were obtained from commercial sources and were used
without further purification. High-resolution mass spectrometry (HRMS) mass spectra were recorded
on a Thermo Scientific Q-Exactive, Accela 1250 pump. NMR (*H and *3C) spectra were recorded at
400 or 500 MHz (*H), 100 or 125 MHz {*3C, DEPT (distortionless enhancement by polarization
transfer)}, 377 MHz (*°F), respectively in CDCls solutions, if not otherwise specified; chemical shifts
(6) are given in ppm. The *H and *C{*H} NMR spectra are referenced to residual solvent signals
(CDClz: 6 H=7.26 ppm, 6 C = 77.2 ppm; methanol-ds: 6 H = 3.34 ppm, 6 C = 49.5 ppm).

4.4.1 Representative Procedure for Catalytic Hydrogenation and Characterization Data

OH \/@
N

Y

N-Benzyl-2-hydroxy-2-phenylacetamide (1): To a dry vial with a magnetic bar was introduced Mn-
3 (0.005 g, 0.010 mmol), K2CO3 (0.0028 g, 0.0202 mmol), and N-benzyl-2-oxo-2-phenylacetamide
(1a; 0.048 g, 0.201 mmol), inside the glove box. The reaction vial was transferred to an autoclave
under an argon atmosphere. Then, MeOH (1.0 mL) was added and the autoclave was pressurized
with Hy (2 bar) and vented three times. Finally, the autoclave was pressurized with 2 bar H, and
stirred (700 rpm) at room temperature (~ 25 °C) for 16 h. The reaction mixture was then concentrated
and subjected to column chromatography on silica gel (petroleum ether/EtOAc: 2/1) to yield 1 (0.046
g, 95%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 7.40-7.26 (m, 8H, Ar—H), 7.22-7.11 (m,
2H, Ar-H), 5.05 (s, 1H, CH), 4.44-4.41 (m, 2H, CHy), 3.73 (br s, 1H, OH). BC{*H}-NMR (100
MHz, CDCls) ¢ = 172.6 (CO), 139.6 (Cq), 137.7 (Cy), 128.7 (2C, CH), 128.5 (2C, CH), 127.6 (2C,
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CH), 126.8 (2C, CH), 127.9 (CH), 127.6 (CH), 74.1 (CH), 43.3 (CHy>).

HO OH

Y'Y

2-Hydroxy-N-((S)-2-hydroxy-1-phenylethyl)-2-phenylacetamide (2): The representative procedure
was followed, using substrate 2a (0.054 g, 0.201 mmol), 1.0 mL of MeOH:CH.Cl, (4:1) and the
reaction mixture was stirred at 50 °C for 16 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAc: 2/1) yielded 2 (0.032 g, 59%) as a colorless liquid. Compound 2 is obtained
as a mixture of two isomers (57:45 ratio) denoted as 2' and 2"'. *H-NMR (400 MHz, CD30D): 6 =
7.46-7.31 (m, 10H, Ar—H), 5.36 (s, 1H, CH; 2"), 5.36 (s, 1H, CH; 2), 4.69-4.57 (m, 2H, CH,), 4.44-
4.36 (m, 1H, CH). *C{*H}-NMR (100 MHz, CD30D) For 2': § = 174.1 (CO), 140.7 (Cq), 135.4
(Cg), 131.5 (CH), 131.2 (2C, CH), 130.5 (2C, CH), 130.4 (CH), 129.3 (2C, CH), 128.7 (2C, CH),
75.2 (CH), 67.0 (CH2), 55.9 (CH). For 2'": § = 174.3 (CO), 140.8 (Cy), 135.5 (Cy), 131.6 (CH), 131.3
(2C, CH), 130.5 (2C, CH), 130.5 (CH), 129.3 (2C, CH), 128.9 (2C, CH), 75.2 (CH), 67.1 (CH>), 55.8
(CH).

2-Hydroxy-2-phenyl-N-(pyridin-2-ylmethyl)acetamide (3): The representative procedure was
followed, using substrate 3a (0.049 g, 0.204 mmol), 1.0 mL of MeOH:CHCl; (4:1) and the reaction
mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAcC: 2/1) yielded 3 (0.045 g, 91%) as a yellow solid. *H-NMR (400 MHz, DMSO-dg): § =
7.50 (d, J = 6.9 Hz, 2H, Ar-H), 7.38-7.35 (m, 2H, Ar-H), 7.32-7.24 (m, 5H, Ar-H), 5.10 (s, 1H,
CH), 4.44 (s, 2H, CH>). BC{*H}-NMR (100 MHz, DMSO-ds) 6 = 176.4 (CO), 142.6 (C,), 140.8
(Cy), 130.3 (2C, CH), 130.2 (2C, CH), 129.9 (CH), 129.2 (CH), 129.0 (CH), 128.8 (CH), 128.8 (CH),
76.4 (CH), 44.5 (CHy).

HO |
N

OO

2-Hydroxy-N,2-diphenylacetamide (4): The representative procedure was followed, using substrate

4a (0.046 g, 0.204 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction mixture was stirred at r.t.
for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAc: 5/1) yielded
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4 (0.043 g, 93%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 8.75 (br s, 0.33H, NH), 7.52 (d, J
= 8.1 Hz, 2H, Ar-H), 7.46 (d, J = 7.0 Hz, 2H, Ar—H), 7.36-7.27 (m, 5H, Ar-H), 7.10 (t, J = 7.4 Hz,
1H, Ar-H), 5.10 (s, 1H, CH). *C{*H}-NMR (100 MHz, CDCls) § = 171.0 (CO), 139.5 (C,), 137.2
(Cy), 129.1 (2C, CH), 128.8 (2C, CH), 128.6 (CH), 126.8 (2C, CH), 124.7 (CH), 119.9 (2C, CH),
74.5 (CH).

OH Me

sapel

Me
2-Hydroxy-N-mesityl-2-phenylacetamide (5): The representative procedure was followed, using

substrate 5a (0.054 g, 0.202 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction mixture was
stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum ether/EtOAC:
5/1) yielded 5 (0.041 g, 75%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 7.48 (dd, J = 8.0, 1.0
Hz, 2 H), 7.42-7.34 (m, 3 H), 6.82 (s, 2H), 5.12 (s, 1 H), 2.22 (s, 3 H), 2.0 (s, 6 H). *C{*H}-NMR
(100 MHz, CDCl3) 6 = 171.1 (CO), 139.6 (Cq), 137.3 (Cy), 135.1 (Cy), 130.3 (2C, CH), 129.0 (2C,
CH), 128.9 (CH), 128.8 (Cy), 126.8 (2C, CH), 74.4 (CH), 21.0 (CH3), 18.1 (CHa).

N-(4-Fluorophenyl)-2-hydroxy-2-phenylacetamide (6): The representative procedure was
followed, using substrate 6a (0.049 g, 0.202 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction
mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 1/1) yielded 6 (0.045 g, 91%) as a white solid. *H-NMR (400 MHz, CDCls): ¢ = 7.45-
7.55 (m, 4H), 7.44-7.33 (m, 3H), 7.01 (t, J = 8.6 Hz, 2H), 5.20 (s, 1H). ¥C{*H}-NMR (100 MHz,
CDCl3): 6 = 169.8 (CO), 159.6 (d, YJcr = 243.0 Hz, Cg), 138.9 (Cy), 133.1 (Cq), 129.04 (2C, CH),
129.0 (CH), 126.8 (2C, CH), 121.6 (d, %Jc_r = 8.0 Hz, 2C, CH), 115.7 (d, 2Jc_r = 22.0 Hz, 2C, CH),
74.7 (CH).

HO

YL

N-(4-Chlorophenyl)-2-hydroxy-2-phenylacetamide (7): The representative procedure was
followed, using substrate 7a (0.052 g, 0.200 mmol), 1.0 mL of MeOH:CHClI> (4:1) and the reaction

mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
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ether/EtOAC: 2/1) yielded 7 (0.050 g, 95%) as a white solid. *H-NMR (400 MHz, CD3OD): ¢ = 10.82
(br s, 1H, NH), 8.37 (d, J = 8.9 Hz, 2H, Ar-H), 8.26 (d, J = 7.1 Hz, 2H, Ar-H), 8.17-8.08 (m, 5H,
Ar-H), 5.91 (s, 1H, CH). ®C{*H}-NMR (100 MHz, CD30D): ¢ = 183.3 (CO), 151.3 (Cy), 147.9
(Cy), 140.1 (2C, CH), 139.9 (2C, CH), 139.6 (CH), 139.5 (Cy), 137.9 (2C, CH), 133.2 (2C, CH), 85.2
(CH).

HO

satel

N-(4-Bromophenyl)-2-hydroxy-2-phenylacetamide (8): The representative procedure was
followed, using substrate 8a (0.061 g, 0.201 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction
mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 2/1) yielded 8 (0.060 g, 98%) as a white solid. *H-NMR (500 MHz, CDCls): ¢ = 8.83
(br s, NH), 7.44-7.41 (m, 4H, Ar—H), 7.38-7.25 (m, 5H, Ar-H), 5.39 (br s, OH), 5.09 (s, 1H, CH).
BC{'H}-NMR (125 MHz, CDCl) 6 = 171.1 (CO), 139.4 (Cq), 136.4 (Cy), 132.1 (2C, CH), 128.8
(2C, CH), 128.6 (CH), 126.8 (2C, CH), 121.4 (2C, CH), 117.2 (Cy), 74.4 (CH).

r

2-Hydroxy-N-(4-iodophenyl)-2-phenylacetamide (9): The representative procedure was followed,
using substrate 9a (0.071 g, 0.202 mmol), 1.0 mL of MeOH:CHClI, (4:1) and the reaction mixture
was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAc: 2/1) yielded 9 (0.066 g, 93%) as a white solid. *H-NMR (400 MHz, CDCls): ¢ = 7.62
(d, J = 8.8 Hz, 2H, Ar-H), 7.48-7.47 (m, 2H, Ar-H), 7.42-7.37 (m, 3H, Ar-H), 7.33 (d, J = 8.8 Hz,
2H, Ar-H), 5.20 (s, 1H, CH). BC{*H}-NMR (100 MHz, CDCls) § = 170.0 (CO), 138.9 (Cy), 138.2
(2C, CH), 137.1 (Cy), 129.3 (2C, CH), 129.0 (CH), 127.0 (2C, CH), 127.8 (2C, CH), 77.4 (Cy), 75.0
(CH).

N-(4-Acetylphenyl)-2-hydroxy-2-phenylacetamide (10): The representative procedure was
followed, using substrate 10a (0.054 g, 0.202 mmol), 1.0 mL of MeOH:CH2Cl; (4:1) and the reaction

mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum

Ph.D. Thesis: Shabade Anand Basavraj 161



Chapter-4

ether/EtOAc: 10/1) yielded 10 (0.044 g, 81%) as a white solid. *H-NMR (400 MHz, CD3OD): 6 =
8.01-7.97 (m, 2H, Ar—H), 7.82-7.79 (m, 2H, Ar—H), 7.58-7.56 (m, 2H, Ar-H), 7.42-7.37 (m, 2H, Ar—
H), 7.36-7.32 (m, 1H, Ar-H), 5.21 (s, 1H, CH), 2.59 (s, 3H, CHs). ¥ C{*H}-NMR (100 MHz,
CD30D) § = 200.3 (CO), 174.9 (CO), 144.8 (Cg), 142.2 (Cg), 135.0 (Cg), 131.5 (2C, CH), 130.4 (2C,
CH), 130.1 (CH), 128.8 (2C, CH), 121.5 (2C, CH), 76.7 (CH), 27.3 (CH3). HRMS (ESI): m/z Calcd
for C16H1sNO3z + H* [M + H]* 270.1125; Found 270.1120.

HO
WN
Ry

(E)-2-Hydroxy-2-phenyl-N-(4-(phenyldiazenyl)phenyl)acetamide ~ (11): The representative
procedure was followed, using substrate 11a (0.066 g, 0.200 mmol), 1.0 mL of MeOH:CHxCl, (4:1)
and the reaction mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica
gel (petroleum ether/acetone: 30/1) yielded 11 (0.051 g, 77%) as an orange solid. *H-NMR (400
MHz, CD30D): 6 = 9.65 (br s, 1H, NH), 7.86 (m, 5H, Ar-H), 7.65-7.29 (m, 9H, Ar-H), 5.20 (s, 1H,
CH). BC{*H}-NMR (100 MHz, CDs;0D) ¢ = 181.6 (CO), 162.5 (Cg), 158.6 (Cg), 150.9 (Cg), 150.3
(Cy), 140.8 (CH), 139.1 (2C, CH), 138.4 (2C, CH), 138.0 (CH), 136.8 (2C, CH), 133.8 (2C, CH),
132.6 (2C, CH), 129.9 (2C, CH), 83.3 (CH).

2-Hydroxy-N-(4-(methylthio)phenyl)-2-phenylacetamide (12): The representative procedure was
followed, using substrate 12a (0.055 g, 0.203 mmol), 1.0 mL of MeOH:CH2Cl; (4:1) and the reaction
mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAcC: 2/1) yielded 12 (0.028 g, 51%) as a white solid. *H-NMR (400 MHz, CDCls): 6 = 7.12-
7.08 (m, 4H, Ar—H), 6.99-6.90 (m, 3H, Ar-H), 6.83 (d, J = 8.8 Hz, 2H, Ar—H), 4.75 (s, 1H, CH), 2.06
(s, 3H, CHg). BC{*H}-NMR (100 MHz, CDCl3) § = 171.1 (CO), 139.6 (Cq), 134.9 (Cq), 133.9 (Cy),
128.7 (2C, CH), 128.5 (CH), 128.0 (2C, CH), 126.8 (2C, CH), 120.5 (2C, CH), 74.4 (CH), 16.6
(CHs3).

HO

H
©)\H/N
UL
OCF;
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procedure was followed, using substrate 13a (0.062 g, 0.201 mmol), 1.0 mL of MeOH:CH:Cl, (4:1)
and the reaction mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica
gel (petroleum ether/EtOAc: 1/1) yielded 13 (0.040 g, 64%) as a white solid. *H-NMR (500 MHz,
CDCl): ¢ = 7.59-7.55 (m, 2H, Ar—H), 7.45 (d, J = 8.4 Hz, 2H, Ar—H), 7.35-7.26 (m, 3H, Ar-H), 7.12
(d, J = 8.5 Hz, 2H, Ar-H), 5.12 (s, 1H, CH). ®C{*H}-NMR (125 MHz, CDCl3) § = 171.2 (CO),
145.5 (Cg), 139.4 (Cy), 136.1 (Cy), 128.8 (2C, CH), 128.6 (CH), 126.7 (2C, CH), 123.0 (q, Yc r =
270.1 Hz, Cy), 121.8 (2C, CH), 121.0 (2C, CH), 74.4 (CH).

2-Hydroxy-2-phenyl-N-(3-(trifluoromethyl)phenyl)acetamide (14): The representative procedure
was followed, using substrate 14a (0.059 g, 0.201 mmol), 1.0 mL of MeOH:CH.Cl, (4:1) and the
reaction mixture was stirred at r.t. for 16 h. Purification by column chromatography on silica gel
(petroleum ether/EtOAC: 5/1) yielded 14 (0.052 g, 88%) as a white solid. *H-NMR (400 MHz,
CDCl): 6 = 6.22 (s, 1H, Ar-H), 6.06 (d, J = 7.6 Hz, 1H, Ar-H), 5.84-5.87 (m, 7H, Ar-H), 5.75 (s,
1H, CH). BC{*H}-NMR (100 MHz, CDCls) 6 = 171.8 (CO), 139.4 (Cg), 138.0 (Cy), 131.3 (d, 2Jc ¢ =
32.8 Hz Cy), 129.5 (CH), 128.6 (2C, CH), 128.4 (CH), 126.6 (2C, CH), 123.9 (q, YJc_r = 272.4 Hz,
CFs), 122.9 (CH), 121.0 (d, Jcr = 3.8 Hz, CH), 116.6 (q, *Jc_F = 3.8 Hz, CH), 74.3 (CH). HRMS
(ESI): m/z Calcd for C15H12F3NO2 + H* [M + H]" 296.0893; Found 296.0886.

HO - .
2-Hydroxy-2-phenyl-N-(pyridin-2-yl)acetamide (15): The representative procedure was followed,
using substrate 15a (0.046 g, 0.203 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction mixture
was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (CH2Cl,/MeOH:
50/1) yielded 15 (0.044 g, 93%) as a white solid. *H-NMR (400 MHz, CDsOD): ¢ = 8.32-8.31 (m,
1H, Ar-H), 8.14 (d, J = 8.3 Hz, 1H, Ar-H), 7.80 (t, J = 7.8 Hz, 1H, Ar-H), 7.55 (d, J = 7.8 Hz, 2H,
Ar-H), 7.41-7.32 (m, 3H, Ar-H), 7.17-7.14 (m, 1H, Ar-H), 5.22 (s, 1H, CH). BC{*H}-NMR (100
MHz, CD30D) ¢ = 174.6 (CO), 153.0 (Cg), 149.9 (CH), 142.1 (Cy), 140.8 (CH), 130.4 (2C, CH),
130.2 (CH), 128.7 (2C, CH), 122.3 (CH), 116.1 (CH), 76.4 (CH).
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2-Hydroxy-2-phenyl-N-(pyridin-3-yl)acetamide (16): The representative procedure was followed,
using substrate 16a (0.046 g, 0.203 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction mixture
was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (CH2Cl,/MeOH:
100/1) yielded 16 (0.046 g, 99%) as a white solid. *H-NMR (500 MHz, DMSO-ds): J = 8.82 (m, 1H,
Ar-H), 8.28 (m, 1H, Ar-H), 8.17-8.14 (m, 1H, Ar-H), 7.58-7.56 (m, 2H, Ar-H), 7.41-7.37 (m, 3H,
Ar-H), 7.35-7.30 (m, 1H, Ar-H), 5.23 (s, 1H, CH). ®C{*H}-NMR (125 MHz, DMSO-ds) 6 = 175.2
(CO), 146.4 (CH), 143.3 (CH), 142.1 (Cg), 137.5 (Cq), 130.5 (CH), 130.4 (2C, CH), 130.1 (CH),
128.7 (2C, CH), 126.1 (CH), 76.6 (CH). HRMS (ESI): m/z Calcd for Ci3H120:Nz + H* [M + H]*
229.0972; Found 229.0969.

HO N~ |

H
N
Y

2-Hydroxy-2-phenyl-N-(quinolin-8-yl)acetamide (17): The representative procedure was followed,
using substrate 17a (0.055 g, 0.203 mmol), 1.0 mL of MeOH:CHCl, (4:1) and the reaction mixture
was stirred at r.t. for 16 h. Purification by column chromatography on silica gel (petroleum
ether/EtOAcC: 2/1) yielded 17 (0.049 g, 87%) as a white solid. *H-NMR (500 MHz, CDCls): 6 = 10.41
(br's, 1H, NH), 8.54-8.45 (m, 2H, Ar-H), 7.89-7.87 (m, 1H, Ar-H), 7.35 (d, J = 7.4 Hz, 2H, Ar-H),
7.28-7.23 (m, 2H, Ar-H), 7.19-7.13 (m, 3H, Ar-H), 7.11-7.02 (m, 1H, Ar-H), 5.11 (s, 1H, CH), 3.89
(br s, 1H, OH). BC{*H}-NMR (125 MHz, CDCls) 6§ = 170.8 (CO), 148.7 (CH), 139.5 (C), 138.8
(Cy), 136.4 (CH), 133.9 (Cy), 129.0 (2C, CH), 128.8 (CH), 128.1 (Cy), 127.4 (CH), 127.0 (2C, CH),
122.3 (CH), 121.8 (CH), 116.9 (CH), 75.2 (CH). HRMS (ESI): m/z Calcd for C17H1aN202 + H* [M +
H]* 279.1128; Found 279.1125.
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4.4.2 'Hand B¥C{*H} NMR Spectra of Selected Hydrogenated Compounds
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Copper-Catalyzed Regioselective
C(2)-H Bond Arylation of Indoles and
Related (Hetero)arenes
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5.1 INTRODUCTION

Regioselective direct C—H arylation of heteroarenes, particularly indoles and other alkaloids,
stands as significant considering the ubiquitous nature of arylated-heteroarenes in
pharmaceuticals and biologically relevant compounds.l> Amongst the diverse regio-specific C—H
functionalizations of indoles,®® the selective C(2)-H arylation is predominantly explored because of
the unique importance of C-2 arylated indole and derivatives.®® Notably, this selective
transformation has been studied well with precious transition metal-based catalysts like ruthenium,®
12 rhodium, > and palladium (Scheme 5.1a).152¢ However, excessive dependency on these metals
for various coupling reactions, and low availability ofthem in the earth-crust, forces researchers to
look for alternate transition-metal catalysts.?’?° In that direction, Song® and Ackermann3!32
independently manifested the earth-abundant cobalt for the arylation of indoles employing diverse
aryl coupling partners (Scheme 5.1b). Recently, indole’s C2 arylation via the assistance of a
monodentate directing group has been discovered under nickel catalysis (Scheme 5.1c).%33
Although these approaches exhibited the capability of 3d metals in the challenging C—H arylation,
there is a tremendous scope for the development of such methodology using less-toxicand low-cost
metal catalysts under simplified conditions; avoiding the use of expensive ligands and organic
solvents.®>%7 This might allow the methodologies to be implemented in large-scale industrial
synthesis of probable biologically active intermediates. Furthermore, solvent-free and ligand-free
approaches would reduce the generation of hazardous waste that arises from the usage of solvents,

and thus, would be economically beneficial.*®

a) using 4d metal catalyst:

%\H + X-Ar [Rul, [Rh, [Pd]> %
Ar

l}l many reports N

|
DG DG

DG = directing group
ArX = (Psuedo)halide or organometallic coupling partner

(OH),B—Ar
Q. omem_en . Oy
: \

oxidant or base

X—Ar Ar

DG DG

¢) using nickel catalyst:
[Ni]
%\H + CI/Br/l—Ar %\
l}l base N 'Ar
2- |
Py 2-py

Ph.D. Thesis: Shabade Anand Basavraj 173



Chapter-5

d) using copper catalyst:
(i) with aryl iodonium salts
H
Q—ﬁ\ [Ar—I—A¥* OTf - Q_\
H Cu(OTf),/dtbpy

N
|

Ac

C2/C3 m/xture

(i) ligand-free and solvent-free approach (this work)

//‘—” N I—Ar /F—’:\\
(\\bm\ > (K,M\
l}l H CuCl/ base l}l Ar
2-py No Ligand 2-py

Neat Condition
selective C2 product

33 examples, up to 91% yield
Scheme 5.1 Approaches on C(2)-H Arylation of Indoles.

Copper stands as one of the most plentiful metals with low cost with great potential as a
catalyst for the coupling reaction. In the last two decades, theeconomically viable copper metal led to
significant progress in the development of efficient methods for carbon-carbon, carbon-nitrogen, and
carbon-oxygen bond-forming reactions.®>*** However, this earth-abundant metal seems to be
underutilized for efficient C—H bond functionalizations. Recent reports on Cu-catalyzed C-H
arylations demonstrate the ability of copper in such challenging transformations.*>? Though there
has been some progress in the copper-catalyzed C-3 as well as other arylation of indoles,>*%° a
single report demonstrated by Gaunt for the C-2 arylation using activated diaryliodonium salt,
[TRIP-1-Ar]OTf, however, with poor regioselectivity (Scheme 5.1d (i); TRIP = 2,4,6-tri-
isopropylphenyl).>® Moreover, the activated diaryliodonium salts employed for the coupling are
generally prepared from corresponding aryl iodides, thus, enforcing an additional step for the desired
arylation. We assumed that the use of aryl iodides for the arylation of indole heteroarenes employing
a low-cost and abundant copper catalyst would be highly beneficial for modern chemical
synthesis (Scheme 5.1d (ii)). With this hypothesis, herein, we optimized and developed a copper-
catalyzed method for indole’s C-2 arylation under ligand-free and solvent-free conditions.
Additionally, preliminary mechanistic investigation, including external additive experiments,
deuterium labeling, and electronic effect studies, has been performed that outlined a single-electron

transfer path for the transformation.
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5.2 RESULTS AND DISCUSSION

5.2.1 Optimization of Reaction Conditions

We have started the process of screening reaction parameters using the CuCl/dppf catalyst
combination for the arylation of 1la with 2a as a model reactant (Table 5.1). The employment of
relatively mild inorganic bases was unsuccessful in providing the arylated product, though the
existence of LiO'Bu and NaO'Bu resulted in the formation of coupled indole (3aa) in 32% and 13%,
respectively, in 1,4-dioxane at 120 °C (entries 1 and 2). Notably, the arylation led to quantitative
conversion (98%) in the presence of LiN(SiMe;), [LIHMDS], which could be partly due to the high
solubility of LIHMDS in 1,4-dioxane (entry 4). Surprisingly, the reaction also proceeded in
quantitative conversion and afforded 91% of 3aa by employing only CuCl metal precursor (99.99%
pure) in the absence of dppf ligand (entry 5). The use of other copper(l) precursors, such as CuBr,
Cul and Cu(OAc) as well as Cu(ll) salts like CuCl, CuBr,, Cu(OACc), as catalysts produced 3aa in
75-96% GC yields (entries 6-11). Even without a solvent, the arylation proceeded without difficulty,
yielding arylation product 3aa in a 91% isolated yield (entry12). Even with 1.3 equiv of LIHMDS,
the reaction produced a comparable product yield with neat reaction parameters (entry 14).
Furthermore, the 2-pyridinyl group on N-atom of indole is necessary, as it coordinates (directly) to
copper, and brings the indole’s C(2)—H bond in the proximity of copper for selective activation. The
use of 4-bromotoluene aselectrophile led to trace formation of 3aa, whereas 4- chlorotoluene could
not couple with indole 1a. The reaction failed to proceed in the absence of CuCl, indicating the role
of copper as catalyst (entry 22). The arylation reaction at 100 °C or lower temperature showed
incomplete conversion, thus, we have performed further arylations employing CuCl catalyst and aryl

iodide electrophiles at 120 °C under neat conditions.
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Table 5.1 Optimization of Reaction Parameters.?

[Cu] (5.0 mol %)

H

N\ ligand (5.0 mol %
H + | CH;

N base, solvent

W

H
N
7

120 °C, 16 h
& \
(1a) ‘= (2a) =
Entry [Cu] Ligand Base Solvent Yield of
3aa (%)°
1 CuCl dppf LiO'Bu 1,4-dioxane 32
2 CuCl dppf NaO'Bu 1,4-dioxane 13
3 CuCl dppf Na,CO3 1,4-dioxane --
4 CuCl dppf LiIHMDS 1,4-dioxane 98 (90)
5 CuCl -- LiIHMDS 1,4-dioxane 99 (91)
6 CuBr -- LiIHMDS 1,4-dioxane 75
7 Cul -- LiHMDS 1,4-dioxane 87
8 Cu(OAc) -- LiIHMDS 1,4-dioxane 94
9 CuCl -- LIHMDS 1,4-dioxane 96
10 CuBr: -- LIHMDS 1,4-dioxane 93
11 Cu(OAcC)2 -- LIHMDS 1,4-dioxane 91
12 CuCl -- LiIHMDS toluene 26
13 CuCl - LiIHMDS -- 99 (91)
14° CuCl - LiIHMDS -- 99 (91)
15¢ Cucl -- LiIHMDS 1,4-dioxane trace
16¢ Cucl -- LiIHMDS -- trace
17°¢ CuCl - LiIHMDS 1,4-dioxane trace
18°¢ CuCl bpy LiIHMDS 1,4-dioxane trace
19° CuCl dppf LiIHMDS 1,4-dioxane trace
20° CuCl - LIHMDS -- trace
21 CuCl - LiHMDS -- 72
22 - - LiHMDS -- --

& Reaction conditions: 1a (0.097 g, 0.50 mmol), 2a (0.218 g, 1.0 mmol), base (1.0 mmol), [Cu]

precursor (0.025 mmol, 5 mol %), solvent (1.5 mL). °GC yield using n-hexadecane as internal

standard, isolated yield is given in parenthesis. ¢ 1.3 equiv of LIHMDS used. %4-Bromotoluene as

electrophile. ®4-Chlorotoluene as electrophile. f 1.2 equiv of LIHMDS used.
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5.2.2 Substrate Scope of Arylation of Indoles and Related Heteroarenes

The scope and limitations of arylation with various aryl iodides have been investigated
following the successful improvement of reaction parameters for the CuCl-catalyzed arylation of
indole with 4-iodotoluene. The developed methodology was applicable to the coupling of 2-pyridinyl
indole with a various substituted iodoarenes (Scheme 5.2). Thus, the para-alkyl and alkoxy-
substituted aryl iodides were reacted efficiently under neat reaction conditions to deliver expected
coupled products 3aa-3ah exclusively. Remarkably, the precedented copper-catalyzed arylation
employing iodonium salts was reported with moderate yields for aryl bearing alkyl or alkoxy
groups.®® The arylation proceeded smoothly with iodides bearing bisphenol and thymol (natural
monoterpenoid phenol) containing groups (3ai and 3aj). The halide functionalities -F, Cl and ~CF;
were well tolerated at the para position of arene and afforded the arylated products in low to
moderate yields (3ak-3am). Notably, the “CF; containing aryl electrophile was unreactive under the
nickel-catalysis that was demonstrated earlier.>* The 1,3-dioxolanederivative, 2n could be employed
in the arylation reaction providing 84% of the coupled product 3an. This protecting group can be
easily removed to generate synthetically important acetyl-functionality. The sterically demanding
electrophiles 1-iodonaphthalene and 2-methyl-1-iodobenzene were conveniently reacted with indole
la to produce 3ao and 3ap in 76% and 91% vyields, respectively. A morechallenging and sterically
bulky electrophile, 2-iodo- 1,3-dimethylbenzene (2q) was employed under theneat condition to result
3aq in 91% vyield. Similar sterically demanding electrophiles were not shown in the previous Cu-
catalyzed protocol.®® In addition to the efficient coupling of ortho- and para- and meta-substituted
aryl iodides, 2r-2t reacted to produce desired products 3ar-3at with moderate to good Yyields.
Interestingly, the aryl iodides containing substituted amine and N- heterocycles (N-pyrrolyl, indolyl,
carbazolyl groups) resulted in the formation of desired arylated products in excellent yields. Such
functionalities containing aryls have shown moderate reactivity under nickel catalysis.®*
Unfortunately, the current method failed to toleratethe functional groups, like acetyl, ester, amides
and nitro groups. Notably, the employment of n-octyl iodide as a coupling partner with indole 1a,
with the standard conditions, showed C-2 alkylated indole, in 40% yield,>"® and a substantial side-
reaction of n- octyl iodide with LIHMDS was observed. Though a copper-catalyzed arylation of
indoles is being reported previously,®® the protocol employed highly reactive aryliodonium(ilI)
electrophiles and a mixture of C2/C3 regio-isomer was observed. Nevertheless, using aryl iodides,

we have demonstrated here the ligand-free, solvent-free indole’s C-2 arylation.
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(1) (2) (3)
Me
O X0 O<0r=
N N N N Me
\ \ \
2-py 2-py 2-py 2- py
(3aa): 91% (3ab): 83% (3ac): 82% (3ad): 80%
OMe 0"CgH
L *.*M M M s M
2-by 2-by 2-py 2-py
(3ae): 82% (3af): 82% (3ag): 83% (3ah): 62%
N N
\ \
2-py 2-py
(3ai): 67% (3ai): 78% (3ak): 24% @ (3al): 31%
Me
=0 C WJ -0 o
N N
0, . 0,
(3am): 49% (3an): 84% (3a0): 76% (3ap): 91%
=) 0 O
N
2- M
2 py Mé py e 2 py 2- py
(3aq): 91% (3ar): 93% (3as): 93% (3at): 53%
Ph> Q
~=
C=O OO0 Cy=O \
N > N N N
\ \ N
2-py PH 2-py 2-py \
2-py
(3au): 88% (3av): 66% (3aw): 87% (3ax): 83%

Scheme 5.2 Scope for C-2 Arylation of Indoles with Aryl lodides. Conditions: indole 1a (0.097 g,
0.50 mmol), aryl iodide 2 (1.0 mmol), LIHMDS (0.109 g, 0.65 mmol), CuCl (0.0025 g, 0.025 mmol,
5.0 mol %). Yield of isolated compound. 2 10 mol % CuCl, aryl iodide (4.0 equiv) and 1,4-dioxane
(2.5 mL) were employed.

Ph.D. Thesis: Shabade Anand Basavraj 178



Chapter-5

Furthermore, the reactivity of substituted indole derivatives was explored with 4-iodotoluene
(Scheme 5.3). With electron-donating substituents at the C-5 position, the indole therefore reacted
easily to form 3ba and 3ca in 77% and 87% yields, respectively. Nevertheless, the halo-substituted
indoles reacted moderately with p-iodotoluene resulting in the formation of 3da and 3ea in 62% and
51% yields, respectively. The sterically bulky indole 1f upon reaction with 4-iodotoluene afforded
80% of the desired C-2 arylated product 3fa. This substrate had shown low reactivity for the
arylation reaction using a nickel catalyst.®* The 7-azaindolepyridine could be coupled with 4-
iodotoluene in moderate activity affording 32% of 3ga. Notably, the thiophenyl derivative 1h reacted
efficiently under the copper catalysis and delivered 3ha in 85% yield. The arylation of such substrate
has not been precedented with nickel or copper catalysis, and this example demonstrates the
broadness of the presented protocol. Notably, the indole derivatives containing 2-pyrazinyl or 2-
pyrimidinyl as the N-substituents decomposed under the standard reaction conditions. Nonetheless,
the pyridinyl-carbazole, benzo[h]quinoline and 2-pyridinyl-arene substrates were unreactive under
the optimized reaction conditions (Scheme 5.3).

e ]f& | CuC (50 mol %) ¢ S\
+ > R
R H LIHMDS (1.3 equiv) "~ ©_ - \ Me

solvent-free \R2
120°C, 16 h
M (2a) (3)
R F Cl
IO U0 Iy~
N N N
\ \ \
2-py 2-py 2-py
R = Me, (3ba): 77¢
R = o;\a/fe( (3c)a): 87°/Z (3da): 62% ° (3ea): 51%
Me N
\ —
Co-Oe (o &
N 2-py 2-py Me
2-py
(3fa): 80% (3ga): 32% (3ha): 85%

Failed Substrates:

=

Coy+ Oy lN

S (G, X

7N 4 N

SRS

o O s
Scheme 5.3 Scope of Substituted-Indoles and Other Heteroarenes. Reaction conditions: Heteroarenes 1 (0.50
mmol), 4-iodotoluene (2a; 1.0 mmol), LIHMDS (0.109 g, 0.65 mmol), CuCl (0.0025 g, 0.025 mmol, 5.0 mol

7\
\
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%). Yield of isolated compound. @ 1,4-dioxane was used as solvent.

The 2-pyrrolpyridine substrate afforded the mixture of mono-arylated (3ia) as well as
biarylated (3i’a) products in 43% and 10% yields, respectively, when treated with 2.0 equiv of 4-
iodotoluene (Scheme 5.4). The selective synthesis of mono-arylated product 3ia was unsuccessful
even under various stoichiometries of 1i and 2a. However, when 1i was treated 4.0 equiv of 2a, the
reaction resulted with 10% of 3ia and 60% of 3i’a. Although there exist protocols for the
regioselective arylation of indoles using various coupling partners, in particular, we have
demonstrated a low-cost, solvent-free, ligand-free copper-catalyzed approach, which broadens the

scope and utility of this methodology.

N N
2a (2 equiv) Me + Me Me

16 h Z "N Z "N
7\ ) )
N (3ia): 43% (3i'a): 10%
Z "N
. I
2a (4 equiv)

(11)

-\ I\
N + N
24 h Me Me Me
|
X (3ia): 10% X" (3i'a): 60%

Scheme 5.4 Arylation of Pyrrole. Reaction conditions: 1i (0.30 mmol), LIHMDS (1.3 or 2.6 equiv),
CuCl (0.0015 g, 0.015 mmol, 5.0 mol %).

The practical application of present arylation under copper catalysis was showed by
performing a gram-scale arylation reaction. Accordingly, the treatment of indole 1a (1.0 g) with 4-
iodotoluene (2.24 g) under the standard reaction conditions, using 5 mol % CuCl and 1,4-dioxane
(7.0 mL), gave 1.2 g (82%) of 3aa. The usefulness of our developed protocol was showcased by the
smooth elimination of the directing group to obtain synthetically advantageous C-2 arylated free NH
indoles (Scheme 5.5).1° Therefore, MeOTf was applied to