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Introduction

Pincer complexes are composed of tridentate ligands, which possess unique balance of
stability and reactivity. The steric and electronic properties of the pincer ligands can be
modularly tuned to impart enhanced stability, and well-defined reactivity on pincer
complexes.k? In recent years diverse manganese pincer complexes and their catalytic
applications have been reported.*® Manganese pincer complexes catalyze a wide range of
chemical transformations with high efficiency and selectivity especially via borrowing
hydrogen, and acceptorless dehydrogenation pathways.’8

Scope and Organization of Present Thesis

A manganese pincer complex derived from PNP-2,6-diamino triazine backbone (Kempe’s
catalyst) was prepared, which exhibited the dearomatization-aromatization metal ligand
cooperation. Using this manganese pincer catalyst different alkenylation reactions were
developed in which alcohols were used as direct alkenylation reagent. Manganese pincer
catalyzed a-alkenylation of amides to o,f-unsaturated amides, and a-alkenylation of
methyldiphenylphosphine oxides were attained. Catalytic cross coupling of secondary
allylic alcohols and primary alcohols to a-alkenylation and a-alkylation was also developed.

Remarkably, water and/or liberated molecular hydrogen are the only byproducts, which
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make these transformations atom-economical and environmentally benign. The detailed
mechanistic studies, substrate scope, are shown in each chapter. The current thesis is
classified into four chapters. Chapter-wise discussions are shown below.

Chapter 1: Introduction
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Scheme 1: Manganese Pincer Catalyzed Alkenylation and Alkylation of Organic
Compounds

Pincer complexes are composed of tridentate pincer ligands that upon complexation with
metal attain a meridional geometry. Due to their unique structure, they exhibit balance in
stability and reactivity. They can withstand high temperature making them useful in
homogeneous catalysis. The electronic and steric properties can be fine-tuned by changing
the substituents present on the pincer backbone as well as the metal thereby imparting
diverse reactivity to the pincer complex.t> The metal-ligand cooperation operative in the
pincer complexes allows them to activate small molecules and inert chemical bonds. In
recent years, various manganese pincer complexes have been synthesised and their

reactivity has been thoroughly explored. By following the acceptorless dehydrogenative
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coupling and borrowing hydrogen strategies® a range of chemical transformations have been
developed using alcohols.*® Chapter 1 will describe the summary of literature reports on
manganese pincer catalyzed organic transformations with particular focus on alkenylation
and alkylation reactions.

Chapter 2: Manganese(I) Catalyzed a-Alkenylation of Amides Using Alcohols with
Liberation of Hydrogen and Water

In this chapter an unprecedented manganese-catalyzed direct a-alkenylation of amides
using alcohols is reported.'* Aryl amides are reacted with diverse primary alcohols, which
provided the a,f -unsaturated amides in moderate to good yields with excellent selectivity.
Mechanistic studies indicate that Mn(l) catalyst oxidizes the alcohols to their corresponding
aldehydes and also plays an important role in efficient C=C bond formation through aldol
condensation. This selective alkenylation is facilitated by metal-ligand cooperation by the
aromatization-dearomatization process operating in the catalytic system. Biorenewable
alcohols are used as alkenylation reagents for the challenging a-alkenylation of amides with
the highly abundant base metal manganese as a catalyst, which results in water and
dihydrogen as the only byproduct, making this catalytic transformation attractive,

sustainable, and environmentally benign.
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Scheme 2: Manganese Catalyzed a-Alkenylation of Amides Using Alcohols
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Chapter 3: Manganese(l) Catalyzed Alkenylation of Phosphine Oxides Using Alcohols
with Liberation of Hydrogen and Water

In this chapter the catalytic cross-coupling of methyldiphenylphosphine oxide with
arylmethyl alcohols leading to the alkenylphosphine oxides is reported.’® A manganese
pincer catalyst catalyzes the reactions, which provides exclusive formation of trans-
alkenylphosphine oxides. Mechanistic studies indicate that reactions proceed via aldehyde
intermediacy and the catalyst promotes the C=C bond formation. Reactions are facilitated
by dearomatization, and aromatization metal-ligand cooperation operates in catalyst. Use
of abundant base metal catalyst and formation of water and Hz as the only byproducts,

which make this catalytic protocol sustainable and environmentally benign.
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Scheme 3: Manganese Catalyzed a-Alkenylation of Phosphine Oxides Using Alcohols
Chapter 4: Manganese(l) Catalyzed Cross-Coupling of Secondary Allylic Alcohols
and Primary Alcohols

Cross-coupling of alcohols to value-added products by using sustainable catalytic reactions
has gained attention in recent years. Isomerization of secondary allylic alcohol to the
corresponding enolizable ketone is an atom economical and known transformation. Herein,
a selective cross-coupling of secondary allylic alcohol and primary alcohol is reported to
afford the corresponding a-alkenyl or alkylation products. 16

These catalytic protocols proceed via acceptorless dehydrogenative coupling (ADC) or

borrowing hydrogen (BH) strategies, which liberates water and/or hydrogen as the only
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byproducts. Highly abundant manganese-based pincer catalysts catalyze the reactions.
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Scheme 4: Manganese(l) Catalyzed Cross-Coupling of Secondary Allylic Alcohols and
Primary Alcohols
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CHAPTER 1

Introduction-Manganese Pincer Complexes and Their Reactivity

Chemists have made relentless efforts to develop greener chemical protocols. The principles
of green chemistry aim to minimize pollution at its source by eliminating toxic chemicals,
reagents and deleterious side wastes. Catalysis is an important aspect of green chemistry.® It
helps to achieve important chemical transformations which would be difficult to perform by
traditional methods and circumvents or reduces the amount of byproducts formed. A catalyst
enhances the rate of slow chemical reactions by reducing their activation energy. In catalytic
amount, it helps to carry out chemical transformations where the catalyst itself is not consumed
in the process.? Catalysis plays a vital role in modern industry, which involves production of
commodity chemicals, petrochemicals, polymers and pharmaceuticals. Catalysis played

important role in devising sustainable and environmentally friendly synthetic protocols.®

Transition metal catalyzed activation of small molecules is of utmost importance in the field
of homogeneous catalysis. In this direction, transition metal-based pincer complexes have been
extensively studied. Pincer complexes contain a tridentate pincer ligand, which upon
complexation with metal adopt a meridional geometry. The pincer-ligation imparts unique
thermal stability to the resulting complex and makes them efficient in high temperature
reactions. Modular fine-tuning of the pincer ligand by changing its steric and electronic
properties can induce different reactivity at the metal center of the resulting pincer complex.*®
Pincer complexes contain a central aryl ring (phenyl, pyridinyl, pyrazinyl, triazinyl, etc.) which
is 1,3-disubstituted with two chelating side arms. The resulting complex is attained in a
meridional geometry with all the donor atoms present in a single plane. Pincer complexes with
an aliphatic backbone are also reported. The pincer complexes are named according to the three

donor atoms and majority of them reported in literature are palindromic (i.e., NNN, PNP, PCP,
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NCN, etc.). However, non-palindromic pincer complexes are also studied (i.e., NNP, PNN,
etc.).> The general depiction of the pincer complex is presented in Figure 1.1.

Figure 1.1. General Structure of Transition Metal Based Pincer Complexes

E = PRy, NR;, SR, OR, NHC
7—E Z=CR,, NR, O
- | D=N,NH,C,B,S,Si,P
Y-< D—M-XmLn M = Ru, Ir, Rh, Pd, Pt, Fe, Mn, Ni. etc.
X = CO, Halogen, H, H,, etc.
Y = CO,7, SOj3™, electron donating,
electron withdrawing group

In nature enzymes are known to activate inert bonds by cooperative effect of both ligand and
metal center.® In transition metal catalyzed reactions, such metal ligand cooperation is also
observed. Shvo and Noyori were the pioneers of this concept and termed this phenomenon as
“bifunctional catalysis”. In Noyori type catalyst, the chelating amine ligand is directly involved
in the reaction via reversible proton (H*) transfer mechanism, which in turns promotes reaction
at the metal center.” Applying the concept of bifunctional catalysis Noyori and coworkers
reported the ruthenium catalyzed hydrogenation of carbonyl compounds.® The metal-ligand
cooperativity in pincer complexes was first observed by Milstein and coworkers in 2005. The
unusual reactivity of pincer complexes originates from the non-innocent behaviour of their
pincer ligands. They take part directly in the reaction chemistry via metal-ligand cooperation
(MLC). There are mainly two modes of metal-ligand cooperation operative in pincer
complexes; dearomatization-aromatization MLC and amine-amide MLC (Scheme 1.1).°
When complex 1 is reacted with base, it undergoes dehydrohalogenation of coordinated amine
functionality to generate coordinatively unsaturated intermediate 2. This process converts the
amine ligand to an amide ligand. The 16 electron species, intermediate 2 can activate inert
chemical bonds present molecules like H,, H2O, ROH, RNHz, sp® C-H to provide

coordinatively saturated complex 3 where the amine functionality is regenerated in the pincer
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backbone. Similarly, the pincer complex 4 upon reaction with base undergoes deprotonation at
the pyridinyl-methylene carbon to generate dearomatized intermediate 5, which is a 16 electron
species. The coordinatively unsaturated intermediate 5 reacts with various small molecules
(H-X; X =H, C, OH, OR, NH2, NR2) where the unsaturated methine carbon accepts a proton
and the X-fragments form bond with metal center to generate 18 electron intermediate 6. Based

on such metal ligand cooperation, plethora of reactions have been developed.

Scheme 1.1. Different Modes of MLC: (a) MLC Based on Amine-Amide, (b) MLC Based
on Dearomatization-Aromatization

(a) Amine-Amide MLC:

Br X
H /_ i H /_ /
\ \\\P 2 NaOtBU [ B \\PPrz HX [ \\\P r2
Mn
e | \co Nar, “BuOH / "Nco  x=H,OH, OR, | co
'Pr, CO ’Pr2 CO NR,, C ’Pr2 co
1 2 3
(b) Dearomatization-Aromatization MLC:
Co HH x
_PtBU _PtBu
- KOBu HX —
\ /N—Mn———CO > \ /N—Mn———CO
/| -KBr, -'BuOH X = H, OH, OR, /|
N Br NR,, C N co
—/ —)
4 6

The high cost and toxicity of precious transition metals are unsuitable to achieve low cost and
sustainability goals in chemical synthesis. Therefore, homogeneous catalysis based on
abundant and environmentally benign first row transition metals have emerged as an attractive
alternative. Manganese being the third most abundant transition metal in earth’s crust, synthesis
and reactivity of their corresponding pincer complexes have been extensively studied in recent

times. A range of manganese pincer complexes bearing aliphatic and aromatic backbones were
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synthesized and were employed for chemoselective hydrogenation as well as hydrogen auto
transfer reactions. '

Carbon dioxide is a valuable carbon feedstock and recently, Gonsalvi and coworkers reported
the catalytic reduction of carbon dioxide to formic acid salt. The reaction was catalyzed by
Mn-1 hydride pincer complex (0.002 mol %) where DBU was used as base. This catalyst
performed better than its Fe analogue. With 80 bar total pressure of H> and COz and DBU as
base the reaction produced turn over number (TON) up to 10000. When LiOTf was used as a
cocatalyst TONs greater than 30000 was attained. Mechanistic studies revealed that the

reaction proceeded via mental-centered or a ligand assisted mechanism.!!

Scheme 1.2. CO2 Hydrogenation Catalyzed by Mn-1 PNP Pincer Catalyst

Mn-1/DBU H
CO, + H, » [DBUH][HCOO] H i
TH'Q:/HZO ] X N—I7P Pr,
80 °C, 48 h /N~>/|n—co
e HN—~P ‘
' TON: 10000 'Pr, CO
i TON with LiOTf: >30000 : Mn-1

Later, manganese catalyzed hydrogenation of azo compounds to corresponding amines
was reported by Milstein and coworkers. The reaction was catalyzed by manganese
complex Mn-2 and catalytic amount of base, potassium tert-butoxide. Hydrogen
pressure (30 bar) was used to cleave the non-polar N=N. Symmetrical azo compounds
bearing electron donating groups provided better yield of corresponding amines than
those bearing electron withdrawing groups. Unsymmetrical azo compounds bearing
different aromatic rings also underwent facile hydrogenation to the corresponding
amines. Aliphatic azo compounds could not be hydrogenated following this catalytic

protocol. Detailed mechanistic studies established the involvement of manganese
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hydride intermediate and the hydrogenation proceeded by subsequent hydrogenation of

the N=N and NH-NH bonds.!?

Scheme 1.3. Mn-2 Catalyzed Hydrogenation of Azo (N=N) Bonds to Amines

Mn-2 (3 mol %) 2R—NH,

or

KO'Bu (3 mol %)

THF, 130 °C, 48 h

or

R-NH, *+ R'—NH,

30 bar
N: R
R™ N
Ns /@ N /©/ Ny /©/\
1.3a, 87% 1.3b, 93% 1.3¢c, 90%
0 | £
N N
N N\\ N
~N
0 N F
|
1.3d, 92% 1.3e, 90% 1.3f, 68%
Nas Ns N
O\
1.3g, 93%, 1:1 1.3h, 92%, 1:1 1.3, 67%, 1:1

In 2020, Rueping and coworkers reported the manganese catalyzed transfer hydrogenation of
internal alkynes to Z-alkenes. This semihydrogenation was furnished using methanol as
transfer hydrogenation reagent as methanol is a potential hydrogen storage chemical. The
reaction was catalyzed by an air and moisture stable manganese pincer complex, Mn-3.
Alkynes bearing both electron donating and withdrawing groups underwent facile

semihydrogenation to produce the Z-alkenes with excellent stereoselectivity and yield. Gram
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scale synthesis of Z-stilbene was accomplished by this method with excellent yield. Deuterium
labelling experiment with methanol-ds confirmed cis-selective hydrogen incorporation. The

catalytic cycle proposed for this reaction hypothesized the involvement of manganese hydride

intermediate.!®

Scheme 1.4. Mn-3 Catalyzed Transfer Hydrogenation of Alkynes to Z-Alkenes Using

Methanol
Br
H /
Mn-3 (2 mol %) N, ~PPh;
Cs,CO3 (2 equiv) H H “Mn
Ph—==—R + CH,OH - = Neo
150 °C, 48 h Ph R p
Ph, co Mn-3
H H H_H H H
Ph> /2 PH PH
1.4a, 98%, 97:3 Z/E 1.4b, 94%, 99:1 Z/E  1.4c, 96%, 95:5 Z/E
H H
H H H H _
o~ — PH
PH PH
cl
F
1.4d, 86%, 99:1 Z/E 1.4e, 98%, 99:1 Z/E 1.4f, 99%, 91:9 Z/E
H H H H
— — H H
Ph Ph >:LPh
/7 N 7 N PH
1.4g, 75%, 99:1 Z/E 1.4h, 35%, 91:9 ZE  1.4i,99%, 97:3 Z/E

Deuterated compounds are highly valuable and their synthesis is an important chemical

transformation in organic synthesis. Deuterated compounds find numerous applications in
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organic synthesis. Deuterated pharmaceuticals and biologically active compounds are valuable
targets.'* Using deuterium oxide as deuterium source, Gunanathan and coworkers reported
various deuteration reactions of organic compounds catalyzed by a ruthenium pincer
complex.’® Similarly, Surya Prakash and coworkers reported the Mn-4 catalyzed o,p-
deuteration of primary and secondary alcohols. A range of aliphatic primary alcohols bearing
small chain, long chain as well as cyclic rings were efficiently deuterated at both o and 8
positions. Secondary alcohols bearing an aryl ring were also efficiently deuterated whereas
minor deuterium incorporation was observed in secondary alcohols bearing saturated rings.
The catalytic cycle proposed the involvement of metal-alkoxide and metal-deuteroxide

intermediates.'®
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Scheme 1.5. Mn-4 Catalyzed o, p-Deuteration of Primary and Secondary Alcohols Using

D20
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In 2021, Milstein and coworkers reported the a-deuteration of nitriles, which was catalyzed by

a manganese pincer complex Mn-5. The same complex furnished the corresponding amide in

tert-butanol whereas deuteration was accomplished by changing solvent to toluene. Excellent

a-deuteration was observed in aliphatic as well as aromatic nitriles. The possible pathway for

the reaction involved the formation of [2+2] cycloadduct by addition of nitrile to the

dearomatized Mn-5 followed by deuterium exchange.’
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Scheme 1.6. Mn-5 Catalyzed a-Deuteration of Nitriles
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Alcohols are cheap source of carbon since they are abundantly available in nature in the form
of biomass. In recent times, alcohols have been used extensively to produce bulk and fine
chemicals since they do not produce hazardous byproducts. This makes them useful in
developing green and sustainable chemical protocols.® Alcohols have been extensively used
in C—C and C—N coupling reactions, especially in alkylation and alkenylation reactions. Via
metal ligand cooperation pincer catalyst promotes the acceptorless dehydrogenation of alcohol
to aldehyde. The in-situ generated aldehyde can undergo further coupling reactions with carbon
or nitrogen nucleophiles to form C—C or C—N coupled products. This process is known as
acceptorless dehydrogenative coupling (ADC) where the only byproduct of the reaction is

molecular hydrogen. Alternatively, the molecular hydrogen evolved in the reaction can
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hydrogenate an unsaturated intermediate to form a saturated product. This pathway is known
as borrowing hydrogen (BH) strategy.®® Following the ADC and BH pathways, a series of C—C
and C-N bond forming reactions have been developed using manganese pincer complexes.

In 2018, Kempe and coworkers reported the base switchable synthesis of amines and imines
catalyzed by 4-phenyl triazine based manganese pincer complex (Mn-6) from alcohols. Upon
using strong base, potassium tert-butoxide N-alkylated products formed while switching to
sodium tert-butoxide produced the imine products. The N-alkylation proceeded via BH method
while the imine formation was attained by ADC pathway. A wide variety of amines were
coupled with arylmethyl alcohols to furnish the amine or imine products with good functional
group tolerance in moderate to good yields. Mechanistic studies confirmed the role of hydride
intermediate. The N—H proton present on the side arm of Mn-6 promoted metal ligand

cooperation in presence of base thereby activating the alcohol.®
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Scheme 1.7. Mn-6 Catalyzed Base Switchable Synthesis of Amines or Imines
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C—-C coupling reactions enable chemists to synthesize higher carbon homologues. Liu and
coworkers reported the manganese pincer catalyzed (Mn-4) Guerbet-type condensation of
ethanol to form 1-butanol. This reaction proceeded smoothly in presence of ppm level of Mn-
4. This sustainable method developed to synthesize 1-butanol exhibited a turnover number
>110000 and turnover frequency (>3000 ht). Mechanistic studies highlighted the importance
of amine proton present in the complex. The 16 electron species involved in the reaction was

also characterized by X-ray crystallography.!®
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Scheme 1.8. Mn-4 Catalyzed Synthesis of 1-Butanol From Ethanol

Mn-4/NaOEt Br
/\OH /\/\OH
160 °C N/ \\\P,Prz
12-168 h |
[ / . \
| 114120 TON, 3078 h™' TOF ! ,Prz co
. with 92% selectivity i Mn-4

Gunanathan and coworkers reported the catalytic cross-coupling of ketones and secondary
alcohols with primary alcohols. The reaction was catalyzed by Kempe’s manganese pincer
complex (Mn-6) and catalytic amount of weak base, Cs>COz. Various aryl and heteroaryl
alcohols bearing electron donating and withdrawing groups were coupled with primary
alcohols to synthesize a-alkylated products. Using ethanol as an alkylation reagent a-ethylated

products were also synthesized.
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Scheme 1.9. Mn-6 Catalyzed Cross-Coupling of Ketones with Primary Alcohols
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Further, direct cross-coupling of secondary alcohols with primary alcohols catalyzed by Mn-6
was reported by Gunanathan and co-workers to attain selective B-alkylation of secondary
alcohol. A variety of secondary alcohols bearing electron donating and withdrawing groups on
their aromatic ring were coupled with aryl as well as aliphatic primary alcohols. Both the
reactions proceeded via borrowing hydrogen pathways. The chemoselectivity of the reaction
was also established by careful studies. In-situ monitoring of the reaction by GC proved that

the reaction proceeds via o,B-unsaturated intermediate.?
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Scheme 1.10. Mn-6 Catalyzed Cross-Coupling of Secondary Alcohols with Primary

Alcohols
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Gunanathan and co-workers also reported the selective synthesis of a,B-unsaturated ketones by
coupling ketones and alcohols. The reaction was catalyzed Kempe’s 4-methyl triazine based
PNP manganese pincer complex (Mn-7) and catalytic amount of weak base, CsCOz. A range
of cyclic and acyclic ketones were a-alkenylated using alcohols as the alkenylation reagent.
The dearomatization-aromatization MLC operative in the catalyst enabled the reaction to
proceed via acceptorless dehydrogenation pathway. Remarkably, water and molecular

hydrogen are the only byproducts of this reaction.?*
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Scheme 1.11. Mn-7 Catalyzed a-Alkenylation of Ketones Using Primary Alcohols
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a, B-Unsaturated nitriles are important class of compounds. They are key intermediates in
organic synthesis and find applications in pharmaceuticals and natural products. In this
direction, greener chemical methods to synthesize such class of compounds involve direct a-
alkenylation of nitriles with alcohols as alkenylation reagents. In 2017, Milstein and coworkers
developed the first green protocol to synthesize a, B-unsaturated nitriles with primary alcohols.
Aryl acetonitriles were reacted with diverse aryl and aliphatic primary alcohols and the
corresponding unsaturated products were isolated in moderate to good yields. Remarkably, this
reaction proceeds in the absence of any additives or base. The amine-amide metal ligand

cooperation in Mn-8 facilitates the reaction at the metal center.?
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Scheme 1.12. Mn-8 Catalyzed a-Alkenylation of Nitriles Using Primary Alcohols
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Following this report, Balaraman and coworkers reported the manganese catalyzed (Mn-3) a-
alkenylation of nitriles with secondary alcohols. A broad range of a-vinyl nitriles in good to
excellent yields were synthesized by employing cyclic, acyclic, and benzylic secondary
alcohols, as well as various nitrile derivatives. Several control experiments, deuterium labeling
and kinetics experiments established that the reaction proceeded via ADC pathway where water

and molecular hydrogen are the only byproducts of the reaction.?
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Scheme 1.13. Mn-3 Catalyzed a-Alkenylation of Nitriles Using Secondary Alcohols
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Aryl-substituted olefins are highly useful compounds in organic synthesis as the olefin bond
can be further functionalized. They find applications in agrochemicals and pharmaceuticals.
Kempe and coworkers reported a green synthesis of such class of compounds by reacting alkyl-
substituted N-heteroarenes with aryl methyl or aliphatic primary alcohols. The reaction was
catalyzed by a manganese pincer complex Mn-7. The reaction also required a base, KOH.
Following this catalytic protocol, a broad range of E-alkenes were synthesized. All the products
were isolated in good to excellent yields. Dearomatization-aromatization MLC facilitated the

reaction forward via the manganese-hydride intermediacy.?*
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Scheme 1.14. Mn-7 Catalyzed a-Alkenylation of N-Heteroarenes Using Primary Alcohols
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CHAPTER 2
Manganese(l) Catalyzed a-Alkenylation of Amides Using Alcohols with Liberation

of Hydrogen and Water

2.1 ABSTRACT

H H

Ar/N\H/ e o Mn (2 mol%) Ar/N\H/\/R +H.O +H T

NaO'Bu ? ?
O A (@)

* direct olefination of amides Me\(/ \( Br PPr,

e alcohols as olefination reagents  N— |

e abundant base metal Mn catalyst /M ~co

e only byproducts: H,O & Hj HN\P co

* sustainable catalysis Pry Mn

Herein, unprecedented manganese-catalyzed direct a-alkenylation of amides using alcohols is
reported. Aryl amides are reacted with diverse primary alcohols, which provided the o,f-
unsaturated amides in moderate to good yields with excellent selectivity. Mechanistic studies
indicate that Mn(l) catalyst oxidizes the alcohols to their corresponding aldehydes and also
plays an important role in efficient C=C bond formation through aldol condensation. This
selective olefination is facilitated by metal-ligand cooperation by the aromatization-
dearomatization process operating in the catalytic system. Alcohols are used as alkenylation
reagents for the challenging a-alkenylation of amides with the highly abundant base metal
manganese as a catalyst, which results in water and dihydrogen as the only byproduct, making

this catalytic transformation attractive, sustainable, and environmentally benign.

2.2 INTRODUCTION
Alkenylation reactions leading to the construction of a new C=C bond are an important
transformation in organic synthesis. A plethora of strategies is developed to introduce alkene

functionality in an intramolecular fashion.! On the contrary, classical methods to construct
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intermolecular C=C bonds remain limited to Wittig, Horner-Wadsworth-Emmons, Peterson
olefination and few other reactions, which all suffer from the requirement of extensive
prefunctionalization and excessive toxic reagents. Carbonyl coupling reactions suffer from the
drawbacks such as multiple product formation, aerial oxidation and cost effectiveness.?
Further, due to acidic hydrogen (N—H), amides are not compatible in these classical olefination
reactions that require basic conditions.?* There are only a few general catalytic protocols, such
as alkene metathesis and diazo coupling reactions, known for the intermolecular olefination.®

a,f-Unsaturated amides are a valuable class of compounds in organic chemistry. The
unsaturated amide functionality is a core motif in various natural products, biologically active
compounds, polymeric materials, and pharmaceuticals.* For example, avenanthramide exhibits
anti-inflammatory and antioxidant properties and is used as a nutrition additive, whereas
naturally abundant caffeic acid amides are known to have antitumor, antiviral, and other
biological activities.®” Moreover, o,f-unsaturated amides are key synthons in organic
synthesis, are reactive in nucleophilic additions and pericyclic reactions, and also serve as raw
materials for the synthesis of valuable polyamides.®°

Conventional synthesis of «,f-unsaturated amides employs the nucleophilic substitution
reaction of a,f-unsaturated carboxylic acids and amines together with excess coupling
reagents, which results in undesired waste formation. Another conventional method involves
controlled hydrolysis of acrylonitriles to acrylamides. However, both the methods also suffer
from the limited availability of functionalized starting materials.’® Owing to such multifaceted
utilities, the development of efficient catalytic protocols for ,f-unsaturated amides has drawn
considerable interest in recent years.*10.11

In general, two pathways are developed for the catalytic synthesis of a,-unsaturated amides
involving hydroaminocarbonylation of alkynes'>®® and aminocarbonylation of alkenes

(Scheme 2.1a).'®” Ryu and co-workers reported the radical mediated
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hydroaminocarbonylation of alkynes with primary or secondary amines, which provided

branched a, f-unsaturated amides.*? Using NH4sHCO3 as an ammonia surrogate, a palladium-

Scheme 2.1. Advances in Catalytic Synthesis of a,f-Unsaturated Amides
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catalyzed hydroaminocarbonylation resulted in branched primary amides.*® Alper developed a
highly selective palladium catalyzed method for the synthesis of both linear and branched o, -
unsaturated amides in which the product selectivity is remarkably controlled by the use of
different ligands and additives.’* Iron catalyzed hydroaminocarbonylation of alkynes with
primary and secondary amines to exclusive formation of linear amides has also been reported

recently.'® Beller and Lei reported the Pd/Cu catalyzed aminocarbonylation of alkenes to linear
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a,f-unsaturated amides, and the reactions proceeded via aerobic oxidative dealkylation of
tertamines.!® Palladium-catalyzed synthesis of linear a,5-unsaturated amides was also attained
using Mo(CO)s as a carbonyl surrogate and nitroarene via aminocarbonylation of alkenes.!’
Synthetic methods for the «, f-desaturation or dehydrogenation of saturated alkyl amides to «, f-
unsaturated amides were also developed.'® Further, many methods are known for the synthesis
of such unsaturated amides.>'® However, these protocols suffer from the requirement of
complicated starting materials, elongated synthetic steps, toxic CO, additives, and activating
reagents.t’?% Thus, the development of a simple, selective, and direct synthesis of a,p-
unsaturated amides is highly desirable.

Using biorenewable and abundant feedstock chemicals such as alcohols, an assortment of
sustainable organic transformations have been developed through an acceptorless
dehydrogenative coupling (ADC) strategy.?* However, thus far, only a few examples of direct
alkenylation using ADC of alcohols have been reported. Direct alkenylation of nitriles using
alcohols was established by other research groups and us.?? Using the manganese pincer 1
developed by Kempe, we have reported catalytic alkenylation of ketones by alcohols via
ADC.%?* Manganese-catalyzed alkenylation of the heteroaryl methyl group? and ary! sulfone
compounds?® have been reported using alcohols. Achieving ADC in particular with carbon
nucleophile is highly challenging, primarily because of the competing “borrowing hydrogen”
reaction,?” which leads to the hydrogenation of in situ formed «, f-unsaturated compounds.?8-3
Accordingly, the alkylation of amides using alcohols is well established (Scheme 2.1b).?° On
the contrary, alkenylation of amides using ADC of alcohol is unknown. Herein, we report the
manganese pincer catalyzed direct alkenylation of amides using alcohols, in which selective
synthesis of linear o,-unsaturated amides with the liberation of molecular hydrogen and water

is attained (Scheme 2.1c¢).
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2.3 RESULTS AND DISCUSSIONS

We commenced our investigation with the reaction of acetanilide (0.5 mmol), benzyl alcohol
(0.6 mmol), catalyst 1 (2 mol %), and cesium carbonate (30 mol %) in tert-amyl alcohol at 135
°C. Upon completion and workup, analysis of *H NMR spectra of the reaction mixture revealed

Table 2.1 Optimization for Catalytic a-Alkenylation of Amides Using Benzyl Alcohols?

“ H H
-H,0, -H, 2.1a 2.1a'
Entry cat. 1 (mol base (mol %) conv. (%)° ratio®
%) (2.1a:2.1a")
1 2 Cs2C0s (30) 87 85:4
2 5 Cs2C0s (30) 99 60:10
3 2 Cs2C0s3 (50) 77 76:5
4 2 Cs2C03(100) 79 72:4
5 1 KO'Bu (20) 71 74:5
6 2 NaO'Bu (50) 87 76:5
7 2 NaO'Bu (70) 96 83:4
8 2 NaO'Bu (100) 89 >98:2
9 - NaO'Bu (100) - -
10 - - - -
11¢ 2 NaO'Bu (100) 91 >08:2
12¢ 2 NaO'Bu (100) - -

& Reaction conditions: acetanilide (0.5 mmol), benzyl alcohol (0.6 mmol), tert-amyl alcohol (2
mL), catalyst 1, and base were heated at 135 °C under nitrogen flow. ® Conversion of acetanilide

was determined by 'H NMR analysis using methyl benzoate (0.25 mmol) as an internal
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standard. ¢ Ratio of products was calculated from *H NMR spectral analysis of reaction mixture.
d Reaction performed at 150 °C, and product 2.1a was isolated in 79% yield. ¢ Reaction

performed at 100 °C with molecular sieves (4 A).

87% conversion of acetanilide with alkenylated (2.1a) and alkylated (2.1a") amide products in
an 85:4 ratio (entry 1, Table 2.1). Increasing the catalyst load to 5 mol % resulted in complete
conversion of acetanilide, however with lower selectivity of the 60:10 (2.1a: 2.1a") a-
alkenylated product (entry 2, Table 2.1). At 2 mol % of catalyst load, increasing the amount
of base (50 mol %) decreased the conversion of acetanilide to 77% with 76:5 (2.1a: 2.1a’)
product selectivity (entry 3, Table 2.1). A similar outcome was observed when 1 equiv of
cesium carbonate was used (entry 4, Table 2.1). In order to achieve better conversion and
selectivity, the reaction was screened with 20 mol % of KO'Bu and 1 mol % of catalyst, which
resulted in 71% conversion with a selectivity of 74:5 (2.1a: 2.1a’, entry 5, Table 2.1). Use of
NaO'Bu (50 mol %) base with 2 mol % of the catalyst under similar reaction conditions resulted
in the selectivity of 76:5 (2.1a: 2.1a") with 87% conversion of acetanilide (entry 6, Table 2.1).
Upon using 70 mol % NaO'Bu, 96% conversion was observed with a selectivity of 83:4 (2.1a:
2.1a’, entry 7, Table 2.1). Further, the use of 1 equiv of base, NaO'Bu, provided the optimal
reaction condition with complete selectivity for the a-alkenyl trans-product 2.1a (entry 8,
Table 2.1). As amide carbonyl is involved in amide-iminol tautomerization, which makes the
protons on a-methylcarbon less acidic. As a result, stoichiometric base is required as the prior
deprotonation might occur on N-H functionality of amide before the deprotonation on o-
methylcarbon of amides. Hence, this reaction requires stoichiometric base. As a result, one
equivalent of tert-butyl alcohol and partial formation of NaBr and NaOH will occur in situ
reactions. No product formation was observed in control experiments performed by employing

only base, and without catalyst and base, indicating that catalyst and base are essential (entries
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9, 10, Table 2.1). While the use of higher temperature has not much influence on the product
yield, the reaction performed using dehydrants such as molecular sieves failed (entries 11, 12,
Table 2.1).

With optimal reaction conditions in hand, a wide range of primary alcohols was subjected to
the manganese-catalyzed a-alkenylation of acetanilide (Scheme 2.2). With benzyl alcohol, the
corresponding «,f-unsaturated amide with complete selectivity for E-alkene formation was
observed, and product 2.1a was isolated in 83% yield. In general, benzyl alcohols bearing
electron-donating substituents afforded the corresponding E-alkene products in moderate to

good yields. A methyl group at the ortho and para positions produced the unsaturated amides

Scheme 2.2. Manganese Catalyzed a-Alkenylation of Acetanilide Using Alcohols?
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4Reaction conditions: arylamide (acetanilide, 0.5 mmol), alcohol (0.6 mmol), tert-amyl alcohol
(2 mL), catalyst 1 (2 mol %), and NaO'Bu (1 equiv) were heated at 135 °C under nitrogen flow.
Conversion of acetanilide was determined from *H NMR analysis of the reaction mixture using
methyl benzoate (0.25 mmol) as an internal standard and given within the parentheses. ° Yield
of the 0.5 g scale reaction, performed for 36 h. “Yield obtained when the reaction was carried

out using Cs2COs as a base; 5-8% of alkylation product was also present.

2.1b-2.1c in moderate yields. The a-alkenylation of acetanilide with 4-isopropyl and 4-tert-
butyl benzyl alcohols afforded the corresponding products 2.1d-2.1e in 57% and 42% yields,
respectively. Reaction with 2-methoxybenzyl alcohol and piperonyl alcohol afforded the
corresponding products 2.1f-2.1g in 67% and 52% yields, respectively. Reaction with 4-
thiomethylbenzyl alcohol provided the o,5-unsaturated amide 2.1h in 57% yield. Screening
benzyl alcohols containing electron-withdrawing substituents afforded products in moderate
yields. With 4-phenylbenzyl alcohol, 79% conversion of acetanilide occurred, and product 2.1i
was isolated in 62% yield. With halogenated compounds such as 3-fluoro-, 4-bromo-, and 3-
iodobenzyl alcohols, the corresponding alkene products 2.1j-2.11 were obtained in 56%, 68%,
and 42% yields, respectively. The reaction of acetanilide with 4-trifluoromethylbenzyl alcohol
produced the a,f-unsaturated amide 2.1m in 65% yield. Notably, heteroaryl alcohols such as
furfuryl alcohol and 2-thiophenemethanol provided the corresponding products 2.1n-2.10 in
good yields. However, an aliphatic alcohol, such as 1-hexanol, resulted in complete alkylation
of amide. Secondary alcohols such as 1-phenylethanol failed to react under this catalytic
condition. Single-crystal X-ray analyses of products 2.1m and 2.1n unequivocally confirmed
the trans geometry of alkene in these o,5-unsaturated amides (Scheme 2.2).

Encouraged by the versatility of this method, the scope of various amides with benzyl alcohols

was explored (Scheme 2.3). The reaction of 2,3-dimethyl acetanilide with benzyl alcohol under
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Scheme 2.3. Manganese Catalyzed a-Alkenylation of Amides Using Alcohols with H2
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4 Reaction conditions: same as that of footnote in Scheme 2.2. *10% of alkylation product was
also present. ¢ KO'Bu (1 equiv) was used as a base, the product isolated as E/Z mixture, and the

ratio is not determined. ¢ Catalyst 1 was used in 5 mol %.

standard conditions provided the corresponding «,f-unsaturated amide 2.2a in 66% yield.
Similarly, 2,4,6-trimethyl acetanilide afforded the product 2.2b in 68% yield. High steric
hindrance present in 2,6-diisopropy! acetanilide resulted in 52% of the product 2.2c, and 4-
methoxy substituted acetanilide produced the alkenylation product 2.2d in 63% yield. When 2-
thiophenylacetanilide was subjected to a-alkenylation with benzyl alcohol, only 20% product
2.2e was obtained, and the majority of the starting amide was observed to undergo deacylation
to result in the corresponding aniline. Amides containing electron-withdrawing groups such as
2-fluoro-, 4-chloro-, and 4-bromo- substitutions on arene resulted in products 2.2f-2.2i in
moderate to good yields. The reaction of 2,3-dimethyl acetanilide with 4-trifluorobenzyl
alcohol afforded the a-alkenylation product 2.2j in 71% yield. To explore the generality of the
reaction, N,2-diphenylacetamide was reacted with benzyl alcohol to afford the corresponding
a,f-unsaturated product 2.2k in 43% yield in which the alkene formation occurred on internal
carbon and both E and Z isomers were formed in the reaction. Further, N,2-diphenylacetamide
was reacted with 4-trifluoromethylbenzyl alcohol and 1-napthalenemethanol, which provided
products 2.2l and 2.2m in 41% and 43% vyields, respectively, as an E/Z mixture. Upon
crystallization of the E/Z mixture of 2.2l, single-crystal X-ray structure of the cis-product, Z-
2.21 was obtained (Scheme 2.3). When N-phenylpropionamide was subjected to alkenylation
with benzyl alcohol, 24% of unsaturated amide 2.2n was isolated.

To further test the scope of this catalytic method, tertiary amide such as N-methyl acetanilide
was subjected to alkenylation with benzyl alcohol, which afforded 73% vyield of 2.3a as a

mixture of alkenylation and alkylation products in an 80:20 ratio (Scheme 2.4a). The reaction
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Scheme 2.4. a-Alkenylation of Tertiary Amides Using Primary Alcohols and

Derivatization of a-Alkenyl-2-Fluoroacetanilide
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of N-acetyl indoline under standard condition using NaO'Bu resulted in diacylation reaction,
and thus, when the reaction was performed using Cs.COs, 57% of products 2.3b and 2.3b" in

50:50 ratio were obtained (Scheme 2.4b). Further, the reaction of N-(2-

fluorophenyl)acetamide with benzyl alcohols leads to the formation of N-(2-
fluorophenyl)cinnamamide products (2.2f and 2.2g), and when the reaction mixtures were
further treated with methanol, the corresponding methoxy products 2.4a and 2.4b were
obtained in 66% yields, which resulted from the SnAr pathway (Scheme 2.4c¢).

Mechanistic Studies. To gain insights into the mechanism, the reaction of benzaldehyde with

acetanilide was performed in both the absence and the presence of manganese catalyst, which
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provided product 2.1a in 19% and 83% yields, respectively (Scheme 2.5a and b). These

experiments revealed that catalyst 1 plays a significant role in the C=C bond formation via the

Scheme 2.5. Mechanistic Studies for a-Alkenylation of Amides Using Primary Alcohols
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aldol reaction. Further, deuterium-labeling experiments were carried out. Upon reaction with
a-deuterated benzyl alcohol-ds, 80% deuterium incorporation was observed exclusively at the

[S-position of the a,p-unsaturated amide 2.1a-D (Scheme 2.5c). When deuterated acetanilide-
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ds was reacted with benzyl alcohol, 50% and 57% deuterium incorporation occurred at a- and
p-positions of 2.1a’-D due to deuterium scrambling (Scheme 2.5d). When both amide and
alcohol were deuterated, a- and S-positions of product 2.1a”-D displayed 40% and 88%
deuterium incorporation, respectively (Scheme 2.5e). These observations indicate that only
when amide is deuterated, the deuterium scrambling takes place and confirms the aldol
condensation.

On the basis of the experimental observations and mechanistic studies performed, a reaction
mechanism for the manganese-catalyzed a-alkenylation of amides with alcohols is proposed in
Scheme 2.6. Complex 1 reacts with a base to provide the dearomatized intermediate I. The
coordinatively unsaturated intermediate | reacts with alcohol via O-H activation to provide
alkoxy-ligated intermediate Il. The research groups of Milstein, Kempe, Yu, and Liu have
characterized such manganese alkoxy pincer complexes.?>%3-3 g-Hydride elimination from
intermediate Il results in the formation of the corresponding aldehyde and Mn-hydride
complex I11. Intermediate | is regenerated in the catalytic cycle upon H: liberation from
saturated intermediate 111. All manganese intermediates in the catalytic cycle maintain a +1
oxidation state due to the aromatization and dearomatization metal-ligand cooperation
operative in the catalytic system, facilitating this transformation. The liberated aldehyde then
undergoes aldol condensation with amide under the catalytic conditions to provide the a-
alkenyl amide product and water. As observed experimentally (Scheme 2.5b), the catalyst also
plays an important role in aldol condensation, which leads to the efficient C=C bond formation
in a-alkenylation of amides using alcohols as alkenylation reagents. Combination of careful
catalyst selection and optimized experimental conditions are crucial for the selective synthesis
of alkenyl amides. Catalyst 1 with methyl substitution on the pincer backbone favors the

alkenyl products.? Similar manganese catalyst with phenyl substituent on the pincer backbone
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favored the alkylation of ketones and secondary alcohols when reacted with primary

alcohols.282

Scheme 2.6. Proposed Mechanism for Manganese Pincer Catalyzed a-Alkenylation of

Amides Using Alcohols

Ar/HW/\/R 1/base Ar/H\[( .\ j\
-H>0 o H” "R

2.4 CONCLUSION

In summary, this work demonstrated a strategy for a-alkenylation of amides that uses highly
abundant base metal manganese as a catalyst and cheap industrial feedstock alcohols as direct
alkenylation reagents. Remarkably, water and molecular hydrogen are the only byproducts of
these direct alkenylation reactions. The diverse substrate scope of both amides and alcohols is
demonstrated. Tertiary amides were also amenable in this catalytic reaction, albeit providing a
mixture of alkenylation and alkylation products. Mechanistic studies indicate that the
manganese pincer catalyst oxidizes alcohols to aldehydes and plays an important role in

efficient C=C bond formation through aldol condensation, which operates through

61



metal—ligand cooperation by the aromatization-dearomatization process. Deuterium-labeling
experiments displayed that scrambling occurs only with the amidemethyl protons confirming
the involvement of aldol condensation. Overall, this simple, attractive, and catalytic

protocol advances the alkenylation reactions in chemical synthesis and can further develop
sustainable transformations.

2.5 EXPERIMENTAL SECTION

General Information. All catalytic reactions were performed under inert atmosphere using
standard Schlenk techniques. All stoichiometric reactions were performed in nitrogen
atmosphere MBRAUN glovebox. Chemicals were purchased from Acros, Sigma-Aldrich,
Alfa-aesar, and Himedia Chemicals and used without further purification. Dry solvents were
prepared according to standard procedures. Infrared (IR) spectra were recorded in PerkinElmer
FTIR and Thermo-Nicolet FT-IR spectrophotometers. High-resolution mass spectra (HRMS)
were obtained on Bruker micrOTOF-Q Il Spectrometer and are reported as m/z (relative
intensity). Accurate masses are reported for the molecular ion [M + Na]*, [M+ H]", and [M]".
Nuclear magnetic resonance spectra (*H NMR and *C NMR) were recorded at Bruker AV-
700 (*H at 700 MHz and *3C at 175 MHz) and Bruker AV-400 (*H at 400 MHz and **C at 100.6
MHz). *H NMR chemical shifts are referenced in parts per million (ppm) with respect to
tetramethyl silane (TMS, & 0.00 ppm), and *C{*H} NMR chemical shifts are referenced in
parts per million (ppm) with respect to CDCls (6 77.160 ppm). Coupling constants are reported
in Hertz (Hz). *H NMR spectroscopy abbreviations: s, singlet; d, doublet; t, triplet; ¢, quartet;
dd, doublet of doublets; dt, doublet of triplets; dg, doublet of quartets; td, triplet of doublets;
qd, quartets of doublets; ddd, doublets of doublets of doublets; m, multiplet; br, broad.
Assignment of spectra was done based on one-dimensional (dept-135) NMR techniques. The

catalyst 1 was prepared following the literature procedure reported by Kempe.3!
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General Procedure for Synthesis of Amides. To a solution of aniline (5 mmol) and
dichloromethane (DCM, 5 mL), trimethylamine (2 equiv, 10 mmol) was added under ice-cold
conditions. The mixture was allowed to stir for 10 min. Then, a solution of acetyl chloride (10
mmol) in DCM was added dropwise over a period of 15 min. The reaction mixture was allowed
to stir for 2 h. The completion of the reaction was monitored by TLC. After completion, the
reaction mixture was quenched by the addition of water. The organic layer was extracted using
DCM, washed with brine solution, and dried using anhydrous sodium sulfate. Solvents are
removed under reduced pressure using a rotavapor, and the resulted residue was purified by
column chromatography. The following amides were prepared and characterized by NMR
analyses and data compared with the reported literature: N-(2,3-dimethylphenyl)acetamide,
N-mesitylacetamide,®  N-(2,6-diisopropylphenyl) acetamide,36  N-(4-methoxyphenyl)
acetamide,®” N-(2-(phenylthio)phenyl) acetamide,® N-(2-fluorophenyl)acetamide,® N-(4-
chlorophenyl)acetamide,*® N-(4-bromophenyl)-acetamide, N-phenylpropanamide,** and N,2-
diphenylacetamide.*?

General Procedure for Optimization of a-Alkenylation of Amides Using Alcohols. To a
Schlenk flask (25 mL) equipped with a stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv),
acetanilide (0.5 mmol), benzyl alcohol (0.6 mmol), and tert-amyl alcohol (2 mL) were added
under nitrogen atmosphere in a glovebox. The reaction mixture was taken out of the glovebox,
equipped with a condenser, and the solution was heated at 135 °C (oil bath temperature) with
stirring in an open system under nitrogen flow for 24 h. After cooling, the reaction mixture was
transferred to an RB flask, and the solvent was evaporated under reduced pressure. The
resultant residue was dissolved in chloroform, washed with water and brine. The collected
organic layer was dried over anhydrous sodium sulfate and concentrated in a vacuum. Further,
methyl benzoate (0.25 mmol) was added (as an internal standard) to the mixture, dissolved in

CDCls (1 mL), and subjected to *H NMR analysis from which the conversion was calculated.
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General Procedure for a-Alkenylation of Amides Using Alcohols. To a Schlenk flask (25
mL) equipped with a stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv), amide (0.5 mmol),
alcohol (0.6 mmol), and tert-amyl alcohol were added under nitrogen atmosphere in a
glovebox. The reaction mixture was taken out of the glovebox, equipped with a condenser, and
the solution was heated at 135 °C (oil bath temperature) with stirring in an open system under
nitrogen flow for 24 h. After cooling, the reaction mixture was transferred to an RB flask. The
solvent was removed under reduced pressure; the reaction mixture was dissolved in chloroform
and washed with water and brine. The collected organic layer was dried over anhydrous sodium
sulfate and concentrated in a vacuum. Further, methyl benzoate (0.25 mmol) was added (as an
internal standard), the mixture was dissolved in CDCl; or CD3OD (1 mL) and subjected to *H
NMR analysis from which the conversion was calculated. CDCIs was removed in vacuo, and
the residue was purified by silica gel (100-200 mesh) column chromatography using ethyl
acetate/hexane mixture as eluent. Yields were calculated for isolated products.
Spectral Data of a-Alkenyl Amide Products
N-Phenylcinnamamide (2.1a).** This was purified by silica-gel column chromatography
’ j(\/(j using ethyl acetate/hexane (10:90) mixture as an eluent. White solid.
©/N 5 N Yield (92 mg, 83%; 635 mg, 77% for the 0.5 g scale reaction). MP
155-157 °C. IR (DCM): 3060, 3028, 1661, 1626, 1596, 1578, 1539, 1495, 1351, 1248, 904,
704 cm™. 'H NMR (400 MHz, CDCls): § 7.67 (d, J = 15.5 Hz, 1H), 7.59-7.45 (m, 3H), 7.42
(dd, J1 = 6.5 Hz, J, = 3.0 Hz, 2H), 7.30-7.26 (m, 3H), 7.24-7.17 (m, 2H), 7.04 (t, J = 7.4 Hz,
1H), 6.49 (d, J = 15.5 Hz, 1H). 3C{"H} NMR (101 MHz, CDCls): 5 164.5, 142.2, 138.1, 134.5,
129.8, 129.0, 128.8, 127.9, 124.4, 120.9, 120.2. HRMS (ESI) m/z calcd for C1sH13NONa

(M+Na)*: 246.0889, found: 246.0885.
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(E)-N-Phenyl-3-(o-tolyl)acrylamide (2.1b).** This was purified by silica-gel column
HY\Q chromatography using ethyl acetate/hexane (10:90) mixture as an
@ 0 cluent. White solid. Yield (68 mg, 57%). MP 159-161 °C IR (DCM):
3063, 2944, 2844, 1668, 1603, 1542, 1482, 1313, 1247, 1156, 951, 705 cm™. *H (400 MHz,
CD:0D): § 8.21 (d, J = 15.6 Hz, 1H), 7.89 (d, J = 7.8 Hz, 2H), 7.84 (d, J = 7.5 Hz, 1H), 7.59-
7.51 (m, 2H), 7.51-7.40 (m, 3H), 7.33 (t, J = 7.4 Hz, 1H), 6.92 (d, J = 15.6 Hz, 1H), 2.66 (s,
3H). BC{*H} NMR (101 MHz, CD3OD): § 165.3, 139.0, 138.6, 137.3, 133.5, 130.4, 129.4,
128.4,126.0, 125.8, 123.9, 121.8, 119.8, 18.4. HRMS (ESI) m/z calcd for C16H16NO (M+H)™:
238.1226, found: 238.1222.
(E)-N-Phenyl-3-(p-tolyhacrylamide (2.1c). This was purified by silica-gel column
H W/Q/ chromatography using ethyl acetate/hexane (10:90) mixture as an
©/N o h eluent. White solid. Yield (69 mg, 60%). MP 184-186 °C. IR
(DCM): 3038, 2922, 2853, 1653, 1623, 1550, 1498, 1336, 810, 689 cm™. *H NMR (400 MHz,
CDCl3): § 7.67-7.63 (m, 2H), 7.56 (d, J = 5.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 2H), 7.25 (t, J = 7.8
Hz, 2H), 7.05 (dd, J1 = 17.0 Hz, J2 = 7.4 Hz, 3H), 6.48 (d, J = 15.5 Hz, 1H), 2.28 (s, 3H).
BC{*H} NMR (101 MHz, CD30D): § 165.5, 141.4, 140.1, 138.6, 132.0, 129.2, 128.4, 127.5,
123.8, 119.8, 119.7, 20.0. HRMS (ESI) m/z calcd for C16H1sNO (M+H)*: 238.1226, found:
238.1231.
(E)-3-(4-1sopropylphenyl)-N-phenylacrylamide (2.2d). This was purified by silica-gel
column chromatography using ethyl acetate/hexane (10:90)
HW\A\/Q)\ mixture as an eluent. White solid. Yield (75 mg, 57%). MP 122-
124 °C IR (DCM): 3063, 2944, 2844, 1668, 1603, 1542, 1482,
1313, 1247, 951, 705 cm™. *H NMR (400 MHz, CDCls): § 7.77 (s, 1H), 7.65 (d, J = 15.5 Hz,

1H), 7.56 (d, J = 7.2 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.24 (t, = 7.9 Hz, 2H), 7.11 (d, J = 8.1

Hz, 2H), 7.03 (t, J = 7.3 Hz, 1H), 6.50 (d, J = 15.5 Hz, 1H), 2.82 (dt, J; = 13.8, J> = 6.9 Hz,
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1H), 1.16 (d, J = 6.9 Hz, 6H). *C{*H} NMR (101 MHz, CDCls): & 164.5, 151.2, 142.3, 138.2,
132.2, 129.0, 128.1, 127.2, 126.9, 124.3, 120.0, 34.0, 23.8. HRMS (ESI) m/z calcd for
Ci1gH19NONa (M+Na)*: 288.1359, found: 288.1353.
(E)-3-(4-(tert-Butyl)phenyl)-N-phenylacrylamide (2.2e). This was purified by silica-gel
column chromatography using ethyl acetate/ hexane (10:90)
H “ mixture as an eluent. White solid. Yield (58 mg, 42%). MP 141-
©/ o] 143 °C. IR (DCM): 3299, 3058, 2961, 2867, 1661, 1622, 1537,
1497, 1343, 980, 715 cm™. *H NMR (400 MHz, CDCls): § 7.60 (d, J = 15.5 Hz, 1H), 7.49 (s,
3H), 7.31 (d, J = 7.7 Hz, 2H), 7.27-7.17 (m, 4H), 6.98 (t, J = 7.2 Hz, 1H), 6.42 (d, J = 15.5 Hz,
1H), 1.18 (s, 9H). BC{"H} NMR (101 MHz, CDCls): 5 165.0, 153.2, 141.9, 138.2, 131.8,
128.9, 127.7, 126.9, 125.7, 125.4, 124.2, 120.3, 34.7, 31.3, 31.1. HRMS (ESI) m/z calcd for
C19H21NONa (M+Na)*: 302.1515, found: 302.1491.
(E)-3-(2-Methoxyphenyl)-N-phenylacrylamide (2.2f). This was purified by silica-gel
H column chromatography using ethyl acetate/hexane (15:85) mixture
©/N 0 b o as an eluent. White solid. Yield (84 mg, 67%). MP 160-162 °C. IR
(DCM): 3438, 2935, 2837, 1657, 1623, 1598, 1488, 1343, 1180, 752 cm™*. *H NMR (400 MHz,
CDCly): § 7.81 (d, J = 15.7 Hz, 1H), 7.49-7.44 (m, 3H), 7.26 (d, J = 7.5 Hz, 1H), 7.12 (t, J =
7.5 Hz, 3H), 6.90 (t, J = 7.1 Hz, 1H), 6.71 (t, J = 9.7 Hz, 2H), 6.52 (d, J = 15.7 Hz, 1H), 3.65
(s, 3H). 3C{*H} NMR (101 MHz, CDCl3): § 165.2, 158.2, 138.4, 137.4, 130.9, 128.9, 128.9,
124.0, 123.5, 121.7, 120.5, 120.0, 110.9, 55.2. HRMS (ESI) m/z calcd for CisH1sNO2Na
(M+Na)*: 276.0995, found: 276.0995.
(E)-3-(Benzo[d][1,3]dioxol-5-yl)-N-phenylacrylamide (2.2g). This was purified by silica-gel
column chromatography using ethyl acetate/hexane (20:80)

o
H )
@/NW/\Q:O mixture as an eluent. White solid. Yield (69 mg, 52%). MP 157-
0

159 °C. IR (DCM): 3063, 3021, 2944, 2844, 1668, 1603, 1551,

66



1482, 1313, 951, 705 cm™. 1H NMR (400 MHz, CDCl3): 6 7.92 (s, 1H), 7.62-7.50 (m, 3H),
7.23 (t, J = 7.8 Hz, 2H), 7.02 (t, J = 7.3 Hz, 1H), 6.89-6.81 (m, 2H), 6.66 (d, J = 8.0 Hz, 1H),
6.36 (d, J = 15.4 Hz, 1H), 5.89 (s, 2H). 3C{*H} NMR (101 MHz, CDCls): & 164.5, 149.2,
148.2, 142.0, 138.2, 129.0, 124.3, 124.2, 120.1, 118.9, 108.5, 106.4, 101.4. HRMS (ESI) m/z
calcd for C16H13NO3Na (M+Na)™: 290.0788, found: 290.0770.
(E)-3-(4-(Methylthio)phenyl)-N-phenylacrylamide (2.2h). This was purified by silica-gel
S column chromatography using ethyl acetate/hexane (10:90) mixture
@HW@ as an eluent. White solid. Yield (85 mg, 57%). MP 310-312 °C. IR
’ (DCM): 3302, 2922, 2852, 1664, 1622, 1598, 1546, 1498, 1318,
1093, 754 cm™. *H NMR (700 MHz, CDCls): & 7.63 (d, J = 15.7 Hz, 1H), 7.55 (s, 2H), 7.38-
7.27 (m, 5H), 7.19-7.14 (m, 2H), 7.05 (s, 1H), 6.43 (d, J = 15.7 Hz, 1H), 2.43 (s, 3H). 3C{*H}
NMR (176 MHz, CDCls): 6 164.1, 141.8, 141.5, 138.1, 131.2, 129.1, 128.3, 126.1, 124 .4,
119.9, 15.2. HRMS (ESI) m/z calcd for C16H1sNOS (M+H)*: 270.0947, found: 270.0953.
(E)-3-([1,1’-Biphenyl]-4-yI)-N-phenylacrylamide (2.2i). This was purified by silica-gel
O column chromatography using ethyl acetate/hexane (10:90) mixture
N O as an eluent. White solid. Yield (97 mg, 62%). MP 205-207 °C. IR
o}

J

cmL. IH NMR (400 MHz, CDCls): § 7.72 (d, J = 15.5 Hz, 1H), 7.52 (s, 8H), 7.37 (t, J = 6.9

(DCM): 3063, 2944, 2844, 1668, 1603, 1540, 1482, 1313, 951, 705

Hz, 3H), 7.29-7.25 (m, 3H), 7.06 (t, J = 8 Hz, 1H), 6.52 (d, J = 15.5 Hz, 1H). *C{*H} NMR
(101 MHz, CDsOD): § 165.3, 142.6, 140.9, 140.1, 138.6, 133.8, 128.5, 128.4, 128.1, 127.4,
127.0, 126.5, 123.9, 120.7, 119.8. HRMS (ESI) m/z calcd for CaiHi7NONa (M+Na)*:
322.1202, found: 322.1194.

(E)-3-(3-Fluorophenyl)-N-phenylacrylamide (2.2j). This was purified by silica-gel column
" chromatography using ethyl acetate/hexane (10:90) mixture as an
H
©/N)(\/© eluent. White solid. Yield (67 mg, 56%). MP 144-146 °C. IR (DCM):
0
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3437, 3029, 2848, 1662, 1628, 1583, 1499, 1443, 1250, 670 cm™*. *H NMR (400 MHz, CDCls):
§ 8.09 (s, 1H), 7.59 (d, J = 15.6 Hz, 3H), 7.23 (t, J = 7.9 Hz, 2H), 7.17 (dd, J; = 7.8, J, = 6.0
Hz, 1H), 7.09 (d, J = 7.7 Hz, 1H), 7.03 (dd, J1 = 6.8, J» = 5.1 Hz, 2H), 6.94 (td, J1 = 8.3, J2 =
2.1 Hz, 1H), 6.55 (d, J = 15.5 Hz, 1H). ¥C{*H} NMR (101 MHz, CDCls): 5 164.0, 162.9 (d, J
=245 Hz), 140.9, 137.9, 136.8 (d, J = 7.7 Hz), 130.3 (d, J = 8.3 Hz), 129.1, 124.6, 124.0 (d, J
= 2.8 Hz), 122.4, 120.2, 116.7 (d, J = 21.4 Hz), 114.0 (d, J = 21.9 Hz). °F NMR (377 MHz,
CDCl3): §-131.0. HRMS (ESI) m/z calcd for C1sH1sFNO (M+H)*: 242.0976, found: 242.0966.
(E)-3-(4-Bromophenyl)-N-phenylacrylamide (2.2k).*® This was purified by silica-gel
! Br column chromatography using ethyl acetate/hexane (15:85)
©/Nm/\/©/ mixture as an eluent. White solid. Yield (103 mg, 68%). MP 184-
7 186 °C. IR (DCM): 3033, 2838, 1652, 1558, 1506, 1485, 1326,
972, 743 cm™. 'H NMR (400 MHz, CDCls): 6 7.63 (d, J = 15.7 Hz, 1H), 7.56 (d, J = 6.1 Hz,
1H), 7.45-7.41 (m, 3H), 7.33-7.28 (m, 4H), 7.21 (s, 1H), 7.09 (t, J = 7.4 Hz, 1H), 6.49 (d, J =
15.7 Hz, 1H). 3C{*H} NMR (101 MHz, CDsOD): § 164.9, 139.9, 138.5, 134.0, 131.8, 129.2,
128.5,124.0, 123.5, 121.8, 119.8. HRMS (ESI) m/z calcd for C15sH13BrNO (M+H)*: 302.0175,
found: 302.0164.
(E)-3-(3-1odophenyl)-N-phenylacrylamide (2.21). This was purified by silica-gel column
! chromatography using ethyl acetate/hexane (15:85) mixture as an
HY\/@ eluent. White solid. Yield (71 mg, 42%). MP 124-126 °C. IR
©/ ° (DCM): 3071, 3023, 2952, 2790, 1666, 1599, 1481,1318, 952, 699
cm™. IH NMR (400 MHz, CDCls): § 7.81 (s, 1H), 7.66-7.43 (m, 4H), 7.39 (d, J = 5.3 Hz, 1H),
7.28 (dd, J1 = 16.4, J2 = 8.6 Hz, 2H), 7.20 (s, 1H), 7.06 (dt, J1 = 7.6, J» = 6.7 Hz, 2H), 6.49 (d,
J=15.5Hz, 1H). BC{*H} NMR (101 MHz, CDCls): § 163.5, 140.7, 138.7, 136.8, 136.4, 130.5,

129.1, 127.4, 124.6, 122.2, 120.0, 94.7. HRMS (ESI) m/z calcd for C1sH12INONa (M+Na)™:

371.9856, found: 371.9877.
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(E)-N-Phenyl-3-(4-(trifluoromethyl)phenyl) acrylamide (2.2m). This was purified by silica-
HWQ/CFS gel column chromatography using ethyl acetate/hexane (20:80)
©/ o mixture as an eluent. White solid. Yield (94 mg, 65%). MP 176-
178 °C. IR (DCM): 3420, 2926, 2852, 1652, 1595, 1498, 1324, 895, 756 cm™. 'H NMR (400
MHz, CD30D): & 7.65 (d, J = 8.2 Hz, 2H), 7.58 (dd, J1 = 15.3 Hz, J = 7.2 Hz, 5H), 7.22 (t, J
= 7.9 Hz, 2H), 7.01 (t, J = 7.4 Hz, 1H), 6.79 (d, J = 15.7 Hz, 1H). 3C{*H} NMR (101 MHz,
CD30OD): 8 164.5, 139.4, 138.6, 138.4, 131.0, 128.5, 127.9, 125.4, 125.4, 124.1, 123.7, 119.8.
19F NMR (377 MHz, CDCl3): 5 —62.8. HRMS (ESI) m/z caled for C1sH12FsNONa (M+Na)*:
314.0763, found: 314.0764.
(E)-3-(Furan-2-yl)-N-phenylacrylamide (2.2n). This was purified by silica-gel column
H\[(\/OQ chromatography using ethyl acetate/hexane (10:90) mixture as an
N NG
©/ R eluent. Yellow solid. Yield (87 mg, 82% (using NaO'Bu as a
base), 98 mg, 92% (using Cs2CO3 as a base)). MP 123-125 °C. IR
(DCM): 3304, 3131, 2923, 2553, 2089, 1667, 1633, 1561, 1387, 883, 748 cm™. 1H NMR (700
MHz, CDCl3): § 7.99 (s, 1H), 7.65 (d, J = 5.3 Hz, 2H), 7.53 (d, J = 15.2 Hz, 1H), 7.42 (s, 1H),
7.32 (t,J = 7.8 Hz, 2H), 7.12 (t, J = 7.0 Hz, 1H), 6.57 (d, J = 15.2 Hz, 1H), 6.53 (d, J = 3.2 Hz,
1H), 6.45 (dd, J; = 3.3, J2 = 1.8 Hz, 1H). 3C{*H} NMR (176 MHz, CDCls): & 164.3, 151.2,
1442, 138.1, 129.0, 128.9, 124.3, 120.1, 118.7, 114.3, 112.2. HRMS (ESI) m/z calcd for
C13H11NO; (M+H)*: 214.0863, found: 214.0865.
(E)-N-Phenyl-3-(thiophen-2-yl)acrylamide (2.20). This was purified by silica-gel column
Hj{\/@ chromatography using ethyl acetate/hexane (10:90) mixture as an
©/ o) eluent. White solid. Alkylated product is observed in 5%. Yield
(105 mg, 93%). MP 148-150 °C. IR (DCM): 3413, 3054, 2853, 2790, 1654, 1598, 1543, 1498,
1332, 858, 754 cm™. 'H NMR (400 MHz, CDCls): & 8.57 (s, 1H), 7.72 (d, J = 15.3 Hz, 1H),

7.56 (d, J = 8.0 Hz, 2H), 7.18-7.11 (m, 4H), 6.98-6.93 (m, 2H), 6.83 (dd, J1 = 5.1 Hz, J» = 3.6
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Hz, 1H), 6.43 (d, J = 15.3 Hz, 1H). *C{*H} NMR (101 MHz, CDCls): 5 164.6, 139.9, 138.2,
134.7, 130.6, 129.0, 128.0, 127.7, 124.4, 120.4, 120.1. HRMS (ESI) m/z calcd for
C13H11NOSNa (M+Na)*: 252.0454, found: 252.0450.
N-(2,3-Dimethylphenyl)cinnamamide (2.3a). This was purified by silica-gel column
H j(\@ chromatography using ethyl acetate/hexane (10:90) mixture as an
;:LN ) S eluent. White solid. Yield (83 mg, 66%). MP 186-188 °C. IR (DCM):
3437, 2956, 1655, 1619, 1519, 1446, 1343, 992, 708 cm™. 'H NMR
(400 MHz, CDCls): & 7.66 (d, J = 15.5 Hz, 1H), 7.42 (s, 3H), 7.28 (s, 4H), 7.02 (t, J = 7.6 Hz,
1H), 6.95 (s, 1H), 6.54 (d, J = 15.5 Hz, 1H), 2.21 (s, 3H), 2.10 (s, 3H). *C{*H} NMR (101
MHz, CDCls): & 164.3, 142.1, 137.4, 135.3, 134.7, 129.8, 128.8, 127.9, 127.6, 125.9, 122.3,
120.8, 20.6, 13.9. HRMS (ESI) m/z calcd for Ci7H17NONa (M+Na)*: 274.1202, found:
274.1206.
N-Mesitylcinnamamide (2.3b). This was purified by silica-gel column chromatography using
HWQ ethyl acetate/hexane (10:90) mixture as an eluent. White solid. Yield
/[ I o) (90 mg, 68%). MP 202-204 °C. IR (DCM): 3442, 2919, 1653, 1623,
1577, 1521, 1457, 1339, 849, 710 cm™. The *H and 3C NMR spectra of this compound display
two set of signals for alkenyl protons and carbons, respectively, despite the presence of only
the E product. *H NMR (400 MHz, CDCls): § 7.70 (d, J = 15.6 Hz, 1H), 7.57 (d, J = 15.7 Hz,
1H), 7.48 (s, 1H), 7.36 (dd, J1 = 6.5, Jo = 2.8 Hz, 2H), 7.31-7.19 (m, 5H), 6.87 (s, 1H), 6.74 (s,
2H), 6.62 (d, J = 15.7 Hz, 1H), 6.10 (d, J = 15.6 Hz, 1H), 2.19-2.08 (m, 11H). *C{*H} NMR
(101 MHz, CDCls): 6 164.8, 143.9, 141.6, 136.7, 136.4, 135.1, 134.8, 131.3, 129.9, 129.6,
129.2, 128.8, 128.7, 128.0, 127.9, 120.5, 115.9, 20.9, 18.5, 18.3. HRMS (ESI) m/z calcd for
C1sH19NONa (M+Na)*: 288.1359, found: 288.1356.
N-(2,6-Diisopropylphenyl)cinnamamide (2.3c). This was purified by silica-gel column

chromatography using ethyl acetate/hexane (10:90) mixture as an eluent. White solid. Yield
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@ (80 mg, 52%). MP 254-256 °C. IR (DCM): 3445, 3024, 2963, 1659,
&W 1623, 1578, 1528, 1465, 1447, 1360, 987, 725 cm™®. The *H and 13C
NMR spectra of this compound display two set of signals for
alkenyl protons and carbons, respectively despite the presence of only E product. *H NMR (400
MHz, CDCla): 6 7.68 (d, J = 15.6 Hz, 1H), 7.55 (d, J = 15.7 Hz, 1H), 7.48 (d, J = 20.8 Hz, 1H),
7.31(t, J = 7.4 Hz, 2H), 7.25 (dd, J1 = 8.8 Hz, J, = 5.1 Hz, 4H), 7.21-7.08 (m, 5H), 6.64 (d, J
=15.7 Hz, 1H), 6.10 (d, J = 15.7 Hz, 1H), 3.15 (dt, J1 = 13.7, J2 = 6.8 Hz, 1H), 3.06 (dt, J; =
13.7, J2 = 6.8 Hz, 2H), 1.11 (s, 6H), 1.11-1.06 (m, 12H). 3C{*H} NMR (101 MHz, CDCl5): &
168.2, 165.6, 147.2, 146.4, 143.8, 141.9, 134.7,131.3,131.3,131.2, 129.9, 129.7, 129.1, 128.7,
128.3,128.0, 127.9, 123.9, 123.4, 120.2, 116.1, 28.8, 28.5, 24.0, 23.6, 23.0. HRMS (ESI) m/z
calcd for Co1H2sNONa (M+Na)*: 330.1828, found: 330.1832.
N-(4-Methoxyphenyl)cinnamamide (2.3d). This was purified by silica-gel column
H « chromatography using ethyl acetate/hexane (15:85) mixture as an
\o/©/ o] eluent. White solid. Yield (80 mg, 63%). MP 139-141 °C. IR
(DCM): 3438, 2948, 2830, 1657, 1624, 1549, 1509, 1457, 1360, 830, 779 cm™. *H NMR (400
MHz, CDsOD): § 7.52 (d, J = 15.7 Hz, 1H), 7.46 (dd, J1 = 7.3 Hz, J2 = 5.1 Hz, 3H), 7.27 (m,
2H), 6.78 (d, J = 9.0 Hz, 2H), 6.65 (d, J = 15.7 Hz, 1H), 6.60 (s, 2H), 3.66 (s, 3H). 3C{*H}
NMR (101 MHz, CDs30OD): 6 165.1, 156.8, 140.9, 134.8, 131.5, 129.5, 128.6, 127.5, 121.4,
116.8, 113.6, 54.4. HRMS (ESI) m/z calcd for CicHisNO2 (M+Na)*: 276.0995, found:
276.0989.
N-(2-(Phenylthio)phenyl)cinnamamide (2.3e). This was purified by silica-gel column
H WK\Q chromatography using ethyl acetate/hexane (10:90) mixture as an
@s 0 eluent. Viscous liquid. Yield (33 mg, 20%). IR (DCM): 3350, 3057,
@ 2924, 2849, 2303, 1682, 1629, 1578, 1510, 1477, 1288, 923, 705 cmL,

IH NMR (700 MHz, CDCls): § 8.63-8.38 (M, 3H), 7.56-7.51 (m, 2H), 7.48-7.41 (m, 3H), 7.34-
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7.27 (m, 3H), 7.20-7.18 (m, 2H), 7.10-7.04 (m, 3H), 6.34 (d, J = 15.5 Hz, 1H). 3C{*H} NMR
(101 MHz, CDCls): 6 163.9, 142.3, 140.2, 136.6, 135.7, 134.5, 131.1, 130.0, 129.4, 128.8,
128.0, 127.2, 126.4, 124.5, 121.0, 120.9. HRMS (ESI) m/z calcd for C2:H17NOSNa (M+Na)™:
354.0923, found: 354.0923.
N-(2-Fluorophenyl)cinnamamide (2.3f). This was purified by silicagel column
H chromatography using ethyl acetate/hexane (10:90) mixture as an
@[NENQ eluent. White solid. Yield (72 mg, 60%). MP 135-137 °C. IR
" (DCM): 3350, 3048, 2946, 2830, 1664, 1629, 1549, 1501, 1448,
1288, 910, 705 cm™. *H NMR (400 MHz, CD30D): & 7.96 (s, 1H), 7.57 (d, J = 15.7 Hz, 1H),
7.53-7.42 (m, 2H), 7.33-7.19 (m, 3H), 7.04 (dd, J1 = 5.7 Hz, J, = 2.1 Hz, 3H), 6.81 (d, J = 15.7
Hz, 1H). BC{*H} NMR (101 MHz, CD30D): § 165.6, 155.1, 142.0, 134.7, 129.7, 128.6, 127.6,
126.0, 125.9, 125.3, 124.0, 123.9, 120.3, 115.0, 114.8. 1°F NMR (377 MHz, CDCls): § —132.1.
HRMS (ESI) m/z calcd for C1sH12FNONa (M+Na)*: 264.0795, found: 264.0795.
(E)-N-(2-Fluorophenyl)-3-(4-isopropylphenylacrylamide (2.3g).*> This was purified by
silica-gel column chromatography using ethyl acetate/hexane
N S (10:90) mixture as an eluent. White solid. Yield (91 mg, 64%).
C[F O MP 98-100 °C. IR (DCM): 3051, 2948, 2830, 1663, 1624,
1509, 1235, 830, 710 cm™. *H NMR (400 MHz, CDCls): § 8.39 (t, J = 7.5 Hz, 1H), 7.68 (d, J
= 15.5 Hz, 1H), 7.50 (s, 1H), 7.41 (d, J = 8.2 Hz, 2H), 7.20-7.14 (m, 2H), 7.07 (dd, J, = 13.2,
Jo=4.5 Hz, 1H), 7.04-6.94 (m, 2H), 6.48 (d, J = 15.5 Hz, 1H), 2.85 (dt, J1 = 13.8, J2 = 6.9 Hz,
1H), 1.18 (d, J = 6.9 Hz, 6H). 3C{*H} NMR (101 MHz, CDCls): 5 164.1, 151.5, 143.0, 132.1,
128.2,127.0,124.7,124.6, 124.3,124.2, 121.8, 119.4, 114.8, 114.6, 34.1, 23.8. °F NMR (377
MHz, CDCls): & —131.7. HRMS (ESI) m/z calcd for C1gH1sFNO (M+H)*: 284.1445, found:

284.1426.
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N-(4-Chlorophenyl)cinnamamide (2.3h). This was purified by silicagel column
H \n/\/© chromatography using ethyl acetate/hexane (15:85) mixture as an
C|/©/ o eluent. White solid. Yield (46 mg, 36%). MP 183-185 °C. IR
(DCM): 3441, 3025, 2922, 1659, 1626, 1556, 1505, 1407, 1298, 922, 684 cm™*. *H NMR (400
MHz, CD30D): § 7.61 (s, 1H), 7.56 (d, J = 4.3 Hz, 2H), 7.50 (dd, J1: = 7.5 Hz, J, = 1.8 Hz, 2H),
7.35-7.26 (m, 3H), 7.24-7.18 (m, 2H), 6.67 (d, J = 15.7 Hz, 1H). 3C{*H} NMR (101 MHz,
CD30OD): 8 165.2, 141.7, 137.4, 134.7, 129.7, 128.7, 128.6, 128.6, 128.4, 127.5, 121.0, 120.6.
HRMS (ESI) m/z calcd for C1sH12CINONa (M+Na)™: 280.0500, found: 280.0489.
N-(4-Bromophenyl)cinnamamide (2.3i). This was purified by silicagel column
H \f}/\/@ chromatography using ethyl acetate/hexane (15:85) mixture as
/©/N 5 S an eluent. Compound isolated was mixture of alkenyl (major)
y and alkylated (minor) products. White solid. Yield (90 mg, 60%).
MP 195-197 °C. IR (DCM): 3419, 3023, 2921, 1674, 1645, 1520, 1489, 1418, 977, 710 cm™.
IH NMR (400 MHz, CDCla): 6 7.67 (d, J = 15.5 Hz, 1H), 7.44 (s, 4H), 7.37 (d, J = 8.7 Hz,
2H), 7.31 (dd, J; = 8.0, J,= 5.0 Hz, 3H), 7.18 (s, 1H), 6.46 (d, J = 15.5 Hz, 1H), 2.97 (t, J =
7.5 Hz, 2H, alkylated), 2.58 (t, J = 7.5 Hz, 2H, alkylated). *C{*H} NMR (101 MHz, CDCly):
0164.0,142.9,137.1, 134.5,132.1, 130.2, 128.9, 128.0, 125.0, 121.5, 120.4. HRMS (ESI) m/z
calcd for C15sH12BrNONa (M+Na)*: 323.9994, found: 323.9985.
(E)-N-(2,3-Dimethylphenyl)-3-(4-(trifluoromethyl) phenyl)-acrylamide (2.3j). This was
y CF3 purified by silica-gel column chromatography using ethyl
(;/\N If\/@ acetate/hexane (20:80) mixture as an eluent. White solid. Yield
(113 mg, 71%). MP 230-232 °C. IR (DCM): 3437, 2956, 2854,
1655, 1625, 1510, 1440, 1343, 991, 756 cm™. *H NMR (400 MHz, CD30D): § 7.83 (d, J=8.1
Hz, 2H), 7.75-7.71 (m, 3H), 7.23 (d, J = 6.7 Hz, 1H), 7.15-7.10 (m, 2H), 7.01 (d, J = 15.8 Hz,

1H), 2.34 (s, 3H), 2.21 (s, 3H). 2*C{*H} NMR (101 MHz, CDsOD): & 165.3, 139.4, 138.7,
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138.4,137.4,135.1, 131.7, 131.0, 130.7, 128.0, 127.8, 125.5, 125.4, 125.3, 123.5, 123.3, 19.1,
12.9. 9F NMR (377 MHz, CDCl3): § —62.8. HRMS (ESI) m/z calcd for C1gH16F30N (M +H)*:
320.1245, found: 320.1257.
N,2,3-Triphenylacrylamide (2.3k). This was purified by silica-gel column chromatography
@ using ethyl acetate/hexane (5:95) mixture as an eluent. White solid.
il Yield (65 mg, 43%). MP 142-144 °C. IR (DCM): 3420, 3047, 2926,
©/ o 2852, 1652, 1598, 1510, 1324, 913, 712 cm™. *H NMR (400 MHz,
CDCl3): § 7.90 (s, 1H), 7.47-7.40 (m, 3H), 7.37 (d, J = 7.8 Hz, 3H), 7.31-7.27 (m, 1H), 7.27-
7.25 (m, 1H), 7.24-7.18 (m, 3H), 7.16-7.04 (m, 5H), 7.04-6.98 (m, 1H), 6.98-6.92 (m, 3H).
BBC{'H} NMR (101 MHz, CDCl3): & 165.0, 138.2, 137.8, 135.8, 134.8, 134.6, 130.5, 130.0,
129.9, 129.0, 128.9, 128.8, 128.2, 124.4, 119.9. HRMS (ESI) m/z calcd for C2:H17NONa
(M+Na)*: 322.1202, found: 322.1190.
N,2-Diphenyl-3-(4-(trifluoromethyl)phenyl) acrylamide (2.3l). This was purified by silica-
FsC gel column chromatography using ethyl acetate/ hexane (5:95) mixture
| H as an eluent. White solid. Yield (75 mg, 41%). MP 215-217 °C. IR
©/N o O (DCM): 3442, 2919, 1653, 1623, 1577, 1521, 1456, 1339, 892, 712
cm™. IH NMR (400 MHz, CDCls): § 7.47-7.39 (m, 6H), 7.28-7.21 (m,5H), 7.16 (t, J = 7.9 Hz,
3H), 6.98 (t, J = 7.4 Hz, 1H), 6.90 (s, 1H). 3C{*H} NMR (101 MHz, CDCl5): § 167.3, 140.2,
138.6, 137.3, 136.4, 129.1, 129.0, 128.9, 128.8, 127.6, 126.5, 125.6, 125.1, 120.2. *°F NMR
(377 MHz, CDCl3):  —62.7. HRMS (ESI) m/z caled for C22H17FsNO (M+H)*: 368.1257,
found: 368.1271.
3-(Naphthalen-1-yl)-N,2-diphenylacrylamide (2.3m). This was purified by silica-gel column
O chromatography using ethyl acetate/ hexane (5:95) mixture as an eluent.

White solid. Yield (68 mg, 43%). MP 172-174 °C. IR (DCM): 3063,

N
©/ 3 3021, 2944, 2844, 1668, 1603, 1547, 1482, 1313, 895, 707 cm™. ‘H

74



NMR (400 MHz, CDCls): & 8.50 (s, 1H), 8.08 (d, J = 8.3 Hz, 1H), 7.79-7.67 (m, 1H), 7.59 (d,
J =8.2 Hz, 1H), 7.49-7.36 (m, 5H), 7.26-7.19 (m, 6H), 7.19-7.12 (m, 2H), 7.08-6.97 (m, 2H),
6.84 (d, J = 7.2 Hz, 1H). ®*C{*H} NMR (101 MHz, CDCls): § 165.1, 137.8, 137.5, 136.6,
135.4,133.3,132.5, 132.2, 130.3, 129.3, 129.0, 128.6, 128.6, 127.7, 126.5, 126.0, 125.0, 124.6,
124.4,119.9. HRMS (ESI) m/z calcd for C2sH1sNONa (M+Na)*: 372.1359, found: 372.1366.
(E)-2-Methyl-N,3-diphenylacrylamide (2.3n). This was purified by silica-gel column
H @ chromatography using ethyl acetate/hexane (10:90) mixture as an
©/ TOH\w eluent. Compound isolated was mixture of cis (minor) and trans
(major) isomers. White solid. Yield (28 mg, 24%). MP 97-99 °C. IR (DCM): 3437, 2956, 2877,
1655, 1619, 1519, 1446, 1343, 910, 708 cm™. *H NMR (400 MHz, CDCls): § 7.53 (d,J=7.7
Hz, 3H), 7.35-7.31 (m, 5H), 7.29-7.21 (m, 4H), 7.19-7.14 (m, 1H), 7.06 (t, J = 7.4 Hz, 1H),
6.61 (s, 1H, cis isomer), 2.14 (s, 3H, trans isomer), 2.11 (s, 3H, cis isomer). ¥*C{*H} NMR
(101 MHz, CDCls): 6 167.8, 138.0, 135.8, 134.3, 132.9, 129.4, 129.1, 128.6, 128.4, 128.1,
127.0, 124.4, 120.3, 14.4. HRMS (ESI) m/z calcd for C16H1sNO (M +H)*: 238.1226, found:
238.1230.
General Procedure for Derivatization of a-Alkenyl Amides. To a Schlenk flask (25 mL)
equipped with a stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv), 2-fluoro acetanilide (0.5
mmol), aryl alcohol (0.6 mmol), and tert-amyl alcohol were added under nitrogen atmosphere
in a glovebox. The reaction mixture was taken out of the glovebox, equipped with a condenser,
and the solution heated at 135 °C (oil bath temperature) with stirring in an open system under
nitrogen flow for 24 h. Then, methanol was added to the reaction mixture under nitrogen flow
and further stirred for 3 h. The reaction mixture was transferred to an RB flask, and the solvent
was evaporated under reduced pressure. The solvent was removed under reduced pressure; the
reaction mixture was dissolved in chloroform and washed with water and brine. The collected

organic layer was dried over anhydrous sodium sulfate and concentrated in a vacuum. The
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resultant residue was purified by silica gel (100—200 mesh) column chromatography using
ethyl acetate/hexane mixture as eluent. Yields were calculated for isolated products.
N-Methyl-N-phenylcinnamamide (2.3a) and N-methyl-N,3-diphenylpropanamide (2.3a’).
These were purified by silica-gel
©/’LT\/\/© ©/Nﬁ/\/© column chromatography using ethyl
© ° acetate/hexane (10:90) mixture as an
eluent. Viscous liquids. Yield (86 mg, 73%). IR (DCM): 2951, 2823, 1663, 1610, 1540, 1416,
1343, 895, 708 cm™. *H NMR (400 MHz, CDCls): § 7.60 (d, J = 15.5 Hz, 1H), 7.41-7.32 (m,
2H), 7.34-7.23 (m, 3H), 7.21 (m, 6H), 7.16 (dd, J1 = 7.2 Hz, J» = 2.1 Hz, 3H), 6.29 (d, J = 15.3
Hz, 1H), 3.34 (s, 3H), 3.17 (s, 3H, alkylated), 2.83 (t, J = 7.9 Hz, 2H, alkylated), 2.29 (t, J =
8.0 Hz, 2H, alkylated). 3C{*H} NMR (101 MHz, CDCls): § 166.2, 143.6, 141.7, 135.2, 129.7,
129.6, 129.5, 128.7, 128.5, 128.4, 128.3, 127.8, 127.8, 127.6, 127.3, 127.0, 126.0, 118.8, 37.6,
36.0, 31.8. HRMS (ESI) m/z calcd for C16H1sNONa (M+Na)*: 260.1046, found: 260.1039.
(E)-1-(Indolin-1-yl)-3-phenylprop-2-en-1-one  (2.3b) and  1-(Indolin-  1-yl)-3-

phenylpropan-1-one (2.3b’). These were purified by silicagel column chromatography using

@ @ ethyl acetate/hexane (10:90) mixture as an
N
M\Q ;\/\Q eluent. White solids. Yield (70 mg, 57%).
0]
0]

MP 107-109 °C. IR (DCM): 2977, 2856,
1651, 1607, 1590, 1479, 1351, 991, 910, 708 cm™. *H NMR (400 MHz, CDCls): § 8.27 (s, 1 H),
8.18 (d, J = 8.1 Hz, 1H), 7.73 (d, J = 15.4 Hz, 1H), 7.53-7.41 (m, 2H), 7.34-7.25 (m, 3H), 7.25-
7.15 (M, 2H), 7.14-7.01 (m, 3H), 6.99-6.86 (m, 2H), 6.75 (d, J = 14.4 Hz, 1H), 4.14 (t, J = 8.5
Hz, 2H), 3.84 (t, J = 8.5 Hz, 1H), 3.14 (d, J = 22.3 Hz, 2H), 3.06-2.91 (m, 2H), 2.67-2.56 (m,
1H). *C{*H} (101 MHz, CDCl3): § 170.3, 164.2, 143.2, 141.2, 135.0, 129.9, 128.8, 128.5,
128.4, 127.9, 127.5, 127.5, 126.1, 124.5, 123.8, 123.5, 118.9, 117.5, 116.9, 47.8, 37.8, 30.7,

27.9. HRMS (ESI) m/z calcd for C17H16NO (M+H)*: 250.1226, found: 250.1224.
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N-(2-Methoxyphenyl)cinnamamide (2.4a). This was purified by silica-gel column
H W@ chromatography using ethyl acetate/hexane (15:85) mixture as an
©:Z o S eluent. White solid. Yield (76 mg, 66%). MP 135-137 °C. IR (DCM):
| 3441, 3025, 2922, 1659, 1626, 1505, 1407, 991, 698 cm™. 'H NMR
(700 MHz, CDCls): & 8.44 (s, 1H), 7.66 (d, J = 15.5 Hz, 1H), 7.48 (d, J = 7.0 Hz, 2H), 7.30
(dd, J; = 15.3, J2 = 7.7 Hz, 3H), 7.17 (s, 1H), 6.98 (t, J = 7.6 Hz, 1H), 6.91 (t, J = 7.6 Hz, 1H),
6.82 (d, J = 8.0 Hz, 1H), 6.50 (d, J = 15.5 Hz, 1H), 3.83 (s, 3H). 3C{*H} NMR (101 MHz,
CD30OD): 8 165.6, 149.9, 141.3, 135.3, 129.5, 128.6, 128.0, 127.6, 124.8, 121.7, 121.0, 120.1,
110.3, 54.8. HRMS (ESI) m/z calcd for C16H16NO2 (M+H)*: 254.1176, found: 254.1189.

(E)-3-(4-1sopropylphenyl)-N-(2-methoxyphenyl) acrylamide (2.4b). This was purified by

silica-gel column chromatography using ethyl acetate/hexane

@H X (15:85) mixture as an eluent. White solid. Yield (97 mg, 66%).
0° MP 122-124 °C. IR (DCM): 3443, 3028, 2934, 1662, 1618, 1510,

1399, 983, 704 cm™. 'H NMR (400 MHz, CDCls): § 8.47 (d, J = 7.2 Hz, 1H), 7.89 (s, 1H),
7.66 (d, J = 15.5 Hz, 1H), 7.43 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 6.96 (dtd, J; =
25.3 Hz, Jo = 7.7 Hz, J3 = 1.5 Hz, 2H), 6.83 (dd, J1 = 8.0, J = 1.3 Hz, 1H), 6.49 (d, J = 15.5
Hz, 1H), 3.85 (s, 3H), 2.87 (dt, J1 = 13.8 Hz, J, = 6.9 Hz, 1H), 1.20 (d, J = 6.9 Hz, 6H). *C{*H}
NMR (101 MHz, CDCls): 6 163.9, 151.1, 147.8, 142.0, 132.4, 128.1, 127.9, 126.9, 123.7,
121.2, 120.3, 120.0, 109.9, 55.7, 34.0, 23.8. HRMS (ESI) m/z calcd for C19H21NO2 (M)™:
296.1645, found: 296.1658.

Procedure for Mechanistic Studies. Reaction of Acetanilide with Benzaldehyde without
Catalyst 1. To a Schlenk flask (25 mL) equipped with a stir bar, NaO'Bu (1 equiv), acetanilide
(0.5 mmol), benzaldehyde (0.6 mmol), and tert-amyl alcohol (2 mL) were added under nitrogen
atmosphere in a glovebox. The reaction mixture was taken out of the glovebox and heated at

135 °C for 24 h. The reaction mixture was transferred to an RB flask. The solvent was removed
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under reduced pressure; the reaction mixture was dissolved in chloroform and washed with
water and brine. The resultant residue was purified by silica gel (100-200 mesh) column
chromatography using ethyl acetate/hexane mixture as eluent. Yield was calculated for the
isolated product.

Reaction of Acetanilide with Benzaldehyde with Catalyst 1. To a Schlenk flask (25 mL)
equipped with a stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv), acetanilide (0.5 mmol),
benzaldehyde (0.6 mmol), and tert-amyl alcohol (2 mL) were added under nitrogen atmosphere
in a glovebox. The reaction mixture was taken out of the glovebox, equipped with a condenser,
and the solution heated at 135 °C (oil bath temperature) with stirring in an open system under
nitrogen flow for 24 h. Further workup and isolation were carried out as per the general
procedure.

Reaction of Acetanilide with Benzyl Alcohol-d3. To a Schlenk flask (25 mL) charged with a
magnetic stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv), acetanilide (0.5 mmol), benzyl
alcohol-d3 (0.6 mmol), and tert-amyl alcohol (2 mL) were added under nitrogen atmosphere in
a glovebox. The reaction mixture was taken out of the glovebox, equipped with a condenser,
and the solution heated at 135 °C (oil bath temperature) with stirring in an open system under
nitrogen flow for 24 h. Further workup and isolation were carried out as per the general
procedure.

Reaction of Acetanilide-d3 with Benzyl Alcohol. To a Schlenk flask (25 mL) charged with a
magnetic stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv), acetanilide-d3 (0.5 mmol), benzyl
alcohol (0.6 mmol), and toluene (2 mL) were added under nitrogen atmosphere in a glovebox.
Toluene was chosen as a solvent as the deuterated acetanilide exhibited H/D exchange with
tert-amyl alcohol. The reaction mixture was taken out of the glovebox, equipped with a

condenser, and the solution heated at 135 °C (oil bath temperature) with stirring in an open
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system under nitrogen flow for 24 h. Further workup and isolation were carried out as per the
general procedure.

Reaction of Acetanilide-d3 with Benzyl Alcohol-d3. To a Schlenk flask (25 mL) charged
with a magnetic stir bar, catalyst 1 (2 mol %), NaO'Bu (1 equiv), acetanilide-d3 (0.5 mmol),
benzyl alcohol-d3 (0.6 mmol), and toluene (2 mL) were added under nitrogen atmosphere in a
glovebox. Toluene was chosen as a solvent as the deuterated acetanilide exhibited H/D
exchange with tert-amyl alcohol. The reaction mixture was taken out of the glovebox, equipped
with a condenser, and the solution heated at 135 °C (oil bath temperature) with stirring in an
open system under nitrogen flow for 24 h. Further workup and isolation were carried out as per
the general procedure.

X-ray Analysis of a-Alkenyl Amide Products 2.1m, 2.1n, and 2.21. Crystals suited for single
crystal X-ray diffraction measurements were mounted on a glass fiber. Geometry and intensity
data were collected with a Rigaku Smartlab X-ray diffractometer equipped with
graphitemonochromated Cu Ka radiation (A = 1.54184 A, multilayer optics). Intensities were
integrated with SAINT+47 and corrected for absorption with SADABS.48 The structures were
solved by direct methods and refined on F2 with SHELXL-9749 using Olex-250 software.
Crystal Data of a-Alkenyl Amide Product 2.1m. CisH12F3sNO, white solid, M = 291.27
g/mol, orthorhombic with space group P2:12:21, a = 16.9998(3) A, b = 10.00910(10) A, ¢ =
8.18750(10) A, a=90°, B=90°, vy =90°, V = 1393.13 (3) A3, Z = 4, F(000) = 600, p- (Cu Ka)
=0.981 mmL, 20max = 77.2200, peaica = 1.389 g/cm®, T = 293(2) K, 9610 Reflections collected,
8986 unique, R1 = 0.0479, WR> = 0.1422 (all data). The structure has been deposited at the
CCDC data center and can be retrieved using the deposit number CCDC 2038569.

Crystal Data of a-Alkenyl Amide Product 2.1n. C13H11NO3, white solid, M = 213.23 g/mol,
orthorhombic with space group P121/n1, a = 10.6354(6) A, b = 8.8279(6) A, ¢ = 24.4301(15)

A, 0=90° B =90°y=90° V =2293.72 (2) A%, Z = 8, F(000) = 898.78, u-(Cu Ko) = 0.683
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mm™, 20max = 77.2200, peaica = 1.235 g/cm®, T = 100.00(12) K, 1883 Reflections collected,
1484 unique, R1 = 0.0634, WR2 = 0.1654 (all data). The structure has been deposited at the
CCDC data center and can be retrieved using the deposit number CCDC 2038570.

Crystal Data of a-Alkenyl Amide Product 2.2l. C22H16F3NO, white solid, M = 367.36 g/mol,
orthorhombic with space group Poca, a = 8.62490(1) A, b=17.4341(2) A, ¢ =23.5971(3) A, o
=90°, B =90°, y = 90°, V = 3548.23 (7) A3, Z = 8, F(000) = 1520, p-(Cu Ka) = 0.776 mm™,
20max = 79.4100, peaica = 1.375 g/cm®, T = 100.00(12) K, 9610 Reflections collected, 15971
unique, R1 = 0.0477, WR2 = 0.1369 (all data). The structure has been deposited at the CCDC
data center and can be retrieved using the deposit number CCDC 2038571.
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H, 13C NMR Spectra of the Products:

Figure 2.1. *H NMR Spectrum of (E)-3-(4-(tert-butyl)phenyl)-N-phenylacrylamide (2.1¢€):
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Figure 2.2. 3C NMR Spectrum (E)-3-(4-(tert-butyl)phenyl)-N-phenylacrylamide (2.1e):
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Figure 2.3. 'H NMR Spectrum of (E)-N-phenyl-3-(4-(trifluoromethyl)phenyl)acrylamide

(2.1m):
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Figure 2.4. 3C NMR Spectrum of (E)-N-phenyl-3-(4-(trifluoromethyl)phenyl)acrylamide
(2.1m):
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Figure 2.5. H NMR spectrum of (E)-N-(2,3-dimethylphenyl)-3-

(4(trifluoromethyl)phenyl)acrylamide (2.2)):
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Figure 26. ¥C NMR  Spectrum  of  (E)-N-(2,3-dimethylphenyl)-3-(4-

(trifluoromethyl)phenyl)acrylamide (2.2j):

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 180 150 140 130 120 il . 100 90 a0 70 &0 50 40 30 20 10 0 -10
(ppm)

95



CHAPTER 3

Manganese(l) Catalyzed Alkenylation of Phosphine Oxides Using Alcohols with

Liberation of Hydrogen and Water

3.1 ABSTRACT

Mn (2 mol %) Ph\(ljl HO i T
P, 2P T2
KOBu, A Ph” ~F Ar

Y

Ph,P(O)Me + ArCH,OH

Herein, a catalytic cross-coupling of methyldiphenylphosphine oxide with arylmethyl alcohols
leading to the alkenylphosphine oxides is reported. A manganese pincer catalyst catalyzes the
reactions, which provides exclusive formation of trans-alkenylphosphine oxides. Mechanistic
studies indicate that reactions proceed via aldehyde intermediacy and the catalyst promotes
the C=C bond formation. Reactions are facilitated by dearomatization, and aromatization
metal-ligand cooperation operates in catalyst. Use of abundant base metal catalyst and
formation of water and H> as the only byproducts make this catalytic protocol sustainable and

environmentally benign.

3.2 INTRODUCTION

Organophosphorus compounds are important functional motifs in chemistry and biology. In
particular, alkenylphosphine oxides play a vital role as biologically active compounds and are
highly useful in agricultural, industrial, and medicinal chemistry.’® In addition,
alkenylphosphine oxides have widespread synthetic utility as the C=C bond undergoes diverse
transformations, including nucleophilic addition of phosphines, amines, and carbanions.*
These compounds are also used as valuable building blocks in material science® and serve as
precursors for many phosphine ligands.® Owing to such diverse applications, a number of

methods have been developed for the synthesis of alkenylphosphine oxides. However, the
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Scheme 3.1. Synthetic Methods for Alkenylphosphine Oxides
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conventional methods involve the multistep synthesis using a stoichiometric amount of strong
bases and tedious experimental procedures.” For example, lithium base promoted coupling of
methyl diphenylphosphine oxide with aldehyde or ketone provided the 2-
hydroxyalkyldiphenylphosphine oxide, which was converted to the corresponding O-

trimethylsilyl derivative, and further reaction with base or thionyl chloride/pyridine resulted in
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alkenylphosphine oxides (Scheme 3.1).8 Transition metal catalyzed or radical-mediated
addition of diarylphosphine oxides to alkynes®° or alkenes'! has been extensively applied for
the synthesis of alkenylphosphine oxides (Scheme 3.1). The defunctionalization C—P cross-
coupling strategy has been utilized to obtain P-alkenyl compounds, which involved catalytic
cross-coupling of propargylic acid or o, 5-unsaturated carboxylic acid or functionalized alkenes
with diarylphosphine oxides.*>*?

Direct synthesis of alkenylphosphine oxide from methyldiphenylphosphine oxides and
alcohols can be a desirable method and remains unknown. In recent years, acceptorless
dehydrogenative coupling of alcohols with carbon nucleophiles afforded the atom economical
and sustainable chemical transformations and advanced chemical synthesis.!* However, such
coupling of alcohols leading to the construction of an alkene functionality remains limited.
Synthesis of vinyl nitriles from alcohols and arylmethyl nitriles was developed by our group
and others.®® We have demonstrated the manganese pincer catalyzed direct olefination of
ketones and amides using alcohols, and also cross-coupling of secondary allylic alcohols with
primary alcohols.'® Catalytic methods for alkenylation of heteroarylmethyl compounds and
sulfone derivatives using alcohols have been developed.t’

These results prompted us to explore the potential reactivity of Kempe’s manganese pincer
complex 1 as a catalyst for the dehydrogenative coupling of methyldiphenylphosphine oxides
and alcohols toward the synthesis of alkenylphosphine oxides. Achieving selectivity for the
alkene functionality is a challenge and crucial for this transformation as the competing
borrowing hydrogen pathway*® can utilize the in situ generated molecular hydrogen to reduce
the C=C double bond and result in a corresponding alkylation product.’®* A similar
transformation leading to a-alkylation of methyldiphenylphosphine oxides was reported by
Wang.!® In continuation of our efforts in the development of sustainable synthetic methods,

herein we report a dehydrogenative coupling of methyldiphenylphosphine oxide and alcohols
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(Scheme 3.1). Remarkably, the reaction is catalyzed by earth-abundant, and cheap base metal-
manganese, and liberated H» and H.O are the only byproducts.

3.3 RESULTS AND DISCUSSIONS

At the outset of our investigations, methyldiphenylphosphine oxide (0.5 mmol), benzyl alcohol
(0.5 mmol), manganese pincer catalyst 1 (2 mol %), and KO'Bu (50 mol %) were reacted in
tertamy! alcohol at 135 °C. The reaction resulted in 61% yield, which comprised alkenyl and
alkylation products with a ratio of 93:7 (3.1a/3.1a’, Table 3.1, entry 1). Use of different bases
provided the diminished yields or no reaction (Table 3.1, entries 2-5) perhaps due to the low
acidity of the methyl protons. As the KO'Bu emerged as a choice of base, further optimization
was carried out by using 1 equiv of the base and increased catalyst load of 5 mol % (entries 6
and 7). Different solvents such as 1,4-dioxane provided lower yield, and toluene was found
incompatible (entries 8 and 9). On the basis of these observations, further experiments were
performed using 2 mol % of catalyst 1, 50 mol % of KO'Bu base in tert-amyl alcohol for a
Table 3.1. Optimization for a-Alkenylation of Phosphine Oxides using Catalyst 12

1 (2 mol %)

0 base (50 mol % 9 Ph (u)u Ph
Ph_lITI_Ph " PR oH tert-ar(nyl alcohoi g Ph_Eh_//_ ' Ph_Eh_/_

H20. -H 3.1a 3.1a'

entry base temp. time yield ratio
Q) (h) (%)° (3.1a/3.1a")¢

1 KO®Bu 135 24 61 93/7

2 NaO'Bu 135 24 26 94/6

3 Cs.COs 135 24 15 94/6

4 LiO'Bu 135 24

5 K2COs 135 24

6¢ KO'Bu 135 24 57 93/7

7t KO'Bu 135 24 59 94/6

8f KO'Bu 135 24 57 93/7

9¢ KO®Bu 135 24 trace
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10 KO'Bu 135 36 67 93/7

11 KO'Bu 135 48 79 93/7
12" KO'Bu 135 48 66 94/6
13 KO'Bu 120 24 40 94/6
14 KO'Bu 150 24 58 92/8
15! KO'Bu 135 48 trace

16 -- 135 48

4Reaction conditions: methyldiphenylphosphine oxide (0.5 mmol), benzyl alcohol (0.5 mmol),
tert-amyl alcohol (2 mL), catalyst 1, and base were heated in an open system under a nitrogen
flow. ® Isolated yields after column chromatography. ¢ Determined from *H NMR analysis of
crude reaction mixture. 9100 mol% base used. ¢5 mol % catalyst used. f1,4-Dioxane was used
as a solvent. 9Toluene was used as a solvent. " 25 mol % of KO'Bu was used. ' No catalyst was

used.

prolonged period; after 36 h, an improved yield of 67% with a selectivity of 93:7 (3.1a/3.1a’,
entry 10) was observed. The reaction carried out for 48 h emerged as the optimal condition for
the alkenylation of phosphine oxide with 79% yield of the product having 93:7 (3.1a/3.1a")
selectivity (entry 11). Decreasing the base load to 25 mol % also decreased the product yield
(entry 12). Lowering the reaction temperature to 120 °C or increasing to 150 °C failed to
provide the product in desired yields (entries 13 and 14). Control experiments without catalyst
or base resulted in a trace amount of product or no reaction, indicating that both catalyst and
base are essential for this transformation (entries 15 and 16). Notably, in all reactions, only the

selective formation of E-alkene was observed.

Having established the optimal experimental conditions, an assortment of benzyl alcohols was
subjected to manganese-catalyzed alkenylation with methyldiphenylphosphine oxide (Table
3.2). Benzyl alcohols bearing electron-donating substituents provided the alkenyl phosphine
products in moderate to good yields. m-Methyl, p-methyl, and p-ethylbenzyl alcohols resulted
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in 66%, 65%, and 55% of products 3.1b, 3.1c, and 3.1d, respectively. p-l1sopropyl, p-isobutyl,
and 4-tertbutybenzyl alcohols afforded the trans-olefination products 3.1e-3.1g in moderate to
good vyields. A methoxy and ethoxy substituent at meta- and para- positions produced the
alkenyl products 3.1h-3.1j in moderate yields. Reaction with 3,4-dimethoxybenzyl alcohol and
piperonyl alcohol afforded the products 3.1k and 3.1l in 55% and 63%, respectively. While m-
phenoxybenzyl alcohol yielded only 43% of product 3.1m, p-benzyloxybenzyl alcohol
produced 71% of product 3.1n. Unfortunately, the electron-rich 4-N,Ndimethylbenzyl alcohol
provided both the alkenyl and alkylation (in 1:1 ratio) products 3.10. p-Thiomethylbenzyl
alcohol afforded 67% of the product 3.1p. p-Phenylbenzyl alcohol provided the corresponding
alkenyl product 3.1q in 54% vyield. Further, polyarylmethyl alcohols were tested, and they
delivered the corresponding products in moderate to excellent yields. 1-Naphthalenemethanol
and 2-naphthalenemethanol resulted in alkenyl products 3.1r and 3.1s in 60% and 40% isolated
yields, respectively. Higher polyarylmethanols such as 9-anthracenemethanol afforded the
alkenyl products 3.1t in 49% yield, whereas 1-pyrenemethanol provided both alkylation and
alkenyl products in a 1:1 ratio (3.1u, 60% vyield). Interestingly, ferrocenemethanol also
produced the alkenylphosphine oxide 3.1v in 62% yield. Benzyl alcohols having electron-
withdrawing substituents, in general, provided the products in low to moderate yields. While
reaction of m-fluorobenzyl alcohol provided product 3.1w in 51% vyield, m-chlorobenzyl
alcohol resulted in only 20% of the alkenyl product 3.1x, and a major amount of alcohol
remains unreacted. Notably, the single-crystal X-ray analyses of alkenyl diphenylphosphine

oxides 3.1e, 3.1k, and 3.1w corroborated the trans-geometry of the alkenyl functionality.

Table 3.2. Manganese Catalyzed a-Alkenylation of Phosphine Oxides Using Diverse

Primary Alcohols and ORTEP Structures of Products 3.1e, 3.1k, and 3.1w?
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2 Reaction conditions: methyldiphenylphosphine oxide (0.5 mmol), alcohol (0.5 mmol), tert-
amyl alcohol (2 mL), catalyst 1 (0.01 mmol, 2 mol %), and KO'Bu (50 mol %) were heated in
an open system under a nitrogen flow. Reported yields correspond to isolated products after
column chromatography. Ellipsoids of ORTEP structures are drawn with 50% probability. °
Yield of the 0.5 g scale reaction performed for 60 h. ¢ 20% alkylation product was observed.

950% alkylation product was observed.

In order to understand the reaction pathways, experiments were performed using benzaldehyde.
Control experiment involving methyldiphenylphosphine oxide and benzaldehyde with 50 mol
% base and in the absence of catalyst 1 failed to provide the desired alkenyl product (Scheme
3.2a). However, a similar experiment in the presence of catalyst 1 (2 mol %) resulted in alkenyl
product 2a in 68% yield (Scheme 3.2b). These two experiments confirm that the reaction
proceeds via the aldehyde intermediate, and the catalyst is necessary for C=C bond formation.
Further, manganese catalyzed alkenylation of methyldiphenylphosphine oxide was performed
using benzyl alcohol-ds, which provided the alkenyl product 3.1a-dz in 75% yield. While 85%
deuterium was found in S-carbon, a minor deuterium scrambling leading to the 10% deuterium
incorporationmat the a-carbon of the alkene functionality was observed. The 10% deuteration
observed at the a-carbon may be due to H/D exchange with partially deuterated heavy water
eliminated in the aldol condensation step.

Scheme 3.2: Mechanistic Studies
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0 KOBu (50 mol %)
Ph—P—Ph * H > No reaction
| t-amyl alcohol
135°C, 48 h

o 1 (2 mol %)

o KOBu (50 mol %) FI’rL//—Q
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A plausible mechanism for a-alkenylation of methyldiphenylphosphine oxides is depicted in
Scheme 3.3. Upon reaction of catalyst 1 with base, a dearomatized coordinatively unsaturated
intermediate | is generated. The reaction of intermediate | with alcohol results in facile O-H
activation, which produces the alkoxy-ligated manganese complex 11. Similar alkoxy-ligated
manganese complexes are characterized by Milstein, Yu, and Liu.2>?? Intermediate II
undergoes p-hydride elimination to provide the corresponding aldehyde and Mn-hydride
complex I11. The in situ generated aldehyde undergoes catalyst and base promoted C=C bond
formation with methyldiphenylphosphine oxides to provide the alkenylphosphine oxide
product. The catalyst might have a role in increasing the electrophilicity of the in situ generated
aldehyde, thereby facilitating the aldol condensation step.? Intermediate 111 further liberates
the molecular hydrogen, which produces dearomatized intermediate | to complete one loop in
a catalytic cycle. This catalytic coupling reaction is facilitated by the aromatization-
dearomatization metal-ligand cooperation? operative in the catalytic system, which maintains

the +1 oxidation state in all the intermediates involved in the catalytic cycle.
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Scheme 3.3: Proposed Mechanism for Alkenylation of Methyldiphenylphosphine oxide
using Alcohols
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3.4 CONCLUSION

In summary, a manganese pincer catalyzed atom economical, environmentally benign catalytic
protocol for the synthesis of alkenylphosphine oxide is reported using benzylic alcohols. An
assortment of primary alcohols react with methyldiphenyl phosphine oxides to provide the
alkenylation product. Contrary to previous reports for the synthesis of such compounds, this
reaction uses readily available alcohols as a coupling partner. The reaction proceeds via an

acceptorless dehydrogenation pathway in which water and hydrogen are the only byproducts.

3.5 EXPERIMENTAL SECTION
General Experimental: All catalytic reactions were performed under an inert atmosphere
using standard Schlenk techniques. All stoichiometric reactions were performed in a nitrogen

atmosphere MBRAUN glovebox. Chemicals were purchased from Acros, Sigma-Aldrich,

105



Alfa-Aesar, and Himedia Chemicals and used without further purification. Dry solvents were
prepared according to standard procedures. Infrared (IR) spectra were recorded in PerkinElmer
FTIR and Thermo-Nicolet FT-IR spectrophotometers. High-resolution mass spectra (HRMS)
were obtained on a Bruker micrOTOF-Q Il Spectrometer and are reported as m/z (relative
intensity). Accurate masses are reported for the molecular ion [M + Na]*, [M+H]", [M]".
Nuclear magnetic resonance spectra (*H NMR and **C NMR) were recorded at a Bruker AV-
700 (*H at 700 MHz and *3C at 175 MHz) and Bruker AV-400 (*H at 400 MHz and **C at 100.6
MHz). 'H NMR chemical shifts are referenced in parts per million (ppm) with respect to
tetramethyl silane (TMS, & 0.00 ppm), and **C {*H} NMR chemical shifts are referenced in
parts per million (ppm) with respect to CDCls (6 77.160 ppm). Coupling constants are reported
in hertz (Hz). *H NMR spectroscopy abbreviations: s, singlet; d, doublet; t, triplet; g, quartet;
dd, doublet of doublets; dt, doublet of triplets; dg, doublet of quartets; td, triplet of doublets;
qd, quartets of doublets; ddd, doublets of doublets of doublets; m, multiplet; br, broad.
Assignment of spectra was done based on one-dimensional (dept-135) NMR techniques.

General Procedure for Optimization of a-Alkenylation of Phosphine Oxides Using
Alcohols. To a Schlenk flask (25 mL) equipped with a stir bar were added catalyst 1 (0.01
mmol, 2 mol %), base (50 mol %, until otherwise indicated), methyldiphenylphosphine oxide
(0.5 mmol), benzyl alcohol (0.5 mmol), and tert-amyl alcohol (2 mL) under a nitrogen
atmosphere in a glovebox. The reaction mixture was taken out of the glovebox, equipped with
a condenser, and the solution was heated at 135 °C (oil bath temperature) with stirring in an
open system under nitrogen flow for 24-48 h. After cooling, the reaction mixture was
transferred to an RB flask and the solvent was evaporated under reduced pressure. The resultant
residue was dissolved in chloroform and washed with water and brine. The collected organic

layer was dried over anhydrous sodium sulfate and concentrated in vacuum. The resultant
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residue was purified by column chromatography (silica gel, 100-200 mesh). The yields were
calculated for the isolated product.

General Procedure for a-Alkenylation of Phosphine Oxides Using Alcohols.

To a Schlenk flask (25 mL) equipped with a stir bar were added catalyst 1 (0.01 mmol, 2 mol
%), KO'Bu (0.25 mmol, 50 mol %), methyldiphenylphosphine oxide (0.5 mmol), alcohol (0.5
mmol), and tert-amyl alcohol (2 mL) under a nitrogen atmosphere in a glovebox. The reaction
mixture was taken out of the glovebox, equipped with a condenser, and the solution was heated
at 135 °C (oil bath temperature) with stirring in an open system under nitrogen flow for 48 h.
After cooling, the reaction mixture was transferred to an RB flask. The solvent was removed
under reduced pressure; the reaction mixture was dissolved in chloroform and washed with
water and brine. The collected organic layer was dried over anhydrous sodium sulfate and
concentrated in vacuum. The resultant residue was purified by silica gel (100-200 mesh)
column chromatography using an ethyl acetate/hexane mixture as an eluent. Yields were
calculated for isolated products.

Procedure for Control Experiment with Aldehyde.

To a Schlenk flask (25 mL) equipped with a stir bar were added catalyst 1 (0.01 mmol, 2 mol
%), KO'Bu (0.25 mmol, 50 mol %), methyldiphenylphosphine oxide (0.5 mmol), benzaldehyde
(0.5 mmol), and tert-amyl alcohol (2 mL) under a nitrogen atmosphere in a glovebox. The
reaction mixture was taken out of the glovebox, equipped with a condenser, and the solution
was heated at 135 °C (oil bath temperature) with stirring in an open system under nitrogen flow
for 48 h. After cooling, the reaction mixture was transferred to an RB flask and the solvent was
evaporated under reduced pressure. The resultant residue was dissolved in chloroform and
washed with water and brine. The collected organic layer was dried over anhydrous sodium
sulfate and concentrated in vacuum. The residue obtained was purified by column

chromatography (silica gel, 100-200 mesh). Yield was calculated for the isolated product.
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Procedure for Deuteration Scrambling Experiment with Benzyl Alcohol-ds.

To a Schlenk flask (25 mL) equipped with a stir bar were added catalyst 1 (0.01 mmol, 2 mol
%), KO'Bu (0.25 mmol, 50 mol %), methyldiphenylphosphine oxide (0.5 mmol), benzyl
alcohol-d3 (0.5 mmol), and tert-amyl alcohol (2 mL) under a nitrogen atmosphere in a
glovebox. The reaction mixture was taken out of the glovebox, equipped with a condenser, and
the solution was heated at 135 °C (oil bath temperature) with stirring in an open system under
nitrogen flow for 48 h. After cooling, the reaction mixture was transferred to an RB flask and
the solvent was evaporated under reduced pressure. The resultant residue was dissolved in
chloroform and washed with water and brine. The collected organic layer was dried over
anhydrous sodium sulfate and concentrated in vacuum. The residue obtained was purified by
column chromatography (silica gel, 100-200 mesh). Yield was calculated for the isolated
product.

Spectral Data of a-Alkenyl Phosphine Oxide Products

(E)-Diphenyl(styryl)phosphine  Oxide (3.1a):*> Purified by silica-gel column

: © chromatography using an ethyl acetate/hexane (50:50) mixture as an eluent.
P
XN White solid. Yield (120 mg, 79%; 435 mg, 62% for the 0.5 g scale reaction).

IR (DCM): 748, 810, 1115, 1172, 1436, 1602, 3049 cm™. 'H NMR (400
MHz, CDCls): § 7.67 (s, SH), 7.50-7.36 (m, 9H), 7.28 (m, 2H), 6.76 (t, J = 18.6 Hz, 1H).
BC{'H} NMR (176 MHz, CDCls): 147.7, 135.2 (d, Jc.p = 17.7 Hz), 133.1 (d, J = 105.9 Hz),
132.0 (d, J =1.5Hz), 131.5 (d, J =9.9 Hz), 130.2, 129.0, 127.9, 128.8 (d, J = 12.0 Hz), 119.4
(d, J = 104.5 Hz). 3P NMR (162 MHz, CDCl3): & 24.56.
(E)-(3-Methylstyryl)diphenylphosphine Oxide (3.1b):*2 Purified by silica-gel column
Qg @ chromatography using an ethyl acetate/hexane (50:50) mixture as an eluent.
A

White solid. Yield (105 mg, 66%). IR (DCM): 748, 1105, 1184, 1440, 1596,

3054 cmt. 'H NMR (700 MHz, CDCls): § 7.68-7.62 (m, 4H), 7.45 (t, J =
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7.3 Hz, 2H), 7.41-7.36 (m, 4H), 7.24 (d, J = 9.2 Hz, 2H), 7.20-7.16 (m, 2H), 7.09 (d, J = 7.4
Hz, 1H), 6.73 (dd, J1 = 22.2, J, = 17.5 Hz, 1H), 2.27 (s, 3H). 13C NMR (176 MHz, CDCl3): &
147.9, 138.7, 135.2 (d, Jc.p = 18.0 Hz), 133.1 (d, Jc.r = 106.3 Hz), 132.0, 131.6 (d, Jc.p = 9.9
Hz), 131.1, 128.9, 128.8 (d, Jc.p = 12.1 Hz), 128.5, 125.2, 119.0 (d, Jc.r = 105.0 Hz), 21.4. 31p
NMR (162 MHz, CDCls): § 25.67. MS-ESI: m/z 341.1, [M + Na]*.
(E)-(4-Methylstyryl)diphenylphosphine Oxide (3.1c):*? Purified by silica-gel column
0 chromatography using an ethyl acetate/hexane (10:90) mixture as an eluent.
®P\ White solid. Yield (103 mg, 65%). IR (DCM): 748, 1113, 1188, 1440, 1605,
3051 cm™*. Minor amount of alkylated product is also present (20%). *H NMR
(400 MHz, CDCl3): § 7.70-7.66 (m, 5H), 7.47-7.38 (m, 9H), 7.34 (d, J = 8.0
Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 6.98 (s, 1H), 6.78-6.60 (t, J = 18.4 Hz, 1H), 2.29 (s, 3H),
2.22 (s, 1H). 3C NMR (176 MHz, CDCls): & 147.7 (d, Jc.r = 3.4 Hz), 140.6, 133.2 (d, Jc.p =
105.7 Hz), 132.5 (d, Jc.r = 18.0 Hz), 131.9 (d, Jc.p = 2.2 Hz), 131.5 (d, Jc.p = 9.9 Hz), 130.9
(d, Jcp = 9.3 Hz), 129.7, 129.4, 128.8 (d, Jcp = 11.7 Hz), 128.7 (d, Jc.p = 12.1 Hz), 128.0,
127.9,126.8 (d, Jc.p = 28.2 Hz), 117.9 (d, Jc.» = 105.3 Hz), 21.5. 3P NMR (162 MHz, CDCls):
§31.72, 24.83. MS-ESI: m/z 341.1, [M + Na]*.
(E)-(4-Ethylstyryl)diphenylphosphine Oxide (3.1d): Purified by silica-gel column
@ﬁ @ chromatography using an ethyl acetate/hexane (10:90) mixture as an eluent.
] White solid. Yield (91 mg, 55%). IR (DCM): 751, 1107, 1191, 1443, 1603,
3048 cm™. 'H NMR (400 MHz, CDCls): § 7.73-7.60 (m, 4H), 7.45-7.34 (m,
9H), 7.11 (d, J = 7.9 Hz, 2H), 6.74-6.65 (t, J = 20 Hz, 1H), 2.55 (g, J = 7.6 Hz, 2H), 1.13 (t, J
=7.6 Hz, 3H). 3C NMR (176 MHz, CDCls): § 147.7, 146.9, 133.1 (d, Jc.r = 105.0 Hz), 132.7
(d, Je.p = 17.7 Hz), 131.9, 131.5 (d, Je.pr = 9.2 Hz), 128.6 (d, Jc.r = 11.6 Hz), 128.4, 127.9,
28.8, 15.4. 3P NMR (162 MHz, CDCl3): § 24.92. HRMS (ESI) Caled. for C22H210PNa [M +

Na]*: 355.1222, Found: 355.1232.
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(E)-(4-1sopropylstyryl)diphenylphosphine Oxide (3.1e):*'? Purified by silica-gel column

@?,@ chromatography using an ethyl acetate/hexane (50:50) mixture as an eluent.

] White solid. Yield (138 mg, 80%). IR (DCM): 746, 1099, 1187, 1439, 1596,

3049 cm™’. 'H NMR (400 MHz, CDCl3): & 8.10-7.89 (m, 1H), 7.67 (s, 3H),

7.45-7.37 (m, 9H), 7.16 (t, J = 7.3 Hz, 2H), 6.71 (s, 1H), 2.90-2.74 (m, 1H), 1.16 (d, J = 6.6

Hz, 6H). *C{*H} NMR (101 MHz, CDCls): 5 151.4, 147.7,131.9, 131.9, 131.5, 131.4, 128.6,

128.5, 127.9, 127.7, 126.9, 126.1, 124.3, 34.0, 23.8. 3'P NMR (162 MHz, CDCls): § 25.56.
MS-ESI: m/z 369.1, [M + Na]*.

(E)-(4-Isobutylstyryl)diphenylphosphine Oxide (3.1f): Purified by silica-gel column

P

QQ @ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.

Yellow solid. Yield (112 mg, 62%). IR (DCM): 751, 1103, 1191, 1444, 1608,

3048 cm!. '"H NMR (700 MHz, CDCls): § 7.70 (s, 4H), 7.46 — 7.28 (m, 9H),

7.09 (d, J= 6.4 Hz, 2H), 6.73 (s, 1H), 2.42 (d, J= 6.6 Hz, 1H), 1.82 — 1.78 (m,

1H), 0.83 (d, J = 6.0 Hz, 6H). *C NMR (176 MHz, CDCl3): § 147.8, 144.4, 133.1 (d, Jc.p =

108.7 Hz), 131.9, 131.6, 129.9, 129.7, 128.7, 128.3 (d, Jc.r = 6.8 Hz), 127.8, 45.3, 30.3, 22.4.

3P NMR (162 MHz, CDCI3): § 25.40. HRMS (ESI) Calcd. for C24H,sOP [M + H]*: 361.1716,
Found: 361.1704.

(E)-(4-(tert-Butyl)styryl)diphenylphosphine oxide (3.1g):!* Purified by silica-gel column

@8 @ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.

N White solid. Yield (139 mg, 77%). IR (DCM): 748, 1098, 1191, 1443, 1603,

3046 cm™. *H NMR (400 MHz, CDCls): § 7.67 (dd, J1 = 11.1, J> = 7.8 Hz,

4H), 7.47 — 7.37 (m, 9H), 7.32 (d, J = 8.3 Hz, 2H), 6.80 — 6.64 (dd, J1 = 18 Hz,

Jo = 21.6 Hz, 1H), 1.23 (s, 9H). 3C NMR (176 MHz, CDCls): & 153.6, 147.4, 133.2 (d, Jc.p =

103.8 Hz), 132.4 (d, Jc.p = 17.5 Hz), 131.8, 131.4 (d, Jc.p = 8.8 H2), 128.6 (d, Jc.p = 11.4 Hz),
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127.6, 125.8, 118.2 (d, Jc-p = 104.7 Hz), 34.8, 31.2. 3P NMR (162 MHz, CDCls): & 24.90.
MS-ESI: m/z 383.1, [M + Na]".
(E)-(3-Methoxystyryl)diphenylphosphine oxide (3.1h):'** Purified by silica-gel column

@E@ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.

X

White solid. Yield (75 mg, 45%). IR (DCM): 751, 1099, 1195, 1452, 1601,
o~ 3041 cm™. '"H NMR (700 MHz, CDCLs): § 7.78 (dd, J; = 11.8, J> = 7.6 Hz,
4H), 7.57 (t,J=17.2 Hz, 2H), 7.52 — 7.47 (m, 5H), 7.32 (t, /= 7.9 Hz, 1H), 7.14 (d,J= 7.6 Hz,
1H), 7.07 (s, 1H), 6.94 (dd, J; = 8.2, J> = 2.1 Hz, 1H), 6.87 — 6.79 (m, 1H), 3.84 (s, 3H). 1*C
NMR (176 MHz, CDCI3): & 160.1, 147.7, 136.6 (d, Jc.p = 18.1 Hz), 133.0 (d, Jc.r = 107.5 Hz),
132.1, 131.6 (d, Jc.r = 9.9 Hz), 130.0, 128.8 (d, Jc.r = 12.1 Hz), 120.6, 119.7 (d, Jc.r = 104.4
Hz), 116.1, 112.9, 55.5. *'P NMR (162 MHz, CDCl5): § 24.54. MS-ESI: m/z 357.1, [M + Na]".
(E)-(4-Methoxystyryl)diphenylphosphine oxide (3.1i):'?> Purified by silica-gel column
QC.P? @ chromatography using ethyl acetate/hexane (10:90) mixture as an eluent. White
3 solid. Yield (125 mg, 75%). IR (DCM): 748, 1107, 1199, 1447, 1598, 3051 cm™
. I TH NMR (400 MHz, CDCl3): & 7.75 — 7.69 (m, 3H), 7.67 (m, 2H), 7.47 —
7.43 (m, 3H), 7.38 (m, 4H), 7.27 — 7.23 (m, 1H), 6.92 — 6.81 (m, 3H). 3.75 (s, 3H). *C{'H}
NMR (101 MHz, CDCl3): 6 158.1, 143.2 (d, Jc.p = 15.1 Hz), 133.5 (d, Jc.r = 105.6 Hz), 131.7
(d, Jer=3 Hz), 131.5,131.4,131.3, 128.8, 128.6 (d, Jc.r = 9.9 Hz), 124.2, 124.0, 120.6, 119.5
(d, Jc.r = 104.5 Hz), 111.21, 55.46. *'P NMR (162 MHz, CDCl5): & 25.37. MS-ESI: m/z 357.1,
[M + Na]".
(E)-(4-Ethoxystyryl)diphenylphosphine oxide (3.1j): Purified by silica-gel column
Qg @ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent. White
] solid. Yield (108 mg, 62%). IR (DCM): 751, 1098, 1195, 1440, 1610, 3051 cm"
o !. 'TH NMR (400 MHz, CDCls): § 7.80 — 7.74 (m, 4H), 7.55-7.51 (m, 2H), 7.49-

7.43 (m, 6H), 7.41 — 7.36 (m, 1H), 6.88 (d, J = 8.7 Hz, 2H), 6.74 — 6.61 (m, 1H), 4.05 (q, J =
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7.0 Hz, 2H), 1.42 (t, J= 7.0 Hz, 3H). 3C NMR (176 MHz, CDCls): 6 160.7, 147.2, 133.4 (d,
Jcp=106.2 Hz), 131.8, 131.4 (d, Jc.r=9.7 Hz), 129.4, 128.6 (d, Jc.p = 11.8 Hz), 127.8 (d, Jc
p=18.2 Hz), 116.0 (d, Jc.r = 106.6 Hz), 114.8, 63.4, 14.8. 3'P NMR (162 MHz, CDCl3): §
24.93. HRMS (ESI) Calcd. for C22H210,PNa [M + Na]": 371.1171, Found: 371.1167.
(E)-(3,4-Dimethoxystyryl)diphenylphosphine oxide (3.1k):'* Purified by silica-gel column
@g chromatography using ethyl acetate/hexane (60:40) mixture as an eluent.
N White solid. Yield (100 mg, 55%). IR (DCM): 748, 1103, 1196, 1442, 1608,
3045 cm™. 'TH NMR (400 MHz, CDCls): § 7.78 (s, 4H), 7.63 — 7.38 (m, 7H),
g 7.11 —7.05 (m, 2H), 6.86 (d, J = 8.1 Hz, 1H), 6.71 (s, 1H), 3.90 (s, 6H). 1*C
NMR (176 MHz, CDCl3): 6 151.0, 149.3, 147.5, 133.2 (d, Jc.,=108.6 Hz), 131.9, 131.5, 128.7
(d, Jc.p=10.2 Hz), 128.3 (d, Jc.p = 17.2 Hz), 122.2, 116.5 (d, Jc.p = 102.4 Hz), 111.1, 109.7,
56.1, 56.0. *'P NMR (162 MHz, CDCls): & 25.44. MS-ESI: m/z 387.1, [M + Na]".
(E)-(2-(Benzo|d][1,3]dioxol-5-yl)vinyl)diphenylphosphine oxide (3.11):!* Purified by

o

a5

™

@ silica-gel column chromatography using ethyl acetate/hexane (60:40) mixture
as an eluent. White solid. Yield (109 mg, 63%). IR (DCM): 749, 1100, 1196,
o 1444, 1612, 3046 cm™. '"H NMR (400 MHz, CDCls): § 7.70-7.65 (m, 4H),
7.48 — 7.207 (m, 7H), 6.98 (s, 1H), 6.91 (d, J = 8.0 Hz, 1H), 6.73 (d, /= 8.0 Hz, 1H), 6.55 (t, J
=18.4 Hz, 1H), 5.92 (s, 2H). '*C NMR (176 MHz, CDCls): § 149.5, 148.5,147.3 (d, Jc.r=3.7
Hz), 133.3 (d, Jc.r = 105.7 Hz), 132.0, 131.5 (d, Jc.r = 9.9 Hz), 129.8 (d, Jc.r = 18.4 Hz), 128.7
(d, Jer=12.1Hz), 124.1, 116.8 (d, Jc.r = 106.1 Hz), 108.6, 106.5, 101.7. *'P NMR (162 MHz,
CDCl3): 4 24.98. MS-ESI: m/z 371.1, [M + Na]".
(E)-(3-Phenoxystyryl)diphenylphosphine oxide (3.1m): Purified by silica-gel column

Qg @ chromatography using ethyl acetate/hexane (60:40) mixture as an

N eluent. White solid. Yield (85 mg, 43%). IR (DCM): 750, 1103, 1198,

O@ 1439, 1608, 3051, 3083 cm™. '"H NMR (400 MHz, CDCls): § 7.86-7.75
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(m, 4H), 7.58-7.51 (m, 6H), 7.41 —7.27 (m, 4H), 7.26 — 7.10 (m, 3H), 7.02 (d, /= 8.0 Hz, 3H),
6.85 (dd, J; = 21.3, J> =14.1 Hz, 1H). *C NMR (176 MHz, CDCls): § 157.9, 157.2 (d, Jc.p =
74.8 Hz), 156.8, 147.2, 137.0 (d, Jc.r = 16.2 Hz), 132.7 (d, Jc.r = 106.6 Hz), 132.1, 131.5,
130.3, 130.0, 129.9, 129.7 (d, Jc.p = 37.0 Hz), 128.8 (d, Jc.r = 9.8 Hz), 123.7, 123.6, 123.3 (d,
Jep = 33.6 Hz), 122.9, 120.5, 120.0 (d, Je.r = 103.1 Hz), 119.1, 117.7. *'P NMR (162 MHz,
CDCI3): 6 24.92. HRMS (ESI) Calcd. for C26H210:P [M + H]": 397.1279, Found: 397.1281.
(E)-(4-(Benzyloxy)styryl)diphenylphosphine oxide (3.1n): Purified by silica-gel column
Q‘,P? @ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.
N White solid. Yield (146 mg, 71%). IR (DCM): 757, 1096, 1195, 1442, 1609,
Q 3049 cm™. 'H NMR (400 MHz, CDCls): § 7.76-7.63 (t, J = 7.6 Hz, 4H),
o)
7.47-7.38 (m, 8H), 7.35-7.18 (m, 6H), 6.89 (d, /= 8.3 Hz, 2H), 6.59 (t, /= 18.8 Hz, 1H), 5.01
(s, 2H). 3C NMR (176 MHz, CDCls): § 160.4, 147.2, 136.5, 133.3 (d, Jc.r = 106.1 Hz), 131.9,
131.5 (d, Jc.p = 8.9 Hz), 129.5, 128.7, 128.7, 128.6, 128.2, 127.5, 116.4 (d, Jc.r = 105.8 Hz),
115.2, 70.1. 3'P NMR (162 MHz, CDCl3): & 24.99. HRMS (ESI) Calcd. for C26H2102P [M +
H]": 411.1436, Found: 411.1440.
(E)-(4-(Dimethylamino)styryl)diphenylphosphine oxide and 4-

dimethylamino)phenethyl)diphenylphosphine oxide (3.10):> Purified by silica-gel column
y P yl)diphenylphosp y g

Q(s@ @gO chromatography using ethyl acetate/hexane (50:50) mixture as an
E} Ej eluent. White solid. Yield (95 mg, 55%). IR (DCM): 756, 1105,

N

- - 1196, 1440, 1612, 3051 cm™'. Both alkenyl and alkylation products
are present in 50:50 ratio. "H NMR (400 MHz, CDCl5): § 7.66 (dt, J; = 20.8, /> =10.4 Hz, 4H),
7.43-7.34 (m, 6H), 7.31 (d, J = 8.8 Hz, 2H), 7.28-7.17 (m, 1H), 3.65 (ddd, J; = 6.6, > =4.2, J3
=2.5Hz, 3H), 2.90 (s, 6H), 1.75 (ddd, J; = 6.6, J.= 4.2, J3 = 2.5 Hz, 3H). 3C NMR (176 MHz,
CDClh): 6 151.7,147.9 (d, Jc.p = 4.1 Hz), 133.8 (d, Jc.p = 105.4 Hz), 131.7 (d, Jc.r = 2.5 Hz),

131.5 (d, Jep = 9.8 Hz), 129.4, 128.6 (d, Jep = 12.0 Hz), 123.2 (d, Jep = 18.5 Hz), 112.4 (d,
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Jep=109.1 Hz), 111.8, 40.3. *'P NMR (162 MHz, CDCl3): § 25.72. MS-ESI: m/z 370.1, [M +
Na]".
(E)-(4-(Methylthio)styryl)diphenylphosphine oxide (3.1p):!* Purified by silica-gel column
0 ) .
Q.‘:‘@ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.
N

White solid. Yield (117 mg, 67%). IR (DCM): 758, 1098, 1199, 1438, 1612,

I 3055 cm™. '"H NMR (400 MHz, CDCLs): & 7.67 (s, 4H), 7.47 — 7.31 (m, 9H),

~

7.12 (d, J = 7.8 Hz, 2H), 6.71 (s, 1H), 2.39 (s, 3H). *C NMR (176 MHz, CDCls): & 147.0,
141.7, 133.1 (d, Jc.p=105.3 Hz), 131.9, 131.8 (d, Jc.r = 15.9 Hz), 131.5, 128.7, 128.2, 126.1,
118.1 (d, Jcr = 106.9 Hz), 15.3. *'P NMR (162 MHz, CDCl;3): § 24.64. MS-ESI: m/z 373.1,
[M + Na]".

(E)-(2-([1,1'-Biphenyl]|-4-yl)vinyl)diphenylphosphine oxide (3.1q):** Purified by silica-gel

@—P@ column chromatography using ethyl acetate/hexane (50:50) mixture as an
X

O 1H), 7.71 (s, 4H), 7.60-7.50 (m, 7H), 7.47-7.34 (m, 8H), 7.28 (m, 1H), 6.81

eluent. White solid. Yield (102 mg, 54%). IR (DCM): 756, 1102, 1201, 1441,

1610, 3052, 3081 cm™'. '"H NMR (400 MHz, CDCl;): 6 8.09 (d, J = 8.4 Hz,

(t, J=19 Hz, 1H). >*C NMR (176 MHz, CDCl): § 147.3, 143.0, 140.3, 134.2 (d, Jc.r = 18.0
Hz), 133.1 (d, Je.p = 106.0 Hz), 132.1, 131.5 (d, Jc.r = 9.9 Hz), 130.9 (d, Jc.r = 9.2 Hz), 129.0,
128.8 (d, Je.r = 12.1 Hz), 128.4, 127.9, 127.6, 127.4 (d, Jc.p = 15.7 Hz), 127.2, 119.2 (d, Jc-p
=104.4 Hz). *'P NMR (162 MHz, CDCls): § 25.10. MS-ESI: m/z 403.1, [M + Na]".

(E)-(2-(Naphthalen-1-yl)vinyl)diphenylphosphine oxide (3.1r):!> Purified by silica-gel

)
@,E_@ column chromatography using ethyl acetate/hexane (50:50) mixture as an

X
eluent. White solid. Yield (106 mg, 60%). IR (DCM): 1097, 1196, 1438,

O 1609, 2979, 3049, 3080 cm™'. '"H NMR (400 MHz, CDCl5): § 8.35 (s, 1H),
8.15 (s, 1H), 7.99-7.79 (m, 6H), 7.72 (d, J = 7.5 Hz, 1H).7.53 (s, 8H), 7.35 (s, 1H), 7.28-7.03

(m, 1H). *C NMR (176 MHz, CDCl3): § 145.0, 133.9, 133.6, 132.9, 132.0, 131.6, 131.1, 130.4,
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128.8,128.7,126.9, 126.2, 125.6 (d, Je-r = 12.9 Hz), 125.4, 124.8, 123.4. *'P NMR (162 MHz,
CDCl3): 4 24.18. MS-ESI: m/z 377.1, [M + Na]".

(E)-(2-(Naphthalen-2-yl)vinyl)diphenylphosphine oxide (3.1s):® Purified by silica-gel

QS @ column chromatography using ethyl acetate/hexane (50:50) mixture as an

] eluent. White solid. Yield (71 mg, 40%). IR (DCM): 837, 1102, 1198, 1440,

O 1610, 2981, 3048 cm™. 'H NMR (400 MHz, CDCls): § 8.64 (s, 1H), 8.06 (d, J

= 8.5 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.86-7.82 (m, 2H), 7.76-7.70 (m, 4H), 7.63 (d, J= 8.2

Hz, 1H), 7.56-7.43 (m, 7H), 7.19 (s, 1H), 6.92 (s, 1H). 3C NMR (176 MHz, CDCls): § 148.0,

136.0, 134.3, 133.4, 132.9 (d, Jc.r = 69.8 Hz), 132.6, 132.1, 131.6 (d, Jc.r = 10.0 Hz), 129.6

(d, Je.r=4.9 Hz), 128.9, 128.8 (d, Jc.r=2.6 Hz), 128.7, 128.7, 128.4,127.9 (d, Jc.r = 7.9 Hz),

127.3,126.9, 125.6, 123.5, 119.2 (d, Jc-r = 106.7 Hz). *'P NMR (162 MHz, CDCls): & 25.84.
HRMS (ESI) Calcd. for C24H1902PNa [M + Na]™: 377.1174, Found: 377.1178.

(E)-(2-(Anthracen-9-yl)vinyl)diphenylphosphine oxide (3.1t): Purified by silica-gel column

QS@ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.

X

Yellow solid. Yield (99 mg, 49%). IR (DCM): 773, 840, 1048, 1202, 1447,

O‘O 1609, 2984, 3049, 3081 cm™'. 'H NMR (400 MHz, CDCl;5): & 8.37-8.27 (m,
2H), 8.08 (dd, J; =6.2, J. = 2.3 Hz, 2H), 7.88 (dd, J; = 6.3, J. = 3.2 Hz, 2H), 7.82-7.76 (m, 4H),
7.50-7.41 (m, 6H), 7.37-7.29 (m, 4H), 6.79 (t, J = 6.8 Hz, 1H). '3C NMR (176 MHz, CDCl5):
5 145.4,134.1,132.9 (d, Je.r = 106.7 Hz), 132.1, 131.5 (d, Jcr = 8.3 Hz), 131.3, 130.7 (d, Jc
p=16.7Hz), 129.1, 128.9, 128.8, 128.1, 127.3 (d, Jc.r = 45.8 Hz), 126.4, 125.4, 125.1, 123.7,
115.8. 3'P NMR (162 MHz, CDCls): § 24.11. HRMS (ESI) Calcd. for C2sH21OPNa [M + Na]™:

427.1217, Found: 427.1222.
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(E)-Diphenyl(2-(pyren-4-yl)vinyl)phosphine oxide and Diphenyl(2-(pyren-4-

ylhethyl)phosphine oxide (3.1u): Purified by silica-gel column chromatography using ethyl

2 0 tate/h (50:50) mixt luent. White solid.
QP:@ @PQ acetate/hexane mixture as an eluen ite soli

‘ ‘ A Yield (128 mg, 60%). IR (DCM): 756, 840, 1097, 1196,
‘ry

alkylation products are present in 50:50 ratio. '"H NMR (400 MHz, CDCl;): § 8.67-8.55 (m,

1445, 1610, 2981, 3048, 3079 cm’'. Both alkenyl and

1H), 8.37 (d, /J=9.3 Hz, 1H), 8.27 (d, /= 8.1 Hz, 1H), 8.17 (d, /= 7.6 Hz, 2H), 8.11 (dd, J; =
6.9, J> =2.6 Hz, 2H), 8.08 (d, J = 3.0 Hz, 1H), 8.02-7.92 (m, 4H), 7.84-7.73 (m, 5H), 7.56-
7.42 (m, 8H), 7.20 (s, 3H), 7.08 (dd, J; = 23.2, J>=17.3 Hz, 1H), 3.61 (dd, J; =16.2, J>=8.3
Hz, 1H), 2.75 (dd, J; = 16.5, J> = 10.9 Hz, 1H). *C{'H} NMR (176 MHz, CDCl3): § 144.7,
133.3,132.6,132.3,132.0,131.9, 131.6, 131.5, 131.4, 130.9, 130.8, 128.8, 128.8, 128.7, 128.6,
128.3,127.8,127.4,127.3,127.0, 126.9, 126.3, 126.0, 125.8, 125.1, 125.0, 124.9, 124.7, 124.1,
122.8, 122.5. *'P NMR (162 MHz, CDCls): § 32.11, 24.91. HRMS (ESI) Calcd. for C30H2,OP
[M +H]": 429.1163, Found: 429.1163.
(E)-Diphenyl(2-vinyl-ferrocene)phosphine oxide (3.1v): Purified by silica-gel column
X _//_9 chromatography using ethyl acetate/hexane (50:50) mixture as an eluent. White
S solid. Yield (128 mg, 62%). IR (DCM): 697, 1049, 1102, 1203, 1626, 1932,
1989, 2048, 2981, cm™. 'TH NMR (700 MHz, CDCls): § 7.70-7.17 (m, 10H), 6.31 (s, 2H), 5.20
(s, 1H), 4.34 (d, J = 45.2 Hz, 4H), 4.04 (s, 4H). *'P NMR (162 MHz, CDCl;): § 24.80. HRMS
(ESI) Calcd. for C24H220OPFe [M + H]": 413.095, Found: 413.095.
(E)-(3-Fluorostyryl)diphenylphosphine oxide (3.1w):*® Purified by silica-gel column

(0]

s

A

@ chromatography using ethyl acetate/hexane (60:40) mixture as an eluent.
White solid. Yield (82 mg, 51%). IR (DCM): 726, 1196, 1440, 1610, 3051
Fcm’. 'TH NMR (400 MHz, CDCl3): § 7.68 (t, J = 7.2 Hz, 4H), 7.50-7.39 (m,

7H), 7.30-7.18 (m, 2H), 7.15 (d, J= 9.6 Hz, 1H), 6.98 (t, J= 7.3 Hz, 1H), 6.80 (t, /= 15.0 Hz,
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1H). 13C NMR (176 MHz, CDCls): § 163.2 (d, Jc.r = 247.0 Hz), 146.3, 137.5 (d, Jcr = 7.3
Hz), 137.4 (d, Jc.r=7.4 Hz), 132.7 (d, Jc.p = 107.5 Hz), 132.2, 131.5 (d, Jc.r = 9.9 Hz), 130.6
(d, Jc.r=8.2 Hz), 128.8 (d, Jc.p = 12.1 Hz), 124.0, 121.1 (d, Jc.p = 103.7 Hz), 117.1 (d, Jc.r =
21.4 Hz), 114.1 (d, Jc.r = 21.9 Hz). *'P NMR (162 MHz, CDCl5): § 24.12. MS-ESI: m/z 345.1,
[M + Na]".
(E)-(3-Chlorostyryl)diphenylphosphine oxide (3.1x):!'® Purified by silica-gel column
Qﬁ @ chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.
N Yellow solid. Yield (34 mg, 20%). IR (DCM): 1102, 1186, 1440, 1610, 3047
ol cm™'. "TH NMR (400 MHz, CDCls): § 7.77 (s, 4H), 7.60 — 7.51 (m, 8H), 7.42-
7.32 (m, 3H), 6.90 (s, 1H). *C{'H} NMR (176 MHz, CDCl:): § 146.0, 137.0, 136.9, 134.9,
132.1, 131.5, 130.2, 130.0, 128.8, 128.7, 127.4, 126.3. *'P NMR (162 MHz, CDCl5): § 24.20.

(E)-Diphenyl(2-phenylvinyl-1,2-d2)phosphine oxide (2a-d): Purified by silica-gel column
85%

- chromatography using ethyl acetate/hexane (50:50) mixture as an eluent.
Ph
O=p 7 White solid. Yield (114 mg, 75%). IR (DCM): 743, 813, 1119, 1181,
Ph D

10% 1446, 1605, 3055 cm™.*H NMR (400 MHz, CDCls): § 7.80-7.75 (m, 4H),
7.57-7.46 (m, 8H), 7.30-7.18 (m, 3H), 6.91 — 6.82 (m, 1H). 2D NMR (400 MHz, CHCls): §
7.52. 3C NMR (176 MHz, CDCls): § 147.7, 135.2 (dd, J1 = 17.8, J> = 13.0 Hz), 133.1 (d, J =
105.9 Hz), 132.0 (d, J = 1.5 Hz), 131.5 (d, J = 9.9 Hz), 130.2, 129.0, 128.8 (d, J = 12.0 Hz),
127.92, 119.3 (dd, J1 = 104.6, J. = 25.2 Hz). HRMS (ESI) Calcd. for C2H1sDOP [M]*:
305.1068, Found: 305.1074.

X-Ray Analysis of a-Alkenyl Phosphine Oxide Products 3.1e, 3.1k and 3.1w: Crystals
suited for single crystal X-Ray diffraction measurements were mounted on a glass fiber.
Geometry and intensity data were collected with a Rigaku Smartlab X-ray diffractometer
equipped with graphite-monochromated Cu-Ka radiation (A = 1.54184 A, multilayer optics).

Intensities were integrated with SAINT+?7 and corrected for absorption with SADABS?. The
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structures were solved by direct methods and refined on F” with SHELXL-97% using Olex-2*°

software.

Crystal Data of a-Alkenyl Phosphine Oxide Product 3.1e: C23H230P, white solid, M = 346.38
gm/mol, monoclinic with space group P121/n 1, a = 10.5848 (2) A, b=10.7353 (19) A, ¢ =
17.1475 (6) A, a.=90°, B =91°, y = 90°, V = 1948.21 (9) A3, Z = 4, F(000) = 736, u-(CuKa)
= 1.287 mm™ | 20max = 75.086, peaica = 1.181 g/em? , T = 100.00(10) K, 3944 Reflections
collected, 3831 unique, R; = 0.0327, WR> = 0.0845 (all data). The structure has been deposited

at the CCDC data center and can be retrieved using the deposit number CCDC 2077423.

Crystal Data of a-Alkenyl Phosphine Oxide Product 3.1k: C22H2103P, white solid, M = 364.12
gm/mol, monoclinic with space group P121/c 1, a = 11.1492 (1) A, b = 89181 (1) A, c =
20.0809 (2) A, a=90°, B =99.8°, v =90°, V =1967.60 (3) A3, Z =4, F(000) = 716, u-(CuKo)
= 1.342 mm™ | 20max = 75.2070, peaica = 1.145 g/ecm® | T = 290.00 (5) K, 3991 Reflections
collected, 3660 unique, R; = 0.1581, WR, = 0.4147 (all data). The structure has been deposited

at the CCDC data center and can be retrieved using the deposit number CCDC 2077424.

Crystal Data of a-Alkenyl Phosphine Oxide Product 3.1w: C20Hi1sFOP, white solid, M =322.30
gm/mol, monoclinic with space group P121/n 1, a = 8.6776 (2) A, b = 17.9368 (3) A, ¢ =
11.2529 (2) A, a=90°, p=107.4°,y=90°, V =1671.07 (6) A*, Z= 4, F(000) = 672, u-(CuKa)
= 1.554 mm™" , 20max = 74.9380, peaica = 1.281 g/cm® |, T = 185.00 (50) K, 3353 Reflections
collected, 3115 unique, R; =0.0418, WR>=0.1137 (all data). The structure has been deposited

at the CCDC data center and can be retrieved using the deposit number CCDC 2077425.
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H, 13C and 3P NMR Spectra of the Alkenylphosphine Oxide Products:

Figure 3.1. 'H NMR spectrum of (E)-(4-(tert-butyl)styryl)diphenylphosphine oxide (3.1g, 400
MHz, CDCls):
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Figure 3.2. 3C{*H} NMR spectrum of (E)-(4-(tert-butyl)styryl)diphenylphosphine oxide
(3.1g, 176 MHz, CDCls):
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Figure 3.3. 3P NMR spectrum of (E)-(4-(tert-butyl)styryl)diphenylphosphine oxide (3.1g, 162

MHz, CDCly):
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Figure 3.4. 'H NMR spectrum of (E)-(4-(benzyloxy)styryl)diphenylphosphine oxide (3.1n,

400 MHz, CDCly):
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Figure 3.5. BC{*H} NMR spectrum of (E)-(4-(benzyloxy)styryl)diphenylphosphine oxide
(3.1n, 101 MHz, CDCly):
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Figure 3.6. 3P NMR spectrum of (E)-(4-(benzyloxy)styryl)diphenylphosphine oxide (3.1n,
162 MHz, CDCls):
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Figure 3.7. *H NMR spectrum of (E)-(2-(naphthalen-2-yl)vinyl)diphenylphosphine oxide
(3.1s, 400 MHz, CDClgy):
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Figure 3.8. 3C{*H} NMR spectrum of (E)-(2-(naphthalen-2-yl)vinyl)diphenylphosphine
oxide (3.1s, 176 MHz, CDCls):
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Figure 3.9. 3P NMR spectrum of (E)-(2-(naphthalen-2-yl)vinyl)diphenylphosphine oxide
(3.1s, 162 MHz, CDCly):
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CHAPTER 4
Manganese(l) Catalyzed Cross-Coupling of Secondary Allylic Alcohols and

Primary Alcohols

4.1 ABSTRACT
1 0 'a H 3
—
Cs,CO4 R‘M}/ARZ +Hy0 + HzT a N \ NEPPr2
‘ \
OH N~ N\M
Hoﬁ) & ( 1 ‘n\CO
< I 0 HN—¢ co
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KoBu R’ R? 1,G =Me; 2, G = Ph
- J

Cross-coupling of alcohols to value-added products by using sustainable catalytic reactions
has gained attention in recent years. Isomerization of secondary allylic alcohol to the
corresponding enolizable ketone is an atom economical and known transformation. Herein, a
selective cross-coupling of secondary allylic alcohol and primary alcohol is reported to afford
the corresponding a-alkenyl or alkylation products. These catalytic protocols proceed via
acceptorless dehydrogenative coupling (ADC) or borrowing hydrogen (BH) strategies, which
liberates water and/or hydrogen as the only byproducts. Highly abundant manganese-based

pincer catalysts catalyze the reactions.

4.2 INTRODUCTION

Allylic alcohols are readily available and serve as resourceful building blocks of C3 precursors
to synthesize diverse organic compounds with myriad applications. The allylic alcohol motif
is found to be present in a number of important pharmaceuticals compounds. Allylic alcohols
are excellent candidates in the development of atom economical and sustainable green
protocols. In recent years, transition metal-catalyzed isomerization of allylic alcohols to
carbonyl compounds via redox isomerization is widely explored.? The redox isomerization
circumvents the two-step oxidation and reduction pathway and directly affords the desired

carbonyl compound. Complexes of noble metals such as iridium, ruthenium, rhodium, and
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palladium are well known to catalyze this reaction (Scheme 4.1a).® Further, complexes of

abundant base metals such as iron, cobalt, nickel, and manganese catalyzed isomerization of

allylic alcohols to carbonyl compounds have been reported recently (Scheme 4.1a).* Base

promoted isomerization of allylic alcohols to carbonyl compounds has been reported (Scheme

4.1a).°

Scheme 4.1. Advances in the Redox Isomerization of Allylic Alcohols and Further

Alkylation

a) Catalytic isomerization of allylic alcohols to carbonyl compounds
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feedstock chemicals.®

es are abundantly present in nature and highly promising industrial

Ketones have widespread utilities in the synthesis of natural products,
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polymers, important biological and pharmaceutical compounds.” Conventionally, a,f-
unsaturated ketones are synthesized via aldol condensation, which involves the use of
aldehydes.® Conventional synthesis of a-disubstituted ketones employs strong bases (nBuLi,
LDA, etc.) and toxic alkyl halides.® This protocol is dependent on enolate generation, which
requires cryogenic conditions and has various disadvantages such as generation of
stoichiometric metal halides, over alkylation, and undesired self-coupling of carbonyl
compounds. The advancement in catalysis allowed to displace this waste generating synthesis,
which involves multistep synthesis by direct use of inexpensive, readily available, and
environmentally benign alcohols as alkylating reagents.*® One-pot derivatization of the allylic
alcohols to «,f -unsaturated ketones and a-disubstituted ketones are interesting and important
transformations. Towards this goal, Morrill and co-workers reported the iron catalyzed one-pot
conversion of allylic alcohols to a-methyl ketones (Scheme 4.1b).*!

In the last two decades, a range of green organic transformations has been developed employing
the acceptorless dehydrogenative coupling (ADC)*?*2 and borrowing hydrogen (BH) pathways
using alcohols as coupling partners.!* In recent years, a number of cross-coupling reactions
are developed, which proceeded following ADC or BH strategies. Cross-coupling of primary
alcohols and secondary alcohols are well-known to produce the corresponding unsaturated or
saturated carbonyl compounds.'® Our group discovered the cross-coupling of two different
secondary alcohols leading to the p-disubstituted ketones.!” We have also reported the
manganese pincer catalyzed cross-coupling of secondary and primary alcohols®, a-
alkenylation of ketones, amides, and diphenylmethyl phosphineoxide using primary alcohols.*®
These studies established that Kempe's PNP-Mn(I) pincer complex having “methyl”
substitution embedded in the heteroaryl backbone (precatalyst 1, Scheme 4.1c) leads to the
alkenylation reactions'®, whereas the similar precatalyst 2 with “phenyl” substitution results in

favorable alkylation reactions.'® In continuation of our interest in the development of base-
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metal catalyzed sustainable cross-coupling reactions and to extend the synthetic scope of allylic
alcohols in cross-coupling reactions, herein, we report the manganese catalyzed synthesis of a-
alkenyl and a-alkyl ketones from the direct cross-coupling of secondary allylic alcohols and
primary alcohols (Scheme 4.1c).

4.3 RESULTS AND DISCUSSIONS

Optimization studies towards cross-coupling of secondary allylic alcohol and primary alcohols
were carried with a-vinylbenzyl alcohol and benzyl alcohol as benchmark substrates. Initially,
a-vinylbenzyl alcohol (0.5 mmol) and benzyl alcohol (0.6 mmol) were subjected to cross-
coupling using precatalyst 1 (1 mol %), and KO'Bu (10 mol %), which resulted in 99%
conversion of a-vinylbenzyl alcohol. Under this strong basic condition, predominant alkylation
and minor alkenylation, as well as redox isomerization products, were observed (Table 4.1,
entry 1).

Table 4.1. Optimization for Cross-Coupling of a-Vinylbenzyl Alcohol with Benzyl
Alcohol Catalyzed by a Manganese Pincer Catalyst 12

OH 0] 0

. o~ 1/ Base _ . . o
Ph)m Ph O T ertamyl alcohol Ph)YPh Ph)YPh Ph)]\/
135 °C
4.1a 4.1a’ 5
entry base base load catalyst load time conversion  yield ratio
(mol %) 1 (mol %) (h) (%) " (%) (4.1a/4.1a'/
5)¢
1 KO'Bu 10 1 24 99 71 10/70/20
2 NaO'Bu 10 1 24 99 69 15/80/5
3 Cs2CO3 20 2 24 99 65 80/20
4 Cs2CO3 10 2 24 90 66 85/15
5 Cs2CO3 10 1 15 75 56 80/5/15
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6 Cs2C0Os3 10 0.5 20 75 57 70/20/10

7 Cs2C0O3 10 1.5 24 99 66 94/6

8 Cs2C03 10 1.5 20 89 61 94/6

9 Cs2C0O3 8 1.5 20 85 65 92/3/5
10 Cs2C0s3 8 1.5 24 90 68 97/3
119 Cs;COs 8 1.5 24 87 61 96/4/0
11 -- -- 1.5 24 -- -- --
12 Cs2C0O3 8 -- 24 -- -- --

&Reaction conditions: a-vinylbenzyl alcohol (0.5 mmol), benzyl alcohol (0.6 mmol), tert-amyl
alcohol (2 mL), precatalyst 1, and base were heated at 135 °C under nitrogen flow. Yields were
calculated after isolation by column chromatography. ® Conversion of a-vinylbenzyl alcohol
was determined by *H NMR analysis using 1,4-dioxane (0.25 mmol) as an internal standard. ©
Products ratio calculated from *H NMR spectral analysis of crude reaction mixture. ¢ Reaction

was carried out using ‘BuOH as a solvent.

A similar result was obtained by use of NaO'Bu (Table 4.1, entry 2). Hence, in order to switch
the selectivity towards alkenylation, the mild base Cs.COz was tested; a catalytic experiment
with precatalyst 1 (2 mol %), and Cs.COz (20 mol %), provided complete conversion of a-
vinylbenzyl alcohol with the selectivity of 80:20 for alkenyl and alkylation products,
respectively (Table 4.1, entry 3). When the amount of base was reduced to 10 mol %,
conversion of a-vinylbenzyl alcohol decreased to 90% with a slight increase in selectivity for
alkenylation (85:15 ratio, Table 4.1, entry 4). As the use of Cs,CO3 base provided the desired
alkenylation as a major reaction, further experiments were performed by changing the amount
of base, catalyst load, and reaction time (Table 4.1, entries 5-9). The results obtained from

these experiments guided us to carry out a reaction with 8 mol % of Cs,COs and 1.5 mol % of
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precatalyst 1 for 24 h, which resulted in 90% conversion and 68% yield with the 97:3 ratio of
alkenyl and alkylation products (Table 4.1, entry 10). This experiment was selected as an
optimized reaction condition as the presence of unreacted propiophenone and the formation of
alkylation products are minimized in the reaction mixture. Experiment performed using tert-
butanol as a solvent under similar conditions provided slightly lower conversion, and
diminished yield of products (Table 4.1, entry 11). Control experiments without base,
precatalyst and base alone resulted in no product formation confirming the necessity of catalyst
and base for the desired cross-coupling (Table 4.1, entries 12-13).

With optimal conditions in hand, a-vinylbenzyl alcohol was subjected to the manganese(l)
catalyzed cross-coupling with different primary alcohols (Table 4.2). As discussed in
optimization, reaction with benzyl alcohol resulted in product 4.1a as a mixture of E and Z
isomers in a 68% yield. In general, benzyl alcohols bearing electron-donating and electron
withdrawing groups provided good to moderate yields as a mixture of E and Z isomers. The
reaction of 4-isopropylbenzyl alcohol provided product 4.1b in 60%. With 4-methoxy and 3,4-
dimethoxy substituted benzyl alcohols, corresponding alkenyl products 4.1c and 4.1d were
isolated in 62% and 55% yields, respectively. Piperonyl alcohol and 3-phenoxybenzyl alcohol
provided cross-coupling products 4.1e and 4.1f in moderate yields. (4-
(Dimethylamino)phenyl)methanol as a coupling partner, product 4.1g was obtained in 57%
yield as a mixture of E and Z isomers. The reaction of secondary allylic alcohol with benzyl
alcohols having electron-withdrawing substituents resulted in alkenyl cross-coupling
compounds in moderate yields. Reaction with 4-phenylbenzyl alcohol and 1-naphthalene
methanol afforded the products 4.1h-4.1i in 54% and 45% yields, respectively. 3-Fluorobenzyl
alcohol provided 4.1j in 61% yield. Heteroaryl alcohols such as furfuryl alcohol and 2-

thiophenmethanol afforded corresponding products 4.1k and 4.1l in 74% and 71% Yyields,
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respectively. The incorporation of electron-donating substituents on secondary allylic alcohol
resulted in a moderate cross-coupling reaction. The reaction of (p-tolyl)prop-2-en-1-ol with
Table 4.2. Synthesis of Methyl Branched a-Alkenyl Ketones: Cross-Coupling of

Secondary Allylic Alcohols and Primary Alcohols?
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OH 1 (1.5 mol %) (0]

+ N Cs,CO3 (8 mol %)
Ar)\/ Ar OH > AI’ / Ar: + HZO + HZT
tert-amyl alcohol

135 °C, 24 h 4.1
0 o 0
= © W = ©\
O/
4.1a, 68% & 61%P 4.1b, 60% 4.1¢c, 62%
E/Z 98:2 E/Z 98:2 E/Z 99:1
(0] (0]
geelieapesloagens
o~ o
4.1d, 55% 4.1e, 55% 4.1f, 57%
E/Z 99:1 EIZ 87:13
o (0]
. [
/ /
L C -
N/
I
4.19g,57% 4.1h, 54% 4.1i, 45%
EIZ 95:5 E/Z 97:3 EIZ 72:28
(0] (0] (0]
% F ', O P S
W W
4.1j, 61% 4.1k, 74% 411, 71%
E/Z 87:13 E/Z 65:35 E/Z 65:35
0 0 0
a0 W ) W )
N
4.1m, 51% 4.1n, 49% 4.10, 53%
E/Z 64:36 EiZ 85:15 E/Z 60:40
(0] (0] 0]
W W
4.1p, 65% © 4.1q, 47% °© 4.1r, 58% ¢
EIZ 87:13 E/Z 95:5 ElZ 95:5

&Reaction conditions: secondary allylic alcohol (0.5 mmol), aryl alcohol (0.6 mmol), tert-amyl
alcohol (2 mL), precatalyst 1 (1.5 mol %) and Cs2COs (8 mol %) were heated at 135 °C under

nitrogen flow. Yields correspond to isolated pure compounds. ® Yield of the 0.5 g scale
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reaction, performed for 36 h. ¢ A mixture of alkenyl and alkyl products was isolated (1:1 ratio).

dPresence 10% alkylation product was also found in the reaction mixture.

benzyl alcohol provided the corresponding product 4.1m in 51% yield as a mixture of E and Z
isomers. Similarly, when (4-methoxyphenyl)prop-2-en-1-ol was subjected to cross-coupling
with benzyl alcohol, product 4.1n was obtained in a 49% yield. The reaction of (4-
methoxyphenyl)prop-2-en-1-ol with 4-methylbenzyl alcohol afforded product 4.10 in 53%
yield. However, upon reaction with 3,4-dimethoxybenzyl alcohol and furfuryl alcohol, a
mixture of alkenylation and alkylation products 4.1p-4.1q were obtained. Reaction with 2-
thiophene methanol provided the corresponding alkenylated product 4.1r in 58% vyield.

Based on our previous reports'® on cross-coupling of secondary and primary alcohols using
manganese pincer catalyst 2 and our initial observations in optimization studies on cross-
coupling of secondary allylic alcohols with primary alcohols in which use of strong base
favored the predominant formation of alkylation product (Table 4.1, entries 1-2), we set out to
explore the possible a-alkylation of secondary allylic alcohols. Thus, reaction of a-vinylbenzyl
alcohol with benzyl alcohol and thiophene-2-methanol with precatalyst 2 (2 mol %) and KO'Bu
base (50 mol %) provided the corresponding alkylation products 4.2a, and 4.2b in 68% and
64% vyields, respectively (Table 4.3). Notably, the alkylation also occurred using aliphatic
alcohols such as 1-hexanol and the corresponding product 4.2c was isolated in 51% yield.
Further, different secondary allylic alcohols were tested in the manganese catalyzed o-
alkylation reaction, which afforded the corresponding alkylated products. The reaction of (p-
tolyl)prop-2-en-1-ol with benzyl alcohol provided the product 4.2d in 60% vyield. 1-
(Naphthalen-1-yl)prop-2-en-1-ol reacted with thiophene-2-methanol and provided product
4.2e in 44% vyield. Reaction of 1-(4-methoxyphenyl)prop-2-en-1-ol with 3-phenoxybenzyl

alcohol afforded the corresponding alkylated product 4.2f in 62% yield. Notably, the a-
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methylalkyl ketones are obtained directly from secondary allylic alcohols and primary alcohols
under BH conditions.
Table 4.3. Cross-Coupling of Allylic Secondary Alcohols and Primary Alcohols for

Synthesis of a-Alkylated Ketones @

2 (2 mol %)

OH t o)
. KO'Bu (50 mol %)
P4 R OH S
A")\/ tert-amyl alcohol Ar R+ HO
135 °C, 36 h 4.2
o o) o)
S
W,
4.2a, 68% 4.2b, 64% 4.2c, 51%
i LS i
(T O
|
/ ~o
4.2d, 60% 4.2e, 44% 4.2f 62%

& Reaction conditions: secondary allylic alcohol (0.5 mmol), primary alcohol (1 mmol), tert-
amyl alcohol (2 mL), catalyst 2 (2 mol %), and KO'Bu (50 mol %) were heated at 135 °C under

nitrogen flow for 36 h.

Experiments aimed at understanding the reaction pathways of manganese catalyzed cross-
coupling of secondary allylic alcohols with primary alcohols were performed in Scheme 2. The
reaction of a-vinylbenzyl alcohol with precatalyst 1 (1.5 mol %) and Cs>CO3 (10 mol %)
provided propiophenone in 81% vyield (Scheme 4.2a). This observation revealed that the
reaction proceeds via the redox isomerization pathway. Reaction of a-vinylbenzyl alcohol with
benzaldehyde under optimized reaction condition for alkenylation afforded product 4.1a in
63% vyield, indicating the involvement of aldehyde intermediacy resulting from oxidation of

primary alcohols by the manganese catalysts (Scheme 4.2b). Further, when propiophenone and
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benzaldehyde were reacted with Cs2COs (10 mol %) for 24 h at 135 °C, alkenyl product 4.1a
was obtained in a 65% yield (Scheme 4.2c). These experiments establish that secondary allylic
alcohols undergo redox isomerization leading to ketones, and primary alcohols are oxidized to
aldehydes by manganese pincer catalysts, and the subsequent base promoted aldol
condensation furnishes the a-alkenylation products. Catalytic cross-coupling using benzyl
alcohol-dsz provided the 85% deuterium incorporation at the alkenyl proton of product 4.1a,

confirming the aldol condensation (Scheme 4.2d).

Scheme 4.2. Mechanistic Studies on Manganese Catalyzed Cross-Coupling of Secondary

Allylic Alcohols with Primary Alcohols.

P 1 (1.5 mol %) -
) Cs,CO3 (10 mol%)
tert-amyl alcohol

135°C, 24 h 81% &

0]

Catalyst 1 (1.5 mol %)
-7 7
Cs,C0O5 (8 mol %)

tert-amyl alcohol

135°C, 24 h 4.1a, 63%
@]
Cs,C0O3 (10 mol %)
A . 7
tert-amyl alcohol
135°C, 24 h
4.1a, 65%
85%
OH bD_ D I
©)\/ . ©)<OD Catalyst 1 (1.5 mol %) W@
>
Cs,CO3 (8 mol %)
95 %D tert-amyl alcohol 4.1a-D
135°C, 24 h

Based on mechanistic studies (Scheme 4.2) and previous reports*, a plausible catalytic pathway

for cross-coupling of secondary allylic alcohols with primary alcohols is proposed in Scheme
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4.3. A dearomatized coordinatively unsaturated intermediate I is generated upon the reaction
of precatalysts with base. The reaction of intermediate | with secondary allylic alcohols as well
as primary alcohols result in alkoxy-ligated complexes Il and Ila, respectively, via facile O-H
activation of alcohol functionalities.?’ Involvement of alkoxy-ligated manganese complexes in
oxidative functionalization of alcohols are also established previously by Milstein, Yu and
Liu.2%?2 Perhaps, B-hydride elimination or by other mechanistic pathways from intermediate
Il, and lla produce a,B-unsaturated ketone and aldehyde intermediates, respectively and a
common Mn-hydride complex 11128 Selective hydrogenation of in-situ generated o,p-
unsaturated ketone by Mn-hydride complex 111 leads to the formation of propiophenone
intermediate. The in-situ generated propiophenone and aldehyde undergo base promoted aldol
condensation to provide the a-alkenylation products 4.3. In the case of alkylation, a-alkenyl
compounds 4.3 are further hydrogenated by the Mn-hydride intermediate 111 (G = Ph) under
strong basic conditions, leading to the formation of a-alkylation products 4.4.2 The
stoichiometrically equivalent amounts of secondary allylic alcohols and primary alcohols
undergo oxidation leading to the formation of two equivalent of hydrogen. One equivalent of
hydrogen is utilized by 111 for the hydrogenation of a,B-unsaturated ketone to propiophenone.
One equivalent of molecular hydrogen is liberated when a-alkenylation products 4.3 are
formed as the reaction proceeds by ADC pathway. Whereas the second equivalent hydrogen is
also utilized in the hydrogenation of a-alkenyl compounds 4.3, which produce the a-alkylation
products 4.4 following BH pathway, and water is the only by-product resulting from this
tandem process. Either hydrogenation of a,B-unsaturated ketone or liberation of molecular
hydrogen from intermediate Il leads to regeneration of dearomatized intermediate | to
complete a catalytic cycle. Metal-ligand cooperation by dearomatizationaromatization is
operative in this catalytic cycle, which allowed the oxidation state of manganese to remain +1

in all the intermediates.
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Scheme 4.3. Proposed Mechanism for Manganese Pincer-Catalyzed Cross-Coupling of

Secondary Allylic Alcohols and Primary Alcohols.
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4.4 CONCLUSION

In summary, an abundant base metal, manganese-catalyzed cross-coupling of secondary allylic
alcohols and primary alcohols to a-alkenylation and a-alkylation is attained in which the
reactions followed ADC or BH pathways. Remarkably, water and/or molecular hydrogen are
the only byproducts of this reaction. Overall, the aromatization-dearomatization pathway is
operative in the catalysts, facilitating the oxidation of the primary alcohol and redox
isomerization of the allylic alcohol. Base promoted condensation between aldehydes and
propiophenone provided the o-alkenylation reactions, whereas the hydrogenation of a-

alkenylation products led to the formation of a-alkylation products.
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4.5 EXPERIMENTAL SECTION

General Information. All catalytic reactions were performed under an inert atmosphere using
standard Schlenk techniques. All stoichiometric reactions were performed in nitrogen
atmosphere MBRAUN glove box. Chemicals were purchased from Acros, Sigma-Aldrich,
Alfaaesar, Himedia Chemicals and used without further purification. Dry solvents were
prepared according to standard procedures. Infrared (IR) spectra were recorded in PerkinElmer
FT-IR and Thermo-Nicolet FT-IR spectrophotometers. High-resolution mass spectra (HRMS)
were obtained on Bruker micrOTOF-Q Il Spectrometer and are reported as m/z (relative
intensity). Accurate masses are reported for the molecular ion [M+Na]*, [M+H]*, [M]".
Nuclear magnetic resonance spectra (*H NMR and *C NMR) were recorded at Bruker AV-
700 (*H at 700 MHz and *3C at 175 MHz) and Bruker AV-400 (*H at 400 MHz and **C at 100.6
MHz). *H NMR chemical shifts are referenced in parts per million (ppm) with respect to
tetramethylsilane (TMS, d 0.00 ppm) and **C{*H} NMR chemical shifts are referenced in parts
per million (ppm) with respect to CDCIs (d 77.160 ppm). Coupling constants are reported in
Hertz (Hz). *H NMR spectroscopy abbreviations: s, Singlet; d, doublet; t, triplet; g, quartet; dd,
doublet of doublets; dt, doublet of triplets; dg, doublet of quartets; td, triplet of doublets; qd,
quartets of doublets; ddd, doublets of doublets of doublets; m, multiplet; br, broad. Assignment
of spectra was done based on one-dimensional (dept-135) NMR techniques.

General Procedure for Optimization of Cross-Coupling of Secondary Allylic Alcohols
and Primary Alcohols. To a Schlenk flask (25 mL) equipped with a stir bar, precatalyst 1,
base, a-vinylbenzyl alcohol (0.5 mmol), benzyl alcohol (0.6 mmol), and tert-amyl alcohol (2
mL) were added under nitrogen atmosphere in a glove box. The reaction mixture was taken out
of the glove box, equipped with a condenser, and the solution was heated at 135 °C (oil bath
temperature) with stirring in an open system under nitrogen flow for 24 h. After cooling, the

reaction mixture was transferred to an RB flask, and the solvent was evaporated under reduced
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pressure. Further, 1,4-dioxane (0.25 mmol) was added (as an internal standard) to the mixture,
dissolved in CDCls (1 mL), and subjected to *H NMR analysis from which the conversion was
calculated.

Procedure for Quantification of Hydrogen Gas Evolved in Cross-Coupling of a-
Vinylbenzyl Alcohol with Benzyl Alcohol. To a Schlenk flask (25 mL) equipped with a stir
bar, precatalyst 1 (1.5 mol %), Cs.COz (8 mol %), a-vinylbenzyl alcohol (0.5 mmol), benzyl
alcohol (0.6 mmol), and tert-amyl alcohol were added under nitrogen atmosphere in a glove
box. The reaction mixture was taken out of the glove box, equipped with a condenser, and the
solution was heated at 135 °C (oil bath temperature) with stirring for 24 h. The side arm of
Schlenk tube was connected to a gas burette via cold trap (to remove solvent vapours). The
number of moles of hydrogen evolved was calculated by taking the vapour pressure of water
at 298 K = 23.7695 Torr. Volume of water displaced = 13.1 mL, atmospheric presure =
758.3124 Torr, R = 62.3635 L Torr K* mol™, nH; = [ (Patm - Pwater) * V J/RT = 0.000521
mol. Expected value = 0.0005 mol or 0.5 mmol.

General Procedure for Cross-Coupling of Allylic Secondary Alcohols with Primary
Alcohols (for Alkenylation). To a Schlenk flask (25 mL) equipped with a stir bar, precatalyst
1 (2.5 mol %), Cs2CO3 (8 mol %), a-vinylbenzyl alcohol (0.5 mmol), alcohol (0.6 mmol), and
tert-amyl alcohol were added under nitrogen atmosphere in a glove box. The reaction mixture
was taken out of the glove box, equipped with a condenser, and the solution was heated at 135
°C (oil bath temperature) with stirring in an open system under nitrogen flow for 24 h. After
cooling, the reaction mixture was transferred to an RB flask. The solvent was removed under
reduced pressure. The residue was purified by silica gel (100-200 mesh) column
chromatography using ethyl acetate/hexane mixture as eluent. Yields were calculated for

isolated products.
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Spectral Data of a-Alkenyl Products

(E)-2-Methyl-1,3-diphenylprop-2-en-1-one  (4.1a).>* Purified by silica-gel column
o chromatography using hexane as an eluent. Colourless liquid. Yield (76

=

W@ mg, 68%). Yield for 0.5 g scale reaction (505 mg, 61%). IR (DCM):

695, 1014, 1261, 1439, 1608, 1668, 2923, 3051 cm™. *H NMR (400 MHz, CDCls): § 7.67 (d,

J=7.8Hz, 2H), 7.47 (t, J = 7.2 Hz, 1H), 7.39 (d, J = 7.3 Hz, 2H), 7.36-7.33 (m, 4H), 7.30-

7.27 (m, 1H), 7.11 (s, 1H), 2.20 (s, 3H). *C{*H} NMR (101 MHz, CDCls): & 199.3, 142.0,

136.9, 135.8, 131.6, 129.6, 129.4, 129.1, 128.6, 128.5, 128.4, 128.2, 128.2, 14.4.

(E)-3-(4-isopropylphenyl)-2-methyl-1-phenylprop-2-en-1-one (4.1b).?> Purified by silica-
0

gel column chromatography using ethyl acetate/hexane (0.5:99.5)
W mixture as an eluent. Colourless liquid. Yield (79 mg, 60%). IR

(DCM): 697, 1012, 1439, 1598, 1664, 2941, 3055 cm™. *H NMR
(400 MHz, CDCls): § 7.78 (d, J = 7.7 Hz, 2H), 7.57 (t, J = 7.2 Hz, 1H), 7.49 (t, J = 7.5 Hz,
2H), 7.41 (t, J = 9.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.22 (s, 1H), 3.01-2.9 (m, 1H), 2.34 (s,
3H),1.32 (d, J = 6.8 Hz, 2H). 3C{*H} NMR (101 MHz, CDCl5): § 199.6, 149.8,142.6, 138.8,
136.1, 133.4, 131.6, 130.0, 129.6, 128.2, 126.7, 34.0, 23.9, 14.5.
(E)-3-(4-methoxyphenyl)-2-methyl-1-phenylprop-2-en-1-one (4.1c).!*® Purified by silica-

gel column chromatography using ethyl acetate/hexane mixture

©)‘\(\©\ (1:99) as an eluent. Colourless liquid. Yield (78 mg, 62%). IR

(DCM): 695, 738, 1011, 1596, 1665, 2924, 3055, 3085 cm™. 1H
NMR (400 MHz, CDCls): § 7.70-7.72 (m, 2H), 7.51-7.55 (m, 1H), 7.39-7.46 (m, 4H), 7.16 (s,
1H), 6.92-6.95 (m, 2H), 3.84 (s, 3H), 2.28 (d, J = 1.2 Hz, 3H). *C{'H} NMR (101 MHz,
CDCls): & 199.7, 160.1, 142.8, 139.1, 135.0, 131.7, 131.5, 129.5, 128.5, 128.3, 114.1, 55.5,

14.5.
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(E)-3-(2,3-dimethoxyphenyl)-2-methyl-1-phenylprop-2-en-1-one  (4.1d).}*® Purified by

silica-gel column chromatography using ethyl acetate/hexane

W@ mixture (1:99) as an eluent. Colorless oil. Yield (78 mg, 55%). IR

(DCM): 1012, 1456, 1510, 1602, 1659, 2929, 3057 cm™.'H NMR
(400 MHz, CDCls): & 7.80 (d, J = 7.6 Hz, 2H), 7.54 (t, J = 7.2 Hz, 1H), 7.45 (t, J = 7.2 Hz,
2H), 7.36 (s, 1H), 7.10 (t, J = 8.0 Hz), 7.02 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 3.87
(s, 3H), 3.74 (s, 3H), 2.18 (s, 3H). 3C{*H} NMR (101 MHz, CDCls): § 199.5, 152.9, 147.6,
138.5, 138.0, 137.6, 131.9, 130.4, 129.8, 128.2, 123.9, 121.9, 112.9, 61.0, 56.0, 14.5.
(E)-3-(benzo[d][1,3]dioxol-5-yl)-2-methyl-1-phenylprop-2-en-1-one (4.1e). Purified by

silica-gel column chromatography using ethyl acetate/hexane
W@: > (1:99) mixture as an eluent. White solid. Yield (73 mg, 55%). IR
(DCM): 773, 1038, 1444, 1586, 1664, 2905, 3051 cm™. *H NMR (400 MHz, CDCls): § 7.63
(d, J=7.7 Hz, 2H), 7.45 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.4 Hz, 2H), 7.02 (s, 1H), 6.90 (s, 1H),
6.80 (dd, J1 = 27.7, J2 = 8.1 Hz, 2H), 5.93 (s, 2H), 2.19 (s, 3H). *C{*H} NMR (101 MHz,
CDCIs): 6 199.6, 148.1, 147.9, 142.5, 138.8, 135.4, 131.6, 130.0, 129.5, 128.3, 125.0, 109.7,
108.5, 101.5, 14.5.
1-(4-methoxyphenyl)-2-methyl-3-(3-phenoxyphenyl)prop-2-en-1-one (4.1f). Purified by

silica-gel column chromatography using ethyl acetate/

©)‘\(\©/ \© hexane (0.5:99.5) mixture as an eluent. White solid. Yield

(90 mg, 57%). IR (DCM): 795, 1177, 1253, 1440, 1602, 1665, 2976, 3055, 3081 cm™. *H NMR
(400 MHz, CDCls): & 7.87-7.74 (m, 1H), 7.65 (d, J = 7.6 Hz, 2H), 7.45 (t, J = 7.4 Hz, 1H),
7.36 (t, J = 7.4 Hz, 2H), 7.27 (m, 4H), 7.08-7.00 (m, 3H), 6.98-6.90 (m, 5H), 6.66 (dd, J1 =
17.4, Jo = 10.0 Hz, 1H), 2.14 (s, 3H), 2.07 (s, 1H). 3C{*H} NMR (101 MHz, CDCl3): 5 199.3,
157.4, 156.8, 141.2, 138.3, 137.5, 137.4, 131.7, 129.8, 129.8, 129.5, 128.2, 124.5, 123.6, 119.6,

119.0, 118.8, 14.5.
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(E)-3-(4-(dimethylamino)phenyl)-2-methyl-1-phenylprop-2-en-1-one (4.1g).2° Purified by

silica-gel column chromatography using ethyl acetate/ hexane

W@\ (1:99) mixture as an eluent. Yellow solid. Yield (75 mg, 57%). IR

| (DCM): 795, 1168, 1439, 1610, 1661, 2929, 3052 cm™. *H NMR
(400 MHz, CDCls): & 7.59 (d, J = 7.7 Hz, 2H), 7.42 (t, J = 7.0 Hz, 1H), 7.36 (d, J = 7.2 Hz,
2H), 7.34-7.27 (m, 2H), 7.08 (s, 1H), 6.62 (d, J = 8.5 Hz, 2H), 2.93 (s, 6H), 2.23 (s, 3H).
BC{'H} NMR (101 MHz, CDCls): & 199.8, 150.7, 144.6, 139.7, 132.4, 132.0, 130.9, 129.4,
128.1, 123.6, 111.7, 40.2, 14.4.
(E)-3-([1,10-biphenyl]-4-yl)-2-methyl-1-phenylprop-2-en-1-one (4.1h).2" Purified by silica-

0 gel column chromatography using hexane as an eluent.

= - :
©)J\(\ Colourless liquid. Yield (80 mg, 54%). IR (DCM): 738,1128,

O 1441, 1595, 1668, 2923, 3057, 3077 cm™. *H NMR (400 MHz,
CDCl3): § 7.69 (d, J = 7.7 Hz, 2H), 7.56 (t, J = 8.6 Hz, 4H), 7.47 (m, 2H), 7.43-7.35 (m, 5H),
7.30 (t, J = 7.1 Hz, 1H), 7.16 (d, J = 14.1 Hz, 1H), 2.25 (s, 3H). *°C{"H} NMR (101 MHz,
CDCIs): 6 199.5, 142.0, 141.5, 140.4, 138.7, 136.9, 134.8, 131.7, 130.4, 129.6, 129.0, 128.3,
127.8,127.2,127.2, 14.7.
(E)-2-Methyl-3-(naphthalen-1-yl)-1-phenylprop-2-en-1-one (4.1i).?* Purified by silica-gel

o ‘ column chromatography using ethyl acetate/hexane (0.5:99.5)

W mixture as an eluent. White solid. Yield (61 mg, 45%). IR (DCM):

696, 832,1097,1196,1438,1609,1664, 2979, 3049, 3080 cm. H
NMR (400 MHz, CDCls): & 8.02 (d, J = 8.3 Hz, 1H), 7.82-7.77 (m, 4H), 7.74-7.71 (m, 1H),
7.65-7.60 (M, 2H), 7.53-7.34 (m, 9H), 7.18 (s, 1H), 7.11 (dd, J1 = 14.2, J, = 7.0 Hz, 1H), 7.06-
7.01 (m, 1H), 6.96 (t, J = 7.8 Hz, 1H), 2.25 (s, 3H), 2.07 (s, 1H). ¥C{*H} NMR (101 MHz,
CDCls): § 199.3, 140.3, 139.0, 131.9, 129.5, 128.8, 128.8, 128.7, 128.4, 128.0, 126.8, 126.5,

126.2, 125.8, 125.2, 124.5, 22.3, 14.6.
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(E)-3-(3-fluorophenyl)-2-methyl-1-phenylprop-2-en-1-one (4.1j).?¢ Purified by silica-gel
0 column chromatography using ethyl acetate/hexane (0.5:99.5)
W@F mixture as an eluent. White solid. Yield (73 mg, 61%). IR (DCM):
742, 1296, 1455, 1610, 1671, 2945, 3051 cm™*. *H NMR (400 MHz, CDCl3): § 7.67 (d, J=7.8
Hz, 2H), 7.48 (t, J = 7.1 Hz, 1H), 7.39 (t, J = 7.4 Hz, 2H), 7.29 (dd, J1 = 14.5, J, = 7.5 Hz, 1H),
7.07 (dd, J1=20.1, J> = 9.7 Hz, 3H), 6.96 (t, J = 8.3 Hz, 1H), 2.18 (s, 3H), 2.10 (s, 1H). 3C{*H}
NMR (101 MHz, CDCls): & 199.3, 164.1, 140.4, 138.0, 132.0, 130.1, 130.0, 129.6, 128.4,
125.5,116.4, 116.2, 115.6, 115.4, 14.6.
3-(Furan-2-yl)-2-methyl-1-phenylprop-2-en-1-one (4.1k).?® Purified by silica-gel column
O chromatography using ethyl acetate/hexane (0.5:99.5) mixture as an
O
W@ eluent. Yellow oil. Yield (78 mg, 74%). IR (DCM): 739, 1172, 1297,
1473, 1602, 1663, 2844, 2945, 3135 cm™. 'H NMR (400 MHz, CDCls): & 7.99e7.95 (m, 1H),
7.69 (dd, J1 = 5.2, Jo = 3.3 Hz, 2H), 7.61-7.52 (m, 3H), 7.49-7.43 (m, 3H), 7.11 (d, J = 1.5 Hz,
1H), 7.02 (s, 1H), 6.67 (d, J = 3.5 Hz, 1H), 6.55 (dd, J1 = 3.4, J, =1.8 Hz, 1H), 6.49 (d, J = 1.5
Hz, 1H), 6.24-6.11 (m, 1H), 2.36 (d, J = 1.0 Hz, 3H), 2.16 (d, J = 1.5 Hz, 2H). Mixture of both
cis and trans isomers are present. 3C{*H} NMR (101 MHz, CDCls): § 199.1, 151.8, 144.5,
142.6, 138.7, 133.6, 133.4, 131.5, 129.8, 129.3, 129.32, 128.7, 128.3, 117.7, 115.3, 112.5,
111.2,109.7, 22.4, 14.26.
2-Methyl-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (4.11).2° Purified by silica-gel column
chromatography using ethyl acetate/hexane (0.5:99.5) mixture as an
W@ eluent. White solid. Yield (81 mg, 71%). IR (DCM): 735, 955, 1140
1195, 1455, 1595, 1660, 2931, 3049, 3079 cm™. *H NMR (400 MHz, CDCl3): 6 7.89 (d, J =
7.8 Hz, 1H), 7.61 (d, J = 7.6 Hz, 2H), 7.47 (t, J = 7.0 Hz, 3H), 7.42-7.31 (m, 4H), 7.19-7.13
(m, 1H), 7.05 (t, J = 4.1 Hz, 1H), 6.98 (d, J = 5.0 Hz, 1H), 6.77-6.67 (m, 2H), 2.27 (s, 3H),

2.07 (s, 2H). Mixture of both cis and trans isomers are present. *C{*H} NMR (101 MHz,
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CDCls): 6 200.8, 198.9, 139.3, 138.8, 135.8, 133.8, 133.6, 132.2, 131.5, 130.1, 129.5, 129.4,
128.9,128.3, 127.8, 127.6, 127.1, 126.1, 122.4, 22.6, 14.7.
2-Methyl-3-phenyl-1-(p-tolyl)prop-2-en-1-one (4.1m).2* Purified by silica-gel column
chromatography using hexane as an eluent. White solid. Yield (60
W@ mg, 51%). IR (DCM): 731, 1012, 1224, 1482, 1598, 1664, 2944,
3063 cm™®. 'H NMR (400 MHz, CDCls): § 7.73 (d, J = 8.1 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H),
7.34-7.27 (m, 4H), 7.19 (d, J = 7.2 Hz, 3H), 7.10-6.99 (m, 5H), 6.92 (s, 1H), 2.36 (s, 3H), 2.26
(s, 2H), 2.19 (s, 3H), 2.08 (s, 2H). Mixture of both cis and trans isomers are present. *C{*H}
NMR (101 MHz, CDClz): 6 199.4, 142.4, 141.4, 136.9, 129.8, 129.6, 129.5, 129.3, 128.9,
128.4,128.3, 128.2, 127.3, 24.6, 21.6, 14.6.
1-(4-Methoxyphenyl)-2-methyl-3-phenylprop-2-en-1-one (4.1n).2* Purified by silica-gel

o column chromatography using ethyl acetate/hexane (1:99)

W@ mixture as an eluent. White solid. Yield (62 mg, 49%). IR (DCM):
~
(0]

748, 931, 1048, 1103, 1479, 1602, 1661, 2976, 3051, 3059 cm™.
IH NMR (400 MHz, CDCls): & 7.82-7.78 (m, 1H), 7.75-7.72 (m, 1H), 7.34-7.31 (m, 3H), 7.29-
7.23 (m, 1H), 7.04 (dd, J1 = 6.9, J = 1.7 Hz, 2H), 6.91-6.85 (d, J = 8.8 Hz, 2H), 6.76-6.72 (d,
J=8.8Hz, 1H), 3.80 (s, 3H), 3.73 (s, 3H), 2.18 (s, 3H), 2.08 (s, 3H). Both cis and trans isomers
are present. 3C{*H} NMR (101 MHz, CDCls): § 198.5, 162.9, 140.2, 137.5, 137.1, 136.1,
132.1,131.9, 129.7, 128.6, 128.3, 114.0, 113.6, 55.6, 15.0.
1-(4-Methoxyphenyl)-2-methyl-3-(p-tolyl)prop-2-en-1-one (4.10). Purified by silica-gel

0o column chromatography using ethyl acetate/hexane (1:99)

= _ . o
W@\ mixture as an eluent. White solid. Yield (71 mg, 53%). IR
~

0

(DCM): 705, 741, 931, 1032, 1301, 1570, 1602, 1665, 2908,
2946 cmt. 'H NMR (400 MHz, CDCls): & 7.86-7.79 (m, 2H), 7.34 (t, J = 8.8 Hz, 1H), 7.25-

7.17 (m, 2H), 7.12-7.08 (m, 1H), 6.98-6.95 (m, 2H), 3.90 (s, 3H) and 3.89 (s, 3H), 2.41 (s, 3H),
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2.39 (s, 3H), 2.31 (s, 3H), 2.29 (s, 3H). Since mixture of cis and trans products are present, the
-CH3 peaks corresponding to both cis and trans products are integrated together. *C{*H} NMR
(101 MHz, CDCls): & 198.6, 162.8, 141.2, 140.6, 139.3, 138.6, 136.3, 135.6, 133.2, 132.2,
132.0, 131.0, 129.8, 129.4, 129.3, 128.2, 113.6, 113.6, 55.6, 21.4, 21.1, 15.0. Peaks for both
cis and trans products are present.

3-(3,4-Dimethoxyphenyl)-1-(4-methoxyphenyl)-2-methylprop-2-en-1-one and  3-(3,4-
dimethoxyphenyl)-1-(4- methoxyphenyl)-2-methylpropan-1-one (4.1p). Purified by silica-

gel column chromatography using ethyl acetate/hexane

W@ (5:95) mixture as an eluent. Yellow oil. Yield (101 mg,

65%). IR (DCM): 765, 971, 1257, 1326, 1464, 1605, 1658,
1684, 2841, 2936, 3000 cm™. *H NMR (400 MHz, CDCls): § 7.90 (t, J = 5.9 Hz, 3H), 7.78 (d,
J=8.7 Hz, 2H), 7.10-7.04 (m, 2H), 6.97-6.94 (m, 2H), 6.91 (d, J = 8.7 Hz, 3H), 6.77-6.68 (m,
4H), 3.92 (s, 3H), 3.89 (s, 3H), 3.87 (s, 3H), 3.85 (s, 3H), 3.83 (s, 6H), 3.73-3.65 (M, 1H), 3.10
(dd, J1 = 13.8, J» = 6.8 Hz, 1H), 2.65 (dd, J1 = 13.8, J» = 7.3 Hz, 1H), 2.29 (s, 3H), 1.20 (d, J =
6.9 Hz, 3H). *C{*H} NMR (101 MHz, CDCls): § 202.5, 198.4, 163.4, 162.6, 149.4, 148.7,
148.7,147.4,140.7, 135.3, 132.8, 131.9, 130.5, 129.6, 128.8, 123.1, 121.0, 113.9, 113.8, 113.5,
112.9,112.5, 111.2, 111.0, 56.0, 55.96, 55.91, 55.8, 55.4, 42.5, 39.3, 17.8, 15.0.
1-(4-Methoxyphenyl)-2-methyl-3-(thiophen-2-yl)prop-2-en-1-one (4.1r). Purified by silica-

gel column chromatography using ethyl acetate/hexane (0.5:99.5)

W@ mixture as an eluent. Yellow oil. Yield (75 mg, 58%). IR (DCM):

741, 955, 1140 1198, 1461, 1602, 1657, 2932, 3049, 3082 cm™,
IH NMR (400 MHz, CDCls): § 7.67-7.63 (m, 2H), 7.43 (d, J = 5.1 Hz, 1H), 7.26 (s, 1H), 7.13
(d, J = 3.5 Hz, 1H), 7.03 (dd, J1 = 5.0 Hz, J2 = 3.7 Hz, 1H), 6.86 (d, J = 8.8 Hz, 2H), 3.79 (s,
3H), 2.24 (s, 3H). 3C{*H} NMR (101 MHz, CDCls): 5 197.8, 162.7, 139.5, 133.9, 133.8,

131.8, 131.6, 130.9, 129.5, 127.5, 113.6, 55.5, 15.3.

151



General Procedure for Cross-Coupling of Secondary Allylic Alcohols with Primary
Alcohols (for Alkylation). To a Schlenk flask (25 mL) equipped with a stir bar, precatalyst 2
(2 mol %), KO'Bu (50 mol %), a-vinylbenzyl alcohol (0.5 mmol), alcohol (0.6 mmol), and tert-
amyl alcohol were added under nitrogen atmosphere in a glove box. The reaction mixture was
taken out of the glove box, equipped with a condenser, and the solution was heated at 135 °C
(oil bath temperature) with stirring in an open system under nitrogen flow for 24 h. After
cooling, the reaction mixture was transferred to an RB flask. The solvent was removed under
reduced pressure. The resultant residue was dissolved in chloroform, washed with water and
brine. The collected organic layer was dried over anhydrous sodium sulfate and concentrated
in a vacuum. The residue was purified by silica gel (100-200 mesh) column chromatography
using ethyl acetate/hexane mixture as eluent. Yields were calculated for isolated products.
2-Methyl-1,3-diphenylpropan-1-one (4.2a).%° Purified by silica-gel column chromatography

) using hexane as an eluent. White solid. Yield (76 mg, 68%). IR (DCM):
O O 697, 726, 1196, 1440, 1610, 1684, 2977, 3051 cm™. 'H NMR (400
MHz, CDCls): & 7.88-7.84 (m, 2H), 7.49-7.44 (m, 1H), 7.37 (m, 2H), 7.21-7.17 (m, 2H), 7.13-
7.08 (m, 3H), 3.72-3.63 (m, 1H), 3.09 (dd, J; = 13.7, J> = 6.3 Hz, 1H), 2.62 (dd, J: =13.7, J, =
7.9 Hz, 1H), 1.13 (d, J = 6.9 Hz, 3H). *.C{*H} NMR (101 MHz, CDCls): 5 203.9, 140.0, 136.5,
133.0, 129.2, 128.7, 128.5, 128.4, 126.3, 42.9, 39.4, 17.5.

2-Methyl-1-phenyl-3-(thiophen-2-yl)propan-1-one (4.2b).*° Purified by silica-gel column
0

m chromatography using ethyl acetate/hexane (0.5:99.5) mixture as an
|

/ eluent. White solid. Yield (73.6 mg, 64%). IR (DCM): 581, 695, 761,
1096, 1195, 1442, 1598, 1690, 3055, 3081 cm™. *H NMR (400 MHz, CDClz): § 7.99-7.94 (m,

2H), 7.60-7.56 (m, 1H), 7.50-7.47 (m, 2H), 7.13 (dd, J; = 5.1, J» = 1.1 Hz, 1H), 6.91 (dd, J; =

5.1, J, = 3.4 Hz, 1H), 6.84-6.81 (m, 1H), 3.84-3.75 (m, 1H), 3.40 (dd, J; = 14.8, J> = 6.3 Hz,

152



1H), 2.97 (dd, J; = 14.8, J, = 7.2 Hz, 1H), 1.28 (d, J = 7.0 Hz, 3H).3C{*H} NMR (101 MHz,
CDCls): 6 203.4, 142.5, 136.4, 133.2, 128.8, 128.4, 126.9, 125.7, 123.7, 43.4, 33.4, 17.9.
2-Methyl-1-phenyloctan-1-one (4.2c).3! Purified by silica-gel column chromatography using
0 hexane as an eluent. White solid. Yield (56 mg, 51%). IR (DCM):
697, 743, 1198, 1596, 1686, 2977, 3051 cm™. *H NMR (400 MHz,
CDCl3): 87.89 (d, J = 7.3 Hz, 2H), 7.49 (t, J = 7.3 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H), 3.44-3.34
(m, 1H), 1.76-1.67 (m, 2H), 1.22-1.17 (m, 7H), 1.12 (d, J = 6.8 Hz, 3H), 0.82-0.77 (m, 4H).
BC{*H} NMR (101 MHz, CDCls): § 204.7, 136.9, 132.9, 128.7, 128.3, 40.7, 33.8, 31.83, 29.5,
27.5,22.7,17.3, 14.2.
2-Methyl-3-phenyl-1-(p-tolyl)propan-1-one (4.2d).3° Purified by silica-gel column
o} chromatography using hexane as an eluent. White solid. Yield (71
O O mg, 60%). IR (DCM): 698, 738, 1210, 1518,1610,1686, 2926, 3054
cm™L. TH NMR (700 MHz, CDCls): & 7.75 (d, J = 8.2 Hz, 1H), 7.57 (d, J = 8.2 Hz, 1H), 7.17
(dd, J; = 9.4, J; = 8.1 Hz, 3H), 7.13-7.10 (m, 3H), 7.06-7.04 (m, 1H), 3.64 (dd, J1 = 14.2, J, =
6.9 Hz, 1H), 3.08 (dd, J; = 13.7, J2 = 6.3 Hz, 1H), 2.60 (dd, J; = 13.7, J2 = 7.9 Hz, 1H), 2.31
(s, 3H), 1.11 (d, J = 6.9 Hz, 3H).
2-Methyl-1-(naphthalen-1-yl)-3-(thiophen-2-yl)propan-1-one (4.2¢). Purified by silica-gel
column chromatography using ethyl acetate/hexane (0.5:99.5)

mixture as an eluent. White solid. Yield (61 mg, 44%). IR (DCM):

731, 1120, 1198, 1516, 1609, 1684, 2981, 3057, 3085 cm™.. 'H NMR
(400 MHz, CDCl3): § 8.25 (d, J = 8.5 Hz, 1H), 7.88 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 8.0 Hz,
1H), 7.60 (d, J = 7.1 Hz, 1H), 7.49-7.43 (m, 2H), 7.38 (t, J = 7.7 Hz, 1H), 7.03 (d, J = 5.1 Hz,
1H), 6.82-6.80 (M, 1H), 6.76 (d, J = 2.4 Hz, 1H), 3.70-3.65 (m, 1H), 3.40 (dd, J; = 14.7, J, =

7.2 Hz, 1H), 2.92 (dd, J; = 14.7, J2 = 6.8 Hz, 1H), 1.20 (d, J = 7.0 Hz, 3H). 3C{*H} NMR (101
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MHz, CDCls): 6 207.4, 142.5, 136.6, 134.0, 132.3, 130.5, 128.4, 127.8, 127.5, 127.0, 126.9,
126.6, 126.6, 126.2, 125.9, 125.7, 124.5, 124.1, 123.8, 47.6, 33.3, 17.6.
1-(4-Methoxyphenyl)-2-methyl-3-(3-phenoxyphenyl) propan-1-one (4.2f) Purified by
silica-gel column chromatography using ethyl
\© acetate/hexane (1:99) mixture as an eluent. White solid.
Yield (98 mg, 62%). IR (DCM): 744, 1048, 1510, 1608,
1680, 2976, 3055, 3083 cm™. *H NMR (400 MHz, CDCls): § 7.81 (d, J = 8.4 Hz, 2H), 7.22 (t,
J=75Hz, 2H), 7.12 (t, J = 7.8 Hz, 1H), 6.99 (t, J = 7.4 Hz, 1H), 6.82 (dd, J1 = 20.8, J, = 11.8
Hz, 6H), 6.72 (d, J = 8.1 Hz, 1H), 3.77 (s, 3H), 3.60 (dt, J1 = 13.3, J> = 6.8 Hz, 1H), 3.03 (dd,
J1 = 13.6, J2 = 6.6 Hz, 1H), 2.59 (dd, J; = 13.6, J» = 7.5 Hz, 1H), 1.11 (d, J = 6.8 Hz, 3H).
BC{*H} NMR (101 MHz, CDCls): & 202.2, 163.5, 157.2, 142.3, 130.6, 129.8, 129.7, 129.5,
124.2,123.1, 119.7, 118.7, 116.8, 113.9, 55.5, 42.2, 39.5, 17.7.
General Procedure for Mechanistic Studies.
Reaction of a-Vinylbenzyl Alcohol with Precatalyst 1. To a Schlenk flask (25 mL) equipped
with a stir bar, precatalyst 1 (1.5 mol %), Cs2COz (8 mol %), a-vinylbenzyl alcohol (0.5 mmol),
and tert-amyl alcohol were added under nitrogen atmosphere in a glove box. After completion
of reaction, the solvent was removed, and the residue was purified by silica gel (100-200 mesh)
column chromatography using ethyl acetate/hexane mixture as eluent. Yield was calculated for
pure isolated product.
Reaction of a-Vinylbenzyl Alcohol with Benzaldehyde. To a Schlenk flask (25 mL)
equipped with a stir bar, precatalyst 1 (1.5 mol %), Cs.COs (8 mol %), a-vinylbenzyl alcohol
(0.5 mmol), benzaldehyde (0.6 mmol), and tert-amyl alcohol were added under nitrogen
atmosphere in a glove box. After completion of reaction, the solvent was removed and the
residue was purified by silica gel (100-200 mesh) column chromatography using ethyl

acetate/hexane mixture as eluent. Yield was calculated for pure isolated product.
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Reaction of Propiophenone with Benzaldehyde. To a Schlenk flask (25 mL) equipped with
a stir bar, precatalyst 1 (1.5 mol %), Cs.CO3z (8 mol %), propiophenone (0.5 mmol),
benzaldehyde (0.6 mmol) and tert-amyl alcohol were added under a nitrogen atmosphere in a
glove box. After completion of the reaction, the solvent was removed, and the residue was
purified by silica gel (100-200 mesh) column chromatography using ethyl acetate/hexane
mixture as eluent. Yield was calculated for pure isolated product.
Reaction of a-Vinylbenzyl Alcohol with Benzyl Alcohol-ds. To a Schlenk flask (25 mL)
equipped with a stir bar, precatalyst 1 (1.5 mol %), Cs2COs (8 mol %), a-vinylbenzyl alcohol
(0.5 mmol), benzyl alcohol-dz (0.6 mmol), and tert-amyl alcohol were added under nitrogen
atmosphere in a glove box. After completion of the reaction, the solvent was removed, and the
residue was purified by silica gel (100-200 mesh) column chromatography using ethyl
acetate/hexane mixture as eluent. Yield was calculated for pure isolated product.
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H, 13C NMR Spectra of the Products:
Figure 4.1. *H NMR Spectrum of (E)-3-(benzo[d][1,3]dioxol-5-yl)-2-methyl-1-phenylprop-2-

en-1-one (4.1e, 400 MHz, CDCls):
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Figure 4.2. *C NMR Spectrum of (E)-3-(benzo[d][1,3]dioxol-5-yl)-2-methyl-1-phenylprop-

2-en-1-one (4.1e, 101 MHz, CDCl5):
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Figure 4.3. *H NMR Spectrum of 2-methyl-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (4.1l,

400 MHz, CDCly):
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Figure 4.4. 3C NMR Spectrum of 2-methyl-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-one (4.1l,

101 MHz, CDCls):
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Figure 4.5. 'H NMR Spectrum of 2-methyl-1,3-diphenylpropan-1-one (4.2a, 400 MHz,

CDCls):
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Figure 4.6. 3C NMR Spectrum of 2-methyl-1,3-diphenylpropan-1-one (4.2a, 101 MHz,

— 3848

CDCla):
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Chapter 5

Conclusions

Classical methods to construct C—C bond make use of organohalides and other organometallic
reagents, which generates stoichiometric amount of waste. To overcome drawbacks associated
with conventional synthesis, transition metal-based catalysis has emerged as an alternative,
which promotes the principles of “green-chemistry”. In the last two decades study of synthesis
of pincer-complexes and their reactivity has been a topic of interest as they have played a key
role in developing greener protocols for valuable chemical transformations. Pincer complexes
possess unique balance of stability and reactivity. They can withstand high temperature, hence
making them useful in homogeneous catalysis. Manganese being the third most abundant
transition metal, synthesis and reactivity of the corresponding pincer complexes has been
studied extensively. This thesis attempts to delineate important C—C bond forming reactions
with particular focus on alkenylation and alkylation reactions.

Chapter 1 describes the importance of pincer complexes in general and the unusual reactivity
present in them namely, “metal-ligand cooperation”. The acceptorless dehydrogenative
coupling (ADC) and borrowing hydrogen (BH) strategies are discussed as well, which help in
construction of new C—C and C—N bonds. Following these pathways, important literature
reports based on manganese-pincer complex are discussed, which include hydrogenation,
deuteration, alkenylation, and alkylation reactions.

Chapter 2 describes the facile a-alkenylation of amides with primary alcohols using 4-methyl-
triazine substituted manganese pincer complex [(4-Me)Tr(NHP('Pr2)2Mn(CO)2Br)] 1.
Selective a-alkenylation of amides was attained by using sodium tert-butoxide (1 equiv), and

catalytic amount of a manganese pincer complex 1. Using an assortment of primary alcohols

165



and amides bearing electron withdrawing as well as electron donating group, «.f-unsaturated
amides were synthesized following this catalytic protocol. When tertiary amides were
employed, formation of mixture of alkenylation and alkylation products was observed.
Reaction of 2-fluoroacetanilide, and benzyl alcohol provided 2-methoxy substituted «.f-
unsaturated amides, which resulted from further reaction of the alkenylation product with
methanol. This reaction proceeded via SNAr pathway. Mechanistic studies confirmed that the
alkenylation reaction proceeds via in-situ oxidation of alcohol to aldehyde. Mechanistic studies
also confirmed the definite role of manganese catalyst in the aldol condensation step. A series
of reaction with deuterated substrates under the catalytic conditions established that when
deuterated amide substrate was used, the deuterium scrambling occurred at both o and
positions. Overall, the reaction is facilitated by dearomatization-aromatization metal ligand
cooperation operative in the catalyst and accordingly a catalytic cycle was proposed. This
catalytic protocol is environmentally benign and proceeds via acceptorless dehydrogenative
coupling (ADC) pathway in which water and molecular hydrogen are the only byproducts.

In chapter 3, direct a-alkenylation of methyldiphenylphosphine oxide with primary alcohols is
demonstrated. Methyldiphenylphosphine oxide was reacted with primary benzyl alcohols to
furnish selectively E-alkenylphosphine oxides using catalyst 1. Suitable reaction condition was
carefully established by use of different bases, temperature, solvent, and reaction time. An
assortment of primary alcohols bearing electron withdrawing and donating groups were used
as alkenylation reagents and the corresponding alkenylphosphine oxide compounds were
synthesized in good to moderate yields. Polyaromatic alcohols such as anthracene methanol,
pyrene methanol and ferrocene methanol also furnished the products in moderate yields.
Mechanistic studies confirmed that the dearomatization-aromatization metal ligand
cooperation promotes oxidation of alcohols to aldehydes. The aldol condensation between

methyldiphenylphosphine oxide and aldehyde is facilitated by the manganese pincer catalyst
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and base. This catalytic protocol also proceeds via the ADC strategy in which water and
molecular hydrogen are the only byproducts. A greener synthesis of alkenylphosphine oxide is
attained.

Chapter 4 demonstrates the cross-coupling of allylic secondary alcohols and primary alcohols
to corresponding a-alkenyl or alkylation products. Alkenylation was attained by a 4-methyl
substituted manganese pincer catalyst 1, and a weak base, cesium carbonate. The alkylation
was attained by use of a 4-phenyl substituted manganese pincer complex 2, and a strong base,
potassium tert-butoxide and the reactions proceeded via the borrowing hydrogen (BH) strategy.
Both the reactions proceeded by redox isomerization of secondary allylic alcohols, followed
by condensation with the in-situ generated aldehydes.

Overall, efficient catalytic protocols for alkenylation and alkylation are developed, which are
atom economical and environmentally benign. Readily available alcohols are used as
alkenylation or alkylation reagents to replace waste generating methods. In all the reactions
described in the thesis, water and/or molecular hydrogen are the only byproducts, thereby
promoting sustainable and green chemistry (Scheme 5). We believe that manganese pincer
complexes can be a suitable alternative to their precious transition metal counterparts to
promote new C-C bond forming reactions using alcohols as coupling partners. Typically,
presence of phosphine ligands results in expensive, and moisture sensitive complexes.
Therefore, designing of phosphine free pincer ligands, especially NNN pincer ligands and their
corresponding pincer complexes using manganese precursors containing ancillary ligands
other than carbonyl (e.g.- MnClz, Mn(OTf).) will be undertaken. Exploring the reactivity of
such complexes will be useful in studying activation of small molecules, and solving other

synthetic challenges.
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Scheme 5. Alkenylation and Alkylation Reactions Developed Using Manganese Pincer

Catalysts
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