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Chapter 1

Stereoselective C—H Bond Activation and Annulation: An
Introduction

Abstract
low energy TS high energy TS
X Y
X Y S
X\ /Y X, */Y X o 4 g
S Pd(ll) g \=§ S " DG
/" DG . /7 S 7 DG : 1
: MPAAligand ¢ DG /"pg o C—N—L
C—H Kinetic Resoluton C—R C—H C_'}A—L: .
- DG .-DG
> : DEG annulation ‘ / R
’ — : i _—>
C—H C-H activation c—M R-&=-R C
R

C-H activation strategy has been employed for the introduction of chirality in
molecules as well as the construction of complex molecular scaffolds through
unsymmetrical multiple C-H annulations. In the first part of this chapter, a brief
introduction of C-H activation along with various mechanisms of C-H activation are
discussed. The second part enumerates the concept of kinetic resolution of substrates
through C-H functionalization. The origin of stereoselectivity and the use of chiral
amino acid ligand in combination with transition metal catalyst is briefed. The
coordination of sulfoximine pyridyl-motif with Pd(Il)-catalyst and mono-protected
chiral amino acid (MPAA) ligand for the enantio-determining C(aryl —H activation is
narrated. The last part of this chapter covers unsymmetrical multiple annulations and

hydroarylation ‘in water” that involves C—H activation.
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I.1. Introduction:

Inert C-H bonds are undoubtedly ubiquitous. Hence, direct conversion of C-H bonds
to carbon-carbon (C-C), carbon-heteroatom (C—X) bonds has had a significant impact
enriching the synthetic potential. Along this line, direct functionalization of C—H bond
could reliably be used making complex molecular scaffolds with ease. Thus, the
development of novel synthetic method linked to the functionalization of inert C-H
bonds always appealing. The transition-metal (TM) catalyzed cross-coupling reactions
offered a synthetically alternative plan for making diverse ranges of bond formations;
however, these methods primarily require pre-functionalized precursors, which are
prepared from readily available materials by multi-step synthesis, and generate a large
amount of waste by-products during the reaction. In this connection, an unconventional
TM-catalyzed activation and functionalization of inert C-H bond has provided a
synthetically alternative greener pathway by not only discovering new reactions but
also making novel chemical space with diversity. Despite the tremendous synthetic
potential, selective activation of a particular C-H bond in organic molecules by

combining the inherent stereo- and regio-selectivity issues is always challenging.

I.1.1. Transition metal-catalyzed cross-coupling reaction

Transition metal catalyzed cross-couplings are the trustworthy approaches for the
introduction of complexity in the molecule.! In this case, an organometallic reagent
(main group metal), in the presence of a group 8 or group 10 metal catalysts in
combination with an organic electrophile allows making C-C and C-heteroatom bonds
(Scheme I.1).2 Since the early discoveries in this field by Kumada, Suzuki , Kochi,
Corriu, and Murahashi; many organometallic reagents, such as organoboron,
organosilicon, organotin, and organozinc have proved to be very useful coupling
partner for cross-coupling reactions. Diversity of coupling partners and electrophiles
made these process key tools for organic synthesis, resulting a plethora of synthetic
methods towards pharmaceuticals and natural products.? The overall catalytic cycle of

the cross-coupling reaction is depicted in Scheme I.2. In general, the cross-coupling
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reaction mainly involves oxidative addition of electrophile to metal centre, followed by

transmetalation, and finally, reductive elimination (Scheme 1.2).

: ' HNRR '
; - R—BY; e R—NRR, :
i R—R  -—— :
: 2 HN§r1 R Buchwald-Hartwig Coupling
' Suzuki Coupling A '
: R—X 1 R - :
: R—2znX |R—[M]—X R rRX-R :
\ R—R - + b > 6 !
: 3 ™ R i H _la_;? Heck Coupling :
! Negishi Coupling - .
: R'—SiX3 R———-H  R—FR
E R—R F" or base base, r.t 7 , E
4 _ R &R’ = alkenyl, aryl, alkynyl Sonogashira Coupling
+ Hiyama Coupling X = Halo-group, OTf !

16
12
R1
R'— R? SR
reductive 8
elimination L—Pd-L H-X
> P
Negishi - oxidative R /AR zﬁ"mll:" :t\i/::de
Kumada R'—X  addition H-Rd'L,

Stille

syn-migratory
insertion

Suzuki ' ; X E
Hiyama 8 l Heck-coupling 15 :
I :

Scheme 1.2: Pathways of various cross-coupling reactions

However, most of the cross-coupling reactions often associated with requirement of
pre-functionalized starting materials (electrophiles, organometallic reagents, and

nucleophiles), which make this process synthetically lengthy and cumbersome.*
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Therefore, development of an alternate straightforward, atom-economical, and greener
method for the synthesis of complex molecules from readily accessible precursors

always draws significant attention to the synthetic community.
I.2. The C-H Bond Activation/ Functionalization

The C—H activation is a chemical process that functionalizes the inert C—H bond by
increasing its reactivity. In organometallic point of view, C-H activation refers to a
process where metal interacts with the inert C—H bond of 17 and directly forms a metal-
carbon intermediate 18. Next, interaction of an electrophile or nucleophile to 18 then
makes C-C and C-heteroatom bonds in 19.> The first step in generally a C—H activation
and the second step is the functionalization. Thus, C-H activation can be termed as C-H
functionalization, whereas C-H functionalization is not always considered as C-H
activation. The formation of direct metal-carbon intermediate is the main feature of

C-H activation (Scheme I.3).

C-H functionalization
C—H » C—X
17 19

C-H activation

transition one or more
metal catalyst steps

Scheme 1.3: C—H bond activation/C—H functionalization

I.3. Mechanistic Pathway Overview of C—H Activation

The C-H activation or functionalization process occurs in two different ways. One
involves outer-sphere mechanism, where C-H bond at first inserts into the ligated
transition metal (TM) species (see 20, Scheme I.4). While the other ‘inner-sphere’

mechanism encompasses a direct coordination of TM to the C-H bond that in-situ



C—H activation and kinetic resolution

forms a C-M or C-M-H intermediate (see 21, Scheme I.4). Although “C-H
functionalization” and “C-H activation” terminologies are often mixed up and created

confusion in the chemical society, however, the term “C-H activation” is widely

confined to inner-sphere mechanism.%

________________________________________________________________________________________

121
|| ~C
Xn|M|

outer sphere

Direct insertion of a C—H
bond into the ligated TM

complex

H—-C

N

\/
Xn|M|

inner sphere

¥

Scheme I.4: inner-sphere and outer-sphere mechanism

I1.3.1. Insights of outer-sphere mechanism

In case of outer-sphere mechanism: no direct interaction of the C-H bond with the
active metal catalyst occurs; instead, the ligand attached with the TM-species reacts
with the C-H bond. The ligated-TM-species can either abstracts a hydrogen radical
followed by recombination with organic radical or the ligand can directly insert into the
inert C—H bond (23 or 26; Scheme L.5). Thus, the outer-sphere mechanism usually

occurs with the insertion of high oxidation state metal containing reactive oxo, carbene,

or nitrene species to the C—H bond.

___________________________________________________________________________________

H-abstraction

Scheme L.5: Outer-sphere mechanism

[M"—O + H—C —— » [M]“'1—((‘)

[M]n-Z
\ > C—
H radical
rebound 94
Cr - -

Chapter |

Direct coordination of a C-H
bond to the TM center leading to
of C—M or C—M-H intermediate
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1.3.2. Insights of inner-sphere mechanism: nucleophilic vs electrophilic character ¢

Inner-sphere mechanism in C-H bond functionalization comprises with the
coordination of C-H bond with the active metal complex to provide a metal-carbon
intermediate. Thus, interaction of TM-coordinated aryl or alkyl species with the external
electrophile/nucleophile or the ligand attached with the metal itself can trigger the
functionalization. Based on the mechanistic insights, the inner-sphere mechanism
occurs in three ways. They are typified as: (i) electrophilic activation, (ii) o-bond
metathesis, and (iii) oxidative addition. However, the exact pathways of inner sphere
C-H activation has become so far unclear. With respect to the charge transfer direction,
the inner-sphere C—H activation process is being simplified and broadly classified into
two main categories: (i) reverse charge transfer from metal dm orbital to the o* orbital of
the coordinated C—H bond and (ii) forward charge transfer (CT) from filled o orbital of
C-H bond to an empty do orbital of metal.®® The electron deficient metal complex as
well as cationic late transition metal complex having low energy dm and do orbitals
participate in forward CT over reverse CT; the overall process is thus electrophilic
(Scheme 1.6, right). On the other hand, electron-rich transition metals having high
energy dmo and do orbitals participate in reverse CT and therefore the pathway is

nucleophilic (Scheme I.6, left).
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H-C
\\ II
Xo[M|

inner sphere

—i i\ o*CHI
o —. / i H
dG \\ /, :I """""" o :
\\\ //I e memm e e e - ]
\\ I,’
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\\\ 4* GC—H:
: M-»C-H ! M < C-H
:Reverse CT Forward CT

g |=
|+
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¢

T

M -» C-H
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Scheme I.6: Nucleophilic vs electrophilic C—H activation

1.3.2.1. Oxidative addition

The electron-rich, nucleophilic, low-
valent d® second- and third-row Ilate
transition metal mostly
involve oxidative addition pathways for
the C-H activation. In this case, a
balanced enthalpy change among C-H
bond breakage and the M—-C and M-H
bonds formation is maintained. The
transformation initiates with the metal
coordination to C—-H bond and then
electron density transfer to the LUMO

of C—H bond (

complexes

: 17 (o
i C—H n H /o
: — LM —| L MM+2
LMY c T W \

' 28 29 30 H !
Scheme 1.7: oxidative addition
mechanism

The gradual accumulation of electron
density in the LUMO could decrease the
C-H bond order and therefore is ease to



cleave. Eventually oxidative addition of
a nucleophilic moiety could increase the
oxidation state of TM. To get a
qualitative idea of oxidative addition,

the respective molecular diagram is
sketched in Scheme 1.8.

1.3.2.2. Sigma-bond metathesis

The early TM with d° electronic
configuration and high oxidation state is
not amenable to undergoing oxidative
addition. Such species can react with a

particular C-H bond via o-bond
metathesis (0-BM). This mechanism
involves

four centered  Kkite-like
transition state 34 that takes place

without changing oxidation state of the
metal (Scheme 1.9). Mainly, the group-
III metals (scandium lanthanides and
actinides) along with few group-IV and
V TM are amenable to this mechanism.
A qualitative MO diagram for s-bond
metathesis is shown in Scheme 1.10.

the absence of d-electrons thus precludes
the

-interaction.
; Ri—H :
32 L I\:/I H !
. R—H R1—|H MR R I
oM R, LM .
:LXM R ~—= LM—R —» L« :
: 31 :

Scheme 1.9: Sigma-bond metathesis
mechanism

I.3.2.3. Electrophilic C—H activation:

..........................................

Scheme 1.8: MO diagram of
oxidative addition

Scheme 1.10: MO  diagram of
sigma-bond metathesis

.........................................



The electron-deficient high oxidation state late transition metal complexes, such as

Pd(II), Ru(Il), Ir(IlT) and Pt(II) mostly participate in the electrophilic activation. In such

cases, the coordination of C-H bond to metal complex starts with strong o-

donation and weak m-back-donation

Y is internal or
external ligand

c
M— |
M H C-H (Scheme 1.11 and Scheme 1.12). In case
H c . .ys
o - of aromatic system, electrophilic
Crmt ) ||'
7N A addition of TM species into the arene
:'l% 8 o moiety at first forms a wheland type
vl
° é intermediate 36. Next, the base
i a |
c(b—‘ P eriap mediated loss of proton forms a metal-
% L 4“ i carbon intermediate 37.
dn 5o
".‘ % g ‘. I 6 A qualitative molecular orbital diagram
\ g 3 . .
Ly SN | is sketched in Scheme IL.11. The
B ° mechanism involves an interaction of
ol
e energetically viable TM  d-orbital
. . (d with the C-H bond ().
Scheme 1.11 MO diagram of electrophilic
C-H activation
; i P :
; H c-H- HY :
P CotbM = | > beM=e
' LX-‘I M:L -X 37 !
5 17 28 36 :

Scheme 1.12 Electrophilic mechanism
I.3.2.4. Ambiphilic concerted mechanism: 78

The inner-sphere mechanism that involves an intramolecular H-abstraction by an
internal ligand, such as an alkoxy or an halide anion, or a bridging heteroatom based
species (for example: carboxylate anion) via a concerted cyclic mechanism (Scheme

I.13). This mechanism can be classified as: internal electrophilic substitution (IES),

10
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ambiphilic metal-ligand activation (AMLA), or concerted metalation deprotonation
(CMD). In these cases, a significant H-bond between ligand lone pair with the
corresponding C-H bond increases the electron density of C-H -bond, which

eventually facilitates the agostic interaction(38—40—37 or 39—41—37) (Scheme 1.13).

> Lo :
H AMLA (4 memberbed) 38 '
l :
'Cc + LM 28 C * C-MLyq!
AMLA (6 membered) H\\/ILX_ ] H192|\/||_X_ 37 '
117 or CMD N o%,o . 6§I/6 5

Scheme .13 Ambiphilic concerted mechanism

1.3.2.5. 1,2-addition:
An alternate 1,2-addition involves a sigma bond metathesis of C-H bond 17 to the
double bonded metal-nonmetal (M X) species 43 via a concerted four membered

transition state 44. The newly formed H-X species remain attached to the metal

complex 45 (Scheme 1.14).

__________________________________________________________________

H '
A i H—X :
3 . : :

f/\ //X/‘ Cc—M '

M |

17 43 44 45 ‘

Scheme 1.14 1,2-addition
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1.4. Different Methods of C—H Functionalization

fVarious methods of C-H functionalization

" Directed C-H {Cross-dehydrogenative ““Combinatio - bO’[i’I
functionalization , coupling
g T N REGLEEEEEE PR . oG T :
( + R—X C—H + R—H C + R—H
C—H 47 C—H 49

—
N
<«
IS
©

H
(=]
‘_
B
(=]
«—

Scheme 1.15 Different methods of C—H activation/functionalization

The transition-metal catalyzed C—H activation/functionalization can be categorised into

three main classes (Scheme 1.15):

1) Directed activation: The directing group (DG) assisted C—H activation initiates with
the coordination of DG with the TM complex, which activates the C-H bond close
proximity to the TM-species. The transformation is therefore highly regioselective. By

tuning the DG, the C—H activation can be made -ortho, -meta, or -para selective.

2) Cross-dehydrogenative or non-directed activation: Cross-dehydrogenative C-H
activation generally happens with the most acidic C—H bond. Thus, the process is non-

regioselective.!?

3) DG assisted cross-dehydrogenative coupling: This process involves the combination

of the above two pathways.

12
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This thesis primarily based on “Directing Group Assisted C-H Bond Activation”
principle. The contents of this thesis aims in the development of TM catalyzed kinetic
resolution of sulfoximine through C-H functionalization, synthesis of spiro-fused

heterocycles through multiple C-H annulations, and hydroarylation ‘in water’.
I.5. Transition Metal Catalyzed Stereoselective C—H Activation:

In the past few decade, the TM-catalyzed C—H bond functionalization has gained a
great amount of attention for development of versatile synthetic methods that
functionalizes inert C—H bonds to -OH, -NH>, halide, and aryl or alkyl groups and the
synthesis of complex molecules.” Among various TMs employed for the C-H activation
domain, palladium (Pd) catalysts have been widely used as further functionalization of
palladium—carbon intermediate is ease and well-studied.!” Significant efforts on Pd-
catalyzed C-H functionalization are mostly linked to racemic transformations.
Moreover, ligands play significant in facilitating cleavage of C—H bond and enhancing
the overall reactivity for the formation of C-C/C-X bonds.? The ligand coordination
with Pd-species can lower energy barrier of elementary steps involved in C-H

activation and also modulate facial selectivity (regio- as well stereoselectivity). 11

In this section, a brief historical background in the development of bifunctional mono-
N-protected amino acid (MPAA) ligands for discovering Pd-catalyzed stereoselective
C-H functionalization is discussed. The conceptual imprints for the kinetic resolution of

molecular scaffolds in presence of MPAA ligand and Pd-catalyst is also enumerated.

1.5.1 Historical background and discovery of MPAA ligand towards stereoselective

C-H functionalization:

1.5.1.1 Background: In 1969 Werneke group has attempted performing cyclopalladation
of (dimethylamino)methylferrocene 51 with KoPdCls but ended up with only amine
ligation species 52 (Scheme 1.16).122

13



C—H activation and kinetic resolution Chapter |

: Cl+-
P Me ) P
' Me—N H 1.0 eq.Na,PdCl, Pd+—
: | 1.0 eq. K,PdCl, QCNMG 10 o0 NaOAG SO >~
: Cl=Pd-=CI < H Fe 2 .U eq. Na C. 2 H Fe I N\ :
1 | ’ MeMe'
. N\—Me dioxane, H,0, rt @ MeOH, rt !
E |/ Me 51 53 E
i Ros52 Shaw, 1975 |

Werneke, 1969

Scheme 1.16: Acetate anion-mediated cyclopalladation

In 1975, the Shaw group successfully demonstrated the synthesis of desired
cyclopalladation complex 53 from (dimethylamino)methylferrocene 51 when carried
out in presence of stoichiometry amount sodium acetate (Scheme 1.16).12" This is one of
the earliest examples of acetate mediated cyclopalladation of C(sp?)-H bond.'?

In 1979, Sokolov proposed an alternate mechanism for the DG assisted acetate anion
mediated C(aryl)-H deprotonation in combination with Pd(Il) catalyst. The Pd—carbon
bond formation occurs through a six-membered cyclic transition state 55

following concerted metalation deprotonation (CMD) pathway (Scheme 1.17).14

O Directing group

electrophilic palladation concerted metalation
-deprotonation (CMD)

Scheme 1.17: Topology of CMD process

One of the earliest reports on stereoselective cyclopalladation has been showcased by
Sokolov in 1977. The reaction of a (dimethylamino)methylferrocene 56 containing a-
amine chiral center with 1.0 equivalent of Na;PdCls and sodium acetate has led to a

diastereoselective cyclopalladation (57:58) with d.r. 85:15 (Scheme 1.18).15

14
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! ‘—<|3| Cl—- :
l H 1.0 eq.NayPdCl, P y P'd_§2 ;
: \ []
: H: FIe Z,/— I\;lé\/lez 1.0 eq. NaOAc.3H§O \ GZN;?' H%NM% 5
: @H MeOH, rt me’ T ° Fe 5" Me :
E 56 Shaw, 1975 57 (R, S) 58 (R,R) :
; 84% yield E
5 85:15 d.r. !

Scheme 1.18: Substrate controlled diastereoselective cyclopalladation

1.5.1.2 Discovery of MPAA ligand:
In 1979, Sokolov hypothesized that instead achiral carboxylic acid in CMD mediated
cyclopalladation, the use of chiral amino acid as carboxylate source 60 could bring

chiral induction in cyclopalladation step from 59 to 61 (Scheme 1.19).14

: COMe !
, H 10amco62 | SR i ;
' N5)COOH » 7 Fe 2 :
: Ac” (& Cl- MeOH, rt @ E
: H ipr Pd+ :
== ==X, — 64 :
' H” Fe ~NMe2 1.0 eq.Na,PdCl,  H™ Fe '}‘\Me 2 CoMe ~_CO,Me!
: > Me 63 @C\’ ;
: @ 1.0 eq. NaOH @ > H” Fo “—NMe; ;
59 4:1 MeOH:H,0, 1t 61(R)-2 EtsN, toluene :
: pH =5.85; 8% ee reflux ;
5 pH = 6.7; 65% ee 65 :

Scheme 1.19: Ligand controlled diastereoselective cyclopalladation

I.5.2. Selective examples for the synthesis of C-stereogenic molecules via C(sp?)-H

functionalization:

The Yu group developed Pd/MPAA catalyzed desymmetrization strategy for the
construction of stereogenic C—C via C-alkylation/C-alkenylation and intramolecular
C-O bond formation 66—68 (Scheme 1.20). Identical strategy has been expanded further

to the synthesis of various chiral amine derivatives 69-71 (Scheme 1.20).1617
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Pioneering work:

Shu-Li You et. al. 2013

Yu et. al. 2013

| A
R
H S alkyl
N COONa
O SRS
Me Me
66 67
OTO"b Me Me
COOH
)\\\‘ N JLO Et COOH Et
H - (-')Menthyl NHBoc NHBoc
up to 95% ee up to 99% ee up to 96% ee
Yu et. al. 2008 Yu et. al. 2010 Yu et. al. 2013
Synthesis of enantiopure amines:
NR'R!
R3 ! H NHTf Me NHTf
| * * -Tol
Fe
R2 | Ar
69 70 71
O O CF3
Y _ocs Me
Me \O H “ Et (0]
; H
me” Ny COOH N o Fmoc-HN  NHOMe
z OAc
NHBoc O&\Ph
up to 99% ee up to 99% ee up to 99% ee

Yu et. al. 2015

Scheme 1.20: Synthesis of C-stereogenic molecules via C(sp? —H functionalization

I.5.3 Selective example of the synthesis of C-stereogenic molecules via C(sp3)-H
functionalization:

In 2014 and 2015, Yu group revealed an early example of Pd/MPAA catalyzed
enantioselective C(sp? -H arylation via desymmetrization of cyclobutyl (72), acyclic

amide 73 and cyclopropyl 75 derivatives (Scheme 1.21). 18-
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In 2016, the same group reported the discovery of N-acetyl-protected chiral aminoethyl
quinoline ligands enabled enantioselective functionalization of B-methylene C-H bonds
for the generation of C-stereogenic aliphatic amides 74 with high enantioselectivity

(Scheme 1.21). 18

In continuation, the amino acid transient DG can facilitate enantioselective arylation of

B-methylene C-H bonds of benzyl carbon of 76 (Scheme 1.21).18d

A
Ho B'Q ! RR 0 g :
< N,ArF ' >—< ) %, _NHTf 5 I
N ! Boc-HN  NHOMe R {2 ' BocHN” “COOH
72 AT or : 75 *  Boc-L-Val-OH
] 0 .
O u%o 9250/::6 up t0 99.5% ee
ROA-AF w Yu, 2015
H
Ar H
73 : L]
: O .
Ar O : I : B
] \ ]
74 : = ' H,N" "COOH
R1: alkyl, aryl R?: H or Et I 76 ;2 L-tert-leucine
ArF = 4-(CF3)CgF, -Bu _ :
(CFa)CeFs up to 96:4 er up to 98:2 er
Yu, 2016 Yu, 2016

Scheme 1.21: Selected example of C-stereogenic molecules via C(sp?-H

functionalization

1.5.4 Synthesis of C-stereogenic molecules via m-selective C(sp?)-H functionalization:

In 2018, Yu group reported a challenging enantioselective m-C-H activation using a
catalytic amount of chiral norbornene [(+)-NBE-CO2Me] transient mediator (Scheme
1.22).1% This method has been used for the enantioselective meta-C—H arylation of

benzylamine derivatives 77.
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Pd(OAc),, 10 mol%

L4: pyridone ligand, 15 mol%
(+)-NBE-CO,Me, 20-50 mol%,

L,: (R)-BNDHP, 15 mol%
AgOAc, 3 equiv
CHCIs, 100 °C

up to 99:1 er Ar
Yu, 2018

- MGOZC
Vo (+)-NBE-CO,Me

Scheme 1.22: Desymmetrization via meta-selective functionalization

I.5.5 Synthesis of heteroatom centered stereogenic molecules via

functionalization:

C(sp)-H

Related examples of Pd/Rh/Ir-catalyzed enantioselective C(sp? —H functionalization

for the generation of stereogenic heteroatom center are listed in Scheme 1.23.20

The Yu and Wang group independently reported Pd/MPAA catalyzed enantioselective

C(sp?)—-H functionalization for the construction of stereogenic P (79) and S-centered (80)

molecules, respectively (Scheme 1.23).

In 2017, the Cramer group demonstrated chiral Rh/Ir catalyzed enantioselective

C(sp? -H functionalization for the construction of stereogenic P-centered annulation

product 81 and C-N bod forming compound 82, respectively (Scheme 1.23).R
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5 > ’
: H o * E\N,Ar': '
: S ;
: ©/ ¥ Z Ayl :
: 80 5
5 40 5
; BocHN  OH AcHN  OH :
up to 98% ee up to 98% ee up to 98% ee
E Han, 2015 Wang, 2018 CEamer 20017 :
E Ir- catalyzed: ' :
: 'RI : :
' QHN ! tBu COOH '
- 2L 5
: . : NHPhth
! up to 98% ee : :

Cramer, 2017

Scheme 1.23: Selected example of metal catalyzed formation of stereo heteroatom center
I.5.6. Palladium Catalyzed Kinetic Resolution, Motivation, Hypothesis, and Planning

A notable effort has been made in the past decade in the enantioselective C-H
functionalization by desymmetrization strategies and among these approaches,
palladium catalyzed desymmetrization of prochiral C—-H bond has been successfully
implemented for the construction of stereogenic carbon, phosphorus and sulfur center.
However, requirement of two enantiotropic group in the compound limits the
desymmetrization method synthetically practical. At this point, the kinetic resolution
(KR) method could easily address these inherent drawbacks. Thus, Yu's discovery on
Pd-catalyzed KR of benzyl amine and aryl acetic acid via arylation and alkenylation is
undoubtedly a breakthrough (Scheme 1.24A). In spite of this success, the related
strategy of Pd-catalyzed heteroatom centred KR of arenes remains unknown, although

exceedingly appealing (Scheme 1.24B).

19



C—H activation and kinetic resolution Chapter |

A. C-centered kinetic resolution:

R 0 C-centered 3 §
DG+ FG @ DG DG explored
H FG H

FG = alkene, aryl, iodo

B. Heteroatom-centered kinetic resolution:
|§ 0 Heteroatom-centered ? |§ ;{
X\ X\ X\ ’ /‘
H FG H Unexplored

Scheme I.24: Palladium catalyzed kinetic resolution via C(sp? -H activation and

motivation

With this intention, we devised a Pd-catalyzed KR of 2-pyridylaryl sulfoximines using a
commercially available Pd(Il) catalyst and a simple chiral amino acid (MPAA) ligand,
via C(aryl)-H arylation and olefination (Fig 1B), which remains unexplored (Scheme
1.25).21 The concept relies on kinetically regulated CMD step of C(aryl)-H activation
(ki>>ka, Scheme 1.25) through preferred coordination of pyridine over imine to Pd-
MPAA and ligand geometry CMDpyr.ps over CMDpyr.pr (Scheme 1.25). A transformation
is therefore developed and discussed in Chapter II.

~ R .
VRS :
N= BocN‘\S,,O R H
ks M~ 080 AR M
. SPd—? e or ArBPin FG :
: N /H i S-isomer !
» Boc O <3 :
'QS,, \/R pﬁl\l(lgzzzz fBuO)\O 0% 0otBu FG = Alkenyl/Aryl
: s - CMDp,, ps (favorable) H
: _ —_— ks> k, Pyr-DS H
s ] . i a
1o S-centred kinetic resolution //—\\‘/ :
: o Alkenylation and Arylation N= ,2’ :
1 © up to >99% ee Me_,OBn iBu BocN. O l
' 0 30 examples Ky O« /o / N0 ~ X R
' . \Pd"" 5”7 ’(:/\ H
: N7 H e N\;
E - O):O/ R-isomer '
: L'Bu - H

Scheme 1.25: Kinetic resolution of phenyl pyridyl sulfoximine
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I.6 Transition Metal Catalyzed Annulation Reaction

The TM-catalyzed annulation approaches have been widely implemented for the
construction of variety of heterocyclic compounds. In 1991 and 1995, Larock group
reported palladium catalyzed annulation of substituted aryl halides 93 with a wide
range of internal alkynes 94 (Scheme 1.26).22 This method showed a straightforward
pathway for the construction of benzofurans, indoles, benzopyrans, and isocoumarins.
However, pre-functionalized precursors required in this process limits synthetic utility
of this transformation. A probable solution to this would be TM-catalyzed annulation

via direct C—H activation.

R?
Pd(0) X
—_—
| base, solvent S R2

i X =OH, NHR, R R!
i C(CH3),0OH
93 94 95

Scheme 1.26: Larock annulation of aryl halide with alkynes

1.6.1 Transition metal-catalyzed oxidative annulation via C—H activation

The DG enabled TM-catalyzed oxidative annulation of aromatic C-H bond with
alkenes/alkynes offers an atom-economical pathway for the construction of highly
conjugated heteroarenes from readily accessible precursors.” Few the most recent
demonstration of TM-catalyzed oxidative annulations are showcased in Scheme 1.27. In
2007, Miura group showed a Rh(lll)-catalyzed oxidative C-H annulation of easily
accessible benzoic acids with alkyne derivatives for the synthesis of highly substituted
lactones.?” Subsequently, Rh(III), Ru(Il), and Co(Ill) catalysts have been employed for
the discovery of DG assisted annulations with alkynes and unsaturated systems for the
synthesis of wide arrays of novel N/O-bearing heterocycles; a brief snapshots for the

construction of new heterocycles is depicted in Scheme 1.27.23-27
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| [TM] " be
4>
[Oxidant] = R2

Rh(lll)-Catalyzed annulation reaction

(0] H Me Me (0]
/
Z R2 “ R2 R1
R1 R1 R1
Miura, 2007 Fagnou, 2008 Miura, 2011 Liu, 2013

Ru(ll)-Catalyzed annulation reaction

R R3
(o] R! o \\ ’
R3 S
N /N ©/\/L
7 R? OO ® "
R1
R1

Ackermann, 2011 Ackermann, 2012 Ackermann, 2012 Lee, 2013
Wang, 2011
H (o)
BF S ® R? I ‘N N_O
S RZ Z R2 Z RZ NX
R1 R1 R1
Cheng, 2011 Ackermann, 2012 Jaganmohan, 2014 Kumaraswamy, 2014

Co(lll)-Catalyzed annulation reaction

(o] (0]
ol
N_ _R3 ®
) B BF? /NH Rz
2
Z R2 ~ R2 R 1
R1 R
;

R1
Li & Zhang, 2016 Cheng & Wang, 2016  Jaganmohan, 2016 Li & Zhang, 2016

Scheme 1.27: Selected examples of transition-metal catalyzed annulations

1.6.2 Mechanism of transition-metal catalyzed oxidative annulation
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A representative mechanistic cycle for the DG mediated annulation reaction with
alkyne is shown in Scheme 1.28 (Path-I: non-oxidizable DG; Path-II: Oxidizable DG).
The transformation initiates with the coordination of TM with DG to form the

respective metallacycle A or L.

99 100
101 —Ox
Rl——R?2 @(\DG @(\DG /Ox 101
T O S X O
/
M

C—-H activation

metallacycle formation

I A
e base M
R =
R'——R Path-I Path-11 B
I
(Non-oxidizable directing gr'oup) MX (Oxidiqule directing group) )

Ox
\G/
M
oxidant protonation _
R2
G R

/ \ c
m
: reductive elimination/

reductlve elimination oxidative addition to
R2 the DG-OX
R 102
product

Scheme 1.28: Metal catalyzed oxidative annulation

Next, the alkyne insertion to A or I give metallacycle C and III via B and II,
respectively. The formation of 7-membered metallacycle C/III is quite common for both
the methods (Path I and II). In case of Path-I, reductive elimination of Int-III delivers
the corresponding mono-annulation product 102 with the reduction of TM species to
Mx2. Thus, external oxidant is necessary to re-oxidise the catalyst M*2 to Mx for further
reaction (oxidant enabled; Path-I). Whereas in Path-II, reductive elimination of C and
simultaneous oxidative insertion of metal complex across the DG-Ox bond and
protodemetalation of D delivers the annulation product 102 along with active catalyst

Mx (oxidant free; Path-II).26
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1.6.3. Transition metal-catalyzed multiple C—H activation

Over the time, numerous efforts have been devoted in the development of synthetic
methods for the activation and functionalization of multiple C-H bonds. However,
these transformations mostly dealt with mono-functionalized C-H bond followed by
the introduction of second functional group in the other C—H bond. Simultaneous

introduction of distinct functionalities in multiple C—H bonds remain challenging.

DG DG
H H one-pot or sequentlal X Y
©/ multiple C-H activat'ion ©/
103 104

/R N‘j
.N .

2
\‘/V @\ Ry : E OAc \‘/@ OAc i
104 a 104 b 104 ¢
2009 by Miura 2012 by Gevorgyan 2013 by Lan
Our group:

Os_MPS t X Os_MPS |
: Me R one pot, H H one pot; Me R |
C-C &C-N @ 7 Iccsca, X
X single DG single DG X

107 105 106

Scheme 1.29: Selected examples of multiple C—H functionalization

In 2009, Miura and co-workers reported pyrazolyl group directed unsymmetrical di-

alkenylation of arenes (104a; Scheme 1.29).2

In 2012, Gevorgyan group showcased a sequential acetoxylation followed by
pivoxylation of two ortho-C(arene)-H bonds. The multiple unsymmetrical C-O bond
formations were viable in one-pot in the presence of a pyrimidyl-DG (104b; Scheme

1.29).2
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Similar kind of sequential olefination of two ortho-C-H bonds was demonstrated by

Lan and co-worker using 2-pyridylmethyl as a removable directing group. (Scheme

1.29).

In 2012, our group demonstrated methylphenyl sulfoximine directed intramolecular o-

C-H hydroarylation followed by intermolecular 0’-C-N and C-C bond formation for

the synthesis of peripheral substituted dihydrobenzofuran derivatives (106, 107;

Scheme 1.29). Interestingly, both steps are performed in one-pot.®

1.7. Motivation, Hypothesis, and Planning

— / +/ — Ru(ll) —

2-C-C/2-C-N

i Ar Ar bond formation
@E\)LMPS 109 109
X" H, Ar
X =N/O/SIC N / + — Ru(l) —»
108 Ar 2-C-C/ 2-C-N
109 110

0
ey MPS A _Rul
r +Il -Phsome
X" H,
Xx=N/o/s/ic AT
108 109 L

Scheme 1.30: Motivation and hypothesis of multiple cyclization

bond formation
Sequential

Our group has recently showcased a Ru-catalyzed sulfoximine directed one-pot

symmetrical double annulation of arenes with alkyne to construct

-extended poly-

fused heterocycles 111 (Scheme 1.30). The identical transformation can also be applied

for the two-pot unsymmetrical linear-type double annulations with different alkynes

to make 112 (Scheme 1.30).
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Inspired from these demonstrations of double annulations, we envisaged performing a
sequential double annulation with alkyne and a quinone moiety in an orchestrated
manner. This process could lead to either a -extended poly-fused heterocycles 111 by
stitching two molecules of alkyne or the annulation process could bind both alkyne and
quinone simultaneously (Scheme 1.30). A transformation in this line is therefore developed

and discussed in Chapter 111.

The TM-catalyzed DG enabled intramolecular hydroarylation of arenes with olefins
have been well-studied (Scheme 1.31).3° The transformations are successful when
carried out in organic solvents, such as: toluene, 1,2-dichloroethane, 1,4-dioxane etc
(Scheme 1.31). We hypothesized that the hydroarylation reaction may be possible in
water medium instead of organic solvent. Thus, amide directed hydroarylation strategy
in water medium is envisaged (Scheme 1.31). The Ru-catalyzed intramolecular

hydroarylation transformation is therefore developed and discussed in Chapter 1V.

DG DGy 40 DG Cat Organic Solvent

: R R Amide/ Imine Rh toluene !

; ﬁ’ —@—» MPS/ Amide Ru CICH,CH,CI ]

' o) Imine Co CICH,CH,CI !
© rt-150 °C Amide Ir 1,4-dioxane

B. Hydroarylation in "water"

Os_MPS/NHMe + Reusable MPS :
i ?,R1 £ ’ « Green method ;
: @ n - Economically :
E © Water * o favourable E

Scheme 1.31: Intramolecular hydroarylation ‘in water’
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Chapter 11

Kinetic Resolution of Sulfur-Stereogenic Sulfoximines by Pd(II)-
MPAA Catalyzed C—H Olefination and Arylation

Abstract
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A direct Pd(II)-catalyzed kinetic resolution of heteroayl-enabled sulfoximines through
an ortho-C—H alkenylation/arylation of arenes has been developed for the first time.
The coordination of sulfoximine pyridyl-motif with Pd(II)-catalyst and chiral amino
acid MPAA ligand helps the enantio-determining C(aryl)-H activation. This method
provides access to a wide range of enantiomerically enriched aryl-pyridyl-sulfoximine
precursors and the C(aryl)-H alkenylation/arylation adducts in good yields with high
enantio-selectivity (up to >99% ee), and selectivity factor up to >200; which are
otherwise inaccessible by the conventional methods. The directing group (DG)
preference, ligand effect, geometry constraints, and the transient six-membered
concerted-metalation-deprotonation (CMD) species displays indomitable resilience in

the stereoselectivity origin; DFT studies validate this outcome.

31



Kinetic resolution of sulfoximine Chapter Il

Reference:

Kallol Mukherjee, Nicolas Grimblat, Somratan Sau, Koushik Ghosh, Majji Shankar,
Vincent Gandon and Akhila K. Sahoo*

32



Kinetic resolution of sulfoximine Chapter Il

I1.1. Introduction

The directing group (DG) assisted desymmetrization of prochiral C-H bond provides
an impeccable entry to construct functionalized chiral molecules. This strategy has led
to making stereogenic carbon, phosphorus, silicon and sulfur centered species through
selective functionalization of prochiral C-H bonds.!® However, essential requirements
of two enantiotopic groups limits synthetic potential of desymmetrization processes. At
this juncture, kinetic resolution (KR) of C-H bonds is undoubtedly an attractive
alternative (Scheme IL.1A). In this regard, the Yu's DG assisted chiral amino acid
enabled palladium (Pd)-catalyzed carbon centred KR of arene C-H bonds through
alkenylation, arylation, and/or iodination is undoubtedly a breakthrough constructing

highly functionalized

A. Strategies for chiral induction:

Desymmetrization Kinetic resolution
: K, X
enantiotopic modified | —_— )Q
groups group E X N RZ R
( ) l x R ) R)\R'
: : chiral =
: S?/lr%%ee?:y Xix ~environment ® Xﬁ(Y K1>>K;
| R>§\R' R” R K, x’ %
' (R+S) —— R}(R,

B. C-centered kinetic resolution (explored):

R C-centered

@ DG + FG . (L DG
H FG H

FG = alkene, aryl, halo

mll Py

C. Hetero atom-centered kinetic resolution (unexplored):

R Hetero atom-centered

$ s
:‘DG + FG ‘ (FGDG ‘:H DG -~ /\K

FG = alkene, aryl
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Scheme II.1: Kinetic resolution for the generation of stereogenic hetero atom centre
chiral entities. (Scheme II.1B).* However, these strategies are limited to C-centred

resolution while related strategy for heteroatom centered KR of arene is obscure

(Scheme II.1C).

II.2. Previous strategies for PA/MPAA catalyzed desymmetrization

In 2008, Yu group reported a desymmetrization method for the Pd(Il)/ monoprotected
amino acids (MPAA)-catalyzed enantioselective activation of C(sp?)-H bond. This
process is successful for making chiral C-stereogenic centre. Monoprotected -amino

acid ligands are found essential in this process. The mechanistic feature is sketched in

Scheme I1.2.22

The transformation begins with the in-situ formation of Pd/MPAA-complex 3. Next,

HO_ O
- LR

10 mol% Pd(OAc),, L

1.5 equiv RB(OH), N O
1.0 equiv Ag,O0 H (-)Menthyl
0.5 equiv BQ, THF
1 Yu et. al. 2008

; Pd(OAc), ;
! lMPAA i
: Pd(Il)Ln, 3 :
i reductive (
| elimination :
5 RB(OH), 5

Scheme I1.2: Pd(II)/ MPAA-catalyzed enantioselective C(sp?)-H functionalization via

alkylation
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the reaction of 3 with 1 proceeds with enantio-determining C-H activation to deliver 6-
membered palladacycle 1a. The transmetalation of 1a with the boronic acid counterpart
then provides 1b. Finally, reductive elimination of 1b gives the final product 2 (Scheme

I1.2).

In 2010, the identical strategy has been extended for the enantioselective C—H activation
of carboxylic acids 4. Monoprotected a-amino acids are once again found effective for

the enantio-determining C—H insertion of 4 to enable 4a (Scheme II.3).%¢

5.0 mol% Pd(OAc),, L XY COONa COOH
COONa BQ. KHCO, Et)\(

~ N O =© NHBoc

up to 99% ee Yu et. al. 2010

: H o :
------------- > N 7" JONg ------.)
enantio-determining \t)/;Pd

C-H insertion S N_ @ 4a
H Pc

Scheme II.3: Enantioselective C—H activation reactions of carboxylic acid

In 2013, the same group developed Pd(II)/MPAA catalyzed enantioselective C(sp?)-H
activation and simultaneous intramolecular C-O bond formation to deliver chiral
benzofuranones 7 with up to 96% ee. This is the first example of enantioselecctive C-H

functionalization which involves Pd(II)/Pd(IV) catalysis (Scheme II1.4).2¢

: Mo :
: Pd(OAC),/L ]
: > L= e\ COOH:!
: Phi(OAc),, KOAG, ‘BUOH NHBoc |
5 Yu et al. 2013 |

Scheme II. 4: Enantioselective C(sp?)-H activation and synthesis of chiral

benzofuranones
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In same year, the You group revealed Pd/MPAA catalyzed stereoselective C-H
functionalization of aminomethylferrocene derivatives 8 for the construction of planar-
chiral ferrocenes derivatives 9 with high enantioselectivity. Commercially available N-
Boc-protected amino acids are being successfully used for the chiral induction.
Moreover, the reaction occurs in the presence of air as external oxidant, which makes

the current synthetic method practical (Scheme I1.5).28

: Ls :
: 11 11 :
5 e Pd(OAc),, L . R Me 5
: H\é RIB(OH), K,CO; R \é Me)YCOOH 5
Fe TBAB, DMA, 60 °C Fe NHBoc
: R2 R2 :
; 8 Shu-Li You et. al. 2013 9 ;

up to 99% ee .

Scheme II.5: Stereoselective C—H functionalization of aminomethylferrocene

In 2013, a first example of an Pd-catalyzed enantioselective C(sp?)—H iodination of

(diarylmethyl)amine 10a has been demonstrated by the Yu group. This strategy

: Pd(OAC), :
: AT Bz-Leu-OH H  NHTf :
. CsOAc, N32C03 ‘/*) '
: H I, t-amyl-OH/DMSO O | O ;
E 10a air, 30 °C, 48 h 1 :
0 O\\ /CFS up to 99% ee :
' —OCs '
' proposed - I/S Yu et. al. 2013 :
; reactive 0. N H :
] / '
: intermediate N/\Pd\ o :
: 3 OAc__[ AT :
' 07 Ph !
; 10a’ ,

Scheme I1.6: Pd(II)/ MPA A-catalyzed enantioselective C(sp?)—H iodination

provides a useful access to functionalized chiral (diarylmethyl)amine derivatives 11.

The commercially available mono-N-protected amino acid ligand (MPAA) along with
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the inexpensive halogenating agent I. are used in this transformation making the
method synthetically workable (Scheme I1.6).2f A neutral o-donor directing group helps

the formation of reactive intermediate 10a’.

In 2015, a stereoselective C(sp?)-H functionalization of nosyl-protected
diarylmethylamines 10b with ArBpin has been developed by the the same group. Once
again, the MPAA ligand has been found effective to deliver the respective arylated

chiral diarylmethylamine derivatives 12 (Scheme I1.7).2

Pd(OAc),
Me NHNs Fmoc-L-Leu-NHOMe Me NHNs
X . A92CO3, NaHCO3, X 5
* Tol + ArBPin vy . > * Tol
H ,4-benzoquinone, Ar
H,O, DMSO, t-amylOH
10b 12
80 °C, Ny, 18 h

o o ONa - t up to 99% ee

\\SLAr Yu et. al. 2015
proposed 4 ]
reactive O\Pd/N"”""n, H

transition state N—

..
~.
.~
~

Scheme II.7: Pd(II)/MPAA-catalyzed enantioselective C(sp?)-H functionalization via

arylation

Although the known desymmetrization strategies are viable in making C-H
functionalized chiral molecules, prochiral C-H bonds are essential for all these
transformations.? While kinetic resolution (KR) of C-H bonds offers booming

advantages for making functionalized chiral molecules.
I1.3. Motivation and Design of Kinetic Resolution

In this regard, Yu’'s pioneering routes on DG assisted chiral amino acid enabled
palladium (Pd)-catalyzed carbon centred KR of arene C-H bond through alkenylation,
arylation, and/or iodination is undoubtedly a breakthrough (Scheme II.8).# Despite the
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successes, related strategy for the Pd-catalyzed heteroatom centered KR of arene remains

obscure although exceedingly appealing (Scheme IL.8).

NHN NHNs
®  Pd(OAc), NHNs ?
Ligand A 8
R L, @AR . @(\R 1

arylation or Ar/| °® JL

rac-13 iodination 13 14 g
H (@) NR HE
e explored \\S// R
i B. Kinetic resolution of aryl acetic acid derivatives T\j
? X X g NEl
i X Pd(OAc), i H
L-MPAA Ilgan’d ©)\COOH COOH Unexplored
: COOH AR |
i rac15  X=OPiv, NHPiv 15 16 R :

Scheme I1.8: Kinetic resolution for the generation of stereogenic C-centre

On the other hand sulfoximines, configurationally stable motif with S-stereogenicity,
have been found in the molecules of medicinal importance and agrochemicals.[%
Notably, sulfoximines have emerged as chiral auxiliary and DG for C-H
functionalizations.l] These benefits have enabled facile access to diverse range of
sulfoximines. Whereas syntheses of enantioenriched sulfoximines have invariably rely
on resolution techniques, stereoselective imination and oxidation.[”#] Elegant
enantioselective and KR routes to sulfoximines have been independently developed by
Cramer and Li group, but all these approaches rely on Rh -catalyzed [4+2] annulation
of diazoesters and aryl-sulfoximines in presence of specially designed ligands (Scheme
I1.9).°1 Mechanistically, this transformation proceeds with the coordination of the
sulfoximine 18/19 to the Rh(III) center which initiates ortho-C-H activation via a CMD
pathway. Then coordination and insertion of the diazo species 21 with 18b leads to the
formation of carbenoid intermediate 18c, which in turn undergoes protonation to

produce ketone 22. Finally an off-cycle cyclocondensation offers desired product 20a or

20b.
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desymmetrization of sulfoximine : kinetic resolution of sulfoximine Alk :

S \ o :
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Scheme II.9: Desymmetrization and kinetic resolution of sulfoximines through

annulation

To this end, we devised a Pd-catalyzed C-H functionalization method for KR of 2-
pyridylaryl sulfoximine using commercially available Pd(Il) catalyst and chiral amino
acid (MPAA) ligand via C(aryl —-H arylation and olefination (Figure II.1A), which is
unexplored. The concept relies on kinetically regulated concerted-metalation-
deprotonation (CMD) step of C(aryl —H activation (K1>>Ky, Figure II.1A), coordination
of pyridine over imine to Pd-MPAA and the ligand geometry CMDpyr.ps over CMDpy;-
pr (Figure IL.1B). These factors might influence the selectivity (S over R; Figure IL.1A).
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(Detailed explaination is given in section II.4.7) The transformation is general
constructing wide arrays of enantiomerically enriched C-olefinated/arylated aryl-

pyridyl-S-sulfoximines, which are otherwise inaccessible by other routes.

f A.This work : Kinetic resolution of racemic sulfoximine: :
; No enantiotopic RN SO RN, O :
: C-H bonds "" AN » :
: RQO c / Aryl/ ©\ \’\a :
: ‘ Alkenyl S-isomer !
5 Ki>>h :
' + RN, O E
' Pd(OAc), w '
: IMPAA == ‘N' ) — :
R-isomer '
1 B. Origin of selectivity: :
E I. Directing group preference (pyridine over imine):
E five-membered cycle i six-membered cycle i
i Boc Q 7 N—Me '
: \ /MS O O\ /N— //o :
BnO Me _;]\: Pd._ S3NBoc
[ n [
: t Me o BnO= )\OH‘ @ :
! BuO tB o) '
' CMDs_-y (29.18 kcal/mol) CMD5,, (22.91 kcal/mol) :
E (R-isomer favour) (S-isomer favour) :
i Il. Ligand geometry (CMDp,.ps over CMDp, pR): + ,
: 1 '
E 4 _\ Me 7 N\ Me ‘2, :
! Me__OBn Me._OBn jo= Bu
o' N I
; %\PdZQS//O °y/° Pd_/_.Q ° i
; N7 H SN M \‘o :
E tBUO);.O’ O)\OtBU BUO)\O E
S CMDpy,ps (favorable) CMDeyror (unfavouradle)

Figure II.1: Kinetic resolution of sulfoximine

I1.4. Results and Discussion

I1.4.1. Synthesis of precursors

General procedure for the synthesis of racemic (rac) 27a—-271 (GP-1):10
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To pursue our hypothesis, diverse range of N-Boc protected aryl-pyridyl-sulfoximine
precursors are prepared using the known synthetic procedures. Coupling of thiols with
pyridines followed by PhI(OAc)2/(NH4).COs mediated imination and oxidation gives
sulfoximine. Finally Boc-protection gives the N-Boc protected aryl-pyridyl-sulfoximine
precursors (Detailed procedure is given in experimental section). A list of aryl-pyridyl-

sulfoximine derivatives are shown in Scheme I1.10.

Cl BocN O
SH a SNy b
v —> lag] —»
* |A} AL |Ar —> |Ar
23 24 25
Reaction condition: ELN (1.5 o), DMAP (20 %)
b. Phl(OAc), (2.3 eq) c. Et3N (1.5 eq), mol%
a.100 °C, H,0 2
2 (NH,),CO;3 (1.5 eq), MeOH Boc,0 (2.0 eq), DCM
BOCN /O Me BOCN BocN O Cl BocN\/ Br BocN ,/O Me
L 0T
@f @f U O 0 T
27a-2 27a-3 27b
BocN,_ O
BocN\\ //O Me BocN\// BocN / \//
036 ﬁ oﬁjm RCREES
|
N = \©/
Me 27¢ 27d Pr 27g
O NBoc
O m BocN BocN, O Me
BocN\// \\// \// MeQ, \,NBOC
Cl S O
Y
T 0 O -
27h 27i 271 27k

Scheme II.10: List of sulfoximine precursors synthesized

Thiols (23) and pyridines (24) are purchased from commercially available source and

used; the molcules are listed in Scheme I11.11.
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Structure of 23:

: SH MeO. : _SH SH C,SH SH EtO SH
Me” : Bu ipr/Ej Ej
23a 23b 23c 23d 23e 23f

Me Me
Me\©/SH CI\©/SH Me. ; _SH SH | SH /©/SH
F
23g 23h 23i Me 23j 23k 23l
Structure of 24:
Cl Cl Cl Cl
Me N N Cl N Br SN
l = l = I = l =
24a 24b 24c 24d

Scheme II.11: List of thiols and pyridines used for sulfoximine synthesis

I1.4.2. Synthesis of Chiral Ligands (GP-2):*

All mono protected amino acids ligands L1-L8 and L11 were purchased from commercial
sources or synthesized following the known procedures.? Ligands L9 and L10 are prepared and

presented in Scheme I1.12.

N-Boc-L-a-AA series  N-Ac-L-a-AA series chiral carboxylic acid N,O-protected-L-thereonine series
(CAA)
f Me._OY
; R %L bg
X X HOOC” N
BocHN™ “COOH AcHN”™ “COOH XHN™ “COCH
L1: R = CH,Ph L4: R =Bn o L7: X =Boc, Y =Bu; L8: X =Boc, Y =Bn
L2: R = iBu; L3: R = iPr L5: R = iBu L6 L9: X = Boc, Y = -CHy-3,5-di-F-CgHa; L10: X = Boc,
Y =-CH,-3,5-di-MeO-CgHj; L11: X = Fmoc, Y = ‘Bu

Scheme I1.12: List of mono protected amino acid ligands for the kinetic resolution

I1.4.3. Optimization studies

I1.4.3.1. Optimization of reaction conditions for C—H alkenylative kinetic resolution:
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The study was initiated in the non-substituted N-Boc-phenyl-2-pyridyl sulfoximine (rac-
27a-1) with ethyl acrylate (28a; 0.6 equiv) in presence of Pd(OAc)2 (10 mol%), Boc-L-
Phe-OH (L1; 30 mol%), Ag2COs (2.0 equiv) in CICH2CH2Cl (1,2-DCE) at 75 °C (Table
IL.1). The desired C2-alkenylation product (5)-29a-1 (18%, conversion after 3 days) along

with

Table II.1. Ligands Screening 2]

BocN, O Pd(OAc), (10 mol%)  BOeNy O
‘s’\ Ligand (30 mol%) S""z b
©/ 2-Py  Ag,COs (2.0 equiv) @ -y
ethyl acrylate (28a)
rac-27a-1 1,2-DCE (R)-27a-1

N-Boc-L-a-AA series  N-Ac-L-a-AA series chiral carboxylic acid N,O-protected-L-thereonine series

(CAA)
4 Me. ,OY
TR T  N
X X HOOC” N
BocHN” ~COOH AcHN” “COOH XHN” “COOH
L1: R = CH,Ph L4: R =Bn o L7: X =Boc, Y =Bu; L8: X =Boc, Y =Bn
L2: R = iBu; L3: R = iPr L5: R = iBu L6 L9: X = Boc, Y = -CH,-3,5-di-F-CgHa; L10: X = Boc,
Y = -CH,-3,5-di-MeO-CgHa; L11: X = Fmoc, Y = Bu
(R)-27a-1 ®(S)-29a-1
81 79 79 79
75 76 77 7270

50

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L8
s 8 9 _ - 4 - 12 11 10 11 11 12°
cc 18 19 - _ 33 _ 20 26 22 25 22 50°

lalReaction conditions: rac-27a-1 (0.1 mmol), ethyl acrylate 28a (0.6 equiv), Pd(OAc), (10 mol%), ligand (30
mol%), AgCOs; (2.0 equiv), 1,2-DCE (1.0 mL), N», 75 °C, 3 days. MCalculated conversion, C =
eeSM/(eeSM + eePR). [IDetermined by chiral HPLC analysis. [diSelectivity factor (s) = In[(1 - C)(1 -
eeSM)]/In[(1 — C)(1 + eeSM)]. lelEthy] acrylate (2.0 equiv) was used.
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the precursor (R)-27a-1 were obtained in 75% ee and 17% ee, respectively, exhibiting a
low selectivity factor (s) of 8. This encouraging result unfolded our curiosity examining
the effect of other ligands. None of the N-Boc-, N-acetyl-, and N-imide-protected
commercially available -amino acid ligands (L2-L6) with distinct side chains were
effective. Assuming the additional coordination ability of easily modifiable -OH group

in threonine, various N, O-protected threonine ligands were tested.

The reaction s factor was improved a little for (5)-29a-1 81% ee and 79% ee, when Boc-L-
Thr(‘Bu)-OH (L7) and Boc-L-Thr(Bn)-OH (L8) were used, respectively. Electronic
perturbation in O-benzyl moiety does not have any impact on enantioselectivity (L9 and
L10). The use of 28a (2.0 equiv) in presence of ligand L8 could found effective
improving the conversion (50%) with (5)-29a-1 (70% ee).

Table II.2. Solvent screening [2]

O NR Pd(OAc), (10 mol%) o) NR
R L8 (30 mol%)

S, “p
Py 2N “Py
©/ * ZTCOOEt  ag 0, @0equv) @ * @(L

solvent, 3 days

rac-27a 28a, (0.6 eq) (R)-27a-1 (S)-29a-1 ~COOEt
Conversion/bl
1 THEF trace - - -
2 CHsCN trace - - -
3 1,4-dioxane trace - - -
4 HFIP trace - - -
5 toluene 12.76 12 82 11
6 TFT 24.78 28 85 16
7 2-chloro toluene 16.33 16 82 12
8 3-methoxy anisole 27.27 30 80 12
9 1,2-dimethoxy propane 9.9 09 82 11
10 4-CI-TFT 17 17 83 13
11 TFE trace - - -
12 2-methoxy propane trace - - —
13 2-methyl anisole 20.75 24 84 14
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[alReaction conditions: rac-27a-1 (0.1 mmol), ethyl acrylate 28a (0.6 equiv), Pd(OAc). (10 mol%), L8 (30
mol%), AgCOs (2.0 equiv), solvent (1.0 mL), Ny, 75 °C, 3 days. [PICalculated conversion, C = eeSM/(eeSM
+ eePR). lFIDetermined by chiral HPLC analysis. [dISelectivity factor (s) = In[(1 — C)(1 — eeSM)]/In[(1 -
O)(1 + eeSM)].

A number of solvents were tested. None of them was found effective in increasing the

conversion of the desired product 29a-1 (Table IL.2).

To enhance sulfoximine resolution enantioselectivity by maintaining conversion (~50%;
Table I1.1), we scrutinized the co-oxidant effect (Table II.3). 2-chlorobenzoquinone (2-
Cl-BQ) was found best providing 77% ee of (S)-29a-1 (39% conversion, s factor of 13;
entry-2, Table IL3).

Table II.3. Additive screening [

O, NR Pd(OAC), (10 mol%) O DR

N

s 9
Py + " COOEt L8 (S0mol%) Spy L
Ag,CO3 20equw)
(S)-29a-1

dditive (30 mol%)
27a- 28a, (0.6 e a :
rac-27a-1 (0.6 eq) 12-DCE. 3 days (R)-27a-1

COOEI

Additive Conversionl®! ee [Yo]lel |
(R)-27a-1 (S)-29a-1
1 BQ 18 17 78 10
2 2-chloro BQ 39 50 77 13
3 2, 5-dichloro BQ 35 40 75 10

lalReaction conditions: rac-27a-1 (0.1 mmol), ethyl acrylate 28a (0.6 equiv), Pd(OAc). (10 mol%), L8 (30
mol%), AgsCO; (2.0 equiv), additives (0.3 equiv), 1,2-DCE (1.0 mL), Na, 75 °C, 3 days. [PlCalculated
conversion, C = eeSM/(eeSM + eePR). [[IDetermined by chiral HPLC analysis. [dSelectivity factor (s) =
In[(1 - C)(1 — eeSM)]/In[(1 — C)(1 + eeSM)].

Next, we unravelled scrutinizing DG effect (Table II1.4). Thus, various substituted 2-
pyridyl containing sulfoximines were independently subjected to 2a. Upon various
trials, 3-methyl pyridyl DG was found superior affording alkenylation resolution
species (S)-29a (96% ee) with s factor of 58, although conversion was confined to 17%

(entry 1). While 3-Cl/Br substituted pyridyl DG were unsuccessful (entries 2 and 3).

The reaction conversion was improved to 22% when 28a (2.0 equiv) was employed
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under the reaction shown in entry 4. The identical transformation with methyl
acrylate (28b, 2.0 equiv) could enhance the conversion to 27% (entry 5). Finally,
loading of 2-Cl-BQ 50 mol% led to (S)-29b (96% ee, s factor of 85 with 34%

conversion; entry 6, Table I1.4) and found optimum.

Table II.4. Directing group screening [

QuNBoe Pd(OAC), (10 mol%) Qu NBoc N

S\D G L8 (30 mol%) S.,,,DG . \“\‘S‘DG
+ P >
Z “COOEt Ag2COs (2.0 equiv) |

2-CI-BQ (50 mol%)

rac-27 28a, 0.6 equiv 1,2-DCE, 3 days (R)-27 (5)-29 CO,R
Me cl Br
bG | | |
N~ N__~ N__~
DG? DG? DG*

Conversion' ee [%]" ‘
(R)-27  (S)-29

4 DG* 22 27 95 48
5 DG’ 27
6l DG’ 34

[alReaction conditions: rac-27 (0.1 mmol), acrylate 28 (0.6 equiv), Pd(OAc): (10 mol%), L8 (30 mol%),
Ag)CO; (2.0 equiv), additives (0.3 equiv), 1,2-DCE (1.0 mL), N», 75 °C, 3 days. [PICalculated conversion, C
= eeSM/(eeSM + eePR). [FIDetermined by chiral HPLC analysis. [dSelectivity factor (s) = In[(1 — C)(1 -
eeSM)]/In[(1 — C)(1 + eeSM)]. [elEthyl acrylate (2.0 equiv) was used. fIMethyl acrylate instead ethyl
acrylate. [812-CI-BQ (50 mol %) was used.

I1.4.3.2 Optimization of reaction conditions (arylation):
Next, we investigated the feasibility of Pd-catalyzed C—H arylative KR of sulfoximines
(Table IL.5-Table II.8). The reaction of N-Boc-3-methoxyphenyl-2-(3-methylpyridyl)

sulfoximine (27b) with (4-CFs;)Ph-Bpin (31a; 2.0 equiv) was performed under the
catalytic conditions of Table IL5. Pleasingly, the desired product (5)-30a was obtained
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in 94% ee with s factor of 39 along with the recovery of (R)-27b in 20% ee and 18%
conversion (entry 1, Table IL.5). The oxidant Ag>O played a vital role; conversion was
increased to 51% (entry 2, Table IL5). Carrying out the reaction at 60 °C enhanced the s
factor to 50 (entry 4, Table IL.5). The s factor was raised to 64 with reaction conversion
41% and 94% ee of (S)-30a, when trifluorotoluene (TFT) was used (entry 1, Table I1.6).
Performing the reaction with 20 mol% of L8 improved the outcome (entry 3, Table IL.7).
Importantly, reaction concentration from 0.1 M to 0.067 M led to (5)-30a (94% ee) and
(R)-27b (88% ee) with 48% conversion and s factor of 95 (entry 3, Table IL8).

Table II.5. Oxidant screeningl?!

BPin BocN_ O
BocN /0 Pd(OAc), (10 mol%) BocN /O MeO \\S/,
MeO \S: L8 (30 mol%) MeO \s: e \\ ‘DGz
DG? . . //DGZ +
oxidant (2.0 equiv), Ar
CF DCE (1.0 M)
3 30a, Ar =
rac-27b 31a (2.0 eq) 27b (4-CF3) Ph-BPin

Oxidant Conversion (c)™ ee [%]"
(R)-1b (S)-5a
1 Ag,CO3 18 20 94 39
2 Ag,0 51 88 86 38
3 AgOAc 12 12 90 21
4" Ag,0 43 70 92 50

lalReaction conditions: rac-27b (0.1 mmol), 31a (2.0 equiv), Pd(OAc)2 (10 mol%), L8 (30 mol%), oxidant (2.0

equiv), 2-Cl-BQ (0.5 equiv), 1,2-DCE (1.0 mL), No, 75 °C, 3 days.

[bICalculated conversion, C =

eeSM/(eeSM + eePR). [[IDetermined by chiral HPLC analysis. [diSelectivity factor (s) = In[(1 — C)(1 -
eeSM)]/In[(1 — C)(1 + eeSM)]. [[lReaction is performed in 60 °C.
Table II.6. Solvent screeningl?l
BocN PN pd(0Ac), (10 moi%) BocN O BooN ,°
MeO D ’/ _ L8(30mol%) g S
Agzo (2.0 equiv), \Ej DG* + \©\
solvent (0.1 M), 60 °C
Fs 30a, Ar =
rac-27b 31a (2.0 eq) (4-CF3) Ph-BPin
Entry Solvent Conversion ee [%] st
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(c)™ (R)-1b (S)-5a
1 TFT 41 66 94 64
2 THF 31 44 96 75
3 t-Amyl-OH 36.0 54 96 84

lalReaction conditions: rac-27b (0.1 mmol), 31a (2.0 equiv), Pd(OAc). (10 mol%), L8 (30 mol%), Ag-O (2.0
equiv), 2-Cl-BQ (0.3 equiv), 1,2-DCE (1.0 mL), N, 75 °C, 3 days. [lCalculated conversion, C =
eeSM/(eeSM + eePR). [IDetermined by chiral HPLC analysis. [diSelectivity factor (s) = In[(1 — C)(1 -
eeSM)]/In[(1 — C)(1 + eeSM)].

Table II.7. Screening of ligand loadingl?!

BPin
BocN N //

BocN 0 Pd(OAc), (10 mol%) BocN\ ,
MeO L8 (x mol% // WS -
K DG2 +
Agzo (2.0 equiv), \©
CF TFT (0.1 M), 60 °C
8 30a, Ar =

rac-27b 31a (2.0 eq) (4-CF3) Ph-BPin

Entry Ligand loading (x Conversion ee [%]l
mol%) (c)tel ]
1 10 mol% 41 64 94 62
2 15 mol% 42 68 94 66
3 20 mol% 46 80 94 79
4 40 mol% 40 62 94 61

lalReaction conditions: rac-27b (0.1 mmol), 31a (2.0 equiv), Pd(OAc). (10 mol%), L8 (x mol%), Ag.O (2.0
equiv), 2-CI-BQ (0.3 equiv), 1,2-DCE (1.0 mL), N, 75 °C, 3 days. [PCalculated conversion, C =
eeSM/(eeSM + eePR). [IDetermined by chiral HPLC analysis. [diSelectivity factor (s) = In[(1 — C)(1 -
eeSM)]/In[(1 — C)(1 + eeSM)].

Table IL.8. Screening of solvent loading!?!

BocN

Pin
BocN O Pd(OAc), (10 mol%) BocN\ ,
MeO _ L8(20mol%) 4 S
K ey
Agzo (2.0 equiv), \Ej be +

0,
TFT (x M), 60 °C 308, Ar =
rac-27b 31a (2 0 eq) (4-CF3) Ph-BPin

Molarity Conversion
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1 0.2M 41 64 94 62
2 013 M 41 66 94 64
3 0.067 M 48 88 94 95
4 0.05M 47 84 94 86

lalReaction conditions: rac-27b (0.1 mmol), 31a (2.0 equiv), Pd(OAc)> (10 mol%), L8 (20 mol%), Ag.O (2.0
equiv), 2-CI-BQ (0.3 equiv), 1,2-DCE (x M), Ny, 75 °C, 3 days. [PICalculated conversion, C = eeSM/(eeSM +
eePR). [IDetermined by chiral HPLC analysis. [dSelectivity factor (s) = In[(1 — C)(1 — eeSM)]/In[(1 — C)(1
+ eeSM)].

I1.4.4. Reaction scope-I

The reaction generality of Pd-catalyzed C-H alkenylative KR of sulfoximines was then
surveyed (Table I1.9).101 Compound 29b (98.2:1.8 er) was isolated in 26% yield. The
alkenylation occurred at the less-hindered arene C—H bond and the chiral sulfoximines
29¢ and 29d were obtained with s factors of 162 and 140, respectively. The catalytic
system was compatible with common functional groups, such as ketone, sulfone and
phosphate in the alkene, providing access to 29e (95.6:4.4 er), 29f (94.6:5.4 er) and 29g
(97.6:2.4 er). Notably, the reaction of methyl vinyl sulfone with 27b displayed an exceptional s
factor of >200 for compound 29h. The reaction of p-(Me/!Bu/Pr)-substituted aryl
sulfoximines with 28b/ vinyl-ketone (28c)/ vinyl-sulfone (28f) smoothly delivered
29i-m in excellent enantioselectivity and s factor of 55 to >200. The m-substituted
electron donating (OEt, Me) and chloro bearing aryl-sulfoximines underwent
olefination with 28b to give the desired products 29n—p with s factor of 24 to 111. The
low yield of 29p (22%; 94.4:5.6 er) is justified by a conversion of 28%, which can be
attributed to electron deactivation by the halo group and the possibility for the
formation of cross-coupled side product. Even the sterically hindered m,m'-dimethyl
substituted aryl sulfoximine 27i reacted well, yielding 29q (36%, 97.9:2.1 er, s factor of
107).

Table I1.9. Scope of C—H alkenylative kinetic resolution of sulfoximines/2lIl
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BocN, ,O0 Me BocN Me BocN \o r 29q
N7 Pd(OAC), (10 mol%) \// \/, e
>% N L8 (30 mol%) \v £ 35
1 . R —> NS
N = Ag,CO3 (2.0 equiv) N — P a AT T gl
2-CI BQ (50 mol%) 3 1 ,LI s =
rac-27 28 DCE, 75 °C (S)-29 R A
BocN, ,0 Me BocN BocN, ,O0 Me BocN. O M
\ %/ \/ Y/ 0C e
N4 RS / MeO oS MeO N4
W 1 N W 1 AN - ' N
| N~ | N & N~
CO,Me co Me CO,Et COMe

29b: 26% yield, 98.2:1.8 er
27a: 51% yield, 76.2:23.8
erC=35,8=92

BocN
MeO.

\\“

SOZPh
29f: 27% yield, 94.6:5.4 er
27b: 45% vyield, 73.8:26.2 er
C=35,S=28

\//O Me

W

BocN
|\
N
Me’ Z

COMe

29j: 30% vyield, 97.8:2.2 er
27c: 45% vyield, 79.7:20.3 er
C=38,S=92

BocN_ ,0 Me
EtO N4

*SA

N =

COzMe

29n: 42% vyield, 92.7:7.3 er
27f: 34% yield, 94:6 er
C=51,8=37"

29c: 35% vyield, 98.7:1.3 er
27b: 46% yield, 85.5: 14 5er

29d: 33% vyield, 98.5:1.5 er
27b: 44% yield, 85.4: 14 6 er

C=42,S=162M C =42, S = 1400
BocN BocN_ ,0 Me
\ MeO N
AW \ l N
\q\ |N Z
PO(OEt), SO,Me

29g: 33% yield, 97.6:2.4 er
27b: 41% yield, 81. 2 18 8er

29h: 33% vyield, 99.6:0.4 er
27b: 42% yield, 85: 15 er

C=40,S= 77 C =41, S>200
BocN\\ //O Me BocN\//O Me
FENN ws@
Me |N > ‘Bu IN 7
SO,Me CO,Me

29k: 31% yield, 98.5:1.5 er
27c: 43% yield, 75.1:24.9 er

291: 32% yield, 99.1:0.9 er
27d: 43% vyield, 79.6:20.4 er

C=35,S=58 C =38, S>200
" BocN\//O Me BocN\//O Me
e TSN Cl NS AN
|N P IN —Z

COZMe COZMe

290: 35% yield, 98.2:1.8 er
279: 42% yield, 83.9:16.1 er
C=41,8=111

29p: 22% yield, 94.4:5.6 er
27h: 36% yield, 67.4:32.6 er
C=28,S=24

29e: 35% yield, 95.6:4.4 er
27b: 43% yield, 83.7: 16 3er
C =42, S =44l

BocN \\S//O Me

w

] N

Me N =

CO,Me
29i: 31% yield, 97.8:2.2 er
27c: 46% yield, 76.1:23.9 er
C=35,S=75
BocN\\S//O Me
| AN
N =

-

Pr I
CO,Me

29m: 30% yield, 96.9:3.1 er

27e: 45% vyield, 78.5:21.5 er
C=38,S=55

BocN N

NS A

NN~

CO,Me

29q: 36% yield, 97.9:2.1 er
27i: 38% vyield, 87.9:12.1 er
C =44,s = 107"

O Me
/
Me 4

Me

[alReaction conditions: rac-27 (0.25 mmol), olefin (2.0 equiv), Pd(OAc): (10 mol%), L8 (30 mol%), Ag.COs
(2.0 equiv), 2-CI-BQ (0.5 equiv), 1,2-DCE (2.5 mL), 75 °C, 3 days. PIOlefin (1.8 equiv) was used. [€Yield of
the isolated olefinated product. Calculated conversion, C = eeSM/(eeSM + eePR). enantiomeric ratio (er)

was determined by chiral HPLC analysis. Selectivity factor (s) =

eeSM)].

In[(1 -

O)(1 - eeSM)]/In[(1 -

I1.4.5. Reaction scope-II

o +

We next probe sulfoximines KR via enantioselective C—H arylation with arylpinacol

boronate esters (Table 11.10).
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Table I1.10. Scope of C-H arylative kinetic resolution of sulfoximines/al[P]

30a: 42% yield, 96.1:3.9 er
27b: 44% yield, 94.3:5.7 er
C=49, S=73

BocN\ //O

30e: 41% yield, 97.2:2.8 er
27b: 46% yield, 89.9:10.1 er
C=46, S=86

30i: 35% vyield, 99.7:0.3 er
27f: 48% vyield, 83.9:16.1 er
C=41, S=680

MeO\\ //BocN

CF3

30l: 29% yield, 93.1:6.9 er

27k: 43% vyield, 75:25 er
C=37, S=22

Pd(OAC), (10 mol%)
L8 (20 mol%)

BocN

Ag,0 (2.0 equw)
2-CI BQ (50 mol%)

TFT (0. 067M 60 °C

30b: 43% yield, 96.5:3.5 er
27b: 41% yield, 94.9:5.1 er

COMe
30c: 41% yield, 97.5:2.5 er
27b: 42% yield, 90.9:9.1 er

C=49, S=86 C=46, S=97
BocN\//O BocN\//O

OEt

30f: 44% vyield, 96.4:3.6 er
27b: 46% yield, 91.6:8.4 er
C=46, S=69

O\\ //BocN

RS
Se ol
Me

30j: 42% vyield, 97.2:2.8 er
27j: 41% yield, 95.4:4.6 er
C=49, S= 112

MeO\\ //BocN

COMe

30m: 33% yield, 92.2:7.8 er

27k: 40% yield, 75.4:24.6 er
C=38, S=19

30g: 39% vyield, 97.8:2.2 er
27b:44% yield, 91.4:8.6 er
C=46, S=117

30k: 25% vyield, 93.5:6.5 er
27k: 46% vyield, 70.6:29.4 er
C=32, S=22

MeO\\ //BocN

CF3

30n: 22% yield, 94.4:5.6 er

271: 44% vyield, 68.6:31.4 er
C=29, S=24

BocN

\\ //

W \“
‘ *N\b R
Ar?

(S)-30a-n

30d: 40% yield, 98.4:1.6 er
27b:42% yield, 92.6:7.4 er
C=47, S=171

30h: 38% yield, 99.3:0.7 er
27b: 51% yield, 85.5:14.5 er
C=42, S>200

30h

[alReaction conditions: rac- 17 (0.2 mmol), 31 (2.0 equiv), Pd(OAc). (10 mol%), L8 (20 mol%),
AgO (2.0 equiv), 2-CI-BQ (0.5 equiv), TFT (3.0 mL), 60 °C, 3 days. [PlYield of the isolated
arylation product. Calculated conversion, C = eeSM/(eeSM + eePR); Enantiomeric ratio (er)
was determined by chiral HPLC analysis;. Selectivity (s) = In[(1 — C)(1 — eeSM)]/In[(1 - O)(1 +
eeSM)]

At first, the reaction of 17b with various arylpinacol boronate esters having electron
withdrawing groups [p-CFs (31a), m-CFs (31b), m-COMe (31c) and p-F (31d)], electron
donating groups [p-Me (31e), and p-OMe-m-OEt (31f))] at the aryl motif independently
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led to the arylative resolution products 30a (96.1:3.9 er, 42%), 30b (96.5:3.5 er, 43%), 30c
(97.5:2.5 er, 41%), 30d (98.4:1.6 er, 40%), 30e (97.2:2.8 er, 41%), and 30f (96.4:3.6 er, 44%),
respectively, with s factor of 69-171 and conversion 46—49%. Moreover, the precursor
(R)-17b was isolated in 41-46% yield with good enantioselectivity. The labile —Cl group
was tolerated under the Pd-catalytic system, making 30g (97.8:2.2 er, 39%) with an s
factor of 117. Notably, —conjugated naphthyl-enabled sulfoximine resolution product
30h (99.0:1.0 er, s factor of >200) was reliably accessed. The arylation of m-OEt-phenyl
bearing sulfoximine 1c with 31a provided 30i (>99% ee) with s factor of >200. Likewise, 30j
(97.2:2.8 er, s factor of 112) was made from the arylation of 2-naphthyl containing
sulfoximine 17j with 31e. The steric bulkiness in aryl-motifs exerts influence on C-H
functionalizations. Despite the challenges, o-tolyl enabled sulfoximines, 17k and 171,
were successful in undergoing arylation with 31a/31c/31e to afford 30k-—n in good
enantioselectivity; the moderate s factor of 19-24 and conversion (¢ = 29-38%) is

considered suitable.
I1.4.6. DFT studies

We performed a theoretical study to unveil the reaction mechanism (Figure II.2).1213
The MPAA ligand coordination to the metal center lowers the energy barrier of the
CMD step, forming a semi planar five membered ring.’> The coordination of both
nitrogen atoms in sulfoximine 27a forms int-0 with the displacement of acetic acid,
where the S-configuration at sulfur is 1.0 kcal/mol more stable than the R one. Prior to
deprotonation, a cis coordination of aryl group to the N-protected moiety of the MPAA-
ligated intermediate occurs. This assists the CMD process by establishing the absolute
configuration of the sulfur motif. This calculation fully complies with the experimental

observations of the resolution selectivity (calc. 98:2, exp. 98:2; Figure II.2a-1III).

52



Kinetic resolution of sulfoximine Chapter Il
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BocN O Me BocN ' Me
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i V3 Pds(OAc) Boc 5 N= Boc 5 N= N= N= \ Me o ( QME
1 IOBH | N\s N / SN J 0\s N/ O\s N/ O ,o oo
| P S
{BocHN” “COOH | B”O “NBoo  BnoL =N NBoc
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7/
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zn (Q\ e .m ;?‘5.
AN Y 2
CMDp,,.ys 1 CMDpyrur -~ CMDpy,.ps
AG* 32.52(9.61) AG* 34.15 (11.24) AG* 22,91 (0.00) AG* 25.35 (2.34)

Figure II.2. kIFree enegy profile, [PITransition structures for each CMDpy: approach. tert-Butyl group from
NBoc removed from all models to simplify visualization. Free energies in kcal/mol, distances in A. Free
energies at 343.15 K in DCE in kcal/mol. Relative free energies in parenthese.

Notably, the experimentally observed S-int-2py: is thermodynamically favored over R-
int-2py, isomer by 6 kcal/mol. In retrospect, the CMD transition states of int-1s-n
(Figure II.2a-I) and int-1s-o0 (Figure II.2a-II) lie much higher than int-1py, (Figure II.2a-
III), and their respective =~ G* do not coincide with the experimental findings. We
believe the CMD step could be responsible for the kinetic resolution. This hypothesis
has been previously validated by Cheng et al, who also focused their study on the CMD
as determining step.!?2 Based on their findings, and considering the plane defined by the
coordination of MPAA to the Pd, the bulky —side chain of the ligand (above the plane)
pushes the N-Boc moiety down to avoid steric hindrance (Figure II.2b and Figure IIL.1-
B). Thus, sulfoximine phenyl group coordination complex with Pd-MPAA can point

upward (U) or downward (D) on the plane, with R or S configurations. This translates
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to four possible CMDs: CMDpyr-ur, CMDpyr-us, CMDpyr-pr and CMDpyr.ps. The CMDs
adopt a 6-membered palladacycle with twisted boat conformation. In case of upward
phenyl group linkage (CMDpyr.ur and CMDpyr-us), the sulfur atom and its substituents
are located above the plane; while these substituents are below the plane for CMDpyr.pr
and CMDpy:-ps. In agreement with Cheng’s observations,!? the C1-N2-Pd-O3 dihedral
angle for CMDpyr.ur and CMDpyr.us is ca 170°, which generates a high steric interaction
when compared with the ca 140° for CMDpyr-pr and CMDpy:.ps. These latter are favored
by hydrogen bond interactions, making the combination of steric and electronic effects
accounting for a difference of nearly 10 kcal/mol in each enantiomer. The preference for
the S configuration by ~2.5 kcal/mol over the R isomer, lies in a steric clash of the NBoc
group with the methyl group from the pyridine moiety and in consequence with the

phenyl group, causing an energetically demanding arrangement.

Based on the literature, which included experimental observations, it is known that
insertion/elimination steps come right after the CMD.!2 To corroborate our selectivity
findings, we studied the mechanism for the insertion step in the Pyr and N=O series.
Analysis of the transition states revealed that, as in the CMD case, pyridine acting as a
directing group provides the lowest energy barriers (24.28 kcal/mol for the S isomer
and 28.67 kcal/mol for the R isomer). The study of this step confirms the selectivity

observed at the CMD and shows the irreversibility of the reaction.

I1.4.7. Application

The synthetic potential of chiral sulfoximine was next probed (Scheme IL13). The
trifuloroacetic acid (TFA) mediated N-Boc deprotection of (R)-27b provided chiral
sulfoximine (R)-32 (95% ee). Next, reduction of (R)-32 led to chiral sulfoxide (R)-33 (90%
ee) when exposed to t-BulNO: at rt for 2 h; chiral integrity of S-motif is preserved. The
N-Boc deprotection and intramolecular Michael cyclization to the activated olefin-

moiety of (5)-29¢ was smooth delivering 34 (as a single diastereomer) in 95% ee. A one-
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pot TFA assisted N-Boc deprotection and oxidative intramolecular C—N bond formation

of (5)-30d furnished (S)-35 (93% ee, 62% yield).

A. synthesis of N-free sulfoximine:

BOCN\\ /P Me HN /O Me
MeO. Swé TFA (7.0 equiv) MeO. S{w N
() NF CH,Cl, 70°C, 1h \© N
(R)-27b, 88% ee 88% (R)-32, 95% ee
B. synthesis of chiral sulfoxide:
HN\/P Me ||
MeO\@Swé t-BuNO, (1.1 equiv) \© 6
N CHClg, 1t, 2 h
(R)-32, 95% ee 78% R)-33, 90% ee
C. synthesis of five-membered cyclic sulfoximine: Me\@
BocN,_ ,O Me ~
MeO N4 O\\ &N
W A _ MeO S
N TFA (7.0 equiv) . N
| CH,Cl,, 70°C, 2 h *
COOMe 66% MeOOC
0,
(S)-29¢, 97% ee 34; 95% ee
D. thesis of thiazi —
synthesis of thiazine: o (i) TFA (7.0 equiv) Me
BocN\, w/ 0]
MeO / CH,Cl,,70°C, 1h N=%, /

¥2-(3-MeP

» MeO S,
V) (i) Pd(OAc), (10 mol%), O *N
PhI(OAc), (2.0 equiv),

F toluene, 75 °C, 12 h.
(S)-30d, 97% ee 62% (S)-35, 93% ee

............................................................................................................................................................................ -

Scheme I1.13: Derivatization of Chiral Product

O

I1.5. Conclusion

In summary, a Pd(II)-catalyzed pyridyl substituted KR of sulfoximines through
C(aryl -H alkenylation and arylation has been revealed for the first time. The
transformation addresses the inherent challenges in the KR of coordinatively active

pyridyl-enabled sulfoximines (highly susceptible to TM-catalyst quenching) with no
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prochiral center in the presence of chiral amino acid MPAA ligands and Pd(II)-catalyst.
The common functional groups were tolerated under Pd-catalysis exhibiting good
substrate scope for C-H alkenylative and arylative sulfoximines KR products in high
enantioselectivity with s factor up to >200. In-depth DFT studies uncover the salient

features of coordination selectivity of pyridyl-group over sulfoximine imine.

I1.6. Experimental

I1.6.1. General Experimental Information:

All the reactions were performed in oven-dried screw capped tubes. Commercial grade
solvents were distilled prior to use. Column chromatography was performed using
either 100-200 Mesh or 230—-400 Mesh silica gel. Thin layer chromatography (TLC) was
performed on silica gel GF254 plates. Visualization of spots on TLC plates was

accomplished with UV light (254 nm) and staining over I> chamber.

Proton, carbon, and fluorine nuclear magnetic resonance spectra (H NMR, 13C NMR,
and ”F NMR) were recorded based on the resonating frequencies as follows:("H NMR,
400 MHz; 3C NMR, 101 MHz; F NMR, 376 MHz) and (*H NMR, 500 MHz; 13C NMR,
126 MHz; YF NMR, 470 MHz) having the solvent resonance as internal standard ('H
NMR, CDCl; at 7.26 ppm; 13C NMR, CDCl; at 77.0 ppm). In few cases, tetramethylsilane
(TMS) was used as reference standard at 0.00 ppm. Data for TH NMR are reported as
follows: chemical shift (ppm), multiplicity (s singlet; bs broad singlet; d doublet;
bd broad doublet, t triplet; bt broad triplet; @ quartet; m multiplet), coupling
constants, J, in (Hz), and integration. Data for 13C NMR, F NMR were reported in
terms of chemical shift (ppm). IR spectra were reported in cm 1. LC-MS spectra were
obtained with ionization voltage of 70 ev; data was reported in the form of my/z
(intensity relative to base peak 100). Melting points were determined by
electro—-thermal heating and are uncorrected. High resolution mass spectra were
obtained in ESI mode. X-ray data was collected at 298K using graphite monochromated

Mo-K radiation (0.71073 A).
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Enantiomeric ratios (er) were determined on a Shimadzu LC-20AD HPLC system using
commercially available chiral columns. All racemic products were prepared under the
same procedure than the chiral products although with the employment of a racemic

monoprotected amino acid ligand.

I1.6.2. Materials

Unless otherwise noted, all the reagents and intermediates were obtained commercially
and used without purification. Dichloromethane (DCM), 1,2-dichloroethane (DCE), and
1,4-dioxane were distilled over CaHz. Pd(OAc),, trifluoro toluene (TFT), quinones,
acrylates, boronic acids and amino acid ligands were purchased from Sigma Aldrich
Ltd, and used as received. Analytical and spectral data of all the known compounds are

exactly matching with reported values.

I1.6.3. Experimental Procedures and Analytical Data:

I1.6.3.1. General procedure for the synthesis of racemic (rac) 27a-271 (GP-1):[1

Cl Hl\{\ 0O BocN O
SH N b SN SNy
Ar | A —> |Ar| —> | Ar
pz
25 26 27

Reaction condition: ELN (1.5 6q), DVIAP (20 ” :
b.Phi(OAc), (2.3 eq) c. EtzN (1.5 eq), mol%) !
a.100 °C. H 2 q
007C. H0 (NH,),CO3 (1.5 eq), MeOH Boc,0 (2.0 eq), DCM

A suspension mixture of thiol 23 (5.5 mmol) and substituted-2-chloro pyridine 24 (5.0
mmol) in H>O (5.0 mL) was taken in a 50 mL screw capped tube and stirred at 100 °C
for 6 h. After reaction completion, the product was extracted with EtOAc (2 x 100 mL).
Then the combined organic extracts were washed with NaHCOj solution (2 x 100 mL).
Finally the organic layer was dried over NaxSOs. The solvent was removed under
reduced pressure to give the crude sulfide product 25, which was used for the next step

without further purification.
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To a stirred solution of sulfide 25 in MeOH (10 mL) was added (NH4).COs (0.72 g, 7.5
mmol). Subsequently, PhI(OAc). (3.7 g, 11.5 mmol) was added and the resulting
mixture was stirred at rt. Upon disappearance of sulfide (checked by TLC), the solvent
was removed under reduced pressure. The phenyl iodide and other non polar
impurities were eliminated though a short column filtration eluenting with hexane:
ethyl acetate 90:10 mixture at first and then with 100% ethyl acetate. The crude
sulfoximine product 26 was collected; which was used for the next step without further

purification.

To a stirred solution of crude sulfoximine 26 in dry CHxCl> (100mL) was added
triethylamine (10 mmol) and 4-N,N-dimethylamino pyridine (DMAP; 1.0 mol %). The
reaction mixture was stirred for 30 min at 0 °C. Next, a solution of Boc2O (10 mmol) in
dry CH2Cl2 (50 mL) was added. The solution was warmed to rt and stirred for 5h.
Evaporation of organic solvent and purification by column chromatography eluting
with hexane: ethyl acetate 3:2 mixture gave the corresponding N-Boc protected aryl-2-

pyridyl sulfoximine products 27a, 27a-1, 27a-2, 27a-3, and 27b-271.

N-Boc-protected 3-methyl-2-(phenylsulfonimidoyl)pyridine (27a):
BooN O Me | 272 (864 mg, 52%) as colorless solid; *H NMR (400 MHz, CDCl;) & d,J
S
©/ N : 4.8 Hz, 1H), 8.10-8.04 (m, 2H), 7.63-7.55 (m, 2H), 7.54-7.46 (m, 2H),
27a 13
7.32-7.24 (m, 1H), 2.74 (s, 3H), 1.31 (s, 9H); ~°C NMR (101 MHz, CDCls)
0157.4,155.1, 146.4, 141.7, 136.9, 135.0, 133.5, 129.2, 128.8, 126.5, 80.3, 27.8, 19.1; IR (KBr)
max 2918, 2850, 1734, 1464, 1261, 1150, 804 cm™'; HRMS (ESI) for C17Hz0N,NaOsS (M+Na)*:

calcd. 355.1087, found 355.1096.

N-Boc-protected 2-(phenylsulfonimidoyl)pyridine (27a-1):

BooN 0 27a-1 (860 mg, 54%) as colorless solid; 'H NMR (500 MHz, CDCls)
MeO S
\ | & — m, 1H), 8.35-8.29 (m, 1H), 8.15— 08 (m, 2H), 7.91 (t,J 7.75
=
27a-1

Hz, 1H), 7.61-7.54 (m, 1H), 7.50 (t, J 7.5 Hz, 2H), 7.45-7.39 (m, 1H),

58



Kinetic resolution of sulfoximine Chapter Il

1.31 (s, 9H); °C NMR (126 MHz, CDCLy) §157.9, 157.3, 150.2, 138.1, 136.7, 133.6, 129.04,
129.00, 126.6, 123.4, 80.6, 27.8; IR (KBI) max 2976, 1677, 1451, 1238, 911 cm™'; HRMS (ESI)
for C16H1sN;NaO3S (M+H)': caled. 341.0930, found 341.0944.

N-Boc-protected 3-chloro-2-(phenylsulfonimidoyl)pyridine (27a-2):

BooN_0 o | 27a-2 (864 mg, 49%) as pale-yellow solid; *H NMR (500 MHz, CDCl) &
S

@ 7| 8.61-8.55 (m, 1H), 8.17-8.11 (m, 2H), dt,J 8.0, 1.2 Hz, 1H), 7.64-7.57

22 | (m, 1H), 7.54-7.47 (m, 2H), dd, J 8.0, 45 Hz, 1H), 1.34 (s, 9H); 3C

NMR (126 MHz, CDCl3) 6156.9, 153.3, 147.2, 140.7, 135.8, 134.0, 130.8, 129.4, 129.0, 127.7,
80.7,27.8; IR (KBI) max 2977, 2923, 1738, 1700, 1246, 1151, 1084 cm ™.

N-Boc-protected 3-bromo-2-(phenylsulfonimidoyl)pyridine (27a-3):

BooN, 0 Br 27a-3 (1.05 g, 53%) as yellow solid; *"H NMR (500 MHz, CDCls) & dd, J

@( Y|  45,1.0Hz 1H), 8.21-8.16 (m, 2H), dd,J 7.75,0.75 Hz, 1H), t,J
=

27a-3 7.5 Hz, 1H), t,J 8.0 Hz, 2H), dd, J 8.0, 45 Hz, 1H), 1.37 (s,

9H); *C NMR (126 MHz, CDCls) §156.9, 154.8, 147.7, 144.3, 135.9, 134.0, 129.6, 129.0,
127.5,118.6, 80.8, 27.9; IR (KBr) max 2980, 2926, 1665, 1273, 1247, 1153 cm .

N-Boc-protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
o owm | 27b (761 mg, 42%) as colorless solid. ‘H NMR (500 MHz, CDCl)
Meojij\\s//N,: 5 d,J 4.5Hz 1H), 7.67-7.59 (m, 2H), 7.58 (t, J 2.25 Hz, 1H), 7.41
270 (t, J 8.0 Hz 1H),7.30 (dd, J 7.5, 4.5 Hz, 1H), 7.14-7.08 (m, 1H), 3.82 (s,
3H), 2.75 (s, 3H), 1.33 (s, 9H); °C NMR (126 MHz, CDCls) §159.7, 157.4, 155.2, 146.4, 141.7,
138.3, 134.9, 129.7, 126.5, 121.5, 120.1, 113.7, 80.3, 55.7, 27.9, 19.1; IR (KBr) max 2970, 2926,
1739, 1649, 1367, 1241, 1038 cm™; HRMS (ESI) for CigH2»N;Na0O,S* (M+Na)*: calcd.
385.1192, found 385.1202.

N-Boc-protected 3-methyl-2-(4-methylphenylsulfonimidoyl)pyridine (27c):
BooN O M 27¢ (831 mg, 48%) as colorless solid. *H NMR (400 MHz, CDCls) § (d,
Me/©/s o : J 4.0 Hz, 1H), 7.97-7.91 (m, 2H), 7.59 (d, J 7.2 Hz, 1H), 7.32-7.24 (m,
3H), 2.72 (s, 3H), 2.38 (s, 3H), 1.31 (s, 9H); *C NMR (101 MHz, CDCly)

27c
01575, 155.3, 146.3, 144.5, 141.6, 134.7, 133.7, 129.4, 129.1, 126.4, 80.2, 27.8, 21.5, 19.1; IR
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(KBI) max 2980, 2923, 2847, 1664, 1272, 1152, 1090 cm™; HRMS (ESI) for C1sH2N,NaO;S"
(M+Na)": calcd. 369.1243, found 369.1258.

N-Boc-protected 2-(4-(tert-butyl)phenylsulfonimidoyl)-3-methylpyridine (27d):

BooN O Me 27d (1.01 g, 52%) as colorless solid; *H NMR (400 MHz, CDCl3) & d,J

\ | 4.4 Hz, 1H), 8.04-7.97 (m, 2H), 7.62 (d, J 7.6 Hz, 1H), 7.56-7.50 (m,
2H), 7.31 (dd, J z, 1H), 2.76 (s, 3H), 1.34 (s, 9H), 1.32 (s, 9H);

3¢ NMR (101 MHz, CDCl3) 6157.6, 157.4, 155.5, 146.5, 141.6, 134.9, 133.9, 129.1, 126.4,

125.9, 80.3, 35.2, 31.0, 27.9, 19.3; IR (KBr) max 2968, 1699, 1239, 1223, 1148, 1069, 909 cm *;

HRMS (ESI) for C,;H2sN2NaO3S* (M+Na)™: calcd. 411.1713, found 411.1724.

Bu 27d

N-Boc-protected 2-(4-isopropylphenylsulfonimidoyl)-3-methylpyridine (27¢):
Boon. o Me | 27e (1.05 g, 56%) as light red solid; *H NMR (400 MHz, CDCly) & d,

N\’
X

T )| J 44Hz 1H), 803-7.96 (m, 2H), 7.61(d, J 7.6 Hz, 1H), 7.37(d,J 838

2Te Hz, 2H), 7.30 (dd, J 7.8, 4.6 Hz, 1H), 3.03-2.89 (m, 1H), 2.75 (s, 3H), 1.34
(s, 9H), 1.24 (d, J 7.2 Hz, 6H); °C NMR (101 MHz, CDCls) §157.6, 155.5, 155.1, 146.5,
141.6, 134.9, 134.2, 129.4, 127.0, 126.4, 80.3, 34.2, 27.9, 23.5, 19.3; IR (KBr) max 2970, 1663,
1269, 1245, 1151, 1093, 896 cm™*; HRMS (ESI) for CyHosN203S* (M+H)*: caled. 375.1737,
found 375.1747.

Pr

N-Boc protected 2-(3-ethoxyphenylsulfonimidoyl)-3-methylpyridine (27f):
Boo /o 27f (866 mg, 46%) as yellow solid; *H NMR (400 MHz, CDCls) & -8.35
E“’OS )| (M 1H), 7.67-755 (m, 3H), 7.44-7.36 (m, 1H), 7.34-7.27 (m, 1H),
27t 7.14-7.07 (m, 1H), 4.05 (g, J  7.07 Hz, 2H), 2.75 (s, 3H), 1.38 (t, J 7.0 Hz,

3H), 1.33 (s, 9H); *C NMR (101 MHz, CDCls) §159.1, 157.4, 155.2, 146.4, 141.7, 138.1,
134.9, 129.7, 126.5, 121.3, 120.6, 114.3, 80.3, 64.0, 27.9, 19.2, 14.5; IR (KBr) max 2980, 2929,
1671, 1598, 1471, 1245, 1154 cm™; HRMS (ESI) for CioH2sN2NaO,S™ (M+Na)': calcd.

399.1349, found 399.1358.
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N-Boc protected 3-methyl-2-(3-methylphenylsulfonimidoyl)pyridine (27g):

BocN\\//o ve | 279 (883 mg, 51%) as colorless solid; 'H NMR (500 MHz, CDCls) § d,
Me(js )| 3 40 Hz 1H), 7.93-7.84 (m, 2H), 7.61(d, J 7.5 Hz, 1H), 7.42-7.37 (m,
ik 2H), 7.33-7.27 (m, 1H), 2.75 (s, 3H), 2.39 (s, 3H), 1.33 (s, 9H); **C NMR

(126 MHz, CDCls) §157.6, 155.2, 146.5, 141.7, 139.1, 136.8, 135.0, 134.4, 129.4, 128.6, 126.5,
126.3, 80.3, 27.9, 21.3, 19.2; IR (KBr) max 2974, 1671, 1264, 1244, 1145, 1095, 894 cm*;

HRMS (ESI) for CigH2,N2NaO3S* (M+Na)*: calcd. 369.1243, found 369.1259.

N-Boc protected 2-(3-chlorophenylsulfonimidoyl)-3-methylpyridine (27h):

. BocN\SO e | 27h (899 mg, 49%) as yellow solid; *H NMR (500 MHz, CDCls) & d, J
\@r > 5.0 Hz, 1H), 8.12-8.07 (m, 1H), 8.00-7.94 (m, 1H), 7.64 (d, J 8.0 Hz,
27h 1H),7.60-7.54 (m, 1H), 7.47 (t, J 8.0 Hz, 1H), 7.32 (dd, J 7.5 Hz, 1H),

2.79 (s, 3H), 1.34 (s, 9H); *C NMR (126 MHz, CDCl3) §157.2, 154.9, 146.4, 141.8, 139.0,
135.3, 135.1, 133.6, 129.9, 129.4, 127.6, 126.7, 80.7, 27.9, 19.1; IR (KBr) max 2977, 2926,
1699, 1666, 1271, 1235, 1147 cm™; HRMS (ESI) for Cy7H19CIN,NaOsS* (M+Na)*: calcd.

389.0697, found 389.0709.

N-Boc protected 2-(3,5-dimethylphenylsulfonimidoyl)-3-methylpyridine (27i):
] BocN\\S//O we | 27i (1.03 g, 57%) as colorless solid; *H NMR (500 MHz, CDCls) § d,J
e 4.5 Hz, 1H), 7.69 (bs, 2H), 7.61 (d, J 7.0 Hz, 1H), 7.30 (dd, J 7.5, 4.5
=
Me 27i Hz, 1H), 7.20 (bs, 1H), 2.75 (s, 3H), 2.35 (s, 6H), 1.34 (s, 9H); *°C NMR (126
MHz, CDCl;) 6157.7, 155.3, 146.6, 141.7, 138.9, 136.6, 135.4, 135.0, 126.5, 126.4, 80.3, 27.9,
21.2,19.3; IR (KBr) max 2977, 2929, 2850, 1741, 1700, 1666, 1273, 1157 cm'; HRMS (ESI)

for C19H24NoNaO3S™ (M+Na)™: calcd. 383.1400, found 383.1409.

N-Boc protected 3-methyl-2-(naphthalene-2-sulfonimidoyl)pyridine (27j):

BooN 2 e 27j (1.16 g, 61%) as colorless solid; *H NMR (500 MHz, CDCls) & S,

S

@ 1H), 8.37-8.32 (m, 1H), 8.06-8.01 (m, 1H), 8.00-7.91 (m, 2H), 7.90-7.86
27) (m, 1H), 7.67-7.55 (m, 3H), 7.32-7.26 (m, 1H), 2.82 (s, 3H), 1.35 (s, 9H);

3C NMR (126 MHz, CDCls) §157.6, 155.5, 146.4, 141.7, 135.2, 135.1, 134.1, 132.1, 131.0,

129.5, 129.2, 128.9, 127.8, 127.4, 126.4, 124.1, 80.4, 27.9, 19.2; IR (KBr) ma 3012, 2970,
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2929, 1744, 1662, 1062, 857 cm'; HRMS (ESI) for CpiHzN,NaOsS* (M+Na)*: calcd.
405.1243, found 405.1251.

N-Boc-protected 2-(2-methylphenylsulfonimidoyl)pyridine (27k):
MeQq NBoc 27k (864 mg, 52%) as colorless solid.; *H NMR (400 MHz, CDCls) & d, J
Y| 4.8 Hz, 1H), 8.44 (d, J = 8.0 Hz, 1H), 8.37 (d, J 8.0 Hz, 1H), 7.94 (td, J

S

N
27k 7.8, 1.9 Hz, 1H), 7.52-7.37 (m, 3H), 7.22 (d, J 7.6 Hz, 1H), 2.42 (s, 3H),
1.30 (s, 9H); °C NMR (101 MHz, CDCls;) §157.4, 156.8, 150.1, 138.4, 137.8, 135.0, 133.7,
132.7, 131.4, 126.8, 126.5, 123.8, 80.5, 27.8, 20.5; IR (KBr) max 2973, 2929, 1666, 1450, 1232,

1142, 752 cm ™.

N-Boc-protected 2-(4-fluoro-2-methylphenylsulfonimidoyl)pyridine (271):
oq e 271 (823 mg, 47%) as colorless solid.; *H NMR (400 MHz, CDCls) § bd,
T | 3 48Hz, 1H), 842-8.32 (m, 2H), 7.94 (td, J 7.8, 1.7 Hz, 1H), 7.49-7.42
27 (m, 1H), 7.10-7.01 (m, 1H), 6.91 (dd, J 9.2, 2.4 Hz, 1H), 2.39 (s, 3H), 1.29
(s, 9H); *C NMR (101 MHz, CDCl5) 5165.4 (d, J 258 Hz), 157.2, 156.6, 150.1, 141.8 (d, J
9.1 Hz), 137.9, 134.3 (d, J 10 Hz), 130.6, 126.9, 123.6, 119.5 (d, J 22 Hz), 113.6 (d, J 22
Hz), 80.5, 27.7, 20.5; °F NMR (225 MHz, CDCls) & ppm: —104.9 (s). IR (KBr) max 2981,

1660, 1576, 1276, 1144, 1118, 856 cm ™.

F

I1.6.3.2. Synthesis of L9 and L10 ligands (GP-2):[2I

To a solution of L-Boc-Thr-OH (5.0 g, 22 mmol) in DMF (80 mL) was added sodium
hydride (55% dispersion in mineral oil, 2.1 g, 48 mmol) at —20 °C. After being stirred for
2 h, benzyl bromide derivatives (24 mmol) was added to the reaction. The resulting
mixture was stirred at room temperature for 5 h and then quenched with saturated
NH4Cl solution. The reaction mixture was poured into water (100 mL) and washed with
diethyl ether (2 x 25 mL). The aqueous solution was acidified with citric acid and
extracted with EtOAc (3 x 50 mL). The combined extracts were washed with brine (3 x
30 mL), and then dried over anhydrous NaxSOs. The solution was concentrated in
reduced pressure and was purified by flash chromatography using a mixture of hexane

and EtOAc (2:1v/v) to give a thick colorless syrupy liquid.
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2-((tert-Butoxycarbonyl)amino)-3-((3,5-difluorobenzyl)oxy)butanoic acid (L9):

F L9: 5.2 g, 68% yield, colorless viscous liquid, *H NMR (400 MHz,
V@ CDCls) § 9.71 (s, 1H), 6.78—6.61 (m, 3H), 5.31 (d, J 9.6 Hz, 1H),
Me>k iy ICOOH 453 (d, J 12.4 Hz, 1H), 4.43-4.33 (m, 1H), 4.20-4.10 (m, 1H),

1.45 (s, 9H), 1.26 (d, J = 6.0 Hz, 3H); *C NMR (101 MHz, CDCls)
§175.8,162.9 (dd, J 249,12 Hz), 156.2, 141.9 (t, J 9.1 Hz), 109.8 (dd, J 19, 7.1 Hz), 102.8
(t, J 26 Hz), 80.4, 75.2, 69.8, 57.9, 28.2, 16.1; °F NMR (471 MHz, CDCls) 8 -109.8 (). IR
(KBI) max 2979, 1712, 1627, 1597, 1160, 1115, 847 cm™*; HRMS (ESI) for C1sH21F2NNaOs"
(M+Na)*: calcd. 368.1280, 368.1288.

2-((tert-Butoxycarbonyl)amino)-3-((3,5-dimethoxybenzyl)oxy)butanoic acid (L10):

o L10: 5.5 g, 68% yield, brown solid, "H NMR (500 MHz, CDCly)
\/@\ 0 6.42 (bd, J 2.0 Hz, 2H), 6.35 (s, 1H), 5.36 (d, J 9.0 Hz, 1H),
450(d,J 12.0Hz, 1H),4.38(d,J 12.0Hz, 1H),4.33(d,J 95
Hz, 1H), 4.20—4.15 (m, 1H), 3.74 (s, 6H), 1.44 (s, 9H), 1.24 (d, J =
5.2 Hz, 3H); *C NMR (101 MHz, CDCls) & 175.2, 160.7, 156.2, 140.1, 105.4, 99.7, 80.1, 74.5,
71.0, 58.0, 55.3, 28.3, 16.2; IR (KBr) max 3433, 2936, 1680, 1597, 1519, 1152, 1053 cm;
HRMS (ESI) for C1gH2;NNaO;" (M+Na)*: calcd. 392.1680, found 392.1689.

M9>ULI

cooH L10

I1.6.3.3. General procedures for kinetic resolution via Pd-catalyzed C(sp?)-H
olefination (GP-3):

Z R 28
(1.80r2.0eq.) BocN O Me
BocN, ' O Me Pd(OAc); (10 mol%) BocN, O Me d
D Sl @0 B
> N
Ag,CO; (2.0 equiv) N~ | &
rac-27 2-Cl BQ (30 mol%) (R)-27 (S)-29 R
1,2-DCE, 3 days

To an oven-dried 10 mL screw-capped vial was added Pd(OAc)2 (0.025 mmol) L8 (0.075
mmol) and 1,2-DCE (2.5 mL). The mixture was stired for 2 h at 50 °C. The reaction

mixture was cooled to rt. The substrate 27 (0.25 mmol), olefin (0.45- 5 mmol), 2-
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chlorobenzoquinone (0.075-0.125 mmol), Ag>COs; (0.5 mmol) was then added. The
mixture was stirred for 48—72 h at 70 °C. The resulting mixture was then cooled to rt
and filtered through a small pad of Celite and concentrated in vacuo. The residue was
purified by preparative TLC using hexane/EtOAc as the eluent to afford the chiral

product.

N-Boc protected (S,E)-methyl 3-(2-(3-methylpyridine-2-sulfonimidoyl)phenyl)acrylate
(29b):

BocN, 0 Me 29b: 27 mg, 26% yield, 96% ee, colorless solid, [a]p”™ c 0.01,
@\i@ CHCl3); *H NMR (500 MHz, CDCls) § 8.40 (d, J 8.0 Hz, 1H), 8.31-8.23

| (m, 2H), 7.65 (t, J 7.5 Hz, 2H), 7.60 (t, J 8.0 Hz, 2H), 7.31 (dd, J 7.5, 5.0
Hz, 1H), 6.11 (d, J  15.5 Hz, 1H), 3.74 (s, 3H), 2.86 (s, 3H), 1.33 (s, 9H); °C
NMR (126 MHz, CDCls;) 6 166.2, 157.0, 155.0, 146.0, 141.8, 141.7, 136.3, 136.2, 135.8, 133.7,
131.0, 129.6, 128.8, 126.6, 122.0, 80.5, 51.8, 27.9, 19.0; IR (KBr) max 3021, 2926, 2853, 1738,
1367, 1216 cm™; HRMS (ESI) for CpiH2sN20sS™ (M+H)*: caled. 417.1479, found 417.1487;
HPLC condition: Daicel I1G-3, i-PrOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR = 18.6 min

(major) and tR = 22.8 min (minor).

N-Boc protected (R)-3-methyl-2-(phenylsulfonimidoyl)pyridine (27a):

BooN O Me | 27a: 42 mg, 51% yield, 52% ee; [a]p”® -17.5 (¢  0.016, CHCls); HPLC
s,

@ ' J| condition: Daicel 1G-3, i-PrOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR =

N -
27a

22.0 min (major) and tR = 20.3 min (minor).

N-Boc protected (S,E)-methyl 3-(4-methoxy-2-(3-methylpyridine-2- sulfonimidoyl)
phenyl) acrylate (29¢):

. BooN 0 Me 3c: 39 mg, 35% yield, 97% ee, colorless solid, [a]p®® +55.3 (¢  0.13,
) \©{7® CHCl3); 'H NMR (500 MHz, CDCls) & 8.25 (dd, J  4.75, 1.25 Hz, 1H),
| 8.19(d,J 16.0,1H),7.90(d,J 3.0Hz, 1H), 7.66 (dd,J 7.75, 0.75 Hz,

1H), 7.55(d,J 8.5 Hz, 1H), 7.31 (dd,J 7.75, 4.75 Hz, 1H), 7.13 (dd, J
8.5, 2.5 Hz, 1H), 6.05 (d, J 16.0 Hz, 1H), 3.90 (s, 3H), 3.71 (s, 3H), 2.85 (s, 3H), 1.33 (s, 9H);
3C NMR (126 MHz, CDCI3) § 166.4, 160.5, 157.0, 154.9, 146.0, 141.7, 141.2, 137.5, 135.6,
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130.0, 128.1, 126.6, 120.0, 119.9, 115.6, 80.5, 55.8, 51.6, 27.9, 18.9; IR (KBr) max 2970, 2923,
1720, 1272, 1232, 1155, 1035 cm™; HRMS (ESI) for CaHasN2NaOeS* (M+Na)*: calcd.
469.1404, found 469.1413; HPLC condition: Phenomenex Chiralpak cellulose-2, n-hexane/i-
PrOH =60/40, Flow rate = 0.4 mL/min, UV = 254 nm, tR = 57.7 min (major) and tR = 50.9 min

(minor).

N-Boc protected (R)-2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
Boon_ o me | 27D: 42 mg, 46% yield, 71% ee [0]p> —41.5 (c = 0.378, CHCls); HPLC
¥/
) O\Ejs"’@ condition: Daicel 1G-3, MeOH, Flow rate = 0.5 mL/min, UV = 254 nm, tR =

N~

27b 14.5 min (major) and tR = 10.2 min (minor).

N-Boc protected (S,E)-ethyl 3-(4-methoxy-2-(3-methylpyridine-2-
sulfonimidoyl)phenyl) acrylate (29d):

oot O e 29d: 38 mg, 33% yield, 97% ee, colorless solid, [a]o® +25.2 (¢  0.138,
Meo 3\5//, N | CHCLy); 1H NMR (400 MHz, CDCI3) §8.27 (d,J 4.8 Hz, 1H), 8.17 (d, J

7 15.6 Hz, 1H), 7.94 (d, J 2.8 Hz, 1H), 7.66 (d, J 8.0 Hz, 1H), 7.54 (d, J

8.4 Hz, 1H), 7.34-7.28 (m, 1H), 7.17-7.10 (m, 1H), 6.04 (d, J  15.6 Hz,
1H), 419 (q, J 7.2 Hz, 2H), 3.92 (s, 3H), 2.87 (s, 3H), 1.35 (s, 9H), 1.28 (t, J = 7.0 Hz, 3H);
13C NMR (101 MHz, CDCI3) & 166.0, 160.4, 157.0, 155.0, 146.1, 141.6, 140.8, 137.6, 135.8,
130.0, 128.1, 126.6, 120.5, 119.9, 115.5, 80.5, 60.4, 55.9, 27.9, 19.1, 14.3; IR (KBr) max 2969,
1738, 1366, 1229, 1216, 1156 cm™; HRMS (ESI) for CasHzsN:NaOsS* (M+Na)*: calcd.
483.1560, found 483.1571; HPLC condition: Daicel 1G-3, MeOH, Flow rate = 0.2 mL/min, UV
=254 nm, tR = 25.5 min (major) and tR = 36.8 min (minor).

29d CO,Et

N-Boc protected (R)-2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
] 27b: 40 mg, 44% yield, 70% ee; [a]o®® —29.8 (c = 0.12, CHCIls); HPLC
Meo\[js'/ul Y| condition: Daicel 1G-3, MeOH, Flow rate = 0.2 mL/min, UV 254 nm, tR

N =
27b 36.0 min (major) and tR  25.1 min (minor).

N-Boc protected (S,E)-4-(4-methoxy-2-(3-methylpyridine-2-sulfonimidoyl)phenyl)but-
3-en-2-one (29e):

29e: 37 mg, 35% yield, 91% ee, colorless foam, [()L]D25 = +97 (c = 0.06,
Y
Meo\@%‘s\ | CHCI3); 1H NMR (500 MHz, CDCls) 6 8.46 (d,J 16.5, 1H), 8.33 (dd, J

BocN_ O Me
\\

N _—~

29¢ COMe
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4.5, 1.0 Hz, 1H), 7.87 (d, = 3.0 Hz, 1H), 7.67 (d, J = 7.0 Hz, 1H), 7.63 (d, J 8.5 Hz, 1H), 7.36
(ad, J 8.0, 4.5 Hz, 1H), 7.15 (dd, J  8.75, 2.75 Hz, 1H), 6.30 (d, J  16.5 Hz, 1H), 3.91 (s,
3H), 2.75 (s, 3H), 2.35 (s, 3H), 1.34 (s, 9H); *C NMR (126 MHz, CDCI3) & 199.1, 160.8,
157.0, 154.8, 145.9, 142.0, 141.3, 137.5, 135.3, 129.9, 129.4, 128.1, 127.0, 119.8, 115.9, 80.6,
55.9, 27.9, 26.1, 19.0; IR (KBr) max 2974, 2923, 2363, 1738, 1668, 1366, 1232, 1152 cm™;
HRMS (ESI) for C,H27N20sS™ (M+H)™: caled. 431.1635, found 431.1641; HPLC condition:
Daicel OT (+), n-hexane/i-PrOH =70/30, Flow rate = 0.2 mL/min, UV = 254 nm, tR = 45.1 min

(major) and tR = 39.9 min (minor).

N-Boc protected (R)-2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine(27b):
BocN O Ve 27b: 39 mg, 43% yield, 67 % ee; [a]p™ = —28.0 (¢ = 0.114, CHCl3); HPLC
Meo\(:rs"’@ condition: Daicel 1G-3, MeOH, Flow rate = 0.5 mL/min, UV = 254 nm, tR =

N -

27b 14.6 min (major) and tR = 10.1 min (minor).

N-Boc protected (S,E)-2-(5-methoxy-2-(2-

(phenylsulfonyl)vinyl)phenylsulfonimidoyl)-3-methyl pyridine (29f):
Boen_O o 29f: 35.7 mg, 27% vyield, 89% ee, colorless foam, [o]p® = +12.42 (¢ = 1.0,
Meo \"S@ CHCls); *H NMR (500 MHz, CDCls) 8 8.28 (d, J  15.0 Hz, 1H), 8.24 (dd,
\q\ J 45, 1.0 Hz, 1H), 7.91- (m, 3H), 7.69 (dd, J = 7.75, 0.75 Hz, 1H),
7.60-7.53 (m, 1H), 7.52-7.45 (m, 3H), 7.33 (dd, J = 7.5, 4.5 Hz, 1H), 7.10
(dd, J = 8.75, 2.75 Hz, 1H), 6.57 (d, J = 15.0 Hz, 1H), 3.89 (s, 3H), 2.87 (s, 3H), 1.33 (s, 9H);
C NMR (126 MHz, CDCI3) & 161.1, 156.7, 154.6, 146.1, 141.9, 140.2, 139.3, 138.4, 135.7,
133.2, 130.3, 129.2, 128.6, 127.8, 126.8, 125.6, 119.5, 116.1, 80.6, 55.9, 27.9, 19.0; IR (KBr)
max 2969, 2927, 1738, 1246, 1145, 1083, 733 cm; HRMS (ESI) for CasHzsN2NaOeS,"
(M+H)™: calcd. 551.1281, found 551.1292; HPLC condition: Daicel ODH, n-hexane/i-PrOH
=50/50, Flow rate = 0.5 mL/min, UV = 254 nm, tR = 20.7 min (major) and tR = 18.9 min

(minor).

N-Boc protected (R)-2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
L BN O Me 270: 41 mg, 45% yield, 48% ee; [a]p” -18.8 (c = 0.258, CHCls); HPLC
° \QS@ condition: Daicel ODH, n-hexane/i-PrOH =50/50, Flow rate = 0.5 mL/min,

N =

27b UV =254 nm, tR = 10.1 min (major) and tR = 8.6 min (minor).
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N-Boc protected (S,E)-diethyl 4-methoxy-2-(3-methylpyridine-2-
sulfonimidoyl)styrylphosphonate (29g):
soen_o we | 2901 43 mg, 33% yield, 95% ee, colorless solid, [a]p® 14.1(c 0.058,
MO@{@ CHCIs); 'H NMR (500 MHz, CDCly) §8.29 (dd, J  4.75, 1.25 Hz, 1H),
| 7.96-7.84 (m, 2H), 7.67 (d, J 7.5 Hz, 1H), 7.57 (d, J 8.5 Hz, 1H), 7.32
(dd, 3 7.75, 4.75 Hz, 1H), 7.14 (dd, J 8.5, 2.5 Hz, 1H), 6.01-5.90 (m,
1H), 4.10-3.98 (m, 4H), 3.91 (s, 3H), 2.83 (s, 3H), 1.33 (s, 9H), 1.31-1.22 (m, 6H); *C NMR
(126 MHz, CDCI3) 6 160.4, 156.8, 154.8, 146.0, 143.7 (J 8.8 Hz), 141.8, 137.2, 135.5, 129.9,
128.5(d, J 25.2 Hz), 126.7, 119.8, 116.6 (d, J 191.5 Hz), 115.5, 80.5, 62.03 (d, J 6.3 Hz),
62.01 (d, J 5.0 Hz), 55.9, 27.9, 19.0, 16.34, 16.3; IR (KBr) max 2969, 2920, 2850, 1738, 1366,
1228, 1216 cm*; HRMS (ESI) for CasH3sNoNaO;PS* (M+Na)*: calcd. 547.1638, found
546.2053; HPLC condition: Daicel IC-3, MeOH, Flow rate = 0.3 mL/min, UV = 254 nm, tg =
16.7 min (major) and tg = 15.8 min (minor).

299 ~PO(OEt),

N-Boc protected (R)-2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
. BooN_ O Me 27b: 37 mg, 41% yield, 62% ece; [(X]DZS —21.0 (c  0.348, CHCl3); HPLC
Me! s.,
\[j N : condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR =

27b

14.8 min (major) and tR  10.2 min (minor).

N-Boc protected (S,E)-2-(5-methoxy-2-(2-
(methylsulfonyl)vinyl)phenylsulfonimidoyl)-3-methyl pyridine (29h):
o om | 29h:38mg, 33%, 99% ee, colorless solid, [a]o® +16.9 (¢ 0.16, CHCly);
MeO ?'\S//, N| 'H NMR (400 MHz, CDCI3) & 8.35-8.26 (m, 2H), 7.84 (d, J 2.4 Hz, 1H),
©\&N “| 770 (dd, J 7.6,0.8 Hz, 1H), 7.53 (d, J 8.8 Hz, 1H), 7.36 (dd, J 7.6, 4.4
Hz, 1H), 7.16 (dd, J 8.6, 2.6 Hz, 1H), 6.60 (d, J 15.2 Hz, 1H), 3.91 (s,
3H), 3.03 (s, 3H), 2.83 (s, 3H), 1.31 (s, 9H); *C NMR (101 MHz, CDCls) 5 161.2, 156.5,
154.6, 146.2, 142.15, 142.09, 138.3, 135.5, 130.5, 128.3, 127.0, 126.0, 119.6, 116.2, 80.8, 56.0,
43.0, 27.9, 19.0; IR (KBr) ma 2977, 2932, 2367, 1738, 1242, 1153, 1127 cm™; HRMS (ESI)
for Co1H26NoNaOgS," (M+H)™: calcd. 489.1124, found 489.1134; HPLC condition: Daicel 1C-3,
i-PrOH, Flow rate = 0.5 mL/min, UV = 254 nm, tR = 52.9 min (major) and tR = 36.8 min

(minor).

29h “sO,Me
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N-Boc protected (R)-2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
BoN, 0 Me | 27b: 38 mg, 42% yield, 70% ee; [o]p” = —44.56 (¢ 0.364, CHCls); HPLC
MeO s,
\(j Nt : condition: Daicel IG-3, MeOH, Flow rate 0.5 mL/min, UV = 254 nm, tR =

13.9 min (major) and tR  10.2 min (minor).

N-Boc protected (S,E)-methyl 3-(5-methyl-2-(3-methylpyridine-2-

sulfonimidoyl)phenyl) acrylate (29i):
Bochl, 0 Mo 29i: 33 mg, 31% yield, 96% ee, colorless viscous liquid, [a]p®™ +29.4 (c

S@ 0.108, CHCls); *H NMR (500 MHz, CDCls) & 8.29-8.20 (m, 3H), 7.64 (dd,

J  7.75,0.75 Hz, 1H), 7.41-7.36 (m, 2H), 7.29 (dd, J  7.75, 4.75 Hz, 1H),
6.09 (d, J 155 Hz, 1H), 3.73 (s, 3H), 2.83 (s, 3H), 2.44 (s, 3H), 1.33 (s,
9H); 3C NMR (126 MHz, CDCl3) 6 166.2, 157.1, 155.1, 145.9, 144.7, 141.9, 141.6, 136.1,
135.6, 133.1, 131.1, 130.3, 129.5, 126.5, 121.7, 80.3, 51.7, 27.9, 21.5, 19.0; IR (KBr) max 2969,
2923, 1722, 1366, 1273, 1226, 1154 cm™*; HRMS (ESI) for CxHz7N,0sS* (M+H)*: calcd.
431.1635, found 431.1646; HPLC condition: Daicel ODH, n-hexane/i-PrOH  70/30, Flow rate

0.3 mL/min, UV 254 nm, tR  22.8 min (major) and tR  25.5 min (minor).

Me

29i COMe

N-Boc protected (R)-3-methyl-2-(4-methylphenylsulfonimidoyl)pyridine (27c):
BocN O Me | 27C: 40 mg, 46% yield, 52% ee; [a]p® -22.3(c 0.182, CHCls); HPLC
S

1N

N _J | condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR

Me
27c

19.2 min (major) and tR  10.6 min (minor).

N-Boc protected (S,E)-4-(5-methyl-2-(3-methylpyridine-2-sulfonimidoyl)phenyl)but-
3-en-2-one (29j):

29j: 31 mg, 30% yield, 96% ee, colorless solid, [a]p®®>  96.2 (¢ 0.08,

BocN\\ /9 Me
NN | CHCI): tH NMR (500 MHz, CDCls) 5 8.49 (d, J 165 Hz, 1H), 8.32 (d, J

Me NF
o Lo 45 Hz, 1H), 8.22 (d, J 8.0 Hz, 1H), 7.65 (d, J 7.5 Hz, 1H), 7.45 (bs,

i e

1H), 7.39 (d, J 8.0 Hz, 1H), 7.34 (dd, J 8.0, 45 Hz, 1H), 6.32(d,J 165
Hz, 1H), 2.72 (s, 3H), 2.44 (s, 3H), 2.37 (s, 3H), 1.34 (s, 9H); *C NMR (126 MHz, CDCl3) &
199.1, 157.2, 154.9, 145.8, 145.0, 141.9, 141.8, 136.0, 135.2, 132.9, 131.00, 130.97, 130.5,
129.3, 126.9, 80.5, 27.9, 26.2, 21.5, 19.0; IR (KBr) max 2969, 2922, 1738, 1671, 1228, 1154
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cm ™, HRMS (ESI) for Cx»HxN,0,S* (M+H)": caled. 415.1686, found 415.1694; HPLC
condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR  26.0 min (major)
and tR  29.9 min (minor).

N-Boc protected (R)-3-methyl-2-(4-methylphenylsulfonimidoyl)pyridine (27c):
BooN_ O Me | 27C: 39 mg, 45% vyield, 59% ee; [a]o”> —35.6 (¢ 0.114, CHCls); HPLC

N7

s,
Q " | condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR
Me

N
27c

19.5 min (major) and tR  10.9 min (minor).

N-Boc protected (S,E)-3-methyl-2-(4-methyl-2-(2-(methylsulfonyl)vinyl)phenyl
sulfonimidoyl) pyridine (29k):

29k: 35 mg, 31% vyield, 94% ee, colorless solid, [a]p>® +67.2 (¢  0.136,
BOC%\S//O M\e CHCls); '"H NMR (500 MHz, CDCl3) 8 8.37 (d, J  15.5 Hz, 1H), 8.31 (d, J

|
N

Me | 3.5 Hz, 1H), 8.16 (d, J 8.0 Hz, 1H), 7.67 (d, J 7.0 Hz, 1H), 7.42 (d, J
2k M | g0 Hz, 1H), 7.39-7.30 (m, 2H), 6.65 (d, I 15.0 Hz, 1H), 3.04 (5, 3H), 2.79
(s, 3H), 2.45 (s, 3H), 1.29 (s, 9H); °C NMR (101 MHz, CDCls) & 156.6, 154.8, 146.2, 145.1,
142.9, 142.0, 135.4, 134.2, 133.6, 131.0, 130.9, 130.0, 126.9, 80.6, 42.9, 27.8, 21.4, 19.0 (1
carbon overlap); IR (KBr) ma 2969, 2932, 1739, 1228 cm™'; HRMS (ESI) for
C21H26N2NaOsS," (M+H)™: caled. 473.1175, found 473.1181; HPLC condition: Daicel 1G-3,
MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR  12.6 min (major) and tR  18.0 min

(minor).

N-Boc protected (R)-3-methyl-2-(4-methylphenylsulfonimidoyl)pyridine (27c):
BooN, O Me | 27C: 37 mg, 43% yield, 50% ee; [alo™ —17.3 (¢ 0.252, CHCls); HPLC
s,
/@ " J| condition: Daicel IG-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR
Me

N __~
27c

= 18.3 min (major) and tR  10.5 min (minor).

N-Boc protected (S,E)-methyl 3-(5-(tert-butyl)-2-(3-methylpyridine-2-sulfonimidoyl)
phenyl) acrylate (291):
BooN O Mo | 291: 38 mg, 32% yield, 98% ee, colorless foam, [a]p® +41.9 (c 0.16,

N
)@\L' Y| CHCL): 'H NMR (400 MHz, CDCI3) & 8.32-8.29 (d, J 2.0 Hz, 1H),
Bu

N -

201 | come| 8.28-8.24 (m, 2H), 7.64 (d, J 7.6 Hz, 1H), 7.61-7.53 (m, 2H), 7.29 (dd, J
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7.6, 4.4 Hz, 1H), 6.10 (d, J  15.6 Hz, 1H), 3.74 (s, 3H), 2.83 (s, 3H), 1.35 (s, 9H), 1.32 (s, 9H);
3C NMR (101 MHz, CDCls) ¢ 166.2, 157.5, 157.0, 155.2, 146.0, 142.4, 141.6, 135.8, 135.6,
133.2, 130.9, 126.8, 126.5, 126.0, 121.6, 80.3, 51.7, 35.2, 30.9, 27.9, 19.0; IR (KBr) max 2968,
2360, 1721, 1366, 1271, 1249, 1154 cm™*; HRMS (ESI) for CasH3NoNaOsS* (M+Na)™: calcd.
495.1924, found 495.1937; HPLC condition: cellulose-2, n-hexane/i-PrOH  50/50, Flow rate
0.5 mL/min, UV 254 nm, tR  20.1 min (major) and tR  32.2 min (minor).

N-Boc protected (R)-2-(4-(tert-butyl)phenylsulfonimidoyl)-3-methylpyridine (27d):
BocN O Me | 27d: 42 mg, 43% yield, 59% ee; , [a]o® +33.3 (¢ 0.1, CHCl); HPLC

/@ T | condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR
Bu

N

27d 31.5 min (major) and tR  12.2 min (minor).

N-Boc protected (S,E)-methyl 3-(5-isopropyl-2-(3-methylpyridine-2-

sulfonimidoyl)phenyl) acrylate (29m):
N 0w | 29m: 34 mg, 30% yield, 94% ee, colorless solid, [a]o® +27.6 (¢ 0.55
Sﬁj CHCls); *H NMR (400 MHz, CDCls) & 8.32-8.23 (m, 3H), 7.65 (d, J 7.6
PQ\E - Hz, 1H), 7.46—7.39 (m, 2H), 7.30 (dd, J 7.6, 4.4 Hz, 1H), 6.11 (d, J 15.6
Hz, 1H), 3.75 (s, 3H), 3.07-2.94 (m, 1H), 2.84 (s, 3H), 1.33 (s, 9H), 1.29 (d, J
6.8 Hz, 6H); BC NMR (101 MHz, CDCls) 6 166.2, 157.1, 155.2, 146.0, 142.2, 141.6, 136.2,
135.6, 133.5, 131.2, 127.8, 127.1, 126.5, 121.7, 80.3, 51.7, 34.1, 27.9, 23.53, 23.46, 19.0 (1
carbon is overlapped); IR (KBr) ma 2986, 1720, 1666, 1267, 1247, 1151, 1041 cm™*; HRMS
(ESI) for Cp4H31N20sS™ (M+H)™: caled. 459.1948, found 459.1959; HPLC condition: Daicel
IG-3, i-PrOH, Flow rate 0.5 mL/min, UV 254 nm, tR  30.1 min (major) and tR  57.6 min

(minor).

29m CO,Me

N-Boc protected (R)-2-(4-isopropylphenylsulfonimidoyl)-3-methylpyridine (27e):
om0 we | 27e: 42 mg, 45% yield, 57% ee; [alp” -28.9 (¢  0.588, CHCls); HPLC

N

/Osfj condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR
Pr

N =

27e 23.4 min (major) and tR  12.0 min (minor).
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N-Boc protected (S,E)-methyl 3-(4-ethoxy-2-(3-methylpyridine-2-

BocN_ O Me

sulfonimidoyl)phenyl) acrylate (29n):
29n: 48 mg, 42% yield, 85% ee, colorless foam, [oc]D25 +50.1 (¢ 0.11,

= \?‘\S//wNé CHCls); 1H NMR (500 MHz, CDCls) & 8.26 (dd, J 4.5, 0.75 Hz, 1H),

- 8.19 (d, J 16.0 Hz, 1H), 7.89 (d, J 3.0 Hz, 1H), 7.68-7.62 (m, 1H), 7.53
(d,J 85Hz 1H), 7.30 (dd, J 8.0, 4.5 Hz, 1H), 7.11 (dd, J 8.5, 2.5 Hz,
1H), 6.04 (d,J 15.5 Hz, 1H), 4.13(q, J 6.83 Hz, 2H), 3.71 (s, 3H), 2.84 (s, 3H), 1.42 (t, J
7.0 Hz, 3H), 1.33 (s, 9H); 13C NMR (126 MHz, CDCI3) & 166.5, 159.9, 156.9, 155.0, 146.0,
141.6, 141.2, 137.5, 135.6, 129.9, 127.8, 126.6, 120.1, 119.8, 116.3, 80.4, 64.3, 51.6, 27.9, 18.9,
14.5; IR (KBr) max 2921, 2850, 1737, 1366, 1230, 1156 cm™; HRMS (ESI) for Ca3H2sN,06S*
(M+H)": calcd. 461.1741, found 489.1749; HPLC condition: Daicel 1C-3, i-PrOH, Flow rate
0.5 mL/min, UV 254 nm, tR  37.7 min (major) and tR  28.6 min (minor).

29n COzMe

N-Boc protected (R)-2-(3-ethoxyphenylsulfonimidoyl)-3-methylpyridine (27f):

s e 27f: 32 mg, 34% yield, 88% ee; [a]lo”> — 8 (c 0.258, CHCly); HPLC
t S, .. . H
\© @ condition: Daicel 1G-3, MeOH, Flow rate = 0.5 mL/min, UV = 254 nm, tR
=
2rf 34.1 min (major) and tR  16.8 min (minor).

N-Boc protected (S,E)-methyl 3-(4-methyl-2-(3-methylpyridine-2-
sulfonimidoyl)phenyl) acrylate (290):

] BOCN\\S//O Me 290: 38 mg, 35% yield, 96% ee, colorless foam, [OL]D25 +29.7 (¢ 0.03,
\©%\NI : CHCL); 1H NMR (500 MHz, CDCls) 6 8.26 (d,J 3.5 Hz, 1H), 8.25-8.18
| (m, 2H), 7.66 (d, J 8.0 Hz, 1H), 7.49 (d,J 7.5 Hz, 1H), 743 (d,J 85
Hz, 1H), 7.30 (dd, J 8.0, 4.5 Hz, 1H), 6.08 (d, J 16.0 Hz, 1H), 3.73 (s,
3H), 2.87 (s, 3H), 2.47 (s, 3H), 1.34 (s, 9H); °C NMR (126 MHz, CDCls) & 166.3, 157.1,
155.2, 146.0, 141.62, 141.60, 140.4, 136.1, 135.9, 134.5, 133.3, 131.3, 128.7, 126.5, 121.2, 80.4,
51.7, 27.9, 21.3, 19.0; IR (KBr) max 2969, 2853, 1738, 1366, 1228, 1216, 1156 cm™; HRMS
(ESI) for CHzsN2NaOsS™ (M+Na)™: caled. 453.1455, found 453.1469; HPLC condition:
Cellulose-1, n-hexane/i-PrOH  70/30, Flow rate 0.3 mL/min, UV 254 nm, tR  28.0 min

290 COMe

(major) and tR  24.1 min (minor).
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N-Boc protected (R)-3-methyl-2-(3-methylphenylsulfonimidoyl)pyridine (27g):

B0 me | 270: 36 mg, 42% yield, 68% ee; [a]o® —66.7 (c 0.006, CHCls); HPLC
Me N
\Q T | condition: Daicel IG-3, MeOH, Flow rate 0.3 mL/min, UV 254 nm, tR

N~
27g

18.2 min (major) and tR  16.4 min (minor).

N-Boc protected (S,E)-methyl 3-(4-chloro-2-(3-methylpyridine-2-
sulfonimidoyl)phenyl) acrylate (29p):

. BOCN\\S’/O Ve 29p: 25 mg, 22% yield, 89% ee, colorless foam, , [(X]DZS 32.1 (¢ 0.07,
q\@ CHCI3); 1H NMR (500 MHz, CDCls) 6 8.37 (d,J 2.0 Hz, 1H), 8.24 (dd, J
45, 1.0 Hz, 1H), 8.18 (d, J  15.5 Hz, 1H), 7.69 (dd, J 7.75, 0.75 Hz,
1H), 7.61 (dd, J  8.25, 2.25 Hz, 1H), 7.53 (d, J 8.5 Hz, 1H), 7.33 (dd, J

7.75, 475 Hz, 1H), 6.11 (d, J 16 Hz, 1H), 3.74 (s, 3H), 2.88 (s, 3H), 1.34 (s, 9H); **C NMR
(126 MHz, CDCls) 6 166.0, 156.8, 154.7, 146.0, 141.8, 140.7, 137.8, 136.1, 135.9, 134.7, 133.8,
131.0, 129.9, 126.8, 122.3, 80.8, 51.9, 27.9, 18.9; IR (KBr) max 2969, 2851, 1727, 1221, 1208,
1100 cm™; HRMS (ESI) for Cz1H23CIN;NaOsS* (M+Na)*: calcd. 473.0908, found 473.0919;

HPLC condition: Daicel 1G-3, MeOH, Flow rate 0.2 mL/min, UV 254 nm, tR = 23.1 min

29p ~co,Me

(major) and tR  22.0 min (minor).

N-Boc protected (R)-2-(3-chlorophenylsulfonimidoyl)-3-methylpyridine (27h):
Boon. 0 Me | 27h: 33 mg, 36% yield, 35% ee; [o]p> —46 (¢ 0.05, CHCls); HPLC

cl N
\© N : condition: Daicel 1G-3, MeOH, Flow rate 0.2 mL/min, UV 254 nm, tR
27h

32.4 min (major) and tR  24.3 min (minor).

N-Boc protected (S,E)-methyl 3-(2,4-dimethyl-6-(3-methylpyridine-2-sulfonimidoyl)

phenyl) acrylate (29q):

BocN_ O Me
Me :\S//
\Q\j\'\} : 290: 40 mg, 36% yield, 96% ee, colorless foam, [OL]DZS 83 (c 0.1,
Me |C02Me CHCl3); *H NMR (400 MHz, CDCls) 8 8.25 (dd, J 4.6, 1.0 Hz, 1H), 8.18
29q

(bs, 1H), 7.76 (d, J  16.4 Hz, 1H), 7.58 (dd, J 7.6, 0.8 Hz, 1H), 7.33-7.27
(m, 2H), 5.48 (d, J  16.4 Hz, 1H), 3.72 (s, 3H), 2.78 (s, 3H), 2.42 (s, 3H), 2.25 (s, 3H), 1.36 (s,
9H); 3C NMR (101 MHz, CDCls) § 165.8, 157.3, 155.3, 146.0, 141.3, 141.2, 138.3, 137.4,
136.7, 136.5, 136.4, 132.5, 128.9, 126.4, 125.1, 80.3, 51.6, 28.0, 21.1, 20.8, 19.1; IR (KBI) max
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2966, 2920, 2851, 1725, 1258, 1154, 1014 cm™; HRMS (ESI) for CysHgN20sS* (M+H)":
calcd. 445.1792, found 445.1799; HPLC condition: Daicel IC-3, I-PrOH, Flow rate 0.5
mL/min, UV 254 nm, tR  44.2 min (major) and tR  57.5 min (minor).

N-Boc protected (R)-2-(3,5-dimethylphenylsulfonimidoyl)-3-methylpyridine (27i):

e, NN | 27i: 34 mg, 38% yield, 76% ee; [a]p”® —29.3 (¢ 0.028, CHCls); HPLC
Y
\Q N condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR

Me 27i

14.1 min (major) and tR  10.1 min (minor).

I1.6.3.4. General procedures for kinetic resolution via Pd-catalyzed C(sp?)-H arylation
(GP-4):

BocN O Pd(OAc), (10 mol%) BocN O BooN 0
N\ L8 (20 mol%) N4 Ng”

S\ ArBPin _— S"// + A\ ‘DG
DG+ Ag,0 (2.0 equiv), DG
Ar

TFT (0.067 M), 60 °C
rac-27 31 (20 eq) (R)-27 (S)'30

To an oven-dried 10 mL screw-capped vial was added substrate (0.2 mmol), ArBPin (0.4
mmol), Pd(OAc)2 (4.6 mg, 0.02 mmol), L8 (0.04 mmol), Ag2O (56 mg, 0.4 mmol), 2-
chloro benzoquinone (0.1 mmol), TFT (3.0 mL). The mixture was stirred for 72 h at 60
°C. The resulting mixture was then cooled to rt and filtered through a small pad of
Celite and concentrated in vacuo. The residue was purified by silica gel column
chromatography using hexane/EtOAc as eluent to afford the chiral product and chiral
starting material.

(S)-N-Boc protected 2-(4-methoxy-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-sulfonimidoy
1)-3-methyl-pyridine (30a):

BooN 0 30a: 42 mg, 42% yield, 92% ee, colorless solid, [OL]DZS 9.7 (c 0.216,

MeO oS
'Mepy’ CHCls); *H NMR (400 MHz, CDCl3) 5 8.23-8.18 (m, 2H), 7.37-7.30
3Oa or, | (m, 3H), 7.20 (dd, J 7.8, 4.6 Hz, 1H), 7.15— m, 1H), 7.12-6.95

(m, 3H), 3.96 (s, 3H), 2.29 (s, 3H), 1.32 (s, 9H); *C NMR (101 MHz, CDCl3) & 159.1, 157.0,
154.9, 146.0, 141.8, 140.9, 138.0, 136.6, 133.3, 132.9, 130.2, 129.4 (q, J 32 Hz), 126.3, 124.00
(9, 274 Hz), 124 (9, J 4.0 Hz), 119.5, 114.7, 80.3, 55.9, 27.9, 18.8; *F NMR (471 MHz,
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CDCl;) 6-62.76, IR (KBr) ma 2969, 1663, 1600, 1322, 1106, 822, 800 cm*; HPLC
condition: Daicel Chiralpak 1G-3, MeOH /i-PrOH  95/5, Flow rate = 0.3 mL/min, UV = 254

nm, tR  17.2 min (major) and tR = 14.5 min (minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
— ] 27b: 32 mg, 44% yield, 89% ee; [alo” —35.7 (¢ 0.172, CHCl); HPLC
N\
MGO\QS”@ condition: Daicel 1G-3, MeOH, Flow rate = 0.7 mL/min, UV 254 nm, tR

N~

27b 7.3 min (minor) and tR  10.3 min (major).

(S)-N-Boc protected 2-(4-methoxy-3'-(trifluoromethyl)-[1,1'-biphenyl]-2-sulfonimidoy
1)-3-methyl-pyridine (30b):

BocN\/O
MeO \\\3/\2_(3_Mepy) 30b: 43 mg, 43% yield, 93% ee, colorless foam, [a]p® = (c =
® 0.06, CHCL3); *H NMR (400 MHz, CDCl) 8 —  (m, 2H), 7.45
300 cr, (d,J 7.2 Hz, 1H), 7.37-7.29 (m, 3H), 7.20 (dd, J 7.6, 4.4 Hz, 1H),

7.19-7.12 (m, 1H), 7.11-7.06 (m, 1H), 6.93-6.82 (m, 1H), 3.98 (s, 3H), 2.28 (s, 3H), 1.34 (s,
9H); ¥C NMR (101 MHz, CDCls) ¢ 159.0, 157.1, 154.7, 146.0, 141.0, 138.8, 138.0, 136.6,
133.9, 133.6, 132.7,129.5 (g, J 32 Hz), 127.7, 126.5, 125.8, 124.2 (4, J 4.0 Hz), 123.7 (g, J
274 Hz), 119.5, 114.7, 80.3, 55.9, 27.9, 18.8; “F NMR (471 MHz, CDCls3) 6 —62.49; IR (KBr)

max 2985, 1645, 1276, 1246, 1158, 1119, 901 cm™; HPLC condition: Daicel Chiralpak AS-H,
n-hexane/i-PrOH  90/10, Flow rate  1.00 mL/min, UV 254 nm, tR = 13.3 min (major) and
tR  15.5 min (minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
L BNy 0 we | 27b: 30 mg, 41% yield, 90% ee; [a]lo®® - 9 (c=0.129, CHCls); HPLC
e s.,
\Ej N : condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR

15.4 min (major).and tR  10.7 min (minor).

(5)-N-Boc protected 1-(4'-methoxy-2'-(3-methylpyridine-2-sulfonimidoyl)-[1,1'-
biphenyl]-3-yl)-ethanone (30c):

BocN\\

o
heo ‘“S//‘Z-(3-Mepy) 30c: 39 mg, 41% yield, 95% ee, colorless foam, [()L]D25 0(c 0.01,
& CHCL); *H NMR (500 MHz, CDCls) & 8.24-8.16 (m, 2H), 7.78 (d, J
cote 7.5 Hz, 1H), 7.45-7.37 (m, 1H), 7.31 (d, J 7.5 Hz, 1H), 7.25-7.07 (m,
5H), 3.95 (s, 3H), 2.46 (s, 3H), 2.25 (s, 3H), 1.32 (s, 9H); *C NMR (126 MHz, CDCly) § 197.5,

30c
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159.0, 157.0, 154.9, 146.0, 140.8, 138.5, 138.0, 136.4, 136.0, 134.5, 133.6, 133.3, 129.9, 127.6,
127.0, 126.2, 119.5, 114.8, 80.2, 55.9, 27.9, 26.5, 18.8; IR (KBr) max 2969, 2926, 1738, 1365,
1275, 1229, 1156 cm™; HRMS (ESI) for CysH2sN2NaOsS* (M+Na)*: caled. 503.1611, found
503.1619; HPLC condition: Daicel 1G-3, MeOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR =
20.1 min (major) and tR  25.4 min (minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
Bon_O e 27b: 30 mg, 42% yield, 82% ee; [0l —62 (c = 0.01, CHCls); HPLC
Meo\@‘c’"’@ condition: Daicel IG-3, MeOH, Flow rate 0.3 mL/min, UV 254 nm, tR

N -

27b 24.7 min (major) and tR  17.1 min (minor).

(5)-N-Boc protected 2-(4'-fluoro-4-methoxy-[1,1'-biphenyl]-2-sulfonimidoyl)-3-
methylpyridine (30d):

oo BocN\\S,,O 30d: 36 mg, 40% vyield, 97% ee, colorless solid, [a]p® 61 (¢ 0.22,
‘Me"” CHCl3); *H NMR (500 MHz, CDCl3) § 8.25-8.20 (m, 1H), 8.20 (d, J

30d O F 3.0 Hz, 1H), 7.37 (d, 3 7.5 Hz, 1H), 7.20 (dd, J 7.5, 4.5 Hz, 1H),
7.15— m, 1H), 7.08-7.03 (m, 1H), 6.78-6.73 (m, 4H), 3.94 (s, 3H), 2.33 (s, 3H), 1.32 (s,
9H); B¥C NMR (126 MHz, CDCls) 6 162.1 (d, J 248 Hz), 158.8, 157.0, 155.0, 145.9, 140.9,
138.1, 136.6, 134.0, 133.9, 133.5, 131.5, 126.2, 119.5, 114.6, 114.0 (d, J 21 Hz), 80.2, 55.8,
27.9, 18.9; IR (KBr) max 2969, 1663, 1600, 1322, 1106, 822, 800 cm™*; **F NMR (376 MHz,
CDCls) 6 —114.76; HPLC condition: Daicel Chiralpak IH-3, i-PrOH, Flow rate = 0.4 mL/min,
UV =254 nm, tR = 13.5 min (major) and tR  15.4 min (minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
son_ o e | 270: 30 mg, 42% yield, 85% ee; [alo™  ~56 (¢ = 0.025, CHCly); HPLC
Meo\gs"’© condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR

N~

15.7 min (major) and tR  11.1 min (minor).

(S)-N-Boc  protected  2-(4-methoxy-4'-methyl-[1,1'-biphenyl]-2-sulfonimidoyl)-3-
BooN_ methylpyridine (30e):

(0]
MeO \\.8:2_(3_Mepy) 30e: 37 mg, 41% yield, 94% ee, colorless foam, [a]p® (c
O 0.122, CHCls); *H NMR (500 MHz, CDCl3) § 8.20 (d, J 2.5 Hz, 2H),
30e

Me
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7.31(d,J 7.5 Hz 1H), 7.20-7.14 (m, 1H), 7.13-7.09 (m, 1H), 7.08-7.04 (m, 1H), 6.95-6.70
(m, 4H), 3.95 (s, 3H), 2.28 (s, 6H), 1.32 (s, 9H); **C NMR (101 MHz, CDCls) & 158.5, 157.1
155.1, 145.9, 140.7, 138.0, 136.9, 136.8, 135.1, 134.7, 133.9, 129.6, 127.8, 126.0, 119.6, 114.2,
80.1, 55.9, 27.9, 21.1, 18.9; IR (KBr) max 2974, 2924, 1658, 1268, 1245, 1155, 1032 cm™;
HPLC condition: Daicel Chiralpak 1G-3, MeOH /i-PrOH =95/5, Flow rate = 0.3 mL/min, UV =
254 nm, tR = 17.9 min (minor).and tR = 19.6 min (major).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
BocN O Me | 27b: 33 mg, 46% yield, 80% ee; [a]p”™ = —34.75 (¢ = 0.175, CHCls); HPLC

N\
S

MeO ,'/
@ N : condition: Daicel 1G-3, MeOH, Flow rate = 0.7 mL/min, UV = 254 nm, tR =
27b

7.3 min (minor) and tR = 10.3 min (major).

(5)-N-Boc protected 2-(3'-ethoxy-4,4'-dimethoxy-[1,1'-biphenyl]-2-sulfonimidoyl)-3-
methyl-pyridine (30f):

- BocN\\S//O 30f: 45 mg, 44% yield, 93% ee, colorless solid, [OL]D25 4 (c 0.01,
V2@MePy) | CHCLs); *H NMR (500 MHz, CDCls) & 8.21-8.17 (m, 2H), 7.30 (d, J

OMe 7.5 Hz, 1H), 7.13 (dd, J 7.5, 4.5 Hz, 1H), 7.10~7.04 (m, 2H), 6.85-6.10
(m, 3H), 3.92 (s, 3H), 3 —3.80 (M, 2H), 3.79 (s, 3H), 2.30 (s, 3H), 1.36

(t, J 7.0 Hz, 3H), 1.30 (s, 9H): 3C NMR (126 MHz, CDCls) § 158.4, 157.1, 154.9, 148.3,
146.7, 145.7, 140.5, 138.3, 136.7, 134.1, 133.9, 130.3, 125.8, 122.0, 119.4, 114.4, 114.0, 110.2,
79.9, 63.8, 55.9, 55.8, 27.8, 18.8, 14.6; IR (KBr) max 3028, 2974, 2850, 1738, 1366, 1228, 1216
cm™t; HRMS (ESI) for Cy7HasN206S* (M+H)*: calcd. 513.2054, found 513.2062; HPLC

condition: Daicel 1G-3, MeOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR = 20.4 min (major)
and tR = 18.4 min (minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
BooN_ 0 e | 27D: 33 mg, 46% yield, 83% ee; [a]p”> = —68.0 (¢ = 0.01, CHCls); HPLC

N\
S

MeO 7 -y . - -
\(j " | condition: Daicel 1G-3, MeOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR

N __—~

= 24.6 min (major) and tR = 17.1 min (minor).

(S)-N-Boc protected 2-(3'-chloro-4-methoxy-[1,1'-biphenyl]-2-sulfonimidoyl)-3-methyl
pyridine (30g):
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BooN_0 309: 37 mg, 39% yield, 96% ee, colorless foam, [a]p® (c 0.01,
MeO oS
‘ Y2aMepy)| CHCls); *H NMR (400 MHz, CDCls) § 8.25 (d, J 4.8 Hz, 1H), 8.22 (d,
w0q O J 28Hz 1H),7.38(d, J 7.6 Hz, 1H), 7.26-7.20 (m, 2H), 7.19-7.09
Cl

(m, 3H), 7.09-7.03 (m, 2H), 3.96 (s, 3H), 2.33 (s, 3H), 1.34 (s, 9H); **C
NMR (126 MHz, CDCls3) 6 159.0, 157.1, 154.9, 146.0, 140.9, 139.8, 138.2, 136.9, 133.5, 132.9,
132.8, 128.5, 127.5, 126.2, 119.5, 114.6, 80.2, 55.9, 28.0, 19.0 (2 carbons missing); HRMS
(ESI) for Cp4H26CIN20,S™ (M+H)™: caled. 473.1296, found 473.1305; HPLC condition: Daicel
IG-3, MeOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR = 18.1 min (major) and tR = 20.0 min

(minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
BooN 0 Me | 27b: 32 mg, 44% yield, 83% ee; [a]p® = =70.0 (c = 0.01, CHCls); HPLC
MeO oS,
\(j T | condition: Daicel 1G-3, MeOH, Flow rate = 0.3 mL/min, UV = 254 nm, tR

N -

= 24.2 min (major) and tR = 16.9 min (minor).

(5)-N-Boc protected 2-(5-methoxy-2-(naphthalen-1-yl)phenylsulfonimidoyl)-3-
methylpyridine (30h):

30h: 37 mg, 38% yield, 98% ee, colorless foam, [a]p? (c 0.029,
CHCls); *H NMR (500 MHz, CDCls) § 8.30-8.26 (m, 1H), 8.22-8.17
(m, 1H), 7.76 (d, J 8.0 Hz, 1H), 7.65-7.38 (m, 5H), 7.20-7.14 (m, 3H),
7.12-7.06 (m, 1H), 7.06-7.02 (m, 1H), 3.99 (s, 3H), 1.96 (s, 3H), 1.31 (s,
9H); *C NMR (126 MHz, CDCls) & 158.7, 157.1, 155.1, 145.9, 140.6, 138.3, 137.0, 135.5,
134.5, 133.8, 132.3, 132.2, 128.0, 127.4, 126.6, 126.1, 126.0, 125.9, 119.5, 1144, 80.1, 55.9,
27.9, 18.5; IR (KBr) ma 2974, 2931, 1662, 1452, 1366, 1247, 1148 cm™; HPLC condition:
Phenomenex Chiralpak Amylose2, n-hexane/i-PrOH =50/50, Flow rate 0.7 mL/min, UV 254

nm, tR  11.7 min (major) and tR  16.7 min (minor).

(R)-N-Boc protected 2-(3-methoxyphenylsulfonimidoyl)-3-methylpyridine (27b):
oo O e 27b: 37 mg, 51% yield, 71% ee; [a]p® = -31.28 (¢ = 0.186, CHCy);
Meo\[j\\sl'/'/, X HPLC condition: Daicel 1G-3, MeOH, Flow rate = 0.5 mL/min, UV =
" 254 nm, tR = 10.7 min (major) and tR = 15.4 min (minor).

27b
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(S)-N-Boc protected 2-(4-ethoxy-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-sulfonimidoyl)-
3-methylpyridine (30i):
30i: 36 mg, 35% yield, 99% ee, colorless foam, [(X]DZS 6.23 (c

BocN\ ,

(0]
Eto_Mepy) 0.334, CHCL;); '"H NMR (500 MHz, CDCls) &  -8.18 (m, 2H),

7.39-7.30 (m, 3H), 7.20 (dd, J 7.5, 4.5 Hz, 1H), 7.14 (dd, J 8.25, 2.75
Hz, 1H), 7.10-6.70 (m, 3H), 4.20 (g, J 7.0 Hz, 2H), 2.29 (s, 3H), 1.47
(t, J 7.0 Hz, 3H), 1.32 (s, 9H); *C NMR (126 MHz, CDCls) & 158.5, 157.0, 154.9, 146.0,
141.9, 140.9, 138.0, 136.5, 133.3, 132.7, 130.3, 129.4 (q, J 32 Hz), 126.3, 124.03 (q, J = 274
Hz), 123.97 (q, J 6.0 Hz), 119.7, 115.5, 80.3, 64.3, 27.9, 18.8, 14.7; °F NMR (471 MHz,
CDCls) §-62.7; IR (KBr) max 2974, 1662, 1325, 1270, 1246, 1072, 1042 cm™; HPLC

30i CF3

condition: Phenomenex Chiralpak Amylose2, n-hexane/i-PrOH = 85/15, Flow rate 0.4
mL/min, UV = 254 nm, tR = 21.4 min (major) and tR = 35.0 min (minor).

(R)-N-Boc protected 2-(3-ethoxyphenylsulfonimidoyl)-3-methylpyridine (27f):

BocN O Me 27f: 36 mg, 48% vyield, 68% ee; [0l = — 8 (c 0.221, CHCls); HPLC
EtO oS,
\Ej n : condition: Daicel 1G-3, MeOH, Flow rate = 0.5 mL/min, UV =254 nm, tR =
2rf 13.2 min (minor) and tR = 26.5 min (major).

(S)-N-Boc protected 3-methyl-2-(3-(p-tolyl)naphthalene-2-sulfonimidoyl)pyridine
(30j):

\\‘3‘2_(3_Mepy) 30j: 40 mg, 42% yield, 94% ee, colorless foam, [o]p® = (c 0.006,
CHCls); *H NMR (400 MHz, CDCl3) 8 9.33 (s, 1H), 8.18 (dd, J 4.4,

> M| 1.2 Hz, 1H),8.12(d,J 7.2Hz, 1H), 7.80(d,J 7.6 Hz, 1H), 7.68-7.57
(m, 3H), 7.35-7.29 (m, 1H), 7.17 (dd, J 7.8, 4.6 Hz, 1H), 7.00-6.65 (m, 4H), 2.32 (s, 3H), 2.28
(s, 3H), 1.35 (s, 9H); *C NMR (101 MHz, CDCls) & 157.2, 155.0, 145.9, 140.7, 137.4, 137.3,
137.0, 135.3, 134.7, 134.6, 132.10, 132.07, 131.0, 129.7, 129.4, 127.7, 127.34, 127.27, 126.0,
80.1, 28.0, 21.1, 18.9 (1 carbon overlapped); IR (KBr) max 2971, 1662, 1275, 1248, 1151, 1060,
890 cm™; HPLC condition: YMC Amylose C-neo, n-hexane/i-PrOH  70/30, Flow rate 0.4
mL/min, UV 254 nm, tR  21.8 min (minor) and tR  24.3 min (major).

BocN\\ //O

(R)-N-Boc protected 3-methyl-2-(naphthalene-2-sulfonimidoyl)pyridine (27j):

BocN\\ //O Me

27j
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27j: 31 mg, 41% vyield, 91% ee; [a]o™ = —35.90 (c = 0.078, CHCIs); HPLC condition: Daicel
IG-3, MeOH, Flow rate = 0.7 mL/min, UV = 254 nm, tR = 9.6 min (minor). and tR = 29.4 min
(major).
(S)-N-Boc protected 2-(3,4'-dimethyl-[1,1'-biphenyl]-2-sulfonimidoyl)pyridine (30k):
e, NEo: 30k: 21 mg, 25% yield, 87% ee, colorless foam, [a]D25 -17.31 (c  0.35,
O Sy CHCls); *H NMR (500 MHz, CDCls) 5 853 (d, J 5.0 Hz, 1H), 7.66 (d, J
30k | 80Hz 1H), 7.53— 46 (m, 1H), 7.41 (t, J 7.75 Hz, 1H), 7.37-7.28 (m, 2H),
7.15(d,J 7.0 Hz, 1H), 7.07 (d, J 7.5 Hz, 1H), 6.97 (d, J 7.5 Hz, 1H), 6.64
(d,J 7.5Hz 1H), 6.27 (d,J 7.5 Hz, 1H), 2.93 (s, 3H), 2.30 (m, 3H), 1.41 (s, 9H); °C NMR
(101 MHz, CDCl3) 6 158.3, 156.8, 149.6, 143.1, 142.8, 137.04, 136.96, 136.7, 135.0, 132.8,
131.8, 131.2, 130.0, 128.3, 127.9, 127.6, 126.3, 123.0, 80.3, 28.1, 23.5, 21.1; HPLC condition:
Phenomenex Chiralpak Amylose2, n-hexane/i-PrOH  85/15, Flow rate = 0.7 mL/min, UV =

254 nm, tR  24.8 min (minor) and tR  29.2 min (major)

(R)-N-Boc protected 2-(2-methylphenylsulfonimidoyl) pyridine (27k):

Meo. NBoc | 27K: 30 mg, 46% yield, 41% ee; [O(]DZS = 8.0 (c = 0.166, CHCI3); HPLC
N\

@“S‘F’y condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR

27k 10.5 min (major) and tR  14.1 min (minor).

(S)-N-Boc protected 2-(3-methyl-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-sulfonimidoyl)
pyridine (301):

oo peor 301: 28 mg, 29% vyield, 86% ee, colorless foam, [o]p” —81.68 (¢ 0.214,
O Sy CHCl3); *H NMR (500 MHz, CDCls) § 8.56 (d, J 4.0 Hz, 1H), 7.83 (d, J
w0 O o 8.0 Hz, 1H), 7.64-7.57 (m, 1H), 7.56-7.51 (m, 1H), 7.50-7.43 (m, 2H),
7.42-7.35 (m, 2H), 7.21 (d, J 8.0 Hz, 1H),7.0(d, J 7.5 Hz, 1H), 6.79 (d, J
8.0 Hz, 1H), 2.81 (s, 3H), 1.39 (s, 9H); **F NMR (376 MHz, CDCls) & — 62.49; *C NMR (101
MHz, CDCl3) & 158.0, 156.7, 149.8, 144.0, 142.2, 142.1, 137.5, 134.4, 133.4, 132.0, 130.8,
130.0, 129.0 (q, J 32 Hz), 128.9, 126.8, 124.0 (g, J 272 Hz), 123.8 (g, J 3.8 Hz), 122.8,
80.5, 28.0, 23.1 (one peak missing); IR (KBr) max 2979, 2938, 1660, 1279, 1243, 1156, 1120
cm*: HPLC condition: Phenomenex Chiralpak Amylose2, n-hexane/i-PrOH =90/10, Flow

rate = 0.6 mL/min, UV 254 nm, tR  23.7 min (minor) and tR  27.8 min (major).
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(R)-N-Boc protected 2-(2-methylphenylsulfonimidoyl) pyridine (27k):
Mooy Neoo | 27K: 33mg, 49% yield, 50% ee; [a]o” (c  0.41, CHCIy); HPLC
s?,
™ | condition: Daicel IG-3, MeOH, Flow rate = 0.3 mL/min, UV [] 254 nm, tR  10.4

27k

min (major) and tR  14.0 min (minor).

(S)-N-Boc protected 1-(3'-methyl-2'-(pyridine-2-sulfonimidoyl)-[1,1'-biphenyl]-4-yl)
ethanone (30m):

— 30m: 30 mg, 33% yield, 84% ee, colorless foam, [(X]DZS —22.91 (c = 0.213,
O Sy CHCl); '"H NMR (500 MHz, CDCls) & 8.59-8.53 (m, 1H), 7.91-7.82 (m,
O ome 2H), 7.65-7.56 (m, 2H), 7.49-7.33 (m, 4H), 7.03-6.97 (m, 1H), 6.83-6.77

30m (m, 1H), 2.77 (s, 3H), 2.58 (s, 3H), 1.38 (s, 9H); *C NMR (126 MHz,

CDCls) 6 197.7, 158.2, 156.6, 149.8, 1455, 142.9, 141.9, 137.5, 135.5, 134.4, 133.2, 132.0,
130.7, 129.8, 128.8, 127.0, 126.9, 126.8, 122.8, 80.4, 28.0, 26.6, 23.0; IR (KBr) max 2974, 1673,
1646, 1280, 1237, 1111, 890 cm™; HPLC condition: YMC Amylose C-neo, n-hexane/i-PrOH

50/50, Flow rate = 0.5 mL/min, UV 254 nm, tR 9.7 min (minor) and tR  11.8 min

(major).

(R)-N-Boc protected 2-(2-methylphenylsulfonimidoyl)pyridine(27k):
MeQ, NBoo 27k: 32 mg, 48% vyield, 51% ece; [(X]DZS (c  0.45, CHCIl3); HPLC
\¥%

Py condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm,tR 10.9
27k

min (major) and tR  14.5 min (minor).

(S)-N-Boc protected 2-(5-fluoro-3-methyl-4'-(trifluoromethyl)-[1,1'-biphenyl]-2-
sulfonimidoyl)-pyridine (30n):

Meo\\S//NBOC 30n: 22 mg, 22% yield, 89% ee, colorless foam, [OL]DZS = -79.78 (c = 0.275,

O 2Py CHCls); 'H NMR (400 MHz, CDCl3) § 8.56 (dd, J 4.2, 0.6 Hz, 1H), 7.83
] 30n O cr,| (d,J 80 Hz, 1H), 7.63 (td, J 7.8, 1.7 Hz, 1H), 7.57-7.52 (m, 1H),
7.45-7.43 (m, 1H), 7.43-7.37 (m, 1H), 7.23 (d, J 8.0 Hz, 1H), 7.09 (dd, J 8.8, 2.8 Hz, 1H),
6.81 (d, J 8.0 Hz, 1H), 6.74 (dd, J 8.4, 2.8 Hz, 1H), 2.79 (s, 3H), 1.41 (s, 9H); *C NMR
(101 MHz, CDCls) 6 164.6, 162.1, 157.9, 156.7, 149.8, 145.9, 145.8, 145.3, 145.2, 143.0, 137.6,
134.9, 130.4, 130.37, 130.0, 129.7, 129.67, 129.3, 129.0, 128.7, 128.0, 126.9, 125.3, 124.2,
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124.0, 123.97, 123.9, 122.8, 122.6, 120.0, 119.9, 119.8, 118.0, 117.7, 80.6, 28.0, 24.8, 23.4; IR
(KBr) ma 3070, 2931, 1657, 1581, 1322, 1282, 1126 cm™; *F NMR (376 MHz, CDCls)
d —62.59, —106.89; HPLC condition: Phenomenex Chiralpak Amylose2, n-hexane/i-PrOH [J
90/10, Flow rate 0.7 mL/min, UV 254 nm, tR 16.1 min (minor) and tR  18.8 min (major).

(R)-N-Boc protected 2-(4-fluoro-2-methylphenylsulfonimidoyl)pyridine(271):
oo mmoo | 271136 mg, 51% yield, 37% ee; [a]p” ¢ 0.088, CHCl;); HPLC
/('j?s/vpy condition: Daicel 1G-3, MeOH, Flow rate 0.5 mL/min, UV 254 nm, tR
.

271 10.2 min (major) and tR  12.9 min (minor).

I1.6.3.5. Synthesis of chiral sulfoximine 32 (GP-5):
Chiral (R)-27b (0.2 mmol, 1.0 equiv) was dissolved in CH>Cl» (2.0 mL) and TFA (10.0

equiv) was added. The mixture was stirred at 70 °C for 3 h. After concentration, the
resulting residue was purified by flash column using hexane/EtOAc as the eluent to

afford the desired product 32.

(R)-2-(3-Methoxyphenylsulfonimidoyl)pyridine (32):

32: 46 mg, 88% yield, 95% ee, colorless highly viscous liquid, [a] N

NH\\ /O Me

Meo\(jsi@ —42.2 (c = 0.14, CHCl5); *H NMR (500 MHz, CDCl5) & 8.48 (d, J
4.5 Hz, 1H), 7.62-7.56 (m, 2H), 7.52 (t, J  2.25 Hz, 1H), 7.40 (d, J
8.0 Hz, 1H), 7.39-7.32 (m, 1H), 7.10 (dd, J  8.25, 2.25 Hz, 1H), 3.83 (s, 3H), 2.53 (s, 3H); :*C
NMR (126 MHz, CDCls3) 6 158.7, 156.0, 145.2, 140.9, 140.5, 132.2, 128.7, 125.8, 120.5, 118.6,
112.6, 54.7, 18.2; IR (KBr) max 3028, 2969, 1738, 1366, 1229, 1216 cm™; HRMS (ESI) for
Ci13H1sN20,S™ (M+H)™: calcd. 263.0849, found 263.0858; HPLC condition: IH-3, MeOH/DEA
99.9/0.1, Flow rate = 0.5 mL/min, UV 254 nm, tR 9.4 min (major) and tR  10.2 min

(minor).
I1.6.3.6. Synthesis of chiral sulfoxide 33 (GP-6):

Chiral (R)-32 (0.2 mmol, 1.0 equiv) was dissolved in CHCl3 (2.0 mL) under air and
‘BuONO (1.1 equiv) was added. The mixture was stirred at rt for 2 h. After
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concentration, the resulting residue was purified by preparative TLC using

hexane/EtOAc as the eluent to afford the desired product 33.

(R)- 2-((3-Methoxyphenyl)sulfinyl)pyridine (33):

33: 39 mg, 78% vyield, 90% ee, colorless highly viscous liquid, [a]p®

Meofjsw N —63 (¢ 0.13, CHCI;); *H NMR (500 MHz, CDCls) & 8.47-8.40 (m,
» 1H), 7.25-7.18 (m, 2H), 7.18-7.08 (m, 2H), 6.88-7.80 (m, 1H), 3.68 (s,

3H), 2.37 (s, 3H); *C NMR (126 MHz, CDCl3) & 160.5, 159.9, 147.5, 144.3, 139.8, 132.9,

129.7, 125.0, 117.04, 116.97, 109.4, 55.2, 16.5; IR (KBr) max 3456, 2925, 1592, 1479, 1283,

1245, 1038 cm™'; HRMS (ESI) for C13H13NNaO,S* (M+Na)*: calcd. 270.0559, found 270.0570;

HPLC condition: 1C-3, MeOH, Flow rate = 0.5 mL/min, UV 254 nm, tR  14.0 min (major)

and tR  14.8 min (minor).

I1.6.3.5. Synthesis of Michael product 34 (GP-7):

Chiral (R)-29¢ (0.2 mmol, 1.0 equiv) was dissolved in CH2Cl> (2.0 mL) and TFA (10.0

equiv) was added. The mixture was stirred at 70 °C for 3 h. After concentration, the
resulting residue was purified by flash column using hexane/EtOAc as the eluent to
afford the desired product 8.

Methyl 2-((1S)-6-methoxy-1-(3-methylpyridin-2-yl)-1-oxidobenzo[d]isothiazol-3-
yl)acetate (34):

34: 46 mg, 66% vyield, 95% ee , colorless highly viscous liquid. [a]p®®

47.3 (c = 0.114, CHCLy); *H NMR (500 MHz, CDCl;)  — m,

(dd, 3 7.75, 0.75 Hz, 1H), 7.40 (d, J 8.0 Hz, 1H), 7.28 (dd, J 7.5,

4.5 Hz, 1H), 7.18-7.12 (m, 2H), 5.29 (t, J 1.5 Hz, 1H), 3.80 (s, 3H),

3.71 (s, 3H), 2.89 (dd, J  6.75, 3.25 Hz, 2H), 2.66 (s, 3H); *C NMR

(126 MHz, CDCl3) 6171.7, 160.2, 156.9, 146.2, 141.4, 141.1, 137.9, 133.1, 126.0, 124.1, 121.0,

106.5, 65.3, 55.8, 51.7, 43.1, 18.9; IR (KBr) max 2969, 2360, 2340, 1736, 1264, 1231, 1039

cm ™, HRMS (ESI) for Ci7H19N20,S* (M+H)": caled. 347.1060, found 347.1070; HPLC
condition: 1G-3, MeOH, Flow rate 0.3 mL/min, UV 254 nm, tR 22.8 min (major) and tR

30.4 min (minor).
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I1.6.3.5. Synthesis of thiazine 35 (GP-8):

Chiral (R)-30d (0.2 mmol, 1.0 equiv) was dissolved in CH2Cl> (2.0 mL) and TFA (10.0
equiv) was added. The mixture was stirred at 70 °C for 1 h. After basic work-up
followed by concentration, it was further subjected to Pd(OAc)2 (10 mol%), PhI(OAc)2
(2.0 equiv) in toluene at 75 °C for 12 h. Next the crude was purified by flash column
using hexane/EtOAc as the eluent to afford the desired product 9.
(S)-8-Fluoro-3-methoxy-5-(3-methylpyridin-2-yl)dibenzo]c,e][1,2]thiazine 5-oxide (9):
35: 44 mg, 62% yield, 93% ee, colorless highly viscous liquid. [o]p®

@’;"f 63.1 (c = 0.014, CHCls); *H NMR (500 MHz, CDCls) 8.50 (d, J =
/]
MeQ O SN 4.5 Hz, 1H), 8.08 (d, J 9.0 Hz, 1H), 7.93 (dd, J 9.0, 6.0 Hz, 1H),

O 7.66 (d,J 7.5Hz, 1H), 7.39 (dd, J 7.5, 4.5 Hz, 1H), 7.30 (dd, J 9.0,
F1 25 Hz 1H), 6.99 (d, J 2.5 Hz, 1H), 6.92 (dd, J 0.5, 2.5 Hz, 1H),
6.83-6.75 (M, 1H), 3.76 (s, 3H), 2.38 (s, 3H); *C NMR (101 MHz, CDCl;) § 635 (d, J 47
Hz), 158.7, 155.1, 146.5, 143.7 (d, J 12 Hz), 141.9, 134.3, 128.4, 127.0, 124.8, 124.4 (d, J 10
Hz), 123.2, 122.0, 113.5, 110.7 (d, J 3 Hz), 108.7 (d, J 22 Hz), 108.3, 55.7, 19.0; IR (KBr)
max 2940, 2350, 2230, 1213, 1201, 1019 cm™; *F NMR (471 MHz, CDCl3) 6 — 111.99; HPLC
condition: IH-3, MeOH, Flow rate 0.4 mL/min, UV 254 nm, tR  15.1 min (major) and tR

15.8 min (minor).

35
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<Chromatogram>

mAU
| 9 PDA Multi 1
300 &
: 2
200 N
100
0 )
T T ‘ T
0 5 10 15 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 18.135 12140347 325359 49.728 63.208
2 22.791 12273309 189387 50.272 36.792
Total 24413656 514746 100.000 100.000
<Chromatogram>
mAU
1 S PDA Multi 1
. ©
®
100
50
] 2
i &
0 r % y
\ T T ] ‘ T \
0 5 10 15 20 25 35
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 18.620 6030335 135858 98.226 98.712
2 22.831 108928 1773 1.774 1.288
Total 6139263 137631 100.000 100.000
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<Chromatogram>

mAU
500 = S PDA Multi 1
. N o
] & pY
400-
300
200-
100+
o]
T T T T T
0 5 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.249 21759605 492183 48.883 52.303
2 21.996 22753619 448841 51.117 47.697
Total 44513224 941024 100.000 100.000
<Chromatogram>
mAU
1 8 PDA Multi 1
. 2
75+ N
50
1 [se}
; &
i &
25+
07
1 T T T T T
0 5 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.293 1222975 29183 23.816 26.872
2 21.965 3912044 79417 76.184 73.128
Total 5135019 108600 100.000 100.000
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<Chromatogram>

mAU
] 2 2 PDA Multi 1
] = p
N (9] 'e]
400
300
200-
100
0-
| T T \ T
0 10 20 30 40 50 60
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 50.075 68565966 487104 49.593 52.170
2 58.113 69690288 446578 50.407 47.830
Total 138256255 933682 100.000 100.000
<Chromatogram>
mAU
i BDA Multi 1
] ©
750 >
500
250
] ©
1 3
T B
o ;
T T T T ‘ T
0 10 20 30 40 50 60
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 50.898 1758161 11717 1.308 1.439
2 57.658 132678713 802741 98.692 98.561
Total 134436874 814458 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-31 smr meoh 0.5 ml ig-3.lcd

mAU
2000i Q PDA Multi 1
f 3
1500~ 8
| N
1000
500
07
| T T T T T
0 5 10 15 20 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.233 33982048 1940394 49.174 60.456
2 14.705 35123078 1269225 50.826 39.544
Total 69105126 3209619 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-31 smc meoh 0.5 ml ig-3.lcd
mAU
g PDA Multi 1
2000
1500
] @
1000 S
500~
o]
B T ‘ T T ‘ T ‘ T T ‘ T T ‘ T ‘
0.0 25 5.0 75 10.0 12.5 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.246 12888462 843097 14.534 29.044
2 14.497 75787225 2059744 85.466 70.956
Total 88675687 2902841 100.000 100.000
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<Chromatogram>

mAU
] 3 PDA Multi 1
] I
i 3
300 R
1 N
g <
200
100
L
(k, T T
\ \ \ ‘ T
0 10 20 30 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 38.268 45546152 350035 50.773 57.781
2 45.272 44158452 255761 49.227 42.219
Total 89704604 605796 100.000 100.000
<Chromatogram>
mAU
| ’;;. PDA Multi 1
1 ¢
1500
1000
500
7 b
1 3
1 3
o )
\ \ \ \ \ \
0 10 20 30 40 50 60
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 39.931 13106862 123021 4.367 6.873
2 45.147 287054445 1667001 95.633 93.127
Total 300161307 1790022 100.000 100.000
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<Chromatogram>

mAU
2000i @ PDA Multi 1
f 3
1500 S
| ¥
1000
500~
th v
i \ \ \ T
0 10 15 20 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.233 33982048 1940394 49.174 60.456
2 14.705 35123078 1269225 50.826 39.544
Total 69105126 3209619 100.000 100.000
<Chromatogram>
mAU
i 3 PDA Multi 1
300+ B
4 I
200+
| 3
] S
100
0 M
‘ — — — ‘ ‘ ‘ ‘
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.108 1471807 107846 16.268 26.129
2 14.584 7575264 304904 83.732 73.871
Total 9047071 412751 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-47 pdt r 0.3 ml meoh ic-4.lcd

mAU
N
200 8 c;gPDAMuItl
e |le
150
100
50~
07
—T— — —T— —— —— ‘ ——
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 16.022 4618687 194015 47.677 51.124
2 16.866 5068703 185482 52.323 48.876
Total 9687390 379497 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-47 pdt ¢ 0.3 ml meoh ic-4.lcd
mAU
125 g?DA Multi 1
:
100
75
50
25+ ©
] 9
] 2
0]
— — —— —— —— — ——
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 15.826 66458 3673 2.404 2.992
2 16.682 2698595 119086 97.596 97.008
Total 2765053 122759 100.000 100.000
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<Chromatogram>

mAU
2000i 2 PDA Multi 1
f :
1500 S
] ¥
1000~
500
0;//“,_/\ v
i T \ \ \ \ \
0 5 10 15 20 25 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.233 33982048 1940394 49.174 60.456
2 14.705 35123078 1269225 50.826 39.544
Total 69105126 3209619 100.000 100.000
<Chromatogram>
mAU
400 3 PDA Multi 1
: 3
300-
: 2
200 4
1 2
100
o i '
B T T ‘ T ‘ T ‘ T ‘ T T ‘ T T T ‘ T T ‘ T
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.250 2314939 157128 18.838 28.522
2 14.764 9973493 393781 81.162 71.478
Total 12288432 550909 100.000 100.000
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<Chromatogram>

mAU
125 S PDA Multi 1
] 8
100+
75 o
i S
[32]
: {e)
50
25
0]
| T T T T
0 10 20 30 40 60
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 36.677 13955896 124115 50.822 67.463
2 53.428 13504214 59859 49.178 32.537
Total 27460110 183974 100.000 100.000
<Chromatogram>
mAU
PDA Multi 1
50
25+
1 o
1 )
&
07
T T T
0 10 40 60
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 36.819 46161 571 0.389 1.081
2 52.933 11817784 52305 99.611 98.919
Total 11863945 52876 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-31 smr meoh 0.5 ml ig-3.lcd

mAU
ZOOOi Q2 PDA Multi 1
f 3
1500 8
] i
1000
500
07
j T T T T T T
0 5 10 15 20 25 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.233 33982048 1940394 49.174 60.456
2 14.705 35123078 1269225 50.826 39.544
Total 69105126 3209619 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-46 smc meoh 0.5 ml ig-3.lcd
mAU
, 8 PDA Multi 1
2000+ -
| S
] =
1500
1000
500
0
j T T T T
0 10 20 30 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.223 27274631 1619262 14.961 42.860
2 13.926 155033052 2158732 85.039 57.140
Total 182307683 3777995 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-34 pdtr 50% ipa cel-2.lcd

mAU
1 Py PDA Multi 1
. ©
(o))
150 \B
100 §
] 5
50
0 !
\ T \ \
0 10 20 30 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 19.687 20535896 167438 49.966 66.985
2 31.568 20563652 82527 50.034 33.015
Total 41099548 249965 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-34 pdtc 50% ipa cel-2.lcd
mAU
1 > PDA Multi 1
. =
, <
300
200
100
T o
| ]
, i S
| _ 4 ]
0 \/V\“/gh T
— T T T —— — —— ——
0 5 10 15 20 25 30 35 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.091 49270866 349792 99.090 99.178
2 32.230 452604 2898 0910 0.822
Total 49723471 352691 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-34 smr meoh 0.5 ml ig-3.lcd

mAU
] & PDA Multi 1
] S
200+
150
100
] o
1 >
. ®
50
0 : M’P 7 N
T T ‘ T T T T T
0 5 10 15 20 25 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 12.187 5258040 232387 50.172 81.240
2 31.910 5222016 53663 49.828 18.760
Total 10480056 286050 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-34 smc meoh 0.5 ml ig-3.lcd PDA Multi 1
mAU )
v o
. N 2
i o b
200
100
0 . v
T ‘
0 5 10 15 20 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 12.245 5957283 262219 20.443 52.364
2 31.490 23183972 238538 79.557 47.636
Total 29141255 500757 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-64 pdtr ipa. 0.5 ml ic-5.lcd

mAU
, 3 PDA Multi 1
© o
| N ~
30 ™
u ™
20
10
07
T T T T
0 10 20 30 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 28.624 3412946 33092 50.934 56.394
2 38.710 3287803 25588 49.066 43.606
Total 6700749 58681 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-64 pdtc ipa. 0.5 ml ic-4.lcd
mAU
] % PDA Multi 1
i &
400
300
200
100 8
] &
T T T ‘ T T
0 10 20 30 40 50
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 28.651 4464027 57867 7.273 11.259
2 37.661 56912944 456077 92.727 88.741
Total 61376971 513944 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-64 smr meh0.5 ml ig-3 002.Icd

mAU
] e
1000
750
1 o
500 3
— [sp}
250
0]
‘ —— ‘ ‘ —— —— ‘ ‘ ——
0 5 10 15 20 25 30 35 40 45
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 16.761 29212575 1175965 49.290 74.038
2 33.716 30053593 412369 50.710 25.962
Total 59266167 1588335 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-64 smc meh0.5 ml ig-3 001.lcd
mAU
] T PDA Multi 1
I P
50
25+
, 3
N~
. e
0,
‘ —— —— — — ‘ ‘ — ——
0 5 10 15 20 25 35 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 16.788 276605 12214 5.975 15.269
2 34.111 4352747 67782 94.025 84.731
Total 4629352 79996 100.000 100.000
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<Chromatogram>

D:\Local Disk\LabSolutions\Data\kallol\k-9-48 pdt R.Icd

mAU
3 PDA Multi 1
. N
3
500
1 3
o
T Te)
250
O,
T T
0 40 60
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 44.754 58479508 561698 50.036 60.021
2 56.133 58395815 374143 49.964 39.979
Total 116875323 935842 100.000 100.000
<Chromatogram>
D:\Local Disk\LabSolutions\Data\kallol\k-9-48 pdt c.lcd
mAU
] 2 PDA Multi 1
2000+ 3
1500-
1000
500
] g
] 5
0 )
| \ \ \ \ \ \
0 10 20 30 40 50 60
min

1 PDA Multi 1/254nm 4nm

PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 44.209 413011528 2102714 97.890 97.424
2 57.531 8904257 55596 2.110 2.576
Total 421915785 2158311 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-48 smr meoh 0.5 ml ig-3.lcd

mAU
] © PDA Multi 1
. S
100 S
75 2
. N
] 3
50
25
0 y v y
—T— — —— —— —— — —
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.096 1724157 107620 50.002 64.029
2 14.238 1723998 60460 49.998 35.971
Total 3448155 168080 100.000 100.000
<Chromatogram>
C:\LabSolutions\Data\Project1\k-9-48 smc meoh 0.5 ml ig-4.lcd
mAU
750 3 PDA Multi 1
1 &
500
i =
250 =
, =4
O,
] T T T T
0 5 10 15 20
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.117 3138475 188434 12.089 19.932
2 14.103 22823996 756968 87.911 80.068
Total 25962471 945403 100.000 100.000
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<Chromatogram>

mAU
1250 g PDA Multi 1
i &
1000
f o
750 %
500
250~
0]
T T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 22.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 14.626 49645651 1193604 50.530 64.535
2 16.986 48603974 655930 49.470 35.465
Total 98249625 1849534 100.000 100.000
<Chromatogram>
mAU
7 R PDA Multi 1
750 NG
500
250+
i <
l 3
] 3
0 M J/P v
‘ —— —— — — —— ‘
0.0 25 5.0 7.5 10.0 12.5 15.0 20.0
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 14.544 2433157 61887 3.872 7.340
2 17.193 60402967 781272 96.128 92.660
Total 62836124 843158 100.000 100.000
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<Chromatogram>

mAU )
i b PDA Multi 1
N
| N~
1500 °
] ]
i e
1000
500
0 v
T T ‘ T T ‘ T ‘ T ‘ T T ‘ ‘ T
0.0 2.5 5.0 7.5 10.0 12.5 15.0
n
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 7.231 26089270 1772445 49.517 60.253
2 10.230 26598037 1169216 50.483 39.747
Total 52687308 2941662 100.000 100.000
<Chromatogram>
mAU
1250 o PDA Multi 1
: S
1000
750
500
250~ o
] ®
1 ~
0 T . b
T T I T
0.0 25 5.0 7.5 12.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 7.313 1742706 97838 5.713 7.337
2 10.312 28763911 1235626 94.287 92.663
Total 30506617 1333464 100.000 100.000
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<Chromatogram>

mAU
, N PDA Multi 1
f :
200
] X
| <
100
0
T \ \ T \
0 10 15 20 25 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.192 11131465 256491 50.235 68.529
2 26.141 11027220 117787 49.765 31471
Total 22158685 374279 100.000 100.000
<Chromatogram>
mAU
200 § PDA Multi 1
i 8
150-
100
50
T <
] 3
o] 8
T \
0 5 10 15 20 25 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20.148 8855069 204455 97.517 98.914
2 25.364 225464 2245 2.483 1.086
Total 9080533 206699 100.000 100.000
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<Chromatogram>

mAU
iy N PDA Multi 1
. N
~
] 2
500 g
250
0
T T T T
0 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 17.271 18958640 674279 50.127 59.478
2 24.850 18862778 459374 49.873 40.522
Total 37821418 1133653 100.000 100.000
<Chromatogram>
mAU
250 2 PDA Multi 1
200
150
100
f 3
50 ~
0 : N\/\_/\AAL/\_’__ﬂ
‘ — ] ‘
0 5 10 15 20 25 30
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 17.138 954272 36682 9.086 13.334
2 24.729 9548608 238425 90.914 86.666
Total 10502880 275107 100.000 100.000
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<Chromatogram>

mAU
200 2 ©  PDA Multi 1
. N <
] s S
150
100
50
0 7 4
T T T T
0 5 10 15 20
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 18.409 5013677 195249 49.904 51.579
2 20.418 5033050 183297 50.096 48.421
Total 10046727 378546 100.000 100.000
<Chromatogram>
mAU
i 5 PDA Multi 1
«
i &
750
500
250+
] ®
1 =
w
0 N\/“M,ﬁ y \
— T ‘ ‘ ‘
0 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 18.419 870514 35639 3.627 4.088
2 20.397 23129703 836137 96.373 95.912
Total 24000218 871776 100.000 100.000
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<Chromatogram>

mAU
] = PDA Multi 1
. N
~
1 2
500~ N
250
0
\ \ \ \ \
0 5 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 17.271 18958640 674279 50.127 59.478
2 24.850 18862778 459374 49.873 40.522
Total 37821418 1133653 100.000 100.000
<Chromatogram>
mAU
. SPDA Multi 1
. 0
, &
150
100
50 S
. S
1 =
0
\ \ \ \
0 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 17.090 686679 22760 8.408 10.858
2 24.568 7479913 186858 91.592 89.142
Total 8166592 209618 100.000 100.000
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<Chromatogram>

mAU
500{ S PDA Multi 1
400
f 3
300 ©
200
100
0; T 4
1 T T T T T
0 5 10 15 20 25
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11.771 33787977 495700 49.659 66.527
2 16.632 34251614 249415 50.341 33473
Total 68039591 745115 100.000 100.000
<Chromatogram>
mAU
i 5 PDA Multi 1
1 ~
750
500
250
1 o
. 3
| . ©
0 T T —
‘ — — — — ‘ ‘ —— — —
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 11.747 60303928 878479 99.033 99.283
2 16.690 589082 6340 0.967 0.717
Total 60893009 884820 100.000 100.000

116




<Chromatogram>

mAU
, 3 PDA Multi 1
1 ~
. e
1500 ©
1 S
i 2
1000
500
0 }\\/\—/\ V] "
— — — ‘ ‘ — — — I
0.0 25 5.0 7.5 10.0 12.5 15.0 20.0
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.704 34869126 1837706 49.194 60.452
2 15.408 36011188 1202230 50.806 39.548
Total 70880313 3039935 100.000 100.000
<Chromatogram>
mAU
1000 ©Q PDA Multi 1
: k
750
500
] 3
250 S
07
) \ | \
0 5 10 15 20
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.733 5222002 177377 14.533 15.493
2 15.445 30708885 967512 85.467 84.507
Total 35930888 1144889 100.000 100.000
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<Chromatogram>

mAU
1 8 PDA Multi 1
, <
, ~
750
500 N
] g
250
0 T
\ \ \ T
0 10 20 30 40
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 21.455 94365214 877835 49.988 69.465
2 35.278 94410770 385869 50.012 30.535
Total 188775984 1263704 100.000 100.000
<Chromatogram>
mAU
i 3 PDA Multi 1
750 <
, N
500
250
i (a2l
] S
] 3
07
\ \ \
0 10 20 30 40 50
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl1 254nm 4nm
Peak# Ret. Time Areca Height Area % Height %
1 21.438 83256759 763282 99.716 99.998
2 35.043 237325 13 0.284 0.002
Total 83494084 763295 100.000 100.000
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<Chromatogram>

mAU
. b PDA Multi 1
1000 g
7501
500- 2
b <
| &
250
o |
I \ \ \ \ \ \ \
0 5 10 15 20 25 30 35
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 14.020 22748450 985525 49.482 73.558
2 28.468 23224648 354266 50.518 26.442
Total 45973098 1339792 100.000 100.000
<Chromatogram>
mAU
| Q PDA Multi 1
| <
300
] 5
] s
200+
100
0 T
\ T T L L T ]
0 5 10 15 20 25 30 35
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 13.197 4111421 199464 16.067 36.937
2 26.545 21478532 340553 83.933 63.063
Total 25589953 540017 100.000 100.000
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<Chromatogram>

C:\LabSolutions\Data\Project1\k-9-109 r meoh ic-3 .5ml.lcd

mAU
1 Q =3 PDA Multi 1
1 o) )
1 e 3
750
500
250
0] L .
‘ —— —— —— —— — ——
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 13.508 26248588 935689 47.985 52.173
2 14.509 28452965 857757 52.015 47.827
Total 54701554 1793446 100.000 100.000
<Chromatogram>
mAU
1 pa PDA Multi 1
100 5 u
1 3
75+
50
25+
4 o
] S
1 I
‘ —— —— —— —— —— — ——
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 14.040 198773 6698 5.192 6.139
2 14.811 3629324 102416 94.808 93.861
Total 3828097 109114 100.000 100.000
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<Chromatogram>
mAU
i =4 PDA Multi 1
. N
T &
1500 ©
. ©
, 3
1000
500
i o
1 <
, &
0 AN L
] T
‘ — ‘ — — ‘ — —
0 5 10 15 20 25 30 35 40 45
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 20413 5714931 134883 3.172 4.234
2 23.240 90191223 1767086 50.066 55.467
3 30.558 84238011 1283869 46.761 40.299
Total 180144165 3185837 100.000 100.000
<Chromatogram>
mAU
1500+ 3 PDA Multi 1
] §
1000
500
i Yo}
I <
, 3
0
T T T T
0 20 30 40 50
min
1 PDA Multi 1/254nm 4nm
PeakTable
PDA Chl 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 22.768 68670177 1424000 97.307 97.136
2 30.435 1900279 41990 2.693 2.864
Total 70570456 1465990 100.000 100.000
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Chapter III

Unsymmetrical Annulation of C(sp?)—H Bonds with Alkynes and

Quinones: Access to Spiro-Isoquinolones

Abstract

One-pot two-fold unsymmetrical annulation with alkyne and quinone
' acidic cond. basic cond.

Ar

®28 examples
eoyields up to 82%

A non-trivial Ru-catalyzed one-pot sequential oxidative coupling of a
(hetero)arene/vinylic/chromene system with alkyne and quinone is presented; the
methyl phenyl sulfoximine (MPS) directing group is vital. This cyclization forms four
(two C-C and two C-N) bonds in a single operation and produces unusual spiro-fused-
isoquinolones with a broad scope. The release of phenyl methyl sulfoxide makes the
MPS group transformable. A deuterium scrambling study sheds light on the reaction

path.
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Unsymmetrical Annulation Chapter Il

Reference:

Kallol Mukherjee, Majji Shankar, Koushik Ghosh, and Akhila K. Sahoo
Org. Lett. 2018, 20, 1914-1917.
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Unsymmetrical Annulation Chapter Il

II1.1. Introduction

The synthetically validated annulation tool has had a profound impact in chemistry, as
this method reliably transforms the readily accessible less-functionalized compounds to
structurally complex molecules.! In this regard, the transition-metal (TM)-catalyzed and
directing group (DG) supported activation, functionalization, and annulation of inert
C-H bonds are incomparable.?”> Obviously, the functionalization of environmentally
different C-H bonds with distinct coupling partners results in structurally diverse
molecular scaffolds.® A viable synthetic example of this is the directed double
functionalization of proximal C—H bonds with identical functional groups.” By contrast,
the chelation-assisted unsymmetrical functionalization of C-H bonds is often
nonselective, uncontrolled, and unproductive;® however, a sequential two-step
synthetic process under divergent DGs and/or different catalytic conditions is

implemented for the construction of novel molecular scaffolds.’

DG
& H FG'
i R

DG two step; two catalyst; two isolation DG

; H H FGZ FG'
' one pot; one catalyst; one operation 3

path-2

DG ;
desired product
O\ 1
‘5}3‘0 H FG Vo
2 catalyst-II

catalyst-I
two step; one/two catalyst; one isolation

probable by-products
e non selective

; DG DG DG DG

i H FG' FG2 H FG! FG' FG2 FG? e uncontrolled

e less productivity
5 2 4 5 6

Scheme III.1: Multiple C-H functionalization and challenges
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Unsymmetrical Annulation Chapter Il

III.2. Previous strategies for annulation

II1.2.1. Previous strategies of Ru-catalyzed mono-annulation:

In 2010 Ackermann group reported oxidative mono-annulation strategy for N-Me
benzamide derivatives 7 with internal alkyne 8 for the synthesis of isoquinoline
moieties 10 (eq 1, Scheme IIL.2). This method involves the inexpensive and air stable
Ru(Il) catalyst. The functionalization of N-Me benzamide dervivatives essentially
requires an external oxidant. The external oxidant re-oxidizes the catalyst at the end of
the cycle and makes the catalytic system active. Later the same protocol has been
extended towards N-OMe benzamide substrate 9 (eq 2, Scheme III1.2).10.11 The N-OMe
moiety acts as an internal oxidant and thus, the synthetic method does not need
external oxidant. Thus, the synthetic method is atom-economic and green. The
mechanistic features of both the methods have been sketched in Scheme III.2.
Mechanistic cycles starts with the in-situ formation of active Ru(Il)-complex
[RuL(OAc):] A. The reaction of A with 7 or 9 provides 5-membered ruthenacycle 7a or
9a via simultaneous N-H and C-H bond activation. Next, the alkyne insertion to 7a or
9a intermediate gives a 7-membered metallacycle 7b or 9b. Formation of 7-membered
metalycycle is common for both the methods. Next, reductive elimination of 7b delivers
the corresponding mono-annulation product 10 along with the formation of inactive
Ru(0) system. External oxidant is therefore necessary to re-oxidize Ru(0) to Ru(II)
catalytic system, which helps the reaction to proceed further; thus, the transformation is
oxidant enabled (Scheme III.2). While in case of 9b, reductive elimination followed by
oxidative insertion of Ru(Il) complex across the N-OMe bond and protodemetalation
of 9c delivers isoquinoline derivative 11 along with active catalyst; thus, the

transformation is oxidant free (Scheme II1.2).
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Unsymmetrical Annulation Chapter Il

: 0

: Me AT [RuCly(p-cymene);

' NH’ ||| 5.0 mol% .
5 ot Cu(OAC),"H,0 (2.0 equiv)
; 7

Ar t-AmOH, 100 °C, 22 h
8
: 0 E
: O [RuCl,(p- cymene)]2 :
R o W
: @ NH ||| NaOAc (20 mol% A :
: ¥ > :
: H h MeOH, RT, 8h A :
9 8 Oxidant Free 11
i 0 N /OMe i
! reductive elimination \ 8 E
: followed by oxidative /RU—LV o '
: insertion to N-OMe bond .-~ r.n/gra{ory '
: S cy  ah A insertion '
5 o v Rl 9 N ;
: ‘OMe :
E (Oxidant Free ) ‘\)L E
5 o i ,-2HOAc '9a Cy 5
: @ NH < 2HOAC
: ZNar :
E " @ RUL(OAC)Z O Me/OMe E
; 0 (L=p- cymene) ;
; _Me 2Cu(0Ac) ;
: C A acuon :>/ 7or9 5
: u(OAc - :
; 10/ A 2 2AcOH '
: O Me (CuOAc)yas o 5
: N Oxidant . .
] \ N ]
: () hu ) :
E — Ru\ :
s an A L s
. 7a !
: ® \/ :
Ar—=——{Ar migratory
! 8 insertion :

Scheme IIIL.2: Ru(ll)-catalyzed annulation of N-Me benzamide and N-OMe with alkyne

and plausible mechanism
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Unsymmetrical Annulation Chapter Il

In 2011, identical strategy has been further extended for the construction of bio-active
isoquinolones motifs in water medium (Scheme II1.3). The N-methoxybenzamides 9
and/or hydroxymic acid derivatives 12 have been successfully employed for the
reaction. Interestingly, Ru(Il)-carboxylate, obtained in-situ from [RuClz(p-cymene)]. and

MesCO:2K was essential for the reaction chemoselectivity.1?13

E i OM 0 !
[ e 1
' NH" .OH
: or NH :
e W
' 9 12 '

; Ar———Ar 8

[RuCl,(p-cymene)l,
(2.5 or 5.0 mol%)

: MesCO,K (30 mol %) '

5 leo

' O

Scheme IIL.3: Ru(Il)-catalyzed oxidative annulation in water medium

In 2014, our group showcased a sulfoximine directing group assisted oxidative mono-
annulation of MPS-coupled carboxylate 13 with internal alkyne. The sulfoximine moiety
behave as an internal oxidant. The reaction proceeds without any external oxidant as
sulfur (+6) of sulfoximine moiety is reduced to sulfoxide (+4; 14) and Ru(0) gets

reoxidized to Ru(Il) (Scheme II1.4).14
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[RuCly(p-cymene)], 0} :

Q0o  Me (Ar 5.0 mol% +49 ;

~S AgSbFg (40 mol%) NH S. ;

N>Ph o+ ||| > P + Me
+6 AcOH (1.0 equiv) Ar ;
Ar 1,4-dioxane, 120 °C, 24 h :

Redox reaction for each cycle :

| Reduction

0] O\\ ,Me Ar +4 ||
N-,S\ph Il I @/ “Me
+6

13 Ar

Scheme III.4: MPS directed Ru(Il) catalyzed oxidative annulation of arenes

II1.2.2. Known strategies of metal-catalyzed mono to di-annulation reactions:

The mono-annulation product isoquinolones 11 has been further used for the oxidative
annulation with alkynes to form C-C and C-N bonds. This process leads to highly -
conjugated dibenzo[a,g]quinolizin-8-one derivatives with broad substrate scope.
(Scheme IIL.5).15

The key intermediates 11a, 11b, and 11c are isolated and the structures are determined
by X-ray crystallographic analysis. These informations provide insights in
understanding the mechanistic details of the reaction. Thus, the mechanistic cycle
involves a Ru(Il)-Ru(0)-Ru(Il) catalytic system (Scheme IIL5). The sandwich Ru(0)

complex 11c can be reoxidized by external oxidant Cu(OAc)a.
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5 0 [RuClx(p-cymene)]» 5
E 7.5 mol % E
; @ NH ll Na,CO3 (2.0 equiv) ;
: ZAr Cu(OAc)y H,0 (2.0 equiv) ;
: Ar PhCI, 120 °C, 16 h !
: 11 8oré8 :

[RuCl,(Cy)l, s+ CyRuCl,

l OAc

15 +2 Cu(OAc) RuCy(OAC)z

2 Cu(OAc), ) (Cy = p-cymene) I

reductive mlgrattory
elimination Cy insertion
\ ~
N

Scheme III. 5: Mechanism for the formation of polycyclic amides

In 2015, Wang group revealed an interesting Ir-catalyzed oxidative coupling of quinone
with isoquinolones 11. This process leads to the structurally complex spiro-derivatives.
(Scheme III.6).1%2 In the same year Miura group developed Cu-catalyzed
spirocyclization of benzamide with maleimide to make spiro-fused product 19 (Scheme

IIL6).16b
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: spiro ring formation with quinone

(o] =
0 [Cp*IrCl,],
NH 3.0 mol%
®

o2,
RN

1 NaOAc (0.5 equiv)

P -
'~ aJ kel
A WA toluene,
0O 100 °C, 12 h
11 16

. spiro ring formation with malimide

0] (0]
0 N
20 N"~0 R O 19
: 2017 @ N N | 2015
: Jagan Mohan 18 N Miura

Scheme IIL.6: Ir(Ill)-catalyzed mono-annulation with quinone

: Co(OAC),.4H,0 Cu(OAc), ;
; 0 PivOH, Ag,COs5 PivOH/Cy,NMe Q :
1 0 o 1
; N P DCE, 100 °C DMF,80°C N ]
E NS N~ '

In 2017 the same methodology was further extended for the Co-catalyzed annulation of
18 with succinimide for the synthesis of isoindolone spirosuccinimides 20 (Scheme
II1.6)1¢c.

I11.2.3. TM-Catalyzed of (One-pot/two-pot) symmectrical and un-symmetrical di-
annulation.

In 2010, Miura and Satoh reported a Rh-catalyzed one-pot symmetrical di-annulation of
benzamide derivatives when reacted with two molecules of alkyne.l” At first, coupling
of benzamide with one molecule alkyne leads to mono-annulation product 11. Next,
second C-H activation of the arene motif, proximity to the isoquinolone to provide Int-
B. Finally, insertion of alkyne to Int-B leads to the symmetrical di-annulation product
15. The same kind of di-annulation strategy were also revealed by Li group to access -
conjugated scaffolds.!® The overall process involves two C-C & C-N bond formation in

one pot (Scheme IIL.7).
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Cp*

O
NH (H N-RH - i
@ P —_ @ P "2 C-H activation

: 0 2 [RhCp*Cll, o Ar 5
: (5.0 mol%) Ar ;
; NH; , |||  Cu(OAc),H,0 (2.0 equiv) @ NT :
E H Ar o-xylene, 120 °C, 6 h - Z @ E
i 21 8 Miura and Satoh Ar E
S 0 §
o] o

NH, gH - >

H RA . 15'C-H activation ;

21 Int-A CP*

Scheme III.7: Symmetrical di-annulation between benzamides and alkynes

Later, Ru-catalysts have been used for the development of identical strategy. Thus,
Dong group demonstrated a Ru-catalyzed one-pot symmetrical di-annulation of
benzamide 21 derivatives with two alkyne molecules. However, the limited substrate
scope and poor products yield of the diannulation products are the major drawbacks

(Scheme IIL.8).1°

; [RuCl,(p-cymene)], ;
: o Ar (7.5 mol%) o Ar N :
E Cu(OACc),'H50 (2.2 equiv) N™ E
: @ NHz || > P :
' + Na,CO; (2.0 equiv) '
H H Ar !
: PhCI, 110 °C, Ar Ar ;
: 21 8 15 :

Scheme IIL.8: Double annulation between benzamides and diphenyl acetylene

In 2016, our group disclosed an interesting Ru-catalyzed symmetrical di-annulation of
methyl phenyl sulfoximine (MPS) coupled heteroarenes 13 with two molecules of
similar alkynes to deliver 15 (Scheme IIL.9). Next, the identical strategy has been used
for the unsymmetrical difunctionalization of arenes with two distinct alkynes to afford

15" (Scheme II1.9).20
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==

: ’HAYLMPS R = alkyl, Ar, Het

x N/O/S/C\; / " / — D —

13 Sequential

Scheme II1.9: Double annulations of MPS-enabled (hetero)arenes
II1.3. Motivation and Design for Unsymmertical Double Annulation

A one-pot, single DG-enabled unsymmetrical tandem o-C-H di-functionalization of
arenes has recently been presented via the intramolecular 0-C-H hydroarylation and
intermolecular o -C—C/C-N bond formations,?'2 and also, the o-C-H alkylation and o -

C-H amidation of N-phenoxyacetamide.??

O MPS [Ru] Ox-MPS [Ru] Os_MPS E

one pot; one pot; :

: Me,_ R H H Mo R
. 5 [C-C &C-N] @ Z  [c-C &C-C] SV
: — - > '
; > single DG single DG X E
i 04 92 23 5

Scheme III.10: One-pot intermolecular hydroarylation and intermolecular o -C—C/C-N
bond formations

Two synthetic steps are essential to realize a cascade two-fold annulation of arenes with
different coupling partners; hence, stitching of distinct functional groups (FG!/FG?)

requires different catalytic conditions (Scheme IIL.11).9b-<
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.....................................................................................

FG'
MDG cat.-I
¥ ath-I
H p

25

MDG = modifiable directing group )
cat.-l # cat.-ll, multi-step annulation cat.-l = cat.-Il, one pot reaction

.....................................................................................

g EE R e R E e e e e e e ..
L

Scheme III.11: Mutiple annulation

We have recently demonstrated a direct double annulation of transformable
methylphenyl sulfoximine (MPS)-DG-aided C(sp?)-H bonds with different alkynes.??
Thus, the one-pot, two-fold unsymmetrical C-H di-annulation of (hetero)arenes with
distinct coupling partners (alkyne and olefin) in the presence of a single DG under
single catalytic conditions is a worthwhile endeavor, which has so far not been
reported. We propose that alkyne over olefin can undergo multiple annulation with
C(sp?)-H bonds and generate 11 (mono-annulation) and 15 (di-annulation) products,?2
which eventually obstructs the formation of the projected unsymmetrical di-annulation

compound 27/17 (Scheme I11.12).

................................................................................................

Challenges of one-pot unsymmetrical multiple annulation

‘/— h .
. control of two reactions

E 0 O Ar E
: Ar O . 1 UAr :
: MDG N \I :
: Va — AT :
: Ho Farh :
: ' 0 Ar I !
25 8 16a 11115 5
: problems of chemo-selectivity mono- + di-annulation desired compound
:‘ MDG = modifiable DG :

................................................................................................

Scheme II1.12: Challenges of mutiple annulation

Moreover, the quinone moiety is an effective Michael acceptor and is susceptible to

Heck coupling; thus, -difunctionalization of the quinone motif to install a spiro-
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skeleton is possible, although challenging.?> However, the Ir-catalyzed oxidative
coupling of isoquinolone with benzoquinone is feasible for constructing novel spiro-
fused heteroarenes.® Thus far, there have been no reports on the respective one-pot
unsymmetrical multiple annulations of heteroarene/vinylic system from a simple

carboxylate precursor.

acidic cond. (e

5 basic cond

9 0, Me 0

N“>*Ph @ NH» H
H ) Ar g/
13 Ar/s Ar @ 0) Ar
11 16 17
MPS = modifiable DG one pot Ru-Ag-Cu desired compound

A one-pot unsymmetrical annulation with different coupling partners is unexplored

Redox cycle (transformable sulfoximine):

Reduction
9 0, Me Ar +4 I
N.,S~Ph ||| ©/ “Me
+6

13 Ar 14 (isolated)

-2e
m :
Oxidation |

Scheme III.13: Orchestrated annulation of C(sp?)—-H bonds with alkyne and quinone

On the basis of our preliminary understanding of the MPS-DG assisted annulation of
hetero(arene)/vinylic systems, we herein invent a tunable one-step synthetic technique
for the divergent annulation of C(sp?-H bonds with alkyne and quinone (Scheme
II1.13). The strategy involves mono-annulation of proximal C-H bond of MPS-DG
bearing amide and alkyne under cost-effective, air-stable Ru catalyst in presence of acid
source.?* The in-situ formation of isoquinolone/pyridone through protodemetalation

restrict further di-annulation with alkyne and the oxidizable MPS-DG helps
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regeneration of active catalyst. Next, the base-promoted annulation with quinone
delivers the synthetically promising wunusual spiro-fused-isoquinolones of
pharmaceutical and material importance.? The isolation of methylphenyl sulfoxide, the
sole precursor of MPS, endorses MPS-DG as transformable (Scheme II1.13).2¢

(draw separately about the concept)

II1.4. Results and Discussion

II1.4.1. Synthesis of precursors
For achieving the goal, a library of starting materials has been synthesized using the

known synthetic procedure and shown in Scheme II1.14. 2027

: 0O :
[ O . Me '
. Me. & - - -
: .,_COOH ©-g EDC, DMAP (AR NS -
+ RPAT HN E—— R={Het) :
: cHet. + DCM, 0 °C-rt ~Z :
: 12h :
' 28 29 13/30/31 !
i Q :
: 0 0 0 0 MPS
4 X ® @O =
P wg S MPS s MPs g~ S MPs s wmps U )Y :
: 13a 13b 13c 13d S ]
! 13e ,
: o Q :
; MPS MPS 0 :
: B N :
: A\ N MP :
5 ) 13g O WMPS Me13 S :
! i '
; 13f 13h :
: o :
E 0 P 1 0 MPS E
: @4 MPS MeT‘)LMPS | :
; N MPS ;
! Me :
; 13] 13k 30 31 :

Scheme II1.14: Preparation of N-heteroaroyl sulfoximine derivatives
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Symmetrical and unsymmetrical alkynes were synthesized following the reported
procedure.? Analytical and spectral data of these compounds are exactly matching with

the reported values.

The symmetrical alkynes 8a, 8b, 8¢, 8d, 8e, 8f and 8h were prepared (Scheme III.15).28
Diphenyl acetylene (8a) and phenyl N-butyl acetylene (8g) were purchased from

comercially available source and used.

| Me 8g Me !
'8, R=H 8c, R = OMe 8e, R =Me :
' 8b,R=Bu  8d,R=Cl 8f, R=COMe O = O 5
' 8h !

Scheme III.15: List prepared of symmetrical and unsymmetrical alkynes

Benzoquinone (BQ; 16a), naphthaquinone (16b), and chloroquinone (16¢) were

purchased from commercially available source and used.

I11.4.2. Optimization studies

The feasibility of the one-pot three component cascade annulations (envisaged in
Scheme II1.13) is probed by subjecting MPS coupled 5-methyl-thiophene-2-carboxylate
(13a) with diphenylacetylene (8a) and benzoquinone (16a) in the presence of Ru-
catalysts (Table III.1). Pleasingly, the predicted product 17a (20%) and di-annulation
compound 15 (35%; from 13a and 8a) formed when the reaction was executed under the
catalytic conditions [Ru-catalyst (10 mol %), AgSbFe (40 mol %), and Cu(OAc)2 H20 (1.0
equiv) in 1,2-dichloroethane (DCE) at 120 °C for 10 h] (entry 1). This result is
particularly noteworthy; as MPS-bearing heteroarenes and alkynes are amenable to

annulation, which occurs even at 60 C.22a

To realize better turnout of 17a, the annulation episode among 13a, 8a, and 16a was

conducted at 60 °C (where alkyne undergoes cyclization) and 120 °C (where quinone
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commences annulation) in a single pot under one catalytic condition; pleasingly, 17a
was isolated in 35% yield (entry 2). This information encouraged us to survey the
reaction by turn wise addition of 8a and 16a. Thus, the entire transformation was
performed accordingly [the reaction was at first carried out at 60 °C in presence of 1.2
equiv of 8a for 10 h, subsequently 16a was introduced and the mixture was then heated

at 120 °C for 10 h]; this process resulted 45% of 17a along with the diannulation product

Table III.1: Optimization of reaction conditions

[RuCl,(p-cymene)],

AgSbFg
w % ¢ Cu(OAc H,0
M AcOH solvent
base (2.5 equiv)

13a 8a 16a temperature
(1.0 equiv) (1.2 equiv) (2.0 equiv)

Entry additive base temperature yield of
(2.0 equiv) (2.5 equiv) (cC) 17a (%)

1 - - 120 20 (35)be

2 - 60/120 35 (21)be

3 - 60/120 45 (18)

4 AcOH _ 90/120 26 (11)

5 AcOH NaHCO:s 90/120 62 (07)

6 AcOH Na>COs 90/120 40 (10)

7 AcOH KoCOs 90/120 39 (10)

8 AcOH K3POy 90/120 61 (06)

9 AcOH KH,PO4 90/120 66 (05)
10 AcOH KH,PO4 90/120 50 (15)4
11 AcOH KH,PO4 90/120 72 (04)
12 AcOH KH,PO4 90/120 35 (40)'s
13 AcOH KH,PO4 90/120 39 (16)h
14 AcOH KH,PO4 90/120 35 (0)i

aReaction conditions: aConditions: 13a (0.18 mmol, 1.0 equiv), 8a (1.2 equiv), Ru-catalyst (10 mol
%), AgSbFs (40 mol %), Cu(OAc), H2O (1.0 equiv), additive (2.0 equiv), DCE (1.5 mL) at 90 °C
for 10 h; then BQ (2.0 equiv), base (2.5 equiv) and 1,4-dioxane (1.5 mL), at 120 C for 10 h; yield
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of 15 (di-annulation with alkyne) is shown in the parenthesis. PAll the reactants in one-pot. <8a
(1.0 equiv). 41,4-dioxane instead of DCE. ¢eAddition of 1,4-dioxane (1.5 mL) after first cyclization.
fIn the absence of Cu(OAc), H2O. sYield of 11 (mono-annulation with alkyne) is shown in the
parenthesis. hO, as oxidant. iCuBr; as oxidant:

15 (18%) (entry 3). Interestingly, annulation between 13a and 8a in presence of 2 equiv
AcOH restricted the formation of 15 to 11%; meanwhile, delivery of 17a was affected
(entry 4), a consequence of ineffective binding of Ru to the NH-moiety of mono-
annulation product in acid medium. Interestingly, addition of NaHCO3; base, along
with 16a helped the production of 17a (62%), endorsing the requirement of base after
first cyclization (entry 5). Encouraged by the observation, various bases (Na2COs,
KoCOs, KsPOq4, and KH2POy) were screened (entries 6-9); KH2PO4 was found optimum
yielding 66% of 17a (entry 9). Although the overall reaction in 1,2-DCE was better over
1,4-dioxane (entries 9 and 10), the use of mixture of solvents in this two-fold cyclization
strategy [1,2-DCE for the first annulation and subsequent addition of 1,4-dioxane in the
second annulation] led to 72% 17a (entry 11). This transformation in the absence of
Cu(OAc)2 ‘H20 provided 17a in only 35% yield, along with 40% of the mono-annulation
compound 11 (entry 12) suggesting the oxidant indispensable; as it helps the
regeneration of active catalyst after second annulation. Moreover, the reactions in
presence of oxidant Oz or CuBr2> were not effective (entry 13 and entry 14). Thus, the
one-pot synthetic avenue for the unsymmetrical annulation of 13a with 8a and 16a
under the optimized catalytic conditions (entry 11, Table III.1) smoothly provided

unusual spiro-fused isoquinolone 17a.

II1.4.3. Reaction scope-I

The synthetic generality of this unprecedented two successive unsymmetrical
annulation is validated by examining MPS-assisted cyclization of C(sp?)-H bonds of
challenging heteroarene/vinylic/chromene systems with alkynes and quinones

(Scheme I11.16). Thus, the MPS-coupled thiophene-2-/benzothiophene-2-carboxylate
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(i) [RuCly(p-cymene)], (10 mol%)
AgSbFg (40 mol%)

E 0 Ph

! MPS CU(OAC)z'Hzo (1 .0 eqUiV)

' @ // + quinone - >
: H AcOH (2.0 equiv), DCE, 90 °C
: Ph

8a (

16a-c (i) KH,PO, (2.5 equiv)
13 1.0 mmol) 1,4-dioxane, 120 °C

(0.5 mmol) (0.6 mmol)

R =Me, 17a 72%
= H, 17b, 82%
=Br,17c, 81%

N-CHs-pyrrole, 17k; 33%
N-CHs-indole, 171; 36%

Ph
170, 74%

Scheme II1.16: Cascade annulation of heteroaryls 13 with 8a and quinone 16

(13a—d) were reacted with 8a and 16a to afford the desired spiro-products 17a-17d

(72-82%); the modifiable Br-group survived to provide 17c. The thiophene-3-
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/benzothiophene-3-carboxylates were also participated, delivering 17e (62%) and 17f
(51%). Likewise, the spiro-product from oxygen bearing heteroarene 17g (72%) was

readily isolated from the cyclization cascade of MPS-bearing furan-3-carboxylate (13g)

with 8a and 16a.

i o) Ph (i) [RuCly(p-cymene)], (10 mol%) E
i MPS AgSbFg (40 mol%) |
! 7\ + // + benzoquinone  Cu(OAc),"H,0 (1.0 equiv)
. o Ph AcOH (2.0 equiv), DCE, 90 °C :
| (i) KH,PO, (2.5 equiv) E
: 139 8a 16a 1,4-dioxane, 120 °C ;

(1.0 mmol) (1.2 mmol) (2.0 mmol)

Scheme II1.17: 1 mmol scale reaction

The identical reaction in 1.0 mmol scale; resulted 66% of 17g (Scheme III.17). The
naphthaquinone (16b) also took part in the cascade cyclization episode with
13b/13g/13h and 8a to deliver 17h (70%), 17i (74%), and 17j (57%), respectively
(Scheme II1.16). Moreover, the N-bearing heterocycles pyrrole and indole skeleton were
stitched with 8a and 16b accessing the poly-fused spiro-skeletons 17k and 171, albeit in
moderate yield. The product 17m was isolated from the annulations of 13g with 8a and
2-chloro-benzoquinone (16c¢); X-ray analysis confirms the structure 17m. Annulations of
challenging o-substituted arene motif with 8a and 16b delivered 17n.

I11.4.4. Reaction scope-II

We next probed the alkyne scope in this one-pot two-successive annulation of MPS-
bearing heteroarene and quinone (Scheme IIL18). Pleasingly, 1,2-diarylacetylenes
{having para-substituents on the arene moiety, electron-donating [-‘Bu (8b)/-OMe (8¢)]
or -Cl (8d) group} smoothly reacted with 13b and 16a under the optimized procedure to
afford spiro-fused enlarged isoquinolones 170 (75%), 17p (67%), and 17q (69%).
Likewise, the furan-enabled spiro-isoquinolone products 17r (68%), 17s (66%), and 17t
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(67%) were undeniably accessed when 13g coupled with 8e (p-Me-)/8c (p-MeO-)
/electron-withdrawing (p-COMe) group containing alkyne (8f) and 16a, respectively.

0 (i) [RuCly(p-cymene)], (10 mol%)

Ar AgSbFg (40 mol%)
MPS / Cu(OACc),'H,0 (1.0 equiv)
H / AcOH (2.0 equiv), DCE, 90 °C _

Ar (i) KH,PO4 (2.5 equiv), 16a (2.0 equiv)
13 8 1,4-dioxane, 120 °C

170: 75% 17p, 67% 17q, 69%
A2 B, Ar = p-MeO-CgH, Ar= p-Cl-CyH,

17r; 68% 17s; 66% 17t; 67%
Ar = p-Me-CgH, Ar = p-MeO-CgH, Ar = p-MeOC-CgH,

Scheme III.18: Cascade annulation of heteroaryls 13 with alkynes (8) and 16a

II1.4.5. Reaction scope-III

Inspired from the unsymmetrical di-annulation of heteroaryls with alkynes and
quinones (Scheme II1.16 and Scheme II1.18), the identical reaction in the challenging
vinylic system was next surveyed (Scheme IIL19); as vinylic systems tend to
polymerize under the oxidative conditions and also are effective Michael acceptors.’®
Gratifyingly, the reaction of N-(methacryloyl)-MPS (30) with 8a and 16b under the
optimized catalytic conditions in entry 11, Table III.1 delivered 32a in 62% yield. To

further authenticate the synthetic viability of this two-fold annulations of acrylamides,
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the reaction between 30, the electron-rich (Me/!Bu/OMe) group containing para-
substituted 1,2-diarylacetylenes, and 16b delivered the desired spiro-fused novel
heterocycle manifolds 32b (61%), 32¢ (70%), and 32d (62%).

(i) [RuCly(p-cymene)], (10 mol%)

MPS Ar AgSbFg (40 mol%)

07 0 Cu(OACc),H,0 (1 equiv) _
l\:vl ’ / / AcOH (2 equiv), DCE, 90 °C |
J\ P N (i) KH,PO, (2.5 equiv), 16b (1.0

mmol) dioxane (2.0 mL)

Ar=Ph, R =H; 32a; 62% 32d; 62% 32e; 52%
Ar = p-MeCgH,4, R = Me; 32b; 61% Ar = p-MeO-CgH, Ar = p-CICgH,4
Ar = p-'BuCgH,, R = 1Bu; 32c; 70%

Scheme II1.19: Cascade annulation of vinyl/chromenes 30/31 with alkynes (8) and 16b

The product 32e with the labile chloro group in the periphery was also constructed. The
meta-Me bearing 1,2-diarylalkyne participated in the cascade annulation, accessing 32f.
The spiro compound 32g was isolated from the annulation of 30, unsymmetrical n-
butyl-phenyl alkyne 8g, and 16b; the regioselective mono-annulation of 30 with 8g

makes this process feasible. The 2H-chromene-3-carboxylate derivative 31 successfully
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underwent annulations with 8a and 16b to deliver the conjugated spiro species 33 in

38% yield.

II1.4.6. Control Experiments

To understand the possible reaction pathway, a few control experiments have been
performed (Scheme IIL.20). The reaction in the absence of oxidant Cu(OAc): led to
mono-annulation product (69%); the reductive cleavage of MPS group herein helps
oxidation of Ru-catalyst and keeps the catalytic cycle active (eq 1). However, the
reaction of 11b with benzoquinone under the optimized condition led to 35% of the

desired product 17b (eq 1).

— 0O benzoquinone
H Q Ph—=—Ph 8a s Ru-cat. (10 mol%)
é(tLMPS Ru-cat. (10 mol%e) 7 M 1 AgSbFg (40mol%)  47p ]
\_S AgSbFg (40 mol%) KH PO, (2.5 equiv)  35%
13b AcOH (2.0 equiv) Ph Cu(OAC)H,0 (1.0 equiv)
DCE, 90 °C 11b: 69% DCE, 120 °C
o Ph (i) Ru-cat. (10 mol%)
AgSbFg (40 mol%) 2]
(/\/E‘(MPS | l Cu(OAc), (2.0 equiv)
o l H CD5COOD (2.0 equiv), DCE, 90 °C
Ph (i) 16a (2.0 equiv), 120 °C
13g 8a
(i) Ru-cat. (10 mol%)
H o Ph AgSbFg (40 mol%)
AcOH (2.0 equiv) DCE, 90 °C [3]
X7 mps | - —>
\_§ (i) KHy,PO4 (2.5 equiv)
M Ph 16a (X equiv), 120 °C
© 13a 8a X =2.0equiv, 35%; X = 5.0 equiv, 48%

Scheme III.20. Control Experiments

Product 17g with 33% deuterium incorporation in the quinone moiety was detected
when the reaction exhibited in CD3;CO:D (eq 2), reflecting the occurrence of
protodemetalation in the transformation.!® Hence, formation of the desired spiro-
product is possible through the metalation of acidic C(sp3)-H bond, followed by C-N
reductive elimination (see the Mechanistic Cycle in Scheme III.21). Interestingly, the

reaction in presence of 2.0 and 5.0 equiv of BQ produced 35% and 48% of 17a,
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respectively (eq 3); thus, the weak oxidant BQ is incapable in carrying out the
transformation. Consequently, the oxidant Cu(OAc)2 plays vital retaining the catalytic
cycle alive via revival of active Ru(Il) species.5

I11.4.7. Mechanistic Cycle

Based on the precedence and the current observation, the plausible reaction pathway is
outlined in Scheme III.21.3° The reaction initiates with the coordination of MPS to the

active Ru-species forming the ruthenacycle 13-I via chelation-assisted C—H metalation.

Q Me ,Ph internal
& oxidant
O Me‘ LPh 13 II
. Ss
RuL
AcOH
[Ru(OAc)L]*
17 + Cu(OAc) (L = p-cymene)

Cu(OAc),

Scheme III.21: Proposed mechanistic profile

Subsequent alkyne coordination-insertion to 13-I provides seven membered
ruthenacycle 13-III through 13-II. Next, synergistic C—N reductive elimination and N-S
cleavage affords 13-IV in-situ, which simultaneously undergoes proximal C-H
metalation to deliver 13-V. Insertion of benzoquinone to 13-V gives 7-membered

ruthenacycle 13-VI; protodemetalation of 13-VI (eq 2, Scheme III.20) followed by
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metalation of acidic C(sp?®)—H generates more stable 6-memberd ruthenacycle 13-VII.
Reductive elimination of 13-VII finally leads to spiro-fused-isoquinolone 17. The
Cu(OACc): helps regenerating the active Ru-catalyst.?

I11.4.8. Application

The synthetic manipulation of peripheral olefin moiety in the spiro-isoquinolone
scaffold was further elaborated by performing [4+2] cycloaddition of 17g with

cyclopentadiene resulting in complex molecular entity 34 (Scheme III.22).

¥

(5.0 equiv)

[4+ 2]-cycloaddition'
CH,Cl,, 0 °C to rt
12h

Scheme III.22. Application

II1.5. Conclusion

In summary, we have revealed for the first time a Ru-catalyzed MPS-assisted two-fold
unsymmetrical cyclization of heteroarenes/vinylic systems with different coupling
partners (first with the alkynes and then with the quinones); both these annulations are
realized via one-pot synthesis resulting in four bonds (two C-C and two C-N). These
highly orchestrated cyclization techniques are largely suitable for the fabrication of un-
natural spiro-isoquinolinones.

Recently, Ru-catalyzed C-H annulation strategy has been implemented for the

synthesis of various spiro-fused heterocycles shown in Scheme III.23.

145



Unsymmetrical Annulation Chapter Il

' [RuCly(p-cymene)], (5 mol %) [RuCly(p-cymene)], (5 mol %) (0] '
: 0 KOAc (50 mol %), air AgSbFg (20 mol %) N-R
; CF;CH,0H, 60 °C Cu(OAc),H,0 (1 equiv)
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Scheme III.23: Synthesis of spiro-fused heterocycles

II1.6. Experimental

II1.6.1. General Experimental Information

All the reactions were performed in an oven-dried screw-capped tube/Schlenk flask.
Commercial grade solvents were distilled prior to use. Column chromatography was
performed using either 100-200 Mesh or 230-400 Mesh silica gel. Thin layer
chromatography (TLC) was performed on silica gel GF254 plates. Visualization of spots
on TLC plate was accomplished with UV light (254 nm) and staining over I> chamber.
Proton, carbon, and fluorine nuclear magnetic resonance spectra (:H NMR, 13C NMR,
and F NMR) were recorded based on the resonating frequencies as follows: ('"H NMR,
400 MHz; 13C NMR, 101 MHz; F NMR, 376 MHz) and (‘H NMR, 500 MHz; 13C NMR,
126 MHz; YF NMR, 470 MHz) having the solvent resonance as internal standard ('H
NMR, CDCl; at 7.26 ppm; B3C NMR, CDCl; at 77.0 ppm). Few cases tetramethylsilane
(TMS) at 0.00 ppm was used as reference standard. Data for TH NMR are reported as
follows: chemical shift (ppm), multiplicity (s singlet; bs broad singlet; d doublet;
bd broad doublet, t triplet; bt broad triplet; q quartet; m multiplet), coupling
constants, J, in (Hz), and integration. Data for 13C NMR, F NMR were reported in
terms of chemical shift (ppm). IR spectra were reported in cm™. LC-MS spectra were
obtained with ionization voltage of 70ev; data was reported in the form of m/z (intensity
relative to base peak 100). Melting points were determined by electro-thermal heating

and are uncorrected. High resolution mass spectra were obtained in ESI mode. X-ray
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data was collected at 298K using graphite monochromated Mo-K radiation (0.71073
A).

II1.6.2. Materials

Unless otherwise noted, all the reagents and intermediates were obtained commercially
and used without purification. Dichloromethane (DCM), 1,2-dichloroethane (DCE), and
1,4-dioxane were distilled over CaHs. [Ru(p-cymene)Clz]., AgSbFs, AgBFs, and KPFe
were purchased from Sigma Aldrich Ltd, and used as received. Bases such as
Cu(OAc)2>H20, KH2PO4, NaOAc, AgOAc, NaHCOs, and Ks;POs were commercially

available and used as received. Analytical and spectral data of all the known

compounds are exactly matching with reported values.

II1.6.3. General procedure for the sequential oxidative coupling of N-heteroaroylated

methyl phenyl sulfoximines with alkynes and quinones:

AgSbFg (40 mol %)

Ar
,er’eJlflL MPS / Cu(OAc),H,0 (1.0 equiv)
ekl | AcoH (2.0 equiv), DCE, 90 °C _
A

R
S

o (i) [RUCly(p-cymene)], (10 mol %)

r (i) KHPO, (2.5 equiv), 16 (2.0 equiv)
1,4-dioxane, 120 °C

13/30/31 8

The annulation reactions were carried out in a 25 mL screw capped tube. The tube was
charged with N-[hetero(aroylated)/acryloyl]-MPS (13/30) or MPS protected 2H-
chromene-3-carboxylic acids (31) (0.5 mmol), alkyne (8, 0.6 mmol), [RuClz(p-cymene)]>
(31 mg, 10 mol %), and Cu(OAc)2 H20 (100 mg, 0.75 mmol). Subsequently, AgSbFe (69
mg, 40 mol %) was introduced in to the tube in a glovebox. The solvent 1,2-
dichloroethane (DCE; 1.5 mL) and AcOH (60 L, 2.0 equiv) were added to the mixture
and the resulting mixture was stirred at 90 C for 10 h. The reaction mixture was cooled
to ambient temperature, and then KH>PO4 (170 mg, 2.5 equiv), quinones (16) (2.0 equiv),
and subsequently 1,4-dioxane (1.5 mL) were added. The resulting mixture was then

heated at 120 °C and continued for 10 h. Finally, the reaction mixture was cooled to
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ambient temperature, filtered through a small plug of Celite and then washed with
dichloromethane (3 x 10 mL). The solvents were evaporated under reduced pressure
and the crude material was purified using column chromatography on silica gel

(20-30% n—hexane/EtOAc eluent) to give the desired product 17/32/33.

2'-Methyl—4'-phenyl-11'H-spiro[cyclohex[3]ene—1,9'-thieno[3',2':4,5]pyrido[2,1—-a]isoind
ole]-2,5,11'—trione (17a):

17a (153 mg, 72%) as yellow solid. m.p. 291-293 C; R, 0.33 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCL) & -7.53 (m, 3H),
7.51-7.42 (m, 2H), 7.30-7.23 (m, 1H), 7.22-7.09 (m, 4H), 6.64 (d, J

8.0 Hz, 1H), 6.56 (bs, 1H), 4.98 (d,J 16 Hz, 1H), 2.95(d,J 16 Hz,
1H), 2.54 (s, 3H); °C NMR (101 MHz, CDCl;) 5195.1, 189.0, 156.0, 149.4, 148.8, 142.8,
141.3, 140.0, 138.8, 135.0, 133.1, 130.3, 130.1, 129.62, 129.60, 129.4, 129.2, 128.6, 127.1,
124.3, 122.6, 121.0, 113.9, 74.4, 45.7, 16.4; IR (KBr) max 1697, 1646, 1587, 1261, 1153, 1076,
698 cm™'; HRMS (ESI) for Ca6H sNO5S (M+H) " caled. 424.1007, found 424.1007.

4'-Phenyl-11'H-spiro[cyclohex[3]ene—1,9'-thieno[3',2':4,5]|pyrido[2,1—-a]isoindole]-2,5,11'
—trione (17b):

17b (168 mg, 82%) as yellow solid. m.p. 325-329 C; R, 0.47 (3:7
hexane/EtOAc); 'H NMR (400 MHz, CDCl3) & 7.67 (d, J 5.2 Hz, 1H),
7.61-7.54 (m, 3H), 7.52-7.44 (m, 2H), 7.31-7.26 (m, 1H), 7.23-7.10 (m,
4H), 6.91 (d, J 5.2 Hz, 1H), 6.67 (d, J 7.6 Hz, 1H), 498 (d, J 16 Hz,
1H), 2.96 (d, J 16 Hz, 1H); *C NMR (101 MHz, CDCl;) &§195.0, 188.9, 156.4, 148.2, 142.8,
141.3, 140.0, 138.8, 134.7, 133.7, 133.0, 130.3, 130.1, 129.8, 129.7, 129.4, 129.3, 128.7, 128.6,
124.5, 124.4, 121.0, 114.2, 74.5, 45.7; IR (Neat) max 1691, 1655, 1587, 1510, 1267, 1092, 916
cm_l; HRMS (ESI) for C,sH;sNO3;S (M+H)+: calcd. 410.0851, found 410.0850.

2'-Bromo—4'-phenyl-11'H-spiro[cyclohex[3]ene—1,9'-thieno[3',2':4,5]|pyrido[2,1-a]isoind
ole]-2,5,11"'—trione (17¢):
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17¢ (198 mg, 81%) as yellow solid. m.p. 321-326 C; R, 0.42 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDClLy) &7.61-7.54 (m, 3H),
7.50-7.41 (m, 2H), 7.29 (td, J 7.6, 0.8 Hz, 1H), 7.23-7.18 (m, 1H),
7.17-7.11 (m, 3H), 6.88 (bs, 1H), 6.65 (d, / 8.0 Hz, 1H), 4.93(d,J 16
Hz, 1H), 2.95 (d, J 16 Hz, 1H); >C NMR (101 MHz, CDCl;) & 194.7, 188.6, 155.2, 148.3,
142.9, 141.2, 139.9, 139.5, 134.2, 132.7, 130.2, 130.1, 130.0, 129.8, 129.6, 129.4, 129.0, 127.3,
124.5, 123.0, 121.1, 113.3, 74.7, 45.5; IR (Neat) max2922, 2852, 1698, 1650, 1469, 1218, 1080
cm™'; HRMS (ESI) for CysH;sBrNOsS (M+H)": caled. 487.9956, found 487.9952.

13—Phenyl-6 H—spiro[benzo[4',5'|thieno[3',2':4,5|pyrido[2,1—-a]isoindole—8,1'—-cyclohex|3]e
ne|-2',5',6—trione (17d):

17d (179 mg, 78%) as yellow solid. m.p. 309-314 C; R, 0.33 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCLy) § 7.91 (d,J 8.0 Hz, 1H),
7.72-7.64 (m, 3H), 7.60-7.54 (m, 2H), 7.42 (t,J 7.6 Hz, 1H), 7.31-7.19
(m, 2H), 7.18-7.05 (m, 4H), 6.78 (d, J/ 8.0 Hz, 1H), 6.36 (d, / 8.0 Hz,
1H), 5.04 (d, J = 16 Hz, 1H), 2.99 (d, J = 16 Hz, 1H); °C NMR (101 MHz, CDCls) 5194.8,
188.6, 156.7, 142.9, 141.7, 141.3, 139.9, 139.6, 135.6, 134.8, 133.2, 130.5, 130.4, 130.1, 129.9,
129.81, 129.76, 129.3, 127.5, 125.6, 124.7,124.5, 123.4, 121.0, 114.9, 74.7, 45.4; IR (Neat) max
3055, 2920, 1698, 1647, 1586, 1266, 1081, 751, 733 cm™'; HRMS (ESI) for CyHsNOsS
(M+H)": calcd. 460.1007, found 460.1006.

11'-Phenyl—4'H—spiro|[cyclohex|[3]ene—1,6'-thieno[2',3':4,5]pyrido[2,1—a]isoindole]|-2,4',5—
trione (17e):

17e (127 mg, 62%) as yellow solid, Ry 0.37 (6:4 hexane/EtOAc); '"H NMR
(500 MHz, CDCl) ¢ (d,J 5.5 Hz, 1H), 7.62-7.53 (m, 4H), 7.53-7.49

(m, 1H), 7.32 (d, J 5.5 Hz, 1H), 7.28 (td, J 7.5, 0.8 Hz, 1H), 7.23-7.19
(m, 1H), 7.18-7.11 (m, 3H), 6.71 (d, J 8.0 Hz, 2H), 4.96 (d,J 16 Hz, 1H),
2.94(d,J 16 Hz, 1H); *C NMR (126 MHz, CDCls) §195.0, 188.9, 156.8, 153.0, 142.8, 141.3,
140.4, 137.4, 134.5, 132.7, 129.93, 129.87, 129.8, 129.7, 129.6, 129.5, 129.3, 126.1, 125.1,

17e e}
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124.3, 121.1, 113.5, 74.5, 45.6; IR (Neat) max 3057, 2923, 1697, 1646, 1267 cm'; HRMS (ESI)
for C,sH;sNNaO3S (M+Na) " caled. 432.0670, found 432.0678.

6—phenyl-13H—spiro[benzo[4',5'|thieno[2',3':4,5|pyrido[2,1—-a]isoindole—11,1'—cyclohex|[3]e
ne|-2',5',13—trione (17f):

17f (117 mg, 51%) as yellow solid, m.p.  306-307 C; R, 0.35 (7:3
hexane/EtOAc); '"H NMR (400 MHz, CDCl3) & (d, J 8.0 Hz, 1H),
7.77 (d, J= 8.0 Hz, 1H), 7.65-7.58 (m, 3H), 7.58-7.52 (m, 1H), 7.51 (td, J

7.6, 1.2 Hz, 1H), 7.43 (td, J 7.6, 1.1 Hz, 1H), 7.33 (td, J 7.5, 0.8 Hz,
1H), 7.24 (s, 1H), 7.21 (s, 2H), 7.20-7.15 (m, 1H), 7.75 (d, J 8.0 Hz, 1H), 5.08 (d,J 16 Hz,
1H), 2.99 (d, J 16 Hz, 1H); >C NMR (101 MHz, CDCL) & 194.9, 188.8, 156.9, 154.7, 142.9,
141.4, 140.9, 139.3, 138.5, 136.5, 134.4, 132.6, 130.3, 130.1, 130.0, 129.8, 129.7, 129.6, 129.4,
128.8, 125.9, 125.6, 125.0, 124.7, 121.8, 121.1, 113.5, 74.8, 45.5; IR (KBr) max 3057, 2923,
2851, 1635, 1439, 1219, 747 cm™'; HRMS (ESI) for CooH;7NNaO;S (M+Na)": calcd. 482.0827,
found 482.0829.

11'-Phenyl—4'H—spiro|[cyclohex[3]ene—1,6'-furo[2',3"':4,5]pyrido[2,1-a]isoindole]-2,4',5—tr
ione (17g):

179 (142 mg, 72%) as pale yellow solid. m.p.  289-292 C; Ry 0.50 (5:5
hexane/EtOAc); '"H NMR (400 MHz, CDCls) 67.62—7.49 (m, 6H), 7.33—7.27
(m, 1H), 7.23-7.19 (m, 1H), 7.18-7.14 (m, 3H),7.04 (d,J 2.0 Hz, 1H), 6.88
(d,J 8.0Hz, 1H),4.96(d,J 16Hz 1H),2.94(d,J 16 Hz, 1H); >C NMR
(101 MHz, CDCl3) 6195.0, 188.9, 160.1, 157.0, 144.6, 142.8, 141.3, 140.4, 139.7, 132.6, 130.6,
130.5, 130.4, 130.0, 129.7, 129.3, 129.15, 129.12, 124.4, 121.0, 115.5, 107.9, 107.6,74.5, 45.6;
IR (KBr) max 1691, 1660, 1546, 1267, 1081, 735 cm™'; HRMS (ESI) for CpsH;sNO4(M+H)":
calcd. 394.1079, found 394.1074.

4'-Phenyl-1H,11'H-spiro[naphthalene-2,9'-thieno[3',2':4,5]|pyrido[2,1—a]isoindole]-1,4,1
1'(3H)—trione (17h):

17h (161 mg, 70%) as yellolw solid. m.p. 320-326 C; R, 0.35 (7:3
hexane/EtOAc); "H NMR (400 MHz, CDCl3) 68.28 (dt, J = 7.6, 1.6 Hz,
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2H), 7.91 (td, J 1.3 Hz, 1H), 7.84 (td, J 1.3 Hz, 1H), 7.67 (d, J 5.2 Hz, 1H),
7.62-7.54 (m, 3H), 7.54-7.47 (m, 2H), 7.18-7.06 (m, 2H), 6.92 (d, J 5.2 Hz, 1H), 6.91-6.87
(m, 1H), 6.67 (d, J 7.2 Hz, 1H), 5.25(d, J 15.6 Hz, 1H), 3.14 (d, J 16 Hz, 1H); °C NMR
(101 MHz, CDCl3) §193.5, 188.0, 156.6, 148.2, 140.4, 139.0, 136.3, 135.1, 134.9, 134.7, 134.1,
133.6, 133.1, 130.3, 130.2, 129.6, 129.4, 129.3, 129.1, 128.9, 128.7, 126.8, 124.5, 124.3, 121.5,
114.1, 75.4, 46.1; IR (Neat) may 2924, 1699, 1650, 1590, 1286, 1256 cm™'; HRMS (ESI) for
CaoH7NNaO;S (M+Na)": caled. 482.0827, found 482.0829.

11-Phenyl-1'H,4H—spiro|[furo[2',3"':4,5]pyrido[2,1—-a]isoindole—6,2'-naphthalene]-1',4,4'(3
'"H)—trione(17i):

171 (164 mg, 74%) as yellow solid. m.p.  294-295 C; R, 0.36 (6:4
hexane/EtOAc); '"H NMR (400 MHz, CDCl) 58.30-8.24 (m, 2H), 7.90
(td,J 9.4, 1.8Hz, 1H), 7.83 (td, J 9.5, 1.5 Hz, 1H), 7.61-7.54 (m, 5H),
7.51 (d, J 2.0 Hz, 1H), 7.19-7.07 (m, 2H), 7.04 (d, J 2.0 Hz, 1H),
6.93-6.86 (m, 2H), 5.24 (d, J 16 Hz, 1H), 3.12 (d, J 15.6 Hz, 1H); °C NMR (101 MHz,
CDCl) o 193.5, 188.0, 160.1, 157.2, 144.5, 140.8, 139.8, 136.2, 135.1, 134.6, 134.0, 132.7,
130.7, 130.52, 130.46, 129.9, 129.4, 129.2, 129.1, 129.02, 129.0, 126.8, 124.2, 121.4, 115.5,
107.7, 107.6, 75.4, 45.9; IR (Neat) max 3049, 2920, 1699, 1593, 1547, 1255, 1159, 802, 735
cm™'; HRMS (ESI) for CyH;7NNaO4 (M+Na)': caled. 466.1055, found 466.1058.

13—Phenyl-1'H,6 H—spiro|benzofuro[3',2':4,5]|pyrido[2,1—a]isoindole—8,2'-naphthalene]-1"',
4',6(3'H)—trione (17j):

17j (140 mg, 57%) as pale yellow solid. m.p. 261-262 C; R, 0.25
(7:3 hexane/EtOAc); 'H NMR (500 MHz, CDCL;) §8.29 (d, J 7.75
Hz, 2H), 7.92 (td, J 7.6, 1.3 Hz, 1H), 7.85 (td, J 7.6, 1.3 Hz, 1H),

7.69-7.63 (m, 4H), 7.63-7.58 (m, 2H), 7.51-7.44 (m, 1H), 7.17-7.07
(m, 3H), 6.94-6.88 (m, 1H), 6.80 (d, / 8.0 Hz, 1H), 6.73 (d,J 7.0 Hz, 1H), 5.36 (d,J 15.5
Hz, 1H), 3.16 (d, J 16 Hz, 1H); °C NMR (126 MHz, CDCLy) 5193.4, 187.6, 157.4, 152.4,
143.2, 140.6, 138.6, 136.3, 135.2, 134.8, 134.2, 134.0, 133.0, 130.9, 130.3, 130.2, 129.8, 129.7,
129.6, 129.5, 129.2, 129.17, 128.8, 127.0, 124.1, 123.5, 123.4, 122.9, 121.6, 112.8, 112.0, 45.7;
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IR (KBr) max 3056, 2909, 1667, 1254, 1205 cm'; MS (EI)(/z) (%) 492 (M™ 100); Anal.
Calcd. Value for C,sHsNOy: calcd. C, 80.31; H, 3.88; N, 2.84 found C, 80.23; H, 3.92; N, 2.81.

1'-Methyl-4'-phenyl-1H-spiro[naphthalene—2,9'-pyrrolo[3',2':4,5]pyrido[2,1-a]isoindole
]-1,4,11'(1'H,3H)—trione (17k):

17K (75 mg, 33%) as dark brown solid. m.p. 249-253 C; R, 0.2 (7:3
hexane/EtOAc); '"H NMR (400 MHz, CDCl;) §8.33-8.23 (m, 2H),
7.92-7.78 (m, 2H), 7.56-7.48 (m, 5H), 7.08-7.01 (m, 2H), 6.99 (d, J
2.8 Hz, 1H), 6.87—6.81 (m, 1H), 6.79-6.73 (m, 1H), 6.03 (d, J 2.4 Hz,
1H), 5.24 (d, J Hz, 1H), 4.16 (s, 3H), 3.13 (d, J 16 Hz, 1H); °C NMR (101 MHz,
CDCl;) 8 193.9, 188.9, 153.8, 140.0, 136.3, 135.2, 134.9, 134.7, 134.5, 134.2, 134.0, 133.8,
132.0, 130.15, 130.06, 129.12, 129.08, 129.0, 128.9, 128.3, 128.1, 126.7, 123.4, 122.2, 121.2,
113.3, 102.5, 74.8, 46.6, 65.8 cm™'; IR (KBr) max 2960, 2919, 1700, 1650, 1588, 1246, 1014
cm'; HRMS (ESI) for C30H,N2O5 (M+H)": caled. 457.1552, found 457.1552.

5—Methyl-13—phenyl-1'H-spiro[benzo[1,2]indolizino[6,7—b]indole—8,2'-naphthalene]—1',4
',6(3'H,SH)—trione (171):

171 (91 mg, 36%) as yellow solid. m.p. 299-300 C; R, 0.35 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCl;) §8.35-8.27 (m, 2H),
7.95-7.81 (m, 2H), 7.68-7.62 (m, 3H), 7.64-7.58 (m, 2H), 7.48-7.38
(m, 2H), 7.09-7.03 (m, 2H), 7.00-6.92 (m, 1H), 6.91-6.85 (m, 1H),
6.78 (d, J= 8 Hz, 1H), 6.58-6.53 (m, 1H), 5.32 (d, /=16 Hz, 1H), 4.35 (bs, 3H), 3.19(d, J= 16
Hz, 1H); *C NMR (101 MHz, CDCL) & 193.8, 188.5, 154.4, 141.5, 139.7, 136.3, 135.4, 135.0,
134.6, 134.2, 134.0, 133.8, 130.3, 130.2, 129.6, 129.5, 129.4, 129.1, 128.7, 128.3, 126.8, 126.7,
126.4, 126.2, 123.3, 122.7, 121.9, 121.2, 114.2, 109.9, 75.4, 46.2, 31.4; IR (KBr) ma.x 3065,
2919, 1698, 1650, 1462, 1255, 1156 cm™'; HRMS (ESI) for C3;HxsN,0; (M+H)™: caled.
507.1709, found 507.1709.

4—Chloro—11'-phenyl—4'H-spiro[cyclohex[3]ene—1,6'—furo[2',3':4,5]pyrido[2,1-a]isoindole
|-2,4',5—trione (17m):
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17m (111 mg, 52%) as yellow solid. m.p. 279-281 C; R, 0.35 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCl;) §7.61-7.50 (m, 6H), 7.42 (s,
1H), 7.32 (td, J 7.6, 0.8 Hz, 1H), 7.23-7.15 (m, 1H), 7.14 (d, J 8.0 Hz,
m S © 1H), 7.03(d 2.0 Hz, 1H), 6.88 (d, J 8.0 Hz, 1H), 499 (d, J 16.4 Hz,
1H), 3.11 (d, J 16 Hz, 1H); °C NMR (101 MHz, CDCL) &§ 160.2, 157.1, 150.2,
144.7, 140.0, 139.5, 138.6, 132.7, 130.5, 130.41, 130.38, 130.2, 129.9, 129.3, 129.2, 124.5,
120.9, 115.5, 108.1, 107.6, 74.6, 44.8; IR (Neat) may 3052, 2915, 1695, 1666, 1591, 1231, 1024
cm_]; HRMS (ESI) for C25H15C1NO4(M+H)+: calcd. 428.0690, found 428.0683.

1-Phenoxy—12—phenyl-1'H,SH—spiro[isoindolo[2,1-b]isoquinoline—7,2'-naphthalene]-1",
4',5(3'H)—trione (17n):

17n (81 mg, 30%) as brown solid. m.p. 276-279 C; R, 0.36 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCl3) §8.28-8.19 (m, 2H), 7.84
(t,J 7.2Hz 1H),7.79 (J 7.4 Hz, 1H), 7.65-7.56 (m, 3H), 7.51-7.44
(m, 2H), 7.39 (t,J 8.2 Hz, 1H), 7.37-7.29 (m, 2H), 7.17-7.02 (m, 5H),
6.95-6.86 (m, 2H), 6.83 (d, J Hz, 1H); 6.36 (d, J Hz, 1H), 5.22 (d, J Hz, 1H)
3.11(d, J Hz, 1H); “C NMR (101 MHz, CDCl;) 5193.9, 187.9, 159.1, 158.4, 156.6, 141.9,
140.8, 138.0, 136.1, 135.0, 134.8, 134.5, 134.1, 133.2, 132.8, 131.0, 130.9, 129.74,129.66, 129.5,
129.3, 129.1, 128.6, 126.6, 124.9, 123.6, 121.2, 120.3, 119.9, 116.6, 116.1, 114.2, 75.3, 46.0; IR:
2916, 2357, 1654, 1592, 1208 cm™'; HRMS (ESI) for C37H,3NaNO, (M+Na)': caled. 568.1525,
found 568.1525.

7'—(tert— utyl)—4'—(4—(tert—butyl)phenyl)—11'H—spiro[cyclohex|3]ene—1,9'-thieno[3',2':4,5]
pyrido[2,1-a]isoindole]-2,5,11'-trione (170):

170 (196 mg, 75%) as yellow solid. m.p. 279-282 C; R, 0.42 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCL) §7.63 (d, J 5.2 Hz, 1H),
7.59-7.53 (m, 2H), 7.38 (td, J 8.8, 2.4 Hz, 2H), 7.23-7.14 (m, 4H), 6.93
(d,J 5.2Hz 1H), 6.65(d,J 8.4Hz 1H),4.96(d,J 16 Hz, 1H), 2.96
(d, J 16 Hz, 1H), 1.43 (s, 9H), 1.21 (s, 9H); °C NMR (101 MHz, CDCl;) §195.2, 189.2,
156.5, 153.6, 151.6, 148.5, 142.7, 141.4, 140.0, 139.0, 133.4, 131.7, 130.3, 129.8, 129.7, 128.2,
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127.2, 126.2, 126.0, 124.7, 124.0, 117.4, 113.6, 74.5, 45.8, 35.0, 34.8, 31.4, 31.0; IR (Neat) max
2956, 1696, 1655, 1262, 1081, 895, 787, 730 cm™'; HRMS (ESI) for C33H3NO;S (M+H)":
calcd. 522.2103, found 522.2107.

7'-Methoxy—4'-(4—methoxyphenyl)-11'H-spiro[cyclohex|3]ene—1,9'-thieno[3',2':4,5]pyrid
0[2,1-a]isoindole]-2,5,11'trione (17p):

17p (157 mg, 67%) as yellow solid. m.p. 269-270 C; Ry 0.46 (1:1
hexane/EtOAc); '"H NMR (400 MHz, CDCl;) 6 7.63 (d, J 5.2 Hz, 1H),
7.42-7.32 (m, 2H), 7.15 (bs, 2H), 7.11-7.05 (m, 2H), 6.90 (d, J 5.2 Hz,
1H), 6.73-6.63 (d, 3H), 4.93 (d, J 16 Hz, 1H), 3.92 (s, 3H), 3.73 (s, 3H),
2.95(d,J 16 HZ, 1H); °C NMR (101 MHz, CDCL) §195.0, 188.9, 160.8, 159.7, 156.5, 148.8,
142.7, 141.8, 141.3, 139.2, 133.5, 131.5, 131.4, 127.4, 126.9, 125.7, 125.5, 124.4, 115.2, 114.7,
112.3, 106.9, 74.2, 55.6, 55.3, 45.7; IR (Neat) max 2933, 2918, 1697, 1651, 1323, 1200, 1079
cm™'; HRMS (ESI) for Co7H20NOsS (M+H)": caled. 470.1062, found 470.1062.

6'-Chloro—4'—(4—chlorophenyl)—11'H—-spiro|cyclohex|3]ene—1,9'-thieno[3',2':4,5]pyrido|2,
1-a]isoindole]-2,5,11'-trione (17q):

17q (165 mg, 69%) as yellow solid. m.p. 295-298 C; R, 0.40 (7:3
hexane/EtOAc); '"H NMR (400 MHz, CDCL) 67.70 (d, J 5.2 Hz, 1H),
7.60-7.54 (m, 2H), 7.46-7.38 (m, 2H), 7.20-7.14 (m, 4H), 6.88 (d, J 5.2
Hz, 1H), 6.64 (d,J 9.2 Hz, 1H), 4.93 (d, /= 16.4 Hz, 1H), 2.97 (d, J=16.4
Hz, 1H); *C NMR (101 MHz, CDCls) §194.3, 188.3, 156.2, 147.8, 143.0, 141.5, 141.1, 138.0,
136.0, 135.1, 134.2, 132.9, 131.6, 131.5, 131.2, 130.3, 129.9, 129.8, 128.9, 125.2, 124.2, 121.6,
112.9, 74.1, 45.3; IR (KBr) max 2922, 1697, 1651, 1467, 1270, 1089 cm™'; HRMS (ESI) for
C,sH3CLbNNaO;S (M+Na)+: calcd. 499.9891, found 499.9897.

9'-Methyl-11'-(p—tolyl)-4' H-spiro[cyclohex[3]ene—1,6'-furo[2',3':4,5]pyrido[2,1-a]isoind
ole]-2,4',5—trione (17r):

17r (143 mg, 68%) as yellow solid. m.p. 302-305 C; R, 0.31 (6:4
hexane/EtOAc); '"H NMR (400 MHz, CDCl;) & (d, J 2.0 Hz, 1H),
7.47-7.41 (m, 1H), 7.41-7.35 (m, 3H), 7.16 (bs, 2H), 7.02 (d, J 2.0 Hz,
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1H), 7.01-6.96 (m, 2H), 6.83 (d, J 8.0 Hz, 1H), 494 (d,J 16 Hz, 1H), 2.92 (d,J 16 Hz,
1H), 2.49 (s, 3H), 2.30 (s, 3H); °C NMR (101 MHz, CDCl;) §195.2, 189.1, 160.5, 157.1, 144.4,
142.8, 141.4, 140.8, 139.9, 139.0, 130.7, 130.4, 130.3, 130.04, 130.00, 129.8, 127.6, 124.2,
121.4, 115.0, 107.5, 107.3, 74.3, 45.6, 21.7, 21.5; IR (Neat) max2921, 1698, 1665, 1269, 1081
cm'; HRMS (ESI) for C,7H,0NO,4 (M+H)": caled. 422.1392, found 422.1384.

8'-Methoxy—11'—-(4-methoxyphenyl)—4' H—spiro|[cyclohex[3]ene—1,6'-furo[2',3':4,5]pyrido

[2,1—a]isoindole]-2,4',5—trione (17s):

17s (150 mg, 66%) as yellow solid. m.p. 230-232 C; R, 0.39 (1:1
hexane/EtOAc); '"H NMR (400 MHz, CDCls) 67.50-7.40 (m, 3H), 7.15
(bs, 2H), 7.12-7.07 (m, 2H), 7.00 (d, J 2.0 Hz, 1H), 6.87 (d, J/ 8.8 Hz,
1H), 6.72 (dd, J 8.8, 2.4 Hz, 1H), 6.67 (d, J 2.4 Hz, 1H), 4.92 (d, J
16.4 Hz, 1H), 3.92 (s, 3H), 3.74 (s, 3H), 2.93 (d, J 16 Hz, 1H); *C NMR (101 MHz, CDCL)
5195.0, 188.9, 161.1, 160.7, 160.0, 157.1, 144.1, 142.7, 142.3, 141.3, 140.0, 131.8, 131.7, 125.7,
125.1, 122.7, 115.3, 114.6, 114.3, 107.5, 107.0, 106.0, 74.2, 55.6, 55.3, 45.6; IR (KBr) max
1696, 1655, 1613, 1515, 1365, 1288, 1241 cm™'; HRMS (ESI) for C,7H,0NOs (M+H)": calcd.
454.1291, found 454.1292.

8'—-Acetyl-11'-(4—acetylphenyl)—4' H—spiro|[cyclohex|3]ene—1,6'-furo[2',3":4,5]pyrido[2,1-a
lisoindole]-2,4',5—trione (17t):

17t (160 mg, 67%) as yellow solid. m.p. 289-293 C; R, 0.27 (1:1
hexane/EtOAc); 'H NMR (400 MHz, CDCL3) 68.18 (d, J 8.4 Hz, 2H),
7.79-7.65 (m, 4H), 7.56 (d,J 2.0 Hz, 1H), 7.25-7.20 (m, 1H), 7.19-7.14
(m, 1H), 7.06 (d,J 2.4 Hz, 1H),6.99 (d,J 8.0Hz, 1H),4.89(d,J 16
Hz, 1H), 2.97 (d, J 16.4, 1H), 2.72 (s, 3H), 2.51 (s, 3H); *C NMR (101 MHz, CDCl;) §197.4,
195.7, 194.1, 188.5, 159.3, 156.8, 145.4, 143.2, 141.2, 141.0, 138.5, 138.1, 137.7, 136.2, 135.2,
130.9, 130.8, 130.2, 129.3, 129.1, 124.1, 120.6, 116.7, 108.2, 107.9, 74.4, 45.3, 26.7, 26.6; IR
(KBr) max 3733, 1684, 1602, 1422, 1358, 1265; HRMS (ESI) for CyH;oNNaOs (M+Na)':
calcd. 500.1110, found 500.1110.
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3'-Methyl-1'-phenyl-1H,4'H—spiro[naphthalene—2,6'-pyrido[2,1-a]isoindole]-1,4,4'(3H)—
trione (32a):

32a (130 mg, 62%) as yellow solid. m.p. 298-299 C; Ry 0.4 (73
hexane/EtOAc); '"H NMR (500 MHz, CDCL) 6 - (m, 2H), 7.89 (td,
J 15,13 Hz 1H), 7.83 (td,J 7.6, 1.3 Hz, 1H), 7.53—7.44 (m, 5H), 7.35
(bd, J 1.0 Hz, 1H), 7.19-7.08 (m, 2H), 6.95 (dd, J 7.2, 1.2 Hz, 1H), 6.90
(dd,J 7.0,1.0Hz 1H),521(d,J 16Hz 1H),3.05(d,J 15.5Hz 1H), 2.24 (s, 3H); °C
NMR (126 MHz, CDCl;) §193.6, 187.7, 160.8, 141.5, 140.6, 140.4, 136.8, 136.2, 135.0, 134.6,
134.2, 133.1, 129.8, 129.5, 129.3, 129.1, 129.0, 128.6, 128.3, 126.8, 124.1, 121.4, 117.2, 75.9,
45.4,16.2; °C dept NMR (101 MHz, CDCl) 141.6, 135.1, 134.6, 129.9, 129.5, 129.4, 129.1,
128.3, 126.8, 124.1, 121.4, 45.4 (~CH,), 16.2; IR (Neat) max 2914, 1698, 1651, 1594, 1548,
1287 cm™'; HRMS (ESI) for CogH20NO; (M+H) ™ caled. 418.1443, found 418.1446.

3',8'-Dimethyl-1'—(p—tolyl)-1H,4'H—spiro[naphthalene—2,6'-pyrido[2,1-a]isoindole]-1,4,4
'(3H)—trione (32b):

32b (137 mg, 61%) as yellow solid. m.p. 317-321 C; R, 0.34 (7:3
hexane/EtOAc); 'H NMR (500 MHz, CDCls) § 8.30-8.23 (m, 2H), 7.89
(td,J 7.5,2.0 Hz, 1H), 7.84 (td, J 7.5, 1.5 Hz, 1H), 7.36—7.27 (m, SH),
6.96—6.88 (m, 2H), 6.66 (bs, 1H), 5.17 (d, J 15.5 Hz, 1H), 3.04 (d, J

15.5 Hz, 1H), 2.45 (s, 3H), 2.21 (s, 3H), 2.16 (s, 3H); *C NMR (101 MHz, CDCl3) §193.7,
188.0, 160.8, 141.8, 141.0, 140.6, 140.5, 137.9, 136.2, 135.0, 134.6, 134.2, 133.9, 130.6, 130.3,
129.6, 129.4, 129.0, 127.8, 126.8, 123.9, 121.7, 116.6, 75.6, 45.5, 21.6, 21.3, 16.2; IR (Neat)
max 2918, 1698, 1650, 1596, 1513, 1257, 1014 cm™'; HRMS (ESI) for C3,HxNO; (M+H)":
calcd. 446.1756, found 446.1759.

8'—(tert—Butyl)—1'-(4—(tert—butyl)phenyl)—3'-methyl-1H,4'H—spiro[naphthalene-2,6'-pyri
do|[2,1-a]isoindole]-1,4,4'(3H)—trione (32¢):

Bu 32¢ (184 mg, 70%) as yellowis white solid. m.p. 307-313 C; R, 0.38
(7:3 hexane/EtOAc); 'H NMR (400 MHz, CDCl;) & 8.27 (dd,J 7.8 & 1
Hz, 2H), 7.89 (td, J 7.5, 1.3 Hz, 1H), 7.83 (td, J 7.5, 1.5 Hz, 1H), 7.50
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(bd, T = 8.4 Hz, 2H), 7.38 (bd, ] = 8.0 Hz, 2H), 7.34 (d, ] = 0.8 Hz, 1H), 7.18 (dd, / 8.4 & 1.6
Hz, 1H), 6.97 (d,J 8.4 Hz, 1H), 6.85 (d, ] = 1.6 Hz, 1H), 5.19 (d, J = 16 Hz, 3H), 3.05 (d, ] =
15.6 Hz, 1H), 2.22 (s, 3H), 1.40 (s, 9H), 1.05 (s, 9H); °C NMR (101 MHz, CDCl) §193.7,
188.0, 160.9, 153.7, 151.2, 141.8, 140.54, 140.52, 136.2, 135.0, 134.5, 134.2, 133.8, 130.5,
129.1, 129.0, 127.8, 126.9, 126.5, 125.7, 123.7, 117.9, 116.7, 75.9, 45.5, 34.9, 34.7, 31.4, 30.8,
16.2; IR (Neat) max 2906, 1699, 1651, 1596, 1283, 1258 cm™'; HRMS (ESI) for C3sH3sNNaO;
(M+Na)": caled. 552.2515, found 552.2515

8'-Methoxy—1'-(4—methoxyphenyl)-3'-methyl-1H,4'H—spiro[naphthalene—2,6'-pyrido|2,
1-alisoindole]-1,4,4'(3H)—trione (32d):

32d (148 mg, 62%) as yellow solid. m.p. 261-262 C; Ry 0.33 (3:2
hexane/EtOAc); 'H NMR (400 MHz, CDCl;) & 8.29-8.21 (m, 2H),
7.91-7.77 (m, 2H), 7.35 (bd, J 7.6 Hz, 2H), 7.30 (d, J 0.8 Hz, 1H),
7.01(d,J 8.8Hz, 2H),6.93(d,J 8.8 Hz 1H), 6.66(dd,J 8.8,2.4 Hz,
1H), 6.36 (d, J 2.4 Hz, 1H), 5.16 (d, J 16 Hz, 1H), 3.88 (s, 3H), 3.58 (s, 3H), 3.04 (d, J 16
Hz, 1H), 2.20 (s, 3H); °C NMR (101 MHz, CDCL;) & 193.5, 187.7, 160.81, 160.79, 159.4,
142.4, 142.0, 140.6, 136.0, 135.0, 134.6, 134.1, 130.7, 129.0, 126.8, 126.7, 125.7, 125.3, 115.4,
114.6, 114.3, 107.5, 75.5, 55.4, 55.3, 45.4, 16.1; IR (Neat) max 2937, 2837, 1651, 1512, 1291,
1246, 1029 cm™'; HRMS (ESI) for C3H,4NOs (M+H)": caled. 478.1654, found 478.1653.

8'—Chloro—1'-(4—chlorophenyl)—3'-methyl-1H,4'H—spiro[naphthalene—2,6'-pyrido[2,1—-a]
isoindole]-1,4,4'(3H)—trione (32¢):

32e (126 mg, 52%) as yellow solid. m.p. 324-326 C; R, 0.25 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCL) § 8.27 (dd, J 7.8, 0.6 Hz,
2H), 7.96-7.82 (m, 2H), 7.49 (bd, J 8.8 Hz, 2H), 7.42—7.36 (m, 2H), 7.30
(d,J 0.8 Hz 1H), 7.14 (dd, J 8.6, 1.8 Hz, 1H), 6.90 (d,J 8.4 Hz, 1H),
6.85 (d, J 1.6 Hz, 1H), 5.13 (d, J 16 Hz, 1H), 3.05 (d, J 15.6 Hz, 1H), 2.22 (s, 3H); °C
NMR (101 MHz, CDCl) 6192.9, 187.2, 160.6, 142.2, 141.2, 139.5, 136.1, 135.9, 135.4, 134.9,
134.8, 134.5, 133.7, 131.4, 130.8, 130.0, 129.5, 129.3, 129.23, 129.17, 127.0, 124.8, 121.9,
116.0, 75.5, 45.1, 16.3; IR (KBr) max 2917, 1699, 1652, 1607, 1292, 1257, 1087 cm™'; HRMS
(ESI) for CosH7CLNNaO; (M+Na)': caled. 508.0483, found 508.0495.
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3',9'-Dimethyl-1'—(m—tolyl)-1H,4'H—spiro[naphthalene—2,6'-pyrido[2,1-a]isoindole]—1.4,
4'(3H)—trione (32f):

32f (109 mg, 49%) as brown solid. m.p. 292-293 C; R, 0.30 (7:3
hexane/EtOAc); '"H NMR (400 MHz, CDCly) §8.25 (dt, J 7.6, 1.6 Hz,
2H), 7.88 (td, J 7.5, 1.1 Hz, 1H), 7.86-7.78 (m, 1H), 7.38 (t, J 7.6 Hz,
1H), 7.34 (bd, J 1.2 Hz, 1H), 7.31-7.23 (m, 3H), 6.95 (dd, J 7.8, 0.6 Hz,
1H), 6.80 (bs, 1H), 6.76 (d, J 7.6 Hz, 1H), 520 (d, J  Hz, 1H), 3.02 (d, J 18 Hz, 1H),
2.43 (s, 3H), 2.23 (s, 3H), 2.11 (s, 3H); C NMR (101 MHz, CDCl) & 193.7, 187.8, 160.8,
141.6, 140.4, 139.4, 137.9, 136.6, 136.1, 134.9, 134.5, 134.1, 133.2, 130.7, 130.1, 129.0, 128.9,
128.2, 126.7, 126.5, 124.6, 121.0, 117.2, 75.6, 45.5, 21.4, 21.3, 16.2; IR (KBr) s 3012, 2918,
1650, 1594, 1285, 1259 cm™'; HRMS (ESI) for C3,H,4NO; (M+H)": calcd. 446.1756, found
446.1756.

1'-Butyl-3'-methyl-1H,4'H—spiro[naphthalene—2,6'-pyrido[2,1—-a]isoindole]-1,4,4'(3H)—t
rione (32g):

32g (87 mg, 44%) as yellow solid. m.p. 210-211 C; R, 0.24 (7:3
hexane/EtOAc); '"H NMR (500 MHz, CDCl;) §8.23 (d, J 8.0 Hz, 2H),
7.87 (t,J 7.5 Hz, 1H), 7.84-7.75 (m, 2H), 7.43 (t, J 7.7 Hz, 1H), 7.28
(bs, 1H), 7.22 (t,J 7.5 Hz, 1H), 6.94 (d,J 8.0 Hz, 1H), 5.17 (d,J 15.5 Hz, 1H), 2.97 (d, J
Hz, 1H), 2.88-2.73 (m, 2H), 2.19 (s, 3H), 1.72—-1.62 (m, 2H), 1.55-1.43 (m, 2H), 0.99 (t, J
7.5 Hz, 3H); >C NMR (126 MHz, CDCl;) §193.7, 187.9, 160.6, 142.0, 140.6, 140.1, 136.2,
134.9, 134.5, 134.1, 133.6, 129.8, 129.3, 129.0, 128.7, 126.7, 123.9, 121.6, 116.8, 75.6, 45.4,
31.9, 30.5, 22.6, 16.2, 13.9; IR (KBr) max 2956, 2928, 1697, 1650, 1594, 1064 cm™'; HRMS
(ESI) for C,6H23NNaO; (M+Na)+: calcd. 420.1576, found 420.1576.

14—Phenyl-1'H-spiro[chromeno[4',3':4,5]pyrido[2,1—a]isoindole-9,2'-naphthalene]-1',4',7
(3'H,6H)—trione (33):

33 (96 mg, 38%) as brown solid. m.p. 323-328 C; R, 0.30 (7:3
hexane/EtOAc); "H NMR (400 MHz, CDCls) 68.27 (d, J 8.0 Hz, 2H),
791 (td, J 7.6, 1.0 Hz, 1H), 7.84 (td, J 7.6, 1.2 Hz, 1H), 7.60-7.50
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(m, 3H), 7.46-7.39 (m, 2H), 7.20-7.11 (m, 2H), 7.06 (t, J 7.4 Hz, 1H), 7.02 (dd, J 8.8, 1.0
Hz, 1H), 6.91 (d, J Hz, 1H), 6.67 (dd, J 8.0, 1.2 Hz, 1H), 6.56 (td, J 6.8, 1.0 Hz, 1H),
6.24 (d,J 7.6 Hz, 1H), 522 (d,J 5.6 Hz, 1H), 5.18 (d,J 4.0 Hz, 1H), 5.09 (d, J 14 Hz,
1H), 3.09 (d, J 16 Hz, 1H); °C NMR (101 MHz, CDCL) & 193.2, 187.4, 157.6, 157.3, 143.0,
140.8, 140.7, 136.1, 135.9, 135.2, 134.7, 133.9, 133.2, 131.0, 130.9, 130.8, 130.1, 129.9, 129.7,
129.5, 129.1, 128.9, 128.4, 126.8, 125.3, 121.30, 121.27, 120.9, 117.5, 115.0, 63.4, 45.4; IR
(KBr) max 2920, 2850, 1692, 1637, 1592, 1254, 1013 cm™'; HRMS (ESI) for C3,H,,NO,
(M+H)": calcd. 508.1549, found 508.1549.

I11.6.4. General procedure for the sequential oxidative coupling with different

equivalent of quinones:

H O Ph (i) Ru-cat. (10 mol %)
Ag (40 mol %), AcOH (2 equiv)
\\ MPS l | DCE, 90 °C >
S (i) KH,POy (2.5 equiv),
Me Ph 16a (X equiv), 120 °C
13a 8a

17a; x =2 eq, 35%
=5eq, 48%

The annulation reactions were carried out in a 50 mL Schlenk tube having high pressure
valve and side arm. The tube was charged with N-heteroaroylated-MPS (13a, 0.5 mmol),
alkyne (8a, 0.6 mmol), [RuClz(p-cymene)]z (31 mg, 10 mol %) and AgSbFs (69 mg, 40 mol
%) was introduced in to the flask in a glovebox. The solvent 1,2-dichloroethane (DCE;
1.5 mL) and AcOH (60 L, 2.0 equiv) were added to the mixture and the resulting
mixture was stirred at 90 C for 10 h. The reaction mixture was cooled to ambient
temperature, and then KH>PO4 (170 mg, 2.5 equiv), 16a (2.0 or 5.0 equiv) was added.
The resulting mixture was then heated at 120 °C and the reaction was continued for 10
h. Finally, the reaction mixture was cooled to ambient temperature, filtered through a
small plug of Celite and then washed with dichloromethane (3 x 10 mL). The solvents

were evaporated under reduced pressure and the crude material was purified using
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column chromatography on silica gel (20-30% n—hexane/EtOAc eluent) to give the
desired product 17a.

II1.6.5 Deuterium study:

The annulation reactions were carried out in a 10 mL screw capped tube. The tube was
charged with N-heteroaroylated-MPS (13g, 0.5 mmol), alkyne (8a, 0.6 mmol), [RuClz(p-
cymene)]z (31 mg, 10 mol %), and Cu(OAc)2 (90 mg, 0.5 mmol). Subsequently, AgSbFs
(69 mg, 40 mol %) was introduced in to the tube in a glovebox. The solvent 1,2-
dichloroethane (DCE; 1.5 mL) and CDsCOOD (57 L, 2.0 equivalent) were added to the
mixture and the resulting mixture was stirred at 90 °C for 10 h. The reaction mixture
was cooled to ambient temperature, and then BQ (16a; 2.0 equiv) was added. The
resulting mixture was then heated at 120 C and the reaction was continued for 10 h.
Finally, the reaction mixture was cooled to ambient temperature, filtered through a
small plug of Celite and then washed with dichloromethane (3 x 10 mL). The solvents
were evaporated under reduced pressure and the crude material was purified using
column chromatography on silica gel (20-30% n-hexane/EtOAc eluent) to give the

desired product 17g.

o Ph (i) Ru-cat. (10 mol %)
Ag (40 mol %), Cu(OAc), (1.0 equiv),
| CD5;COOD (2 equiv) DCE, 90 °C
>

(i) BQ (2 equiv), 120 °C

I11.6.6 [4+2]-Cycloaddition:

The cycloaddition reactions were carried out in a 50 mL Schlenk tube having high
pressure valve and side arm. The tube was charged with 17g (0.2 mmol). Then
dichloromethane was added. The reaction mixture was cooled to 0 °C and freshly

distilled cyclopentadiene was added dropwise. Next the reaction was continued for 12
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h. Finally, the reaction mixture was filtered through a small plug of Celite and then
washed with dichloromethane (3 x 10 mL). The solvent was evaporated under reduced
pressure and the crude material was purified using column chromatography on silica

gel (20-30% n—hexane/EtOAc eluent) to give the desired product 34.

(5 equiv)

S

[4 + 2] cycloaddition i
DCM, 0°C tort

(1R,4S,4aS,8aR —8'-Methyl-11'- p-tolyl —4,4a—dihydro—1H,4'H-spiro[1,4—methanonapht
halene—6,6'-furo[2',3":4,5]pyrido[2,1-a]isoindole —4',5,8(7H,8aH —trione) (34):

34 (80 mg, 82%) as yellow solid. m.p. 296-298 C; Ry 0.15 (7:3
hexane/EtOAc); 'H NMR (400 MHz, CDCls) §7.45 (d, J 2.0 Hz, 1H),
7.44-7.37 (m, 2H), 7.37-7.32 (m, 2H), 7.04 (bs, 1H), 7.02 (d, J 2 Hz,

1H), 6.96 (dd, J 8.2 & 0.6 Hz, 1H), 6.82-6.76 (m, 1H), 6.76 (d, J = 8.4 Hz,
1H), 6.36 (dd, J 5.6 & 2.4 Hz, 1H), 4.6 (d, J Hz, 1H), 3.79 (s, 1H), 3.64-3.57 (m, 2H),
3.15(dd,J 9.0 Hz & 3.8, 1H), 2.56 (dd, J 15.6 & 1.6, 1H), 2.48 (s, 3H), 2.33 (s, 3H), 1.65 (d,
J Hz, 1H) 1.55 (d, J Hz, 1H); **C NMR (101 MHz, CDCl3) & 208.8, 198.5, 160.1,
157.2, 144.2, 140.6, 140.5, 139.7, 139.3, 138.8, 133.5, 130.40, 130.37, 130.3, 130.0, 129.9,
127.8, 124.1, 121.7, 115.0, 107.5, 106.9, 53.0, 50.6, 50.1, 49.8, 49.1, 45.7, 29.7, 21.8, 21.4 cm''";
IR (KBr) max 3393, 2918, 2848, 1659, 1647, 1242, 1015 cm™*; HRMS (ESI) for Ca;HsNO,
(M+H)": calcd. 488.1862, found 488.1866.

II1.6.7 Sequential oxidative coupling of MPS-bearing furan-3-carboxylate (13g) (1.0

mmol) with diphenyl acetylene (8a) and benzoquinone (16a):
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The annulation reactions were carried out in a 25 mL screw capped tube. The tube was
charged with MPS-bearing furan-3-carboxylate 13g (249 mg, 1 mmol), 8a (214 mg, 1.2
mmol), [RuClz(p-cymene)]z (62 mg, 10 mol %), and Cu(OAc)2 H20 (200 mg, 1.0 mmol).
Subsequently, AgSbFs (137 mg, 40 mol %) was introduced in to the tube in a glovebox.
The solvent 1,2-dichloroethane (DCE; 2 mL) and AcOH (120 L, 2.0 mmol) were added
to the mixture and the resulting mixture was stirred at 90 C for 10 h. The reaction
mixture was cooled to ambient temperature, and then KH2PO4 (340 mg, 2.5 mmol), BQ
(16a; 216 mg, 2.0 mmol), and subsequently 1,4-dioxane (2.0 mL) were added. The
resulting mixture was then heated at 120 C and continued for 10 h. Finally, the reaction
mixture was cooled to ambient temperature, filtered through a small plug of Celite and
then washed with dichloromethane (3 x 10 mL). The solvents were evaporated under
reduced pressure and the crude material was purified using column chromatography

on silica gel (20-30% n—hexane/EtOAc eluent) to give the desired product.

__________________________________________________________________________________

(i) Ru-cat. (10 mol %)

| o) Ph Ag (40 mol %), Cu(OAc), (1.0 :
| equiv), CH;COOH (2.0 equiv) I
Ly MPs | | DCE, 90 °C |
. O”H - I
; Ph (i) BQ (2.0 equiv), KH,PO, (2.5 :
: equiv) I
! 13g 8a dioxane, 120 °C !
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Chapter IV

Ruthenium Catalyzed Intramolecular Hydroarylation of Arenes
with Olefins in Water Medium

Abstract
reusable DG e gram scale
cheap & air synthesis
Os_MPS stable O _MPS O. Me
R1 . 3 Me R1 HN’/S\Ph
?/ in 'Water medium’ MPS
O O « generation of
e green approach  eupto 95%  quaternary center

Presented herein the Ru-catalyzed intramolecular hydroarylation of arenes in water.
With the aid of methyl phenyl sulfoximine or amide directing group, this atom efficient
hydroarylation of arenes ensues dihydrobenzofuran derivatives. Sequential double
hydroarylation of arene motif results highly peripheral decorated heterocycles.
Deuterium scrambling studies and control experiments offer valuable informations in

understanding the reactivity and the mechanistic data.
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Reference:

Kallol Mukherjee, E. Ramesh, Koushik Ghosh, and Akhila K. Sahoo
Asian |. Org. Chem. 2018, 7, 1380.
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IV.1. Introduction

Water is highly-abundant, non-toxic, non-flammable, and most importantly an essential
commodity largely available and Green. Thus, development of a chemical reaction in
environmentally benign “water” solvent draws significant attention; as the reactions in
water allow easy work up and separation.! The direct functionalization of ubiquitous
C-H bonds fulfils one such criteria of being a “Green” synthetic method, as this strategy
does not primarily need the pre-functionalized compound, obviously regulating the
formation of undesired waste. Notably, the transition-metal catalyzed activation of inert
C-H bond has been emerged as a potential synthetic platform to construct complex
molecular template of broad applications covering from the natural products synthesis
to the molecules of pharmaceutical importance, and material science.?® Given the
challenges of organic substrates are immiscible in water and the reactive catalytic
species are incompatible with water, the realization of a novel synthetic manifestation
of C—H activation in water is thus a worthwhile endeavour. Moreover, the transition
metal salts with small pKn are readily hydrolysed, while the water-stable-metal salts
with large pKn exhibits less catalytic activity.!? Furthermore, the transition-metal
catalyzed organic transformations occur both in-water and on-water modes in the

interfaces of bulk-water layer.1d

IV.2. Known synthetic methods for transition metal-catalyzed
hydroarylation reactions

IV.2.1. Previous strategies of Rh-catalyzed hydroarylation:

In 2001, Bergman and Ellman reported a proficient route of imine-directed Rh-catalyzed
C-H activation and hydroarylation reaction sequence of 1 for the synthesis of indane,
dihydroxybenzofuran, tetralane, and dihydroindole derivatives (2a-d, Scheme IV.1).0
This cyclization modules constructs bicyclic scaffolds with high level of selectivity. The

substrate scope is broad. The O-/N-tethered olefins with different chain length
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smoothly underwent reaction. Instead of simple alkene, variety of substituted alkene

were also participated in this transformation.

BnN<_R

=URE) 5.0 mol% (PPhs)sRhCI
)} 125 or 150 °C, toluene

)1N HCI (aq)

n=0,1,X CH,, O, NR

Selected examples:

2d AC

Me
[§9]5.0 mol% [RhCI coe 2]2
% Upto 96% ee

X

1 15moI%L1 orL,
X =CH,, O,NR toluene

Ligand: OO
R = N(CHCHsPh),

Scheme IV.1: Rh(II)-catalyzed imine-directed C—H hydroarylation

In 2004, the identical strategy has been extended for the asymmetric variant of
intramolecular C-H hydroarylation. The chiral ligand enabled Rh-catalytic system play

vital in the enantioselective variant of C(sp?)—-H bond activation (Scheme IV.1).6c

In addition, the asymmetric variant of hydroarylation strategy has been applied for the
synthesis of biologically relevant (+)-lithospermic acid moiety 7. The target compound
was achieved in 10 steps and with 5.9% overall yield. Hence, C-H activation strategy is

useful for the efficient construction of natural product 7 (Scheme IV.2).6¢
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C-H activation step

CHO (1) (R)-(-) aminoindane CHO

i H CO2Me benzene, reflux cO2Me E
E 0 I O o O oe;
E OMe oM [#3110.0 mol% [RhCl(coe),] OMe 6 739 OMe i
s web T RRTEOR s vhees |

recrystalization

L CHO :
! L Other steps
O o o =
. (0] _— OMe ~ E
i OMe OMe
5 6 7 ;

Scheme IV.2: Synthetic strategy of (+)-lithospermic Acid

Based on the use of amides, three hydroarylation variants in the presence of Rh-
catalysts have been discovered by the Rovis group in 2013 (Scheme 1V.3).72 A direct
hydroarylation product 9 was accessed when di-alkyl protected amide DG employed in
the hydroarylation reaction. Whereas the N-methoxy protected amide containing arenes
underwent hydroarylation followed by Heck-type reaction to give the olefin bearing
hydroarylation product 10. In case of N-pivaloyl protected amide derivatives, a
multiple C-H functionalizations that involves hydroarylation and C-N bond coupling

delivered intramolecular amidoarylation product 11 (Scheme IV.3).
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1.0 mol%
RhCp*(MeCN)3](SbFg
tBuCOOH (1.0 eq)

DCE, 80 °C

O=Y R" 2.5 mol%
R [Rth*C|2]2
f CsOAc (2.0 eq)
’

x*'n >

1 MeOH, RT

10
8
2.5 mol%
[Rth*Clz]z

CsOAc (2.0 eq)
MeOH, RT

Y= NH(OPlv)

v

5 0 © 5
H+ reductive .
; B -H elimination elimination!
: 0 :
: Y \ O YeMe |
; Et Me :
Me Me !
: o © ;
g o) 10 1 ;

Scheme IV.3: Rh(Ill)-catalyzed hydroarylation, Heck-type reaction and amidoaryl

-ation
IV.2.2. Known synthetic methods for the Co-catalyzed hydroarylation:

In 2013, Yoshikai group for the first time used a combination of cobalt-NHC catlalytic
system for the hydroarylation of indole systems having N-tethered olefin to prepare

respective fused-indole skeletons tetrahydropyridoindole 13 and dihydropyrroloindole
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14. The construction of bicyclo[3.3.1] skeleton as well as formation of quarternary centre

are the main features of this transformation (Scheme IV .4).8

Scheme IV.4: Co-NHC catalyzed hydroarylation of indole derivatives

IV.2.3. Known synthetic methods for the Ru-catalyzed of hydroarylation:

In 2012, our group revealed an air stable Ru-catalyzed intramolecular hydroarylation
strategy for the first time. Methylphenylsulfoximine (MPS) coupled carboxylate with O-
tether and N-tether alkene undergoes intramolecular hydroarylation to deliver
dihydrobenzofuran, indolines and double hydroarylated product 16/17; interestingly,
the reaction was successfully carried out at room temperature in 1,2-DCE (Scheme
IV.5).% Moreover, one-pot multiple C-H functionalizations involving subsequent

C-C/C-C and C-C/C-N were also showcased for the first time (18/19).

A plausible mechanistic cycle is sketched in Scheme IV.5. First step is the formation of
active catalyst A from the reaction of [{RuClx(p-cymene)}2 ], AgSbFes , and Cu(OAc)z. This
active catalyst coordinates with the MPS and activates the proximal ortho-C—H bond of
15 to form the five membered cyclometalated complex 15a. Subsequent intramolecular

alkene insertion of 15a followed by protodemetalation of 15c delivers the product 16.
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[RuCl,(p-cymene)], (2.0 mol %) O~_DG [RuCly(p-cymene)], (2.0 mol %)
AgSbFg (20 mol %) AgSbFg (20 mol %)
R -~ R /’\
) hd 7 M
\4/ L Y’ X \-‘/
Cu(OAC),H,0 (1.0eq) X=0O,NR,S/Y=0,NR CUOACLM:0 (1.0eq)

DCE, RT
DCE, RT 15

o)

MP
y DNcl; O MeSR Os_MPS  0O._DG
e e
széng c-c/c-c | c-C/eN Me R Me R
< —
% X X one-pot multiple X X
18 19 16

17 C-H functionalization

: g7 :
: 0. Me©O A N~ ~Ph :
: \\S'* O :
: Ph” "N 15
5 LRU L i O\)LR i
' 15b :
' Me, O [Ru'(OAc)L]t *=—— ;
' N”S\Ph (L = p-cymene) ;
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: N“>~Ph _ , _ N”"~Ph '
: \ migratory insertion ! '
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: O. i 15a :
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Scheme IV.5: MPS directed Ru-catalyzed hydroarylation

The same hydroarylation strategy was further extended towards amide directed
hydroarylation for the synthesis of dihydrobenzofuran, chroman, and indoline
derivatives 21-23. The main features of this protocol are the atom-efficiency, broad

substrate scope and excellent yield (Scheme IV.6).%
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[RuCl (p cymene)] M 1 I
7 = AR R Juer JVe R
Mn(OAG); (50 mol %) @ (”)’ @ n}) @ :

N 0 :

1,2-DCE, 70 °C R'
X=0, NR' dihydrobenzofuran
20 n=1,2 indoline chroman

Scheme IV.6: Amide directed Ru-catalyzed hydroarylation
IV.3. Motivation and Design for Double Annulation

The transition-metal-catalyzed intramolecular hydroarylation of O-tethered olefin-
bearing arene directly constructs dihydrobenzofuran skeleton, which is widely found in
the molecules of various natural products.’] A notable imine-directed Rh-catalyzed
hydroarylation of arenes was at first demonstrated by Ellman and Bergman’s group
(Scheme IV.7).I6] Subsequently, Rh-, Co-, Ru-, and Ir- catalysts have independently been
used for the identical transformations (Scheme IV.7).7710 Most of these transformations
were successfully executed in organic solvents (toluene / 1,2-dichloroethane / 1,4-
dioxane) (Scheme IV.7). By contrast, no such intramolecular hydroarylation of arenes in
water is known till 2016. Whereas the cost-effective and air-stable Ru-catalysts have

been used for the directed functionalization of arene C—H bonds in/on water.11712

DG DGMe DG Cat Organic Solvent Year
R R Amide/ Imine Rh toluene 2001

@\ j’ —@—v @:S MPS/Amide Ru CICH,CH,CI 2016
o o 0] Imine Co CICH,CH,CI 2013

” 1150 °C 25 Amide Ir  1,4-dioxane 2017

B. this work : Hydroarylation in "water"

MPS/NHMe MPS/NHMe 0. Me . Reusable MPS
\
R Me Rt HN:S:Ph . Green method
@ ’ - Economically
MPS
favourable

water

Scheme IV.7: Hydroarylation in water medium
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Inspired from these studies, we herein developed the methyl phenyl sulfoximine
(MPS)/ NHMe-directed Ru-catalyzed intramolecular hydroarylation of O-tethered
olefin bearing benzoic acid derivatives 15/20 in water for the synthesis of wide arrays of
dihydrobenzofurans 16/21. The sequential unsymmetrical C-H functionalization of

dihydrobenzofuran was also investigated.
IV.4. Results and Discussion

IV.4.1. Synthesis of precursors

COOH HN, _Me ©\ N O
o !
N R O R3 S\\ EDC, DMAP Me” X0 )
RG * o > X "IN~ RS
= 0" R DCM, 0 °C-rt Rt _
15| 15" 12 h O R1

15 15k 15l

Scheme IV.8: Preparation of N-heteroaroyl sulfoximine derivatives

190



Hydroarylation of Arenes in Water Medium Chapter IV

A library of starting materials MPS-enabled O-tethered olefin bearing benzoic acid
derivatives has been synthesized using the known procedure, which are shown in
Scheme IV.8.° The EDC.HCI mediated coupling between O-tethered olefin bearing
benzoic acid derivatives 15’ and methyl phenyl sulfoximine 15" led to the precursors 15

in good overall yields.

IV.4.2. Optimization studies

Encouraged from our recent demonstration of the MPS assisted Ru-catalyzed
intramolecular hydroarylation of arenes,® we envisaged probing the identical
transformation in water. To start with, the hydroarylation of [3-(2-
methylallyloxy)benzoyl] methylphenyl sulfoximine (15a) was investigated under Ru-
catalyst in water (Table IV.1). Gratifyingly, the desired hydroarylation compound 16a

was formed in 28% yield, when the reaction was conducted under the catalytic system

Table IV.1: Optimization of Reaction Parameters[?]

i O MPS [RuCl,(p-cymene)], (5.0 mol %) O NS
5 Me additive R Me |
j base, water, 70°C 3
e e 1% ;

entry additive Base time yield of 16a

(20 mol %) (1.0 equiv) (h) (%)1e]

1 AgSbFs Cu(OAc), H,O 12 28

2 - Cu(OAc)2 H20 24 nr

3] AgBF4 Cu(OAc), H,O 12 39

4 NaPFe Cu(OAc)2 H20 12 47

5 KPFe Cu(OAc)2 H20 12 67

6 KPFe Mn(OAc):2 12 49

7 KPFe NaOH 12 nr

8 KPFe KOH 12 nr
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9 KPFe AcOH 12 22
101l KPFe Cu(OAc), H,O 12 97
11kl KPFe Cu(OAc), H,O 12 93
121 KPFe Cu(OAc), H,O 12 38

[a] Reactions were carried out using 15a (0.2 mmol), [RuClz(p-cymene)]> (5.0 mol %), base (0.2
mmol), additive (20 mol %) in water (1.0 mL) at 70 C. [b] Isolated yields. [c] H NMR yield. [d]
100 °C. [e] [RuCla(p-cymene)]> (3.0 mol %) and KPFs (12 mol %) was used at 100 °C. [f] The

reaction was performed in neat at 100 °C.

comprising {[RuClz(p-cymene)]z (5.0 mol %), AgSbFs (20 mol%), and Cu(OAc)2 H20 (1.0
equiv)} in water at 70 C (entry 1). Perhaps the formation of active cationic Ru complex,
obtained in-situ from Ru- and Ag salt, is hampered in water, which eventually affects
activation of arene 0-C-H bond. By contrast, the reaction in the absence of AgSbFsdid
not yield 16a (entry 2); thus, an additive (responsible forming the respective chloride
salts from Ru-catalyst) is indispensable. The use of various chloride trapping agents is
therefore envisioned. Among the additives AgBFs, NaPFs, and KPFs screened (entries
3-5), KPFs worked better affording 67% of 16a (entry 5). Presumably the water soluble
KCl salt facilitates the formation of cationic Ru-species, which helps in the activation of
the arene 0-C—H bond. The use of Mn(OAc): instead of Cu(OAc)2 did not work better
(entry 6). The Ru(OH)R complex, generated in-situ from the base promoted water
mediated Ru-catalyzed reaction, is probably responsible for the activation of arene C-H
bond through the internal electrophilic substitution (IES) type mechanism.['3] Not even
a trace of the product 16a was detected when the reaction was conducted in presence of
NaOH or KOH even at harsh conditions (140 C) (entries 7 and 8), thus refuting the
participation of IES-type mechanism.['3] While the reaction in presence of acetic acid
yielded 22% 16a (entry 9). Pleasingly, 16a was isolated in 97% yield when the identical
reaction in entry 5 heated at 100 C (entry 10). The use of less amount of Ru-catalyst (3.0

mol %) did not affect the reaction outcome (entry 11). Thus, reaction of 15a under the
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catalytic conditions {[RuClz(p-cymene)]> (3.0 mol%), KPF¢ (12 mol%), Cu(OAc)2-H.O
(1.0 equiv) in H2O at 100 C for 12 h} furnished 16a in 93% yield (entry 11). Interestingly,
16a (38%) was obtained when the reaction performed in neat (entry 12); presumably the
interaction of substrate with catalyst in molten state is responsible for product
formation. We therefore believe that the reaction in water medium can enhance

dispersion of the organic oily-phase of the reactants.!ed

IV .4.3. Reaction scope-I

We next surveyed the generality of this MPS-assisted hydroarylation of arenes in water
under the optimized condition shown in entry 11, Table IV.1. The compound 16a was
isolated from 15a (0.3 mmol) in 95% yield; even the identical transformation worked
well in 1.5 mmol scale affording 94% 16a. The MPS-enabled electron-rich arenes
[dihydrobenzo[b][1,4]dioxine / m-OBn / p-Br-m-OMe] reacted smoothly to provide the
corresponding 16b (82%), 16¢c (81%), and 16d (79%). The transformable halo groups
(F/Br) on the arene motifs were survived, accessing 16e and 16f in 89% and 54% yield,
respectively. The sterically encumbered o-Me arene derivative underwent
hydroarylation to yield the respective 5-Me-bearing dihdrobenzofuran 16g in 67 % yield.
Whereas m,m'-di-O-allyl MPS-bearing carboxylate under the catalytic conditions
exclusively provided the mono-hydroarylation product 16h (82%); the dihydroarylation
did not occur even the reaction conducted for longer time. The intramolecular
hydroarylation of tri-substituted olefin bearing substrate delivered the corresponding
3,3-methyl-ethyl bearing dihdrobenzofuran 16i in 33% yield. Disappointingly, the p-Me
/ p-OMe / p-NO: substituted arene derivatives failed to provide the respective
hydroarylation products 16j-161 (Scheme IV.9); presumably, the respective substrates
15j-151 did not miscible in water even at higher temperature, which eventually

obstructs the hydroarylation reactions in water medium.
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E Oy MPS [RuCl,(p-cymene)], Oy -MPS :
E R (3.0 mol %) Rl —g2 ;
' RS S Z R2 KPFg (12 mol %) R S '
: \ANo Cu(OAc), H,0 (1.0 equiv) \F~C :
(o]
5 15 H,0, 100 °C, 12 h 16 5
' Os_MPS Os_MPS Os_MPS Oy MPS
' Me Me Me e | Me! ;Me Me Me :
O o) © BnO o MeO o
' e} Br :
} 16a, 95% (94%) 16b, 82% 16c, 81% 16d,79% |
i 0 MMPeS " O MPS O_MPS Og MPS E
' e e € Mo!
: Me Me Me Me RMe Me:
: o fi :I > [ | S
' Br o o 0 o
; 16e, 89% 16f, 54% 169, 67 % 16h, 82% (47%)!:
5 p Os_MPS Os_MPS Os_MPS 5
: 0 S Me e Me e Me e
1 Me Et 1
! o o o :
1 O 1
. Me OMe N02 !
L 16i,33% 16j, NR 16k, NR 161, NR E

Scheme IV.9: Substrate scope-I

IV .4.4. Reaction scope-II

Interestingly, the amide-NHMe directed hydroarylation of p-OMe / p-NO: substituted
arene derivatives 20a and 20b under the Ru-catalyzed catalytic conditions of entry 11,
Table IV.1 along with AgSbFs in water independently provided 2la and 21b,
respectively albeit in moderate yield [Eq 1 and Eq 2, Scheme IV.10]. We presumably
believe that the amide bearing substrate 20a and 20b forms the corresponding salts in
the presence of acetate base and provokes the reaction to occur at an elevated

temperature in water medium.
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| OxNHMe [RuCly(p-cymene)l, Os_NHMe i
: Me KPF¢ (12 mol %) Me :
' o [Eg-1] &
! o AgSbFg (12 mol %) o :
' OMe Cu(OAc), H,0 (1.0 equiv) OMe :
' H,0, 110°C, 16 h ;
: 20a 21a, 62% :
i Os_NHMe [RuCly(p-cymene)], Os_NHMe ;
] (3.0 mol %) Me ;
: Me KPF (12 mol %) Me :
! —> [Eq-2]
' o) AgSbFg (12 mol %) (0] :
'\ NO, Cu(OAc), H,0 (1.0 equiv) NO, ;
1 o] ]
. 200 H,0, 110 °C, 16 h 21b. 26% 5

Scheme IV.10: Substrate scope-II

Encouraged with the directing group aided hydroarylation of arenes in water (Scheme
IV.9 and Scheme IV.10, Eq 1-2), the hydroarylation of aryl o-C-H bond of
dihydrobenzofuran derivative 16h with the spatially configured olefin was examined.
Pleasingly, the dicyclization product 17 was isolated in 65% yield, when 16h was

exposed to the optimized catalytic conditions (Scheme.IV.11).

; Oy MPS [RuCly(p-cymene)], O« MPS .
; Me 3.0 mol %) -
. Me ( Me | Me :
: \[Me KPF¢ (12 mol %) Me Me ]
r Yo o Cu(OAc),-H,0 (1.0 equiv) o o E
: H,0, 100 °C, 12 h :
! 16h 17, 65% !

Scheme.IV.11: Substrate scope-III

IV.4.5. Gram-scale:

Next, the scalability of this reaction was tested through a gram scale hydroarylation in
water. Gratifyingly, the hydroarylation of 15a (1.0 g) was successfully carried out even

in presence of 1.0 mol % Ru-catalyst in water to furnish 16a (0.92 g; 92%)
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(Scheme.IV.12). This demonstration truly validates the importance of MPS-DG and
efficacy of Ru-catalysis in this hydroarylation in water. By contrast, the notable other
intramolecular hydroarylation strategies invariably requires more amount of

catalyst.6710

E Os_MPS [RuCl,(p-cymene)], Os_MPS E
: (1.0 mol %) Me :
: ?Me KPF¢ (12 mol %) Me :
: o Cu(OAC); H;0 (1.0 equiv) S
: 152 (1.0 g) H,0,1007C. 24 h 16a, 92% (0.92 g) 5

Scheme.IV.12: Gram-scale synthesis
IV.4.6. Control Experiments

To understand the path of the reaction in water, various control experiments were
envisaged (Scheme.IV.13). The reaction in presence of TEMPO provided 80% isolated
yield of 16a; thus, the cyclization does not involve radical intermediate [Eq 1]. The
reaction in D2O provided 12 % deuterium incorporation in the o-C-H bond of 15g [Eq
2]; thus, the 0-C—H bond activation via concerted metalation-deprotonation (CMD) path
is reversible.l®2l While the identical transformation of 15a in D>O delivered 55% and 15%
deuterium incorporation in the 0-C-H and the newly generated 3-methyl moiety of
dihydrobenzofuran in 16a-H/D, respectively; thus, the reaction involves
protodemetalation [Eq 3].°21 The 85% protonation of the 3-methyl moiety in
dihydrobenzofuran suggests that the proton source of AcOH (obtained in-situ via the
acetate assisted activation of C-H bond by CMD) is superior over DO [Eq 3].2 A
competitive experiment among 15a (1,1'-di-substitued alkene) and 15i (1,1'2-
trisubstituted alkene) under the optimized conditions in 1 h led to 16a (88%) and 16i
(12%) [Eq 4]; thus, steric bulkiness of olefin affects the reactivity as well the
productivity.
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A. Reaction in presence of TEMPO

O< _MPS O~ _MPS
optimized Me. Me
Me condition
ﬁ' > [Eq-1]
o TEMPO (1.0 equiv) o)
15a 16a; 80%

B. D-Labelling study

: [RuCl,(p-cymene)], O _MPS 12% D 5
; (3.0 mol %) ¥ ;
: KPFg (12 mol %) Me H/D !
: 15¢g > (Eqa-2] :
: Cu(OAc), (1.0 equiv) o ;
: D,0, 50 °C, 10 min M :
: 16g-H/ID V'€ :
5 55% D 5
' [RuCl,(p-cymene)], ° O~ _MPS 15% D '
' (3.0 mol %) | Me ¥ '
: KPFg (12 mol %) H/D H/D :
: 15a > [Eq-3] i
! Cu(OAc), (1.0 equiv) (0] !
[] 0] (]
5 D,0, 100 °C, 1 h 16a-H/D ]
i C. Effect of Alkene E
E Os_MPS Me O« _MPS O~_MPS E
; Me. .~ optimized Me_ Me Me,_ Et '
1152 + condition R + [Equd]
] 0 1h o) 0 5
: 15i 16a; 88% 16i;12% ;

Scheme.IV.13: Control Experiments
IV.4.7. Mechanistic Cycle

A plausible reaction pathway for this hydroarylation reaction is sketched in
Scheme.IV.14. The reaction begins with the formation of active Ru-catalyst from
[RuClz(p-cymene)]2, KPFs, and Cu(OAc)2 H2O. Next, the coordination of active Ru-
species to the MPS-DG promotes 0-C—H bond activation to produce cyclometalated
complex 15a/20a. The migratory insertion of 15a/20a then leads to 15¢/20c. Finally,
proto-demetalation of 15¢/20c affords the desired product 16/21 with the regeneration of
active catalyst (Scheme.IV.14).
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5@( o
DG = MPS or NHMe

15b/20b o\)L
R ot =

1 5/20

) Me demetallatlon [Ru'(OAC)L]* PFg
16/21 % (L = p-cymene) &

AcOH or H,O AcOH

DG
R I‘?uL

o - \)%

15¢/20 migratory
- W 15a20a

Scheme.IV.14: Proposed Mechanistic Profile

IV.4.8. Application

Multiple functionalization of readily accessible arene motif builds highly peripheral
decorated novel molecular scaffold. Thus, further functionalization of o'-C—H bond of
the MPS-enabled dihydrobenzofuran derivative was envisaged, despite the electronic
and steric biasness of the molecular scaffold. To check the feasibility of next
functionalization, the Ru-catalyzed MPS-assisted o'-C-H acetoxylation, bromination,
and/or annulation of dihydrobenzofuran derivative was then surveyed. Pleasingly,
annulation between 16a and 1,2-diphenyl acetylene under the Ru-catalysis provided an
unusual  dihydrofuran-fused-isoquinolone  framework 26 in  62%  yield
(Scheme.IV.15).1%] The o'-C-H bromination and acetoxylation were independently
performed on 16a under the respective catalytic conditions [NBS (1.5 equiv), Pd(OAc)2
(15 mol%), AcOH (2.5 equiv) in DCE at 100 °C] and [Pd(OAc)2 (10 mol%), K25:0s (2.0
equiv) in CHCl3:AcOH (3:5) at 100 °C] to afford 27 (72%) and 28 (67%), respectively

(Scheme.IV.15).14b< Thus, the sequential intramolecular hydroarylation followed by
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C-C, C-O, and C-Br bond formations of 0-C—H bonds of arene motifs build novel

molecules with various functionalities.

O Me :
5 HN—4 e :
! Ph :
5 » 0 :
: PH !
: 26, 62% :
: [a] :

O3NS O MPS O MPS
: § Me Me e Me Me
;O D] @ A :
: @ o O :
: 27, 72% 16a 28, 67% :

[a] 16a (100 mg, 0.3 mmol), 1,2-diphenyl acetylene (64 mg, 0.36 mmol), [RuCl(p-cymene)]> (5.0
mol %), AgSbFe (20 mol %), and AcOH (0.3 mmol) in 1,4-dioxane (2.0 mL) at 120 C for 24 h. [b]
16a (0.3 mmol), Pd(OAc)z (15 mol %), NBS (0.45 mmol), AcOH (2.5 equiv), CICH,CH2Cl (3.0
mL) at 100 °C for 12 h. [c] 16a (0.3 mmol), Pd(OAc). (10 mol %), K:5:0s (0.6 mmol), and
AcOH/CHCI; (3:5, 2.0 mL) at 100 °C for 12 h.

Scheme.IV.15: Application

IV.5. Conclusion

In summary, the MPS/amide group directed Ru-catalyzed hydroarylation of arenes in
water is developed. To the best of our knowledge, hydroarylation of arenes in water is
the first report. This method directly constructs dihydrobenzofuran derivatives from
commercially available 3-hydroxy benzoic acids. Despite the challenges, the current
synthetic manifestation exhibits moderate scope; thus, to unravel novel and effective
synthetic method in this regard remains an attractive endeavor. Sequential

unsymmetrical functionalization of unactivated multiple C-H bonds of arene
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derivatives through hydroarylation-annulation/ hydroarylation-acetoxylation, and
hydroarylation-halogenation builds novel molecular skeletons. The cleavage and
recovery of the MPS moiety from the products and the gram-scale hydroarylation in

water make the current synthetic method viable.

IV.6. Experimental

IV.6.1. General Experimental Information

All the reactions were performed in an oven-dried Schlenk flask. Commercial grade
solvents were distilled prior to use. Column chromatography was performed using
either 100-200 Mesh or 230-400 Mesh silica gel. Thin layer chromatography (TLC) was
performed on silica gel GF254 plates. Visualization of spots on TLC plate was
accomplished with UV light (254 nm) and staining over I chamber.

Proton, carbon, and fluorine nuclear magnetic resonance spectra (‘H NMR, 3C NMR
and F NMR) were recorded based on the resonating frequencies as follows: ('"H NMR,
400 MHz; 3C NMR, 101 MHz; F NMR, 376 MHz) and ("H NMR, 500 MHz; 13C NMR,
126 MHz; YF NMR, 470 MHz) having the solvent resonance as internal standard ('H
NMR, CDCl; at 7.26 ppm; B3C NMR, CDCl; at 77.0 ppm). Few cases tetramethylsilane
(TMS) at 0.00 ppm was used as reference standard. Data for TH NMR are reported as
follows: chemical shift (ppm), multiplicity (s singlet; bs broad singlet; d doublet;
bd broad doublet, t triplet; bt broad triplet; q quartet; m multiplet), coupling
constants, J, in (Hz), and integration. Data for 13C NMR, F NMR were reported in
terms of chemical shift (ppm). IR spectra were reported in cm™. LC-MS spectra were
obtained with ionization voltage of 70ev; data was reported in the form of m/z (intensity
relative to base peak 100). Elemental (C, H, N) analysis were carried out using FLASH
EA 1112 analyzer. High resolution mass spectra were obtained in ESI mode. Melting
points were determined by electro-thermal heating and are uncorrected. X-ray data was

collected at 293 K using graphite monochromated Mo-K radiation (0.71073 A).
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Materials: Unless otherwise noted, all the reagents and intermediates were obtained
commercially and wused without purification. Dichloromethane (DCM), 1,2-
dichloroethane (DCE), and chloroform were distilled over CaH.. THF was freshly
distilled over sodium/benzophenone ketyl under dry nitrogen. [RuClz(p-cymene)]z,
AgSbFs, AgBFs, NaPFs, KPF¢ were purchased from Sigma Aldrich Ltd, and used as
received. Bases such as Cu(OAc)>H20, Mn(OAc)2, NaOH, KOH were purchased from
Aldrich Ltd. and used as received. Analytical and spectral data of all those known

compounds are exactly matching with the reported values.

IV.6.2: General Procedure for the Hydroarylation of O-Tethered Compounds (15)

The hydroarylation reactions were conducted in a 50 mL Schlenk tube having high
pressure valve and side arm. The tube was charged with (15, 0.3 mmol), [RuClx(p-
cymene)]z (6.0 mg, 3.0 mol %), and Cu(OAc), H2O (60 mg, 0.3 mmol). Subsequently, the
additive KPFs (7.0 mg, 12 mol %) was introduced to the flask in a glove box. Water
(H20) (2.0 mL) was added to the mixture and the resulting mixture was stirred at 100 °C
for 12 h. The reaction mixture was filtered through a small plug of Celite and washed
with dichloromethane (3 x 5.0 mL). The solvents were evaporated under the reduced

pressure and the crude material was purified using column chromatography on silica

gel.

Following this procedure, compounds 16a-16i were prepared. Analytical and spectral

data of these compounds are exactly matching with the reported values.?]

N-[3,3-Dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-phenylsulfoximine
(16a):%2

16a (93 mg, 95%) as colourless solid; 'H NMR (400 MHz, CDCl3) o6 (d,J

Me

O=d_
o oh 8.0 Hz, 2H), 7.67 (bt, J 7.2 Hz, 1H), 7.62-7.55 (m, 2H), 7.53 (d, J 7.6 Hz,

M
&%Me 1H), 7.14 (t, J 7.8 Hz, 1H), 6.88 (d, J 8.0 Hz, 1H), 4.18-4.10 (m, 2H), 3.40
O 16a | (5, 3H), 1.47 (s, 3H), 1.38 (s, 3H); °C NMR (101 MHz, CDCls) & , 160.4,

138.7,135.4, 134.1, 133.7, 129.6, 127.5, 127.1, 122.7, 112.6, 85.3, 44.3, 43.3, 25.5, 25.2.
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N-[7,7-Dimethyl-2,3,7,8-tetrahydrobenzofuro[6,7-b][1,4] dioxine-6-carboxyl]-S-methyl-

S-phenylsulfoximine (16b):%2

16b

16b (95 mg, 82%) as colorless solid; "H NMR (400 MHz, CDCl;) 68.02 (d, J

7.2 Hz, 2H), 7.66 (bt, J 7.2 Hz, 1H), 7.58 (t, J 7.4 Hz, 2H), 7.27 (bs, 1H),
4.34-4.29 (m, 2H) 4.28-4.24 (m, 2H), 4.24-4.21 (m, 2H), 3.38 (s, 3H), 1.46 (s,
3H), 1.37 (s, 3H); °C NMR (101 MHz, CDCl;) §174.2, 148.3, 142.6, 138.9,

133.6, 132.1, 130.0, 129.6, 127.1, 125.2, 112.5, 87.0, 64.8, 64.3, 44.4, 43.8, 25.7, 25.5.

N-[6-(Benzyloxy)-3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-

phenylsulfoximine (16c):

16¢ (106 mg, 81%) as colourless solid. '"H NMR (400 MHz, CDCl;) & (d,
J 7.6 Hz, 2H), 7.73-7.64 (m, 1H), 7.63-7.57 (m, 2H), 7.47-7.30 (m, 5H),
7.20 (d,J 2.4 Hz 1H), 6.56 (d,J 2.4 Hz, 1H), 5.05 (s, 2H), 4.20—4.12 (m,
2H), 3.40 (s, 3H), 1.45 (s, 3H), 1.37 (s, 3H); °C NMR (101 MHz, CDCl;)

0175.2,161.7,158.7, 138.7, 136.9, 134.2, 133.8, 129.6, 128.5, 127.9, 127.5, 127.2, 109.2, 100.1,
86.1,70.4,44.4,42.9, 25.8, 25.6.

N-[7-Bromo-6-methoxy-3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-

phenylsulfoximine (16d):%2

O,

MeO

I)/Ie
O=s-pn
N

Me
Me

o

Br  16d

16d (104 mg, 79%) as colourless viscous liquid; "H NMR (400 MHz, CDCl;)
o (d,J 7.4 Hz 2H), 7.72 (t,J 7.2 Hz, 1H), 7.65 (t, J 7.2 Hz, 2H),
7.11 (s, 1H), 430 (d, J 8.0 Hz, 1H), 4.27 (d, J 8.0 Hz, 1H) 3.93 (s, 3H),
3.45 (s, 3H), 1.48 (s, 3H), 1.38 (s, 3H); °C NMR (101 MHz, CDCl;) &§ 174.6,

158.8, 155.5, 138.5, 133.9, 132.6, 129.7, 129.2, 127.1, 105.8, 96.6, 86.3, 56.6, 44.4, 44.2, 25.9,

25.4.

N-[7-Fluoro-3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-

phenylsulfoximine (16e):%

202



Hydroarylation of Arenes in Water Medium Chapter IV

16e (93 mg, 89%) as colourless solid; "H NMR (400 MHz, CDCl3) 68.04 (d, J
S=Ph | 8.0 Hz, 2H), 7.69 (bt, J 7.2 Hz, 1H), 7.66-7.55 (m, 3H), 6.93 (t, / 9.2 Hz,
me | 1H), 4.34—4.19 (m, 2H), 3.41 (s, 3H), 1.50 (s, 3H), 1.40 (s, 3H); °C NMR (101
0 MHz, CDCL) §174.4, 149.6 (d, J 250 Hz), 147.0 (d, J = 9 Hz) 139.8, 138.7,
133.8, 129.7, 127.1 (d, J = 14 Hz), 1243 (d, J 6.1 Hz), 114.6 (d, J 17 Hz),
86.7,44.4,25.4,25.1. "F NMR (376 MHz, CDCLs) § —134.25.

N-[6-Bromo-3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-
phenylsulfoximine (16f):%2

Me 16f (66 mg, 54%) as colourless solid. m.p. 167-170 C; R, 0.49 (6:4
é‘P“ hexane/EtOAc); 'H NMR (500 MHz, CDCl;) §  —  (m, 2H), 7.70 (it, J

&%Me 7.5,1.5 Hz, 1H), 7.66 (d,J 2.0 Hz, 1H), 7.63 (t,J 7.5 Hz, 2H), 7.03 (d, J
Br 16t| 2.0 Hz, 1H), 4.17 (d,J 8.0 Hz, 1H), 4.15 (d, J 8.0 Hz, 1H), 3.41 (s, 3H),
1.45 (s, 3H), 1.36 (s, 3H); °C NMR (101 MHz, CDCL) §174.0, 161.4, 138.4, 135.2, 135.0,
133.9, 129.7, 127.1, 125.3, 120.3, 115.8, 85.9, 44.4, 43.1, 25.4, 25.1; IR (KBr) max 2927, 1632,
1217, 748 cm™'; HRMS (ESI) for CigHigBrNNaOsS: (M+Na)+: calcd. 430.0083, found
430.0079.

N-[3,3,5-Trimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-
phenylsulfoximine (16g):%

Me 16g (80 mg, 67%) as colorless solid; "H NMR (400 MHz, CDCL3) & 8.07 (d, J
Osd_
ok 8.0 Hz, 2H), 7.70 (t, J = 7.4 Hz, 1H), 7.62 (t, J = 7.4 Hz, 2H), 6.92 (d, J

Me&eg“”e 8.0 Hz, 1H), 6.67 (d,J 8.0 Hz, 1H), 4.15 (d, J = 8.4 Hz, 1H), 4.12 (d, J = 8.4

™% | Hy, 1H), 3.49 (s, 3H), 2.33 (s, 3H), 1.46 (s, 3H), 1.40 (s, 3H); 13C NMR (101
MHz, CDCL;) §177.7, 157.8, 138.6, 135.6, 134.0, 131.5, 129.8, 129.6, 127.1, 125.5, 109.9, 85.0,
44.3,43.0,26.1,25.8, 18.7.

N-[6-(2-Methylallyl)oxy)3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-
phenylsulfoximine (16h):
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16h (99 mg, 82%) as colourless viscous liquid; Ry 0.39 (6:4

Me
oo™ | hexane/EtOAc); 'H NMR (400 MHz, CDCly) §8.05 (t, J 6.6 Hz, 2H),
Me M
g ° | 7.75-7.65 (m, 1H), 7.64-7.58 (m, 2H), 7.35 (d,J 2.4 Hz, 1H), 7.29-7.26
o) O 46n (m, 1H), 5.09 (s, 1H), 4.98 (s, 1H), 4.44 (s, 2H), 4.13 (s, 2H), 3.58-3.47

(m, 3H), 1.82 (s, 3H), 1.41 (s, 3H), 1.38 (s, 3H); *C NMR (101 MHz, CDCl;) & 160.1, 159.6,
140.7, 134.1, 129.65, 129.58, 127.2, 127.1, 123.3, 112.8, 108.1, 106.3, 93.7, 85.7, 71.9, 43.9,
42.6, 26.2, 26.1, 19.4; IR (Neat) ma 2924, 1590, 1223, 755 cm'; HRMS (ESI) for
C22H2sNNaO4S (M+Na)™: calcd. 422.1397, found 422.1406.

N-[3-Ethyl-3-methyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-

phenylsulfoximine (16i):

Vo 16i (35 mg, 33%) as colourless viscous liquid; the compound was

/
O=s-pn
O N

&\g Bt (400 MHz, CDCl;) (representative peaks of 3i) 08.03 (d,J 7.6 Hz, 2H), 7.66

© 16i (t,J 7.4 Hz 1H), 7.63-7.51 (m, 3H), 7.14 (t,J 7.8 Hz, 1H), 6.86 (d,J 8.0
Hz, 1H), 432 (d, J 8.4 Hz, 1H), 4.06 (d, J 8.4 Hz, 1H), 3.39 (s, 3H), 2.17-2.04 (m, 1H),
1.72-1.65 (m, 1H), 1.35 (s, 3H), 0.75 (t, J 7.6 Hz, 3H); °C NMR (101 MHz, CDCl;)
(representative peaks of 3i) o 175.5, 160.9, 138.8, 134.5, 133.8, 133.7, 129.6, 127.6, 127.1,
122.6,112.3, 82.3, 47.3, 44.3, 30.6, 24.3, 9.1.

obtained as inseparable mixture with the unreacted precursor 2i; '"H NMR

IV.6.3: General Procedure for Hydroarylation of O-Tethered Compounds (20)

The hydroarylation reactions were conducted in a 50 mL Schlenk tube having high
pressure valve and side arm. The tube was charged with (20, 0.3 mmol), [RuCl(p-
cymene)]z (6.0 mg, 3.0 mol %), and Cu(OAc)2 H2O (60 mg, 0.3 mmol). Subsequently, the
additive KPFs (7.0 mg, 12 mol %) and AgSbFs (7.0 mg, 12 mol %) was introduced to the
flask in a glove box. Water (H20) (2.0 mL) was added to the mixture and the resulting
mixture was stirred at 110 C for 16 h. The reaction mixture was filtered through a small

plug of Celite and washed with dichloromethane (3 x 5.0 mL). The solvents were

204



Hydroarylation of Arenes in Water Medium Chapter IV

evaporated under the reduced pressure and the crude material was purified using

column chromatography on silica gel.

Following this procedure, compounds 21a and 21b were prepared. Analytical and

spectral data of these compounds are exactly matching with the reported values. !

7-Methoxy-N-3,3-trimethyl-2,3-dihydrobenzofuran-4-carboxamide (21a): °°

o N 21a (44 mg, 62%) as colorless solid; '"H NMR (400 MHz, CDCI3) & 6.86 (d, J =

Mo Me| 8.4 Hz, 1H), 6.69 (d, J = 8.0 Hz, 1H), 5.87 (bs, 1H), 4.24 (s, 2H), 3.87 (s, 3H),
&5 2.95 (s, 3H), 1.45 (s, 6H); °C NMR (101 MHz, CDCls) 6 169.4, 148.4, 146.2,
135.4,126.0, 120.1, 110.4, 86.0, 55.9, 43.7, 26.6, 25.8.

OMe 21a

N-3,3-Trimethyl-7-nitro-2,3-dihydrobenzofuran-4-carboxamide (21b):°®

© N“TMe 21b (19 mg, 26%) as pale yellow solid; '"H NMR (400 MHz, CDCl3) d 7.90 (d, J
e
é\/gm = 8.4 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.95 (bs, 1H), 4.44 (s, 2H), 3.01 (d, J
o
NO, 21n| 4.4 Hz, 3H), 1.48 (s, 6H); °C NMR (101 MHz, CDCL) J 167.6, 155.3, 138.85,
138.80, 133.6, 124.3, 119.0, 87.2,42.7, 26.7, 25.7.

IV.6.4: General Procedure for the Dual Hydroarylation Reaction From mono-

Hydroarylated product 16h

The dual hydroarylation reaction was conducted in a 50 mL Schlenk tube having high
pressure valve and side arm. The tube was charged with 16h (0.3 mmol), [RuClz(p-
cymene)]z (6.0 mg, 3.0 mol %), and Cu(OAc)2 H20O (60 mg, 0.3 mmol). Subsequently, the
additive KPFs (7 mg, 12.0 mol %) was introduced to the flask in a glove box. Water
(H20) (2.0 mL) was added to the mixture and the resulting mixture was stirred at room
temparature for 12 h. The reaction mixture was filtered through a plug of Celite and

washed with CH>Cl> (3 x 5.0 mL). The solvents were evaporated under the reduced
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pressure and the crude material was purified using column chromatography on silica

gel (30— 0% n-hexane/EtOAc eluent) to give the desired product 17.

o) |\I/\I/IF<;S [RuCl,(p-cymene)], Os_MPS
Me (3.0 mol %) Me Me
TMG KPFo (12mol %) © Me
o 0 Cu(OAc)H,0 (1.0equiv) Yo S
H,0, 100 °C, 12 h
16h 17, 65%

N-[3,3,5,5-Tetramethyl-2,3,5,6-tetrahydrobenzo[1,2-b:5,4-b'|difuran-4-carboxyl]-S-
methyl-S-phenylsulfoximine (17):%

17 (79 mg, 65%) as colourless crystalline solid; '"H NMR (400 MHz,

Me

O=d_
o 27" | CDCL) 68.06(d,J 7.6 Hz, 2H),7.70 (t, J 7.4 Hz, 1H), 7.62 (t,J 7.6 Hz,

Me Me
Me Me| 2H), 6.26 (s, 1H), 4.13 (s, 4H), 3.56 (s, 3H), 1.40 (s, 6H), 1.37 (s, 6H); °C
° © 17| NMR (101 MHz, CDCl;) § 176.4, 160.1, 138.4, 134.1, 131.9, 129.6, 127.1,

123.3, 93.7, 85.7, 43.9, 42.5, 26.2, 26.1.

IV.6.5: General Procedure for the Annulation of Dihydrobenzofuran 16a with 1,2-
Diphenyl acetylene

The annulation reactions were conducted in a 50 mL Schlenk tube having high pressure
valve and side arm. The tube was charged with 16a (100 mg, 0.3 mmol), 1,2-diphenyl
acetylene (64 mg, 0.36 mmol), [RuClz(p-cymene)]2 (9.0 mg, 5.0 mol %), and AcOH (0.3
mmol). Subsequently, the additive AgSbFs (20 mg, 20 mol %) was introduced to the
flask in a glove box. 1,4-Dioxane (2.0 mL) was added to the mixture and the resulting
mixture was stirred at 120 °C for 24 h. The reaction mixture was filtered through a plug
of Celite and washed with dichloromethane (3 x 5.0 mL). The solvents were evaporated
under reduced pressure and the crude material was purified using column
chromatography on silica gel (20-30% n-hexane/EtOAc eluent) to give the desired

product.

9,9-Dimethyl-3,4-diphenyl-8,9-dihydrofuro[2,3-h]isoquinolin-1(2H)-one (26):
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26 (68 mg, 62%) as colorless crystalline solid; 'H NMR (400 MHz, CDCls)
phlé%“”e 59.79 (bs, 1H), 7.30-7.24 (m, 3H), 7.22 (bs, 5H), 7.18 (d, J 8.8 Hz, 1H),
26 o 7.16-7.11 (m, 2H), 7.05 (d, J 8.8 Hz, 1H), 4.31 (s, 2H), 1.54 (s, 6H); °C
NMR (101 MHz, CDCls) & 159.4, 136.7, 135.2, 134.5, 134.2, 131.9, 129.2, 128.30, 128.26,
128.1,127.5,127.1, 117.6, 116.1, 86.4, 44.6, 29.7, 26.7.

IV.6.6: General Procedure for the Unsymmetrical Two-fold C—H Functionalization

(Intramolecular Hydroarylation & Intermolecular Bromination) Reaction

The twofold C-H functionalization reaction was conducted in a 50 mL Schlenk tube
having high pressure valve and side arm. The tube was charged with 16a (100 mg, 0.3
mmol), NBS (80 mg, 0.45 mmol), Pd(OAc): (11.0 mg, 15 mol %), and AcOH (0.75 mmol).
1,2-Dichloroethene (DCE) solvent (3.0 mL) was added to the mixture and the resulting
mixture was stirred at 100 °C for 12 h. The reaction mixture was filtered through a plug
of Celite and washed with dichloromethane (3 x 5.0 mL). The solvents were evaporated
under reduced pressure and the crude material was purified using column
chromatography on silica gel (35-50% n-hexane/EtOAc eluent) to give the desired

product.

N-[5-Bromo-3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-
phenylsulfoximine (27):

Me 27 (88 mg, 72%) as colourless solid. "H NMR (400 MHz, CDCls) & (d, J
OOQE"P'" 7.6 Hz, 2H), 7.69 (t, J 7.4 Hz, 1H), 7.61 (t, J 7.6 Hz, 2H), 7.30—7.24 (m, 1H),
Br\&%w‘e 6.64(d,) 8.4Hz, 1H),4.18 (d,J 8.4Hz,1H), 4.14(d,J 8.4 Hz, 1H), 3.55 (s,
z © 1 3H), 1.46 (s, 3H), 1.39 (s, 3H); "°C NMR (101 MHz, CDCL) §175.2, 159.1,

138.0, 136.8, 134.1, 134.0, 132.0, 131.9, 129.6, 111.4, 108.8, 85.2, 44.0, 43.3, 26.4, 25.4.

IV.6.7: General Procedure for the Unsymmetrical Two-fold C—H Functionalization

(Intramolecular Hydroarylation & Intermolecular Acetoxylation) Reaction
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The two fold C—H functionalization reaction was conducted in a 50 mL Schlenk tube
having high pressure valve and side arm. The tube was charged with 16a (100 mg, 0.3
mmol), Pd(OAc)2 (7.0 mg, 10 mol %), K25:0s (162 mg, 0.6 mmol) and AcOH/CHCls
(3:5, 2.0 mL) were added to the mixture and the resulting mixture was stirred at 100 °C
for 12 h. The reaction mixture was filtered through a plug of Celite and washed with
dichloromethane (3 x 5.0 mL). The solvents were evaporated under reduced pressure
and the crude material was purified using column chromatography on silica gel (35-

50% n-hexane/EtOAc eluent) to give the desired product.

N-[5-Actoxy-3,3,-dimethyl-2,3-dihydrobenzofuran-4-carboxyl]-S-methyl-S-
phenylsulfoximine (28):

28 (78 mg, 67%) as colourless solid. m.p. 222 C; Ry 0.40 (6:4
\z‘Ph hexane/EtOAc); 'H NMR (400 MHz, CDCls) §8.08—8.02 (m, 2H), 7.74-7.66
Aco\él\\/l)egMe (m, 1H), 7.65-7.58 (m, 2H), 6.84 (d, J 8.8 Hz, 1H), 6.77 (d, J 8.8 Hz, 1H),

© 4.17 (s, 2H), 3.42 (s, 3H), 2.12 (s, 3H), 1.45 (s, 3H), 1.40 (s, 3H); °C NMR
(101 MHz, CDCl3) 6173.7, 169.9, 157.5, 141.0, 138.3, 134.0, 133.8, 129.7, 128.7, 127.2, 122.3,
110.6, 85.5, 44.2, 43.4, 25.7, 25.5, 20.9; IR (Neat) max 2927, 1632, 1217, 748, 494 cm™'; HRMS
(ESI) for Cy0H,:NNaOsS (M+Na)*: calcd. 410.1033, found 410.1039.

IV.6.8: General Procedure for the Hydrolysis of Hydroarylated Product

Compound 16b (0.25 mmol) was dissolved in NaOH in H>O and MeOH solution (1:1,
2.0 mL) and stirred at 70 °C for 6 h. The reaction mixture was extracted with Et-O, dried
over NaxSOs4, and concentrated under vacuum to give 7,7-dimethyl-2,3,7,8-
tetrahydrobenzofuro[6,7-b][1,4]dioxine-6-carboxylic acid (29). The basic aqueous-layer
was acidified with dil. HCl and extracted with CH2Cl,. The CH2Cl, layer was washed
with brine, dried over Na»SOs, and concentrated under vacuum to give the

methylphenylsulfoximine (15”).
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' Os_MPS Os_OH ,
: Me me NaOH (3 equiv) Me Me '
i MeOH:H,0 (1:1) Og NH
1 > + : :
e o 70°C, 6 h o o Ph “Me |
' LLO 16 L_O 29 15"

7,7-Dimethyl-2,3,7, 8-tetrahydrobenzofuro[6,7-b][1,4]dioxine-6-carboxylic acid (29):

1H), 4.42-4.27 (m, 6H), 1.53 (s, 6H); *C NMR (101 MHz, CDCL) §171.1,

O 29 (52 mg, 81%) as colourless solid. '"H NMR (400 MHz, CDCL;) & (s,
Me
L_o 20 148.7, 143.0, 133.7, 131.5, 117.7, 113.5, 87.0, 64.8, 64.2, 44.1, 25.6.
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Chapter 1

Stereoselective C—H Bond Activation and Annulation: An

Introduction

Abstract
low energy TS high energy TS
X Y
X Y % X Y &
X X o 4 y
\S/ Pd(ll) "«*S’ & S e
7 DG TSAA lion / S 7 "DG g
: MPAAligand ¢ DG . Y DG T C—M—L
C—H Kinetic Resolution C—R C—H C—M=L Ll
-+ DG _.DG
: : B annutation { R
' — > E——— /
c—H C-H activation c—M R-=-R c
R

C-H activation strategy has been employed for the introduction of chirality in
molecules as well as the construction of complex molecular scaffolds through

unsymmetrical multiple C-H annulations. In the first part of this chapter, a brief

introduction of C—H activation along with various echanisms of C-H activation are
discussed. The second part enumerates the concept of kinetic resolution of substrates
through C-H functionalization. The origin of stereoselectivity and the use of chiral
amino acid ligand in combination with transition metal cataﬁst is briefed. The
coordination of sulfoximine pyridyl-motif with Pd(II)-catalyst and mono-protected
chiral amino acid (MPAA) ligand for the enantio-determining C(aryl)-H activation is

narrated. The last part of this chapter covers unsymmetrical multiple annulations and

hydroarylation ‘in water” that involves C—H activation.
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L.1. Introduction:

Inert C—H bonds are undoubtedly ubiquitous. Hence, direct conversion of C—H bonds
to carbon-carbon (C-C), carbon-heteroatom (C—Xbbonds has had a significant impact
enriching the synthetic potential. Along this line, direct functionalization of C—H bond
could reliably be used making complex molecular scaffolds with ease. Thus, the

development of novel synthetic method linked to the functionalization of inert C—H

bonds always appealing. The ansition—metal (TM) catalyzed cross-coupling reactions
offered a synthetically alternative plan for making diverse ranges of bond formations;
however, these methods primarily require pre-functionalized precursors, which are
prepared from readily available materials by multi-step synthesis, and generate a large
amoglt of waste by-products during the reaction. In this connection, an unconventional
TMtalyzed activation and functionalization of inert C—H bond has provided a
synthetically alternative greener pathway by not only discovering new reactions but
also makin&novel chemical space with diversity. Despite the tremendous synthetic

potential, selective activation of a particular C—H bond in organic molecules by

combining the inherent stereo- and regio-selectivity issues is always challenging.

L.1.1. Transition metal-catalyzed cross-coupling reaction

Transition metal catalyzed cross-couplings are the trustworthy approaches for the
introduction of complexity in the molecule.! In this case, an organometallic reagent
(main group metal), in the presence of a group 8 orﬁroup 10 metal catalysts in
combination with an organic electrophile allows making C—C and C-heteroatom bonds
(Scheme L.1).2 Since the early dis%reries in this field by Kumada, Suzuki , Kochi,
Corriu, and Murahashi; many organometallic reagents, such as organoboron,
organosilicon, organotin, and organozinc have proved to be very useful coupling
partner for cross-coupling reactions. Diversity of coupling partners and electrophiles
made these process key tools for organic synthesis, resulting a plethora of synthetic
methods towards pharmaceuticals and natural products.? The overall catalytic cycle of

the cross-coupling reaction is depicted in Scheme L2. In general, the cross-coupling
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reaction mainly involves oxidative addition of electrophile to metal centre, followed by

transmetalation, and finally, reductive elimination (Scheme 1.2).

— HNR4R2
- R'—BY = R—NR;R;
v e 5
HNR4R
2 0'-1 2 Buchwald-Hartwig Coupling

Suzuki Coupling A
R—X 1 R~ !
R—ZnX |R—[M]—X R RXAR

' + t 6
R—R -
or base Heck Coupling
ishi C ; R' H -HX
Negishi Coupling
R'—SiX; R—"_ rR—=—R
R_R- — 7
. base, r.t
F" or base 1 . .
4 ) R & R' = alkenyl, aryl, alkynyl Sonogashira Coupling
Hiyama Coupling X = Halo-group, OTf

' ™ =
L)

16
12
R1
R'— R2 SR
reductive
8
elimination H-X
et 2  syn-fA-hydride
Negishi . | oxidative RILA TR Synphydr
Kumada R _lx addition H"'P\d"Ln
S ki '
H?Jyzaumla 8 Heck-coupling 15X

Stille

syn-migratory
insertion

Scheme 1.2: Pathways of various cross-coupling reactions

However, most of the cross-coupling reactions often associated with requirement of
pre-functionalized starting materials (electrophiles, organometallic reagents, and

nucleophiles), which make this process synthetically lengthy and cumbersome.*
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Therefore, development of an alternate straightforward, atom-economical, and greener
method for the synthesis of complex molecules from readily accessible precursors

always draws significant attention to the synthetic community.
I.2. The C—H Bond Activation/ Functionalization

The C-H activation is a chemical process that functionalizes the inert C-H bond by
increasing its reactivity. In O%anometallic point of view, C—H activation refers to a
process where metal interacts with the inert C—H bond of 17 and directly forms a metal-
carbon _intermediate 18. Next, interaction of an electrophile or nucleophile to 18 then

makes C-C and C-heteroatom bonds in 19.5 The first step in generally a C—H activation

and the second step is the functionalization. Thus, C-H activation can be termed as C-H
functionalization, whereas C-H functionalization is not always considered as C-H
activation. The formation of direct metal-carbon intermediate is the main feature of

C-H activation (Scheme L.3).

C-H functionalization

: c—H > C—X ;
E 17 19 :
E C-H activation :
E transition one or more E
H metal catalyst steps .
: c—M ;
: 18 :

Scheme 1.3: C—H bond activation/C-H functionalization

I.3. Mechanistic Pathway Overview of C—H Activation

The C-H activation or functionalization process occurs in two different ways. One
involves outer-sphere mechanism, where C-H bond at first inserts into the ligated
transition metal (TM) species (see 20, Scheme L.4). V&ile the other ‘inner-sphere’

mechanism encompasses a direct coordination of TM to the C—H bond that in-situ
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forms a C-M or C-M-H intermediate (see 21, Scheme 14). Although “C-H
functionalization” and “C-H activation” terminologies are often mixed up and created
confusion in the chemical society, however, the term “C-H activation” is widely

confined to inner-sphere mechanism.%

+
-H |#* . N
-7 Direct insertion of a C-H H—C Direct coordination of a C-H
|l[ ~C o bond to the TM center leading to
Xn|M| of C-M or C-M-H intermediate

bond into the ligated TM |
! xnlml complex |

outer sphere inner sphere

Scheme L.4: inner-sphere and outer-sphere mechanism

1.3.1. Insights of outer-sphere mechanism w
27

In case of outer-sphere mechanism: no direct interaction of the C—H bond with the

ﬁctive metal catalyst occurs; instead, the ligand attached with the TM-species reacts
5
with the C-H bond. The ligated-TM-species can either abstracts a hydrogen radical

followed by recombination with organic radical or the ligand can directly insert into the
inert C—H bond (23 or 26; Scheme 1.5). Thus, the outer-sphere mechanism usually
occurs with the insertion of high oxidation state metal containing reactive oxo, carbene,

or nitrene species to the C—H bond.

E M n-2 '
' [M]"=0 + H—C ———» [M]™'-0 i. c—0 .
: H-abstraction g \H radical \H !
: 22 17 23 rebound 94 i
: @ 5
: H---C |* ,6 :
: n— — “\ .r” - 1
: MIP=Y + H—C —> IX,[M] —Y Vo X, M] !
: Y =CR,, RN ) — ¢\ :
5 25 17 26 27 " :

Scheme L5: Outer-sphere mechanism
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1.3.2. Insights of inner-sphere mechanism: nucleophilic vs electrophilic character ¢

Inner-sphere mechanism in C-H bond functionalization comprises with the
coordination of C-H bond with the active metal complex to provide a metal-carbon
intermediate Error! Bookmark not defined.Error! Bookmark not defined. Thys, interaction of TM-
coordinated aryl or alkyl species with the external electrophile/nucleophile or the
ligand attached with the metal itself can trigger the functionalization. Based on the
mechanistic insights, the inner-sphere mechanism occurs in three ways. They are
typified as: (i) electrophilic activation, (ii) o-bond metathesis, and (iii) oxidative
addition. owever, the exact pathways of inner sphere C—H activation has become so
far unclear. With respect to the charge transfer direction, the inner-sphere C-H
activation process is being simplified and broadly classified into two main categories: (i)
reverse charge transfer from metal 1'[ orbital to the o* orbital of the coordinated C-H

21

bond and (ii) forward charge transfer (CT) from filled o orbital of C—H bond to an
21

empty do orbital of metal.®® The etron deficient metal complex as well as cationic late
transition metal complex having low energy dm and do orbitals participate in forward
CT over reverse CT; the overall process is thus electrophilic (Scheme 1.6, right). On the
other hand, electron-rich transition metals having high energy dm and do orbitals

participate in reverse CT and therefore the pathway is nucleophilic (Scheme 1.6, left).
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+
H-g
XM
inner sphere
Nucleophilic C—H activation :--:::'—::::::::--E E Electrophilic C—H activation
—Q conii — 6 o' c-H
C’o \ /! ' ' L ,';
do \‘ / R SabR S ]
NS ot o
ommmmmmmmeees Y e —ii
R AN Do do 1y
18 it s
t deib : oI
W8 A ae§ cCH! |
A g ooh: dn ‘4_:: ¥
{ M>CH | M<-C-H C MecH TN=CEHT
iReverse CT ! Forward CT ! Reverse CT | Forward CT!
Scheme L.6: Nucleophilic vs electrophilic C—H activation
I.3.2.1. Oxidative addition
7
The electron-rich, nucleophilic, low- pomeee- T &
valent d® second- and third-row late C—H LMP /o
transiti tal 1 L s== T .
ransition metal complexes mo.véy L8 29 30 M

involve oxidative addition pathways for
the C-H activation. In this case, ]

balanced enthalpy change among C-H

bond breakage and the M—C and M-H The gradual accumulation of electron
density in the LUMO could decrease the

C-H bond order and therefore is ease to

Scheme 1.7: oxidative addition

mechanism

bonds formation is maintained. The
transformation initiates with the metal
coordination to C-H bcﬁ and then
electron density transfer to the LUMO
of C—H bond (o*).




cleave. Eventually oxidative addition of

c
a nucleophilic moiety could increase the M " C-H
0x1d.at10.n s.tate of TM To gfet. a o 6 -
qualitative idea of oxidative addition, i /c{.. )i 'I
the respective molecular diagram is .
sketched in Scheme 1.8. S o '
' L o Q
1.3.2.2. Sigma-bond metathesis qu_"; R 3 "I’? g
The early TM with d° electronic ! % 4_*‘:1‘ Iy r,‘.l
configuration and high oxidation state is dr Tm’ Ly
not amenable to undergoing oxfgative i om
addition. Such species can react with a | [ 9.....5
particular C-H bond via o-bond "\. I TN
metathesis (0-BM). This megjanism — '
involves four centered  kite-like 5 oo 6
transition state 34 that takes place e i
without changing oxidation state of the o
metal (Scheme 1.9). Mainly, the group- Scheme L.8: MO diagram of
III metals (scandium lanthanides and oxidative addition
actinides) along with few group-IV and
V TM are amenable to this mechanism. ' M
M | C-H
A qualitative MO diagram for s-bond : H e
metathesis is shown in Scheme 1.10. o 0 i |
the absence of d-electrons thus precludes /c\ |
the n-interaction. } 9
i R—H S wie |
' 32 P ; \
: R,—H R1—ll'l LxM3—R R :% - '.. - \
MR === = BV s BT g
Co3 33 3 E ‘ — Gl
"""""""""""""""""""""""""" | - o /N
Scheme L9: Sigma-bond metathesis —
mechanism c;{bg_"”
: 7N

Scheme 1.10: MO  diagram of
sigma-bond metathesis

1.3.2.3. Electrophilic C—H activation:




The electron-deficient high oxidation state late transition metal complexes, such as

Pd(II), Ru(IIbIr(III) and Pt(I) mostly participate in the electrophilic activation. In such

cases, the coordination of C-H bond to metal complex starts with strong o-

[
M—|
M H c-H
H
Q=
G ;’ \
SN '
[ H
L i
I \"
’ 1
iB 8L o
" the—o0u H
‘F‘r II: c* é
] [
do *',' :'t
db — i || large DE
o | Poor overlap
i i

Scheme 111 MO diagram of electrophilic
C-H activation

Scheme 1.12 Electrophilic mechanism

1.3.2.4. Ambiphilic concerted mechanism: 7.6

Y is internal or
external ligand

: .' ‘Y_
P c7H?
' ——
I Vo
E 17 28 36

donation and weak m-back-donation
(Scheme L11 and Scheme 1.12). In case
of aromatic

system, electrophilic

addition of TM species into the arene
moiety at first forms a wheland type

the

intermediate 36. Next, base
mediated loss of proton forms a metal-

carbon intermediate 37.

A qualitative molecular orbital diagram

is sketched I.11. The

in Scheme
mechanism involves an interaction of
viable

the

energetically

(do) with

TM  d-orbital

C-H bond (o).

The inner-sphere mechanism that involves an intramolecular H-abstraction by an

internal ligand, such as an alkoxy or an halide anion, or a bridging heteroatom based

species (for example: carboxylate anion) via a concerted cyclic mechanism (Scheme

L.13). This mechanism can be classified as: internal electrophilic substitution (IES),
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ambiphilic metal-ligand activation (AMLA), or concerted metalation deprotonation

(CMD). In these cases, a significant H-bond between ligand lone pair with the
corresponding C-H bond increases the electron density of C-H o-bond, which

eventually facilitates the agostic interaction(38—40—37 or 39—41—37) (Scheme 1.13).

E C—H C-H|" -LH42
: > L r\E—D _’[Lx_1l'!fl-'|.- :
'H ‘ AMLA (4 memberbed) 38 40 :
vl :
'c + LM 28 C * C-MLyq!
; AMLA (6 membered) H\IL, HEIML, 37
: | or CMD . o%_(;(') > 6Y0 :
5 ! 39 R, JRCOOH

Scheme 1.13 Ambiphilic concerted mechanism

1.3.2.5. 1,2-addition:

An alternate 1,2-addition involves a sigma bond metathesis of C—H bond 17 to the
double bonded metal- nonmetal (M=X) species 43 via a concerted four membered

transition state 44. The newly formed H-X species remain attached to the metal

complex 45 (Scheme 1.14).

H
Cf . ‘?X - H Y - H—)I( i
M {C'/\ ,,X) C—M
M I
17 43 4 45 :

_________________________________________________________________

Scheme 1.14 1,2-addition
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1.4. Different Methods of C—H Functionalization

‘(Various methods of C-H functionalization

" Directed C-H r‘Cro5s—dehydmrgenatiw&e

p .
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Scheme 1.15 Different methods of C—H activation/functionalization

The transition-metal catalyzed C—H activation/ functionalization can be categorised into

three main classes (Scheme 1.15):

1) Directed activation: The directing group (DG) assisted C—H activation initiates with
5
the coordination of DG with the TM complex, which activates the C—H bond close
proximity to the Tl\ﬁspecies. The transformation is therefore highly regioselective. By
26

tuning the DG, the C—H activation can be made -ortho, -meta, or -para selective.

2) Cross-dehydrogenative or non—diaected activation: Cross-dehydrogenative C-H
5
activation generally happens with the most acidic C—H bond. Thus, the process is non-

regioselective.
3) DG assisted cross-dehydrogenative coupling: This process involves the combination

of the above two pathways.
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This thesis primarily based on “Directing Group Assisted C-H Bond Activation”
principle. The contents of this thesis aims in the development of TM catalyzed kinetic
resolution of sulfoximine through C-H functionalization, synthesis of spiro-fused

heterocycles through multiple C—H annulations, and hydroarylation “in water’.
L.5. Transition Metal Catalyzed Stereoselective C—H Activation:

In the past few decade, the TM-catalyzed C-H bond functionalization has gained a
great amount of attention for development of versatile synthetic methods that
functionalizes ert C-H bonds to -OH, -NHo, halide, and aryl or alkyl groups and the
synthesis of complex molecules.” Among various TMs employed for the C—H activation
domain, palladium (Pd) catalysts have been widely used as further functionalization of
palladium—carbon intermediate is ease and well-studied.!? Significant efforts on Pd-
catalyzed C-H functionalization are mostly linked to racemic transformations.
Moreover, ligands play significant in facilitating cleavage of C-H bond and enhancing
the overall reactivity for the formation of C-C/C-X bonds.? The ligand coordination

with Pd-species can lower energy barrier of elementary steps involved in C-H

activation and also modulate facial selectivity (regio- as well stereoselectivity). !

In this section, a brief historical background in the development of bifunctional mono-
N-protected amino acid (MPAA) ligands for discovering Pd-catalyzed stereoselective
C—H functionalization is discussed. The conceptual imprints for the kinetic resolution of

molecular scaffolds in presence of MPAA ligand and Pd-catalyst is also enumerated.

L.5.1 Historical background and discovery of MPAA ligand towards stereoselective

C—H functionalization:

1.5.1.1 Background: In 1969 Werneke group has attempted performing cyclopalladation
of (dimethylamino)methylferrocene 51 with KoPdCly but ended up with only amine
ligation species 52 (Scheme 116).1%
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Scheme L1.16: Acetate anion-mediated cyclopalladation

In 1975, the Shaw group successfully demonstrated the synthesis of desired
cyclopalladation complex 53 from (dimethylamino)methylferrocene 51 when carried
out in presence of stoichiometry amount sodium acetate (Scheme 1.16).1?" This is one of
the earliest examples of acetate mediated cyclopalladation of C(sp?)-H bond.13

In 1979, Sokolov proposed an alternate mechanism for the Dg assisted acetate anion
mediated C(aryl)-H deptonation in combination with Pd(II) catalyst. The Pd—carbon
bond formation occurs through a six-membered cyclic transition state 55 following
concerted metalation deprotonation (CMD) pathway (Scheme 1.17).14

Q. dy
Pd. |

S
54

electrophilic palladation concerted metalation
-deprotonation (CMD)

© Directing group

Scheme 1.17: Topology of CMD process

One of the earliest reports on stereoselective cyclopalladation has been showcased by
Sokolov in 1977. The reaction of a (dimethylamino)methylferrocene 56 containing a-
amine chiral center with 1.0 equivalent of Na;PdCl; and sodium acetate has led to a

diastereoselective cyclopalladation (57:58) with d.r. 85:15 (Scheme 1.18).1
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Scheme L.18: Substrate controlled diastereoselective cyclopalladation

1.5.1.2 Discovery of MPAA ligand:
In 1979, Sokolov hypothesized that instead achiral carboxylic acid in CMD mediated
cyclopalladation, the use of chiral amino acid as carboxylate source 60 could bring

chiral induction in cyclopalladation step from 59 to 61 (Scheme 1.19).14

' COzME

, so™ 10amcoez SR -
: N g3 COOH Fe z

: Ac” Cl+- MeOH, rt @ '
E H Pr QF’IU';‘ 64 :
" F'ECNMez 1.0 6q.Na,PdCl,  H” Fo ~Ns 2 A com ~_CO,Met
: Tt & wmde Z63 OMe =~ -
: 1.0 eq. NaOH > H7 ;" NMe, E
i 59 4:1MeOH:H,O, it 61(R)-2 EtsN, toluene :
: pH =5.85; 8% ee reflux ;
; pH = 6.7; 65% ee 65 :

Scheme 1.19: Substrate controlled diastereoselective cyclopalladation

I.5.2. Selective examples for the anthesis of C-stereogenic molecules via C(sp?)-H

functionalization:

The Yu group developed Pd/MPAA catalyzed desymmetrization strategy for the

construction of stereogenic C—C via C-alkylation/C-alkenylation and intramolecular
C-O bond formation 66—68 (Scheme 1.20). Identical strategy has been expanded further

to the synthesis of various chiral amine derivatives 69-71 (Scheme 1.20).16.17
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Pioneering work:

| S
R
H Y alkyl
= COONa
g B LS
Me Me
66 67
OTO% Me Me
)\ Lo Et)\rCOOH Et/l\l,COOH
H - (Menthyl NHBoc NHBoc
up to 95% ee up to 99% ee up to 96% ee
Yu et. al. 2008 Yu et. al. 2010 Yu et. al. 2013

Synthesis of enantiopure amines:

NR'R’

R .,! H  NHT Me NHTf
1 * * -Tol
& SHe

R2 | Ar
69 70 71
0 o, CFs
N_ocs Me
Me . H ] Et 0]
Oy"‘- /N H
Me’l\rCOOH N—PdT Coops Fmoc-HN  NHOMe
z OAc
NHBoc OAPh
up to 99% ee up to 99% ee up to 99% ee
Shu-Li You et. al. 2013 Yuet. al. 2013 Yu et al. 2015

Scheme 1.20: Synthesis of C-stereogenic molecules via C(sp?)—H functionalization

L5.3 Selective example of the synthesis of C-stereogenic molecules via C(sp3)-H
functionalization:

In 2014 and 2015, Yu group revealed an early example of Pd/MPAA catalyzed

enantioselective C(sp3)-H arylation via desymmetrization of cyclobutyl (72), acyclic

amide 73 and cyclopropyl 75 derivatives (Scheme L.21). 18a-
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In 2016, the same group reﬁ)rted the discovery of N-acetyl-protected chiral aminoethyl
quinoline ligands enabled enantioselective functionalization of 3-methylene C-H bonds

for the generation of C-stereogenic aliphatic amides 74 with high enantioselectivity

(Scheme 1.21). 15
In continuation, the amino acid transient DG can facilitate enantioselective arylation of

B-methylene C-H bonds of benzyl carbon of 76 (Scheme 1.21).15¢

Ar ;
Ho B9 i R O § 5
= N,AI'F ' ; %, _NHTf :
N ' BocHN  NHOMe R er * BocHN” “COOH
72 AT or : s ! Boc-L-Val-OH
Q E UE:O Qsoﬁfe up t0 99.5% ee '
RZ N-AE t Yu, 2015
H
Ar H
73 : '
T q ; ? t-Bu
R’I\)LNHArF E t-Bu RIL @ :
74 : F * H,N” ~COOH
R1: alkyl, aryl : I 76 52 i Leertleucine
- ' -Bu '
ArF = 4-(CF3)CqF4 up 0 96:4 er upto98:2er -
Yu, 2016 Yu, 2016

Scheme 1.21: Selected example of C-stereogenic molecules via C(sp®)-H

functionalization

1.5.4 Synthesis of C-stereogenic molecules via m-selective C(sp?)-H functionalization:

In 2018, Yu group reported a challenging enantioselective m-C—H activation using a

catalytic amOﬁlt of chiral norbornene [(+)-NBE-CO2Me] transient mediator (Scheme
37

1.22).1% This method has been used for the enantioselective meta-C—H arylation of

benzylamine derivatives 77.
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Scheme 1.22: Desymmetrization via meta-selective functionalization
L5.5 Synthesis of heteroatom centered stereogenic molecules via C(sp?-H

functionalization:

Related examples of Pd/Rh/Ir-catalyzed enantioselective C(sp?)-H functionalization

for the generation of stereogenic heteroatom center are listed in Scheme 1.23.%°
The Yu and Wang group independently reported Pd/MPAA catalyzed enantioselective

C(sp?)—-H functionalization for the construction of stereogenic P (79) and S-centered (80)

molecules, respectively (Scheme 1.23).
In 2017, the Cramer group demonstrated chiral Rh/Ir catalyzed enantioselective

C(sp?)-H functionalization for the construction of stereogenic P-centered annulation

product 81 and C-N bod forming compound 82, respectively (Scheme 1.23).R
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Scheme 1.23: Selected example of metal catalyzed formation of stereo heteroatom center

L.5.6. Palladium Catalyzed Kinetic Resolution, Motivation, Hypothesis, and Planning

A notable effort has been made in the past decade in the enantioselective C-H

functionalization by desymmetrization strategies and among these approaches,
palladium catalyzed desymmetrization of prochiral H bond has been successfully
implemented for the construction of stereogenic carbon, phosphorus and sulfur center.
However, requirement of two enantiotropic group in the compound limits the
desymmetrization method synthetically practical. At this point, the kinetic resolution
(KR) method could easily address these inherent drawbacks. Thus, Yu's discovery on
Pd-catalyzed KR of benzyl amine and aryl acetic acid via arylation and alkenylation is
undoubtedly a breakthrough (Scheme I.24A). In spite of this success, the related

strategy of Pd-catalyzed heteroatom centred KR of arenes remains unknown, although

exceedingly appealing (Scheme 1.24B).
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Scheme 1.24: Palladium catalyzed kinetic resolution via C(sp?)-H activation and

motivation

With this intention, we devised a Pd-catalyzed KR of 2-pyridylaryl sulfoximines using a
commercially available Pd(II) catalyst and a simple chiral amino acid (MPAA) ligand,
via C(aryl)-H arylation and olefination (Fig 1B), which remains unexplored (Scheme
1.25).2! The concept relies on kinetically regulated CMD step of C(aryl)-H activation
(ki>>kz, Scheme 1.25) through preferred coordination of pyridine over imine to Pd-
MPAA and ligand geometry CMDpy,.ps over CMDpyr.pr (Scheme 1.25). A transformation
is therefore developed and discussed in Chapter II.
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Scheme 1.25: Kinetic resolution of phenyl pyridyl sulfoximine
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.6 Transition Metal Catalyzed Annulation Reaction

The TM-catalyzed annulation approaches have been widely implemented for the
construction of variety of heterocyclic compounds. In 1991 and 1995, Larock group
reported palladium catalyzed annulation of substituted aryl halides 93 th a wide
range of internal alkynes 94 (Scheme 1.26).>> This method showed a straightforward
pathway for the construction of benzofurans, indoles, benzopyrans, and isocoumarins.
However, pre-functionalized precursors required in this process limits synthetic utility
of this transformation. A probable solution to this would be TM—talyzed annulation

via direct C—H activation.

Pd(0) X
_
H base, solvent = R2

i X =OH, NHR, R’ R’
C(CH5),0H
93

Scheme 1.26: Larock annulation of aryl halide with alkynes

1.6.1 Transition metal-catalyzed oxidative annulation via C—H activation
The DG enabled TM—Cﬁtalyzed oxidative annulation of aromatic C-H bond with
5

alkenes/alkynes offers an atom-economical pathway for the construction of highly
conjugated heteroarenes from readily accessible precursors.”? Few the most recent
demonstration of TM-catalyzed oxidative annulations are showcased in Scheme 1.27. In
2007, Miura group showed a Rh(III)-catalyzedoxidative C-H annulation of easily
accessible benzoic acids with alkyne derivatives for the synthesis of highly substituted
lactones.?” Subsequently, Rh(III), Ru(II), and Co(III) catalysts have been employed for
the discovery of DG assisted annulations with alkynes and unsaturated systems for the
synthesis of wide arrays of novel N/O-bearing heterocycles; a brief snapshots for the

construction of new heterocycles is depicted in Scheme 1.27.23-%7
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Scheme 1.27: Selected examples of transition-metal catalyzed annulations

1.6.2 Mechanism of transition-metal catalyzed oxidative annulation
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A representative mechanistic cycle for the DG mediated annulation reaction with
alkyne is shown in Scheme L.28 (Path-I: non-oxidizable DG; Path-II: Oxidizable DG).
The transformation initiates with the coordination of TM with DG to form the

respective metallacycle A or I.

101

Ox
DG—
R——F d\ d\ 101
Cf > H =
C-H activation \
metallacycle formation metallacycle formation

A

M base

R'——rR? Path | Path Il B

(Non-cmdlzable directing group) M* (OX|d|ng|g directing gr-m_.pJ J

Ox
IG/
M
oxidant protonation -
., R?
G R

M "o ¢
m —
R? R \—i reductive elimination/

reductive elimination oxidative addition to
/ the DG-0X
q/
R! 102
product

Scheme 1.28: Metal catalyzed oxidative annulation

Next, the alkyne insertion to A or I give metallacycle C and III via B and II,
respectively. The formation of 7-membered metallacycle C/III is quite common for both
the methods (Path I and II). In case of Path-I, reductive elimination of Int-III delivers
the corresponding mono-annulation product 102 with the reduction of TM species to
Mx2. Thus, external oxidant is necessary to re-oxidise the catalyst M*2to Mx for further
reaction (oxidant enabled; Path-I). Whereas in Path-II, reductive elimination of C and
simultaneous oxidative insertion of metal complex across the DG-Ox bond and
protodemetalation of D delivers the annulation product 102 along with active catalyst

Mx (oxidant free; Path-II).26
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1.6.3. Transition metal-catalyzed multiple C—H activation

Over the gne, numerous efforts have been devoted in the development of synthetic
29

methods for the activation and functionalization of multiple S—H bonds. However,
23

these transformations mostly dealt with mono-functionalized C-H bond followed by

the introduction of second functional group in the other C-H bond. Simultaneous

introduction of distinct functionalities in multiple C—H bonds remain challenging.

one-pot or sequential X Y

P

H H

multiple C-H activation

’ N
\‘/\/ @“‘& @ OAc \‘/SOAC
104 a 104 b 104 ¢
2009 by Miura 2012 by Gevorgyan 2013 by Lan
Our group:

Og MPS one pot: X Oy MPS i
i Me R : H H one pot; Me R i
) &C8CN @ 7 Icc 3?0-0] . U
¥ single DG single DG X
107 105 106

Scheme 1.29: Selected examples of multiple C-H functionalization
In 2009, Miura and co-workers reported pyrazolyl group directed unsymmetrical di-

alkenylation of arenes (104a; Scheme 1.29).28

In 2012, Gevorgyan group showcased a sequential acetoxylation followed by
pivoxylation of two ortho-C(arene)-H bonds. The multiple unsymmetrical C—O bond
formations were viable in one-pot in the presence of a pyrimidyl-DG (104b; Scheme

1.29).2
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Similar kind of sequential olefination of twg ortho-C-H bonds was demonstrated by
5
Lan and co-worker using 2-pyridylmethyl as a removable directing group. (Scheme

1.29).

In 2012, our group demonstrated methylphenyl sulfoximine directed intramoleculala-
24

C-H hydroarylation followed by intermolecular o’-C-N and C-C bond formation for

the synthesis of peripheral substituted dihydrobenzofuran derivatives (106, 107;

Scheme 1.29). Interestingly, both steps are performed in one-pot.*

L.6.4. Motivation, Hypothesis, and Planning

Ar Ar
— // + / — Ru(ll) —»
0] Ar/ Ar 2-C-C/2-C-N

bond formation
MMPS 109 109 One pot
r
A

X7 H, r
X=N/O/SIC N Y + — Ru(l) —»
108 Ar 2-0-9 2-C-N
bond formation
109 110 Sequential

o)
Ar Ru
(@f‘“mps L.
(AT +|[l  -Phsome
X" H,
X=N/o/s/ic A

108 109 -

Scheme 1.30: Motivation and hypothesis of multiple cyclization

Our group has recently showcased a Ru-catalyzed sulfoximine directed one-pot
symmetrical double annulation of arenes with alkyne to construct n-extended poly-
fused heterocycles 111 (Scheme 1.30). The identical transformation can also be applied
for the unsymmetrical linear-type double annulations with different alkynes to make

112 (Scheme 1.30).




C-H activation and kinetic resolution Chapter |

Inspired from these demonstrations of double annulations, we envisaged performing a
sequential double annulation with alkyne and a quinone moiety in an orchestrated
manner. This process could lead to either a n-extended poly-fused heterocycles 111 by
stitching two molecules of alkyne or the annulation process could bind both alkyne and
quinone simultaneously (Scheme 1.30). A transformation in this line is therefore developed

and discussed in Chapter I11.

The TM-catalyzed DG enabled intramolecular hydroarylation of arenes with olefins
have been well-studied (Scheme 1.31).* The transformations are successful when
carried out organic solvents, such as: toluene, 1,2-dichloroethane, 1,4-dioxane etc
(Scheme 1.31). We hypothesized that the hydroarylation reaction may be possible in
water medium instead of organic solvent. Thus, amide directed hydroarylation strategy
in water medium is envisaged (Scheme L31). The Ru-catalyzed intramolecular

hydroarylation transformation is therefore developed and discussed in Chapter IV.

i A. previous reports

E DG DGyje DG Cat Organic Solvent

‘ R R Amide/ Imine Rh toluene :
i ﬁ’ —@—» MPS/ Amide Ru  CICH,CH,CI ;
! o} o 0 Imine Co CICH,CH,CI !
' rt-150 °C Amide Ir  1,4-dioxane '
E B. Hydroarylation in "water" E
E Os MPS/NHMe - Reusable MPS ,
: Tm @ ? + Green method ;
E }IT‘ « Economically :
i o Water * 4 favourable ;

Scheme L.31: Intramolecular hydroarylation ‘in water’
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Kinetic Resolution of Sulfur-Stereogenic Sulfoximines by Pd(II)-
MPAA Catalyzed C-H Olefination and Arylation

Abstract
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A direct Pd(II)-catalyzed kinetic resolution of heteroayl-enabled sulfoximines through
5

an ortho-C—H alkenylation/arylation of arenes has been developed for the first time.

The coordination of sulfoximine pyridyl-motif with Pd(Il)-catalyst and chiral amino

acid MPAA ligand helps the enantio-determining C(aryl)-H activation. This Method

provides access to a wide range of enantiomerically enriched arPfl-pyridyl-su]foximine

precursors and the C(aryl)-H alkenylation/arylation adducts in good yields with high

enantio-selectivity (up to >99% ee), and selectivity factor up to >200; which are

otherwise inaccessible by the conventional methods. The directing group (DG)

preference, ligand effect, geometry constraints, and the transient six-membered

concerted-metalation-deprotonation (CMD) species displays indomitable resilience in

the stereoselectivity origin; DFT studies validate this outcome.
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I1.1. Introduction

The directing group (DG) assisted desymmetrization of prochiral C—H bond provides
an impeccable entry to construct functionalized chiral molecules. This strategy has led
to making stereogenic carbon, phosphorus, silicon and sulfur centered species through
selective functionalization of prochiral C—H bonds.!? However, essential requirements
of two enantiotopic groups limits synthetic potential of desymmetrization processes. At
this juncture, kinetic resolution (KR) of C-H bonds is undoubtedly an attractive
alternative (Scheme IL.1A). In this regard, the Yu's DG assisted chiral amino acid
enabled palladium (Pd)-catalyzed carbon centred KR of arene C—H bonds through
alkenylation, arylation, and/or iodination is undoubtedly a breakthrough constructing

highly functionalized

A. Strategies for chiral induction:

Desymmetrization Kinetic resolution
H ' Kf
: — : X
: enantiotopic modified | —  a }@
' groups group : X Y . RZ R’
5 C ) | iw® Xg
: . : : | R
i| plane of : chiral : X—|—R =l xm |— K>k,
i| symmetry X ix environment X Py
] bl R
i R7'R RTR K2 X, G
' ' é (R+9) — X

B. C-centered kinetic resolution (explored):

R C-centered

Hﬁ . o DG . DG
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i 1)

C. Hetero atom-centered kinetic resolution (unexplored):

R Hetero atom-centered R
!

X\& X< . 7y
H DG + FG FGDG +H DG ~ f'u:
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Scheme IL1: Kinetic resolution for the generation of stereogenic hetero atom centre
chiral entities. (Scheme IL1B).* However, these strategies are limited to C-centred

resolution while related strategy for heteroatom centered KR of arene is obscure

(Scheme IL.1C).

I1.2. Previous strategies for PdA/MPAA catalyzed desymmetrization

In 2008, Yu group reported a desymmetrization method for the Pd(II)/ monoprotected
amino acids (MPAA)alyzed enantioselective activation of C(sp?)-H bond. This
process is successful for making chiral C-stereogenic centre. Monoprotected o-amino

acid ligands are found essential in this process. The mechanistic feature is sketched in

Scheme I1.2 22

5
The transformation begins with the in-situ formation of Pd /MPAA-complex 3. Next,

HO_O

Loy NA < RE(OH),
R

10 mol% Pd(OAc),, L o ;
| 1.5 equiv RB(OH), N L= )\INJ’LQ ]
: 1.0 equiv Ag,0 H(-)Menthyl | !
5 0.5 equiv BQ, THF ;
i 1 up to 95% ee Yu et. al. 2008
i Pd(OAc), E
: lMPAA 5
Pd(Il)Ln, 3 i
i reductive G‘ncchanistic cycl(a E
| elimination ;
' . Ar '
! Ho A o i-Bu '
e f H |
: of;Pd’ :
i ;" N ;

transmetalation H 3
0]

Scheme 11.2: Pd(Il)/MPAA-catalyzed enantioselective C(sp?)-H functionalization via

alkylation
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the reaction of 3 with 1 proceeds with enantio-determining C—H activation to deliver 6-
membered palladacycle 1a. The transmetalation of 1a with the boronic acid counterpart
then provides 1b. Finally, reductive elimination of 1b gives the final product 2 (Scheme

11.2).

In 2010, the identical strategy has been extended for the enantioselective C—H activation
of carboxylic acids 4. Monoprotected a-amino acids are once again found effective for

the enantio-determining C-H insertion of 4 to enable 4a (Scheme 11.3).2¢

5.0 mol% Pd(OAc),, L X) COONa
COONa BQ, KHCO;

~  OnC

up to 99% ee Yu et. al. 2010

A
Rs
: 0 ;{ R :
: H :

0=
[ > / ONa ~--=cc-us
enantio-determining \horgipd 4
C-H insertion = - @ a
H Pe
Scheme I1.3: Enantioselective C—H activation reactions of carboxylic acid

In 2013, the same group developed Pd(II)/MPAA catalyzed enantioselective C(sp?)-H

activation and simultaneous intramolecular C-O bond formation to deliver chiral
20

benzofuranones 7 with up to 96% ee. This is the first example of enantioselecctive C-H

functionalization which involves Pd(Il) /Pd(IV) catalysis (Scheme I1.4) ¢

E Me I
: Pd(OAc)./L N Lo Et’l\(COOH:
. Phl(OAc)s, KOAg, 'BuOH NHBoc :
i Yu et. al. 2013 :

Scheme II. 4: Enantioselective C(sp?)-H activation and synthesis of chiral

benzofuranones
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In same year, the You group revealed Pd/MPAA cﬁalyzed stereoselective C-H

functionalization of aminomethylferrocene derivatives 8 for the construction of planar-
chiral ferrocenes derivatives 9 with high enantioselectivity. Commercially available N-
Boc-protected amino acids are being successfully used for the chiral induction.
]

Moreover, the reaction occurs in the presence of air as external oxidant, which makes

the current synthetic method practical (Scheme I1.5).%8

E L= E
' 151 1Rt :
: e Pd(OAc),, L e e :
. 2, 3 :
©H R3B(OH),, K,CO. R Me)\(COOH :
: ] — | :
: Fe TBAB, DMA, 60 °C Fe NHBoc :
: R2 R2 :
: 8 Shu-Li You et. al. 2013 9 :
: up to 99% ee
Scheme IL5: Stereoselective C—H functionalization of aminomethylferrocene

In 2013, a first example of an Pd-catalyzed enantioselective C(sp?)—H iodination of

(diarylmethyl)amine 10a has been demonstrated by the Yu group. This strategy

Pd(OAc),
AL Bz-Leu-OH

NHTF

I, t-amyl-OH/DMSO

10a air, 30 °C, 48 h
Y ocs Yu et. al. 2013
proposed Ay I s
reactive O, N H
—_—
intermediate N/_,: Pd »
H OAc Ar
%
O~ "Ph
10a'

: (e} (@) /CFS up to 99% ee

Scheme IL.6: Pd(II)/MPAA-catalyzed enantioselective C(sp?)—H iodination

provides a useful access to functionalized chiral (diarylmethyl)amine derivatives 11.

The commercially available mono-N-protected amino acid ligand (MPAA) along with




Kinetic resolution of sulfoximine Chapter Il

the inexpensive halogenating agent I are used in this transformation making the
method synthetically workable (Scheme I1.6).>' A neutral o-donor directing group helps

the formation of reactive intermediate 10a’.

In 2015, a stereoselective C(sp?)-H functionalization of nosyl-protected
diarylmethylamines 10b with ArBpin has been developed by the the same group. Once
again, the MPAA ligand has been found effective to deliver the respective arylated
chiral diarylmethylamine derivatives 12 (Scheme 11.7) 21

Pd(OAc), E

Me NHNs Fmoc-L-Leu-NHOMe Me NHNs ;

~ Ag,CO3, NaHCO;, A i

»0-Tol 4 ArBPin iy _ > +o-Tol |

-benz '

H ,4-benzoquinone, Ar :

H,0, DMSO, t-amylOH '

10b 12 '

80°C, N5, 18 h i

; o 0. ONa n up to 99% ee :
: N ar Yuetal.2015 |
: proposed 4 ”S '
: reactive o N '
: ~ H :
' transition state N— Pdf‘: " o :
RAO“\. \“. E

10b’ ~H :

Scheme I1.7: Pd(II)/MPAA-catalyzed enantioselective C(sp?)-H functionalization via

arylation

Although the known desymmetrization strategies are viable in making C-H
functionalized chiral molecules, prochiral C-H bonds are essential for all these
transformations.? While kinetic resolution (KR) of C-H bonds offers booming

advantages for making functionalized chiral molecules.
I1.3. Motivation and Design of Kinetic Resolution

In this regard, Yu's pioneering routes on DG assisted chiral amino acid enabled
palladium (Pd)-catalyzed carbon centred KR of arene C-H bond through alkenylation,
arylation, and /or iodination is undoubtedly a breakthrough (Scheme IL8).* Despite the
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successes, related strategy for the Pd-catalyzed heteroatom centered KR of arene remains

obscure although exceedingly appealing (Scheme IL8).

NHN NHNs
®  Pd(OAc), NS ?
Ligand P
- NeaNvellys
Arl]
13 14

f
arylation or e I
: rac-13 iodination  4a . e,
i o, NR i
i B. Kinetic resolution of aryl acetic acid derivatives \'i?/j
X X i NS
: « Pd(OAc),
HMPAA ligand ©/L COOH COOH  Unexplored |
EEE—
+
COOH AR

rac-15  X=OPiv, NHPiv 15 16 R

Scheme IL.8: Kinetic resolution for the generation of stereogenic C-centre

On the other hand sulfoximines, configurationally stable motif with S-stereogenicity,
have been found in the molecules of medicinal importance and agrochemicals.[>!
Notably, sulfoximines have emerged as chiral auxiliary and DG for C-H
functionalizations.l®! These benefits have enabled facile access to diverse range of
sulfoximines. Whereas syntheses of enantioenriched sulfoximines have invariably rely
on resolution techniques, stereoselective imination and oxidation.l”8! Elegant
enantioselective and KR routes to sulfoximines have been independently developed by
Cramer and Li group, but all these approaches rely on Rh -catalyzed [4+2] annulation
of diazoesters and aryl-sulfoximines in presence of specially designed ligands (Scheme
I1.9).19 Mechanistically, this transformation proceeds with the coordination of the
sulfoximine 18/19 to the Rh(III) center which initiates ortho-C—H activation via a CMD
pathway. Then coordination and insertion of the diazo species 21 with 18b ds to the
formation of carbenoid intermediate 18c, which in turn undergoes protonation to

produce ketone 22. Finally an off-cycle cyclocondensation offers desired product 20a or

20b.




Kinetic resolution of sulfoximine Chapter Il

desymmetrization of sulfoximine : kinetic resolution of sulfoximine Alk
E H N :
: O  slow enantiomer ),S‘ :

| oo w, RACPY) R1\")‘L 2 " :

chiral Cp*Rh \\ ,,NH 2R’1

N N2 :

I: j E j (j (j Alk =
18" chiral Cp*Rh"" 19 i

E 5 rac-19 o, Ak
: O\\ fPh R! 2 H \\S‘:‘ E
: San R%: N
Nz oq i P
: 7 R? 2 fast enantiomer ¢ R
20b :

: Mechanism:
]
[CP*Rh(O,CR")]

A ]

: -H20
i20a/20b «—

I
— X
N—RhCp* g RhCp
R,ﬁ z Rl 18b
o) 18c \ o
21

Scheme IL9: Desymmetrization and kinetic resolution of sulfoximines through

annulation

To this end, we devised a Pd-catalyzed C-H functionalization method for KR of 2-

pyridylaryl sulfoximine using commercially available Pd(II) catalyst and chiral amino
acid (MPAA) ligand via C(aryl)-H arylation and olefination (Fia:e IL1A), which is
unexplored. The concept relies on kinetically regulated concerted-metalation-
deprotonation (CMD) step of C(aryl)-H activation (K;>>K;, Figure I1.1A), coordination
of pyridine over imine to Pd-MPAA and the ligand geometry CMDpyr.ps over CMDpy;.
pr (Figure IL.1B). These factors might influence the selectivity (S over R; Figure IL.1A).
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(Detailed explaination is given in section I1.4.7) The transformation is general
constructing wide arrays of enantiomerically enriched C-olefinated/arylated aryl-

pyridyl-S-sulfoximines, which are otherwise inaccessible by other routes.

A This work : Kinetic resolution of racemic sulfoximine:

No enantiotopic RN, O

S».
C H bonds “ 2
@' O o O
Alkenyl
@r @ K, >> K, S-isomer

= 2 \ = / '2, :Bu

Me._ .OBn Me._ ,OBn i
O, (o) O N

O 4 ‘O /Q v O
{‘*w-—: : ool

RN, O i
Pd(OAc), ™ "V, S i
IMPAA ,N" J— N :
R-isomer i
B. Origin of selectivity: ;
|. Directing group preference (pyridine over imine): E
five-membered cycle 1 six-membered cycle t E
Boc O « Q_Me '
pd’N‘S O o N= L '
Me Pd..  $°NBoc i
BnO B NT '
Me nO H "
o Me Y=oy .
rBUO !BUO .
CMDg_y, (29.18 kcal/mol) CMDpy, (22.91 kcal/mol) E
(R-isomer favour) (S-isomer favour) E
II. Ligand geometry (CMDp,,.ps over CMDp,, pg): "
7 \ Me 7 N\ Me E
s A 5
N :N\ NH Y :

=0 r -

BuO 07 0'Bu =0 :

‘BuO g Dpy,.pr (unfavourable)

Figure IL1: Kinetic resolution of sulfoximine

I1.4. Results and Discussion

I1.4.1. Synthesis of precursors

General procedure for the synthesis of racemic (rac) 27a-271 (GP-1):10
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To pursue our hypothesis, diverse range of N-Boc protected aryl-pyridyl-sulfoximine

precursors are prepared using the known synthetic procedures. Coupling of thiols with

pyridines followed by PhI(OAc)2/(NH4)2COs mediated imination and oxidation gives

sulfoximine. Finally Boc-protection gives the N-Boc protected aryl-pyridyl-sulfoximine

precursors (Detailed procedure is given in experimental section). A list of aryl-pyridyl-

sulfoximine derivatives are shown in Scheme I1.10.

cl BocN.,O
SH S I
HoRACAL @ — @
23 24 25
Reaction condition: Et.N (1 5 ) DMAP (20 “.r)
b. PhI{OAc), (2.3 eq) c. EtsN (1.5 eq), mal%
a.100 °C, H,0 2
z (NH4),CO5 (1.5 eq), MeOH Bocz0 (2.0 €q), DCM
Bocl\l\\ ,,O Me BocN BocN D Cl BUCN BDCN\\ ’fo
X MeO. SN
N \©’ 1
N N Nz
27a 27a-2 ?a 3 27b
BocN, O m
BocN\ !/O Me BocN\\ P \//
N \ Me
O @
o i
Me 27¢ 2?d pr 7e
MeQy B
BocN\\/;) Me y BocN\\ S,,O Me BocN O Me MeO VNBQC € oc
cl s 7 ° o O
N. .= N,
27h Me 27i 2?] 27k

Scheme I1.10: List of sulfoximine precursors synthesized

Thiols (23) and pyridines (24) are purchased from commercially available source and

used; the molcules are listed in Scheme IL.11.
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Me\©,SH CIUSH
23g 23h

Structure of 24:

Structure of 23:

: _SH MeO. : _SH SH :,SH SH EtO SH
Me” : '‘Bu ipr/(j ()
23a 23b 23¢c 23d 23e 23f

Me

23i

Cl Cl Cl Cl
Me I\N I\N Cl I\N Br I\N

= = = =

24a 24b 24c 24d

Me Me
F
Me 23j 23k 231

Scheme IL.11: List of thiols and pyridines used for sulfoximine synthesis

I1.4.2. Synthesis of Chiral Ligands (GP-2):"'

All mono protected amino acids ligands L1-L.8 and L11 were purchased from commercial

sources or synthesized following the known procedures.””’ Ligands L9 and 110 are prepared and

presented in Scheme I1.12.

N-Boc-L-a-AA series  N-Ac-L-a-AA series chiral carboxylic acid N,O-protected-L-thereonine series
(CAA)
t Me. OY
; S X
X X HOOC” N
BocHN™ “COOH AcHN™ “COOH XHN¥ “COOH
L1: R = CH,Ph L4:R=Bn © L7: X = Boc, Y = Bu; L8: X = Boc, Y = Bn
L2:R = /Bu; L3: R = iPr L5: R = iBu L6 L9: X = Boc, Y = -CH,-3,5-di-F-CgHa; L10: X = Boc,
. Y =-CH,-3,5-di-MeO-CgHg; L11: X = Fmoc, Y = By
1

Scheme I1.12: List of mono protected amino acid ligands for the kinetic resolution

I1.4.3. Optimization studies

I1.4.3.1. Optimization of reaction conditions for C-H alkenylative kinetic resolution:




Kinetic resolution of sulfoximine Chapter Il

The study was initiated in the non-substituted N-Boc-phenyl-2-pyridyl sulfoximine (rac-
27a-1) with ethyl acrylate (28a; 0.6 uiv) in presence of Pd(OAc)2 (10 mol%), Boc-L-
Phe-OH (L1; 30 mol%), Ag>CO; (2.0 equiv) in CICH>CH>CI (1,2-DCE) at 75 °C (Table
I1.1). The desired C2-alkenylation product (5)-29a-1 (18%, conversion after 3 days) along

with

Table IL.1. Ligands Screening [

BocN, ,0 Pd(OAc), (10 mol%)  BOCNy 9
\Sf\ Ligand (30 mol%) "y p
—_— |
©/ 2Py Ag,CO; (2.0 equiv) Y
ethyl acrylate (28a)
rac-27a-1 1,2-DCE (R)-27a-1

N-Boc-L-a-AA series  N-Ac-L-a-AA series chiral carboxylic acid N, O-protected-L-thereonine series

(CAA)
t Me._,OY
i 5 LA X
BocHN " COOH AcHN” >cooH ~ HOOC™ N XHN” “COOH
L1: R = CH,Ph L4: R =Bn © L7: X = Boc, Y = Bu; L8: X = Boc, Y = Bn
L2: R = /Bu; L3: R = iPr L5: R = iBu L6 L9: X = Boc, Y = -CH,-3,5-di-F-CgH3; L10: X = Boc,

Y = -CH,-3,5-di-MeO-CgH3; L11: X = Fmoc, Y = 'Bu

®(R)-27a-1 ®(S5)-29a-1

81 79 79 79
75 76 77 7270

50

1 L2 138 W4 5 1 L7 18 19 10 Ul 18
'8 9 - - 4 - 12 11 10 11 11 12°
¢ 18 19 - - 38 _ 20 2 22 25 22 50°

[2lReaction conditions: rac-27a-1 (0.1 mmol), ethyl acrylate 28a (0.6 equiv), E(OAC)Z (10 mol%), ligand (30
mol%), Ag,CO; (2.0 equiv), 1,2-DCE (1.0 mL), Nz 75 °C, 3 days. [Calculated conversion, C =
eeSM/ (eeSM + eePR). [Determined by chiral HPLC analysis. [dSelectivity factor (s) = In[(1 - C)(1 -
eeSM)]/In[(1 - C)(1 + eeSM)]. [¢/Ethy] acrylate (2.0 equiv) was used.
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the precursor (R)-27a-1 were obtained in 75% ee and 17% ee, respectively, exhibiting a

low selectivity factor (s) of 8. This encouraging result unfolded our curiosity examining

the effect of other ligands. None of the N-Boc-, N-acetyl-, and N-imide-protected

commercially available a-amino acid ligands (L2-L6) with distinct side chains were

effective. Assuming the additional coordination ability of easily modifiable -OH group

in threonine, various N, O-protected threonine ligands were tested.

The reaction s factor was improved a little for (S)-29a-1 81% ee and 79% ee, when Boc-L-
Thr(Bu)-OH (L7) and Boc-L-Thr(Bn)-OH (L8) were used, respectively. Electronic

perturbation in O-benzyl moiety does not have any impact on enantioselectivity (L9 and

L10). The use of 28a (2.0 equiv) in presence of ligand L8 could found effective

improving the conversion (50%) with (5)-29a-1 (70% ee).

Table I1.2. Solvent screening [2!

O NR

\u

©/ PY + ZANcookt

rac-27a 28a, (0.6 eq)

Pd(OAc), (10 mol%) o, NR
L8 (30 mol%)
> “Py
Ag,CO;3 (2.0 equiv) ©/
solvent, 3 days
(R)-27a-1 (S)- 29a-1 COOEt

Conversionl[t] ee [%] .
(R}-27a-1 | (S)-29a-1
1 THEF trace - - -
2 CH5CN trace - - -
3 1,4-dioxane trace - - -
4 HFIP trace - - -
5 toluene 12.76 12 82 11
6 TFT 2478 28 85 16
7 2-chloro toluene 16.33 16 82 12
8 3-methoxy anisole 27.27 30 80 12
9 1,2-dimethoxy propane 9.9 09 82 11
10 4-C1-TFT 17 17 83 13
11 TFE trace - - -
12 2-methoxy propane trace - - -
13 2-methyl anisole 20.75 24 84 14
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[alReaction conditions: rac-27a-1 (0.1 mmol), ethyl acrylate 28ﬁ0.6 equiv), Pd(OAc), (10 mol%), L8 (30
mol%), AgoCOs (20 equiv), solvent (1.0 mL), Nz, 75 °C, 3 days. [FICalculated conversion, C = eeSM/ (eeSM
+ eePR). [IDetermined by chiral HPLC analysis. [4ISelectivity factor (s) = In[(1 — C)(1 — eeSM)]/In[(1 —
C)(1 + eeSM)].

A number of solvents were tested. None of them was found effective in increasing the

conversion of the desired product 29a-1 (Table IL.2).

To enhance sulfoximine resolution enantioselectivity by maintaining conversion (~50%;
Table I1.1), we scrutinized the co-oxidant effect (Table II.3). 2-chlorobenzoquinone (2-
CI-BQ) was found best providing 77% ee of (5)-29a-1 (39% conversion, s factor of 13;
entry-2, Table IL.3).

Table I1.3. Additive screening [l

O NR Pd(OAc), (10 mol%) 0 SR

S. 9
Py + < COOEt L8 (30 mol%)
Ag,COj5 (2.0 equiv)

dditive (30 mol%)
) 28a, (0.6 & a
rac-27a-1 (0-6 eq) 1,2-DCE, 3 days

(R) -27a-1 (S)-29a-1 CooE

Entry dditive Conversionfb] | ee [Yo]i!
(R)-27a-1 (5)-29a-1

1 BQ 18 17 78 10
2 2-chloro BQ 39 50 77 13
3 2, 5-dichloro BQ 35 40 75 10

[2lReaction conditions: rac-27a-1 (0.1 mmol), ethyl mlate 28a (0.6 equiv), Pd(OAc)z (10 rra%), L8 (30
mol%), Ag:COs (2.0 equiv), additives (0.3 equiv), 1,2-DCE (1.0 mL), Nz, 75 °C, 3 days. [tICalculated
conversion, C = eeSM/(eeSM + eePR). [[Determined by chiral HPLC analysis. [1Selectivity factor (s) =

In[(1 = CO)(1 - eeSM)]/In[(1 ~ C)(1 + eeSM)].

Next, we unravelled scrutinizing DG effect (Table 11.4). Thus, various substituted 2-
pyridyl containing sulfoximines were independently subjected to 2a. Upon various
trials, 3-methyl pyridyl DG was found superior affording alkenylation resolution
species (S)-29a (96% ee) with s factor of 58, although conversion was confined to 17%
(entry 1). While 3-Cl/Br substituted pyridyl DG were unsuccessful (entries 2 and 3).

The reaction conversion was improved to 22% when 28a (2.0 equiv) was employed
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under the reaction shown in entry 4. The identical transformation with methyl
acrylate (28b, 2.0 equiv) could enhance the conversion to 27% (entry 5). Finally,
loading of 2-CI-BQ 50 mol% led to (S)-29b (96% ee, s factor of 85 with 34%

conversion; entry 6, Table 11.4) and found optimum.

Table I14. Directing group screening 2!

Qy /NBoo Pd(OAC), (10 mol%) v N

3. o, 5. -
oo PR L8 (30 mol%) ps * wSnio
# ~COOE Ag,CO;3 (2.0 equiv)

2-CI-BQ (50 mol%) |

rac-27 28a, 0.6 equiv 1,2-DCE, 3 days (R)-27 (5)-29 COR
=] ] r
PN & 5~
DG | | S b
N = N, = N =
DG? DG? alcy

Entry H DG Conversion™ ee [%]"

(R)-21  (5)-29

4l DG’ 22 27 95 48
st DG~ 27 35 94 44
6l DG’ 34 50 96 85

Reacﬁon conditions: rac-27 (0.1 rnrnol)mrylafe 28 (0.6 equiv), Pd(OAc), a) mol%), L8 (30 mol%),
Ag,CO; (20 equiv), additives (0.3 equiv), 1,2-DCE (1.0 mL), N, 75 °C, 3 days. b/Calculated conversion, C
= eeSM/(eeSM + eePR). [[IDetermined by chiral HPLC analysis. [4Selectivity factor (s) = In[(1 — C)(1 —
eeSM)]/In[(1 - C)(1 + eeSM)]. ElEthyl acrylate (2.0 equiv) was used. [[IMethyl acrylate instead ethyl
acrylate. [812-CI-BQ (50 mol %) was used.

I1.4.3.2 Optimization of reaction conditions (arylation):

Next, we investigated the feasibility of Pd-catalyzed C-H arylative KR of sulfoximines

(Table IL5-Table IL.8). The reaction of N-Boc-3-methoxyphenyl-2-(3-methylpyridyl)
sulfoximine (27b) with (4-CF;)Ph-Bpin (31a; 2.0 equiv) was performed under the
catalytic conditions of Table IL.5. Pleasingly, the desired product (5)-30a was obtained
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in 94% ee with s factor of 39 along with the recovery of (R)-27b in 20% ee and 18%
conversion (entry 1, Table IL5). The oxidant Ag>O played a vital role; conversion was
increased to 51% (entry 2, Table IL5). Carrying out the reaction at 60 °C enhanced the s
factor to 50 (entry 4, Table IL5). The s factor was raised to 64 with reaction conversion
41% and 94% ee of (S)-30a, when trifluorotoluene (TFT) was used (entry 1, Table IL.6).
Performing tlareaclion with 20 mol% of L8 improved the outcome (entry 3, Table I1.7).
Importantly, reaction concentration from 0.1 M to 0.067 M led to (5)-30a (94% ee) and
(R)-27b (88% ee) with 48% conversion and s factor of 95 (entry 3, Table IL8).

Table IL5. Oxidant screeningl?!

Pin 0, BocN_ O
BocN D Pd(OAc); (10 mol%) BocN N /0 MeO \\S/,
MeO _ LB(0mol%)  Meo 5; X A S
oxidant (2.0 equiv), \g DG + "
DCE (1.0 M)
30a, Ar=
rac-27b 31a (2.0 eq) 27b (4-CF3) Ph-BPin

Oxidant Conversion (c)® ee [%]"
(R)-1b = (S)-5a
1 AgaC0s3 18 20 94 39
2 Ag;0 51 88 86 38
3 AgOAC 12 12 90 21
4lel Ag,0 43 70 92 50

[2IReaction conditions: rac-27b m mmol), 31a (2.0 equiv), Pd(OAc): (10 rma), L8 (30 mol%), oxidant (2.0
equiv), 2-CI-BQ (0.5 equiv), 1L,2-DCE (1.0 mL), N2, 75 °C, 3 days. [Calculated conversion, C =
eeSM/(eeSM + eePR). [[IDetermined by chiral HPLC analysis. [diSelectivity factor (s) = In[(1 - C)(1 -
eeSM)]/In[(1 — C)(1 + eeSM)]. [¢IReaction is performed in 60 °C.

Table IL.6. Solvent screeninglal

NP
\\,/ N

El-ocN PN pd(0A), (10 mol%)
MeO. L8 (30 mol%) i ™ .,
oy
Fa solvent (0 1 M), 60 C 30a, Ar =
rac-27b 3a {2-0 eq) (4-CF3) Ph-BPin

Entry Solvent Conversion ee [%]Y s
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()" (R)-1b (s)-5a
1 TFT 41 66 94 64
2 THF 31 44 96 75
3 t-Amyl-OH 36.0 54 96 84

[é?I{eacl:ion conditions: mc-27bm mmol), 31a (2.0 equiv), Pd(OAc): (10 rra%), L8 (30 mol %), Ag,O (2.0
equiv), 2-CI-BQ (0.3 equiv), 12-DCE (1.0 mL), N, 75 °C, 3 days. [MCalculated conversion, C =
eeSM/(eeSM + eePR). [IDetermined by chiral HPLC analysis. [dSelectivity factor (s) = In[(1 = C)(1 -
eeSM)]/In[(1 - C)(1 + eeSM)].

Table IL.7. Screening of ligand loadingl?!

BPin BocM, O

BocN, O Pd(OAc); (10 mol%) BocN \\ A
MsO 3 ” @ _ L8(xmol%) N 2 oSy -
"Dz +
Ag;0 (2.0 equiv), U
TET (0.1 M), 60 °C
30a, Ar=
rac-27b a (2-0 eq) 27b (4-CF3) Ph-BPin

Entry Ligand loading (x Conversion ee [%o]l<]
mol%) (o)t
(R)-1b (S)-5a
1 10 mol% 41 64 94 62
2 15 mol% 42 68 94 66
3 20 mol% 46 80 94 79
4 40 mol% 40 62 94 61

lgReacl:ion conditions: rac-27b m mmol), 31a (20 equiv), Pd(OAc), (10 gggl%), L8 (x mol%), Ag.O (2.0
equiv), 2-CI-BQ (0.3 equiv), 12-DCE (10 mL), Ny, 75 °C, 3 days. [biCalculated conversion, C =
eeSM/ (eeSM + eePR). [IDetermined by chiral HPLC analysis. [4Selectivity factor (s) = In[(1 = C)(1 -
eeSM)]/In[(1 - C)(1 + eeSM)].

Table IL.8. Screening of solvent loading!?!

BooN 0 Pd(OAc), (10 mol%) BocN, O BooN,
MeO L8 (20 mol %) MeO. \S/ MeQ \\.S‘ ,
ot DG
Agzo (2.0 equiv), ar
[+]
TFT (x M), 60 °C 308, Ar -
rac-27b 31a (20 eq) 27b (4-CF3) Ph-BPin

Conversion
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o ® | o]

1 02M 41 64 94 62
2 013 M 41 66 94 64
3 0.067 M 48 88 94 95
4 0.05M 47 84 94 86

[2lReaction conditions: rac-27b (0.1 mmol), 31a (2.0 equiv), P@Ac)z (10 mol%), L8 (20 mol%), Ag.O (2.0
equiv), 2-CI-BQ (0.3 equiv), 1,2-DCE (x M), Nz, 75 °C, 3 days. [FICalculated conversion, C = eeSM /(eeSM +
eePR). [[Determined by chiral HPLC analysis. [dISelectivity factor (s) = In[(1 — C)(1 — eeSM)]/In[(1 — C)(1
+ eeSM)].

I1.4.4. Reaction scope-I

The reaction generality of Pd-catalyzed C-H alkenylative KR of sulfoximines was then
surveyed (Table I1.9).1'0] Compound 29b (98.2:1.8 er) was isolated in 26% yield. The
alkenylation curred at the less-hindered arene C—H bond and the chiral sulfoximines
29c¢ and 29d were obtained with s factors of 162 and 140, respectively. The catalytic
system was compatible with common functional groups, such as ketone, sulfone and
phosphate in the alkene, providing access to 29e (95.6:4.4 er), 29f (94.6:5.4 er) and 29g
(97.6:2.4 er). Notably, the reaction of methyl vinyl sulfone with 27b displayed an exceptional s
factor of >200 for compound 29h. The reaction of p-(Me/!Bu/Pr)-substituted aryl
sulfoximines with 28b/ vinyl-ketone (28c)/ vinyl-sulfone (28f) smoothly delivered
29i-m in excellent enantioselectivity and s factor of 55 to >200. The m-substituted
electron donating (OEt, Me) and chloro bearing aryl-sulfoximines underwent
olefination with 28b to give the desired products 29n—p with s factor of 24 to 111. The
low yield of 29p (22%; 94.4:5.6 er) is justified by a conversion of 28%, which can be
attributed to electron deactivation by the halo group and the possibility for the
formation of cross-coupled side product. Even the sterically hindered m,m'-dimethyl
substituted aryl sulfoximine 27i reacted well, yielding 29q (36%, 97.9:2.1 er, s factor of
107).

Table I1.9. Scope of C-H alkenylative kinetic resolution of sulfoximines[@]
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BocN, O Me BooN, O Me  BocNg w2
Y Pd(OAc), (10 mol%) Y 5
P L8 (30 mol%) “‘s 5«:, VK sk
IJ At ZR TR5,C0, (2.0 equiv) N P D e
2-CI BQ (50 mol%) 'y ﬁ,L!,_
rac-27 28 DCE, 75 °C (5}29 R (R) -27 i o
BocN o Me BocN Me BocN\ ,, BocN, ,O Me
MeO S’ MeO \s/
i - - 1 = 1 B
Nz N = N = N =
|
CO,Me CO,Me COZEt COMe
29b: 26% vyield, 98.2:1.8 er  29c: 35% yield, 98.7:1.3 er 29d: 33% vyield, 98.5:1.5 er 29e: 35% vyield, 95.6:4.4 er
27a: 51% yield, 76.2:23.8  27b: 46% yield, 85.5:14.5 er 27b: 44% yield, 85.4:14.6 er 27b: 43% yield, 83.7:16.3 er
erC=355=92 C=42,5=162" C =42, s =140 C=42,5 =440
BocH, O Me BocM /O Me BocN BOCN\ A
MeO. NY MeO. N MeO. NS ’
1 = ] =
N = N =
SO,Ph PO(OEt), so Me co Me

29f: 27% yield, 94.6:5.4 er

€ 29g: 33% yield, 97.6:2.4 er
27b: 45% yield, 73.8:26.2 er

27b: 41% yield, 81.2:18.8 er

C=3525=28 C=40,8=77"
BocN IO Me BocN\S//O' Me
N, =
M I Nz Me I
COMe S0;Me

29j: 30% yield, 97.8:2.2 er

29k: 31% yield, 98.5:1.5 er
27c: 45% yield, 79.7:20.3 er

27c: 43% yield, 75.1:24.9 er

C=38,5=92 C=3525=58
. BocN\ // . BocN N ,P Me
e S N
IJ = | N, =
COZMe CO,Me

29n: 42% yield, 92.7:7.3 er
27f: 34% yield, 94:6 er
C=51,8=370

290: 35% vyield, 98.2:1.8 er
27g: 42% yield, 83.9:16.1 er
C=41,5=111

29h: 33% vyield, 99.6:0.4 er
27b: 42% yield, 85:15 er
C =41, 8 >2000

BocN

COZMS

291: 32% vyield, 99.1:0.9 er
27d: 43% yield, 79.6:20.4 er
C =38,5=200

BocN, ,0 Me

N
Cl S | N
IN =
COzME
29p: 22% yield, 94.4:56 er

27h: 38% yield, 67.4:32.6 er
C=28,5=24

29i: 31% yield, 97.8:2.2 er
27c: 46% yield, 76.1:23. 9 er
C=358=75

BocN s ’;
/ak02~18

29m: 30% yield, 96.9:3.1 er
27e: 45% yield, 78.5:21.5 er
C=38,5=55

BocN, ,0 Me

4

Me N
S

|N/

CO,Me

29q: 36% yield, 97.9:2.1 er
27i: 38% yield, 87.9:12.1 er
C=44,5=107"

Me

[ﬂleacticm conditions:

E3:27 (025 mmol), olefin (20 equiv), Pd(OAc): (10 mol%), L8 (30 mol%), Ag:CO;

(2.0 equiv), 2-CI-BQ (0.5 equiv), 22-DCE (25 mL), 75 °C, 3 days. ["lOlefin (1.8 equiv) was used. [lYield of
the isolated olefinated product. Calculated conversion, C = eeSM/(eeSM + eePR). enantiomeric ratio (er)

was determined by chiral HPLC analysis. Selectivity factor (s) =

eeSM)].
I1.4.5. Reaction scope-I1

In[(1 = C)(1 — eeSM)]/In[(1 = C)(1 +

We next probe sulfoximines KR via enantioselective C—H arylation with arylpinacol

boronate esters (Table I11.10).
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Table I1.10. Scope of C-H arylative kinetic resolution of sulfoximines/al bl

BocN, O R

BocN i\ //O
MeQ. ~
2-(3-Mepy)
CF5

30a: 42% vyield, 96.1:3.9 er
27b: 44% yield, 94.3:5.7 er
C=49, 5=73

30e: 41% yield, 97.2:2.8 er
27b: 46% yield, 89.9:10.1 er
C=46, S=86

O\\ x/BocN

EtO .
" 2-(3-Mepy)

CF;

30i: 35% yield, 99.7:0.3 er
27f: 48% yield, 83.9:16.1 er
C=41, 5= 680

MeO\\ /,BOCN

CF;

30I: 29% vyield, 93.1:6.9 er

27k: 43% vyield, 75:25 er
C=37, 5=22

\//
+ ArEBPm
N =

rac- 27

__L8(20moi%)

Ag,0 (2.0 equiv)
2-CI BQ (50 mol%

30b: 43% yield, 96.5:3.5 er
27b: 41% vyield, 94.9:5.1 er
C=49, 5=86

BocM i\ /,O

QEt

30f: 44% yield, 96.4:3.6 er
27b: 46% vyield, 91.6:8.4 er
C=48, 5=69

0\\ r}‘BOK:N

TN 2. (3-Mepy)

30j: 42% vyield, 97.2:2.8 er
27j: 41% yield, 95.4:4.6 er
C=49, S= 112

Meo\\ {/BDCN

COMe

30m: 33% vyield, 92.2:7.8 er

27k: 40% yield, 75.4:24.6 er
C=38, 5=19

Pd{OAc); (10 mol%)

TFT (D GETM) BD °C

o]
BOCN\\O R

} \..S\':]_5 \-A

BocN\ I/O

" 2-(3-Mepy)

COMe
30c: 41% yield, 97.5:2.5 er
27b: 42% yield, 90.9:9.1 er
C=46, 5=97

BocN\ &D

™ 2-(3-Mepy)

Cl

30g: 39% vyield, 97.8:2.2 er
27b:44%; yield, 91.4:8.6 er
C=46, S=117

Me

30k: 25% yield, 93.5:6.5 er
2Tk: 46% yield, 70.6:29.4 er
C=32, 5=22
MSO\ lfBocN
'\-»,

@ CF3

30n: 22% yield, 94.4:5.6 er
271: 44% vyield, 68.6:31.4 er
C=29, S=24

(R)-27 -

30d: 40% vyield, 98.4:1.6 er
27b:42% yield, 92.6:7.4 er
C=47,58=171

BooNy ,/o

™ 2-(3-Mepy)

30h: 38% yield, 99.3:0.7 er
27b: 51% vyield, 85.5:14.5 er
C=42, 5=200

*’{4%
S rare 30h

l2IReaction conditions: rac- 1g0.2 mmol), 31 (2.0 equiv), Pd(OAc). (10 mol%),

L8 (20 mol%),

AgO (20 equiv), PACI-BQ (0.5 equiv), TFT (3.0 mL), 60 °C, 3 days. PlYield of the isolated
arylation product. Calculated conversion, C = eeSM/(eeSM + eePR);

was determined by chiral HPLC analysis;. Selectivity (s) =

eeSM)]

In[(1 -

C)(1 - eeSM)]/In[(1 -

Enantiomeric ratio (er)

Q)1 +

At first, the reaction of 17b with various arylpinacol boronate esters having electron

withdrawing groups [p-CF; (31a), m-CF; (31b), m-COMe (31c) and p-F (31d)], electron

donating groups [p-Me (31e), and p-OMe-m-OEt (31f))] at the aryl motif independently
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led to the arylative resolution products 30a (96.1:3.9 er, 42%), 30b (96.5:3.5 er, 43%), 30c
(97.5:2.5 er, 41%), 30d (98.4:1.6 er, 40%), 30e (97.2:2.8 er, 41%), and 30f (96.4:3.6 er, 44%),
respectively, with s factor of 69-171 and conversion 46—49%. Moreover, the precursor
(R)-17b was isolated in 41-46% yield with good enantioselectivity. The labile —Cl group
was tolerated under the Pd-catalytic system, making 30g (97.8:2.2 er, 39%) with an s
factor of 117. Notably, n—conjugated naphthyl-enabled sulfoximine resolution product
30h (99.0:1.0 er, s factor of >200) was reliably accessed. The arylation of m-OEt-phenyl
bearing sulfoximine 1c with 31a provided 30i (>99% ee) with s factor of >200. Likewise, 30j
(97.2:2.8 er, s factor of 112) was made from the arylation of 2-naphthyl containing
sulfoximine 17j with 31e. The steric bulkiness in aryl-motifs exerts influence on C-H
functionalizations. Despite the challenges, o-tolyl enabled sulfoximines, 17k and 171,
were successful in undergoing arylation with 31a/31c/3le to afford 30k-n in good
enantioselectivity; the moderate s factor of 19-24 and conversion (c = 29-38%) is

considered suitable.
I1.4.6. DFT studies

We performed a theoretical study to unveil the reaction mechanism (Figure I11.2).1213
The MPAA ligand coordination to the metal center lowers the energy barrier of the
CMD step, forming a semi planar five membered ring.!> The coordination of both
nitrogen atoms in sulfoximine 27a forms int-0 with the displacement of acetic acid,
where the S-configuration at sulfur is 1.0 kcal/mol more stable than the R one. Prior to
deprotonation, a cis coordination of aryl group to the N-protected moiety of the MPAA-
ligated intermediate occurs. This assists the CMD process by establishing the absolute

configuration of the sulfur motif. This calculation fully complies with the experimental

observations of the resolution selectivity (calc. 98:2, exp. 98:2; Figure I1.2a-11I).
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Notably, the experimentally observed S-int-2pyr is thermodynamically favored over R-
int-2py: isomer by 6 kcal/mol. In retrospect, the CMD transition states of int-ls=n
(Figure 1I.2a-I) and int-1s-o0 (Figure II.2a-II) lie much higher than int-1py: (Figure II.2a-
III), and their respective AAG* do not coincide with the experimental findings. We
believe the CMD step could be responsible for the kinetic resolution. This hypothesis
has been previously validated by Cheng et al, who also focused their study on the CMD
as determining step.!2 Based on their findings, and considering the plane defined by the
coordination of MPAA to the Pd, the bulky o-side chain of the ligand (above the plane)
pushes the N-Boc moiety down to avoid steric hindrance (Figure II.2b and Figure II.1-
B). Thus, sulfoximine phenyl group coordination complex with Pd-MPAA can point

upward (U) or downward (D) on the plane, with R or S configurations. This translates
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to four possible CMDs: CMDpyr.ur, CMDpyr.us, CMDpyr.pr and CMDpyr.ps. The CMDs
adopt a 6-membered palladacycle with twisted boat conformation. In case of upward
phenyl group linkage (CMDpyr.ur and CMDpyrus), the sulfur atom and its substituents
are located above the plane; while these substituents are below the plane for CMDpy-pr
and CMDpyr.ps. In agreement with Cheng’s observations,!? the C1-N2-Pd-O3 dihedral
angle for CMDpyr.ur and CMDpyrus is ca 170°, which generates a high steric interaction
when compared with the ca 140° for CMDpyr.pr and CMDpy:.ps. These latter are favored
by hydrogen bond interactions, making the combination of steric and electronic effects
accounting for a difference of nearly 10 kcal/mol in each enantiomer. The preference for
the S configuration by ~2.5 kcal/mol over the R isomer, lies in a steric clash of the NBoc
group with the methyl group from the pyridine moiety and in consequence with the

phenyl group, causing an energetically demanding arrangement.

Based on the literature, which included experimental observations, it is known that
insertion/elimination steps come right after the CMD.12 To corroborate our selectivity
findings, we studied the mechanism for the insertion step in the Pyr and N=O series.
Analysis of the transition states revealed that, as in the CMD case, pyridine acting as a
directing group provides the lowest energy barriers (24.28 al/mol for the S isomer
and 28.67 kcal/mol for the R isomer). The study of this step confirms the selectivity

observed at the CMD and shows the irreversibility of the reaction.

11.4.7. Application

The synthetic potential of chiral sulfoximine was next probed (Scheme I1.13). The
trifuloroacetic acid (TFA) mediated N-Boc deprotection of (R)-27b provided chiral
sulfoximine (R)-32 (95% ee). Next, reduction of (R)-32 led to chiral sulfoxide (R)-33 (90%
ee) when exposed to +-BuNO:z at rt for 2 h; chiral integrity of S-motif is preserved. The
N-Boc deprotection and intramolecular Michael cyclization to the activated olefin-

moiety of (5)-29¢ was smooth delivering 34 (as a single diastereomer) in 95% ee. A one-
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pot TFA assisted N-Boc deprotection and oxidative intramolecular C—-N bond formation

of (5)-30d furnished (5)-35 (93% ee, 62% yield).

A. synthesis of N-free sulfoximine:

BocN,_ O Me
N/ . HN_ 9O Me
MeOUS"@ TFA (7.0 equiv) . MeO. \\S/ N
N cH,Cl, 70°C, 1h U N
(R)-27b, 88% ee 88% (R)-32, 95% ee
B. synthesis of chiral sulfoxide:
HN ,}J Me | O Me
MGOUS‘© t-BuNO, (1.1 equw‘} MQOOS X
Nz CHCls, 1t, 2 h N&
(R)-32, 95% ee 78% (R)-33,90% ee
C. synthesis of five-membered cyclic sulfoximine: Me— \
BocN\//O Me (o] =N
MeO. PSA MeO \
| i R
N TFA (7.0 equiv) . N
| CH,Cly, 70°C, 2 h *
COOMe 66% MeOOC
(S)—29c, 97% ee 34: 95% ee
D. thesis of thiazine: —
synthesis 0 IaZIE:;cN o (i) TFA (7.0 equiv) L Ve
MeO N CH,Cl,, 70°C, 1 h N—%,
¥2-(3-MePy) - > MeO SN
(i) Pd(OAC), (10 mol%), O
PhI(OAc), (2.0 equiv), O
F toluene, 75 °C, 12 h. F
(S)-35, 93% ee

: (S)-30d, 97% ee 62%

Scheme 11.13: Derivatization of Chiral Product

...... ass - assadm

I1.5. Conclusion

In summary, a Pd(Il)-catalyzed pyridyl substituted KR of sulfoximines through
C(aryl)-H alkenylation and arylation has been revealed for the first time. The
transformation addresses the inherent challenges in the KR of coordinatively active

pyridyl-enabled sulfoximines (highly susceptible to TM-catalyst quenching) with no
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prochiral center in the presence of chiral amino acid MPAA ligands and Pd(II)-catalyst.

The common functional groups were tolerated under Pd-catalysis exhibiting good
substrate scope for C—H alkenylative and arylative sulfoximines KR products in high
enantioselectivity with s factor up to >200. In-depth DFT studies uncover the salient

features of coordination selectivity of pyridyl-group over sulfoximine imine.
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Unsymmetrical Annulation of C(sp?)-H Bonds with Alkynes and

Quinones: Access to Spiro-Isoquinolones

Abstract

One-pot two-fold unsymmetrical annulation with alkyne and quinone

®28 examples Ar

oyi %
yields up to 82% spiro-fused-isoquinolone

; acidic cond. basic cond. o E
: Ar ~ 2 :
. / /4 .
= O @ryy |
E Ar o !

A non-trivial u-catalyzed one-pot sequential oxidative coupling of a
(hetero)arene/ vinylic/chromene system with alkyne and quinone is presented; the
methyl phenyl sulfoximine (MPS) directing group is vital. This cyclization forms four
(two C-C and two C-N) bonds in a single operation and produces unusual spiro-fused-
isoquinolones with a broad scope. The release of phenyl methyl sulfoxide makes the
MPS group transformable. A deuterium scrambling study sheds light on the reaction

path.
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Unsymmetrical Annulation Chapter Il

IIL.1. Introduction

The nthetically validated annulation tool has had a profound impact in chemistry, as
this method reliably transforms the readily accessible less-functionalized compounds to
structurally complex molecules.! In this regard, the transition-metal (TM)-catalyzed and
directing group (DG) supported activation, functionalization, and annulation of inert
C-H bonds are incomparable.?> Obviously, the functionalization of environmentally
different C—H bonds with distinct coupling partners results in structurally diverse
molecular scaffolds.® A viable synthetic example of this is the directed double
functionalization of proximal C—H bonds with identical functional groups.” By contrast,
the chelation-assisted unsymmetrical functionalization of C-H bonds is often
nonselective, uncontrolled, and unproductive;* however, a sequential two-step
synthetic process under divergent DGs and/or different catalytic conditions is

implemented for the construction of novel molecular scaffolds.?

two step; one/two catalyst; one isolation

: DG -
i 4 H FG!' :
5 & 2 W
' DG two step; two catalyst; two isolation DG .
i H. i H ~ FGR i FG' :
E one pot; one catalyst; one operatlog 3 E
i 1 path-2 o6 | i
E o\% v m G desired product .
E catalyst-| ﬁ j 2 catalyst-|l E

probable by-products
e non selective

; DG DG DG DG

i H FG' FGZ H FGl! FG' FG2 FG2 e uncontrolled

E e less productivity
; 2 4 5 6

Scheme IIL.1: Multiple C-H functionalization and challenges




Unsymmetrical Annulation Chapter Il

II1.2. Previous strategies for annulation

II1.2.1. Previous strategies of Ru-catalyzed mono-annulation:

In 2010 Ackermann group reported oxidative mono-annulation strategy for N-Me
benzamide derivatives 7 with internal alkyne 8 for the synthesis of isoquinoline
moieties 10 (eq 1, Scheme IIL2). This method involves the inexpensive and air stable
Ru(Il) catalyst. The functionalization of N-Me benzamide dervivatives essentially
requires an external oxidant. The external oxidant re-oxidizes the catalyst at the end of
the cycle and makes the catalytic system active. Later the same protocol has been
extended towards N-OMe benzamide substrate 9 (eq 2, Scheme II1.2).10.11 The N-OMe
moiety acts as an internal oxidant and thus, the synthetic method does not need
external oxidant. Thus, the synthetic method is atom-economic and green. The
mechanistic features of both the methods have been sketched in Scheme IIL2.
Mechanistic cycles starts th the in-situ formation of active Ru(Il)-complex
[RuL(OAc)2] A. The reaction of A with 7 or 9 provides 5-membered ruthenacycle 7a or
9a via simultaneous —H and C-H bond activation. Next, the alkyne insertion to 7a or
9a intermediate gives a 7-membered metallacycle 7b or 9b. Formation of 7-membered
metalycycle is common for both the methods. Next, reductive elimination of 7b delivers
the corresponding mono-annulation product 10 along with the formation of inactive
Ru(0) system. External oxidant is therefore necessary to re-oxidize Ru(0) to Ru(II)
catalytic system, which helps the reaction to proceed further; thus, the transformation is
oxidant enabled (Scheme II1.2). While in case of 9b, reductive elimination followed by
oxidative insertion of Ru(Il) complex across the N-OMe bond and protodemetalation
of 9c¢ delivers isoquinoline derivative 11 along with active catalyst; thus, the

transformation is oxidant free (Scheme IIL2).
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[RuCl,(p-cymene)]
5.

Cu(OAc),H,0 (2.0 equiv)
t-AmOH, 100 °C, 22 h

[RuCls(p-cymene)]s

oMe 4 (3.0 mol %) @ NH 2
@ NH ||| NaOAc (20 mol %) _ A
H * MeOH, RT,8h

E Ar A1 '
S s 1 e
o} N OMe
H reductive elimination \ 8 l
: followed by oxidative '___RU'_E__ AF—=—Ap :
: insertion to N-OMe bond .-~ R migratory :
: Ccy b A insertion :
' 0¥ R / 9b . '
H @ N "‘OMe ‘
: 9¢ :
' o .2HOAc 93 Cy :
: 5 NH <« 2HOAc - 5
E ZNAr ? E
: 1 (Ar TN o :
: o " RuL(0AG), . Me/OMe !
: (L= p—cymene} . N '
' n-Me 2Cu(0Ac) :
' Z AP Tor9 :
E 10 A 2Cu(OAc), -2AcOH .
: O Me (CiOAc),as - E
; N Oxidant N :
: @ Ru—L @ / :
H — Ru .
" Ay '
E A Ar L ]
: Ta !
: ™ v :
: Ar—==—{Ar) migratory E
' 8 insertion :
B e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e I

Scheme III.2: Ru(Il)-catalyzed annulation of N-Me benzamide and N-OMe with alkyne

and plausible mechanism
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In 2011, identical strategy has been further extended for the construction of bio-active
isoquinolones motifs in water medium (Scheme IIL.3). The N-methoxybenzamides 9
and/or hydroxymic acid derivatives 12 have been successfully employed for the
reaction. Interestingly, Ru(II)-carboxylate, obtained situ from [RuCly(p-cymene)]» and

MesCO:K was essential for the reaction chemoselectivity.!>!3

i OMe 9 E
NH" JOH :
H H
9 12

[RuCl;(p-cymene)],
(2.5 or 5.0 mol %)

MesCO5K (30 mol %)

leo

0]

9,
\Z
Za_I

Scheme IIL.3: Ru(Il)-catalyzed oxidative annulation in water medium

In 2014, our group showcased a sulfoximine directing group assisted oxidative mono-
annulation of MPS-coupled carboxylate 13 with internal alkyne. The sulfoximine moiety
behave as an internal oxidant. The reaction proceeds without any external oxidant as
sulfur (+6) of sulfoximine moiety is reduced to sulfoxide (+4; 14) and Ru(0) gets

reoxidized to Ru(Il) (Scheme IIL.4).14
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- [RuCly(p-cymene)], [e) '
: (0] 0, ,Me Ar (5.0 mol % +4 0 ‘

H S. AgSbFg (40 mol %) NH S. :
H N-I-G Ph+ | ‘ . L = + Me :
H AcOH (1.0 equiv) Ar :
: 13 Ar  14-dioxane, 120°C,24h 44 (Ar " :
E 8 E
E Redox reaction for each cycle : '
E | Reduction l H
: 0 :
: 0] O\\ 'Me Ar NH +4§ :
; N"S“Ph | | o @ P + Me :
H +6 Ar .
H 13 Ar 11 Ar 14 H

8
H -2e
= m -
Oxidation J

Scheme IIL.4: MPS directed Ru(Il) catalyzed oxidative annulation of arenes

II1.2.2. Known strategies of metal-catalyzed mono to di-annulation reactions:

The mono-annulation product isoquinolones 11 has been further used for the oxidative
annulation with ynes to form C—C and C-N bonds. This process leads to highly =n-
conjugated dibenzo[a,g]quinolizin-8-one derivatives with broad substrate scope.

(Scheme IIL5).15
The key intermediates 11a, 11b, and 11c are lated and the structures are determined
by X-ray crystallographic analysis. These informations provide insights in
understanding the mechanistic details of the reaction. Thus, the mechanistic cycle

involves a Ru(II)-Ru(0)-Ru(Il) catalytic system (Scheme IIL5). The sandwich Ru(0)

complex 11c can be reoxidized by external oxidant Cu(OAc)2.
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E 0 [RuCl,(p-cymene)]»
' 7.5 mol %

@ NH . | | Na,COj5 (2.0 equiv)
Z Ar Cu(OAc)H,0 (2.0 equiv)

Ar PhCl, 120°C, 16 h

[RuCI(Cy)l, ¥+ CyRuCl,

l OAc”

O L)

16+26u080) v
= Ar ;

M A '

2 Cu(OAc); (0) (Cy = p-cymene) :
Ru-Cy 0 :

C '

/ y :

reductive migratory

elimination Cy insertion a — Eg
\

Scheme III. 5: Mechanism for the formation of polycyclic amides

In 2015, Wang group revealed an interesting Ir-catalyzed oxidative coupling of quinone
with isoquinolones 11. This process leads to the structurally complex spiro-derivatives.
(Scheme IIL6).1%2 In the same year Miura group developed Cu-catalyzed
spirocyclization of benzamide with maleimide to make spiro-fused product 19 (Scheme

I11.6).16b
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spiro ring formation with quinone

[Cp IrCl, ]2
3 0 mol %

‘I NaOAc (0.5 equw) _
J L
toluene,
100°C, 12 h

spiro ring formation with malimide :

Co(OAc),.4H,0 Cu(OAc), :

PivOH, Ag,CO5 PivOH/Cy,NMe 9 '

DCE 100 °C DMF, 80 °C N i
| @ Na J

N R 19
2017 @ H N | 2915
Jagan Mohan 18 X Miura

Scheme IIL.6: Ir(I1I)-catalyzed mono-annulation with quinone

In 2017 the same methodology was further extended for the Co-catalyzed annulation of
18 with succinimide for the synthesis of isoindolone spirosuccinimides 20 (Scheme
I11.6)6c.

I11.2.3. TM-Catalyzed of (One-pot/two-pot) symmectrical and un-symmetrical di-
annulation.

In 2010, Miura and Satoh reported a Rh-catalyzed one-pot symmetrical di-annulation of
benzamide derivatives when reacted with two molecules of alkyne.!” At first, coupling
of benzamide with one molecule alkyne leads to mono-annulation product 11. Next,
second —H activation of the arene motif, proximity to the isoquinolone to provide Int-
B. Finally, insertion of alkyne to Int-B leads to the symmetrical di-annulation product
15. The same kind of di-annulation strategy were also revealed by Li group to access m-

conjugated scaffolds.!® The overall process involves two C-C & C-N bond formation in

one pot (Scheme II1.7).
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: 0 2 [RhCp*Clol, o R
: (5.0 mol %) o ;
: NH2 + || Cu(OAc);H;0 (2.0 equiv) @ N E
E H Ar o-xylene, 120°C, 6 h . 4 @ '
: 2 8 Miura and Satoh Ar ;
e, L2 i
s 0 0 é
: NHz I;I‘H - o :

H : RA , 1% C-H activation '

21 Int-A Cp*

0
NH (H N-RH e .
@ _ —_— @ P , 2" C-H activation

Scheme IIL.7: Symmetrical di-annulation between benzamides and alkynes

Later, Ru-catalysts have been used for the development of identical strategy. Thus,
Dong group demonstrated a Ru-catalyzed one-pot symmetrical di-annulation of
benzamide 21 derivatives with two alkyne molecules. However, the limited substrate
scope and poor products yield of the diannulation products are the major drawbacks

(Scheme IIL8).1°

[RuCl,(p-cymene)],

i (o) Ar (7.5 mol %) Q  Ar N :

5 NHy | Cu(OAc),H,0 (2.2 equiv) @ N7 i
2 > _ :

) @ H 7 Na,COs5 (2.0 equiv) @

: PhCI, 110 °C, Ar Ar :

' 21 8 15 :

Scheme IIL.8: Double annulation between benzamides and diphenyl acetylene

In 2016, our group disclosed an interesting Ru-catalyzed symmetrical di-annulation of
methyl phenyl sulfoximine (MPS) coupled heteroarenes 13 with two molecules of
%milar alkynes to deliver 15 (Scheme II1.9). Next, the identical strategy has been used
for the unsymmetrical difunctionalization of arenes with two distinct alkynes to afford

15" (Scheme II1.9).2°
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' rp@\)&ws R = alkyl, Ar, Het
i LAr
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Scheme IIL.9: Double annulations of MPS-enabled (hetero)arenes

II1.3. Motivation and Design for Double Annulation

A one-pot, single DG-enabled unsymmetrical tandem o-C-H di-functionalization of
arenes has recently been presented via the intramolecular 0o-C-H hydroarylation and
intermolecular o'-C-C/C-N bond formations,?'# and also, the 0-C—H alkylation and o'-

C-H amidation of N-phenoxyacetamide.?'®

g R T e
' M . ' M H
: &R ccacn M @ HZ  (ccacq S
! = L ety :
E X single DG single DG X i
: 24 22 23 :
I

Scheme I11.10: One-pot intermolecular hydroarylation and intermolecular o'-C—C/C-N
bond formations

Two synthetic steps are essential to realize a cascade two-fold annulation of arenes with
different coupling partners; hence, stitching of distinct functional groups (FG'/FG?)

requires different catalytic conditions (Scheme IIL11).9%<
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] Cascade mode of multiple annulation '
: 0 :
; FG' :
: @ MDG cat.-| ;
: ¥ path-| 5
i 25 ;
+  MDG = modifiable directing group ) :
' cat.-l # cat.-ll, multi-step annulation cat.-l = cat.-Il, one pot reaction '

Scheme II1.11: Mutiple annulation

We have recently demonstrated a direct double annulation of transformable
methylphenyl sulfoximine (MPS)-DG-aided C(sp?)-H bonds with different alkynes.?
Thus, the one-pot, two-fold unsymmetrical C-H di-annulation of (hetero)arenes with
distinct coupling partners (alkyne and olefin) in the presence of a single DG under
single catalytic conditions is a worthwhile endeavor, which has so far not been
reported. We propose that alkyne over olefin can undergo multiple annulation with
C(sp?)—H bonds and generate 11 (mono-annulation) and 15 (di-annulation) products,?>
which eventually obstructs the formation of the projected unsymmetrical di-annulation

compound 27/17 (Scheme II1.12).

Challenges of one-pot unsymmetrical multiple annulation

r’-c.ontrol of two reactions

153 11115
problems of chemo-selectivity mono- + di-annulation
MDG = modifiable DG

Scheme II1.12: Challenges of mutiple annulation

Moreover, the quinone moiety is an effective Michael acceptor and is susceptible to

Heck coupling; thus, o,o'-difunctionalization of the quinone motif to install a spiro-
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skeleton is possible, although challenging.2* However, the Ir-catalyzed oxidative
coupling of isoquinolone with benzoquinone is feasible for constructing novel spiro-
fused heteroarenes.!®® Thus far, there have been no reports on the respective one-pot
unsymmetrical multiple annulations of heteroarene/vinylic system from a simple

carboxylate precursor.

acidic cond. O
basic cond.

0]

0. Me
o @- -y &
Ar

13 Haﬁ'«r%a

=

Ar
17

MPS = modifiable DG one pot Ru-Ag-Cu desired compound
A one-pot unsymmetrical annulation with different coupling partners is unexplored

Reduction
Qo Me (i *42
N’aS\Ph | I ©/
+6

E Redox cycle (transformable sulfoximine):
|

13 Ar 14 (isolated)
8
-2e
m - Bl )
Oxidation |
............................. ..-..................................................

Scheme II1.13: Orchestrated annulation of C(sp?)—H bonds with alkyne and quinone

On the basis of ur preliminary understanding of the MPS-DG assisted annulation of
hetero(arene)/vinylic systems, we herein invent a tunable one-step synthetic technique
for the divergent annulation of C(sp?-H bonds with alkyne and quinone (Scheme
I11.13). The strategy involves mono-annulation of proximal C-H bond of MPS-DG
bearing amide and alkyne under cost-effective, air-stable Ru catalyst in presence of acid
source.?* The in-situ formation of isoquinolone/pyridone through protodemetalation

restrict further di-annulation with alkyne and the oxidizable MPS-DG helps
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regeneration of active catalyst. Next, the base-promoted annulation with quinone
delivers the synthetically promising unusual spiro-fused-isoquinolones of
pharmaceutical and material importance.> The isolation of methylphenyl sulfoxide, the
sole precursor of MPS, endorses MPS-DG as transformable (Scheme I11.13).2

(draw separately about the concept)

I11.4. Results and Discussion

II1.4.1. Synthesis of precursors
For achieving the goal, a library of starting materials has been synthesized using the

known synthetic procedure and shown in Scheme II1.14. 2027

Me. O o 01 % me :
: .~,_COOH 'S EDC, DMAP TN ;
! R_'ﬁAr}‘ HN _— R_'-Het-' '
: cHet + DCM, 0 °C-rt it :
; 12h :
: 28 29 13/30/31 :
: Q :
; O 0 MPS !

Mg S MPS s MPs g~ S MPs s wps  U)

13a 13b 13c 13d 1839

O
o

5 13g 13i :
: 13f 13h :
: 0 E
E 0 20 i o MPS :
: @4 MPS Me\l-H'LMPS |
: N MPs :
: e :
; 13 13k 30 31 ,

Scheme II1.14: Preparation of N-heteroaroyl sulfoximine derivatives
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Symmetrical and unsymmetrical alkynes were synthesized following the reported
procedure.? Analytical and spectral data of these compounds are exactly matching with

the reported values.

The symmetrical alkynes 8a, 8b, 8c, 8d, 8e, 8f and 8h were prepared (Scheme IIL15).28
Diphenyl acetylene (8a) and phenyl N-butyl acetylene (8g) were purchased from

comercially available source and used.

! Me 8g Me !
:8a,R=H 8c, R = OMe 8e, R = Me !
. 8b, R=1Bu 8d,R=Cl 8f, R =COMe O — Q E
' ah [

Scheme II1.15: List prepared of symmetrical and unsymmetrical alkynes

Benzoquinone (BQ; 16a), naphthaquinone (16b), and chloroquinone (16c) were
purchased from commercially available source and used.
I11.4.2. Optimization studies

The feasibility of the one-pot three component cascade annulations (envisaged in

Scheme II1.13) is probed by subjecting MPS coupled 5-methyl-thiophene-2-carboxylate
(13a) with diphenylacetylene (8a) and benzoquinone (16a) in the presence of Ru-
catalysts (Table III.1). Pleasingly, the predicted product 17a (20%) and di-annulation
compound 15 (%; from 13a and 8a) formed when the reaction was executed under the
catalytic conditions [Ru-catalyst (10 mol %), AgSbFs (40 mol %), and Cu(OAc)2 H20 (1.0
equiv) in 1,2-dichloroethane (DCE) at 120 °C for 10 h] (entry 1). This result is
particularly noteworthy; as MPS-bearing heteroarenes and alkynes are amenable to

annulation, which occurs even at 60 °C.222

To realize better turnout of 17a, the annulation episode among 13a, 8a, and 16a was

conducted at 60 °C (where alkyne undergoes cyclization) and 120 °C (where quinone
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commences annulation) in a single pot under one catalytic condition; pleasingly, 17a
was isolated in 35% yield (entry 2). This information encouraged us to survey the
reaction by turn wise addition of 8a and 16a. Thus, the entire transformation was
performed accordingly [the reaction was at first carried out at 60 °C in presence of 1.2
equiv of 8a for 10 h, subsequently 16a was introduced and the mixture was then heated

at 120 °C for 10 h]; this process resulted 45% of 17a along with the diannulation product

Table IIL1: Optimization of reaction conditions

e

: 13a

Ve

[RuCly(p-cymene)],

Cu(OAc)2

AcOH solvent
base (2.5 equiv)

AngFe

' 8a 16a temperature ;
i (1.0equiv) (1.2 equiv) (2.0 equiv) j
Entry additive base temperature yield of
(2.0 equiv) (2.5 equiv) (°C) 17a (%)
1 - - 120 20 (35)¢
2 - B 60/120 35 (21)b¢
3 - B 60/120 45 (18)
4 AcOH | | 90/120 26 (11)
5 AcOH NaHCOs 90/120 62 (07)
6 AcOH Na:COs 90/120 40 (10)
7 AcOH KaCOs 90/120 39 (10)
8 AcOH KsPOy 90/120 61 (06)
9 AcOH KH:POy 90/120 66 (05)
10 AcOH KH2POx 90/120 50 (15)4
11 AcOH KH:PO, 90/120 72 (04)
12 AcOH KH:PO, 90/120 35 (40)te
13 AcOH KH.PO; 90/120 39 (16)h
14 AcOH KH:PO, 90/120 35 (0

aReaction conditions: *Conditions: 13a (0.18 mmol, 1.0 equiv), 8a (1.2 equiv), Ru-catalyst (10 mol
%), AgSbFs (40 mol %), Cu(OAc) H20 (1.0 equiv), additive (2.0 equiv), DCE (1.5 mL) at 90 °C
for 10 h; then BQ (2.0 equiv), base (2.5 equiv) and 1,4-dioxane (1.5 mL), at 120 °C for 10 h; yield
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1
of 15 (di-annulation with alkyne) is shown in the parenthesis. PAll the r.eactants in one-pot. <8a
(1.0 equiv). 41,4-dioxane instead of DCE. cAddition of 1,4-dioxane (1.5 mL) after first cyclization.
fin the absence of Cu(OAc)> HoO. sYield of 11 (mono-annulation with alkyne) is shown in the
parenthesis. hO; as oxidant. iICuBr2 as oxidant-

15 (18%) (entry 3). terestingly, annulation between 13a and 8a in presence of 2 equiv
AcOH restricted the formation of 15 to 11%; meanwhile, delivery of 17a was affected
(entry 4), consequence of ineffective binding of Ru to the NH-moiety of mono-
annulation product in acid medium. Interestingly, addition of NaHCO; base, along
with 16a helped the production of 17a (62%), endorsing the requirement of base after
first cyclization (entry 5). Encouraged by the observation, various bases (Na2COs,
K>CO;, K3POs4, and KH>PO4) were screened (entries 6-9); KH>PO4 was found optimum
yielding 66% of 17a (entry 9). Although the overall reaction in 1,2-DCE was better over
1,4-dioxane (entries 9 and 10), the use of mixture of solvents in this two-fold cyclization
strategy [1,2-DCE for the first annulation and subsequent addition of 1,4-dioxane in the
second annulation] led to 72% 17a (entry 11). This transformation in he absence of
Cu(OAc): H20 provided 17a in only 35% yield, along with 40% of the mono-annulation
compound 11 (entry 12) suggesting the oxidant indispensable; as t helps the
regeneration of active catalyst after second annulation. Moreover, the rezﬁtions in
presence of oxidant O2 or CuBr2 were not effective (entry 13 and entry 14). Thus, the
one-pot synthetic avenue for the unsymmetrical annulation of 13a with 8a and 16a
under the optimized catalytic conditions (entry 11, Table II1.1) smoothly provided

unusual spiro-fused isoquinolone 17a.

II1.4.3, Reaction scope-I

The ynthetic generality of this unprecedented two successive unsymmetrical
annulation is validated by examining MPS-assisted cyclization of C(sp?)-H bonds of
challenging heeroarene/ vinylic/chromene systems with alkynes and quinones

(Scheme I11.16). Thus, the MPS-coupled thiophene-2-/benzothiophene-2-carboxylate
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! (i) [RuCls(p-cymene)], (10 mol %)
AgSbFg (40 mol %)

Ph
: MPS Cu(OAc),H;0 (1.0 equiv)
' @ // + quinone - >
: H AcOH (2.0 equiv), DCE, 90 °C
: Ph

16a-c (i) KH,PO, (2.5 equiv)
: 13 8a (1.0 mmol) 1,4-dioxane, 120 °C
'+ (0.5 mmol) (0.6 mmol)

R=Me, 17a 72% 17d; 78%
= H, 17b, 82%
=Br,17c, 81%

Ph N-CH- le, 17k: 33%
. o 3-pyrrole, ; o
178, 74% N-CHg-indole, 171; 36%

Scheme II1.16: Cascade annulation of heteroaryls 13 with 8a and quinone 16

1
(13a—-d) were reacted with 8a and 16a to afford the desired spiro-products 17a-17d

(72-82%); the modifiable Br-group survived to provide 17c. The thiophene-3-
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/benzothiophene-3-carboxylates were also participated, delivering 17e (62%) and 17f
(51%). Likewise, the spiro-product from oxygen bearing heteroarene 17g (72%) was
readily isolated from the cyclization cascade of MPS-bearing furan-3-carboxylate (13g)
with 8a and 16a.

0 (i) [RuCly(p-cymene)], (10 mol %)

: Ph

i MPS AgSbFg (40 mol %)
/I // + benzoquinone  Cu(OAc),'H,0 (1.0 equiv)
| h

-+
0 P AcOH (2.0 equiv), DCE, 90 °C
(i) KH,PO, (2.5 equiv)
13g 8a 16a 1,4-dioxane, 120 °C
(1.0 mmol) (1.2 mmol) (2.0 mmol)

Scheme II1.17: 1 mmol scale reaction

The entical reaction in 1.0 mmol scale; resulted 66% of 17g (Scheme IIL17). The
naphthaquinone (16b) also took part the cascade cyclization episode with
13b/13g/13h and 8a to deliver 17h (70%), 17i (74%), and 17j (57%), respectively
(Scheme II1.16). Moreover, the N-bearing heterocycles pyrrole and indole skeleton were
stitched with 8a and 16b accessing the poly-fused spiro-skeletons 17k and 171, albeit in
moderate yield. The product 17m was isolated from the annulations of 13g with 8a and
-chloro-benzoquinone (16¢); X-ray analysis confirms the structure 17m. Annulations of

challenging o-substituted arene motif with 8a and 16b delivered 17n.

I11.4.4. Reaction scope-II

We next probed the alkyne scope in this one-pot two-successive annulation of MPS-
bearing heteroarene and quinone (Scheme IIL18). Pleasingly, 1,2-diarylacetylenes
{having para-substituents on the arene moiety, electron-donating [-'Bu (8b)/-OMe (8¢c)]
or -Cl (8d) group} smoothly reacted with 13b and 16a under the optimized procedure to
afford spiro-fused enlarged isoquinolones 170 (75%), 17p (67%), and 17q (69%).
Likewise, the furan-enabled spiro-isoquinolone products 17r (68%), 17s (66%), and 17t
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(67%) were undeniably accessed when 13g coupled with 8e (p-Me-)/8c (p-MeO-)
/ electron-withdrawing (p-COMe) group containing alkyne (8f) and 16a, respectively.

(i) [RuCly(p-cymene)], (10 mol %)
Ar AgSbFg (40 mol %)
Cu(OAc),'H,0 (1.0 equiv)
AcOH (2.0 equiv), DCE, 90 °C

(2)
=
B

=

AT (i) KH,PO, (2.5 equiv), 16a (2.0 equiv)
13 8 1,4-dioxane, 120 °C

' 170; 75% 17p; 67%
' Ar = p-‘Bu-CgH, Ar = p-MeO-CgH,

: 17r: 68% 17s; 66% 17t 67% ;
v Ar= p_Me-C5H4 Ar= p—MeO—CaH4 Ar = p-MEOC-CGH4 '

Scheme II1.18: Cascade annulation of heteroaryls 13 with alkynes (8) and 16a

III.@S. Reaction scope-III

Inspired from the unsymmetrical di-annulation of heteroaryls with alkynes and
quinones (Scheme II.16 and Scheme IIL.18), the identical reaction in the challengin

vinylic system was next surveyed (Scheme IIL19); as vinylic systems tend to
polymerize under the oxidative conditions and also are effective Michael acceptors.!®
Gratifyingly, the reaction of N-(methacryloyl)-MPS (30) with 8a and 16b under the
optimized catalytic conditions in entry 11, Table IIL.1 delivered 32a in 62% yield. To

further authenticate the synthetic viability of this two-fold annulations of acrylamides,
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the reaction between 30, the electron-rich (Me//‘Bu/OMe) group containing para-
substituted 1,2-diarylacetylenes, and 16b delivered the desired spiro-fused novel
heterocycle manifolds 32b (61%), 32¢ (70%), and 32d (62%).

(i) [RuCly(p-cymene)]; (10 mol %)
SPM Ar AgSbF¢ (40 mol %)

s lf&o // Cu(OAd)HO (1 eauiv)
AN AcOH (2 equiv), DCE, 90 °C
8o N (i) KH,PO, (2.5 equiv), 16b (1.0

mmol) dioxane (2.0 mL)

Q

Ar = Ph, R = H; 32a; 62% 32d; 62% 32e; 52%
Ar = p-MeCgHy, R = Me; 32b; 61% Ar = p-MeO-CgH, Ar = p-CICgH,

Ar = p-‘BuCgH,4, R = 'Bu; 32c; 70%

"Bu

Scheme II1.19: Cascade annulation of vinyl/chromenes 30/31 with alkynes (8) and 16b

The product 32e with the labile chloro group in the periphery was also constructed. The
meta-Me bearing 1,2-diarylalkyne participated in the cascade annulation, accessing 32f.
The spiro compound 32g was isolated from the annulation of 30, unsymmetrical n-
butyl-phenyl alkyne 8g, and 16b; the regioselective mono-annulation of 30 with 8g

makes this process feasible. The 2H-chromene-3-carboxylate derivative 31 successfully




Unsymmetrical Annulation Chapter Il

underwent annulations with 8a and 16b to deliver the conjugated spiro species 33 in
38% yield.

I11.4.6. Control Experiments

To understand the possible reaction pathway, a few control experiments have been
performed (Scheme II1.20). The reaction in the absence of oxidant Cu(OAc)2 led to
mono-annulation product (69%); the reductive cleavage of MPS group herein helps
oxidation of Ru-catalyst and keeps the catalytic cycle active (eq 1). However, the
reaction of 11b with benzoquinone under the optimized condition led to 35% of the

desired product 17b (eq 1).

_ (@] benzoquinone
H © Ph—=—Ph 8a s Ru-cat. (10 mol %)
< mps  Rucat (10mol%) ] /NH H AgSbFs (40mol %) 47p  [1]
N AgSbFg (40 mol %) KH,PO, (2.5 equiv)  35%
13b AcOH (2.0 equiv) Ph Cu(OAc); H20 (1.0 equiv)
DCE, 90 °C 11b: 69% DCE, 120 °C
o Ph (i) Ru-cat. (10 mol %)
AgSbFg (40 mol %) 2]
éfLMPS 'II Cu(OAc), (2.0 equiv)
o l " b CD3COOD (2.0 equiv), DCE, 90 °C
(ii) 16a (2.0 equiv), 120 °C
13g 8a
(i) Ru-cat. (10 mol %)
H o Ph AgSbFg (40 mol %)
AcOH (2.0 equiv) DCE, 90 °C [31
= MPS | | - —
N\ _s (if) KH,PO, (2.5 equiv)
" Ph 16a (X equiv), 120 °C
€ 13a 8a X =2.0equiv, 35%; X = 5.0 equiv, 48%

Scheme I11.20. Control Experiments

1
Product 17g with 33% deuterium incorporation in the quinone moiety was detected

when the reaction exhibited in CD;CO:D (eq 2), reflecting the occurrence of
protodemetalation in the transformation.!” Hence, formation of the desired spiro-
product is possible through the metalation of acidic C(sp?)-H bond, followed by C-N
reductive elimination (see the Mechanistic Cycle in Scheme IIL.21). Interestingly, the

reaction in presence of 2.0 and 5.0 equiv of BQ produced 35% and 48% of 17a,
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respectively (eq 3); thus, the weak oxidant BQ is incapable in carrying out the
transformation. Consequently, the oxidant Cu(OAc)2 plays vital retaining the catalytic
cycle alive via revival of active Ru(II) species.®

I11.4.7. Mechanistic Cycle

Based on the precedence aad the current observation, the plausible reaction pathway is
1
outlined in Scheme II1.21.35 The reaction initiates with the coordination of MPS to the

active Ru-species forming the ruthenacycle 13-1 via chelation-assisted C—H metalation.

9 Me ,Ph internal
oxidant
‘)—L g
Me Ph
o Me,S,Ph i Q NS\O
l,:l, QO LIL
-, RuL i —
Ph
134 i3 PhSOMe 1341
AcOH %
[Ru(OAC)L]*
17 + Cu(OAc) (L = p-cymene)

Cu(OAc), \S\. Ph q3av

Scheme II1.21: Proposed mechanistic profile

ubsequent alkyne coordination-insertion to 13-I provides seven membered
ruthenacycle 13-II1 through 13-II. Next, synergistic C-N reductive elimination and N-S
cleavage affords 13-IV in-situ, which simultaneously undergoes proximal C-H

metalation to deliver 13-V. Insertion of benzoquinone to 13-V gives 7-membered

ruthenacycle 13-VI; protodemetalation of 13-VI (eq 2, Scheme II1.20) followed by
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metalation of acidic C(sp?)-H generates more stable 6-memberd ruthenacycle 13-VII.
Reductive elimination of 13-VII finally leads to spiro-fused-isoquinolone 17. The
Cu(OAc): helps regenerating the active Ru-catalyst.??

I11.4.8. Application

The synthetic manipulation of peripheral olefin moiety in the spiro-isoquinolone
scaffold was further elaborated by performing [4+2] cycloaddition of 17g with

cyclopentadiene resulting in complex molecular entity 34 (Scheme II1.22).

@

(5.0 equiv)

[4 + 2]-cycloaddition
CH,Cl,, 0°C to rt
12h

....................................................................................

Scheme II1.22. Application

IIL.5. Conclusion

In summary, we have revealed for the first time a Ru-catalyzed MPS-assisted two-fold
unsymmetrical cyclization of heteroarenes/vinylic systems with different coupling
partners (first with the alkynes and then with the quinones); both these annulations are
realized via one-pot synthesis resulting in four bonds (two C-C and two C-N). These
highly orchestrated cyclization techniques are largely suitable for the fabrication of un-
natural spiro-isoquinolinones.

Recently, Rutalyzed C-H annulation strategy has been implemented for the

synthesis of various spiro-fused heterocycles shown in Scheme II1.23.
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[RuCl;(p-cymene)], (5 mol %) [RuCl.(p-cymene)], (5 mol %) o
0 KOAc (50 mol %), air AgSbFg (20 mol %) N-R
NOMe CF3CH,0H, 60 °C Cu(OAc), H,0 (1 equiv)
@ DCE ‘:N\ o)
N N
e}
36 R

0 37
N N 2021
2020 @ N I or S A Haira
Baidya 18 N NZ 35

Scheme II1.23: Synthesis of spiro-fused heterocycles




Chapter IV

Ruthenium Catalyzed Intramolecular Hydroarylation of Arenes

with Olefins in Water Medium

Abstract
reusable DG e gram scale
cheap & air synthesis
O~_MPS stable O _MPS 0. Me
R’ MOR"  |HN=S g,
T in 'Water medium’ MPS
(@) o « generation of
e green approach  *upto95%  quaternary center

Presented herein the Ru-catalyzed intramolecular hydroarylation of arenes in water.
With the aid of methyl phenyl sulfoximine or amide directing group, this atom efficient
hydroarylation of arenes ensues dihydrobenzofuran derivatives. Sequential double
hydroarylation of arene motif results highly peripheral decorated heterocycles.
Deuterium scrambling studies and control experiments offer valuable informations in

understanding the reactivity and the mechanistic data.
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IV.1. Introduction

ater is highly-abundant, non-toxic, non-flammable, and most importantly an essential
commodity largely available and Green. Thus, development of a chemical reaction in
environmentally benign “water” solvent draws significant attention; as the reactions in
water allow easy work up and separation.! The direct functionalization of ubiquitous
C-H bonds fulfils one such criteria of being a “Green” synthetic method, as this strategy
does not primarily need the pre-functionalized compound, obviously regulating the
formation of undesired waste. Notably, the transition-metal catalyzed activation of inert
C-H bond has been emerged as a potential synthetic platform to construct complex
molecular template of broad applications covering from the natural products synthesis
to the molecules of pharmaceutical importance, and material science.?> Given the
challenges of organic substrates are immiscible in water and the reactive catalytic
species are incompatible with water, the realization of a novel synthetic manifestation
of C—H activation in water is thus a worthwhile endeavour. Moreover, the transition
metal salts with small pKy are readily hydrolysed, while the water-stable-metal salts
with large pK: exhibits less catalytic activity.!® Furthermore, the transition-metal
catalyzed organic transformations occur both in-water and on-water modes in the

interfaces of bulk-water layer.1cd

IV.2. Known synthetic methods for transition metal-catalyzed
hydroarylation reactions

IV.2.1. Previous strategies of Rh-catalyzed hydroarylation: @
44

In 2001, Bergman and Ellman reported a proficient route of imine-directed Rh-catalyzed
C-H activation and hydroarylation reaction sequence of 1 the synthesis of indane,
dihydroxybenzofuran, tetralane, and dihydroindole derivatives (2a—d, Scheme IV.1).
This cyclization modules constructs bicyclic scaffolds with high level of selectivity. The

substrate scope is broad. The O-/N-tethered olefins with different chain length
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smoothly underwent reaction. Instead of simple alkene, variety of substituted alkene

were also participated in this transformation.

BnN SYME)! 5.0 mol% (PPh;);RhCI|
j} 125 or 150 °C, toluene
(2) 1 N HCI (aq)

n=0,1,X—CH2, O, NR

Selected examples:

Me Oy Me Oy Me  OgMe  OMe o
2b 3a

2c 2d Ac
! BnNg,Me BnN.._Me
; R )]5.0 mol% [RhCI coe)s)n E
l % . r Upto 96% ee!
: X :
L) X 1
: 1 15 mol % Ly or L, 4 :
: X =CHj, O, NR toluene
: O=p—r i
: Ligand: g@ '

R = N(CHCHgPh), :
; (S.RR)-L4 :
: (S.8,8)-L, ;

Scheme IV.1: Rh(Il)-catalyzed imine-directed C-H hydroarylation

In 2004, the identical strategy has been extended for the asymmetric variant of
intramolecular C-H hydroarylation. The chiral ligand enabled Rh-catalytic system play

vital in the enantioselective variant of C(sp?)—H bond activation (Scheme IV.1).*

In addition, the asymmetric variant of hydroarylation strategy has been applied for the
synthesis of biologically relevant (+)-lithospermic acid moietb'?. The target compound
was achieved in 10 steps and with 5.9% overall yield. Hence, C-H activation strategy is

useful for the efficient construction of natural product 7 (Scheme 1V.2).6
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H C-H activation step

CHO (1) (R)-(-) aminoindane CHO :

H H CO;Me benzene, reflux COMe :
: | () R :
' Rh : OMe.,
: . (0] \4/ 0] H
: e [#3]10.0 mol% [RhCl(coe) OMe !
H OMe 30% FCPCyz OMe 6 73% ee '
5 MeO 75 °C, toluene 56% , 96% ee after ;

recrystalization

: £0O.Me Other steps
H —_— MeO’
' oM
O Qowe —__ "1,
! OMe OMe
6 7

Scheme IV.2: Synthetic strategy of (+)-lithospermic Acid

Based on the use of amides, three hydroarylation variants in the presence of Rh-
catalysts have been discovered by the Rovis group in 2013 (Scheme IV.3).72 A direct
hydroarylation product 9 was accessed when di-alkyl protected amide DG employed in
the hydroarylation reaction. Whereas the N-methoxy protected amide containing arenes
underwent hydroarylation followed by Heck-type reaction to give the olefin bearing
hydroarylation product 10. In case of N-pivaloyl protected amide derivatives, a
multiple C-H functionalizations that involves hydroarylation and C-N bond coupling

delivered intramolecular amidoarylation product 11 (Scheme IV.3).
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: 1.0 mol%
; RhCp*(MeCN);](SbFe

tBUCOOH (1.0 eq)
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DCE, 80 °C

Os Y R 2.5 mol%
R [RhCp*Cl],
]/) CsOAc (2.0 eq)
: &—

: X

' n=0,1 MeOH, RT =

 xCONR Y = NH(OMe)

: 10 :
: 8 2.5 mol% :
E [RhCp*Clol, :
: CsOAc (2.0 eq) :
: M :
: MeOH, RT :
E Mechanism: .
E oy . (e} Yo H
: Me o) Yﬁ r{Cp y RhCp* !
E Me s Rpll S Me |
: —_— Me — > Me H
E O O &) :
;8 8a ® E
E l H* l f3-H elimination lerl?nq%ca}{rgni
5 o :
) o :
: v \ O Y- Me H
Et Me E
E Ms Me H
. o o :
i 9 O 10 11 :

Scheme IV.3: Rh(IlI)-catalyzed hydroarylation, Heck-type reaction and amidoaryl

-ation
IV.2.2. Known synthetic methods for the Co-catalyzed hydroarylation:

In 2013, Yoshikai group for the first time used a combination of cobalt-NHC catlalytic
system for the hydroarylation of indole systems having N-tethered olefin to prepare

respective fused-indole skeletons tetrahydropyridoindole 13 and dihydropyrroloindole
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14. The construction of bicyclo[3.3.1] skeleton as well as formation of quarternary centre

are the main features of this transformation (Scheme IV.4) 8

Scheme IV.4: Co-NHC catalyzed hydroarylation of indole derivatives

IV.2.3. Known synthetic methods for the Ru-catalyzed of hydroarylation:

In 2012, our group revealed an air stable Ru-catalyzed intramolecular hydroarylation
strategy for the first time. Methylphenylsulfoximine (MPS) coupled carboxylate with O-
tether and N-tether alkene undergoes intramolecular hydroarylation to deliver
dihydrobenzofuran, indolines and double hydroarylated product 16/17; interestingly,
the action was successfully carried out at room temperature in 1,2-DCE (Scheme
IV.5).°2 Moreover, one-pot multiple —H functionalizations involving subsequent

C-C/C-Cand C-C/C-N were also showcased for the first time (18/19).

A plausible mechanistic cycle is sketched in Scheme IV.5. First step is the formation of

active catalyst A from the reaction of [{RuCl(p-cymene)}z |, AgSbFs , and Cu(OAc).. This
active catalyst coordinates with the MPS and activates the proximal ortho-C—H bond of
15 to form the five membered cyclometalated complex 15a. Subsequent intramolecular

alkene insertion of 15a followed by protodemetalation of 15¢ delivers the product 16.
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[RuCl,(p-cymene)], (2.0 mol %) Oy, DG [RuClz(p-cymene)], (2.0 mol %)
AgSbFg (20 mol %) AgSbFg (20 mol %)
R -2 R /"\
) s j’ M
\4/ L Yﬂ X \.‘/
Cu(OAc),H,0 (1.0eq) X=0,NR,S/Y=0,NR CU(OACH0 (1.0eq)

DCE, RT
DCE, RT 15

O~ _MPS
0.._DG
v Y Mo Ve, R e = Y
R R c-cic-C | C-CIC-N e LR
Y X X one-pot multiple X X
18 19 16

- i lizati
17 C-H functionalization

' 15b E
; Me, O [Ru'(OAc)L]Y T=—— 5
; N’S“‘F’h (L = p-cymene) :
' R proto- A J '
E ) Me demetalation AcOH ‘ ;
! 16 AcOH o E
5 OMe, O Me, 20 :
. O N”"~Ph '
; N™ "Ph  migratory insertion ; :
: R RuL N Rul :
: o) i. 15a .
: 0 15¢ i
: R :

Scheme IV.5: MPS directed Ru-catalyzed hydroarylation

The same hydroarylation strategy was further extended towards amide directed
hydroarylation for the synthesis of dihydrobenzofuran, chroman, and indoline
derivatives 21-23. The main features of this protocol are the atom-efficiency, broad

substrate scope and excellent yield (Scheme IV.6).°
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- > n ] np
@ )(T}n Mn(OAc); (50 mol %) @ o @ N ) @ o

OxNRz — ; O -NR; Os_NR,  R,N__O :
uCl,y(p-cymene)], Me o :
< AEAR R JMer Mo R

1,2-DCE, 70 °C R
X=0, NR' B dihydrobenzofuran
20 n=1,2 indoline chroman
21 22 23

Scheme IV.6: Amide directed Ru-catalyzed hydroarylation

IV.3. Motivation and Design for Double Annulation

The transition-metal-catalyzed intramolecular hydroarylation of O-tethered olefin-
bearing arene directly constructs dihydrobenzofuran skeleton, which is widely found in
the molecules of various natural products.’] A notable imine-directed Rh-catalyzed
hydroarylation of arenes was at first demonstrated by Ellman and Bergman’s group
(Scheme IV.7).| Subsequently, Rh-, Co-, Ru-, and Ir- catalysts have independently been
used for the identical transformations (Scheme IV.7).7 1" Most of these transformations
were successfully executed in orgac solvents (toluene / 1,2-dichloroethane / 1,4-
dioxane) (Scheme IV.7). By contrast, no such intramolecular hydroarylation of arenes in
water is known till 2016. Whereas the st—effective and air-stable Ru-catalysts have

been used for the directed functionalization of arene C—H bonds in/on water.11712

E DG DGMe DG Cat Organic Solvent Year E
: R R Amide/ Imine Rh toluene 2001 i
' j’ —@—- MPS/ Amide Ru CICH,CH,CI ~ 2016 !
: o . o Imine Co CICH,CH,Cl 2013 !
Lo 150 °C 25 Amide Ir  14-dioxane 2017 |
' B. this work : Hydroarylation in "water" ;
! Ox_MPS/NHMe OsMPS/NHMe oL Mo . Reusable MPS |
' R’ @ Me R’ HN':S:‘Ph - Greenmethod !
: » Economically '
: MPS .
: o water 0 favourable :
i 15/20 16/21 :

Scheme IV.7: Hydroarylation in water medium
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Inspired from these studies, we herein developed the methyl phenyl sulfoximine

(MPS)/ NHMe-directed Ru-catalyzed intramolecular hydroarylation of O-tethered
olefin bearing benzoic acid derivatives 15/20 in water for the synthesis of wide arrays of
dihydrobenzofurans 16/21. The sequential unsymmetrical C-H functionalization of

dihydrobenzofuran was also investigated.
IV 4. Results and Discussion

IV.4.1. Synthesis of precursors

COOH HN, _Me
2 \.
N R gs oY EDC, DMAP Me 0 ,
R * O ’ X RN~ Re
N R DCM, 0 °C-rt S
. " 12h 0" R’
e L 15
oN Me oN Me O oN Me
PN pN o pN OBn
N N j
'y IS A
Me © Me © Me ©
15a 15b 15¢
o, Me o Oy Me o Oy Me

) © O
@’ Sy OMe @’ Sy @’ Sy Br

L Me L OMe L NO,
Me’ © Me © Me ©

15 15k 151

Scheme IV.8: Preparation of N-heteroaroyl sulfoximine derivatives




2
Hydroarylation of Arenes in Water Medium Chapter IV

A library of starting materials MPS-enabled -tethered olefin bearing benzoic acid
derivatives has been synthesized using the known procedre, which are shown in
Scheme IV.8.° The EDC.HCl mediated coupling between O-tethered olefin bearing
benzoic acid derivatives 15’ and methyl phenyl sulfoximine 15" led to the precursors 15

in good overall yields.

IV.4.2. Optimization studies

Encouraged from our recent demonstration of the MPS assisted Ru-catalyzed

intramolecular hydroarylation of arenes,”

with, the

we envisaged probing the identical

transformation in water. To start hydroarylation of [3-(2-
methylallyloxy)benzoyl] methylphenyl sulfoximine (15a) was investigated under Ru-
catalyst in water (Table IV.1). Gratifyingly, the desired hydroarylation compound 16a

was formed in 28% yield, when the reaction was conducted under the catalytic system

Table IV. Optimization of Reaction Parameters!]

P OgMPS [RuCly(p-cymene)]; (5.0 mol %) O NS y
: Me additive R e
E%L j base, water, 70°C J
e 10 i

entry additive Base time yield of 16a

(20 mol %) (1.0 equiv) (h) (%)l

0 AgSbFe Cu(OAc), H,O 12 28

B - Cu(OAc)2 H20 24 nr

3] AgBF, Cu(OAc), H,O 12 39

4 NaPFs Cu(OAc): H.O 12 47

5 KPFp Cu(OAc): H20 12 67

6 KPF; Mn(OAc): 12 49

7 KPFs NaOH 12 nr

8 KPFs KOH 12 nr
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9 KPFs AcOH 12 22
1001 KPFs Cu(OAc): H.O 12 97
11lel KPFs Cu(OAc): H.O 12 93
1211 KPFs Cu(OAc)2 H20 12 38

[a] Reactions were carried out using 15a (0.2 mmol), [RuCly(p-cymene)]> (5.0 mol %), base (0.2

mmol), additive (20 mol %) in water (1.0 mL) at 70 °C. [b] Isolated yields. [¢] TH NMR yield. [d]
100 °C. [e] [RuCly(p-cymene)]> (3.0 mol %) and KPFs (12 mol %) was used at 100 °C. [f] The

reaction was performed in neat at 100 °C.

comprising {[RuCl2(p-cymene)]2 (5.0 mol %), AgSbFs (20 mol%), and Cu(OAc)> ‘H20 (1.0
equiv)} in water at 70 °C (entry 1). Perhaps the formation of active cationic Ru complex,
obtained in-situ from Ru- and Ag salt, is hampered in water, which eventually affects
activation of arene 0o-C—H bond. By contrast, the reaction in the absence of AgSbFsdid
not yield 16a (entry 2); thus, an additive (responsible forming the respective chloride
salts from Ru-catalyst) is indispensable. The use of various chloride trapping agents is
therefore envisioned. Among the additives AgBF4, NaPFs, and KPF; screened (entries
3-5), KPFs worked better affording 67% of 16a (entry 5). Presumably the water soluble
K(l salt facilitates the formation of cationic Ru-species, which helps in the activation of
the arene 0o-C—H bond. The use of Mn(OAc): instead of Cu(OAc): did not work better
(entry 6). The Ru(OH)R complex, generated in-situ from the base promoted water
mediated Ru-catalyzed reaction, is probably responsible for the activation of arene C-H
bond through the internal electrophilic substitution (IES) type mechanism.['3l Not even
a trace of the product 16a was detected when the reaction was conducted in presence of
NaOH or KOH even at harsh conditions (140 °C) (entries 7 and 8), thus refuting the
participation of IES-type mechanism.['3] While the reaction in presence of acetic acid
yielded 22% 16a (entry 9). Pleasingly, 16a was isolated in 97% yield when the identical
reaction in entry 5 heated at 100 °C (entry 10). The use of less amount of Ru-catalyst (3.0

mol%) did not affect the reaction outcome (entry 11). Thus, reaction of 15a under the
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catalytic conditions {{[RuClz(p-cymene)]> (3.0 mol%), KPFs (12 mol%), Cu(OAc)2 H0O
(1.0 equiv) in H>O at 100 °C for 12 h} furnished 16a in 93% yield (entry 11). Interestingly,
16a (38%) was obtained when the reaction performed in neat (entry 12); presumably the
interaction of substrate with catalyst in molten state is responsible for product
formation. We therefore believe that the reaction in water medium can enhance

dispersion of the organic oily-phase of the reactants.c

IV.4.3. Reaction scope-I

We next surveyed the generality of this MPS-assisted hydroarylation of arenes in water
under the optimized condition shown in entry 11, Table IV.1. The compound 16a was
isolated from 15a (0.3 mmol) in 95% yield; even the identical transformation worked
well in 1.5 mmol scale affording 94% 16a. The MPS-enabled electron-rich arenes
[dihydrobenzo[b][1,4]dioxine / m-OBn / p-Br-m-OMe] reacted smoothly to provide the
corresponding 16b (82%), 16c (81%), and 16d (79%). The transformable halo groups
(F/Br) on the arene motifs were survived, accessing 16e and 16f in 89% and 54% yield,
respectively. The sterically encumbered o-Me arene derivative underwent
hydroarylation to yield the respective 5-Me-bearing dihdrobenzofuran 16g in 67 % yield.
Whereas m,m'-di-O-allyl MPS-bearing carboxylate under the catalytic conditions
exclusively provided the mono-hydroarylation product 16h (82%); the dihydroarylation
did not occur even the reaction conducted for longer time. The intramolecular
hydroarylation of tri-substituted olefin bearing substrate delivered the corresponding
3,3-methyl-ethyl bearing dihdrobenzofuran 16i in 33% yield. Disappointingly, the p-Me
/ p-OMe / p-NO, substituted arene derivatives failed to provide the respective
hydroarylation products 16j-161 (Scheme IV.9); presumably, the respective substrates
15j-151 did not miscible in water even at higher temperature, which eventually

obstructs the hydroarylation reactions in water medium.
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; R (3.0 mol %) R2 :
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1 0 L}
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: 0O Br :
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Scheme IV.9: Substrate scope-I

IV.4.4. Reaction scope-II

terestingly, the amide-NHMe directed hydroarylation of p-OMe / p-NO> substituted
arene derivatives 20a and 20b under the Rutalyzed catalytic conditions of entry 11,
Table IV.1 along with AgSbF¢ in water independently provided 21a and 21b,
respectively albeit in moderate yield [Eq 1 and Eq 2, Scheme IV.10]. We presumably
believe that the amide bearing substrate 20a and 20b forms the corresponding salts in

the presence of acetate base and provokes the reaction to occur at an elevated

temperature in water medium.
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! Ox_NHMe [RuCl,(p-cymene)], Os_NHMe E
; (3.0 mol %) M :
: Me KPF¢ (12 mol %) S Me ;
: > [Eq-1] .
: o AgSbFg (12 mol %) d :
OMe Cu(OAc)> Ho0 (1.0 equiv) OMe !

' H,0, 110°C, 16 h :
! 20a 21a, 62% :
i Os_NHMe [RuCly(p-cymene)], Ox_NHMe :
5 (3.0 mol %) Me ;
: Me KPFg (12 mol %) Me :
; - — [Eq-2] .
O gSbFg (12 mol %) (o] !

NO, Cu(OAC)z Hz0 (1.0 equiv) NO, i

H,0, 110 °C, 16 h

21b, 26%

Scheme IV.10: Substrate scope-II

Encouraged with the directing group aided hydroarylation of arenes in water (Scheme
IV.9 and Scheme IV.10, Eq 1-2), the hydroarylation of aryl o-C-H bond of
dihydrobenzofuran derivative 16h with the spatially configured olefin was examined.
Pleasingly, the dicyclization product 17 was isolated in 65% yield, when 16h was

exposed to the optimized catalytic conditions (Scheme.IV.11).

5 o MPS [RuCly(p-cymene)], Os_MPS :
] e 9 |
; Me (3.0 mol %) Me Me '
: \[Me KPF (12 mol %) Me Me :
P N0 o Cu(OAc),'H,0 (1.0 equiv) o) (o) :
: H,0, 100 °C, 12 h '
: 16h 17, 65% ;

Scheme.IV.11: Substrate scope-III

IV.4.5. Gram-scale:

Next, the scalability of this reaction was tested through a gram scale hydroarylation in
water. Gratifyingly, the hydroarylation of 15a (1.0 g) was successfully carried out even

in presence of 1.0 mol % Ru-catalyst in water to furnish 16a (0.92 g 92%)
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(Scheme.IV.12). This demonstration truly validates the importance of MPS-DG and
efficacy of Ru-catalysis in this hydroarylation in water. By contrast, the notable other
intramolecular hydroarylation strategies invariably requires more amount of

catalyst.6"10

E Os_MPS (RuCl(p-cymene)l, OsMPS
i ﬁ,l\;’le KFfF;, (Eomg?}%) R Moy Me E
o Cu(OAC),H,0 (1.0 equiv) o :
E 15a (1.0 g) H20,100°C, 24 h 16a, 92% (0.92 g)

Scheme.IV.12: Gram-scale synthesis

IV.4.6. Control Experiments

To understand the path of the reaction in water, various control experiments were
envisaged (Scheme.IV.13). The reaction in presence of TEMPO provided 80% isolated
yield of 16a; thus, the cyclization does not involve radical intermediate [Eq 1]. The
reaction in D>O provided 12 % deuterium incorporation in the 0-C—H bond of 15g [Eq
2]; thus, the o-C—H bond activation via concerted metalation-deprotonation (CMD) path
is reversible.[®2l While the identical transformation of 15a in D,O delivered 55% and 15%
deuterium incorporation in the o-C-H and the newly generated 3-methyl moiety of
dihydrobenzofuran in 16a-H/D, respectively; thus, the reaction involves
protodemetalation [Eq 3].I% The 85% protonation of the 3-methyl moiety in
dihydrobenzofuran suggests that the proton source of AcOH (obtained in-situ via the
acetate assisted activation of C—H bond by CMD) is superior over DO [Eq 3].[% A
competitive experiment among 15a (1,1'-di-substitued alkene) and 15i (1,1'2-
trisubstituted alkene) under the optimized conditions in 1 h led to 16a (88%) and 16i
(12%) [Eq 4]; thus, steric bulkiness of olefin affects the reactivity as well the

productivity.
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: 15g > [Eq-2] !
: Cu(OAc), (1.0 equiv) o '
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: 55% D 5
' [RuCly(p-cymene)], ¢ O~_MPS 15% D :
: (3.0 mol %) ¥ Me ¥ :
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; Me. .2 optimized Me  Me Me, Et ;
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i 0 1h o o i
' 15i 16a; 88% 16i;12% ;

Scheme.IV.13: Control Experiments

IV.4.7. Mechanistic Cycle

A plausible reaction pathway for this hydroarylation reaction is sketched in

Scheme.IV.14. The reaction begins with the formation of active Ru-catalyst from
[RuClz(p-cymene)]>, KPFs, and Cu(OAc)> H2O. Next, the coordination of active Ru-
species to the MPS-DG promotes o-C-H bond activation to produce cyclometalated
complex 15a/20a. The migratory insertion of 15a/20a then leads to 15¢/20c. Finally,
proto-demetalation of 15¢/20c affords the desired product 16/21 with the regeneration of
active catalyst (Scheme.IV.14).
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Scheme.IV.14: Proposed Mechanistic Profile

IV.4.8. Application

Multiple functionalization of readily accessible arene motif builds highly peripheral

decorated novel molecular scaffold. Thus, further functionalization of o'-C—H bond of
the MPS-enabled dihydrobenzofuran derivative was envisaged, despite the electronic
and steric biasness of the molecular scaffold. To check the feasibility of next
functionalization, the Ru-catalyzed MPS-assisted o'-C-H acetoxylation, bromination,
and/or annulation of dihydrobenzofuran derivative was then surveyed. Pleasingly,
annulation between 16a and 1,2-diphenyl acetylene under the Ru-catalysis provided an
unusual  dihydrofuran-fused-isoquinolone framework 26 in 62%  yield
(Scheme.IV.15).[1%a] The o'-C-H bromination and acetoxylation were independently
performed on 16a under the respective catalytic conditions [NBS (1.5 equiv)BPd{OAc) 2
(15 mol %), AcOH (2.5 equiv) in DCE at 100 °C] and [Pd(OAc)2 (10 mol %), K2S>Os (2.0
equiv) in CHCl3:AcOH (3:5) at 100 °C] to afford 27 (72%) and 28 (67%), respectively
(Scheme.IV.15).14b¢ Thus, the sequential intramolecular hydroarylation followed by




Hydroarylation of Arenes in Water Medium Chapter IV

C-C, C-O, and C-Br bond formations of 0-C—H bonds of arene motifs build novel

molecules with various functionalities.

E O Me
: HN—{ Ve :
Ph !

. ) o :
: PH ;
; 26, 62% :
e 2 s
i o) f\lrquS Ow MPS 0 M“;'s E
: e e '
. Me Me Me Me '
' Br [b] [C] AcO :
+— > '

: © o c i
5 27, 72% 16a 28,67% '

[a] 16a (O{J mg, 0.3 mmol), 1,2-diphenyl acetylene (64 mg, 0.36 mmol), [RuCly(p-cymene)]> (5.0
mol %), AgSbFs (20 mol %), and AcOH (0.3 mmol) in 1,4-dioxane (2.0 mL) at 120 °C for 24 h. [b]
16a (0.3 mmol), PA(OAc): (15 mol %), NBS (0.45 mmol), AcOH (2.5 equiv), CICH.CH:Cl (3.0
mL) at 100 °C for 12 h. [c] 16a (0.3 mmol), Pd(OAc), (10 mol %), K:S:0s (0.6 mmol), and
AcOH/CHCL (3:5,2.0 mL) at 100 °C for 12 h.

Scheme.IV.15: Application

IV.5. Conclusion

In summary, the MPS/amide group directed Ru-catalyzed hydroarylation of arenes in
water is developed. To the best of our knowledge, hydroarylation of arenes in water is
the first report. This method directly constructs dihydrobenzofuran derivatives from
commercially available 3-hydroxy benzoic acids. Despite the challenges, the current
synthetic manifestation exhibits moderate scope; thus, to unravel novel and effective
synthetic method in this regard remains an attractive endeavor. Sequential

unsymmetrical functionalization of unactivated multiple C-H bonds of arene
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derivatives through hydroarylation-annulation/ hydroarylation-acetoxylation, and
hydroarylation-halogenation builds novel molecular skeletons. The cleavage and
recovery of the MPS moiety from the products and the gram-scale hydroarylation in

water make the current synthetic method viable.
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