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Abbreviation

Pd Palladium

Ru Ruthenium

Rh Rhodium

Ir [ridium

Co Cobalt

CCA chiral carboxylic acid

Cp* /Cp* pentamethylcyclopentadienyl
* chiral

DG directing groups

FG functional groups

BINOL 2,2'-dihydroxy-1,1'-binaphthyl
KIE kinetic 1sotope effects

NMR nuclear magnetic resonance
CMD concerted metalation deprotonation
DCE 1,2-dichloroethane

TFE 2.2 2-trifluoroethanol

HFIP hexafluoro-2-propanol

HPLC high performance liquid chromatography
Ac acetyl

er enantiomeric ratio

equiv equivalent

h hour

0.1 M 0.1 mol/L

Me methyl

Ph phenyl

t-Bu tertiary butyl

r.t. room temperature

MS 3A molecular sieves 3A

MS 13X molecular sieves 13X



infrared spectroscopy

high resolution mass spectrum
isopropyl

cyclohexyl
1,2-dichlorobenzene

retention factor
mono-N-protected amino acid

chiral transient directing group
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Chapter 1. Cp*M(I1I)-catalyzed Enantioselective C—H Functionalization by

Chiral Cp Ligand

1-1 Introduction of C—H Bond Functionalization

Organic compounds are collections of carbon-carbon, carbon-hydrogen, carbon-heteroatom, and other
bonds.! Many transition metal-catalyzed synthetic methods have been intensively investigated since the
middle of the 20th century, and the activation and transformation of various chemical bonds has become
possible.! In recent years, the variation of bonds that can be activated has been tremendously expanded and
currently even non-activated carbon-hydrogen bonds can be efficiently cleaved and functionalized under
transition metal catalysis.! These reactions are generally called C-H functionalization (or C-H activation,
when focusing on C-H bond cleavage step) and have become one of the most advanced studies in synthetic
organic chemistry, representing economic and ecological advantages, because carbon-carbon or
carbon-hetero atom bonds can be formed without additional synthetic steps for replacing the less reactive
C—H bonds with highly reactive functional groups in advance. Therefore, C—H functionalization strategy
can simplify and streamline synthetic routes. In addition, C—H activation is also applicable to some
compounds that are often difficult and/or impossible to be pre-functionalized, which will expand the

accessible chemical space by C-H functionalization strategy.
1-2 Cp*M(I1I) Catalysts and Chiral Cp*M(I1I) Catalysts for C—H Functionalization

C-H functionalization reactions using cationic group 9 transition metals such as Rh(III), Ir(Il), and
Co(III) with a pentamethylcyclopentadienyl (Cp*) ligand have been widely developed and studied since the
pioneering work by Sato and Miura ef al. in 2007 (Scheme 1). 2 These reactions exhibit good substrate
versatility, functional group compatibility, and high catalyst turnover. In these reactions, C—H bonds near a

coordinating functional group, often called as a directional group (DG) are selectively cleaved. (Scheme 1).

Sato and Miura (2007):

o) [CP*RhCl,], (1 mol %) 0
R2  Cu(OAc)-H,0 (5 mol %) _
N oH * o~ RZ T 9 75-94%
R R3 DMF, 120-140 °C, 2 h NN g2
R3
R

[CP*RNCly], (1 mol %) X

0
Cu(OAc)*H,0 (5 mol %)
oH * Z°R +
o-xylene, 120 °C, 10 h O 0O

R R
R =CO,nBu 66% 15%
CO,Et 76% 18%

Scheme 1. Oxidative Coupling Reactions Using a Cp*Rh(III) Catalyst



Despite the considerable potential of C-H functionalization strategy, however, the corresponding
enantioselective processes remain largely underexplored, which would be in part due to the half-sandwich
structure and the limited number of vacant coordination sites of Cp*M(III) complexes (Figure 1).3 Usually,
the reactions using this type of catalyst require to use all three remaining coordination sites for substrates
and reactants; thus the Cp-type ligand can be regarded as the sole permanent ligand on the metal during a
catalytic cycle. Most intermediates are coordinatively saturated 18-electron complexes with no remaining
site for additional ligands. Therefore, if an enantio-determining step is present after C—H bond cleavage
(Figure 1, Process B or C), it is difficult for Cp*M(Ill)-catalyzed reaction to be achieved with

enantiocontrol by external chiral ligands, such as chiral phosphines.

DG

DG
Cp*M(lll) catalysts
_H @
o C
Q.
d
DG, *
,/,@/Cp Process B //—@
Process A ©/ reagent Process C
reagent

18 e~ complex

Me
MeﬁMe DG: directing group
Me™ | "Me FG: functional group
Cp*M(lll) = M2*
I_/ \ | M = Co, Rh, Ir
L

Figure 1. Cp*M(I1I)-Catalyzed C—H Functionalization

In 2012, Ward and Rovis et al. successfully developed a Rh(IIl) catalyst with a biotin-derived Cp
ligand, which was combined with a modified streptavidin and enabled enantioselective C-H
functionalization reactions.¥ Meanwhile, Cramer et al. reported Rh catalysts with a chiral Cp ligand
derived from tartaric acid or BINOL, which exhibit high enantioselectivity in similar reactions. > These are
the first reports on highly enantioselective C-H functionalization reactions using high-valent group 9 metal

catalysts with a Cp-type ligand (Scheme 2).



|Rh*bi0tinC|2|2

~ /S H
. |
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Ward and Rovis (2012): O NH H (ot © M&f/{'h Me
0
o O
: R $112Y-K121E (0.66 mol%) X
S N-OPV +/\H/ R NTONH el NH
Rw J H O MOPS Buffer/MeOH (4:1) % R Z
23°C,72h R
major minor
up to 95% yield
19:1 rr
Cramer (2012, 2013): Bh 93:7 er
0 Me
pr’ 07y
Me |
Rh
0,
o (2 mol%) \{\ 0
BzO), (2 mol% X
AN 0B s (B20)z (2 mol%%) LT up 10 91% yiel
R _J H R EtOH, 23 °C, 16 h R" 3er
R
. OTIPS/ \
o R (5 mol%) U Q ou
~ e
_OMe + R+ (B20) (5 mol%) el SN up to 91% yield
R'—r D N L R" 97.5:2.5er
L H R DCM, =20 °C, 18 h =
R R

Scheme 2. First Examples of Enantioselective C—H Functionalization Reactions Using Chiral
Cp*M(III) Catalysts

In the above-mentioned cases, the enantio-determining step is the insertion of the reagent (alkene/
allene, Figure 1, Process B). In order to achieve high levels of stereoselectivity, Cramer proposed that three
key issues should be satisfied when designing chiral Cp ligands (Figure 2). 1) Chiral Cp derivatives should
be Cr-symmetric to avoid the generation of complex conformational isomers; 2) Cp ligand should limit the
rotation of other ligands (substrates; St and S;) coordinated with the metal atom; 3) The direction of the
coordination of the reagent (Rc) should be controlled. If these points are satisfied, it eventually causes the
Cp complex to form a pocket-like structure, by which the direction of the substrates and reagent attack is

precisely controlled.



Perspective view Top view

s B
[ [\
H@ e N@ = R
— I I
S, Ss
~ ZE steric clash
S, Ss selective

. coordination
steric clash

asymmetric

back wall +__

side wall C]

/-
//:r

«—— back wall

side wall

asymmetric
reaction

S, = large substrate segment
S = small substrate segment
R¢ = incoming reactant

Figure 2. Design Concept of Chiral Cp Complexes for Enantioselective C—H Functionalization
In 2019, Li succeeded in isolating a chiral metallacycle intermediate and in obtaining its X-ray

structure.” The authors reported that the sterically demanding iodide ligand was positioned distal to the

methoxy group of the Cp* ligand (side wall), providing direct experimental support for the model proposed

by Cramer (Figure 3).



side wall

back wall

Figure 3. X-ray Structure of The Metallacycle Intermediate Bearing a Chiral Cp* ligand, Supporting

the Cramer’s Stereochemical Model.

You’s group reported a different class of chiral Cp ligands based on a spirocyclic scaffold, which they
referred to as SCp ligands, and their Rh complexes (Scheme 3).”

You (2016):

(BzO), (5 mol%)
Cu(OAc), (20 mol%)
Ag,CO3 (1 equiv)

MeOH, 25 °C
19-96%
79:21-98:2 er

R2

Scheme 3. You’s Chiral Cp Complex

Antonchick and Waldmann, as well as Perekalin also developed chiral Cp*Rh(III) catalysts based on a
different chiral scaffold (Figure 4).8%» Most of chiral Cp ligand was based on BINOL scaffold.” In
addition, Cramer also developed chiral BINOL Cp ligand with Co(III) or Ir(III) catalyst.’¢8d
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Figure 4. Other Chiral Cp Complexes

As explained above, since Rovis’ and Cramer’s work in 2012, several chiral Cp complexes have been
developed, and highly enantioselective C—H functionalization reactions have been achieved. However, the
synthesis of precisely designed Cp ligands and their metal complexes often suffers from lengthy synthetic
routes, the requirement of optical resolution, and low yield. Recently, improved synthetic methods for
chiral Cp ligands as well as simpler and more accessible CpRh(IIl) complexes have been reported.
Nevertheless, there is still an urgent need to develop new strategies for asymmetric C—H functionalization

reactions using Cp*M(III) catalysts.



Chapter 2. Cp*M(III)-catalyzed Enantioselective C—H Activation by Chiral

Carboxylic Acid

2-1 Application of Carboxylate in Transition Metal Catalyzed C-H Activation

A carboxylate additive is widely employed as a base to promote C—H bond metalation via a concerted
base-assisted deprotonation mechanism, often called concerted metalation-deprotonation (CMD). Such a
C—H activation process has been well studied in Pd-catalyzed C—H functionalization, in which Pd(OAc); is
frequently employed. As a carboxylate can participate in a C—H activation step, the introduction of chiral
carboxylates or related ligands enable enantioselective C—H bond cleavage. Yu et al. reported many
examples of Pd(I)-catalyzed enantioselective C—H activation reactions, in which a mono-N-protected

amino acid (MPAA) or related ligand is used (Scheme 4).% 94102)

Pd(OAc), (10 mol%)

| Ligand (20 mol%)
N~ R'B(OH), (1.5 equiv)

RIS D AgO (1 equiv)

= = BQ (0.5 equiv)

THF

! COOH |  BQ=benzoquinone  up to 91% yield
| ! 97.525er
! HNYO ;
OMe !
Ligand:

Scheme 4. Pd(II)-Catalyzed Enantioselective C—H Activation by Using MPAA

Although these MPAA type bidentate x? ligands are successful in Pd catalysis, the application of them
to group 9 metals is not promising (Figure 5). While Pd(Il) complexes adopt a square-plannar geometry,
Cp*M(II) (M = Co, Rh, Ir) complexes adopt a pseudo-octahedral geometry with a Cp ligand and lack a
vacant coordination site for an external chiral ligand.'® Therefore, seeking a different class of chiral
carboxylic acid or other ligands are crucial to achieve enantioselective C—H functionalization using a

Cp*M(III) catalyst.



Open coordination site No coordination site

Pd(Il) + MPAA CpM(lll) + MPAA

Open coordination site

CpM(lll) + R*COOH

Figure 5. Difference Between Pd(II) and Cp*M(III) (M = Co, Rh, Ir) Complexes with a MPAA or

CCA Ligand.

In 2015, Chang discovered that the reactivity of C-H amidation of triphenylphosphine oxide under
Cp*Ir(1lI) catalysis was dramatically increased when AcOH was added (Scheme 5).'Y The authors reported
the asymmetric amidation reaction by using a chiral carboxylic acid and Cp*Ir(IIl) catalyst. Although the
enantiomeric ratio remains low (66:34), for the first time, they demonstrated that a chiral acid can realize

enantioselective C-H activation with a Cp*M(III) catalyst (Scheme 5).

[Cp*IrCl5]5 (2 mol%)
AgNTf, (8 mol%)

H (”) H chiral acid (4 mol%) H (I)I NHTs
IID TsN3 (1.1 eq) P
R R

DCE, 60 °C, 18 h

HOOC ~ COOH up to 91% yield

i 66:34 er
PivO OPiv !
chiral carboxylic acid

m—mmmmmm——— -

Scheme 5. Ir-Catalyzed C(sp?)-H Amidation of a Phosphine Oxide Using a Chiral Acid

Cramer reported the enantioselective C—H amidation of diphenyl cyclohexyl phosphine oxides with a

tosyl azide by using both chiral Cp ligand and chiral carboxylic acid (Scheme 6).'? The result demonstrates

8



the cooperative effect on the enantioselectivity between the chiral Cp ligand and chiral carboxylic acid.

O OMe
(>
OO = 1o

OMe (}ﬁ} NH O
(2 mol%) I

O

A e g =
+
_|
(7]
Z
w
;U—'U

o

tBu. _COOH !
24 mol% :
( %) NPhth | up to 83% yield

chiral carboxylic acid 96:4 er

AgNTf, (8.5 mol%)

Scheme 6. Cooperation Between Chiral Cp Ligand and Chiral Carboxylic Acid

2-2 Enantioselective C(sp?)-H Functionalization Reactions

A few years after the pioneering work of Chang,'” Lin, Yoshino and Matsunaga reported the
Cp*Rh(III)-catalyzed enantioselective C-H alkylation/cyclization reactions of diarylmethylamines with a
diazomalonate to afford dihydroisoquinolones (Scheme 7).'Y The authors developed a highly sterically
demanding chiral carboxylic acid based on a BINOL scaffold, which exhibited high enantioselectivity in

this reaction without a chiral Cp ligand.

1) [Cp*RhCl,], (2.5 mol%)
Ag,CO3 (6 mol%)

MeNH N, chiral acid (12 mol%)
“ - . g MeOH, 60 °C, 18 h
R g’ Meooc” “coome
P2 = ) LiCI H,O

DMSO, 130°C, 3h

up to 94% yield
96:4 er

Scheme 7. Enantioselective C(sp?)-H Alkylation/Cyclization Reactions of Diarylmethylamines by
[Cp*RhCL]2/ Chiral Carboxylic Acid



The reaction mechanism for this enantioselective C-H functionalization is shown in Figure 6. The
active species [Cp*Rh(OCOR*)] is generated from [Cp*RhCl,],, chiral carboxylic acid, and Ag.COs. After
coordination of the amino group of a substrate, enantioselective C—H bond cleavage would occur via chiral
carboxylate-assisted concerted metalation-deprotonation to afford chiral rhodacycle B. Subsequent
coordination of diazomalonate (C) is followed by the formation of Rh-carbenoid with the release of N and
aryl migration, affording D. Finally, protonation of D and the lactam formation would furnish intermediate

E with the regeneration of the active species [Cp*Rh(OCOR¥*)]. Intermediate E undergoes decarboxylation

14)

to provide F under Krapcho conditions using LiCl.

Cp\ O-<

NH ‘\H

COOMe
® H

enantio-determining
N2
Cp*

COOMe
Me H ,—Rh COOMe

SOvk

Me\ rh— P
g O

MeOOC~ "COOMe

R*COOH

Figure 6. Mechanism of Enantioselective C(sp?)-H Alkylation/cyclization Reactions of

Diarylmethylamines

2-3 Enantioselective C(sp’)-H Functionalization Reactions

C(sp®)-H bond activation by a transition metal catalyst is far more challenging than the activation of
C(sp?)-H bonds due to the low acidity of C(sp?)-H bonds and the lack of -electrons that can interact with
the metal center. In 2019, Yoshino and Matsunaga achieved enantioselective C(sp*)-H amidation reactions
of thioamides (Scheme 8).''® Furthermore, they reported enantioselective C(sp?)-H amidation of

8-alkylquinolines under Cp*Rh(III)/chiral carboxylic acid catalysis (Scheme 9). 1719

10



S H 0 [Cp*RhCl5], (5 mol%) S NHCOR?2

OJ{ chiral acid (10 mol%)
N R'" . I 0 N 7, R
N MS13X, oDCB
40°C, 24 h

up to 82% vyield
92:8 er

Scheme 8. Enantioselective C(sp*)-H Amidation Reactions of Thioamides

[Cp*RhCl], (4 mol%)
AgSbFg (16 mol%)
o Ag>CO3 (4 mol%)
O//<O chiral acid (8 mol%)

rZ N PhCl, 4°C, 24 h

up to 87% yield
92:8 er

Scheme 9. Enantioselective Methylene C(sp*)-H Amidation Reactions of 8-Ethylquinolines

Although the aforementioned Ci-symmetric binaphthyl CCAs are highly tunable and have been
applied to several reactions, the unfixed, flexible rotating dihedral angle between the two naphthyl rings
can cause additional internal conformational flexibility, which, in combination with the conformational
flexibility between the metal and substrate, can lead to an unfavorably large number of possible
transition-state structures for C—H activation (Scheme 10). Their fixed structure and can reduce the

conformational flexibility and potentially be beneficial in recognizing the structure of some substrates.

pseudo C,-symmetric

FG OO. Ar
- | : : | |
Q0 RGO nil .

- fixed dihedral angle
+ - reduced conformational flexibility

Scheme 10. Comparison of C;-Symmetric and Pseudo-C;-Symmetric CCAs
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In 2021, Yoshino, Matsunaga, and coworkers more recently reported binaphthyl-based
pseudo-Cr-symmetric CCAs for enantioselective C-H functionalization and exhibited high
enantioselectivity in the enantioselective C(sp’)-H amidation of 2-alkylpyridines and related

heteroaromatic compounds.'”?

[Cp*RhCl], (2.5 mol%)

Het [Cp*BYRNCI,), (2.5 - 4
€ mol%)
R’ NHCOR?

AgSbFg (10 - 16 mol%)

H™ '+ o chiralacid 6 mol%) Mt 1
R
o X DCE, 4-25°C, ’
T 0 48-72h .
RZ N . up to 95 % yield

F | up to 96:4 er

Scheme 11. Heteroaryl-Directed Enantioselective C(sp®)-H Amidation Using Pseudo-C-Symmetric
CCA

2-4 Enantioselective C—H Functionalization Reactions by Other New CCA

Yoshino and Matsunaga also studied on the planar chirality of 1,2-disubstituted ferrocenes as a
platform for CCAs. A modular synthetic route for optically active 2-aryl-ferrocene carboxylic acids have
been developed, and the synthesized CCAs were applied to the Co(Ill)-catalyzed enantioselective C(sp*)-H

amidation of thioamides.!”®

S H
R [Cp*Co(MeCN)s](SbFg) ,

N A (5 mol%) S NHCOR
R! r chiral acid (10 mol%) RIN

Ho v+ 5 Ms13x by Ar

OJ< DCE, 4 °C, 72 h H
| //O s N
RZJ\N {Bu up to >99 % yield

up to 87:13 er
<< O

|
Fe COOH BU

<>

k J

Scheme 12. Planar-Chiral Ferrocene Carboxylic Acids for Enantioselective C(sp’)-H Amidation of
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o-Aryl Thioamides

Chiral carboxylic acids were also successfully used for the enantioselective C(sp?)~H amidation of

sulfoximines with a Cp*Co(III) catalyst. A chiral acid with an Hg-binaphthyl backbone resulted in higher

enantioselectivity than the corresponding binaphthyl derivative.!74!1®

N O

N

@

&,

Cp*Co(CO)I»(10 mol%)
chiral acid (10 mol%) SN
AgOTf (20 mol%)

MS 5A, tAmOH, 30 °C, 20 h

AcOH, PhMe
110 °C, 24-48 h

up to 96 % yield

= up to 98:2 er
‘O.

Scheme 13. Cp*Co(IlI)-Catalyzed Enantioselective Synthesis of Benzothiadiazine-1-oxides via C-H

Activation with Hs-BINOL CCA

At the same time, Shi et al. reported the synthesis of sulfur-stereogenic sulfoximines via Co(IlI)/chiral

carboxylic acid (CCA)-catalyzed enantioselective C—H amidation.!”

Shi (2022)

\ 7/

@@

[Cp*Co(MeCN)3](SbFe)
(10 mol%) R

Chiral acid (10 mol%) PR

KHCO; (0.5 eq) 0~ NHQ NH
3AMS

DR

up to 86% yield
up to 97.5:2.5 er

Dioxane/PhMe, 45 °C,
12 h

Scheme 14. CpCo(IIT)/CCA Catalyzed C—H Activation of Sulfoximines
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Chapter 3. Cp*Rh(III)-Catalyzed Conjugate Addition of C-H Bonds to

o,p-Unsaturated Compounds

3-1 Introduction of Cp*Rh(III)-Catalyzed Conjugate Addition to a,p-Unsaturated Ketones

In 1997, Miyaura reported that Rh(I) complexes catalyze the 1,4-addition of aryl and alkenyl boronic
acids to enones in excellent yield.?®® This type of reaction proceeds under mild reaction conditions and
show good functional group compatibility, and has become one of the most important and powerful C—C
bond forming strategies. They also have been applied widely to the synthesis of natural products. However,
as the key intermediates are generated from stoichiometric amounts of organometallic reagents, this process
usually has some drawbacks: 1) the tedious pre-functionalization steps, 2) the requirement of anaerobic
manipulations, 3) unwanted formation of stoichiometric salt wastes, which lead to lower atom efficiency
from the viewpoints of overall reaction processes. As alternative methods, transition-metal-catalyzed
conjugate addition of C—H bonds to a,p-unsaturated ketones has been demonstrated to be a simple and
atom-economical protocol for the construction of C—C bond frameworks. Various C—H bonds, e.g., aryl,

olefinic, and aldehydic C—H bonds, have been used in this type of addition reactions.

3-2 Cp*Rh(III)-catalyzed Conjugate Addition of C(sp?)-H Bonds to a,B-Unsaturated Carbonyl

Compounds

Li and coworkers reported the first Cp*Rh(Ill)-catalyzed conjugate addition of C-H bonds to
electron-deficient alkenes.?® The reaction proceeded under very mild conditions without

pre-functionalization of nucleophiles (Scheme 15).

X . X

| N [Cp*Rh(CH3CN)2](SbFg)2 ||

Z (5 mol%) N o
+ . _EWG
R Y~ EWG

il DCM, 40 °C, 48 h S

[l / T /

22 examples

57%-98%

Scheme 15. First Cp*Rh(IIT)-Catalyzed Conjugate Addition of C-H Bonds

The reaction mechanism of high-valent metal-catalyzed conjugate addition of C-H bonds is
summarized in Figure 7, in which two proton-transfer steps are involved. The first proton transfer step is
the C-H activation step (Figure 7, Process A), which may require a base for the removal of a proton
generated in the reversible C—H metalation process. The second proton transfer is the protonation of a
metal-enolate intermediate (Figure 7, Process B), which would be preferred under acidic conditions.
Therefore, for the whole catalytic process, careful control of the balance between the acidity and basicity of

the reaction conditions would be crucial for the reaction. By selecting a solvent with an appropriate acidity,
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the rate balance of these two proton-transfer processes can be optimized. Based on this hypothesis, Huang
and co-workers developed an efficient and mild Cp*Rh(III)-catalyzed C-H conjugate addition reactions, in
which AcOH was used as the solvent. Using the combination of [Cp*RhCl;]> and AgSbFs as the catalyst
and AcOH as the solvent, various arenes with a heterocyclic directing group and enones were successfully
employed, providing the desired conjugate addition products in good to excellent yields under mild

conditions (Figure 7). 22

[Cp*RhCly]; (2.5 mol%) 0
Vi AgSbFg (10 mol%)
__ + Ph/\)J\Ph > Y Ph Ph
AcOH, 60 °C, 24 h | P

_Z
O

| 5 | R O ;
7 DG C-H funalization ; N RS
! R'—— I v Rl—— ;
| Z | | Z b6 |
L MX, —= 5 5 MX,
| = HX | L HX i
| | l MXo |
! : RZ\/\WRS ! R2 o
1@['\/')(”-15 0 11 o Z R®
| R'—4— ! . R4~ |
| Z G | | Z > pG ;
E Process A ! Process B

Process A: basic condition may promote deprotonative C-H activation
Process B: acidic condition would keep metal-enolate intermediate stable

Figure 7. A hypothesis: Influence of Acidity and Basicity on C—H Conjugate Addition Reactions

3-3 Cp*Rh(III)-Catalyzed Conjugate Addition of C(sp?)-H Bonds to a,B-Unsaturated Ketones

Compared with the conjugate addition reactions of C(sp?)-H bonds to o,B-unsaturated ketones, the
addition reactions of C(sp?)-H bonds are far more challenging. Although activation of C(sp*)-H bonds
leading to hetero-functionalization and arylation have been reported using Cp*Rh(IIl) and Cp*Ir(III)
catalysts,” redox-neutral addition of C(sp’)-H bond to unsaturated C-C bond remains less studied

probably due to the low reactivity of the M—C(alkyl) species as well as the difficulty of C(sp?)-H activation.
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In 2016, Kim reported the addition of C(sp*)-H bond of 8-methylquinolines to maleimides (Scheme 16).24%)

R
e
[CP*RNCl,], (2.5 Mol%) N
H R AgSbFg (10 mol%) o
/ AdCOOH (3 equiv

NG, O N (B equv) N

_RZ + \\
I/EO LR

% ~ DCE, 70 °C, 24 h =

30 examples

up to 96% vyield

Scheme 16. Cp*Rh(I1I)-Catalyzed Addition of C(sp®)-H Bonds to Maleimides

In 2017, Li and his co-workers reported Cp*Rh(I1I)-catalyzed addition reactions of C(sp*)~H bonds of

8-alkylquinolines to enones.?*” 8-Ethylquinoline, which requires the activation of a methylene C(sp®)-H

bond, resulted in low yield (Scheme 17).

(@) Methyl C(sp®)-H activation

[Cp*RhCl5]5 (4 mol%) R
AgSbFg (16 mol%)

Me
N O AgOAc (50 mol% N o)
N ) /\f gOAc (50 mol%) | N
_— R DCE, rt., 12 h P

12 examples
up to 99%
(b) Methylene C(sp3)-H activation
Me [Cp*RhClI5]5 (4 mol%) Me H
AgSbFg (16 mol%)
AgOAc (50 mol% N o)
N\ + /Yo 9 ( °) | ~
_ H DCE, rt.,12h P
31% vyield

Scheme 17. Cp*Rh(III)-Catalyzed Addition of C(sp*)-H Bonds to a,p-Unsaturated Ketones

Li’s group also reported Cp*Rh(IlI)-catalyzed addition reactions of 8-methylquinoline to enones.?*
More recently, Sharma and co-workers reported [RuCly(p-cymene)]o/[Cp*RhCl;],-catalyzed direct

alkylation of C(sp*)-H bond of 8-methylquinolines with alkenes.?*9

3-4 Cp*M(III)-Catalyzed Asymmetric Addition of C—H Bonds to Electron-deficient Alkenes.

During the past few years, some attention has been paid to Cp*M(1lI)-catalyzed asymmetric addition
of C—H bonds to electron-deficient alkenes. In 2017, Ellman and his co-workers reported the asymmetric
addition of a benzamide to a nitroalkene by using a Cramer’s chiral Cp ligand (Scheme 18).'59 The
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enantio-determining step of this reaction is the insertion of the nitroalkene, which is controlled by the chiral

Cp ligand.

G\‘ O O,N AgSbFg (40 mol%) G\l 0 _NO,

rt DCE,80°C,20h R

up to 73% yield
919 er

Scheme 18. Chiral Cp*Rh(I1I)-Catalyzed Asymmetric Conjugate Addition via C(sp?)-H Activation

Yoshino and Matsunaga developed enantioselective C-H alkylation reactions of 2-phenylpyridines and
6-arylpurines with o,B-unsaturated ketones catalyzed by Cp*Rh(Ill)/chiral disulfonate catalysts (Scheme
19).15® A proposed mechanism for the enantio-induction would be the reversible insertion of an enone and
selective proto-demetalation by a chiral proton source generated from a chiral disulfonate anion would
realize the enantioselective process. The same mechanism is proposed by Ackermann and co-workers in

C—H enantioselective alkylation reactions using a Cp*Co(IlI)/chiral carboxylic acid catalyst.

X
Rzl—/\ Cp*Rh(Il1)/BINSate (5 mol%) Rm

N O
2-methylquinoline (20 mol%) e}
+ R3/\)J\R4
R1|—\ MS3A, DCE, 35 °C, 16-18 h i N R4
| e R |_/
Br OO up to 85% yield
91 9er
BINSate = o505

Scheme 19. Cp*Rh(I11)/Chiral Disulfonate-Catalyzed Asymmetric Conjugate Addition via C(sp?)-H

Activation

Yoshino and Matsunaga developed an enantioselective Cp*Co(Ill)/chiral carboxylic acid-catalyzed
1,4-addition reaction of indoles to maleimides, which proceeds via a C-H activation process.'*® In this
reaction, a chiral carboxylic acid derived from BINOL serves as the sole chiral source for the
enantioselective addition, albeit the observed enantioselectivity leaves room for improvement (Scheme
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20).15® The same mechanism is proposed by Ackermann and co-workers in C—H enantioselective alkylation
reactions using a Cp*Co(Ill)/chiral carboxylic acid catalyst. The insertion of the C—C double bond is
expected to be reversible, while a selective protonation by the chiral carboxylic acid would proceed to

furnish the product in an enantioselective fashion.

Cp*Co catalyst (5 mol%) N’
chiral acid (10 mol%) |

N R? \
N N tBUOK (12 mol%) N o
+ o)
N% N t): TFE/DCE = 4:1 N/% \
\Q€ 10°C, 72 h \Q@

up to 99% yield
81:19 er

Scheme 20. Cp*Co(III)-Catalyzed Asymmetric Conjugate Addition via C(sp*)-H Activation
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Chapter 4. First Work: Cp*Rh(III)-Catalyzed Asymmetric Conjugate

Addition of C(sp?)-H Bonds to a,B-Unsaturated Ketones®"

Although the introduction of chiral Cp* ligands, chiral carboxylic acids (CCAs), and other chiral
sources has enabled various enantioselective C(sp?)-H functionalization reactions, there have been fewer
reports on enantioselective functionalization of less reactive C(sp’)-H bonds. In this context, Matsunaga
group recently reported the Co(IlI)/JCCA-catalyzed C-H amidation of thioamides and the
Rh(IIT)/CCA-catalyzed amidation of 8-alkylquinolines, as discussed in Chapter 2. However, the
enantioselective C—C bond-forming reactions via C(sp?)-H activation using high-valent group 9 metal

catalysts for the construction of carbon skeletons of chiral organic molecules have not yet been reported.

Based on these previous studies in Matsunaga group as well as racemic reactions explained in
Chapter 3, I decided to explore Cp*M(III)-catalyzed asymmetric conjugate addition of C(sp*)-H bond to

a,B-unsaturated ketones by using a chiral carboxylic acid (Scheme 21).

[Cp*RhC|2]2
Me cationic Ag salt R
o base € 0
LN )K/ chiral acid N
R1_! + R = 0 X N
ONF solvent R'T P
1 2 3

Scheme 21. My work: Cp*Rh(III)-Catalyzed Asymmetric Conjugate Addition to a,p-Unsaturated

Ketones via C(sp3)-H Activation

4-1. Screening of Ag Salt

My investigation into enantioselective methylene C—H addition of 8-ethylquinoline 1a to phenyl vinyl
ketone 2a to afford the product 3aa started with attempting to identify appropriate reaction conditions
under Cp*Rh(IIl) catalysis. Based on the optimized conditions for the enantioselective C—H amidation
reactions (Chapter 2, Scheme 8), I selected [Cp*RhCl2]> as a Rh catalyst and CCA 4 as a chiral acid, and
initially screened Ag salts. The best yield was observed when using AgPF¢ (Table 1, entry 2), while other
examined silver salts are less effective. On the other hand, there is no difference in the enantioselectivity

(Table 1).
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Table 1. Screening of Cationic Ag Salts®

[Cp*RhClz]2 (4 mol%)

Ph
Ag salt(16 mol%)
Me
0 Ag>CO3 (4 mol%) Me \/go
N chiral acid (8 mol%)
Y PhCI (0.1 M) _—
2 equiv 30°C,20h
1a 2a 3aa
Entry Agsalt  Yield/%P er®
1 AgPFs 36 90:10
2 AgSbFg 24 90:10
3 AgBF4 6 90:10
4 AgNTf, 14 90:10
5 AgOTf 18 89:11

a) Scale: 0.05 mmol 1a

b) Determined by "H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.

c) Determined by HPLC analysis.

4-2.Screening of Solvent

I next investigated the solvent effects (Table 2). Among the solvents screened, PhCl afforded the best
yield (entry 3, 35%) and enantiomeric ratio (89:11). Because toluene also gave the relatively promising

result compared to other solvents, aromatic solvents would be suitable for this reaction.
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Table 2. Screening of Solvent?

[Cp*RhCl,], (4 mol%)
AgPF¢ (16 mol%)

Me Ag,CO3 (4 mol%)
N o) chiral acid (8 mol%)
N / >
_ + Ph)J\/ solvent (0.1 M)
2 equiv 30°C,16 h
1a 2a
Entry Solvent Yield/%" er®
1 DCE 10 87:13
2 Toluene 21 89:11
3 PhClI 35 89:11
4 Hexane N.D -
5 Dioxane N.D -
6 TFE N.D - g

a) Scale: 0.05 mmol 1a

b) Determined by 'H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.

c¢) Determined by HPLC analysis.

4-3. Screening of Cp Ligand

Then, I examined the steric effects of the Cp*Rh(III) catalyst (Table 3). Among the catalysts screened,
only CpMe*Rh(III) (Table 3, entry 1) and Cp**"Rh(III) (Table 3, entry 2) afforded over 10% yield, and the
enantiomeric ratios were lower than that observed when using a standard Cp*Rh(III) catalyst. On the other
hand, CpFRh(III) (Table 3, entry 5) and Cp™Rh(III) (Table 3, entry 8) showed slightly better
enantioselectivity (90:10 er), but the yield was very low. Other catalysts did not provide the desired product
at all. Considering the reactivity and selectivity, a standard Cp*Rh(III) catalyst was selected for the further

investigation.
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Table 3. Screening of Cp Ligand?

[CP*RNClyl, (4 mol%)
AgPFg (16 mol%)

Me Ag2CO3 (4 mol%) Ph
O . . Me W
N chiral acid (8 mol%) * @]
Y . A N
Z PhCI (0.1 M) =
2equiv 30°C, 45h =

1a 2a

Entry Cp~ Yield/%® er°
1 CoM**R=H) 23 87:13
2 Cp*P(R=iPr) 20 87:13
3 Cp*™R=Ph) ND -
4 Cp*®YR =1tBu) N.D -
5 CpH 5 90:10
6 cp' N.D -
7 Cp? N.D - Me Me o |

Ind entries 1,2,3,4 N
8 Cp" trace 90:10 £ @ ~
t o) 0
Et Et Ph
entry 7

Et Et

a) Scale: 0.05 mmol 1a entry 5 Me Vo
b) Determined by "H NMR analysis of the crude mixture using
M

1,1,2,2-tetrabromoethane as an internal standard.
c¢) Determined by HPLC analysis. entry 8

4-4. Influence of Acidity

There are two proton-transfer steps involved in the 1,4-conjugate addition reaction, and the balance of

acidity and basicity of the reaction media would be important as discussed in Chapter 3. I began to screen

the acidity of the solvent. To increase the acidity, I used HFIP as an acid additive (Table 4). When I used

one equivalent of HFIP, the yield was slightly improved (Table 4, entry 2). However, as the amount of

HFIP increased, the yield significantly decreased and an unknown byproduct was observed (Table 4,

entries 3-5).

22



Table 4. Effects of HFIP?

[Cp*RhCly, (4 mol%)

Me AgPFg (16 mol%) Ph
o Ag,COj3 (4 mol%) Meo o
N chiral acid (8 mol% '
N + Ph)v ( 0) N
= solvent (0.1 M) A
2 equiv 30°C, 16 h
1a 2a g ~N
Entry Solvent Yield/%" er°
1 PhCI 34 89:11
2 PhCl/ 38 89:11

HFIP(1 equiv)

3 PhCI/ 10 89:11
HFIP(5 equiv)

4 PhCl/ N.D -
HFIP(10 equiv)

5 HFIP N.D -

a) Scale: 0.05 mmol 1a

b) Determined by "H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.

c) Determined by HPLC analysis.

As the addition of an acid resulted in the negative effects, I next examined the influence of bases.
Although I screened different carbonate bases other than AgrCOs, only lower reactivity was observed
(Table 5, entries 1-4). On the other hand, in the subsequent exploration of the amount of Ag>COs (Table 6),
the yield was increased up to 50% when 28 mol% of Ag>COz was used (Table 6, entry 6).
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Table 5. Screening of Carbonate Bases?®

[Cp*RhCl]; (4 mol%)

Ph
Me AgPFg (16 mol%)
0 Base (4 mol%) Me \\\‘\/&O
N . .
N . Ph)J\/ chiral acid (8 mol%) - N
_ PhCI (0.1 M)
2 equiv  30°C, 16 h =
1a 2a
Entry Base Yield/%? er® f
1 Li,CO3 N.D -
2 Na,COs3 6 85:15
3 K2COs 8 82:18
4 Cs,CO3 trace -
5 Ag2CO3 44 89:11

a) Scale: 0.05 mmol 1a
b) Determined by 'H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.

c) Determined by HPLC analysis.
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Table 6. Effects of the Amount of Ag,CO3*

[Cp*RhCl,], (4 mol%)

AgPF¢ (16 mol%) Ph
Me 6
o AgoCO3 ( x mol%) Me \/go
N chiral acid (8 mol%)
N . Ph)v N\
_ PhCI (0.1 M) P
2equiv. 30°C,16h
1a 2a
Entry Ag,COs/mol%  Yield/%" er® [ )
1 2 16 89:11
2 4 34 89:11
3 10 40 89:11
4 20 44 89:11
5 25 43 89:11
6 28 50 89:11

a) Scale: 0.05 mmol 1a
7 35 33 89:11  b) Determined by 'H
NMR analysis of the
crude mixture using
9 50 35 89-11 1,1,2,2-tetrabromoethane
as an internal standard.
c) Determined by HPLC
analysis.

8 40 35 89:11

The results in Tables 4-6 suggest that the acidity of the reaction conditions can affect the reactivity,
which fits the hypothesis (Chapter 3, Figure 7). Although an acid, such as HFIP, can promote the
protonation of the enolate intermediate, it may inhibit the deprotonative C—H activation step. The C-H
activation step would be preferred relatively under basic conditions. As a whole, increasing the acid may
inhibit the reaction while the increasing the amount of Ag>CO3 was effective in the current case. However,
in the screening of bases, only Ag.CO3 afforded good yield, which implies that Ag,CO3 may work as not

only the base but also play another role.

From Table 5 and Table 6, Ag>CO3 show a very important role in reactivity. In my opinion, Ag,CO3
could hold the balance between R*COOH and R*COO". In my proposed mechanism, R*COO" plays main
role on coordinating with Rh complex. From Table 4, high acidity could reduce the yield. In a word, the
balance between RCOOH and RCOO" is very important to reactivity and Ag,COs3 and Ag* are very suitable
for the dissociation of RCOOH.

4-5. Screening of Reaction Temperature

Finally, I examined the effects of the reaction temperature (Table 7). At lower temperatures (-10°C to
0°C, entries 1 and 2), the selectivity was improved but the reactivity was not satisfactory. The best result

was obtained when the reaction was performed at 20 °C or 30 °C (Table 7, entries 4 and 5), while higher
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temperatures led to lower yields (Table 7, entries 6 and 7), despite that the decomposition of phenyl vinyl

ketone 2a was not evident.

Table 7. Screening of The Reaction Temperature?*

[Cp*RNCly], (4 mol%)

Me AgPFg (16 mol%) Ph
N o Ar£1;'20|o3 '(dZé(ssmOI:/oo/)) Me “‘\\Ao
N chiral aci mol%
v NS . NG
= PhCI (0.1 M)
2 eq temp, 60 h =
1a 2a 3aa

Entry  Temp/°C Yield/%" Recov. 1aP/2a9  er®

1 ~10 24 86%/160%  91:9

2 0 30 78%/156%  91:9

3 10 30 74%/150%  89:11
4 20 48 53%/140% 8911
5 30 47 55%/146%  89:11
6 40 30 80%/144%  89:11
7 60 20 89%/154%  89:11

a) Scale: 0.05 mmol 1a

b) Determined by "H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.

c) Determined by HPLC analysis.

d) "1a"= 8-ethylqinoline (100%); "2a"= phenyl vinyl ketone (200%).

4-6 Scope of Substrates

With the optimal conditions in hands, I turned my attention to the substrate scope. Firstly, I investigated
2-furlyl vinyl ketone 2b, and found that the better yield was obtained (80%) with the comparable selectivity

(Scheme 22). For further examination of other 8-methylquinline 1, 2b was used as the electrophile.
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[Cp*RNCly], (4 mol%)

R
AgPF (16 mol%)
Me 6 “
0 AG,COs (28 mol%)  MENe \/&o
N ) R)J\/ chiral acid (8 mol%) N
_ PhCI (0.1 M) P
30°C,24h
1a 2 3
2 equiv
O e N\
_ Yield: 55%
89:11 er
2a
0]
Yield: 80%
@)v (o]
\_0 90:10 er
2b

Scheme 22. Higher Reactivity of Heterocyclic Enone

Then various substituted 8-alkylquinolines 1 were investigated as the substrate and reacted with
2-furyl vinyl ketone 2b (Scheme 23). Several 8-ethylquinolines bearing an electron-withdrawing group
(3bb-3gb) at the 4-position all reacted in good yield (>69%) and high enantioselectivity (>90:10 er) except
for that bearing a CN group (30b). Furthermore, 5 or 6-substituted quinolines (3hb-31b) were also
applicable, furnishing the desired product in moderate yield (40%-69%). In contrast, 8-methylquinolines
bearing an electron-donating group at the 4-position (3mb, 3nb) resulted in lower yields (<40%). The
reactions using 8-alkylquinoline bearing a longer alkyl group (3pb-3rb) exhibited low reactivity (<20%).

From Scheme 23, 8-ethylquinoline bearing electron-donating groups slow down the reaction. In my
opinion, EDG could enhance the electron density of N and it will compete binding to Rh with RCOOH,

which inhibit the enantio-determing step (see: Figure 7).
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AN N\
| /. \,] [Cp*RhClly (4 mol%)
R' R AgPFg (16 mol%)
1 Ag»CO3 (28 mol%)
+ o chiral acid (8 mol%)
_~ PhCI (0.1 M)
\\ 30 °C, 24 h
o)
2b
2 equiv
R= PH, 3ab, 80%, 90:10 er O~
= °Cl, 3bb, 83%, 90:10 er Mo
o~ W o)
bBr, 3cb, 83%, 90:10 er N
Me o 0 bac. 3db, 89%, 90:10 er -

N R?

P PCOOMe, 3eb, 80%, 90:10 er

! bPh. 3fb. 70%. 937 er RZ= "Br 3hb, 77%, 88:12 er

b s o, .
bg_CF4-CgHy, 3gb, 71%, 91:9 er OMe, 3ib, 63%, 90:10 er
a\e, 3mb, 36%, 90:10 er O A
40Me, 3nb, 13%, 90:10 er Me o 5
aCN, 3ob, 30%, 88:12 er Ny
(O R®
R* = @Et, 3pb, 14%, 90:10 er

3_ b - .
R 0 “nPr, 3gb, 17%, 89:11 er R°= B, 3b, 93%, 88:12 er

N b 3kb, 559 :
8:0 *GF, 3tb, N.D OMe, 3kb, 55%, 91:0 er
& bPh 3Ib, 83%, 90:10 er

a) Scale: 0.05 mmol 1 Yield: Determined by "H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.
b) Scale: 0.2 mmol 1 Yield: isolated yield (by silic column); er: Determined by HPLC analysis.

Scheme 23. Scope of Quinolines

Next, the scope of enones was examined using lc¢ as the substrate (Scheme 24). While aryl vinyl
ketones bearing an electron-withdrawing group (3ca, 3cc) afforded moderate yield and good
enantioselectivity (45%-70% yield, >88:12 er). Aryl vinyl ketones bearing an electron-donating group (3cg)
afforded low yield, but still in good enantioselectivity. On the other hand, substituted alkyl vinyl ketones
(3ce, 3cf) reacted smoothly in the reaction system with moderate yield (about 50%) and moderate
enantioselectivity (85:15-87:13 er). 2-Thienyl vinyl ketone (3cd) and phenyl vinyl ketone (3ca) afforded

good results.
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From Scheme 24, different B-substituted enones could also make very big influence on yield. It may
be from the electron density of O in carbonyl group and C=C. High electron density of C=C may improve
the reactivity by coordinating with Rh. High electron density or low steric effect on C=0 may compete

binding to Rh with RCOOH to inhibit the enantio-determing step.

[Cp*RhCl,], (4 mol%) R
AgPFg (16 mol%)

Me Ag,CO3 (28 mol%)

O 1 1 0,
N\ . RJ\/ chiral acid (8 mol /ol
= PhCI (0.1M)
30°C,24h
1c Br 2
2 equiv
R=  °Ph, 3ca, 73%, 90:10 er

R X a) Scale: 0.05 mmol 1 Yield:
4-Cl-CgHy, 3cc, 69%, 88:12 er Determined by 'H NMR analysis
Me _ \/&O

b2—thienyl, 3cd, 70%, 90:10 er of the crude mixture using

N 1,1,2,2-tetrabromoethane as an
= bMe, 3ce, 58%, 87:13 er internal standard.

= b) Scale: 0.2 mmol 1 Yield:

B °H, 3cf, 55%, 85:15 er isolated yield (by silic column)

34-OMe-CgHy, 3¢g, 14%, 90:10 er er: Determined by HPLC analysis.

a2-napthyl, 3ch, 48%, 87:13 er

aN-pyrrole, 3ci, N.D

Scheme 24. Scope of a,f-Unsaturated Compounds

4-7 H/D Exchange Experiment

To confirm the enantio-determining step of these reactions, the reversibility of the C—H activation was
examined (Scheme 25). When 1a was reacted with AcOD under the optimized reaction conditions except
that enone 2 was omitted, almost no H/D exchange was observed, indicating that the C—H activation is

irreversible and determines the enantioselectivity (Scheme 26).
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No D

[Cp*RNCl2]2 (4 mol%) detected
AgPF¢ (16 mol%) l
Me CCA (8 mol%)
Ag,CO3 (28 mol%) Me._H/D
N\ AcOD (3 equiv) N\
Z PhCI (0.1 M) _
30°C,24h
1a 1a
Scheme 25. H/D Exchange Experiment
Cp*
Me Cp*Rh/ CCA /
irreversible Me Rh
N C-H activation \
AN N
S AN
Z _

1a

Scheme 26. Irreversible C—H Activation

4-8 Proposed Reaction Mechanism.

A proposed reaction mechanism is shown in Figure 8. First, [Cp*RhCl:]. reacts with AgPFs, Ag2COs,
and a chiral carboxylic acid to produce an active and chiral Rh catalyst. Next, 8-ethylquinoline 1
coordinates to the Rh center, and C—H bond cleavage proceeds via concerted metalation deprotonation
(CMD) assisted by the chiral carboxylate, which is the enantio-determining step. This C—H activation is
irreversible as discussed above, and thus other following steps are not relevant to the enantioselectivity.
Then the coordination of an a,B-unsaturated carbonyl compound to the rthodium center (B) is followed by
the insertion of the C—C double bond into the Rh—C(sp®) bond to give an enolate intermediate C. Finally,

protonolysis of C gives product 3 and regenerates the active thodium species (Figure 8).
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[Cp*Rh**X,

[Cp"RhCly]; 7—T’

AgX AgCl

C
L ] R
R
2\; O)\OH
Cp*~prp Cp
P~Rh Me Rh Me
B N OH ﬁ o N OH
| J J recoon 27 [ A
R
L= X", RxCOO"

Figure 8. Proposed mechanism

4-9 Determination of Absolute Configuration

The absolute configuration of 3 was unambiguously confirmed by the single crystal X-ray diffraction
analysis of 3ja to be the same as that observed for the C—H amidation of 8-ethylquinolines 1a in the
previous study using the same CCA (the data are shown in Experiment section).'®. These results, the
observed similar enantioselectivity with the same CCA as the previous C-H amidation reactions and the
irreversibility of the C—H activation all suggest that the enantioselectivity is almost determined in the C—H

activation step.
Summary

I developed Cp*Rh(III)/CCA-catalyzed enantioselective addition of C(sp®)-H bonds of
8-ethylquinolines 1 to a,B-unsaturated carbonyl compounds 2. The reactions proceeded under mild
conditions with good functional group compatibility and exhibited good enantioselectivity. The results
demonstrate further utility of the combination of a high-valent group 9 metal catalyst and a chiral
carboxylic acid (CCA) for the selective functionalization of enantiotopic C(sp?)-H bonds to furnish C-C

bonds, which complements the previously established C—N bond-forming reactions.
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However, there are some points to further explore: 1) the limited scope of electrophiles, 2) the limited
scope of 8-alkylquinolines: 8-alkylquinolines bearing a longer alkyl group resulted in low yield (3pa-3ra).
3) the requirement of large equivalents of silver additives (almost 0.5 equiv), which may not conform to the

economic chemistry.
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Chapter 5. Arene Ru(II)-Catalyzed Enantioselective C—H Functionalization

5-1 Introduction of Arene Ru(II)-Catalyzed C—H Bond Functionalization

Ruthenium (Ru) is relatively inexpensive (21.2 USD/g) compared to other widely used metals for C—H
activation such as rhodium (491.2 USD/g) and palladium (63.0 USD/g), and also occupies an important
position. The wuse of Ru(0) catalyst precursors, especially with the contribution of the
Murai—Chatani—Kakiuchi group since 1993,% has led to the discovery of new reactions based on initial
Ru(0) insertion into the C—H bond and further reactivity of generated C—Ru—H species especially via

unsaturated substrate insertion processes (Scheme 27).

OMurai—-Chatani-Kakiuchi (1993):

0 0]

Ry RuH,(CO)(PPh3); @ R
N
@ "R i R
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Scheme 27. Ru(0)-Catalyzed C—H Bond Activation

In 2001, Oi and Inoue demonstrated C—H arylation with aryl halides catalyzed by [RuClo(CsHe)]2.2” In
the following two decades, Ru(Il)-catalyzed C—H activation has achieved great success by Ackermann,

Bruneau, Dixneuf, and others (Scheme 28).%>

Oi and Inoue (2001):

= | [RUCL(N®-CeHe)l2 (2.5 Mol %) Ay &~ | Ar  ~ |
S© ¢ AX PPh; (10 mol%) S SN
NMP, 120 °C, 20 h Ar

Scheme 28. Ru(II)-Catalyzed C—H Bond Activation

Arene-Ru(Il) complexes are very successful among Ru-complexes, and the reason may be from their
easy transformation into cyclometalated species via C—H bond cleavage; Ru(Il) also shows its good
compatibility with currently used oxidants and the stability of some of them to both air and water. In
addition, the ease of preparation and low price are also its attractive advantages. However, the example of

enantioselective Ru(Il)-catalyzed C—H functionalization remains less than Pd and Rh (Figure 9).
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Figure 9. Arene-Ru(Il) Complex
5-2 Introduction of Chiral Arene-Ru(Il)-catalyzed Enantioselective C—H Bond Functionalization

The catalytic control of the enantioselectivity of Ru(Il)-catalyzed C—H functionalization reactions
remains a challenging problem. On the basis of the structure of arene Ru(Il) complexes, there are three

possible strategies to make Ru(Il)-catalyzed asymmetric C—H activation feasible.

The first one is to develop Ru(Il) catalysts bearing precisely designed chiral arene ligands. This
strategy has been applied in enantioselective group 9 Cp*MIII)(M = Co, Rh, Ir) catalyzed C-H
functionalization with tailor-made chiral Cp* ligands, and it showed good result. What’s more, the
arene-Ru(Il) complex has similar features to group 9 [Cp*M(III)] complexes. They possess a dicationic d®
metal center and a half-sandwich structure with three available coordination sites. However, some
additional challenges exist for the enantiocontrol in the Ru(lIl) catalysis. First, the stability of such arene
ruthenium complexes could be poor as arene would dissociate from a metal center facilely. In fact, Larrosa
and co-workers found that p-cymene ligand dissociated from the ruthenium(Il) catalyst in their C—H
arylation reaction.?” Second, the design of chiral arene ligands is not trivial because most of the privileged
chiral ligand scaffolds (e.g. 1,1-bi-2-naphthol, 1,1’-spirobiindane-7,7’-diol) contains multi arene motifs,
which may raise serious problems in chemoselectivity and diastereoselectivity of their complexation with

ruthenium (Figure 10).

Chiral Cp*M(lll) Chiral Arene Ru(ll)
| Me i R Dicationic d® metal center and a half-sandwich structure:
' R* Me | . \_|_Z . e :
: T Me ! : | Three available coordination sites !
i /M, . Vs : /,R\u,,,/ X Potential dissociation of the arene ligand |
| " | ' ’ ‘L . L . . :
i L \ Lo ' L L X Serious selectivity issues in complexation step '
| L | ! ‘
M=RHh, Ir, Co

Figure 10. Chiral Arene-Ru(II) Complex

Wang and co-workers made an important progress in this chemistry by rationally designing a C»-
symmetric chiral arene ligand based on the [2.2]paracyclophane skeleton.3? Their chiral Ru(Il) catalyst was
proved to be highly efficient for enantioselective C—H functionalization of N-methoxy amides with
sterically hindered alkynes, affording various axially chiral isoquinolones in excellent yield with good to
high enantioselsectivity. Significantly, Wang demonstrated that the chiral arene-Ru(II) could catalyze

enantioselective C—H functionalization to control the enantioselectivity.
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Wang (2022):

N,OMe |
@ H Ru-1 (2.5 mol %) NH
LIOAC+2H,0 (20 mol %) :
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Scheme 29. Chiral Arene-Ru(II) Catalyzed Enantioselectivity C—H Functionalization

First, as shown in structure A in Figure 11, the strained structure of [2.2]paracyclophane and its C;
symmetry would preclude the registration and stereoisomerism created in the complexation step. Secondly,
steric repulsion from the uncoordinated alkene ring would force the substituent R to shift to the metal side,
resulting in a well-defined chiral environment around the metal center (Figure 11, structure B). Thirdly,
protection of the coordinated aromatic from any possible nucleophilic attack and trans-ring electronic
interactions of the uncoordinated aromatic should improve the stability of the aromatic metal complex

(Figure 10, structures C and D).

R, & )R
T =8

|
b R A M R B
Steric group turns to

Homotopic arene faces metal side to ensure good
ensure formation of chiral environment

single complex

Nu%
SR
I c
M R
The coordinated arene

is protected from
nucleophilic attack

Transannular interaction
enhances stability of complex

Figure 11. Design of [2.2]paracyclophane-Based Chiral Arene Ligands.

In 2021, Perekalin and co-workers also reported the chiral cyclohexa-1,3-diene ligand with Ru(Il)

complex.?) However, the development of enantioselective C—H activation was only partially successful;
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only 68% ee was achived in their report. Many attempts to apply this chiral arene-Ru(Il) complex to
catalytic C—H activation failed, which was attributed to its facile decomposition under the reaction

conditions.
5-3 Introduction of Arene-Ru(II)/cTDG-Catalyzed Enantioselective C—H Bond Functionalization

Enantioselective C—H activation facilitated by a chiral transient guidance group (¢cTDG) is a process in
which a chiral guidance group is formed in situ and induces diastereoselective C-H activation.?>? ¢TDG is
cleaved automatically, releasing the enantiomer-rich product.(Figure 12). Loading of chiral reagents to
generate ¢cTDG in situ is usually substoichiometric or catalytic. This elegant strategy was pioneered by Yu,
who used chiral amino acids or amino amides to achieve palladium-catalyzed enantioselective benzylic

C(sp®)-H arylation of ortho-alkyl-substituted benzaldehyde.

R

Figure 12. Transition Metal Catalyzed Enantioselective C—H Functionalization with ¢cTDG.

Mechanistically, amino acids and amino amides are incompatible with d® metal complexes featuring
piano stool configurations (e.g., CpRh™, arene-Ru"), which have one less available coordinating sites

compared to Pd(II) (Figure 13). Thereby, monodentate transient directing group would be required.

. R R 0N | i
. N, Yo | \‘R{]\L @Rij\L 5
| Pd ! ' C c l
! Z N . ! N N !
! C L : : U U !

bidentate coordination @~ - -----ooimemoosmoooooooooiooooo oo '
monodentate coordination

Figure 13. Monodentate Coordination Between Ru(II) and ¢TDG.
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In 2019, Cui and co-workers successfully developed a Ru(Il)(p-cymene)-catalyzed enantioselective
intramolecular C—H functionalization of aldehydes bearing an olefinic side chain by the transient chiral
directing group strategy, affording chiral indolines in up to 92% yield with up to 96% ee (Scheme 30). In
this work, besides (R)-1-(naphthalen-1-yl)ethan-1-amine (cTDG), an I-tert-leucine derived chiral

carboxylic acid (CCA) was found to be vital to achieve high enantioselectivity.3?

Cui (2019)
CHO CHO ~Re
H H
@ [RuCly(p-cymene)],
cTDG, CCA

N/\/\Rz @ N

! . PG
up to 92% yield
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Scheme 30. Arene-Ru(Il)/cTDG Catalyzed Enantioselectivity C—H Functionalization by Cui

In 2020, Wang and his co-workers also reported that the use of (R)-1-(naphthalen-1-yl)ethan-1-amine
as the ¢cTDG, the Ru(Il)(p-cymene)-catalyzed intramolecular enantioselective C—H activation of aldehydes

bearing an olefin side chain was successfully realized (Scheme 31).33

Wang (2020)

CHO cHo ~Re
\\\\Me

H R, [RUCly(p-cymene)]
B rhEe G

_______________________ up to 98% yield

O ' up t0 99.5:0.5 er
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Scheme 31. Arene-Ru(Il)/cTDG Catalyzed Enantioselectivity C—H Functionalization by Wang
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Chapter 6. Arene-Ru(Il)-catalyzed Enantioselective C—H Functionalization

by Chiral Carboxylic Acid

6-1 The two modes of Arene-Ru(II)/CCA-Catalyzed Enantioselective C—H Bond Functionalization

Chiral carboxylic acids (CCAs) as chiral inducers have been proved to be an effective strategy to
accomplish enantioselective C—H activation under d® metal catalysis with piano stool configurations, such
as Cp Group 9 metal with CCA. In terms of Ru(Il)-catalyzed enantioselective C—H functionalization, two
modes have been disclosed. First, when C—H activation is the enatiodetermining step, chiral carboxylate
can assist the selective activation of enantiotopic C-H bonds. The resulting chiral ruthenacyclic
intermediate then undergoes further functionalization to furnish enantiomerically enriched product. Second,

the chiral carboxylic acid (CCA) enables enantioselective proto-demetalation step (Figure 14).

[Ru]

R+COO~
R+*COOH stereo-determning
DG—_

[RU]

A: enantioselective C-H activation

DG
) _H
YR [Ru]
R*COO§\
stereo-determning R+COOH
DG—[Ru]
i . <

[RU] [RU]

G j
c R %
N
R

B: enantioselective proto-demetalation

Figure 14. The Two Modes of Arene-Ru(II)/CCA-catalyzed Enantioselective C—H Functionalization
6-2 Arene-Ru(Il)/CCA-Catalyzed Enantioselective C—H Bond Functionalization

In 2021, Ackermann and co-workers reported a chiral carboxylic acid-assisted arene-Ru(II)-catalyzed

intramolecular enantioselective C—H cyclization (Scheme 32).3 Under the chiral carboxylic acid (CCA),
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indole substrates were transformed to chiral indole derivatives in moderate to high yield (up to 99 %) with

moderate enantioselectivity (up to 72 %). In the computational and experimental mechanistic studies, the

result indicated the migratory insertion step was reversible and the proto-demetalation step was the

enantio-determining step.

Ackermann (2021)

[RuCly(p-cymene)],
(5 mol %)

AgSbFg (20 mol %)
CCA (20 mol %)

PhMe, rt, 12 h

up to 99% vyield
up to 85:15 er

Scheme 32. Arene-Ru(Il)/CCA Catalyzed Enantioselective C—H Alkylation by Ackermann

Ackermann continued this investigation, and reported an intermolecular version of above reaction later
in 2022 (Scheme 33).3% In the presence of the chiral carboxylic acid (CCA), they afforded chiral indole
derivatives with central and axial chirality in high yield (up to 93% yield) and high regio-, diastereo- and

enantioselectivity (up to 96% ee). DFT calculation indicated the proto-demetalation step was the

stereo-determining step.

Ackermann (2022)

N/ N [RuCly(p-cymene)],
N (5 mol %)
AgPFg (20 mol %)
@ X "N CCA (20 mol %)

PhMe, rt, 2-5 days

Scheme 33. Arene-Ru(Il))CCA Catalyzed Intermolecular

Ackermann
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Enantioselective C-H Alkylation by

In 2021, Shi and co-workers reported a highly enantioselective Ru(Il)(p-cymene)-catalyzed C—H
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activation of sulfoximines with chiral carboxylic acid (CCA) (Scheme 34).39 Compared to Ackermann’s

work, Shi’s work is followed by CMD mechnism and enantio-induction can be achieved by using a chiral

carboxylic acid (CCA). Many prochiral diaryl sulfoximines were efficiently desymmetrized with sulfur

ylides to form sulfur-stereogenic sulfoximines in good to excellent yield (up to 99 % yield) with excellent

enatioselectivity (up to 99 % ee). In addition, this catalyst system was also highly effective for kinetic

resolution of racemic aryl-alkyl-sulfoximines. In 2022, Shi reported the Ru(Il)-catalyzed enantioselective

[4+3] annulation of sulfoximines with o,B-unsaturated ketones by a CCA that has been shown in his

previous work.3”

Shi (2021)

O NH H

\\ //
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Scheme 34. Arene-Ru(IT)-Catalyzed Enantioselective C—H Activation Enabled by Chiral Carboxylic

Acid by Shi.
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Chapter 7. Aza Analogues of Sulfones - Sulfoximine and TM Catalyzed

C—H Activaiton of Sulfoximine to C—C Formation

7-1 Importance of Sulfur(VI)-Containing Motifs in Pharmaceutical and Medicinal Chemistry

Sulfur(VI) compounds, especially sulfones, sulfonamides and their analogues, have showed broad
range of bioactivity, and those compounds show a high structural diversity, which is crucial for medicinal
chemistry research.?’> The development of new less toxic, low cost, and highly active sulfonamides
containing analogues are important in medicinal chemistry. Now, more than 150 FDA approved
sulfur(VI)-based drugs are available in the market, and they are widely used to treat various diseases, such

as anti-inflammatory, anti-viral, antidiabetic, anti-leishmanial, anti-cancer, and others (Figure 15).

sulfones
0. 0 strong electron withdrawing nature
128( , stability against hydrolysis
R R resistance to reduction at sulfur
HoN. | o H n ‘.S? “ |
/7 | H2N S—N : : O~ :
Q. Yy g
NH, ' Antibiotic N/ 1 n=13 |

Streptozol

N R
almost 100 y

__________ Endocrine system________; Oncological

more than 150 FDA approved drugs
Figure 15. Pharmaceutical and Medicinal Significance of Sulfones and Sulfonamides

Sulfoximines are the aza analogues of sulfones. In the case the two carbon substituents are different,
the replacement of the oxygen of sulfones with a nitrogen atom will result in a chiral tetrahedral sulfur
atom (Figure 16). Compared with sulfones, sulfoximines have an additional substitution site (N-R3) that
could be modified by various functional groups. In addition, it has great potential to construct cyclic
sulfoximines by connecting substituents R! and R?. The NH moiety of sulfoximines is weakly basic, and
the protonated form has a pKa of 2.7.2° The basicity of the nitrogen atom is also sufficient to coordinate
with metals or form salts with acids. The acidity of the NH moiety (pKa = 24) is comparable to the acidity
of alcohol (pKa in DMSO, MeOH: 29; i-PrOH: 30.2; +-BuOH: 33).2 It has been confirmed in the literature
that sulfoximine can be used as an isostere of alcohols in the studies of HIV-1 protease inhibitors.

The NH group is nucleophilic and can be replaced by a variety of functional groups. The nature of the
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substituents on the nitrogen atom greatly affects its properties as an acid and base. The NMR studies
idicated that a sulfoximine group has higher electron-withdrawing ability than a sulfone group.
The heteroatoms bonded to the sulfur center function as hydrogen bond acceptors. In the absence of any
substituent at the NH moiety (R® = H), the sulfoximine has the dual functions as both hydrogen bond donor
and hydrogen bond acceptor. Compared with sulfones or sulfonamide, sulfoximines showed better solublity
in protic solvents. Sulfoximines are constitutionally and configurationally stable compounds that can be
handled without special attention. Based on these promissing properties, interest in this functional group,

which is underrepresented in drug research and development, has clearly increased.

Nucleophilic and basic
nigrogen: pK;(NH,*) =
R3 = H, acidic 2.7 (in H,0)
pK, = 24 (in DMSO)

N

R*—N__0O
R1;S R?

H ‘\
Asymmetric sulfur: Acidic (adjustable by R3):
configurationally stable R3 = Me; pK, = 32 (in DMSO)
’ a
R3 =Ts; pK, = 23 (in DMSO)

Figure 16. General Properties of The Sulfoximine Group

Generally, the modifications of sulfoximines are categorized into two classes, that is, N—H
functionalization and C—H functionalization. Selective C—H functionalization reactions of S-aryl
substituents of sulfoximine and its analogue with the nitrogen atom working as a directing group are
efficient synthetic methods for increasing the diversity of available sulfoximine derivatives. In the

following part, I will discuss selective C—H functionalization reactions of sulfoximines (Figure 17).
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N-H functionalization
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to sulfur to C=0

Figure 17. Overview of N-H and C—H Functionalization of Sulfoximines and Their Analogues
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7-2 TM Catalyzed C-H Alkenylation of Sulfoximines

One of the seminal examples of oxidative C—H/N-H annulation of NH-sulfoximines with alkynes to
afford 1,2-benzothiazine was reported by Bolm and co-workers (Scheme 35).3” They screened various
metal catalyst and found that 5 mol% of [Cp*Rh(MeCN)3](BF4): in presence of 20 mol% of Fe(OAc): as
an activator in toluene under oxygen atmosphere at 100 °C resulted in excellent yield of the desired

products with good functional compatibility.

O\/NH O R2
', [Cp"Rh(MeCN),](BFy), N
R1'—\ R* (5 mol%) 10 NN
T Fe(OAc), (20 mol%) R A "
* o4 PhMe, 100°C,48h R®
R3% up to 93% yield

Scheme 35. Rh Catalyzed Oxidative C—H/N-H Annulations of Alkyne with Sulfoximine

Bolm and coworkers also reported a Rh(IlI)-catalyzed directed C—H alkenylation of sulfoximines with
acyl protecting group at the nitrogen for the synthesis of mono- and bis-alkenylated derivatives in

reasonable efficiency (Scheme 36).40

Bolm (2014)
QNAC 1c6*RNCI,] (2 mol%) 0, _Me
Y R e
= sl a A A R2
" t-amylOH, 120 °C, 3 h
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Scheme 36. Rh-Catalyzed C—H Alkenylation of N—-Ac/aroyl with Sulfoximine

Dong et al. reported the synthesis of biologically active benzoisothiazole 1-oxide through
Rh(III)-catalyzed N-directed ortho C—H activation/tandem intramolecular aza-Michael cyclization reaction

between NH-sulfoximines and various olefins (Scheme 37).4V

Dong (2017)

z l_R'l
O, NH . .
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Scheme 37. Rh Catalyzed C—H Alkenylation/aza-Michael Cyclization with Sulfoximine
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Prabhu and co-workers reported a Rh(IIl)-catalyzed oxidative synthesis of 1,2-benzothiazine

derivatives utilizing silyl alkynes through a desilylative route (Scheme 38).4
Prabhu (2019)
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Scheme 38. Rh Catalyzed C—H Oxidative Annulation of Sulfoximines with Silyl Alkynes.

7-3 TM Catalyzed C-H Enantioselective C—H Functionalization of Sulfoximines

Enantioselective C—H Functionalization of sulfoximines have been developed using chiral metal
catalysts or chiral carboxylic acid co-catalysts. Li and co-workers described an unprecedented
enantiodivergent [4+2] annulative coupling of sulfoximines with a-diazocarbonyl compounds via chiral

Rh(IIT)-catalyzed desymmetrizing C-H activation (Scheme 39).43

Li (2018) Rh cat. (2.5 mol%)
AgNTf, (20 mol%)

2-methoxybenzoic acid
0, NH (0.5 eq)
S or ON
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Scheme 39. Chiral Rh(III)-Catalyzed [4+2] Annulative Coupling of Sulfoximines with Diazo
Compounds

Simultaneously, another independent work has been reported from the Cramer’s group to expedite the

access of S-chiral 1,2-benzothiazines with good enantioselectivities (Scheme 40).4
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Cramer (2018)
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Scheme 40. Chiral Rh(III)-Catalyzed [4+2] Annulative Coupling by Cramer et al.

One year later, the same team disclosed an effective kinetic resolution methodology of racemic
sulfoximines, which allowed in accessing the acyclic enantioenriched aryl alkyl sulfoximines along with

optically active 1,2-benzothiazines through Rh(IIl)-catalyzed C—H functionalization (Scheme 41).49
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Scheme 41. Chiral Rh(III) Catalyzed [4+2] Annulative Coupling with Racemic Sulfoximines

A direct Pd(Il)-catalyzed kinetic resolution of heteroaryl sulfoximines through an ortho-C—H
alkenylation/arylation has been developed by Sahoo and co-workers (Scheme 42).49 The coordination of
the 2-pyridyl unit and the chiral amino acid ligand to the Pd(Il)-catalyst controls the enantio-selective C—H
cleavage. The method provided access to a wide range of enantiomerically enriched unreacted

aryl-pyridyl-sulfoximines and C-H alkenylation/arylation products in good yields with high
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enantioselectivity (up to >99% ee). Selectivity factor in kinetic resolution reached up to >200.

Sahoo (2021)
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Scheme 42. Pd(IT)/MPAA Catalyzed C-H Activation of Racemic Sulfoximines

Shi and co-workers reported the Ir(Ill)-catalyzed asymmetric C-H activation/annulation of

sulfoximines with diazo compounds using an achiral iridium catalyst and a chiral carboxylic acid

combination (Scheme 43).47

with excellent enantioselectivities. In 2022, Xu have developed an iridium-catalyzed enantioselective C—H

Various types of sulfur-stereogenic sulfoximines were obtained in high yields

borylation of N-silyl diaryl sulfoximines.*®

Shi (2022)
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Scheme 43. Cp*Ir(IIT)/CCA-Catalyzed C—H Activation with Sulfoximine
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Chapter 8. Second work: Ru(II)/Chiral Carboxylic Acid-Catalyzed

Enantioselective C—H Functionalization of Sulfoximines>?

When C-H bonds are cleaved by using an electrophilic high-valent metal catalyst, carboxylates and
other basic anionic ligands would participate in the C-H bond cleavage step via either an ambiphilic
metal-ligand activation (AMLA), a concerted metalation-deprotonation (CMD), or a base-assisted internal
electrophilic substitution (BIES) mechanism. Therefore, enantio-induction can be achieved by using a
chiral carboxylic acid (CCA) or a related ligand. The strategy was first introduced to the field of Pd(II)
catalysis by the Yu group and was recently expanded to be used with group 9 metal catalysts. Matsunaga,
Yoshino and coworkers have been engaged in the development of the enantioselective C-H
functionalization of prochiral substrates using Co(Il1)/CCA and Rh(III)/CCA systems. When considering
the similarity between Ru(Il) catalysis and Cp*M(III) catalysis, I wonder the possibility of achiral Ru(II)
and chiral carboxylic acids system for enantioselective C-H bond cleavage. Thus, I decided to investigate
the possibility of enantioselective C—H bond cleavage using a Ru(Il) catalyst and a CCA. In 202139, during
the course of my PhD study, Shi and co-workers also reported enantioselective C—H alkylation/cyclization
reactions between sulfoximines and sulfoxonium ylides using [RuCla(p-cymene)]> and a Ci-symmetric
binaphthyl CCA. In this chapter, I describe my own study demonstrating that a pseudo-C;-symmetric
binaphthyl CCA that was recently developed in Matsunaga/Yoshino group for group 9 metals is suitable for

Ru(II)-catalyzed enantioselective C—H bond cleavage of prochiral sulfoximines (Scheme 44).

( A

\\// F
O\ Ar Q
ij ﬁ}w u(ll)/CCA 5, OO
: ()
NG 2 COxH
||/ R 2
RZJK/ OO

. J

Scheme 44. Second work: Ru(Il)/Chiral Carboxylic Acid-Catalyzed Enantioselective C - H

Functionalization of Sulfoximines

8-1 Optimization of Reaction Condition

I initiated my investigation by optimizing the coupling of the sulfoximine 4a and sulfoxonium ylide 6a
(Table 8). It afforded quantitative yield and good er. (entry 4) Meanwhile, reaction temperature (from 0 to
80 °C) could make a large influence on reactivity but almost no impact on enantioselectivity (entries 1-6).
Low temperature (below 35 °C) clearly decreased the reactivity and resulted in moderate yield; In high
temperature (from 35 to 80 °C), the conversion could achieve almost 100% and no
two-component/rearrangement byproduct were detected. In the concentration effect, too high concentration
is negative to this reaction (entry 8); the similar situation also happened in entry 9 when I added more

sulfoxonium ylide. These two results in entry 8 and entry 9 suggested that high concentration of
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sulfoxonium ylide may inhibit the catalytic process of this reaction. Another questionable point (Table 8,
entry 10) is the reaction time. Too prolonged reaction time led to the lower yield, which could be ascribed
to the instability of desired product. (I later found that desired product 7aa could transform into unknown

compound slowly in CHCI3.)

Table 8. Optimization of The Reaction Temperature and Concentration®

[Ru(p-cymene)Cl,], (2.5 mol%)
0,
O, NH o0 o AgSbFg (20 mol%) o
S D CCA (0.10 eq)
©/ : F>h)v o~
' bcE X M)
4a 6a T°C,24h
0.05 mmol 1.5 equiv
Entry T/I°C XI'M TM%® Erd Foo
1 5 0.05 22 14:86 OO Q |
2 20 0.05 38 14:86 | . |
! COOH
3 30 0.05 80 14:86 OO :
4 35 0.05 >99 14:86 |
; CCA !
5 40 0.05 >99 14:86  t--mooomoooooosoooooooo- '
6 80 0.05 >99 17:83
7 35 0.10 >99 14:86
8 35 0.30 23 15:85
o2 35 0.05 23 14:86
10° 35 0.05 77 14:86

8electrophiles (3.0 eq), breaction time (48 h),

®Determined by "H NMR analysis of the crude mixture
using; 1,1,2,2-tetrabromoethane as an internal standard.
dDetermined by HPLC analysis.

In the screening of solvent, halogenated solvent afforded excellent yield and good er even though the
desired product may be unstable in these solvents (Table 9). Among these results, CHCl3 (entry 2) was
selected as the best solvent, especially based on the positive impact on enantioselectivity.
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Table 9. Solvent Effect?

[Ru(p-cymene)Cly], (2.5 mol%)
O. ,NH AgSDbFg (20 mol%)
8- O O (CCA(0.10 eq) SN
©/ : Ph)v TN
| Solvent (0.05 M)
4a 6a  40°c,24n
0.05 mmol 1.5 equiv
Entry Solvent TM%@ ErP yoTTTTTTT e F
1 DCE 95 13:87

4 MeOH 88 13:87
5 HFIP 74 24:76 CCA _______________ .
6 1,4-dioxane 36 17:83 2Determined by "H NMR analysis
of the crude mixture using;
7 toluene 50 13:87 1,1,2,2-tetrabromoethane as an
8 PhClI 56 11-g9 internal standard.
®Determined by HPLC analysis.
9 acetone 56 16:84
10 DMF 30 36:64
11 CH3CN 17 19:81
12 NMP N.D -
13 hexane N.D -

8-2 Screening of CCA

After optimization studies, I started to introduce different substituent sgroup into CCA, and found L2
and L9 giving products in quant yield and good er. In addition, these results (L1/L9, L8/L10) indicated that

O7Bu group in 3 and 3’ position may improve the reactivity and enantioselectivity (Scheme 45).
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[Ru(p-cymene)Cly], (2.5 mol%) Q
AgSbFg (20 mol%)
O\\s”NH O O cca (06_10 eq) SN
DRGREE
CHCI, (0.05 M)
4a 6a 40 °C, 24 h
0.05 mmol 1.5 equiv

67%TM, 15:85er L7 74%TM, 10:90 er L8 >99%TM, 9:91 er L9

aDetermined by "H NMR analysis of the crude mixture
using; 1,1,2,2-tetrabromoethane as an internal standard.

1 e

Determined by HPLC analysis.

95%TM, 9:91 er

Scheme 45. Screening of CCA

8-3 Scope of Sulfoximines and Sulfoxonium Ylides

With the best conditions in hand, I next explored other various sulfoximines 4 and sulfoxonium ylides
6 (Scheme 46). Suloximines with p-, m-, and o-substituents generally provided the corresponding products

in good yield and similarly good to moderate enantioselectivity (7aa—7ga, 85:15-91:9 er). Especially, it is
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noteworthy that sulfoximines with electron withdrawing groups on the aromatic rings gave products in
higher enantioselectivity (7ba and 7ca) than other substrates albeit with somewhat decreased reactivity. A
sterically crowded substrate with o-Me group (4g) was also applicable under the optimal reaction
conditions, and product (7ga) was obtained in >99% vyield. I then investigated several different
sulfoxonium ylides 6 with 4a as coupling partners. Aromatic-, heteroaromatic-, and aliphatic-substituted
sulfoxonium ylides all were compatible under the optimized reaction conditions, thus giving desired
products in high yield and moderate to good 82:18-88:12 er. The absolute configuration of product 7aa was
determined to be (S) by comparing the optical rotation ([a]p?* = +10.2 in CHCl3) with the previously
reported value for the (R)-enantiomer ([a.]p?® = —11.3 in CHCls) in the literature (See, experimental section

for details).

O, NH

\\ /

[RuCI2 (p-cymene)],
O/ \O (2.5 mol%)
AngF6 (20 mol%)

CCA (10 mol %)

ﬁ\/Q/ CHClI; (0.05 M)
R2 SN 40°C, 24 h
2 equiv 6
___________________ T
o}
ON Me S
Sin
= N
1 _ Ph P
R Ph 7fa, >99%, 88:12 er R2

1= H, 7aa : 80%, 88:12
R > er R2 = 4-Me-CgH,, 7ab : >99%, 88:12 er

I, 7ba : 72%, 92:8
Cl, 7ba : 72%, er 4-F-CgHy, Tac : 90%, 87:13 er

Ac, 7ca : 72%, 91:9 er
’ > _ 2-naphthyl, 7ad : 92%, 86:14 er

Me, 7da : >99%, 89:12 er 79a, >99%, 89:11 er 2-furyl, 7ae : >99%, 84:16 er

7ea : >999 :
OMe, 7ea : >99%, 85:15 er tBu, 7af - >99%, 82:18 er

a) Scale: 0.05 mmol Yield: Determined by 'H NMR analysis of the crude mixture using
1,1,2,2-tetrabromoethane as an internal standard.
b) Scale: 0.2 mmol Yield: isolated yield (by silic column or GPC)
er: Determined by HPLC analysis.

Scheme 46. Scope of Sulfoximines and Sulfoxonium Ylides

8-4 Proposed Mechanism

A plausible catalytic cycle is shown in Figure 18. An active Ru-carboxylate catalyst (A) is generated
from [RuClx(p-cymene)]., AgSbFs, and CCA, which would be coordinated with substrate (B). A key

enantiodetermining C—H bond cleavage step would proceed via a carboxylate-assisted mechanism, in
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which the chiral carboxylate base derived from CCA should selectively deprotonate one of the enantiotopic
protons of sulfoximines. Then, chiral metallacycle (C) would react with sulfoxonium ylide to afford
intermediate (D), while releasing DMSO. The subsequent protonation would furnish (E) and regenerate the
active catalyst (A). Finally, intramolecular dehydrative condensation between the sulfoximine unit and
introduced ketone provides products. While unprotected NH sulfoximines are proposed to undergo
deprotonation before the C-H activation in the previous study,*” an isolated metallacycle intermediate
reported by Bolm and co-workers clearly had a remaining NH proton.* In addition, my catalytic system in
this chapter did not involve any efficient bases, such as metal carbonates, which may facilitate the
deprotonation of sulfoximines. Therefore, I suppose that the unprotected sulfoximine moiety may work as
the directing group without deprotonation, although the catalytic cycle involving the deprotonation of the

NH moiety cannot be excluded completely with the current data alone.

(0]
n_Ar
Y S\\NH [RuCl,(p-cymene)] [Ru] = [Ru'(p-cymene)]
R AgSbFg
E R*COZH
A / R2 S0 [Ru]OCOR* \\/,
n_Ar
R N
|
F~F g2 R*COH
H Ar |C|)/Ar
Lo [Ru] o [RU]
D OCOR*
i @Ar I
R'II_\ \\l\{H
DMSO e
H o
o) 0=
2 RCOHL e
R | " Ar enantioselective
/ 0 \NH C-H activation
/ [Ru] B
c

Figure 18. Proposed Mechanism

Summary

I have found that the combination of a Ru(Il) catalyst and a pseudo-C>-symmetric binaphthyl CCA is
effective and useful for enantioselective C—H functionalization of sulfoximines with sulfoxonium ylides.
Although the enantioselectivities in this chapter were lower than those reported by Shi’s group, I
demonstrated that binapthyl CCA in Matsunaga/Yoshino group developed originally for group 9 metals is

also a suitable chiral source for Ru(Il)-catalyzed C-H functionalization. Further investigation on the
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combination of CCAs developed and Ru(Il) catalysts are expected, and the most recent results will be

discussed in next chapter, Chapter 9.
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Chapter 9. Third work: Enantioselective Synthesis of 1,2-Benzothiazine
1-Imines via  Ru(II)/Chiral  Carboxylic  Acid-Catalyzed @C-H

AlKylation/Cyclization

Compared to the notable advances in the synthetic chemistry of sulfoximines as described in Chapter 7
and Chapter 8, the synthesis and transformations of sulfondiimines, aza-analogues, are much less
developed. The fact clearly indicates that study in the transformation of sulfondiimines should provide an
unexplored promising chemical space, which will be highly useful for searching new biologically active
compounds. In 2019, Bolm and co-workers reported Rh(IlI)-catalyzed C—H alkylation/cyclization reactions
of sulfondiimines to synthesize of 1,2-benzothiazine 1-imines as unprecedented cyclic organosulfur
compounds in a racemic form (Scheme 47).9 While 1,2-benzothiazine 1-imines possess S-chirality and
their absolute-stereochemistry should have large influence on their biological properties, enantioselective
synthesis of 1,2-benzothiazine 1-imines has not yet been reported. Thus, as the next target reaction to use

Ru(II)/CCA system, I selected sulfondiimines as substrates.

First synthesis of rac-1,2-benzothiazine 1-imines by Bolm (2019)

R'™N_ NH COR3 RIN_ R2
S e \\st o 1{5.’ .
> enzothiazine
/@ OMs  Rn(lll) cat | b
X + _— 3 -|m|n§s
or X R (racemic)
NZYCOR?’ H/CO,Et
CO,Et

Scheme 47. The First Synthesis of Rac-1,2-Benzothiazine 1-Imines

In this chapter, the enantioselective synthesis of 1,2-benzothiazine 1-imines 8 from diaryl
sulfondiimines 5 and sulfoxonium ylides 6 was realized via Ru'-catalyzed C—H functionalization reactions

(Scheme 48).

RN, NH

S
CCA RN_ Ar
5 * R
+ _
R

o 0 enantioselective
Me-S g C-H alkylation/cyclization 1,2-benzothiazine 1-
Me imines (chiral)

Scheme 48. Third Work: Enantioselective Synthesis of 1,2-Benzothiazine 1-Imines via Ru(IT)/Chiral
Carboxylic Acid-Catalyzed C-H Alkylation/Cyclization
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9-1 Screening of CCA and The Synthesis Route of New CCA

After intensive screening of the reaction conditions (Scheme 49), I found that the desired product was
obtained in the presence of [Ru(p-cymene)Clz]2, AgOTf, and a CCA. Among the chiral acids library in
Matsunaga/Yoshino group screened, the pseudo-C,-symmetric acids again was the most promising, and
moderate enantioselectivity was observed. Despite these promising results, further improvement by minor
tuning of the reaction conditions was not successful, which prompted me to develop new chiral carboxylic
acids. As the chiral core structure, I selected spirochiral unit and the new CCA derived from SPINOL was
investigated. The new spirochiral skeleton has much less flexiblility than the binaphthyl one, thereby the
spirochiral motif would lead to the construction of a much more rigid chiral environment. To my delight,
the new CCA significantly improved the enantioselectivity to 91:9 er. In my further modification of
spirochiral CCAs, I also tried spirochiral unit bearing hexamethyl grou, which resulted in even higher er.
Finally, 97:3 er was achieved with CCA bearing a 4-F-aryl unit. These results may suggest that Me in
aromatic moeity would somewhat have important role for improving enantioselectivity. Possibly, the Me
group is useful to adjust the position of 4-F-aryl unit and carboxylic acid unit in the enantio-determining

transition state.

[Ru(p-cymene)Cly], (5
mol%) @
HN_ N O O AgOTf (13 mol%) R

\\S/, I o N, N
©/ RIS EEC/;((:OMTOW B
Pz
5a 6a  40°C,24h Ph
1.1 equiv 8aa
F

70 %, 77‘23 er 44 %, 80:20 er

O CCA1: Ph (67 %, 955 er)
CCA2: 4-F-CgH, (84 %, 97:3 er)
COOH COOH
CCA3: 4-OH-CgH, (68 %, 96:4 er)
CCA4

CCA4: 3,5-(tBu),-CgHs (36 %,
88 %, 91:9 er 2o
Hexamethyl SPINOL CCA 94:6 er)

4Determined by TH NMR analysis of the crude mixture using; 1,1,2,2-tetrabromoethane as
an internal standard. Determined by HPLC analysis.

Scheme 49. Screening of CCA

The synthesis of the 8-membered ring cyclic structure of the 1,1'-spirobiindane CCA was straight
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forward via a double alkylation reaction of known di-Br preceursor with an ester, followed by deprotection

(Scheme 50).

OH Me
. R”>CO,Me
Synthesis (1.2 equiv)
2020, 52, 1131 CH,Br NaHMDS (3.0 equiv) .
— CHoBr THF,rt 12h
O phenol C
OH

Me Me
O R AlBr3 (4.0 equiv) * R
S
.Q COOMe C : ’Q COOH
50%-75% r.t,48h
M

0/._0NO
Me . 50%-90%

R = Ph, 4-F-CgHg, 4-OH-
CGH4, 3,5-(tBU)2-C6H3

Scheme 50. The Synthesis Route of New CCA

9-2 Optimization of M* Salt

I also checked the influence of M* salt additive on this reaction (Table 10): 1) This reaction proceeded
smoothly even without M* salt but resulted in somewhat lower yield. 2) M* salt also has a two-direction
effect on reactivity. M* salt shows positive influence when used in small amount (10 mol% to 13 mol%).
However, its negative effect would gradually dominate when excess M™ salt was used. 3) Different M* salt
would make different effect on the reactivity by changing the amount of M* salt: Ag salt is the most
affected by quantity but it still has the best reactivity; NaPFs is less affected when changing the ratio and
has good reactivity; KPFs afforded low enantioselectivity in excessive amount; Zn(OTf), resulted in
slightly decreased enantioselectivity in small amount, and yield did not improve with increased loading.
Thus, AgOTf was the best among screened. The reason may be the M* could influence the balance between

RCOO and ROOH by combining the RCOO".
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Table 10. Optimization of M* Salt?

@ [Ru(p-cymene)Cls]s (5 mol%) @\
HN_ N M* salt (13 mol%) N

S< O O CCA (5 mol%) s
0 et

EtOH (1 M) _
5a 6a 40 °C, 24 h Ph
. 8aa
0.05 mmol 1.1 equiv
Entry M* salt Yield Er E _________ I\;I _e ___________ i
1 - 28% 94: 6 er : O Fi
2 AgSbFg 58% 96:4 er | s Q |
3 AgSbFs (10 mol%) 52% i . COOH |
4 AgSbFg (20 mol%) 44% r 'R Q |
5 AgSbFg (25 mol%) 26% R Me ... ;
6 AgPFg 60%
7 AgBF4 62%
8 AgNTf 57% E BARF™ __ 5
9 AgOTf 67% 5 Ar A :
: /" Ar !
10 AgOTf (20 mol%) 42% ! : Ar ;
11 NaPFg 66% 96:4 er : 5
o | CF3 .
12 NaPFg (20 mol%) 59% 95:5 er | A !
| r= !
13 KPFe 62% 96:4 er i i
. : CF3
14 KPFe (20 mol%) 62% 90:10 er 5 :
15 NaOTf 56% 96:4 er
NaBARE (20 mol% aDetermined by 1H
16 a (20 mol%) 52% 94:6 er NMR analysis of the
17 Zn(OTf), (20 mol%) 35% 96:4 er :r:ldzezmlxture using;
18 Zn(OTf)2 (10 mol%) 520 955 er tetrabromoethane as
internal standard.
Zn(OTf), (6.5 mol%) _ anin
19 55% 94:6 er Determined by
20 Ag,CO3 (10 mol%) 9% 95: 5 er HPLC analysis.

9-3 Scope of Sulfondiimines and Sulfoxonium Ylides

I then examined the scope of sulfondiimines 5 under the optimized conditions. In some cases, the use
of CCA1 afforded slightly improved results. Substituents at the para and meta positions of the S-aryl
groups were well tolerated to afford the product in 90:10-97:3 er (8ba—8ea) (Scheme 51).
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[Ru(p-cymene)Cl,], (5 mol%)
HN, /,N o AgOTf (13 mol%) Phey |
|| CCA2 (10 mol%) \\S\‘
As. - N
[ PhCI (1 M) P

40°C,24h Ph

1.1 equiv

X
@ "N \QX

Ph.
N J N
St X S\\ Ar
P H
X Z>pp Ph Q
X = Me, 8da: 68%, 93:7 erl@

X =H, 8aa: 84%, 97:3 er

{Bu, 8ea: 68%, 90:10 erld Me
8ba: 709 : ’ ’
Me, 8ba: 70%, 96:4 er Ar= Ph(CCA1)
Cl, 8ca: 52%, 97:3 er 4-F-CgH,4 (CCA2)

a) CCA1 was used instead of CCA2

Scheme 51. Scope of S-aryl substitution Sulfondiimines

In the presence of meta-substituents, the less hindered position was selectively alkylated. As the
N-substituent, both aryl (8fa—8la) and alkyl groups (3ma—30a) were acceptable, although the
enantioselectivity was slightly diminished for the alkyl substituent (Scheme 52).

R [Ru(p-cymene)Cl,], (5 mol%)
HN, N o o AgOTf (13 mol%) Ry |
S 2 CCA (10 mol%) g
" )J\%S\ °N
Ph |~ PhCI(1 M) P
5 6a 40°C,24 h Ph
1.1 equiv

Ar = 4-MeO-CgHy, 8fa: 60%, 94:6 er

8
Me
N‘\S\\Ph 4-ClI-CgHy4, 8ga: 65%, 96:4 er O Q
SN
3-MeO-CgHy, 8ha: 75%, 96:4 er
Ao 64 ’ . COOH
3-Cl-CgH,, 8ia: 70%, 96:4 er Q
CCA
M

2-Et-CgHy, 8ja: 64%, 97:3 er

2-Cl-CgHy, 8ka: 70%, 96:4 er A|ky|\ Me. 8ma: 80% 88:12 er

1-nathyl, 8la: 54%, 919 er ©/\)\ iPr, 8na: 79%, 88:12 er

Ph cy, 80a: 72%, 90:10 er

Scheme 52. Scope of N-aryl/alkyl substitution Sulfondiimines

The scope of sulfoxonium ylides (6) was also investigated. Various substituted phenyl groups, as well
as 2-naphthyl and 2-furyl groups, were successfully introduced at the 3-position of the product (8ab—8ah,
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96:4-97:3 er) by employing the corresponding sulfoxonium ylides. Furthermore, ¢Bu-substituted

sulfoxonium ylide also provided desired product 3aj in excellent enantioselectivity (Scheme 53).

_Ph [Ru(p-cymene)Cls], (5 mol%)
HN, N o AgOTf (13 mol%) Phay )
s? D CCA (10 mol%) g
+ )K?S N
©/ \© R [ PhCI (1 M) P
5 6 40 °C, 24 h R
a 1.1 equiv 8

R = 4-Me-CgH,, 8ab: 72%, 97:3 er

‘
J

N_ .Ph 4-CI-CgH,, 8ac: 86%, 973 er F

Me
: 2
@)\ 3-Me-CgH,, 8ad: 75%, 96:4 er s
Z R

3-Cl-CgHy, 8ae: 80%, 96:4 er ’ COOH

Py P 2-Me-CgHy, 8af: 90%, 97:3 er Q oA
M

PN
m 2-Cl-CgHy, 8ag: 80%, 97:3 er
= tBu

2-naphthyl, 8ah: 75%, 97:3 er
3aj: 66%, 97:3 er

e

,
-

2-furyl, 8ai: 75%, 96:4 er

Scheme 53. Scope of Sulfoxonium Ylides

9-4 Kinetic Resolution of Racemic Sulfondiimine

I then examined the kinetic resolution of a racemic alkyl-aryl sulfondiimine, and the result is shown in
Scheme 54. A reasonably good selectivity factor (s = 30) was observed, and product was obtained in 43%

yield in 93:7 er, while recovered starting material showed 88:12 er in 49% recovery yield.

/Ph Ph\ Ph
s Rupoymeneicil, N M HN,_N”
Me (5 mol %) >N S,
rac.9 CCA (10 mol %) + @ Me
AgOTf (13 mol %) Z > pn
o*o 10 S-9
)&“ PhCI (1 M) o, an. o o
S 40 °C. 24 h 43%, 93:7 er 49%, 88:12 er
Ph | :
6a . s=30 Me
(0.6 equiv.) O
@? -
CCA
Me

Scheme 54. Kinetic Resolution of Racemic Sulfondiimine
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9-5 Parallel Kinetic Resolution

Parallel kinetic resolution of sulfondiimine bearing two different aromatic groups was also
investigated as shown in Scheme 55. Rac-sulfondiimine with electron-donating groups (Me) on the para
position gave two different products as the inseparable mixture in high yield, but in moderate ee values.
The ratio of two products were nearly 1:1. The reason for the moderate enantioselectivity in this parallel

kinetic resolution is not clear, but further studies to improve enantioselectivity are ongoing.

_Ph Me
HN\‘S’/N [Ru(p-cymene)Cl,],
/©/ “Ph (5 mol %) o Q
CCA (10 mol %) SN Ph.

Me rac-11  AgOTf (13 mol %) oSt N\\So“

i PhCI(1M) o P
Ph /?\ 40°C, 24 h Me Ph

6a - | 12 12

78% vyield
ca. 1.1:1, 88:12 and 87:13 er

Me
O Q (isomer not assigned)
.Q COOH

CCA

(1.1 equiv.)

Me

Scheme 55. Parallel Kinetic Resolution

9-6 The Experiment for Mechanism

Finally, I performed several experiments to gain insight into the nature of the key enantio-determining
C-H activation step. When the reaction was performed in the presence of 10 equiv of CD30D, deuterium
incorporation was observed at the 4-position of product, but not at all at the other positions of product nor
the recovered SM. The same experiment without sulfoxonium ylides also did not afford

deuterium-incorporated SM (Scheme 56).

These results indicated that the C—H bond cleavage of SM by the Ru(Il)/carboxylic acid catalyst
system would be irreversible. The irreversibility may explain the independence of the enantioselectivity
from the structure of starting sulfondiimines. On the other hand, the deuterium incorporation at the
4-position could be explained by the H/D exchange from reactant or the intermediate of the C—H alkylation

before cyclization.
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(a) H/D exchange with reactant

HN N” I [Ru(p-cymene)Cly], <5% D
(5 mol %) \
©/ \© CCA (10 mol %) Cye @
AgOTf (13 mol %) N,
CD30D(10 equiv) S\\N
+ sulfondiimine (<5% D)
2 PhCI (1 M) pn
<5% D  HD
Yield: 60% ©8% D

(b) H/D exchange without reactant

[Ru(p-cymene)Cl,],
(5 mol %)

Cy

CCA (10 mol %)

N‘Hs”N AgOTf (13 mol %)
CD;0D(10 equiv)
sulfondiimine (<5% D)
PhCI (1 M)
40°C, 24 h

Scheme 56. H/D Exchange Experiment

I also checked the kinetic isotope effect, and a ku/kp = 2.7 was observed based on parallel two

experiments (Scheme 57). The KIE experiment indicated that the C—H activation step would be involved in

the rate-determining step. This is nicely in line with the experimental observation that the reactivity of this

system depended on the structure of the chiral carboxylic acid. By modifying the CCAs, the reactivity

changed in the optimization studies.

HN, ,/N/Ph
| AN S AN
H/D—— |
= /
+

0]

0:9

Scheme 57. KIE Experiment

[Ru(p-cymene)Cl,],

(5 mol %) 74 ‘\—H/D
/DCCA (10 mol %) Phay
AgOTf (13 mol %) N
CDs;OD(10 equiv)

X >N
H/D—/ _
Ph

PhCI (1 M), 40 °C

kH/kD =27

@ 271

y=4.1486x + 2.4467 .
® 24:6

R?=0.9815
-9 18.6
) “® 137
10 D
7.9
413

e @35 y =1.5086x - 1.0133
15 R?=0.9826

90 120 150 180

time/min

61



Based on Shi’s work®® and my previous work (Chapter 8) on sulfoximine as discussed in previous
chapters, I suppose that sulfondiimine basically follows a similar reaction mechanism with sulfoximine.
However, the straightforward expansion to sulfondiimines is not easy, because two sterically different
nitrogen atoms of sulfondiimine may work competitively as the directing group, which can potentially lead
to low enantioselectivity (Figure 19). That is the intrinsic difficulty of enantioselective C—H bond cleavage
of sulfondiimines compared with previously studied sulfoximines. At the moment, it is difficult to explain
why the optimum CCA provided excellent enantioselectivity even with sulfondiimines. Preliminary DFT
calculation is now onging by a coworker of mine, but clear explanation is still very difficult. Energy
difference between two competing trasnsition states is too small for discussion. Further intensive studies

are required to understand the origin of enantioselectivity in this system.

Competitive directing group

— '|\IS|/RAr 1 — ,I\ISI/HAr ik
R oy
N\ 7[Ru] VS N\ 7[Ru]
H ¢ H :
. (0] . (0]
o< 0=
— R* - - R* -
enantioselective
B1 C—H activation B2

Low enantioselectivity

Figure 19. Competitive Directing Group

Which nitrogen works as a directing group: 1) from DFT calculation, B1 and B2 have similar
energy. 2) from the structure, NH has more possibility to coordinating with Ru due to the less steric effect.
However, N-alkyl and N-aryl sulfondiimine showed similar selectivity but different enantioselectivity,
which may suggest that NR could play as directing group in some cases. 3) from the electron density of N
atom, NR may show better or worse reactivity of directing group than NH. In a word, intermediate

compound may depend on R group, Bland B2 may exist both in my investigation.

Why are more rigid CCAs required for sulfondiimines: Bland B2 may exist both in my reaction.
Therefore, B1 and B2 may be reciprocal transformation during the reaction cycle. More rigid CCA may

inhabit this transformation to afford higher selectivity.

Summary

I demonstrated that the combination of [Ru(p-cymene)Clz]» and a newly developed chiral spiro
carboxylic acid enables the enantioselective synthesis of 1,2-benzothiazine 1-imines from sulfondiimines
via C-H alkylation/cyclization with a sulfoxonium ylide, thus expanding the accessible chemical space
with respect to compounds with a chiral Sy center. In addition, the newly developed chiral carboxylic acids
based on hexamethyl-SPINOL structure will hopefully expand the applicability of the transition

metal/chiral carboxylic acid catalyzed enantioselective C—H functionalization reactions.
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1. General

Reactions were carried out under argon atmosphere unless otherwise noted. Enantioselectivities were
determined by high performance liquid chromatography (HPLC) using 4.6 nm x 25 cm Daicel Chiralpak
columns. NMR spectra were recorded on JEOL INM-ECS400 spectrometers operating at 391.78 MHz for
"H NMR and 98.52 MHz for 3C NMR, JOEL JNM-ECX400 spectrometers operating at 395.88 MHz for
"H NMR and 99.55 MHz for '*C NMR, and INM-ECA500 spectrometers operating at 500.16 MHz for 'H
NMR and 125.77 MHz for >*CNMR. 'H and '*C NMR chemical shifts are given in ppm relative to SiMea,
with the solvent resonance used as an internal reference: CHCl3 (7.26 ppm for 'H NMR), CDCl; (77.16
ppm for 3C NMR), acetone-ds (29.84 ppm, 206.26 ppm for '*C NMR), methanol-ds (49.00 ppm for *C
NMR). ESI mass spectra were measured on Thermo Scientific Exactive spectrometer. Optical rotations
were measured on a JASCO P-1010 polarimeter. Column chromatography was performed with silica gel
Kanto Silica gel 60 N (40-50 mesh) or Yamazen YFLC AI-580 using Universal Column SiOH.
Dichloromethane (CH:Cl), tetrahydrofuran (THF), diethyl ether (Et;O), and toluene were purified by
Glass Contour solvent purification system before use. 1,2-Dichloroethane (DCE), N-methylprolidone
(NMP), ethanol, Dimethylformamide (DMF), chloroform and acetonitrile (CH3CN) were purchased from
Kanto Chemicals (dehydrated grade) and used as received. Chlorobenzene and methanol were purchased
from Aldrich (dehydrated grade) and used as received. 1a,[5'8 1b-1e, 1f, 1h, 1k,[5!®! 2b,15231 2a, 2¢, 24,5
4a-4g[5%, 6a-6fS] CCAISMIS3l were prepared according to the literatures. All other reagents were

commercially available and used as received unless otherwise noted.
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2. Experimental procedures: First Work-Cp*Rh(III)-Catalyzed Asymmetric Conjugate Addition
of C(sp®)-H Bonds to a,B-Unsaturated Ketones

2.1 Synthesis of 8-alkylquinolines

4-(4-(trifluoromethyl)phenyl) 8-ethylquinoline (1g): A shield-tube was charged with

4-bromo-8-ethylquinoline 1¢ (200 mg, 0.85 mmol), EtOH (1 mL), water (2 mL), toluene (4 N\
mL), 4-(trifluoromethyl)phenyl boronic acid (243 mg, 1.28 mmol), KoCO3 (470 mg, 3.4C O 7
mmol, 4.0 equiv.), PPhs (34 mg, 0.13 mmol, 15 mol%), and Pd(OAc) (10 mg, 0.43 mmol, £

mol%). The reaction mixture was heated at 100 °C for 19 h. After cooling to room O
temperature, the biphasic solution was diluted with saturated NH4Cl aq. and CHCl,. The CFs
aqueous layer was extracted with CH2Cl» (x 3). The combined organic layers were dried over Na,SO4 and
filtered. The filtrate was concentrated in vacuo and purified by silica gel column chromatography to afford
1g as a colorless solid (240 mg, 93%). IR (KBr) 2960, 2936, 1589, 1562, 1502, 1413, 1322, 1282, 1126,
1108, 1072, 1022, 840, 711 cm™'. '"H NMR (CDCl3, 400 MHz) & 1.43 (t,J = 7.5 Hz, 3H), 3.37 (q, J = 7.4
Hz, 2H), 7.32 (d, J = 3.2 Hz, 1H), 7.45 (t, J = 7.7 Hz, 1H), 7.60-7.65 (m, 4H), 7.79 (d, J = 8.2 Hz, 2H),
9.00 (d, J = 2.7 Hz, 1H). ¥C NMR (CDCl3, 100 MHz) & 15.1, 25.0, 121.0, 123.3, 124.1 (q, Jcr = 272.2
Hz), 125.4 (q, 3Jcr = 3.8 Hz), 126.3, 126.8, 128.1, 129.6, 129.9, 130.4 (q, 2Jcr = 33.8 Hz), 142.2, 143.4,
147.0, 147.1, 148.6. 'F NMR (CDCl3, 470 MHz) & -62.8. HRMS (ESI): m/z calculated for CisHisNF*

[M+H]": 302.1152, found: 302.1152. Rf 0.75 (hexane/AcOEt =2:1).

5-methoxy-8-ethylquinoline (1i): A shield-tube was charged with

5-bromo-8-ethylquinoline 1h (55 mg, 0.22 mmol), DMF (0.6 mL), MeOH (1.5mL), sodium

/

methoxide (138 mg, 0.22 mmol), and CuBr (18 mg, 0.11 mmol, 0.5 equiv.). The reaction

mixture was heated at 90 °C for 16 h. After cooling to room temperature, the solution was OMe
diluted with H>O. The aqueous layer was extracted with ether (x 3). The combined organic layers were
dried over NaxSO4 and filtered. The filtrate was concentrated in vacuo and purified by silica gel column
chromatography to afford 1i as a yellow oil (25 mg, 60%). IR (neat) 2961, 2933, 1615, 1591, 1473, 1402,
1369, 1268, 1206, 1158, 1090, 819, 792 cm™'. TH NMR (CDCl3, 500 MHz) & 1.36 (t, J = 7.4 Hz, 3H), 3.21
(g, J = 7.6 Hz, 2H), 3.97 (s, 3H), 6.78 (d, J = 8.0 Hz, 1H), 7.36 (dd, J = 8.6, 4.0 Hz, 1H), 7.44 (d,J = 7.4

Hz, 1H), 8.57 (dd, J = 8.3, 2.0 Hz, 1H), 8.93 (dd, J = 4.3, 2.0 Hz, 1H). 3C NMR (CDCl3, 100 MHz) & 15.1,
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24.1, 55.5, 103.9, 119.8, 120.8, 127.3, 130.8, 134.4, 147.0, 149.4, 153.3. HRMS (ESI): m/z calculated for

Ci3HisNO™ [M+H]*: 188.1070, found: 188.1070. Rf 0.70 (hexane/AcOEt = 2:1).

6-phenyl-8-ethylquinoline (11): A shield-tube was charged with 6-bromo-8-ethylquinoline 1j (200 mg,

0.85 mmol), EtOH (1 mL), water (2 mL), toluene (4 mL), phenyl boronic acid (160 mg

/

1.28 mmol), K»CO3 (470 mg, 3.40 mmol, 4.0 equiv.), PPh; (34 mg, 0.13 mmol, 15

\

mol%), and Pd(OAc): (10 mg, 0.43 mmol, 5 mol%). The reaction mixture was heated P

at 100 °C for 24 h. After cooling to room temperature, the biphasic solution was diluted with saturated
NH4Cl aq. and CH2Clo. The aqueous layer was extracted with CH2Cl, (x 3). The combined organic layers
were dried over NaxSO4 and filtered. The filtrate was concentrated in vacuo and purified by silica gel
column chromatography to afford 11 as a colorless solid (210 mg, 90%). IR (KBr) 2960, 2936, 1590, 1489,
1439, 1377, 881, 793, 764, 699 cm™. TH NMR (CDCl3, 400 MHz) & 1.44 (d, J = 7.4 Hz, 3H), 3.37 (q, J =
7.5 Hz, 2H), 7.36-7.40 (m, 2H), 7.46-7.49 (m, 2H), 7.71 (d, J = 6.3 Hz, 2H), 7.82 (d, J = 7.2 Hz, 2H), 8.14
(d,J = 8.5 Hz, 1H), 8.92 (dd, J = 3.6, 1.8 Hz, 1H). 13C NMR (CDCl3, 100 MHz) § 15.0, 24.7, 121.1, 123.4,
127.3, 127.5, 127.7, 128.5, 128.8, 136.5, 138.9, 140.6, 143.2, 146.0, 149.1. HRMS (ESI): m/z calculated

for C17HisN* [M+H]*: 234.1278, found: 234.1281. Rf 0.68 (hexane/AcOEt = 2:1).

2.2 Synthesis of enones

Enones 2a, 2¢, and 2d were prepared according to the literature.!5?®! Vinyl magnesium bromide (1 equiv., 1
M in THF) was added to the corresponding aldehyde in THF (0.2 M) at 0 °C. After 15 min, the reaction
mixture was allowed to warm up to room temperature and stirred for 3 h. The reaction was quenched by the
addition of saturated NH4Cl aq. and extracted with ether. The organic layer was washed with brine, dried
over magnesium sulfate and filtered. The solvent was removed under reduced pressure to provide the
corresponding allylic alcohol. To a solution of the allylic alcohol (1.0 equiv.) in CH2Cl> (100 mg/mL) were
added iodobenzene diacetate (BAIB, 1.1 equiv.) and (2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl (0.1
equiv.). The mixture was stirred at room temperature for 3 h. The reaction was quenched by saturated
NazS;03 aq. The aqueous layer was extracted twice with CH2Clo. The combined organic layers were
washed with saturated NaHCO3 aq. and brine, dried over magnesium sulfate, filtered and the solvent was

removed. Purification by silica gel column chromatography afforded the corresponding vinyl ketone.
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2.3 Rhodium(lll)/chiral carboxylic acid-catalyzed enantioselective C(sp’)—H alkylation.

General Procedure A [GP-A]

In an argon-filled glovebox, a screw-capped test tube was charged with 8-ethylquinoline 1 (0.20 mmol, 1.0
equiv), enone 2 (0.40 mmol, 2.0 equiv), chiral carboxylic acid (10.4 mg, 0.016 mmol, 8 mol %),
[Cp*RhCL2]2 (4.9 mg, 0.008 mmol, 4 mol %), AgPFs (8.0 mg, 0.032 mmol, 16 mol %), and Ag>COs (15.4
mg, 0.056 mmol, 28 mol %). Chlorobenzene (2 mL) was added. The test tube was capped and brought
out of the glovebox. The reaction mixture was heated to 30 °C. After stirring at the same temperature for 24
h, the reaction mixture was directly purified by silica gel column chromatography (hexane/AcOEt) to

afford 3.

General Procedure B [GP-B]

In an argon-filled glovebox, a screw-capped test tube was charged with 8-ethylquinoline 1 (0.200 mmol,
1.0 equiv), enone 2 (0.600 mmol, 3.0 equiv), chiral carboxylic acid (10.4 mg, 0.016 mmol, 8§ mol %),
[Cp*RhCL2]2 (4.9 mg, 0.008 mmol, 4 mol %), AgPFs (8.0 mg, 0.032 mmol, 16 mol %), and Ag.COs (15.4
mg, 0.056 mmol, 28 mol %. , and then chlorobenzene (2 mL) was added The test tube was capped and
brought out of the glovebox. The reaction mixture was heated to 5 °C. After stirring at the same
temperature for 48 h, the reaction mixture was directly purified by silica gel column chromatography

(hexane/AcOEt) to afford 3.

(R)-1-(furan-2-yl)-4-(quinolin-8-yl)pentan-1-one (3ab): Prepared according to GP-A —
using 8-ethylquinoline 1a (0.20 mmol, 31.4 mg) and 2-furyl vinyl ketone 2b (0.40 mmol,
48.0 mg). 3ab was isolated as a yellow oil (45.0 mg, 80%). IR (neat) 2961, 1674, 1567,

1497, 1468, 1393, 1013, 1013, 797 cm™. "TH NMR (CDCl;3, 400 MHz) & 1.43 (d, J = 6.8

Hz, 3H), 2.21(q, J = 7.7 Hz, 2H), 2.63-2.75 (m, 1H), 2.81-2.92 (m, 1H), 4.42-4.31 (m.

1H), 6.64 (dd, J = 3.4, 1.6 Hz, 1H), 7.01 (d, J= 3.6, 1H), 7.40 (dd, J="7.9, 3.9 Hz, 1H), 7.48 (s, 1H),
7.54 (t,J= 1.5 Hz, 1H), 7.66 (dd, J = 15.4, 7.7 Hz, 2H), 8.16 (d, J = 8.2 Hz, 1H), 8.90 (d, J = 4.1 Hz, 1H).
13C NMR (CDCls, 125 MHz) § 21.9, 31.7, 31.9, 36.8, 111.9, 116.6, 122.7, 125.8, 125.9, 126.4, 128.2,
136.3, 145.0, 145.9, 146.2, 149.0, 152.5, 189.6. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent:

hexane/2-propanol = 49/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 13.2 min (major) and 15.3
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min (minor). HRMS (ESI): m/z calculated for CisHi70.NNa*® [M+Na]*: 302.1152, found: 302.1150.

[a]p?25 = +43.5 (¢ = 0.50, CHCL;3). Rf 0.38 (hexane/AcOEt = 2:1).
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(R)-4-(4-chloroquinolin-8-yl)-1-(furan-2-yl)pentan-1-one (3bb): Prepared according —

to GP-A using 4-chloro-8-ethylquinoline 1b (0.20 mmol, 38.2 mg) and 2-furyl vinyl O
ketone 2b(0.40 mmol, 48.0 mg). 3bb was isolated as a yellow oil (52.0 mg, 83%). IR . \ 0
(neat) 2961, 1674, 1585, 1567, 1488, 1468, 1390, 1013, 764 cm™. 'H NMR (CDCl;, ;
500 MHz) 6 1.41 (d, J= 6.9 Hz, 3H), 2.20 (q, J = 7.6, 2H), 2.63-2.69 (m, 1H), 2.78-2.8¢ Cl
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(m, 1H), 4.31-4.40 (m, 1H), 6.63 (dd, J = 3.4, 1.1 Hz, 1H), 7.01 (d, J = 3.4, 1H), 7.46-7.49 (m, 2H), 7.63 (t,

J=17.7Hz, 1H), 7.69 (d, J = 6.3 Hz, 1H), 8.12 (d, J = 8.6 Hz, 1H), 8.73 (d, J = 4.6 Hz, 1H). C NMR

(acetone-ds, 125 MHz) & 22.0, 32.4, 32.8, 37.1, 112.7, 117.2, 122.0, 122.5, 126.9, 128.0, 128.6, 142.8,

146.8, 147.2, 148.1, 149.6, 153.6, 188.9. HPLC (chiral column: DAICEL CHIRALPAK IG; solvent:

hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tg = 10.1 min (major) and 10.8 min

(minor). HRMS (ESI): m/z calculated for CisHi02NCINa* [M+Na]": 336.0762, found: 336.0760. [a]p 2!

=422.3 (¢ = 0.50, CHCI3). Rf 0.53 (hexane/AcOEt = 2:1).
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(R)-4-(4-bromoquinolin-8-yl)-1-(furan-2-yl)pentan-1-one  (3cb)
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4-bromo-8-ethylquinoline 1¢ (0.20 mmol, 47.0 mg) and 2-furyl vinyl ketone 2b (0.4C

mmol, 48.0 mg). 3cb was isolated as a yellow oil (59.0 mg, 83%). IR (neat) 2961,1674,

1566, 1482, 1467, 1387, 761 cm™’. '"TH NMR (CDCl3, 500 MHz) & 1.41 (d, J = 6.9 Hz

3H), 2.20 (dd, J = 14.9, 7.4 Hz, 2H), 2.61-2.70 (m, 1H), 2.79-2.87 (m, 1H), 4.31-4.40 (r

1H), 6.42 (dd, J = 3.4, 1.7 Hz, 1H), 7.00 (d, J = 3.4 Hz, 1H), 7.46 (d, J = 1.1 Hz, 1H),

7.61 (t, J =17.7 Hz, 3H), 7.68-7.66 (m, 3H), 8.06 (dd, J = 8.3, 1.4 Hz, 1H), 8.61 (d, J =

4.6 Hz, 1H). 13C NMR (acetone-ds, 125 MHz) § 22.0, 32.4, 32.8, 37.1, 112.7, 117.2, 125.2, 125.9, 128.0,

128.3, 128.8, 134.4, 146.8, 147.2, 1479, 149.6, 153.5, 188.9. HPLC (chiral column: DAICEL

CHIRALPAK IG; solvent: hexane/2-propanol = 93/7; flow rate: 1.0 mL/min; detection: at 285 nm): tr =

12.8 min (major) and 14.0 min (minor). HRMS (ESI): m/z calculated for CigHisO.NBrNa* [M+Na]":

380.0257, found: 380.0256. [a]p 223 =+13.2 (¢ = 0.50, CHCl3). Rf 0.50 (hexane/AcOEt = 2:1).
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(R)-4-(4-acetylquinolin-8-yl)-1-(furan-2-yl)pentan-1-one  ( 3db ) : Preparec

according to GP-A using 4-acetyl-8-ethylquinoline 1d (0.20 mmol, 40.0 mg) and N7
2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3db was isolated as a yellow oil (57.C o e}
mg, 89%). IR (neat) 2962, 2930, 1691, 1673, 1567, 1354, 1262, 1242, 827, 767 cm™. NS
'H NMR (CDCl3, 500 MHz) & 1.41 (d, J= 6.9 Hz, 3H), 2.21 (dd, J=15.2, 7.2 Hz, 2H) 7

Ac

2.63-2.70 (m, 1H), 2.74 (s, 3H), 2.79-2.86 (m, 1H), 4.42-4.33 (m, 1H), 6.43 (dd, J =

3.4,1.7Hz, 1H), 7.01 (d, J= 3.4 Hz, 1H), 7.48 (d, /= 1.7 Hz, 1H), 7.56 (d, J= 4.6 Hz, 1H), 7.61 (t, J="7.7
Hz, 1H), 7.68 (dd, J = 6.9, 1.1 Hz, 1H), 8.23 (dd, J = 8.3, 1.4 Hz, 1H), 8.97 (d, J = 4.6 Hz, 1H). *C NMR
(CDCI3, 125 MHz) 6 21.8,30.2, 31.8, 32.0, 36.7, 111.8, 116.6, 119.0, 123.1, 123.4, 126.4, 128.0, 143.5,
145.5, 145.9, 147.1, 148.3, 152.5, 189.5, 201.8. HPLC (chiral column: DAICEL CHIRALPAK OJ-H;
solvent: hexane/2-propanol = 19/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 46.2 min (minor) and
52.9 min (major). HRMS (ESI): m/z calculated for C20H19O3NNa* [M+Na]™: 344.1258, found: 344.1255.

[a]p 28 = +24.4 (¢ = 0.50, CHCl3). Rf 0.23 (hexane/AcOEt = 2:1).
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(R)-methyl 8-(5-(furan-2-yl)-5-oxopentan-2-yl)quinoline-4-carboxylate (3eb)
Prepared according to GP-A using methyl 8-ethylquinoline-4-carboxylate 1e (0.20 N7
mmol, 46.2 mg) and 2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3eb was isolated o 0
as a yellow oil (54.0 mg, 80%). IR (neat) 2957,1726, 1675, 1568, 1468, 1271, 1248, N\
1200, 778 cm™'. 'TH NMR (CDCl3, 500 MHz) 6 1.42 (d, J = 6.9 Hz, 3H), 2.18-2.23 =
COOMe

(m, 2H), 2.63-2.69 (m, 1H), 2.79-2.86 (m, 1H), 4.03 (s, 3H), 4.43-4.35 (m, 1H), 6.42

(dd, J=3.4, 1.7 Hz, 1H), 7.00 (d, J = 3.4 Hz, 1H), 7.46 (d, J = 1.7 Hz, 1H), 7.63 (t, J = 8.0 Hz, 1H), 7.68

(dd, J=7.2,1.4 Hz, 1H), 7.84 (d, J=4.0 Hz, 1H), 8.57 (dd, J = 8.3, 1.4 Hz, 1H), 8.96 (d, /= 4.6 Hz, 1H).
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13C NMR (CDCl; 125 MHz) 4 21.8, 31.9, 32.0, 36.7, 52.6, 111.8, 116.6, 121.6, 123.3, 124.9, 126.3, 127.9,

135.2, 145.5, 145.9, 147.0, 148.2, 152.5, 166.8, 189.5. HPLC (chiral column: DAICEL CHIRALPAK IG;

solvent: hexane/2-propanol = 97/3; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 49.4 min (major) and

53.8 min (minor). HRMS (ESI): m/z calculated for C20H19O4sNNa* [M+Na]™: 360.1207, found: 360.1209,.

[a]p 253 =+19.6 (¢ = 0.50, CHCl3). Rf 0.38 (hexane/AcOEt = 2:1).
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(R)-1-(furan-2-yl)-4-(4-phenylquinolin-8-yl)pentan-1-one (3fb): Prepared according to GP-A using

4-phenyl-8-ethylquinoline 1f (0.20 mmol, 46.6 mg) and 2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3fb

was isolated as a yellow oil (50.0 mg, 70%). IR (neat) 2960, 1674, 1566, 1489, 1467, 1395, 1165, 764, 701
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cm. 'TH NMR (CDCl;, 500 MHz) & 1.45 (d, J = 7.4 Hz, 3H), 2.20-2.29 (m, 2H). -

2.70-2.76 (m, 1H), 2.85-2.93 (m, 1H), 4.41-4.50 (m, 1H), 6.43 (dd, /= 3.4, 1.7 Hz, 1H),

7.03 (d, J = 3.4 Hz, 1H), 7.30 (d, J = 4.0 Hz, 1H), 7.45-7.53 (m, 7H), 7.64 (d, J= 6.9 Hz
1H), 7.76 (d, J = 8.6 Hz, 1H), 8.91 (d, J = 4.6 Hz, 1H). *C NMR (CD;OD, 125 MHz) ¢
22.3, 33.0, 33.2, 374, 113.2, 118.6, 122.3, 124.9, 127.3, 127.6, 128.0, 129.4, 129.5.

130.5, 139.4, 146.2, 147.6, 148.1, 149.6, 150.4, 153.7, 191.3. HPLC (chiral column:

DAICEL CHIRALPAK IG; solvent: hexane/2-propanol = 93/7; flow rate: 1.0 mL/min; detection: at 285

nm): tg = 14.7 min (major) and 17.1 min (minor). HRMS (ESI): m/z calculated for Co4H20,N* [M+H]™:

356.1646, found: 356.1646. [a]p 256 = -8.5 (¢ = 0.50, CHCI3). Rf 0.5 (hexane/AcOEt = 2:1).
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Unknown| 9 | 14.707(92.146
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(R)-1-(furan-2-yl)-4-(4-(4-(trifluoromethyl)phenyl)quinolin-8-yl)pentan-1-one
(3gb):  Prepared according to GP-A using 4-(4-(trifluoromethyl)phenyl) N
8-ethylquinoline 1g (0.20 mmol, 60.0 mg) and 2-furyl vinyl ketone 2b (0.40 mmol, 48.0
mg). 3gb was isolated as a yellow oil (60.0 mg, 71%). IR (neat) 2962, 1675, 1467, 1324
1165, 1126, 1067, 839, 765 cm™. "TH NMR (CDCls, 500 MHz) & 1.45 (d, J = 6.9 Hz,

3H), 2.22-2.27 (m, 2H), 2.70-2.77 (m, 1H), 2.86-2.93 (m, 1H), 4.41-4.50 (m, 1H), 6.45

(dd, J=3.4, 1.7 Hz, 1H), 7.05 (d, J= 2.9 Hz, 1H), 7.31 (d, J = 4.6 Hz, 1H), 7.48-7.52

CF3

(m, 2H), 7.61 (d, J= 8.0 Hz, 2H), 7.65-7.68 (m, 2H), 7.79 (d, J = 8.6 Hz, 2H), 8.94 (¢

J=4.0 Hz, 1H). 3C NMR (CDCls, 100 MHz) § 22.0, 32.0, 32.1, 36.9, 121.0, 123.3, 124.0 (q, 'Jcr = 272.1
Hz), 125.5 (q, *Jcr = 3.4 Hz), 126.2, 126.4, 126.9, 129.9, 130 (q, %Jcr = 34.8Hz), 142.1, 145.7, 146.0, 146.6,
147.2, 148.5, 152.7, 189.7. ’F NMR (CDCl;, 470 MHz) & -62.8. HPLC (chiral column: DAICEL
CHIRALPAK IG; solvent: hexane/2-propanol = 93/7; flow rate: 1.0 mL/min; detection: at 285 nm): tr =
11.0 min (major) and 12.0 min (minor). HRMS (ESI): m/z calculated for C2sH210>NF3* [M+H]": 424.1524,

found: 424.1524,. [a]p 25* =-5.6 (¢ = 0.50, CHCl3). Rf 0.53 (hexane/AcOEt = 2:1).
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(R)-4-(5-bromoquinolin-8-yl)-1-(furan-2-yl)pentan-1-one (3hb): Prepared according

to GP-A using 5-bromo-8-ethylquinoline 1h (0.20 mmol, 47.0 mg) and 2-furyl vinyl O~
ketone 2b (0.40 mmol, 48.0 mg). 3hb was isolated as a yellow oil (55.0 mg, 77%). IR R o
(neat) 2965, 2911, 1669, 1466, 1386, 1265, 1163, 1031, 835, 793, 766 cm!. TH NMR N
(CDCl3, 500 MHz) 6 1.40 (d, J = 6.9 Hz, 3H), 2.20 (dd, J = 14.3, 8.6 Hz, 2H), 2.63-2.71 =

(m, 1H), 2.79-2.87 (m, 1H), 4.29-4.38 (m, 1H), 6.42 (dd, J = 3.4, 1.7 Hz, 1H), 7.01 (d, . Br

= 3.4 Hz, 1H), 7.45-7.49 (m, 3H), 7.79 (d, J= 7.4 Hz, 1H), 8.52 (dd, J = 8.6, 1.7 Hz, 1H), 8.88 (dd, J= 4.0,
1.7 Hz, 1H). 3C NMR (CDCls 125 MHz) § 21.7,31.6,31.7, 36.6, 111.8, 116.6, 119.4, 121.8, 126.4, 127.4,
130.1, 135.6, 145.3, 145.9, 147.0, 149.6, 152.5, 189.4. HPLC (chiral column: DAICEL CHIRALPAK IG;
solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 11.7 min (major) and
12.6 min (minor). HRMS (ESI): m/z calculated for CisHs02NBrNa* [M+Na]*: 380.0257, found: 380.0258.

[a]p 28=+13.0 (¢ = 0.50, CHCl3). Rf 0.53 (hexane/AcOEt = 2:1).
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(R)-1-(furan-2-yl)-4-(5-methoxyquinolin-8-yl)pentan-1-one (3ib): Preparec
according to GP-A using 5-methoxy-8-ethylquinoline 1i (0.20 mmol, 37.4 mg) and O_/
2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3ib was isolated as a yellow solid (39.C “
@]
mg, 63%). MP 78-80 °C. IR (KBr) 3125, 2959, 1672, 1631, 1468, 1386, 1270, 1161, N
R
1031, 821, 796, 765 cm™'. '"H NMR (CDCls, 500 MHz) 6 1.39 (d, J = 7.0 Hz, 3H), 2.1 =

(q, J = 7.8 Hz, 2H), 2.64-2.70 (m, 1H), 2.81-2.87 (m, 1H), 3.98 (s, 3H), 4.18-4.27 (m. OMe
1H), 6.41 (dd, J = 3.4, 1.7 Hz, 1H), 6.84 (d, J = 8.6 Hz, 1H), 6.99 (d, J = 3.4 Hz, 1H), 7.35 (dd, J = 8.0, 4.0

Hz, 1H), 7.46 (s, 2H), 7.50 (d, J = 8.0 Hz, 2H), 8.57 (dd, J = 8.3, 2.0 Hz, 1H), 8.88 (dd, J = 4.0, 2.3 Hz, 1H).
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13C NMR (CDCl; 125 MHz) 4 22.0, 31.4, 32.0, 36.9, 55.5, 104.0, 111.8, 116.6, 119.8, 120.6, 125.7, 130.8,

136.6, 145.9, 146.8, 149.3, 152.5, 153.2, 189.8. HPLC (chiral column: DAICEL CHIRALPAK IG; solvent:

hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 14.9 min (major) and 17.7 min

(minor). HRMS (ESI): m/z calculated for C19H20O3N* [M+H]": 310.1438, found: 310.1437. [a]p 24 =

+15.9 (¢ = 0.50, CHCI3). Rf 0.40 (hexane/AcOEt = 2:1).
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(R)-4-(6-bromoquinolin-8-yl)-1-(furan-2-yl)pentan-1-one

according to GP-A using 6-bromo-8-ethylquinoline 1j (0.20 mmol, 47.0 mg) and

3jb):

2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3jb was isolated as a yellow solid
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(66.0 mg, 93%). MP 68-70 °C. IR (KBr) 3124, 2961, 2868, 1672, 1488, 1394, 1196, 1024, 1031, 869, 790,
767 cm!. 'TH NMR (CDCls, 500 MHz) & 1.41 (d, J = 6.9 Hz, 3H), 2.15-2.23 (m, 2H), 2.67-2.73 (m, 1H),
2.82-2.88 (m, 1H), 4.28-4.37 (m, 1H), 6.45 (dd, J=3.4, 1.7 Hz, 1H), 7.04 (d, J= 3.4 Hz, 1H), 7.38 (dd, J =
8.0, 4.0 Hz, 1H), 7.49 (d, J= 1.1 Hz, 1H), 7.68 (d, J = 2.3 Hz, 1H), 7.82 (d, J = 2.3 Hz, 1H), 8.03 (dd, J =
8.0, 1.7 Hz, 1H), 8.86 (dd, J = 4.6, 1.7 Hz, 1H). *C NMR (CDCls, 125 MHz) § 21.5, 31.7, 31.8, 36.6,
111.9, 116.6, 120.5, 121.6, 127.7, 129.4, 129.5, 135.3, 144.8, 145.9, 147.7, 149.3, 152.5, 189.3. HPLC
(chiral column: DAICEL CHIRALPAK IG; solvent: hexane/2-propanol = 99/1; flow rate: 1.0 mL/min;
detection: at 285 nm): tr = 76.6 min (minor) and 86.4 min (major). HRMS (ESI): m/z calculated for
CisHis0:NBrNa* [M+Na]*: 380.0257, found: 380.0256. [a]p 252 = -2.5 (¢ = 0.50, CHCI3). Rf 0.43

(hexane/AcOEt =2:1).
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(R)-1-(furan-2-yl)-4-(6-methoxyquinolin-8-yl)pentan-1-one (3kb): Preparec

ONZ
according to GP-A using 6-methoxy-8-ethylquinoline 1k (0.20 mmol, 37.4 mg)
and 2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3kb was isolated as a yellow " O
N
oil (34.0 mg, 55%). IR (neat) 2960, 1672, 1616, 1567, 1469, 1375, 1215, A
=

1159,1027, 760 cm™. '"H NMR (CDCls, 500 MHz) 8 1.40 (d, J = 7.4 Hz, 3H). MeO

2.19 (q, J = 7.6 Hz, 2H), 2.66-2.72 (m, 1H), 2.82-2.88 (m, 1H), 3.92 (s, 3H), 4.26-4.35 (m, 1H), 6.43 (dd, J
=4.0, 1.7 Hz, 1H), 6.93 (d, J=2.9 Hz, 1H), 7.02 (d, /= 3.4 Hz, 1H), 7.28 (d, /=2.3 Hz, 1H), 7.33 (dd, J =
8.3, 4.3 Hz, 1H), 7.48 (s, 1H), 8.03 (dd, J = 8.0, 1.7 Hz, 1H), 8.73 (dd, J = 4.0, 1.7 Hz, 1H). ¥*C NMR
(CDCIs, 125 MHz) 6 21.7, 31.7, 31.7, 36.7, 55.2, 103.0, 111.8, 116.6, 118.8, 121.1, 129.6, 135.1, 142.5,
145.9, 146.6, 146.6, 146.9, 152.5, 157.5, 189.5. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent:
hexane/2-propanol = 99/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 31.7 min (minor) and 38.2
min (major). HRMS (ESI): m/z calculated for CioH200sN" [M+H]": 310.1438, found: 310.1439. [a]p 354 =

+18.0 (¢ = 0.50, CHCI3). Rf 0.33 (hexane/AcOEt = 2:1).
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(R)-1-(furan-2-yl)-4-(6-phenylquinolin-8-yl)pentan-1-one  (31b): Preparec —

ONGZ
according to GP-A using 6-phenyl-8-ethylquinoline 11 (0.20 mmol, 46.6 mg) and
2-furyl vinyl ketone 2b (0.40 mmol, 48.0 mg). 3lb was isolated as a yellow oil ) O
N
(59.0 mg, 83%). IR (neat) 2960, 1673, 1567, 1468, 882, 760, 698 cm™'. 'TH NMR A
=

Ph
(CDCls, 400 MHz) & 1.48 (d, J = 6.8 Hz, 3H), 2.21-2.34 (m, 2H), 2.68-2.81 (m.

1H), 2.83-2.95 (m, 1H), 4.35-4.46 (m, 1H), 6.42 (dd, J = 3.4, 1.6 Hz, 1H), 7.03 (d, J = 3.2 Hz, 1H),
7.36-7.56 (m, 6H), 7.69-7.74 (m, 3H), 7.88 (d, J = 11.8 Hz, 2H), 8.22 (d, J= 7.7 Hz, 1H), 8.90 (d, J = 2.7
Hz, 1H). 3C NMR (CDCls, 125 MHz) § 21.9, 31.9, 32.0, 36.8, 111.8, 121.1, 123.5, 125.7, 127.3, 127.5,
128.5, 128.5, 128.8, 136.5, 138.9, 140.5, 145.5, 145.6, 145.9, 149.0, 152.5, 189.6. HPLC (chiral column:
DAICEL CHIRALPAK IG; solvent: hexane/2-propanol = 97/3; flow rate: 1.0 mL/min; detection: at 285
nm): tg = 35.1 min (minor) and 37.8 min (major). HRMS (ESI): m/z calculated for C24H220,N" [M+H]":

356.1646, found: 356.1643. [a]p 257 = -23.0 (¢ = 0.50, CHCI3). Rf 0.40 (hexane/AcOEt = 2:1).
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2.95-3.03 (m, 1H), 4.33-4.44 (m, 1H), 7.36 (t, J = 6.5 Hz, 2H), 7.48 (t, /= 7.4 Hz, 1H).
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(R)-4-(4-bromoquinolin-8-yl)-1-phenylpentan-1-one (3ca): Prepared according tc

GP-A using 4-bromo-8-ethylquinoline 1¢ (0.20 mmol, 47.0 mg) and phenyl vinyl

ketone 2a (0.40 mmol, 53.0 mg). 3ca was isolated as a yellow oil (54.0 mg, 73%). IR W o
(neat) 2960, 2929, 1682, 1580, 1482, 1448, 1386, 762, 737, 690 cm™'. 'TH NMR (CDCl3, N
400 MHz) 6 1.42 (d, J = 6.7 Hz, 3H), 2.23 (q, J = 7.0 Hz, 2H), 2.77-2.84 (m, 1H), =

Br

7.58-7.71 (m, 3H), 7.80 (d, J = 6.7 Hz, 2H), 8.07 (dd, J = 8.5, 1.3 Hz, 1H), 8.60 (dd, J = 4.5, 3.1 Hz, 1H).

13C NMR (CDCIl3, 100 MHz) § 22.0, 32.0, 32.1, 36.8, 124.8, 124.8, 126.9, 127.7, 127.8, 127.8, 128.3,

82



132.6, 134.4, 136.8, 145.8, 147.1, 148.3, 200,3. HPLC (chiral column: DAICEL CHIRALPAK IG; solvent:
hexane/2-propanol = 93/7; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 9.8 min (major) and 10.6 min
(minor). HRMS (ESI): m/z calculated for C20HisONBrNa™ [M+Na]": 390.0464, found: 390.0466. [a]p 26!

= +2.4 (¢ = 0.50, CHCL:). Rf 0.68 (hexane/AcOEt = 2:1).
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(R)-4-(4-bromoquinolin-8-yl)-1-(4-chlorophenyl)pentan-1-one (3cc): Prepared according to GP-A using
4-bromo-8-ethylquinoline 1¢ (0.20 mmol, 47.0 mg) and 4-chlorophenyl vinyl ketone 2¢ (0.40 mmol, 66.0
mg). 3cc was isolated as a yellow solid (55.0 mg, 69%). MP 65-68 °C. IR (KBr) 2961, 2928, 1685, 1538,

1400, 1386, 1205, 1091, 1011, 835, 819, 763, 742 cm™. "TH NMR (CDCl3, 400 MHz) § 1.42 (d, J = 6.8 Hz,
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3H), 2.21 (q, J = 7.2 Hz, 2H), 2.70-2.83 (m, 1H), 2.88-2.99 (m, 1H), 4.31-4.42 (m, 1H).
7.33 (d, J = 8.2 Hz, 2H), 7.59-7.75 (m, SH), 8.08 (d, /= 8.2 Hz, 1H), 8.61 (d, /=4.5 Hz
1H). BC NMR (acetone-ds, 100 MHz) $21.9, 32.7, 32.8, 37.2, 125.2, 125.9, 128.0,
128.3, 128.8, 129.3, 130.3, 134.4, 136.4, 139.0, 146.9, 147.9, 149.6, 198.9. HPLC
(chiral column: DAICEL CHIRALPAK IG; solvent: hexane/2-propanol = 9/1; flow rate:
1.0 mL/min; detection: at 285 nm): tr = 8.0 min (major) and 9.1 min (minor). HRMS
(ESI): m/z calculated for C20H17ONCIBrNa*™ [M+Na]*: 424.0075, found: 424.0082. [a]c

263 = _1 6 (c = 0.50, CHCls). Rf 0.73 (hexane/AcOEt = 2:1).
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(R)-4-(4-bromoquinolin-8-yl)-1-(thiophen-2-yl)pentan-1-one (3cd): Preparec —

according to GP-A using 4-bromo-8-ethylquinoline 1¢ (0.20 mmol, 47.0 mg) and S
4-chlorophenyl vinyl ketone 2d (0.40 mmol, 56.0 mg). 3cd was isolated as a yellow oil i N 0
(52.0 mg, 70%). IR (neat) 2960, 2928, 1660, 1482, 1415, 1386, 763, 723 cm’. 'H /\
NMR (CDCls, 400 MHz) 6 1.42 (d, J= 7.2 Hz, 3H), 2.23 (q, /= 7.4 Hz, 2H), 2.67-2.8( Br

(m, 1H), 2.84-2.96 (m, 1H), 4.31-4.42 (m, 1H), 7.01 (t, J=3.9 Hz, 1H), 7.47 (d,J=3.2

Hz, 1H), 7.55 (d, J= 5.0 Hz, 1H), 7.59-7.72 (m, 3H), 8.08 (d, J = 8.2 Hz, 1H), 8.62 (d, /= 3.2 Hz, 1H). BC
NMR (acetone-ds, 100 MHz) 621.9, 32.8, 33.0, 37.8, 125.2, 125.9, 128.0, 128.3, 128.8, 128.9, 132.7, 134.1,
134.4, 145.2, 146.9, 147.9, 149.6, 193.2. HPLC (chiral column: DAICEL CHIRALPAK IG; solvent:
hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 9.9 min (major) and 10.6 min
(minor). HRMS (ESI): m/z calculated for CisH;sONSBrNa* [M+Na]": 396.0029, found: 396.0032. [a]p 25

=+20.8 (¢ = 0.50, CHCIs). Rf 0.60 (hexane/AcOEt = 2:1).
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(R)-5-(4-bromoquinolin-8-yl)hexan-2-one (3ce): Prepared according to GP-A using

4-bromo-8-ethylquinoline 1¢ (0.20 mmol, 47.0 mg) and methyl vinyl ketone 2e (0.40 \/I\Le
. | } 0
mmol, 28.0 mg). 3ce was isolated as a yellow oil (35.0 mg, 58%). IR (neat) 2960, 2927 N
N
1714, 1482, 1415, 1386, 763 cm™'. 'H NMR (CDCl3, 400 MHz) & 1.37 (d, J= 7.2 Hz, _
3H), 2.00-2.10 (m, 5H), 2.22-2.34 (m, 1H), 2.37-2.49 (m, 1H), 4.22-4.33 (m, 1H) Br

7.61-7.64 (m, 2H), 7.70 (t, J = 3.8 Hz, 1H), 8.08 (dd, J = 7.2, 2.7 Hz, 1H), 8.67 (t, J =

4.0 Hz, 1H). 3C NMR (CDCls;, 100 MHz) 821.8, 29.8, 31.6, 31.7, 41.9, 124.8, 124.9, 126.9, 127.7, 127.8,
134.4, 1458, 147.0, 148.4, 209.1. HPLC (chiral column: DAICEL CHIRALPAK IG; solvent:
hexane/2-propanol = 97/3; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 10.8 min (major) and 11.7
min (minor). HRMS (ESI): m/z calculated for CisHisONBrNa* [M+Na]*: 328.0308, found: 328.0310. [a]p

267 =+13.1 (¢ = 0.50, CHCIs). Rf 0.50 (hexane/AcOEt = 2:1).
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(R)-4-(4-bromoquinolin-8-yl)pentanal (3cf): Prepared according to GP-B using

4-bromo-8-ethylquinoline 1c¢ (0.20 mmol, 47.0 mg) and acrolein 2f (0.60 mmol, 22.4 \/l
mg). 3cf was isolated as a pale yellow oil (32.0 mg, 55%). IR (neat) 2960, 2930, 1722, . N 0
1380, 768 cm™'. 'TH NMR (CDCls, 400 MHz) & 1.39 (d, J = 6.9 Hz, 3H), 2.10 (dd, J = /\
14.6, 7.0 Hz, 2H), 2.25-2.35 (m, 1H), 2.37-2.47 (m, 1H), 4.26-4.37 (m, 1H), 7.60-7.67 Br

(m, 2H), 7.70 (d, J = 4.5 Hz, 1H), 8.09 (dd, J= 7.2, 2.2 Hz, 1H), 8.66 (dJ= 4.9 Hz, |10
9.70 (t J = 1.6 Hz, 1H). 3C NMR (CDCls, 100 MHz) & 21.6, 30.0, 31.8, 42.2, 124.9, 125.0, 126.9, 127.7,

127.9, 134.5, 145.5, 147.0, 148.5, 202.7. For the HPLC analysis to determine the enantiomeric ratio, 3cf
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was reduced to the corresponding alcohol with NaBH4. HPLC (chiral column: DAICEL CHIRALPAK IH;
solvent: hexane/2-propanol = 99/1; flow rate: 1.0 mL/min; detection: at 285 nm): tr = 22.8 min (major) and
26.0 min (minor). HRMS (ESI): m/z calculated for Ci4H;sONBr* [M+H]": 292.0332, found: 292.0331.

[a]p 227 =+14.7 (¢ = 0.50, CHCl3). Rf 0.50 (hexane/AcOEt = 2:1).
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E—94 |CH|tR [min] | B0 1% | B&
Unknown| 9 | 22.123)|86.459

Unkrown| 9 25.220]13.541
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2.4 H/D exchange experiment

[Cp*RhCl5], (4 mol%)
AgPFg (16 mol%)
CCA (8 mol%)

AgCO3 (28 mol%) Me.__H/D
N\ AcOD (3 equiv) N\
Z PhCI (0.1M) P
30°C, 24 h
1a 1a

To a screw-cap vial were added chiral carboxylic acid (5.1 mg, 0.08 mmol) and AcOD (ca. 0.2 mL), and the
mixture was stirred for 30 min at room temperature. The reaction mixture was concentrated in vacuo, and
AcOD (3 equiv) was added to the residue, and the vial was moved into an argon-filled glovebox. The vial
was charged with 1a (15.7 mg, 0.10 mmol), [Cp*RhCl2]2 (2.4 mg, 0.04 mmol), AgPFs (4.0 mg, 0.016
mmol), Ag>COs (7.7 mg, 0.028 mmol), and chlorobenzene (1 mL). The vial was capped, and then brought
out of the glovebox. The reaction mixture was stirred at 30 °C for 24 h. The reaction mixture was directly
subjected to silica gel column chromatography (hexane/AcOEt) to afford 1a (13.0 mg, 85%). The '"H NMR

analysis of the recovered 1a indicated no H/D exchange.

Me. HO = na O Incorgoraton

aaer

e ——— . § 02
H
L
F_

13

123
x5
Jan
E )
kN
A
e
30
ire
D — g
AOT4

T 1
§33 JIRRANTARANEAAANE FEEE 1EEESEC



2.5 Preparative scale reaction

In an argon-filled glovebox, a test tube was charged with 8-ethylquinoline 1a (1.00 mmol, 1.0 equiv),
enone 2b (2.00 mmol, 2.0 equiv), chiral carboxylic acid (51.2 mg, 0.08 mmol, 8 mol %), [Cp*RhCl:]> (24.7
mg, 0.04 mmol, 4 mol %), AgPFs (40.0 mg, 0.16 mmol, 16 mol %), and Ag>COs (77.0 mg, 0.28 mmol, 28
mol %). Chlorobenzene (10 mL) was added. beforeT the test tube was capped and brought out of the
glovebox. The reaction mixture was heated to 30 °C. After stirring at the same temperature for 24 h, the
reaction mixture was directly purified by silica gel column chromatography (hexane/AcOEt) to afford 3aa
(212.0 mg, 76%), 90: 10 er.

2.6 Determination of absolute configuration

A single crystal of 3jb suitable for X-ray crystallography was grown by slow vapor diffusion of pentane to

a solution of 3jb in THF.

Table. S1 Crystal data and structure refinement for 3jb.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

Absorption correction

product

C18 H16 Br N 02

358.23

1332) K

0.71075 A

Monoclinic

P1211

a=5.6584(3) A =90°.
b=19.9080(6) A =93.242(6)°.
c=14.1490(7) A =90°.
791.97(7) A3

2

1.502 Mg/m3

2.602 mm-!

364

0.390 x 0.190 x 0.100 mm3

2.511 to 25.346°.

-6<=h<=6, -11<=k<=11, -17<=I<=16
6167

2826 [R(int) = 0.0260]

99.8 %

Semi-empirical from equivalents
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Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

0.9904 and 0.6533

Full-matrix least-squares on F2
2826/1/200

1.083

R1=0.0282, wR2 =0.0623
R1=0.0313, wR2 =0.0633
0.030(7)

n/a

0.320 and -0.720 e.A3
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3. Experimental procedures: Second  work-Ru(Il)/Chiral Carboxylic  Acid-Catalyzed

Enantioselective C—H Functionalization of Sulfoximines

General Procedure C [GP-C]

In an argon-filled glovebox, a screw-capped test tube was charged with sulfoximine 4 (0.20 mmol, 1.0
equiv), sulfoxonium ylide 6 (0.3 mmol, 1.5 equiv), chiral carboxylic acid (0.02 mmol, 8.4 mg), AgSbFs
(13.6 mg, 20 mol%), [RuCla(p-cymene)]> (3.0 mg, 2.5 mol%), and CHCl3 (4.0 mL). Then the reaction
mixture was stirred at 40 °C for 24 h. The resulting mixture was directly purified by silica gel column

chromatography (hexane/AcOEt) to afford 7.

(S)-1,3-diphenylbenzo|e][1,2]thiazine 1-oxide (7aa): Prepared according tc
GP-C using sulfoximine 4a (0.20 mmol, 43.4 mg) and sulfoxonium ylide 6a (0.3C
mmol, 59.1 mg) afforded 7aa as a yellow foam (51.0 mg, 80%). '"H NMR (CDCl;,

400 MHz) § 8.03-7.97 (m, 4H), 7.66-7.53 (m, 3H), 7.51-7.30 (m, 6H), 7.25-7.16

(m, 1H), 6.81 (s, 1H). 3C NMR (CDCls, 100 MHz) & 147.2, 140.5, 138.7, 136.5,
133.3, 132.1, 129.3, 129.0, 128.8, 128.3, 126.9, 126.6, 126.2, 124.9, 119.6, 98.1. HPLC (chiral column:
DAICEL CHIRALPAK AD-H; solvent: hexane/2-propanol = 4/1; flow rate: 1.2 mL/min; detection: at 254
nm): tg = 10.4 min (minor) and 11.9 min (major). [a]p ** = +10.2 (¢ = 1.0, CHCI3). Rf 0.40 (hexane/AcOEt

= 6:1). The NMR spectra of the obtained product were consistent with the reported data.[54
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(8)-6-chloro-1-(4-chlorophenyl)-3-phenylbenzo[e][1,2]|thiazine-1-oxide (7ba): Prepared according to
GP-C using sulfoximine 4b (0.20 mmol, 56.8 mg) and sulfoxonium ylide 6a

(0.30 mmol, 59.1 mg) afforded 7ba as a yellow foam (55.0 mg, 72%). 'H Q
NMR (CDCls, 400 MHz) 6 7.97 (d, J = 6.7 Hz, 2H), 7.90 (d, J = 8.5 Hz, 2H),

7.56 (d, J = 8.5 Hz, 2H), 7.46-7.35 (m, 4H), 7.28-7.22 (m, 1H), 7.21-7.15 (m.

1H), 6.74 (s, 1H). 3C NMR (CDCl3;, 100 MHz) & 148.6, 140.6, 138.8, 138.6,
138.1, 138.1, 130.6, 129.4, 129.3, 128.4, 126.7, 126.7, 126.5, 126.1, 117.3, 97.4. HPLC (chiral column:
DAICEL CHIRALPAK AD-H; solvent: hexane/2-propanol = 4/1; flow rate: 0.7 mL/min; detection: at 254
nm): tr = 21.8 min (major) and 26.9 min (minor). Rf 0.40 (hexane/AcOEt = 3:1). The NMR spectra of the

obtained product were consistent with the reported data.[54
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(S)-1-(4-(6-acetyl-1-oxido-3-phenyl-114-benzo|e][1,2] thiazin-1-yl)phenyl)ethan-1-one (7ca): Prepared

according to GP-C using sulfoximine 4c¢ (0.20 mmol, 60.2 mg) and

Ac

sulfoxonium ylide 6a (0.30 mmol, 59.1 mg) afforded 7ca as a yellow foam
(58.0 mg, 72%). '"H NMR (CDCl3, 400 MHz) § 8.14 (d, J = 9.0 Hz, 2H), 8.05

(d, J = 8.5 Hz, 3H), 8.04-7.97 (m, 3H), 7.75 (dd, J = 8.5, 1.8 Hz, 1H).

7.47-7.37 (m, 4H), 6.95 (s, 1H), 2.67 (s, 3H), 2.66 (s, 3H). 3C NMR (CDCL,
100 MHz) 5 197.0, 196.6, 148.2, 143.6, 140.8, 139.7, 138.0, 136.8, 129.7, 129.3, 128.8, 128.5, 127.9, 126.7,
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125.4, 1249, 121.1, 98.6, 27.0, 26.8. HPLC (chiral column: DAICEL CHIRALPAK AD-H; solvent:
hexane/2-propanol = 2/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 21.4 min (major) and 35.2 min
(minor). Rf 0.30 (hexane/AcOEt = 1:1). The NMR spectra of the obtained product were consistent with the

reported data.[54
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(8)-6-methyl-3-phenyl-1-(p-tolyl)benzo|e][1,2]thiazine-1-oxide (7da): Prepared according to GP-C
using sulfoximine 4d (0.20 mmol, 49.0 mg) and sulfoxonium ylide 6a (0.30 mmol, 59.1 mg) afforded 7da
as a yellow foam (70.0 mg, >99%). "TH NMR (CDCl3, 400 MHz) § 7.99 (d, J = 7.2 Hz, 2H), 7.85 (d, J = 8.5
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Hz, 2H), 7.43-7.32 (m, 5H), 7.26-7.20 (m, 2H), 7.03 (d, J = 9.0 Hz, 1H), 6.73
(s, 1H), 2.44 (s, 3H), 2.39 (s, 3H). ®C NMR (CDCls, 100 MHz) & 147.1.
144.2, 142.5, 138.9, 137.9, 136.6, 129.6, 129.2, 128.6, 128.3, 127.6, 126.6,

126.5, 124.8, 117.5, 97.9, 21.7, 21.5. HPLC (chiral column: DAICEL

CHIRALPAK AD-H; solvent: hexane/2-propanol = 4/1; flow rate: 1.0

mL/min; detection: at 254 nm): tr = 20.5 min (major) and 25.4 min (minor). Rf 0.50 (hexane/AcOEt = 4:1).

The NMR spectra of the obtained product were consistent with the reported data.[54
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(8)-6-methoxy-1-(4-methoxyphenyl)-3-phenylbenzo[e][1,2]thiazine 1-oxide (7ea): Prepared according

to GP-C using sulfoximine 4e (0.20 mmol, 55.4 mg) and sulfoxonium ylide 6a (0.30 mmol, 59.1 mg)

afforded 7ea as a yellow foam (75.0 mg, >99%). 'H NMR (CDCls, 400

MHz) 6 7.99 (d, J = 7.2 Hz, 2H), 7.89-7.86 (m, 2H), 7.44-7.33 (m, 3H), Q

7.28-7.24 (m, 1H), 7.03-6.99 (m, 3H), 6.82-6.77 (m, 2H), 6.71 (s, 1H). 0,
3.89-3.86 (m, 6H). 3C NMR (CDCls, 100 MHz) & 163.4, 162.0, 147.8,
138.9, 138.7, 132.6, 131.1, 128.7, 128.3, 126.9, 126.6, 115.8, 114.1, 113.3,

107.4, 98.0, 55.7, 55.5. HPLC (chiral column: DAICEL CHIRALPAK

AD-H; solvent: hexane/2-propanol = 4/1; flow rate: 1.2 mL/min; detection: at 254 nm): tg = 26.7 min

(major) and 30.1 min (minor). Rf 0.50 (hexane/AcOEt = 4:1). The NMR spectra of the obtained product

were consistent with the reported data.[5*
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(S)-7-methyl-3-phenyl-1-(m-tolyl)benzo|[e|[1,2|thiazine-1-oxide (7fa): Prepared according to GP-C

using sulfoximine 4f (0.20 mmol, 49.0 mg) and sulfoxonium ylide 6a (0.30 mmol, 59.1 mg) afforded 7fa as

a yellow foam (69.0 mg, >99%). 'H NMR (CDCl3, 400 MHz) & 7.99 (dd, J = 7.2, 1.6 Hz, 2H), 7.81 (d, J =

7.2 Hz, 1H), 7.77 (s, 1H), 7.49-7.28 (m, 7H), 7.11 (s, 1H), 6.78 (s, 1H), 2.42
(s, 3H), 2.30 (s, 3H). 3C NMR (CDCls, 100 MHz) & 146.1, 140.4, 139.2,

138.9, 136.5, 134.1, 134.1, 133.6, 129.6, 128.8, 128.5, 128.3, 126.8, 126.5,

1242, 119.6, 98.0, 21.3, 21.3.

HPLC (chiral

Me

column: DAICEL

CHIRALPAK AD-H; solvent: hexane/2-propanol = 19/1; flow rate: 1.0

mL/min; detection: at 254 nm): tr = 26.1 min (major) and 28.1 min (minor). Rf 0.40 (hexane/AcOEt = 4:1).

The NMR spectra of the obtained product were consistent with the reported data.

[S4]
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(S)-8-methyl-3-phenyl-1-(o-tolyl)benzo[e][1,2]thiazine-1-oxide (7ga): Prepared according to GP-C using

sulfoximine 4g (0.20 mmol, 49.0 mg) and sulfoxonium ylide 6a (0.30 mmol, 59.1 mg) afforded 7ga as a

yellow foam (70.0 mg, >99%). 'H NMR (CDCl3, 400 MHz) & 8.44-8.38 (m, 1H),

7.97-7.91 (m, 2H), 7.52-7.47 (m, 2H), 7.45-7.28 (m, SH), 7.24-7.18 (m, 1H), 7.02
(d, J= 7.6 Hz, 1H), 6.76 (s, 1H), 2.08 (s, 3H), 1.73 (s, 3H). *C NMR (CDCls, 10(
MHz) § 146.2, 140.5, 140.0, 138.5, 135.4, 133.4, 132.8, 132.3, 129.2, 128.7, 128.6,

128.3, 126.4, 126.2, 125.5, 117.0, 97.8, 20.1, 19.1. One aromatic signal was
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missing probably due to overlapping. HPLC (chiral column: DAICEL CHIRALPAK AD-H; solvent:
hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tg = 7.3 min (minor) and 9.0 min
(major). Rf 0.50 (hexane/AcOEt = 4:1). The NMR spectra of the obtained product were consistent with the

reported data.[54
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(S)-1-phenyl-3-(p-tolyl)benzo|[e]|[1,2]thiazine-1-oxide (7ab): Prepared according to GP-C using
sulfoximine 4a (0.20 mmol, 43.4 mg) and sulfoxonium ylide 6b (0.30 mmol, 63.3 mg) afforded 7ab as a
yellow foam (66.0 mg, >99%). "H NMR (CDCls, 400 MHz) §7.99 (d, J = 7.2 Hz, 2H), 7.90 (d, J = 8.5 Hz,
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2H), 7.63 (t, J = 7.2 Hz, 1H), 7.56 (t, J = 7.2 Hz, 2H), 7.47 (t, J = 7.4 Hz, 1H),
7.42 (d, J = 7.2 Hz, 1H), 7.32 (d, J = 7.6 Hz, 1H), 7.26-7.17 (m, 3H), 6.78 (s.

1H), 2.38 (s, 3H). *C NMR (CDCls, 100 MHz) § 147.2, 140.4, 138.8, 136.6.

135.9, 133.3, 132.0, 129.3, 129.0, 128.9, 126.7, 126.5, 126.0, 124.9, 119.4,
97.5, 21.3. HPLC (chiral column: DAICEL CHIRALPAK AD-H; solvent: hexane/2-propanol = 4/1; flow
rate: 1.2 mL/min; detection: at 254 nm): tr = 12.1 min (minor) and 13.0 min (major). Rf 0.50

(hexane/AcOEt = 5:1). The NMR spectra of the obtained product were consistent with the reported data.[5*
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(S)-3-(4-fluorophenyl)-1-phenylbenzo|e][1,2]thiazine 1-oxide (7ac): Prepared according to GP-C using
sulfoximine 4a (0.20 mmol, 43.4 mg) and sulfoxonium ylide 6¢ (0.30 mmol,
64.2 mg) afforded 7ac as a yellow foam (60.0 mg, 90%). 'H NMR (CDCl;,
400 MHz) ¢ 7.97-7.88 (m, 4H), 7.61-7.56 (m, 1H), 7.54-7.49 (m, 2H),

7.45-7.40 (m, 1H), 7.36 (d, J = 7.6 Hz, 1H), 7.25 (d, J = 8.1 Hz, 1H).

7.19-7.13 (m, 1H), 7.05-6.99 (m, 2H), 6.68 (s, 1H). *C NMR (CDCl3, 10C

MHz) & 163.3(d, 'Jc.r = 248.0 Hz), 146.1, 140.1, 136.3, 134.9(d, *Jcr = 2.8 Hz), 133.4, 132.1, 129.3, 129.0,
128.4 (d, 3Jcr = 8.5 Hz), 126.8, 126.3, 124.9, 119.4, 115.2 (d, 2Jcr= 21.6 Hz), 97.9. HPLC (chiral column:
DAICEL CHIRALPAK AD-H; solvent: hexane/2-propanol = 4/1; flow rate: 1.2 mL/min; detection: at 254
nm): tg = 10.6 min (minor) and 12.2 min (major). Rf 0.30 (hexane/AcOEt = 5:1). The NMR spectra of the

obtained product were consistent with the reported data.[5*
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(S)-3-(naphthalen-2-yl)-1-phenylbenzo|e][1,2]thiazine-1-oxide (7ad): Prepared according to GP-C using
sulfoximine 4a (0.20 mmol, 43.4 mg) and sulfoxonium ylide 6d (0.30 mmol,

73.8 mg) afforded 7ad as a yellow foam (68.0 mg, 92%). 'TH NMR (CDCls, Q

400 MHz) o 8.55 (s, 1H), 8.10-8.01 (m, 3H), 7.91-7.80 (m, 3H), 7.67-7.55 (m, S

3H), 7.51-7.44 (m, 4H), 7.34 (d, J = 7.6 Hz, 1H), 7.26- 7.19 (m, 1H), 6.96 (s. O =

1H). 3C NMR (CDCl3;, 100 MHz) § 146.9, 140.4, 136.4, 135.9, 133.6, 133.4, OO

133.4, 132.1, 129.4, 129.0, 128.8, 127.8, 127.5, 127.0, 126.4, 126.4, 126.3, 126.1, 125.0, 124.0, 119.8, 98.7.
HPLC (chiral column: DAICEL CHIRALPAK AD-H; solvent: hexane/2-propanol = 4/1; flow rate: 1.2
mL/min; detection: at 254 nm): tr = 14.1 min (minor) and 17.1 min (major). Rf 0.60 (hexane/AcOEt = 8:1).

The NMR spectra of the obtained product were consistent with the reported data.5*
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(S)-3-(furan-2-yl)-1-phenylbenzo|e|[1,2|thiazine-1-oxide (7ae): Prepared according to GP-C using

sulfoximine 4a (0.20 mmol, 43.4 mg) and sulfoxonium ylide 6e (0.30 mmol, 54.9 mg)

afforded 7ae as a brown foam (62.0 mg, >99%). "TH NMR (CDCls, 400 MHz) ¢

7.94-7.88 (m, 2H), 7.59-7.54 (m, 1H), 7.53-7.47 (m, 2H), 7.42-7.32 (m, 3H), 7.21 (d, v N

= 7.6, 1H), 7.14-7.10 (m, 1H), 6.83 (d, J = 3.6 Hz, 1H), 6.73 (s, 1H), 6.40 (dd, J = 3.6,

1.8, 1H). 3C NMR (CDCls, 100 MHz) & 153.3, 143.0, 140.0, 138.5, 136.1, 133.4,

132.1, 129.4, 129.0, 126.8, 126.1, 125.0, 120.1, 111.8, 109.4, 96.4. HPLC (chiral column: DAICEL
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CHIRALPAK IB; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 8.5
min (major) and 19.1 min (minor). Rf 0.60 (hexane/AcOEt = 1:1). The NMR spectra of the obtained

product were consistent with the reported data.[5¥
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(S)-3-(tert-butyl)-1-phenylbenzo[e][1,2]thiazine-1-oxide (7af): Prepared according to GP-C using
sulfoximine 4a (0.20 mmol, 43.4 mg) and sulfoxonium ylide 6f (0.30 mmol, 52.8 mg) afforded 7af as a
yellow foam (60.0 mg, >99%). 'H NMR (CDCls, 400 MHz) & 7.89-7.81 (m, 2H), 7.56-7.45 (m, 3H),
7.36-7.31 (m, 1H), 7.25-7.17 (m, 2H), 7.11-7.06 (m, 1H), 6.12 (s, 1H), 1.27 (s, 9H). 1*C NMR (CDCl3, 100
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MHz) § 159.7, 141.0, 136.6, 133.0, 131.7, 129.1, 128.8, 126.5, 125.6, 124.7, 118.6,

oN

95.0, 37.5, 28.9. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: s

N

hexane/2-propanol = 19/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 7.8 min _

(minor) and 8.5 min (major). Rf 0.50 (hexane/AcOEt = 6:1). The NMR spectra of the

obtained product were consistent with the reported data.[5*
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(8)-6-chloro-1-(4-chlorophenyl)-3-(p-tolyl)benzo[e][1,2]|thiazine-1-oxide (7bb): Prepared according to
GP-C using sulfoximine 4b (0.20 mmol, 56.8 mg) and sulfoxonium ylide 6b (0.30 mmol, 63.3 mg)
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afforded 7bb as a yellow solid (54.0 mg, 68%). "TH NMR (CDCls, 400
MHz) 6 7.83-7.78 (m, 4H), 7.50-7.46 (m, 2H), 7.34 (d, J = 1.8 Hz, 1H),
7.17 (t, J= 8.0 Hz, 3H ), 7.09 (dd, J = 8.0, 1.8 Hz, 1H ), 6.63 (s, 1H),
2.32 (s, 3H). BC NMR (CDCls, 100 MHz) & 148.6, 140.5, 139.4, 138.9,

138.5, 138.2, 135.3, 130.5, 129.4, 129.2, 126.6, 126.5, 126.4, 125.9,

117.1, 96.8, 21.3. HPLC (chiral column: DAICEL CHIRALPAK IA;
solvent: hexane/2-propanol = 2/1; flow rate: 1.0 mL/min; detection: at 254 nm): tg = 10.8 min (major) and
14.4 min (minor). HRMS (ESI): m/z calculated for C,Hi;sCILbNOSNa'* [M+Na]": 422.0144, found:

422.0137. [e]p 2* = +160.4 (¢ = 0.50, CHCl3). Rf 0.50 (hexane/AcOEt = 6:1).
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(8)-6-chloro-1-(4-chlorophenyl)-3-(furan-2-yl)benzo|e][1,2]thiazine-1-oxide (7be): Prepared according

to GP-C using sulfoximine 4b (0.20 mmol, 56.8 mg) and sulfoxonium ylide 6e (0.30 mmol, 54.9 mg)

afforded 7be as a yellow solid (74.0 mg, >99%). 'H NMR (CDCl3,400 MHz al

5 7.81 (d, J=8.5 Hz, 2H), 7.48 (d, J = 8.5 Hz, 2H), 7.43 (s, 1H), 7.32 (s, 1H Q

7.14 (d, J = 8.5 Hz, 1H), 7.08 (d, J = 9.0 Hz, 1H), 6.83 (d, J = 3.1 Hz, 1H), O\\S\\N

6.65 (s, 1H), 6.42 (dd, J = 2.9, 1.6 Hz, 1H). 3C NMR (CDCl;, 100 MHz) ¢ cl Pz \ o)
/

152.7, 143.5, 140.7, 139.7, 138.7, 138.6, 137.8, 130.6, 129.4, 126.6, 126.5,

1259, 117.8, 112.0, 110.3, 95.6. HPLC (chiral column: DAICEL CHIRALPAK IC; solvent:
hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 8.5 min (minor) and 9.7 min
(major). HRMS (ESI): m/z calculated for CisHiiCI.NO>SNa* [M+Na]*: 397.9780, found: 397.9775. [a]p **

=4203.2 (¢ = 0.50, CHCI3). Rf 0.40 (hexane/AcOEt = 3:1).
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(S)-3-(tert-butyl)-6-chloro-1-(4-chlorophenyl)benzo[e][1,2]thiazine 1-oxide (7bf): Prepared according

to GP-C using sulfoximine 4b (0.20 mmol, 56.8 mg) and sulfoxonium ylide 61

Cl
(0.30 mmol, 52.8 mg) afforded 7bf as a yellow oil (70.0 mg, 95%). 'H NMR Q
ON
(CDCl3,400 MHz) 6 7.74 (d, J=9.0 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.24 (d g7
N
J=2.2Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 7.05 (dd, J = 8.5, 2.2 Hz, 1H), 6.02 o =

(s, 1H), 1.24 (s, 9H). 3C NMR (CDCIls, 100 MHz) & 161.4, 140.2, 139.4,
138.2, 138.2, 130.3, 129.3, 126.3, 126.2, 125.8, 116.3, 94.6, 37.7, 28.8. HPLC (chiral column: DAICEL
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CHIRALPAK IC; solvent: hexane/2-propanol = 19/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 6.3
min (major) and 7.2 min (minor). HRMS (ESI): m/z calculated for CisH;7ClbLNOSNa* [M+Na]*: 388.0301,

found: 388.0294. [a]p 2* = +54.6 (¢ = 0.50, CHCIl3). Rf 0.60 (hexane/AcOEt = 6:1).
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4. Experimental procedures: third work-Enantioselective Synthesis of 1,2-Benzothiazine 1-Imines
via Rull/Chiral Carboxylic Acid-Catalyzed C-H Alkylation/Cyclization

4.1. Preparation of New Spiro CCA

S
. () - A
R/\Cone s R AIBr3r s R
NaHMDS, THF ’ CO,Me 1t 48h . CO,H
Br  rt 12h Q ’ Q

S1a, R =Ph

S1b, R = 4-F-CgH,

S1c, R = 4-MeO-CgH,4
$1d, R = 3,5-(tBu),-CgH3

CCA1-CCA4

General Procedure D for S1a—S1d

To a solution of compound Di-Br (100 mg, 1.0 equiv.) in THF (4 mL) was added NaHMDS (1 M in THF,
0.31 mL, 1.5 equiv.) dropwise at —78 °C, and then corresponding methyl-a-arylacetate (1.1 equiv.) in THF
(2 mL) was added at —78 °C. The reaction mixture was stirred for 1 h at —=78 °C and then stirred for 1 h at 0
°C. The reaction mixture was cooled to —78 °C again and stirred for 30 min. To the reaction mixture was
added NaHMDS (1 M in THF, 0.31 mL, 1.5 equiv.) dropwise at —78 °C and then stirred for 12 h at room
temperature. The rection was quenched by adding water at 0 °C, and extracted with AcOEt three times. The
combined organic layers were washed with brine, dried over Na>SOs, filtered, and evaporated under

vacuum. The residue was purified by silica gel column chromatography (hexane/AcOEt) to give S1a-S1d.

General Procedure E for CCA1-CCA4

To a solution of compound S1a-S1d (1.0 equiv.) in tetrahydrothiophene (2 mL) was added AlBr; (4.0
equiv.) and the reaction mixture was stirred for 48 h at room temperature. The rection was quenched by
adding water at 0 °C, and extracted with CH>Cl, three times. The combined organic layers were washed
with brine, dried over Na>SOs, filtered, and evaporated under vacuum. The residue was purified by silica

gel column chromatography (hexane/AcOEt) to give CCA1-CCA4.

Methyl

2,4,4,7,7,9-hexamethyl-12-phenyl-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,8,7-c'd'|diindene-
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12-carboxylate (S1a): Prepared according to GP-D using compound Di-Br

(0.21 mmol, 100 mg, 1.0 equiv.), methyl-a-phenylacetate (0.23 mmol, 35 O Q
mg, 1.1 equiv.), NaHMDS (1 M in THF, 0.31 mmol, 0.31 mL, 1.5 equiv. x s
. . . COOMe
2). Sla was isolated as a colorless solid (70 mg, 70%). IR (KBr) 2959, 2949, Q

2916, 2857, 1731, 1446, 1220, 1174, 1048, 860, 696 cm™'. 'H NMR (CDCls,

400 MHz) 6 7.21-7.19 (m, 3H), 6.87 (s, 1H), 6.81-6.77 (m, 2H), 6.74 (s, 1H), 6.64 (s, 1H), 5.48 (s, 1H),
3.63 (s, 3H), 3.28 (d, J = 13.3 Hz, 1H), 3.21 (d, J= 12.6 Hz, 1H), 2.97 (d, J = 12.5 Hz, 1H), 2.63 (d, J =
13.3 Hz, 1H), 2.40 (d, J = 12.7 Hz, 1H), 2.37 (d, J = 12.7 Hz, 1H), 2.31 (s, 3H), 2.00 (d, J = 8.9 Hz, 1H),
1.97 (d, J = 8.9 Hz, 1H), 1.92 (s, 3H), 1.49 (s, 3H), 1.46 (s, 3H), 1.29 (s, 3H), 1.27 (s, 3H). BC NMR
(CDCls, 100 MHz) 6 175.3, 151.6, 151.0, 145.7, 145.3, 141.8, 136.8, 135.6, 132.2, 131.2, 130.5, 128.7,
127.8, 126.8, 126.6, 122.2, 121.4, 58.2, 57.2, 57.0, 56.7, 51.6, 42.0, 41.9, 38.9, 34.2, 32.4, 32.3, 30.4, 30.3,

21.3, 20.9. HRMS (ESI) m/z: [M+Na]" Calcd for CssH3s02Na™: 501.2764; Found 501.2757. [a]p**! =

—54.2 (¢ =0.50, CHCl3). Rf 0.5 (hexane/AcOEt = 10:1).

2,4,4,7,7,9-hexamethyl-12-phenyl-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,8,7-c'd'|diindene-
12-carboxylic acid (CCA1): Prepared according to GP-E using compound Sla (0.15 mmol, 70 mg, 1.0
equiv.) in tetrahydrothiophene (2 mL), AlBr3; (0.60 mmol, 140 mg, 4.0 equiv.).

CCAL1 was isolated as a colorless solid (70 mg, >99%). IR (KBr) 2956, 2919,

2860, 1737, 1698, 1448, 1278, 860, 696 cm’'. '"H NMR (CDCls, 400 MHz) § @ Q
7.25-7.19 (m, 3H), 6.92-8.85 (m, 3H), 6.82 (s, 1H), 6.74 (s, 1H), 5.51 (s, 1H), . COOH
3.29-3.18 (m, 2H), 3.01 (d, J = 12.6 Hz, 1H), 2.66 (d, J = 13.3 Hz, 1H), 2.41 (¢ Q

J=12.5 Hz, 1H), 2.38 (d, J = 12.5 Hz, 1H), 2.24 (s, 3H), 2.00 (s, 1H), 1.97 (s

1H), 1.92 (s, 3H), 1.50 (s, 3H), 1.46 (s, 3H), 1.28 (s, 6H). *C NMR (CDCls, 100 MHz) § 181.26, 151.5,
151.1, 145.6, 145.3, 141.3, 137.1, 135.6, 131.8, 131.0, 130.5, 129.2, 127.9, 127.0, 126.7, 122.3, 121.5, 58.2,
57.1,57.0, 56.8, 42.0, 41.9, 38.2, 34.1, 32.5, 32.3, 30.4, 30.3, 21.3, 20.8. HRMS (ESI) m/z: [M+Na]* Calcd
for C33H360,Na": 487.2608; Found 487.2603. [a]p?*? = —45.5 (¢ = 0.50, CHCls). Rf 0.34 (hexane/AcOEt =

2:1).

Methyl 12-(4-fluorophenyl)-2,4,4,7,7,9-hexamethyl-4,5,6,7,12,13-hexahydro

-11H-cycloocta[1,2,3-cd:1,8,7-c'd'|diindene-12-carboxylate (S1b): Prepared according to GP-D using
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compound Di-Br (0.21 mmol, 100 mg, 1.0 equiv.),

F
methyl-o-(4-fluorophenyl)acetate (0.23 mmol, 39 mg, 1.1 equiv.), O Q
NaHMDS (1 M in THF, 0.31 mmol, 0.31 mL, 1.5 equiv. x 2). S1b was s
’ COOMe
isolated as a colorless solid (70 mg, 67%). IR (KBr) 2960, 2931, 2859, Q

1731, 1509, 1458, 1235, 1175, 1051, 858, 835, 818, 720 cmr'. '"H NMR

(CDCls, 400 MHz) & 6.94-6.87 (m, 3H), 6.77-6.73 (m, 3H), 6.63 (s, 1H), 5.52 (s, 1H), 3.63 (s, 3H), 3.27 (d,
J=13.4 Hz, 1H), 3.16 (d, J = 12.5 Hz, 1H), 2.95 (d, J = 12.6, 1H), 2.59 (d, J = 13.4 Hz, 1H), 2.42-2.35 (m,
2H), 2.01-1.95 (m, 5H), 1.49 (s, 3H), 1.46 (s, 3H), 1.28 (s, 3H), 1.27 (s, 3H). *C NMR (CDCls, 100 MHz)
§ 175.2, 161.2 (d, J = 254.1 Hz), 151.7, 151.2, 145.6, 145.3, 137.7 (d, J = 2.9 Hz), 136.9, 135.7, 131.9,
131.0, 130.4, 128.6, 128.3 (d, J = 7.6 Hz), 122.3, 121.5, 114.6 (d, J= 21.0 Hz), 58.2, 57.1, 56.7, 56.5, 51.7,
42.0, 41.9, 38.9, 34.5, 32.4, 32.3, 30.4, 30.3, 21.3, 20.9. '°F NMR (370 MHz, CDCls) 5: —116.1. HRMS
(ESI) m/z: [M+Na]* Caled for CssH370,FNa*: 519.2670; Found 519.2665. [a]p?* = —36.7 (¢ = 0.50,

CHCIs). Rf 0.65 (hexane/AcOEt =10:1).

12-(4-fluorophenyl)-2,4,4,7,7,9-hexamethyl-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,8,7-c'd’]
diindene-12-carboxylic acid (CCA2): Prepared according to GP-E using

compound S1b (0.20 mmol, 100 mg, 1.0 equiv.) in tetrahydrothiophene (2 O Q
mL), AlBr; (0.80 mmol, 213 mg, 4.0 equiv.). CCA2 was isolated as a '

F

COOH
colorless solid (80 mg, 83%). IR (KBr) 2955, 2918, 2864, 1708, 1509, 1459

1235, 1168, 860, 830, 732 cm’’. "TH NMR (CDCl;, 400 MHz) & 6.96-6.90

(m, 3H), 6.88-6.82 (m, 2H), 6.80 (s, 1H), 6.75 (s, 1H), 5.55 (s, 1H), 3.26 (d, J = 13.3 Hz, 1H), 3.19 (d, J =
12.6 Hz, 1H), 2.98 (d, J = 12.6, 1H), 2.62 (d, J = 13.3 Hz, 1H), 2.43-2.36 (m, 2H), 2.24 (s, 3H), 1.99-1.95
(m, 5H), 1.50 (s, 3H), 1.47 (s, 3H), 1.28 (s, 6H). *C NMR (CDCls, 100 MHz) 5 180.2, 161.7 (d, J = 246.6
Hz), 151.6, 151.2, 145.5, 145.3, 137.1 (d, J = 2.9 Hz) (one peak is overlap), 135.7, 131.5, 130.7, 130.4,
129.1, 128.4 (d, J = 8.7 Hz), 122.4, 121.6, 114.7 (d, J = 22.2 Hz), 58.2, 57.0, 56.8, 56.4, 42.0, 41.9, 38.3,
34.4,32.5,32.3,30.4,30.3,21.3, 20.9. YF NMR (370MHz, CDCls) &: —115.1. HRMS (ESI) m/z: [M+Na]*
Calcd for Cs3H3sO.FNa™: 505.2513; Found 505.2511. [a]p?®* = —49.1 (¢ = 0.50, CHCl3). Rf 0.35

(hexane/AcOEt =2:1).

Methyl-12-(4-methoxyphenyl)-2,4,4,7,7,9-hexamethyl-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:
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1,8,7-c'd'|diindene-12-carboxylate (Slc): Prepared according tc

GP-D using compound Di-Br (0.21 mmol, 100 mg, 1.0 equiv.),

OMe
ONE!
methyl-o-(4-methoxphenyl)acetate (0.23 mmol, 41 mg, 1.1 equiv.), s

. . . COOMe
NaHMDS (1 M in THF, 0.31 mmol, 0.31 mL, 1.5 equiv. x 2). Slc was Q

isolated as a colorless solid (50 mg, 47%). IR (KBr) 2952, 2921, 2860,

1732, 1512, 1464, 1250, 1186, 1038, 860, 827 cm™'. "TH NMR (CDCls, 400 MHz) & 6.86 (s, 1H), 6.76-6.68
(m, 5H), 6.63 (s, 1H), 5.55 (s, 1H), 3.78 (s, 3H), 3.63 (s, 3H), 3.25 (d, J = 13.3 Hz, 1H), 3.15 (d, J = 12.6
Hz, 1H), 2.94 (d, J = 12.5 Hz, 1H), 2.59 (d, J = 13.3, 1H), 2.42-2.35 (m, 2H), 2.31 (s, 3H), 2.01-1.94 (m,
5H), 1.49 (s, 3H), 1.46 (s, 3H), 1.28 (s, 3H), 1.26 (s, 3H). 1*C NMR (CDCIl3, 100 MHz) § 175.5, 158.3,
151.6, 151.0, 145.7, 145.3, 136.8, 135.5, 133.9, 132.3, 131.4, 130.7, 128.7, 127.7, 122.1, 121.3, 113.2, 58.2,
57.2, 56.7, 56.4, 55.3, 51.6, 42.0, 41.9, 38.8, 34.4, 32.4, 32.3, 30.4, 30.3, 21.3, 20.9. HRMS (ESI) m/z:

[M+Na]* Calcd for C3sH4O3Na': 531.2870; Found 531.2868. [a]p** = —~78.9 (¢ = 0.50, CHCl3). Rf 0.5

(hexane/AcOEt =10:1).

2,4,4,7,7,9-hexamethyl-12-phenyl-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,8,7-c'd'|diindene-
12-carboxylic acid (CCA3): Prepared according to GP-E using compound Slc (0.089 mmol, 45 mg, 1.0
equiv.) in tetrahydrothiophene (2 mL), AlBr3 (0.354 mmol, 94 mg, 4.0 equiv.). CCA3 was isolated as a
cololress solid (43 mg, >99%). IR (KBr) 3400, 2956, 2919, 2861, 1701,

OH
1514, 1449, 1262, 1180, 859, 827 cm!. TH NMR (CDCls, 400 MHz) &

L2 (%
6.89 (s, 1H), 6.81 (s, 1H), 6.77-6.74 (m, 3H), 6.69-6.66 (m, 2H), 5.60 (s. s
1H), 3.23 (d, /= 13.3 Hz, 1H), 3.15 (d, J = 12.6 Hz, 1H), 2.97 (d, J = 12.6 .Q COOCH
Hz, 1H), 2.62 (d, J = 13.3, 1H), 2.42-2.35 (m, 2H), 2.23 (s, 3H), 2.00-1.95
(m, SH), 1.50 (s, 3H), 1.46 (s, 3H), 1.27 (s, 6H). 3C NMR (CDCl, 10C
MHz) § 181.1, 154.4, 151.5, 151.1, 145.6, 145.2, 137.1, 135.6, 133.5, 131.8, 131.1, 130.6, 129.1, 128.0,
122.3, 121.5, 114.7, 58.2, 57.1, 56.7, 56.2, 42.0, 41.9, 38.1, 34.3, 32.5, 32.3, 30.4, 30.3, 21.3, 21.0. HRMS
(ESI) m/z: [M+Na]* Caled for C3:HscOsNa™: 503.2557; Found 531.2554. [a]p?*? = ~78.7 (c = 0.50, CHCL).

Rf 0.5 (hexane/AcOEt = 2:1).

Methyl-12-(3,5-di-tert-butylphenyl)-2,4,4,7,7,9-hexamethyl-4,5,6,7,12,13-hexahydro-11H-cycloocta][1,

2,3-cd:1,8,7-c'd'|diindene-12-carboxylate (S1d): Prepared according to GP-D using compound Di-Br
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(0.21 mmol, 100 mg, 1.0 equiv.),
Bu
methyl-0-(3,5-di-tert-butylphenyl)acetate (0.23 mmol, 60 mg, 1.1

t
equiv.), NaHMDS (1 M in THF, 0.31 mmol, 0.31 mL, 1.5 equiv. x 2). @ Q tBu
S1d was isolated as a colorless solid (50 mg, 47%). IR (KBr) 2960, ’ COOMe
2947, 2918, 2859, 1731, 1596, 1449, 1360, 1172, 1051 cm’!. TH NMR Q

(CDCls, 400 MHz) & 7.24 (s, 1H), 6.87 (s, 1H), 6.68 (s, 1H), 6.66 (s.

1H), 6.63 (s, 2H), 5.43 (s, 1H), 3.65 (s, 3H), 3.32 (d, /= 12.6 Hz, 1H), 3.21 (d, /= 13.3 Hz, 1H), 3.00 (d, J
=12.5, 1H), 2.62 (d, J=13.3 Hz, 1H), 2.42-2.35 (m, 2H), 2.32 (s, 3H), 2.02 (d, /= 12.5 Hz, 1H), 1.94 (d, J
= 12.8 Hz, 1H), 1.88 (s, 3H), 1.48-1.47 (m, 6H), 1.26 (s, 6H), 1.23 (s, 18H). 3C NMR (CDCls, 100 MHz)
8 175.5, 151.6, 150.8, 149.9, 145.6, 145.3, 140.5, 136.9, 135.4, 132.6, 131.2, 130.5, 128.5, 122.1, 121.2,
120.7, 120.5, 58.3, 57.1, 57.0, 56.8, 51.6, 42.0, 41.8, 39.2, 34.8, 34.1, 32.8, 32.1, 31.4, 30.4, 30.2, 21.4,

21.1. HRMS (ESI) m/z: [M+Na]" Caled for C4,Hs40:Na*: 613.4016; Found 613.4010. [a]p®! =-31.4 (¢ =

0.50, CHCIl3). Rf 0.6 (hexane/AcOEt = 10:1).

12-(3,5-di-tert-butylphenyl)-2,4,4,7,7,9-hexamethyl-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,
8,7-c'd'|diindene-12-carboxylic acid (CCA4): Prepared according tc

GP-E using compound S1d (0.19 mmol, 110 mg, 1.0 equiv.) in B
tetrahydrothiophene (2 mL), AlBr3 (0.8 mmol, 213 mg, 4.0 equiv.). @ Q tBu
CCA4 was isolated as a colorless solid (70 mg, 64%). IR (KBr) 2960, . COOH

2955, 2920, 2863, 1700, 1598, 1465, 1448, 1361, 1248, 860, 712 cm™'. O

'H NMR (CDCI3, 400 MHz) & 7.25 (s, 1H), 6.88 (s, 1H), 6.86 (s, 1H).

6.75 (s, 2H), 6.66 (s, 1H), 5.45 (s, 1H), 3.33 (d, J = 12.6 Hz, 1H), 3.20 (d, J = 13.1 Hz, 1H), 3.07 (d, J =
12.6, 1H), 2.68 (d, J=13.1 Hz, 1H), 2.40 (d, J = 12.8 Hz, 1H), 2.34 (d, /= 12.8 Hz, 1H), 2.17 (s, 3H), 2.02
(d,J=12.7Hz, 1H), 1.93 (d, J=12.8 Hz, 1H), 1.85 (s, 3H), 1.49 (s, 3H), 1.47 (s, 3H), 1.27 (s, 3H), 1.25 (s,
3H), 1.22 (s, 18H). 3C NMR (CDCl3, 100 MHz) & 179.8, 151.5, 150.8, 150.1, 145.4, 145.2, 139.7, 137.2,
135.4, 132.2, 130.9, 130.5, 129.0, 122.2, 121.2, 120.8, 120.6, 58.2, 57.2, 56.7, 56.6, 42.0, 41.8, 38.7, 34.8,

33.8,32.8,32.2,31.4,30.4,30.2,21.3, 20.9. HRMS (ESI) m/z: [M+Na]* Calcd for C41H5202Na*: 599.3860;

Found 599.3854. [a]p?*7 = -27.4 (¢ = 0.50, CHCl3). Rf 0.2 (hexane/AcOEt = 6:1).
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4.2. Preparation of CCAS

F
Br O
PhsPBr, R™>CO,Me Q
NaHMDS, THF ’ CO,Me
on DCM.rt 12h B o Q

S1e

rt, 48 h .Q CO2H

CCA5

(R)-7,7'-bis(bromomethyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]:
To a solution of (R)-(2,2',3,3'-tetrahydro-1,1'-spirobi[indene]-7,7'-diyl)dimethanol (0.36 mmol, 100 mg, 1.0
equiv.)® in DCM (5 mL) was added PhsPBr; (1.8 mmol, 760 mg, 5.0 equiv.) in several portions at room
temperature. The reaction mixture was stirred for 12 h at room temperature. The
rection was quenched by adding water at 0 °C, and extracted with DCM three times.

The combined organic layers were washed with brine, dried over NaxSQs, filtered, anc

evaporated under vacuum. The residue was purified by silica gel column
chromatography (hexane/AcOEt) to give (R)-7,7'-bis(bromomethyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene]
as a colorless solid (135 mg, 93%). IR (KBr) 2957, 2947, 2843, 1448, 1434, 1215, 1203, 785, 752 cm’'. 'H
NMR (CDCls;, 400 MHz) & 7.28-7.21 (m, 6H), 4.13 (d, J = 10.4 Hz, 2H), 4.05 (d, J = 10.4 Hz, 2H),
3.07-3.02 (m, 4H), 2.41-2.29 (m, 4H). 1*C NMR (CDCls, 100 MHz) § 147.0, 144.1, 133.8, 130.6, 128.2,
125.2, 61.6, 38.2, 30.7, 30.3. HRMS (EI) m/z: [M]* Calcd for CioHisBr2": 403.9775; Found 403.9751.

[a]p?*® =+ 280.9 (c = 0.25, CHCl3). Rf 0.7 (hexane/AcOEt = 10:1).

methyl
12-(4-fluorophenyl)-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,8,7-c'd'|diindene-12-carboxyla
te (Sle):  Prepared according to GP-D wusing compound F
(R)-7,7'-bis(bromomethyl)-2,2',3,3'-tetrahydro-1,1'-spirobi[indene] (0.1 mmol, O O
40 mg, 1.0 equiv.), methyl-a-(4-fluorophenyl)acetate (0.11 mmol, 18 mg, 1.1

’ COOMe
equiv.), NaHMDS (1 M in THF, 0.15 mmol, 0.15 mL, 1.5 equiv. x 2). Sle was Q
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isolated as a colorless solid (20 mg, 50%). IR (KBr) 2936, 1721, 1509, 1455, 1276, 1243, 1228, 1176, 841
cm!. TH NMR (CDCls, 400 MHz) & 7.15 (d, J = 7.2 Hz, 1H), 7.10 (t, J = 7.4 Hz, 1H), 7.02 (d, J = 7.2 Hz,
1H), 6.93-6.91 (m, 4H), 6.83 (d, J= 7.2 Hz, 1H), 6.72 (t, J= 7.5 Hz, 1H), 5.80 (d, J = 7.6 Hz, 1H), 3.65 (s,
3H), 3.42 (d, J = 13.5 Hz, 1H), 3.31 (d, J = 12.6 Hz, 1H), 3.10-2.98 (m, 3H), 2.86-2.74 (m, 3H), 2.30-2.21
(m, 2H), 2.00-1.88 (m, 2H). ¥C NMR (CDCl3, 100 MHz) & 175.1, 161.7 (d, J = 246.6 Hz), 149.0, 148.8,
143.2, 142.6, 137.5 (d, J = 2.9 Hz), 132.2, 131.5, 129.1, 128.3 (d, J = 8.7 Hz), 127.7, 127.1, 125.9, 123.9,
123.1, 1149 (d, J = 21.2 Hz), 61.2, 55.9, 51.9, 38.5, 38.0, 34.5, 30.4, 30.4. (one aliphatic signal was
missing probably due to overlap) F NMR (370MHz, CDCls) 6: —114.9. HRMS (ESI) m/z: [M+Na]*
Calcd for CysHasFOoNa': 435.1731; Found 435.1718. [a]p?*! = -60.7 (¢ = 0.25, CHCIls). Rf 0.5

(hexane/AcOEt =10:1).

12-(4-fluorophenyl)-4,5,6,7,12,13-hexahydro-11H-cycloocta[1,2,3-cd:1,8,7-c'd'|diindene-12-carboxylic
acid (CCAS5): Prepared according to GP-E using compound Sle (0.05 mmol, F
20 mg, 1.0 equiv.) in tetrahydrothiophene (2 mL), AlBr3; (0.2 mmol, 54 mg, O Q
4.0 equiv.). CCAS was isolated as a colorless solid (10 mg, 50%). IR (KBr) . COOH
3068, 2942, 1705, 1510, 1456, 1085, 1240, 719 cm™. 'TH NMR (CDCls, 400 Q

MHz) 6 7.23-7.20 (m, 1H), 7.14-7.10 (m, 1H), 7.03-6.94 (m, 6H), 6.74-6.69 (m, 1H), 5.82 (d, J = 7.4 Hz,
1H), 3.40 (d, J = 13.4 Hz, 1H), 3.32 (d, J = 12.6 Hz, 1H), 3.14-2.99 (m, 3H), 2.90-2.74 (m, 3H), 2.31-2.22
(m, 2H), 2.00-1.89 (m, 2H). 3C NMR (CDCls, 100 MHz) & 180.1, 161.8 (d, J = 246.6 Hz), 149.1, 148.8,
143.3, 142.7, 136.8 (d, J = 2.9 Hz), 131.9, 131.3, 129.1, 128.4 (d, ] = 7.7 Hz), 128.1, 127.2, 126.0, 123.9,
123.2,115.0 (d, J = 21.2 Hz), 61.2, 55.7, 38.4, 38.1, 37.9, 34.3, 30.5, 30.4. ’F NMR (370MHz, CDCl;) &:
—114.5. HRMS (ESI) m/z: [M+Na]" Calcd for C27H23FO;Na': 421.1574; Found 421.1559. [a]p?2? = —82.4

(¢ =0.25, CHCI3). Rf 0.4 (hexane/AcOEt = 2:1).

4.3. Preparation of sulfondiimines

o ‘( 1) HCIO,4 (60 %) MeSO™ 1) Selectfluor, Na,CO,
N= dioxane, 0 °C, 10 min ~ * MeCN, r.t, 12 h
$-0 Ot -/ HN, NR
o) 2) "SR R™R 2) NH,R', pyridine R™R
CH,Cly, 1t,12h  S2 rt, 24 h 5

General Procedure F for 5a-50!5°]

To ethyl o-(mesitylenesulfonyl)acetohydroxamate (1.0 g, 3.51 mmol, 1 equiv.) in 1,4-dioxane (4 mL) was
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added 60% perchloric acid (2.5 mL) dropwise at 0 °C. After additional vigorous stirring for 10 min at 0 °C,

cold water was added and the product was extracted with CH2Cl,. The combined organic layers were

washed with brine, dried over Na>SOs, filtered, and evaporated under vacuum to approximately 1 mL. This

mixture was slowly added to a solution of the corresponding sulfide (3.51 mmol, 1 equiv.) in CH>Cl; (4 mL)
at 0 °C. The reaction mixture was stirred at room temperature for 12 h. Half of the CH>Cl» was evaporated
and diethyl ether (20 mL) was added. The product crystallized upon storage at —30 °C overnight and was

collected by filtration and dried in high vacuum to give the corresponding sulfiliminium salt S2.

To a solution of the obtained sulfiliminium salt S2 (1.0 equiv.) and Na>COs3 (5.0 equiv.) in MeCN (8 mL)

was added Selectfluor® (1.0 equiv.) at 0 °C and the mixture was stirred for 12 h at room temperature. The
mixture was quenched by water and extracted with CH>Clz. The combined organic layers were washed with

brine, dried over NaxSQOys, filtered, and evaporated under vacuum. To the residue was added to a solution of
R’NH: (3.0 equiv.) and pyridine (1.2 equiv.) and the mixture was stirred for 24 h at room temperature. The
residue was purified by silica gel column chromatography (hexane/AcOEt) and evaporated under vacuum.

The residual solid was washed by hexane and filtered to give the desired sulfondiimine 5. When necessary,

5 was further purified by GPC.

Bis(4-methylphenyl)sulfiliminium mesitylenesulfonate (S2b): Preparec

+
. N NHz MesO
according to GP-F using bis(4-methylphenyl) sulfide (3.51 mmol, 750 mg, 1

S
1.0 equiv.), S2b was isolated as a colorless solid (1.2 g, 79%). IR (KBr) /©/ \O\
Me M

3180, 3046, 2983, 2934, 1593, 1453, 1403, 1215, 1080, 1015, 809, 678 S2b

e

cm’'. "TH NMR (CDCls, 400 MHz) § 7.62-7.59 (m, 4H), 7.23-7.20 (m, 4H), 6.76 (s, 2H), 2.50 (s, 6H), 2.34
(s, 6H), 2.23 (s, 3H). 3C NMR (CDCl3, 100 MHz) & 144.2, 138.8, 137.4, 130.9, 130.7, 129.8, 128.4, 22.8,
21.5, 20.8; one aromatic signal was missing probably due to overlap. HRMS (ESI) m/z: [M-MesO|" Calcd

for C14H1sNS™: 230.0998; Found 230.0994.

N-phenyl-1,1-di-p-tolyl-AS-sulfondiimine (5b): Prepared according to GP-F using compound S2b (2.7
mmol, 1.2 g, 1.0 equiv.), NaxCO; (13.5 mmol, 1.4 g, 5.0 equiv.),
Selectfluor® (2.7 mmol, 990 mg, 1.0 equiv.), aniline (8.1 mmol, 0.8 mL, HN N/©

S
3.0 equiv.), pyridine (3.24 mmol, 0.28 mL, 1.2 equiv.). 5b was isolated as a /©/ \©\
Me

colorless solid (0.2 g, 23%). IR (KBr) 3180, 3057, 1595, 1485, 1283, 1254, Me
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1086, 1074, 1044, 954, 946, 765, 759, 749 cm™'. "TH NMR (CDCl3, 400 MHz) & 8.04 (d, J = 8.3 Hz, 4H),
7.24 (d, J = 8.5 Hz, 4H), 7.17-7.10 (m, 4H), 6.86-6.81 (m, 1H), 2.35 (s, 6H). *C NMR (CDCl3, 125 MHz)
d 146.0, 142.6, 140.3, 129.8, 128.8, 127.9, 123.3, 120.6, 21.4. HRMS (ESI) m/z: [M+H]" Calcd for

C20H21N2S™: 321.1420; Found 321.1415. Rf 0.4 (hexane/AcOEt = 3:1).

Bis(4-chlorophenyl)sulfiliminium mesitylenesulfonate (S2c¢): Preparec

according to GP-F using bis(4-chlorophenyl) sulfide (3.51 mmol, 900 mg, +EH2 MesO’
1.0 equiv.), S2¢ was isolated as a colorless solid (1.2 g, 72%). IR (KBr) 3152 /©/ \©\
3079, 2971, 2937, 1603, 1569, 1478, 1398, 1224, 1172, 1085, 1015, 818, 680 “ S2¢ ¢
cm’!. 'TH NMR (CDCl;, 400 MHz) & 7.83 (brs, 2H), 7.72 (d, J = 8.6 Hz, 4H), 7.37 (d, J = 8.6 Hz, 4H), 6.80
(s, 2H), 2.51 (s, 6H), 2.25 (s, 3H). 3C NMR (CDCl3, 100 MHz) & 140.3, 139.5, 138.7, 137.0, 131.2, 130.8,
130.7, 129.9, 22.9, 20.8. HRMS (ESI) m/z: [M-MesO]" Calcd for Ci2H1oNSCL2": 269.9906; Found

269.9901.

1,1-bis(4-chlorophenyl)-N-phenyl-A®-sulfondiimine (5¢): Prepared according to GP-F using compound

S2¢ (2.12 mmol, 1.0 g, 1.0 equiv.), Na>CO3 (10.6 mmol, 1.12 g, 5.0 equiv.) /@
HN_ N

Selectfluor® (2.12 mmol, 750 mg, 1.0 equiv.), aniline (6.36 mmol, 0.6 mL,

3.0 equiv.), pyridine (2.54 mmol, 0.22 mL, 1.2 equiv.). 5¢ was isolated as a /©/\ S/\©\
colorless solid (0.42 g, 42%). IR (KBr) 3150, 1591, 1573, 1483, 1471. CI Cl
1391, 1283, 1255, 1083, 948, 755, 749 cm’'. '"H NMR (CDCl3, 400 MHz) § 8.10 (dd, J = 8.8, 2.0 Hz, 4H),
7.43 (dd, J = 8.8, 2.0 Hz, 4H), 7.17-7.10 (m, 4H), 6.90-6.87 (m, 1H), 2.26 (brs, 1H). 3C NMR (CDCls, 100

MHz) & 145.0, 141.4, 138.9, 129.5, 129.5, 129.0, 123.3, 121.3. HRMS (ESI) m/z: [M+H]" Calcd for

Ci1sH1sN2SCl2™: 361.0328; Found 361.0321. Rf 0.6 (hexane/AcOEt = 3:1).

Bis(3-methylphenyl)sulfiliminium mesitylenesulfonate (S2d): Prepared according to GP-F using

bis(3-methylphenyl) sulfide (3.5 mmol, 750 mg, 1.0 equiv.), S2d was +',\,IH2 MesO-
isolated as a colorless solid (1.1 g, 72%). IR (KBr) 3174, 3041, 2968, 2959 Me\©/8\©/Me
1598, 1477, 1451, 1225, 1186, 1083, 1013, 850, 781, 669 cm™'. 'H NMR

Sa2d

(CDCls, 400 MHz) & 7.60 (s, 2H), 7.53-7.50 (m, 2H), 7.34-7.30 (m, 4H).

6.75 (s, 2H), 2.52 (s, 6H), 2.32 (s, 6H), 2.21 (s, 3H). 3C NMR (CDCLs, 100 MHz) & 140.9, 139.3, 138.5,
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137.2, 134.0, 132.9, 130.6, 130.0, 128.5, 125.4, 22.9, 21.3, 20.8. HRMS (ESI) m/z: [M-MesO-]" Calcd for

C14H16NS*: 230.0998; Found 230.0993.

N-phenyl-1,1-di-m-tolyl-A%-sulfondiimine (5d): Prepared according to GP-F using compound S2d (2.3

mmol, 1.0 g, 1.0 equiv.), Na,CO; (11.6 mmol, 1.4 g, 5.0 equiv.), /@
HN, N

Selectfluor® (2.3 mmol, 820 mg, 1.0 equiv.), aniline (6.9 mmol, 0.8 mL,
Me S Me

3.0 equiv.), pyridine (8.3 mmol, 0.4 mL, 1.2 equiv.). 5d was isolated as a \©/ \©/
colorless solid (0.25 g, 34%). IR (KBr) 3243, 3062, 1593, 1486, 1293,

1262, 1088, 933, 795, 749, 684 cm™. 'TH NMR (CDCls, 400 MHz) & 8.00 (s, 2H), 7.96 (d, J = 7.7 Hz, 2H),
7.34 (t,J = 7.7 Hz, 2H), 7.28 (d, J = 7.7 Hz, 2H), 7.15-7.13 (m, 4H), 6.87-6.83 (m, 1H), 2.39 (s, 6H). 3C
NMR (CDCls, 125 MHz) 6 143.0, 139.3, 132.8, 128.9, 128.8, 128.2, 125.1, 123.4, 120.7, 21.5; one
aromatic signal was missing probably due to overlap. HRMS (ESI) m/z: [M+Na]* Calcd for C20H20N2SNa™:

343.1239; Found 343.1237. Rf 0.4 (hexane/AcOEt = 3:1).

Bis(3-tert-butylphenyl)sulfiliminium mesitylenesulfonate (S2e): Prepared according to GP-F using
bis(2-methylphenyl) sulfide (1.0 mmol, 310 mg, 1.0 equiv.), S2e was isolated as a color solid (0.6 g, >99%).
IR (KBr) 3206, 3190, 3174, 3142, 3070, 3050, 2957, 2877, 1593, 1481, . MesO"
1365, 1183, 1082, 1008, 717 c¢cm'. "TH NMR (CDCl3;, 400 MHz) & tBu g tBu
7.68-7.62 (m, 4H), 7.59-7.54 (m, 4H), 7.43-7.37 (m, 2H), 6.75 (s, 2H), 2.54 \©/ \©/

(s, 6H), 2.22(s, 3H), 1.26 (s, 18H). 1*C NMR (CDCl3, 100 MHz) § 153.5, S2e

139.9, 138.0, 137.0, 133.0, 130.4, 130.1, 130.1, 125.6, 125.3, 35.1, 30.9, 22.9, 20.7. HRMS (ESI) m/z:

[M-MesO-]" Caled for C20H2sNS™: 314.1937; Found 314.1930.

1,1-bis(3-(tert-butyl)phenyl)-N-phenyl-AS-sulfondiimine (5e): Prepared according to GP-F using
compound S2e (1.0 mmol, 514 mg, 1.0 equiv.), Na2COs3 (5 mmol, 550 mg, 5.0 equiv.), Selectfluor® (1

mmol, 354 mg, 1.0 equiv.), aniline (3.0 mmol, 0.3 mL, 3.0 equiv.),

pyridine (1.2 mmol, 0.1 mL, 1.2 equiv.). Se was isolated as a brown solid HN. N @
(0.12 g, 30%). IR (KBr) 3214, 2954, 2864, 1593, 1479, 1291, 1255, tBU\©/S'\©/tB“
1089, 957, 754 cm™. "H NMR (CDCls, 400 MHz) § 8.22 (t, J = 1.8 Hz,

2H), 7.96 (d, J = 7.7 Hz, 2H), 7.50-7.47 (m, 2H), 7.36 (t, J = 7.9 Hz, 2H), 7.19-7.11 (m, 4H), 6.86-6.82 (m,
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1H), 2.21 (brs, 1H), 1.30 (s, 18H). 3C NMR (CDCls, 100 MHz) § 152.4, 146.0, 142.9, 128.9, 128.8, 128.7,
125.1, 124.8, 123.5, 120.7, 35.0, 31.1. HRMS (ESI) m/z: [M+H]* Calcd for C26H33N2S™: 405.2359; Found

405.2353. Rf 0.7 (hexane/AcOEt = 3:1).

N-(4-methoxyphenyl)-1,1-diphenyl-A%-sulfondiimine  (5f): Prepared according to GP-F using

diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), /©/0Me
HN_ N

Na,COs (12.47 mmol, 1.3 g, 5.0 equiv.), Selectfluor® (2.49 mmol, 881 mg, Ny,

1.0 equiv.), 4-methoxyaniline (7.47 mmol, 919 mg, 3.0 equiv.), pyridine ©/S\©

(2.97 mmol, 0.24 mL, 1.2 equiv.). 5f was isolated by GPC as a brown solid

(0.27 g, 37%). IR (KBr) 3281, 1500, 1444, 1272, 1229, 1084, 1038, 958, 835, 721, 687 cm™'. '"H NMR
(CDCl3, 400 MHz) 6 8.20-8.15 (m, 4H), 7.47-7.44 (m, 6H), 7.08 (d, J = 9.1 Hz, 2H), 6.71 (d, J = 8.6, 1H),
3.71 (s, 3H), 2.17 (brs, 1H). *C NMR (CDCl3, 100 MHz) § 154.2, 143.1, 138.6, 131.9, 129.1, 128.1, 124.3,
114.2, 55.4. HRMS (ESI) m/z: [M+H]" Calcd for CioH1sN2SO™: 323.1213; Found 323.1210. Rf 0.5

(hexane/AcOEt =2:1).

N-(4-chlorophenyl)-1,1-diphenyl-A°-sulfondiimine ~ (5g): Prepared according to GP-F using
diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na,CO3 (12.47 mmol, 1.3 g, 5.0

equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.), 4-chloroaniline (7.47 /©/CI
HN_. N

mmol, 949 mg, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, 1.2 equi.v). 5g was

N\a?

S
isolated by GPC as a brown solid (0.18 g, 22%). IR (KBr) 1482, 1444, 1278, ©/ \©

1244, 1081, 1038, 950, 828, 718, 685 cm™’. 'TH NMR (CDCls, 400 MHz) & 8.16
(d, J = 8.2 Hz, 4H), 7.52-7.43 (m, 6H), 7.11-7.05 (m, 4H), 2.21 (brs, 1H). 3C NMR (CDCls, 100 MHz) &
144.5, 142.6, 132.2, 129.2, 128.8, 128.0, 125.8, 124.4. HRMS (ESI) m/z: [M+H]* Calcd for C1sH1sN>SCI*:

327.0717; Found 327.0714. Rf 0.5 (hexane/AcOEt = 3:1).

N-(3-methoxyphenyl)-1,1-diphenyl-A%-sulfondiimine (5h): Prepared according to GP-F using

diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na,CO: OMe

(12.47 mmol, 1.3 g, 5.0 equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.),
HN_ N

3-methoxyaniline (7.47 mmol, 0.80 mL, 3.0 equiv.), pyridine (2.97 mmol, 0.24 s~
mL, 1.2 equiv.). Sh was isolated as a brown solid (0.27 g, 37%). IR (KBr)3178, ©/ \©
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1579, 1490, 1444, 1289, 1208, 1151, 1081, 1037, 979, 884, 772, 725, 691 cm’. '"H NMR (CDCls, 400
MHz) & 8.19-8.17 (m, 4H), 7.48-7.42 (m, 6H), 7.03-7.01 (m, 1H), 6.78 -6.74 (m, 2H), 6.44-6.42 (m, 1H),
3.70 (s, 3H), 2.24 (brs, 1H). *C NMR (CDCL, 100 MHz) § 160.1, 147.0, 143.0, 132.0, 129.3, 129.1, 128.0,
115.6, 109.0, 106.8, 55.0. HRMS (ESI) m/z: [M+H]* Caled for C1oH19N,SO*: 323.1213; Found 323.1208.

Rf 0.5 (hexane/AcOEt = 2:1).

N-(3-chlorophenyl)-1,1-diphenyl-A%-sulfondiimine ~ (5i): Prepared according to GP-F uisng
diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na;CO: cl
(12.47 mmol, 1.3 g, 5.0 equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.),

3-chloroaniline (7.47 mmol, 0.72 mL, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, \\S/’N

1.2 equiv.). 5i was isolated as a brown solid (0.37 g, 50%). IR (KBr) 3170, 1588, \©
1553, 1472, 1442, 1313, 1257, 1094, 1043, 971, 786, 716, 684 cm™'. '"H NMR

(CDCls, 400 MHz) 6 8.17 (dd, J = 7.5, 1.6 Hz, 4H), 7.52-7.44 (m, 6H), 7.19 (s, 1H), 7.06-6.99 (m, 2H),
6.84-6.78 (m, 1H), 2.24 (brs, 1H). *C NMR (CDCls, 100 MHz) § 147.3, 142.6, 134.2, 132.2, 129.6, 129.2,
127.9, 123.4, 121.1, 120.8. HRMS (ESI) m/z: [M+H]* Calcd for CisHisN2SCI*: 327.0717; Found 327.0713.

Rf 0.5 (hexane/AcOEt = 2:1).

N-(2-ethylphenyl)-1,1-diphenyl-A%-sulfondiimine  (5j): Prepared according to GP-F using
diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na,CO3 (12.47 mmol, 1.3 g, 5.0

equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.), 2-ethylaniline (7.47 mmol, Et

0.87 mL, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, 1.2 equiv.). 5j was isolated as HN Nj@

a colorless solid (0.27 g, 37%). IR (KBr) 3273, 3246, 2964, 1592, 1481, 1445, ©/S/\©
1302, 1282, 1252, 1119, 1078, 1056, 955, 757, 686 cm’. 'TH NMR (CDCls, 400

MHz) & 8.19-8.16 (m, 4H), 7.49-7.43 (m, 6H), 7.19-7.13 (m, 2H), 6.88 (t, J = 7.6 Hz, 1H), 6.81 (t, J = 7.3
Hz, 1H), 2.94 (q, J = 7.1 Hz, 2H), 2.22 (brs, 1H), 1.40-1.33 (m, 3H). 3C NMR (CDCls, 100 MHz) & 143.6,

143.4, 138.5, 131.9, 129.1, 128.6, 127.9, 126.0, 120.7, 120.6, 25.5, 14.5. HRMS (ESI) m/z: [M+H]* Calcd

for C20H21N2S™: 321.1420; Found 321.1418. Rf 0.6 (hexane/AcOEt = 2:1).

N-(2-chlorophenyl)-1,1-diphenyl-A°-sulfondiimine ~ (5k): Prepared according to GP-F using

diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na,CO3 (12.47 mmol, 1.3 g, 5.0
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equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.), 2-chloroaniline (7.47 mmol, Cl
0.72 mL, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, 1.2 equiv.). Sk was isolated as HN,. /Nt©
a colorless solid (0.15 g, 20%). IR (KBr) 3201, 1584, 1471, 1437, 1309, 1287, 1249 ©/S\©
1079, 1061, 1032, 958, 751, 717, 678, 620 cm™'. "TH NMR (CDCls, 400 MHz) &

8.26-8.21 (m, 4H), 7.49 - 7.43 (m, 6H), 7.38-7.29 (m, 2H), 6.92 (t, J = 7.5 Hz, 1H), 6.76 (t, J= 7.7, 1H),
2.37 (brs, 1H). 3C NMR (CDCls;, 100 MHz) & 142.8, 142.7, 132.2, 129.8, 129.2, 128.2, 126.9, 122.5,
121.4; one aromatic signal was missing probably due to overlap. HRMS (ESI) m/z: [M+H]" Caled for

CisH16N2SCI™: 327.0717; Found 327.0715. Rf 0.5 (hexane/AcOEt = 2:1).

N-(naphthalen-1-yl)-1,1-diphenyl-A%-sulfondiimine ~ (51): Prepared according to GP-F using

diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na,CO: O
(12.47 mmol, 1.3 g, 5.0 equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.), O
naphthalen-1-amine (7.47 mmol, 973 mg, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, HN_ N

S/
1.2 equiv.). 51 was isolated as a colorless solid (0.13 g, 18%). IR (KBr) 3198, 1568, ©/ \©

1396, 1270, 1240, 1186, 1113, 1078, 937, 769, 727 cm’'. '"H NMR (CDCls, 400 MHz

$8.77 (d, J = 8.2 Hz, 1H), 8.29-8.24 (m, 4H), 7.77 (d J = 8.2 Hz, 1H), 7.54-7.44 (m, 8H), 7.35 (d, J = 8.2
Hz, 1H), 7.22 (d, J = 7.2 Hz, 1H), 7.14 (t, J = 7.7 Hz, 1H), 2.35 (brs, 1H). 3C NMR (CDCls, 100 MHz) &
143.1, 142.0, 134.7, 132.1, 130.9, 129.2, 128.0, 127.8, 126.0, 125.7, 124.7, 124.0, 120.3, 115.4. HRMS

(EST) m/z: [M+H]" Caled for C22H19N2S™: 343.1263; Found 343.1259. Rf 0.4 (hexane/AcOEt = 2:1).

N-methyl-1,1-diphenyl-A%-sulfondiimine (Sm): Prepared according to GP-F using diphenylsulfiliminium

mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), Na,COs3 (12.47 mmol, 1.3 g, 5. Me

b

N

equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.), methanamine (7.47 mmol, 33 'g?

wt% in EtOH 1.0 mL, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, 1.2 equiv.). Sm was ©/ \©
isolated as a colorless solid (0.1 g, 19%). IR (KBr) 3152, 2909, 2852, 2786, 1444, 1181, 1089, 1091, 995,
837,757,716, 688 cm™.. TH NMR (CDCl3, 400 MHz) & 8.10-8.04 (m, 4H), 7.52-7.39 (m, 6H), 2.80 (s, 3H).
13C NMR (CDCl3;, 100 MHz) & 142.4, 131.7 129.0, 127.9, 29.1. HRMS (ESI) m/z: [M+H]" Calcd for

C13Hi1sN2S™: 231.0950; Found 231.0947. Rf 0.2 (hexane/AcOEt = 2:1).

N-isopropyl-1,1-diphenyl-A%-sulfondiimine ~ (5n): Prepared  according to  GP-F  using
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diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), NaxCO: _iPr

HN_ N

(12.47 mmol, 1.3 g, 5.0 equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.0 equiv.), ‘\s/

propan-2-amine (7.47 mmol, 0.6 mL, 3.0 equiv.), pyridine (2.97 mmol, 0.24 mL, 1.2 ©/ \©
equiv.). 5n was isolated as a colorless solid (50 mg, 9%). IR (KBr) 3202, 2969, 2924, 2858, 1442, 1177,
1142, 1069, 982, 758, 709, 689 cm™. TH NMR (CDCl3, 400 MHz) § 8.13-8.08 (m, 4H), 7.49-7.39 (m, 6H),
3.52-3.45 (m, 1H), 1.87 (brs, 1H), 1.25-1.19 (m, 6H). 13C NMR (CDCls, 100 MHz) & 143.7, 131.5, 128.8,
128.0, 45.2, 27.0. HRMS (ESI) m/z: [M+H]* Calcd for CisHioN2S™: 259.1263; Found 259.1261. Rf 0.3

(hexane/AcOEt =2:1).

N-cyclohexyl-1,1-diphenyl-A*-sulfondiimine (50): Prepared according to GP-F

using diphenylsulfiliminium mesitylenesulfonate (2.49 mmol, 1.0 g, 1.0 equiv.), /O
HN_ N

Na,COs (12.47 mmol, 1.3 g, 5.0 equiv.), Selectfluor® (2.49 mmol, 881 mg, 1.C \\S/’

equiv.), cyclohexanamine (7.47 mmol, 0.8 mL, 3.0 equiv.), pyridine (2.97 mmol, ©/ \©
0.24 mL, 1.2 equiv.). S0 was isolated as a colorless solid (0.18 g, 26%). IR (KBr) 3302, 3062, 2913, 2850,
1473, 1445, 1167, 1087, 1082, 962, 696, 679 cm’'. 'TH NMR (CDCls;, 400 MHz) & 8.12-8.07 (m, 4H),
7.46-7.39 (m, 6H), 3.17-3.09 (m, 1H), 1.89-1.82 (m, 2H), 1.75-1.67 (m, 3H), 1.57-1.39 (m, 3H), 1.29-1.13
(m, 3H). ¥C NMR (CDCl;, 100 MHz) & 144.2, 131.2, 128.8, 128.0, 52.8, 37.4, 25.8, 25.4. HRMS (ESI)

m/z: [M+H]" Calcd for CisH23N2S™: 299.1576; Found 299.1574. Rf 0.5 (hexane/AcOEt = 2:1).

4.4. Ru(Il)-catalyzed enantioselective C—H alkylation/cyclization
[Ru(p-cymene)Cly]o (5 mol%)
HN, N AgOTf (13 moli%) RN
)J\/ CCA (10 mol%) N
‘ ‘ N
PhCI (1 M) @ —

40°C,24h R’

0.05 mmol 1.1 equiv




General Procedure G: Ru(Il)-catalyzed enantioselective C—H alkylation/cyclization

In an argon-filled glovebox, a screw-capped test tube was charged with chiral carboxylic acid CCA (0.005
mmol, 10 mol%), [Ru(p-cymene)Clz]> (1.6 mg, 0.0025 mmol, 5 mol%), AgOTf (1.6 mg, 0.0065 mmol, 13
mol%), sulfondiimine 5 (0.05 mmol, 1.0 equiv.), and sulfoxonium ylide 6 (0.055 mmol, 1.1 equiv.). After
the addition of chlorobenzene (0.05 mL), the test tube was capped and brought out of the glovebox. The
reaction mixture was stirred at 40 °C for 24 h. The resulting mixture was directly purified by silica gel

column chromatography (hexane/AcOEt) to afford 8.
(8)-N,1,3-triphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8aa): Prepared according to GP-G using

compound S5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg, 1.1
equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8aa was isolated as a yellow solid N\\S \©
(16.5 mg, 84%). IR (KBr) 3055, 2957, 2923, 1585, 1530, 1483, 1472, 1445, 1362, O ;N

1283, 1256, 1117, 1040, 752, 691 cm™. 'H NMR (CDCls, 400 MHz) & 8.21 (m, O
2H), 8.02-7.98 (m, 2H), 7.58-7.53 (m, 3H), 7.46-7.34 (m, SH), 7.30 (d, J= 7.2 Hz,

1H), 7.15-7.09 (m, 1H), 7.09-7.04 (m, 2H), 6.87 - 6.80 (m, 3H), 6.63 (s, |H). 3C NMR (CDCls, 100 MHz)
5 149.2, 144.6, 143.0, 139.7, 139.1, 132.5, 132.1, 128.9, 128.8, 128.7, 128.5, 128.3, 126.5, 126.4, 126.3,
125.9, 123.5, 121.5, 116.3, 96.4. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent:
hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 6.09 min (major) and 7.97 min

(minor). HRMS (ESI) m/z: [M+Na]* Calcd for CasH20N2SNa™: 415.1239; Found 415.1235. [a]p?*! =

+142.1 (¢ = 0.25, CHCl3). Rf 0.5 (hexane/AcOEt = 2:1).
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(S)-6-methyl-N,3-diphenyl-1-(p-tolyl)-11°-benzo[e][1,2] thiazin-1-imine (8ba): Prepared according to

GP-G using compound 5b (0.05 mmol, 16.0 mg, 1.0 equiv.), 6a (0.055

mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ba

was isolated as a yellow solid (14.7 mg, 70%). IR (KBr) 3051, 2954, 2915,

1591, 1534, 1485, 1468, 1352, 1282, 1259, 1115, 1088, 1013, 754, 695
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cm’'. "TH NMR (CDCl3, 400 MHz) & 8.03 (d, J = 8.6 Hz, 2H), 7.99 (dd, J = 8.2, 1.4 Hz, 2H), 7.42-7.30 (m,
6H), 7.08-7.03 (m, 3H), 6.94-6.90 (m, 1H), 6.85-6.79 (m, 3H), 6.56 (s, 1H), 2.41 (s, 3H), 2.30 (s, 3H). 3C
NMR (CDCI3, 100 MHz) & 149.2, 144.9, 143.3, 142.6, 140.5, 139.8, 139.3, 129.5, 128.8, 128.6, 128.5,
128.3, 127.8, 126.5, 126.1, 125.8, 123.4, 121.3, 113.9, 96.2, 21.6, 21.4. HPLC (chiral column: DAICEL
CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 7.61

min (major) and 13.22 min (minor). HRMS (ESI) m/z: [M+H]" Calcd for CosH2sN»S*: 421.1733; Found

421.1726. [a]p'®! = +218.1 (¢ = 0.25, CHCl3). Rf 0.5 (hexane/AcOEt = 3:1).
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(S)-6-chloro-1-(4-chlorophenyl)-N,3-diphenyl-1A°-benzo|e][1,2]thiazin-1-imine (8ca): Prepared
according to GP-G using compound 5¢ (0.05 mmol, 18.0 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg, 1.1
equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ca was isolated as a yellow

solid (12.0 mg, 52%). IR (KBr) 1567, 1484, 1390, 1257, 1083, 821, 757, 694, ©/CI
669 cm’'. "TH NMR (CDCls, 400 MHz) & 8.10-8.07 (m, 2H), 7.98-7.95 (m. S\\N

2H), 7.54-7.51 (m, 2H), 7.45-7.36 (m, 3H), 7.33 (d,J= 8.6 Hz, 1H), 7.29 (d,» () O Z O
= 2.3 Hz, 1H), 7.10-7.05 (m, 3H), 6.86 (t, J = 7.2 Hz, 1H), 6.81 (dd, J = 8.4,

1.1 Hz, 2H), 6.56 (s, 1H). *C NMR (CDCls, 100 MHz) & 150.6, 143.8, 141.3, 141.2, 139.6, 138.6, 138.5,
129.9, 129.3, 129.2, 129.0, 128.5, 127.4, 126.7, 126.6, 125.6, 123.4, 122.1, 114.0, 95.7. HPLC (chiral
column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at
350 nm): tr = 5.69 min (major) and 9.23 min (minor). HRMS (ESI) m/z: [M+H]" Calcd for Co6H19N2SClLo™:

461.0641; Found 461.0631. [a]p*** = +88.7 (¢ = 0.25, CHCl3). Rf 0.8 (hexane/AcOEt = 3:1).
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(S)-7-methyl-N,3-diphenyl-1-(m-tolyl)-1A%-benzo|e] [1,2]thiazin-1-imine (8da): Prepared according to

GP-G

mmol, 10.8 mg, 1.1 equiv.), CCA1 (0.005 mmol, 2.4 mg, 10 mol%). 8da was
isolated as a yellow solid (14.3 mg, 68%). IR (KBr) 3051, 3023, 2947, 1588,
1483, 1358, 1285, 1255, 1114, 1037, 758, 685 cm’. 'TH NMR (CDCls, 400

MHz) § 7.99-7.96 (m, 4H), 7.45-7.32 (m, 6H), 7.22-7.19 (m, 2H), 7.06 (t, J =

129

using compound 5d (0.05 mmol, 16.0 mg, 1.0 equiv.), 6a (0.055




7.9 Hz, 2H), 6.83-6.80 (m, 3H), 6.61 (s, 1H), 2.43 (s, 3H), 2.23 (s, 3H). *C NMR (CDCls, 125 MHz) &
148.2, 144.8, 143.0, 139.3, 139.1, 137.3, 136.5, 133.7, 133.3, 128.8, 128.7, 128.4, 128.3, 126.4, 126.3,
125.9, 125.2, 123.3, 121.3, 116.2, 96.2, 21.5, 21.3; one aromatic signal was missing probably due to
overlap. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 2/1; flow rate:
1.0 mL/min; detection: at 254 nm): tr = 4.94 min (major) and 7.74 min (minor). HRMS (ESI) m/z:
[M+Na]" Caled for C2sH24N2SNa*: 443.1352; Found 443.1548. [a]p?*® = +107.8 (¢ = 0.25, CHCI3). Rf 0.6

(hexane/AcOEt = 3:1).
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(S)-7-(tert-butyl)-1-(3-(tert-butyl)phenyl)-N,3-diphenyl-1A%-benzo[e] [1.

2]thiazin-1-imine (8ea): Prepared according to GP-G using compound 5e @\

(0.05 mmol, 16.0 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg, 1.1 equiv.), tBu N\\S‘\‘\©\t8u
CCA1 (0.005 mmol, 2.4 mg, 10 mol%). 8ea was isolated as a yellow oil O /N

(17.2 mg, 68%). IR (neat) 2962, 2934, 2927, 1592, 1486, 1360, 1290, O
1256, 1127 cm’!. 'H NMR (CDCls, 400 MHz) & 8.25 (s, 1H), 8.01 (d, J = 6.8 Hz, 2H), 7.86-7.83 (m, 1H),
7.56 (d, J = 8.6 Hz, 1H), 7.48-7.34 (m, 6H), 7.23 (d, J = 8.6 Hz, 1H), 7.08-7.03 (m, 2H), 6.94 (d, /= 8.6 Hz,
2H), 6.82 (t, J= 7.2 Hz, 1H), 6.57 (s, 1H), 1.33 (s, 9H), 1.19 (s, 9H). 3C NMR (CDCl3, 100 MHz) & 152.2,
149.6, 148.3, 145.1, 142.4, 139.4, 137.2, 130.0, 129.4, 128.8, 128.7, 128.4, 128.3, 126.4, 126.2, 125.8,
124.8, 124.0, 121.6, 121.5, 116.0, 96.4, 35.1, 34.7, 31.2, 30.9. HPLC (chiral column: DAICEL
CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 4.24
min (major) and 9.28 min (minor). HRMS (ESI) m/z: [M+H]" Caled for C34sH37N>S*: 505.2672; Found

505.2666. [a]p?** =+157.0 (¢ = 0.25, CHCI3). Rf 0.8 (hexane/AcOEt = 3:1).
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(S)-N-(4-methoxyphenyl)-1,3-diphenyl-11°-benzo[e][1,2]thiazin-1-imine (8fa): Prepared according to

GP-G using compound 5f (0.05 mmol, 16.1 mg, 1.0 equiv.), 6a (0.055

MeO
mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8fa \©\
N\ \
\S\

was isolated as a yellow solid (12.7 mg, 60%). IR (KBr) 2957, 2925, 2851 \\\N
1665, 1572, 1501, 1470, 1445, 1363, 1260, 1236, 1101, 1030, 801, 684 O = O
cm’'. 'TH NMR (CDCl3;, 400 MHz) § 8.18-8.15 (m, 2H), 8.00 (d, J = 8.1

Hz, 2H), 7.55-7.53 (m, 3H), 7.45-7.34 (m, SH), 7.28 (d, /= 8.1 Hz, 1H), 7.12 (t, /= 7.4 Hz, 1H), 6.79 (d, J
= 7.2 Hz, 2H), 6.61 (d, J = 7.2 Hz, 2H), 6.58 (s, 1H), 3.65 (s, 3H). 3C NMR (CDCl3, 100 MHz) & 154.8,
149.2, 142.9, 139.8, 139.2, 137.5, 132.4, 132.1, 128.9, 128.7, 128.6, 128.3, 126.5, 126.4, 126.2, 126.0,
124.5, 116.4, 114.2, 96.3, 55.3. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent:
hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 350 nm): tr = 8.65 min (major) and 13.00
min (minor). HRMS (ESI) m/z: [M+H]" Calcd for C27H23N2SO™: 423.1526; Found 423.1519. [a]p®*! =

+28.3 (¢ = 0.25, CHCI3). Rf 0.5 (hexane/AcOEt = 3:1).
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(S)-N-(4-chlorophenyl)-1,3-diphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8ga): Prepared according to

GP-G using compound S5g (0.05 mmol, 16.3 mg, 1.0 equiv.), 6a (0.055

Cl
mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ga \©\ @
N

NS

was isolated as a yellow solid (13.8 mg, 65%). IR (KBr) 1584, 1530, 1484, S‘\\N
1446, 1362, 1277, 1250, 1116, 1085, 824, 755 cm™'. TH NMR (CDCl3, 400 O =
MHz) & 8.17-8.15 (m, 2H), 7.99 (d, J = 8.3 Hz, 2H), 7.58-7.56 (m, 3H), O
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7.44-7.36 (m, 5H), 7.31 (d, /= 7.9 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H), 7.01 (d, J= 8.7 Hz, 2H), 6.76 (d, J =
8.6 Hz, 2H), 6.64 (s, 1H). 13C NMR (CDCl3, 125 MHz) & 149.0, 147.6, 143.4, 142.7, 139.7, 138.9, 132.7,
132.3, 129.0, 128.8, 128.6, 128.4, 126.8, 126.5, 126.5, 125.8, 124.6, 115.8, 96.5; one aromatic signal was
missing probably due to overlap. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent:
hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 6.05 min (major) and 8.03 min
(minor). HRMS (ESI) m/z: [M+H]" Caled for C26H20N2SCI*: 427.1030; Found 427.1028. [a]p?!'S = +155.6

(¢ =0.25, CHCl3). Rf 0.5 (hexane/AcOEt = 3:1).
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Area’

Unknaown

9

6.050
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2
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9

B.033

3.940

(S)-N-(3-methoxyphenyl)-1,3-diphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8ha): Prepared according to

GP-G using compound Sh (0.05 mmol, 16.1 mg, 1.0 equiv.), 6a (0.055
mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ha
was isolated as a yellow solid (15.8 mg, 75%). IR (KBr) 3056, 2928,
1585, 1530, 1471, 1445, 1362, 1282, 1209, 1162, 1116, 1085, 758, 720

em. 'TH NMR (CDCls, 400 MHz) § 8.20-8.18 (m, 2H), 8.01-7.98 (m,

2H), 7.58-7.54 (m, 3H), 7.44-7.33 (m, 5H), 7.30 (d, J = 7.2 Hz, 1H), 7.14-7.10 (m, 1H), 6.97-6.93 (m, 1H),

6.64 (s, 1H), 6.46-6.39 (m, 3H), 3.58 (s, 3H). 1*3C NMR (CDCl3, 100 MHz) § 160.0, 149.1, 145.9, 142.8,

139.7, 139.1, 132.6, 132.2, 129.4, 128.9, 128.7, 128.7, 128.3, 126.5, 126.4, 126.4, 125.9, 116.3, 115.9,

108.3, 108.3, 96.4, 54.9. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol =

4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 7.86 min (major) and 10.40 min (minor). HRMS

(ESI) m/z: [M+H]* Caled for C27H23N,SO™: 423.1526; Found 423.1520. [a]p®? = +145.3 (c = 0.25, CHCL).

Rf 0.6 (hexane/AcOEt = 3:1).
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(S)-N-(3-chlorophenyl)-1,3-diphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8ia): Prepared according to

GP-G using compound 5i (0.05 mmol, 16.3 mg, 1.0 equiv.), 6a (0.055

mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ia @
was isolated as a yellow solid (14.9 mg, 70%). IR (KBr) 1584, 1530, 1469, “ \\S\\\\\N

1445, 1263, 1238, 1115, 1022, 936, 757, 684 cm™'. "TH NMR (CDCls, 400 O =

MHz) 6 8.18-8.14 (m, 2H), 7.99 (d, J = 8.2 Hz, 2H), 7.58-7.54 (m, 3H), O

7.44-7.36 (m, SH), 7.32 (d, /= 8.2 Hz, 1H), 7.14 (t, J= 7.5 Hz, 1H), 6.96-6.91 (m, 2H), 6.81-6.77 (m, 1H),
6.67 (s, 1H), 6.64-6.60 (m, 1H). *C NMR (CDCl;, 100 MHz) & 149.1, 146.1, 142.6, 139.7, 138.9, 134.2,
132.7,132.4, 129.6, 129.0, 128.8, 128.6, 128.4, 126.6, 126.5, 125.8, 125.3, 124.0, 121.5, 121.0, 115.8, 96.6.
HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0
mL/min; detection: at 350 nm): tr = 5.75 min (major) and 7.32 min (minor). HRMS (ESI) m/z: [M+H]*
Calcd for CasH2oN2SCI*: 427.1030; Found 427.1027. [a]p**? = +118.1 (¢ = 0.25, CHCIl3). Rf 0.5

(hexane/AcOEt = 3:1).
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(S)-N-(2-ethylphenyl)-1,3-diphenyl-1)°-benzo[e][1,2] thiazin-1-imine (8ja)

Prepared according to GP-G using compound 5j (0.05 mmol, 16.0 mg, 1.0
equiv.), 6a (0.055 mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10
mol%). 8ja was isolated as a yellow amorphous (13.4 mg, 65%). IR (neat) 3059,

2959, 2925, 1583, 1530, 1472, 1446, 1363, 1281, 1257, 1126, 767, 753, 635 cm’!
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'H NMR (CDCls, 400 MHz) & 8.20-8.18 (m, 2H), 7.99 (dd, J = 8.1, 1.3 Hz, 2H), 7.58-7.54 (m, 3H),
7.42-7.29 (m, 6H), 7.12-7.04 (m, 2H), 6.80-6.74 (m, 2H), 6.66 (s, 1H), 6,36-6.34 (m, 1H), 2.98-2.87 (m,
2H), 1.33 (t, J = 7.6 Hz, 3H). 3C NMR (CDCl3;, 100 MHz) & 149.3, 144.0, 142.3, 140.0, 139.2, 138.9,
132.4, 132.1, 128.9, 128.7, 128.6, 128.3, 126.5, 126.3, 126.1, 125.8, 121.5, 120.6, 116.6, 96.3, 25.5, 14.5;
two aromatic signals were missing probably due to overlap. HPLC (chiral column: DAICEL CHIRALPAK
IF; solvent: hexane/2-propanol = 49/1; flow rate: 1.0 mL/min; detection: at 350 nm): tr = 9.16 min (major)
and 11.05 min (minor). HRMS (ESI) m/z: [M+H]" Calcd for CsH2sN2S*™: 421.1733; Found 421.1727.

[a]p'®7=+70.5 (c = 0.25, CHCl3). Rf 0.7 (hexane/AcOEt = 3:1).
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H

E=HE |CH|tR [min] [ Area’
Unknown| 9 9.157|96.618
Unknown| 9 | 11.050| 3.382

Fa

(S)-N-(2-chlorophenyl)-1,3-diphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8ka): Prepared according to
GP-G using compound 5k (0.05 mmol, 16.3 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg, 1.1 equiv.), CCA2

(0.005 mmol, 2.4 mg, 10 mol%). 8ka was isolated as a yellow solid (14.9 mg, : cl

e
\S\

679 cm'. '"H NMR (CDCls, 400 MHz) & 8.31-8.29 (m, 2H), 8.04-8.02 (m, 2H), O SN
“C

7.9, 1.6 Hz, 1H). 3C NMR (CDCl3, 100 MHz) § 148.7, 143.3, 141.8, 139.9, 138.9, 132.7, 132.4, 129.8,

70%). IR (KBr) 1583, 1530, 1471, 1362, 1308, 1280, 1249, 1116, 1019, 751, 720,

7.58-7.56 (m, 3H), 7.47-7.33 (m, 5H), 7.30-7.27 (m, 2H), 7.13-7.09 (m, 1H), 6.82

(td, J=7.7, 1.8 Hz, 1H), 6.74 (td, J = 7.6, 1.7 Hz, 1H), 6.67 (s, 1H), 6.57 (dd, J =

129.7 129.0, 128.9, 128.8, 128.4, 127.0, 126.6, 126.5, 126.4, 126.0. 122.4, 122.3, 115.8, 96.4. HPLC
(chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min;
detection: at 254 nm): tr = 5.54 min (major) and 6.17 min (minor). HRMS (ESI) m/z: [M+H]" Calcd for
Ca6H20N2SCI*: 427.1030; Found 427.1025. [a]p**6 = +69.6 (¢ = 0.25, CHCl3). Rf 0.5 (hexane/AcOEt =

3:1).
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(S)-N-(naphthalen-1-yl)-1,3-diphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8la): Prepared according to
GP-G using compound 51 (0.05 mmol, 17.1 mg, 1.0 equiv.), 6a (0.055 mmol, ‘

10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8la was isolated as

a yellow solid (11.9 mg, 54%). IR (KBr) 1570, 1530, 1470, 1394, 1362, 1278, N, @

CL.

SN
1112, 794, 750, 684 cm™'. "TH NMR (CDCl3, 400 MHz)  8.72 (d, J = 7.7 Hz, 1H)

8.33-8.29 (m, 2H), 8.04-8.00 (m, 2H), 7.72 (d, J = 8.2 Hz, 1H), 7.63-7.60 (m,
3H), 7.54-7.49 (m, 1H), 7.48-7.30 (m, 8H), 7.05 (t, J = 7.9 Hz, 2H), 6.70 (s, 1H),
6.49 (d, J = 6.3 Hz, 1H). *C NMR (CDCl3, 100 MHz) & 149.3, 143.6, 141.1, 140.1, 139.1, 134.6, 132.6,
132.3, 130.9, 129.0, 128.7, 128.6, 128.4, 127.7, 126.5, 126.5, 126.3, 126.0, 125.8, 125.8, 124.8, 124.3,
121.3, 115.9, 115.6, 96.5. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol =

4/1; flow rate: 1.0 mL/min; detection: at 320 nm): tr = 6.80 min (major) and 8.92 min (minor). HRMS (ESI)

m/z: [M+H]" Caled for C3oH23N2S*: 443.1576; Found 443.1571. [a]p'? = +9.3 (¢ = 0.25, CHCl3). Rf 0.6
(hexane/AcOEt = 3:1).
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(S)-N-methyl-1,3-diphenyl-1A%-benzo[e][1,2]thiazin-1-imine (8ma): Prepared according to GP-G using

Me .

compound Sm (0.05 mmol, 11.5 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg, 1.1 @
N

\ PR

equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ma was isolated as a yellow solid

\S\\\N
(13.2 mg, 80%). IR (KBr) 3056, 2861, 1582, 1528, 1471, 1445, 1361, 1199, 1102, O _ l

947,766 cm™'. "H NMR (CDCls, 400 MHz) & 8.04-7.95 (m, 4H), 7.52-7.36 (m, SH)
141



7.33 (d, J=7.2 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 6.52 (s, 1H), 2.75 (s, 3H). 3C NMR (CDCl3, 100 MHz) &
150.2, 142.5, 140.0, 139.4, 132.3, 132.0, 128.8, 128.6, 128.3, 127.8, 126.5, 126.3, 126.0, 125.8, 115.3, 96.1,
29.6. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 19/1; flow rate: 1.0
mL/min; detection: at 254 nm): tg = 11.00 min (major) and 12.64 min (minor). HRMS (ESI) m/z: [M+H]*
Caled for C2iHi19N>S™: 331.1263; Found 331.1257. [a]p"® = -130.0 (¢ = 0.25, CHCl3). Rf 0.2

(hexane/AcOEt = 3:1).
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E=5% |CH|tR [min]| Araa%
Urknown| 9 | 10.967(87.592
2|Unknown| 9 | 1263712408

(S)-N-isopropyl-1,3-diphenyl-11°-benzo[e][1,2] thiazin-1-imine (8na): Prepared according to GP-G using
compound 5n (0.05 mmol, 12.9 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg, 1.1 equiv.), CCA2 (0.005 mmol,
2.4 mg, 10 mol%). 8na was isolated as a yellow solid (14.4 mg, 79%). IR (KBr) iPr @
3061, 2965, 2922, 2857, 1571, 1530, 1473, 1445, 1366, 1287, 1181, 1116, 940, \\S;\\N

821, 756, 682 cm’'. 'TH NMR (CDCls, 400 MHz) & 8.08-8.00 (m, 4H), 7.51-7.46 O =

(m, 3H), 7.44-7.33 (m, 5H), 7.32-7.29 (m, 1H), 7.19-7.14 (m, 1H), 6.52 (s, 1H), O
3.30-3.24 (m, 1H), 1.18 (d, J = 6.3 Hz, 3H), 1.09 (d, J = 6.3 Hz, 3H). 3C NMR (CDCl3, 100 MHz) § 149.6,
142.6, 139.7, 139.6, 132.1, 131.6, 128.7, 128.5, 128.4, 128.3, 126.5, 126.1, 125.9, 125.7, 117.3, 95.6, 46.0,
26.4, 26.1. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 19/1; flow
rate: 1.0 mL/min; detection: at 254 nm): tr = 5.37 min (major) and 6.28 min (minor). HRMS (ESI) m/z:
[M+H]* Caled for C23H23N2S*: 359.1576; Found 359.1572. [a]p®! = +227.1 (¢ = 0.25, CHCl3). Rf 0.5

(hexane/AcOEt = 3:1).
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(S)-N-cyclohexyl-1,3-diphenyl-1A%-benzo[e] [1,2]thiazin-1-imine (80a): Prepared according to GP-G
using compound 50 (0.05 mmol, 14.9 mg, 1.0 equiv.), 6a (0.055 mmol, 10.8 mg,

1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8oa was isolated as a O\

yellow solid (14.3 mg, 72%). IR (KBr) 3059, 2926, 2850, 1571, 1527, 1472, N‘\s‘\\‘\N

1444, 1366, 1181, 1106, 945, 765, 720 cm™'. '"H NMR (CDCls, 400 MHz) & O Z

8.05-7.98 (m, 4H), 7.49-7.45 (m, 3H), 7.44-7.33 (m, 5H), 7.30 (d, J = 7.2 Hz, O

1H), 7.15 (t, J = 7.4 Hz, 1H), 6.51 (s, 1H), 2.99-2.90 (m, 1H), 1.86-1.79 (m, 1H), 1.70-1.58 (m, 3H),
1.52-1.34 (m, 3H), 1.19-1.05 (m, 3H). 3C NMR (CDCl3, 100 MHz) & 149.6, 143.0, 139.8, 139.5, 132.0,
131.6, 128.7, 128.4, 128.3, 128.2, 126.5, 126.1, 126.0, 125.6, 117.7, 95.6, 53.4, 36.7, 36.2, 25.8, 25.3, 25.2.
HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 19/1; flow rate: 1.0
mL/min; detection: at 254 nm): tr = 5.72 min (major) and 7.55 min (minor). HRMS (ESI) m/z: [M+H]*
Caled for CiH27Na2S*: 399.1889; Found 399.1886. [a]p?*® = +195.2 (¢ = 0.25, CHCl3). Rf 0.5

(hexane/AcOEt = 3:1).
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(S)-N,1-diphenyl-3-(p-tolyl)-11%-benzo|e][1,2] thiazin-1-imine (8ab)
Prepared according to GP-G using compound 5a (0.05 mmol, 14.6 mg, 1.0 ©\N

equiv.), 6b (0.055 mmol, 11.6 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, SN

=
10 mol%). 8ab was isolated as a yellow solid (14.6 mg, 72%). IR (KBr) O
M
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3056, 1579, 1506, 1471, 1283, 1256, 1116, 1086, 749, 682, 607 cm™. TH NMR (CDCls, 400 MHz) &
8.19-8.16 (m, 2H), 7.90 (d, J = 8.2 Hz, 2H), 7.56-7.53 (m, 3H), 7.43 (d, J = 8.2 Hz, 1H), 7.35 (td, J = 7.6,
1.1 Hz, 1H), 7.28 (d, J = 6.8 Hz, 1H), 7.22 (d, J = 8.2 Hz, 2H), 7.12-7.03 (m, 3H), 6.86-6.80 (m, 3H), 6.60
(s, 1H), 2.38 (s, 3H). '*C NMR (CDCls, 100 MHz) & 149.2, 144.7, 143.1, 139.9, 138.8, 136.3, 132.5, 132.1,
129.1, 128.9, 128.8, 128.5, 126.4, 126.3, 126.1, 125.9, 123.5, 121.5, 116.1, 95.8, 21.3. HPLC (chiral
column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at
254 nm): tr = 6.33 min (major) and 8.41 min (minor). HRMS (ESI) m/z: [M+Na]" Calcd for C27H2N>SNa™:

429.1396; Found 429.1394. [a]p?*¢ = +150.2 (¢ = 0.25, CHCl3). Rf 0.5 (hexane/AcOEt = 3:1).
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E—=5% |CH|tR [min]| Area%
Urnknown| 9 6.330)96.543
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(S)-3-(4-chlorophenyl)-N,1-diphenyl-1A%-benzo[e] [1,2] thiazin-1-imine (8ac): Prepared according to
GP-G using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6¢ (0.055 mmol @\

12.7 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ac was N, \\\@
isolated as a yellow solid (18.3 mg, 86%). IR (KBr) 1579, 1531, 1471, 1402, O S;N

1283, 1256, 1115, 1086, 756 cm™. '"H NMR (CDCl3, 400 MHz) § 8.18-8.15 O

(m, 2H), 7.93 (d, J = 8.2 Hz, 2H), 7.58-7.55 (m, 3H), 7.43 (d, /= 8.2 Hz, 1H c
7.40-7.36 (m, 3H), 7.29 (d, J= 8.2 Hz, 1H), 7.14 (t, J= 7.5 Hz, 1H), 7.06 (t, J= 7.5 Hz, 2H), 6.85-6.80 (m,
3H), 6.60 (s, 1H). 3C NMR (CDCls, 125 MHz) & 147.9, 144.4, 142.8, 139.5, 137.6, 134.6, 132.6, 132.2,
129.0, 128.9, 128.6, 128.5, 127.8, 126.6, 126.4, 125.9, 123.5, 121.7, 116.5, 96.4. HPLC (chiral column:
DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 254 nm):
tr = 6.26 min (major) and 8.23 min (minor). HRMS (ESI) m/z: [M+Na]" Calcd for CasHi9N2SCINa™

449.0850; Found 449.0845. [a]p?*® = +127.5 (¢ = 0.25, CHCl3). Rf 0.6 (hexane/AcOEt = 3:1).
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(8)-N,1-diphenyl-3-(m-tolyl)-11.%-benzo[e][1,2] thiazin-1-imine (8ad): Prepared according to GP-G using
compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6d (0.055 mmol, 11.6 mg,

1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ad was isolated as a @\

yellow solid (15.2 mg, 75%). IR (KBr) 1590, 1573, 1529, 1471, 1286, N\‘S:\“N©

1257, 1116, 1086, 754 cm™'. "TH NMR (CDCl3, 400 MHz) & 8.19-8.17 (m, O = Me
2H), 7.83-7.78 (m, 2H), 7.56-7.55 (m, 3H), 7.42 (d, J = 7.7 Hz, 1H), O
7.38-7.28 (m, 3H), 7.18 (d, J = 7.2 Hz, 1H), 7.12-7.04 (m, 3H), 6.85-6.83 (m, 3H), 6.62 (s, 1H), 2.40 (s,
3H). BC NMR (CDCl3, 125 MHz) & 149.4, 144.6, 143.1, 139.1, 138.0, 132.5, 132.1, 129.5, 128.9, 128.8,
128.8, 128.7, 128.2, 127.2, 126.4, 126.3, 125.9, 123.6, 123.4, 121.5, 116.2, 96.3, 21.5. HPLC (chiral
column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at
254 nm): tr = 5.51 min (major) and 6.50 min (minor). HRMS (ESI) m/z: [M+Na]" Calcd for C27H22N>SNa™:

429.1396; Found 429.1390. [a]p**® = +231.0 (¢ = 0.25, CHCl3). Rf 0.5 (hexane/AcOEt = 3:1).
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(8)-3-(3-chlorophenyl)-N,1-diphenyl-1A%-benzo[e] [1,2]thiazin-1-imine (8ae): Prepared according to

GP-G using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6e (0.055

mmol, 12.7 mg, 1.1 equiv.), CCA2 (0005 mmol, 24 mg, 10 mol%). 8ae ©\
N\ W
\S\

was isolated as a yellow solid (16.9 mg, 80%). IR (KBr) 1591, 1472, 1261,
1116, 1085, 948, 748 cm’!. '"H NMR (CDCl3, 400 MHz) & 8.19-8.16 (m, 2H)

7.99 (s, 1H), 7.88-7.86 (m, 1H), 7.59-7.57 (m, 3H), 7.45-7.37 (m, 2H).
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7.34-7.30 (m, 3H), 7.15 (t, J = 7.5 Hz, 1H), 7.07 (t, J = 7.0 Hz, 2H), 6.86-6.81 (m, 3H), 6.62 (s, 1H). 13C
NMR (CDCI3, 100 MHz) & 147.6, 144.4, 142.7, 141.0, 139.4, 134.4, 132.7, 132.3, 129.5, 129.0, 128.9,
128.6, 126.8, 126.6, 126.5, 125.9, 124.6, 123.4, 121.7, 116.6, 96.9; one aromatic signal was missing
probably due to overlap. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol =
4/1; flow rate: 1.0 mL/min; detection: at 254 nm): tr = 5.58 min (major) and 6.39 min (minor). HRMS (ESI)
m/z: [M+Na]" Caled for C26H19N2SCINa*: 449.0850; Found 449.0847. [a]p**” = +132.8 (¢ = 0.25, CHCl3).

Rf 0.5 (hexane/AcOEt = 3:1).
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(S)-N,1-diphenyl-3-(o-tolyl)-12°-benzo[e][1,2] thiazin-1-imine (8af): Preparec

according to GP-G using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 61 ©\ @
(0.055 mmol, 11.6 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8af N S\\N

was isolated as a yellow solid (18.3 mg, 90%). IR (KBr) 1577, 1528, 1469, O =

1358, 1255, 1116, 1086, 758, 720 c¢cm'. 'H NMR (CDCls;, 500 MHz) 3§ O
8.21-8.19 (m, 2H), 7.57-7.56 (m, 3H), 7.49-7.47 (m, 1H), 7.42-7.37 (m, 2H),

7.26-7.19 (m, 4H), 7.15-7.09 (m, 3H), 6.88-6.83 (m, 3H), 6.19 (s, 1H), 2.42 (s, 3H). *C NMR (CDCls, 100
MHz) ¢ 152.2, 144.4, 142.8, 140.6, 139.6, 136.0, 132.5, 132.2, 130.7, 129.0, 128.9, 128.8, 128.7, 128.0,
126.4, 126.0, 125.9, 125.6, 123.5, 121.5, 115.4, 99.6, 20.5. HPLC (chiral column: DAICEL CHIRALPAK
IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min; detection: at 300 nm): tr = 12.82 min (minor)
and 25.45 min (major). HRMS (ESI) m/z: [M+H]* Calcd for Cz7H23N2S*: 407.1577; Found 407.1571.

[a]p!®® =+125.3 (¢ = 0.25, CHCI3). Rf 0.5 (hexane/AcOEt = 3:1).
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(S)-3-(2-chlorophenyl)-N,1-diphenyl-1A%-benzo[e] [1,2]thiazin-1-imine (8ag): Prepared according to
GP-G using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6g (0.055 mmol,

12.7 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ag was isolated as ©\N @

a yellow solid (16.9 mg, 80%). IR (KBr) 1579, 1482, 1469, 1359, 1287, 1261,

\\S\\
D
=

1115, 1078, 751 cm™. 'H NMR (CDCls;, 500 MHz) & 8.26-8.24 (m, 2H).

7.60-7.57 (m, 4H), 7.44-7.42 (m, 2H), 7.41-7.37 (m, 1H), 7.29-7.24 (m, 3H). cl

7.18-7.14 (m, 1H), 7.13-7.10 (m, 2H), 6.89-6.86 (m, 3H), 6.37-6.36 (m, 1H). *C NMR (CDCl3, 100 MHz)
5 148.6, 144.3, 142.8, 139.5, 139.1, 132.6, 132.2, 132.2, 130.9, 130.1, 129.1, 128.9, 128.8, 126.8, 126.7,
126.2, 126.0, 123.6, 121.7, 116.0, 100.8; one aromatic signal was missing probably due to overlap. HPLC
(chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1; flow rate: 1.0 mL/min;
detection: at 254 nm): tr = 13.82 min (minor) and 19.05 min (major). HRMS (ESI) m/z: [M+Na]* Calcd for

CasH1oN2SCINa™: 449.0850; Found 449.0845. [a]p!®® = +208.9 (¢ = 0.25, CHCl3). Rf 0.6 (hexane/AcOEt =
3:1).
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(S)-3-(naphthalen-2-yl)-N,1-diphenyl-12%-benzo[e][1,2]thiazin-1-imine (8ah): Prepared according to
GP-G using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6h (0.055

mmol, 13.6 mg, 1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ah ©\N @

was isolated as a yellow solid (16.1 mg, 75%). IR (KBr) 3854, 3751, O \\S\\\N
3649, 3055, 1576, 1527, 1472, 1374, 1259, 1114, 755 cm’'. 'H NMR
(CDCl3, 400 MHz) & 8.56 (s, 1H), 8.24-8.21 (m, 2H), 8.08 (dd, J = 8.6,
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1.8 Hz, 1H), 7.92-7.83 (m, 3H), 7.59-7.56 (m, 3H), 7.49-7.45 (m, 3H), 7.42-7.37 (m, 1H), 7.36-7.33 (m,

1H), 7.16-7.12 (m, 1H), 7.09-7.03 (m, 2H), 6.90 - 6.87 (m, 2H), 6.90-6.81 (m, 1H), 6.79 (s, 1H). 3C NMR

(CDCls, 125 MHz) & 148.9, 144.6, 143.0, 139.8, 136.3, 133.6, 133.4, 132.6, 132.2, 129.0, 128.9, 128.8,

128.6, 127.8, 127.5, 126.5, 126.4, 126.3, 126.2, 126.1, 126.0, 124.0, 123.5, 121.6, 116.5, 96.9. HPLC

(chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min;

detection: at 254 nm): tg = 7.08 min (major) and 11.94 min (minor). HRMS (ESI) m/z: [M+H]" Calcd for

C30H23N2S*: 443.1577; Found 443.1573. [a]p?*® = +69.5 (¢ = 0.25, CHCl3). Rf 0.5 (hexane/AcOEt = 3:1).
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(8)-3-(furan-2-yl)-N,1-diphenyl-11%-benzo[e][1,2]thiazin-1-imine (8ai): Prepared according to GP-G

using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6i (0.055 mmol, 10.2 mg,

1.1 equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8ai was isolated as a yellow @\ @
N

solid (14.3 mg, 75%). IR (KBr) 1586, 1526, 1483, 1468, 1310, 1292, 1261, 1216, S\\N
1119, 1086, 795, 752, 737 cm’'. 'H NMR (CDCls, 500 MHz) & 8.18-8.15 (m, = \ o)
/

2H), 7.57-7.54 (m, 3H), 7.49 (dd, J = 1.8, 0.9 Hz, 1H), 7.41 (d, J = 8.1 Hz, 1H),

7.36-7.33 (m, 1H), 7.27 (d, J = 6.9 Hz, 1H), 7.11-7.06 (m, 3H), 6.90 (dd, J= 3.3, 0.9 Hz, 1H), 6.88-6.82 (m,
3H), 6.63 (s, 1H), 6.48 (dd, J = 3.3, 1.8 Hz, 1H). 3C NMR (CDCls, 125 MHz) § 153.5, 144.5, 143.0, 142.9,
140.7, 139.6, 132.6, 132.2, 128.9, 128.9, 128.5, 126.4, 126.2, 126.0, 123.6, 121.6, 117.0, 111.9, 109.2, 94.6.
HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 4/1; flow rate: 1.0
mL/min; detection: at 300 nm): tr = 5.73 min (major) and 7.43 min (minor). HRMS (ESI) m/z: [M+Na]*
Caled for Co4HisN2SONa™: 405.1032; Found 405.1028. [a]p'®S = +103.2 (¢ = 0.25, CHCl3). Rf 0.5

(hexane/AcOEt = 3:1).
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(S)-3-(tert-butyl)-N,1-diphenyl-11°-benzo[e][1,2] thiazin-1-imine (8aj): Prepared according to GP-G

using compound 5a (0.05 mmol, 14.6 mg, 1.0 equiv.), 6j (0.055 mmol, 9.7 mg, 1.1 ©\
N

\\S\\\©
N

N

equiv.), CCA2 (0.005 mmol, 2.4 mg, 10 mol%). 8aj was isolated as a yellow oil
(12.3 mg, 66%). IR (neat) 2960, 2924, 1577, 1532, 1486, 1472, 1350, 1283, 1257, P
1148, 1087, 748, 719 cm™'. 'TH NMR (CDCl3, 500 MHz) & 8.13 - 8.11 (m, 2H), 7.56

- 7.54 (m, 3H), 7.38 (d, J = 8.1 Hz, 1H), 7.31 - 7.28 (m, 1H), 7.18-7.16 (m, 1H), 7.09 - 7.04 (m, 3H),
6.85-6.81 (m, 1H), 6.79 - 6.76 (m, 2H), 6.03-6.03 (m, 1H), 1.33 (s, 9H). 3C NMR (CDCl3, 125 MHz) &
162.0, 144.9, 143.6, 139.9, 132.3, 131.9, 128.8, 128.6, 128.4, 126.1, 125.8, 125.8, 123.5, 121.3, 115.1, 93.0,
38.1, 29.1. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent: hexane/2-propanol = 97/3; flow rate:
1.0 mL/min; detection: at 300 nm): tr = 6.43 min (major) and 7.21 min (minor). HRMS (ESI) m/z: [M+H]"
Caled for Cz4HasN»S™: 373.1733; Found 373.1730. [a]p*'® = +185.4 (¢ = 0.25, CHCL3). Rf 0.7

(hexane/AcOEt = 3:1).
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4.5. Kinetic resolution of racemic sulfondiimine
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°s?
Me
©/ [Ru(p-cymene)Cls], (5 mol%) Ph\N Me HN. N/Ph
AgOTf (13 mol%) g °s”,
rac-9 CCA1 (10 mol%) SN, “Me
0.1 mmol + %
o o Phcim Ph
P 40°C, 24 h 10 S-9
Ph” NFIN 43%,937er  49%, 88:12 er
— a
6a s=30 (86% ee) (76% ee)
0.6 equiv

a) Selectivity factor is given: S = In[(1 - C)(1 - ees))/In[(1 - C)(1 + ees)], C = ees/(ees + eeg)
In an argon-filled glovebox, a screw-capped test tube was charged with chiral carboxylic acid CCA1 (4.8
mg, 0.01 mmol, 10 mol%), [Ru(p-cymene)Clz]> (3.2 mg, 0.005 mmol, 5 mol%), AgOTf (3.2 mg, 0.013
mmol, 13 mol%), sulfondiimine rac-9 (23.0 mg, 0.1 mmol, 1.0 equiv.), and sulfoxonium ylide 6a (11.8
mg, 0.06 mmol, 0.6 equiv.). After the addition of chlorobenzene (0.1 mL), the test tube was capped and
brought out of the glovebox. The reaction mixture was stirred at 40 °C for 24 h. The resulting mixture was

directly purified by silica gel column chromatography (hexane/AcOEt) to afford 10 and S-9.

(S)-1-methyl-N,3-diphenyl-1)%-benzo[e][1,2]thiazin-1-imine (10): 10 was isolated as a yellow oil (14.2
mg, 43%). IR (KBr) 1571, 1530, 1472, 1364, 1284, 1256, 1117, 1041, 758, 694 cm™'. TH NMR (CDCls,
400 MHz) 6 7.93-7.90 (m, 2H), 7.74 (d, J = 8.2 Hz, 1H), 7.47-7.33 (m, 4H).

7.29-7.25 (m, 2H), 7.04-7.00 (m, 2H), 6.81 (t, J= 7.5 Hz, 1H), 6.74-6.71 (m, 2H) ©\N Me

6.48 (s, 1H), 3.66 (s, 3H). 3C NMR (CDCls, 100 MHz) & 149.2, 144.9, 140.0. \\S\\:N

138.9, 132.8, 128.8, 128.8, 128.3, 126.5, 126.4, 126.4, 124.8, 123.0, 121.6, 114.8, O = O
96.5, 50.1. HPLC (chiral column: DAICEL CHIRALPAK IF; solvent:

hexane/2-propanol = 19/1; flow rate: 1.0 mL/min; detection: at 254 nm): tg = 10.62 min (major) and 11.72

min (minor). HRMS (ESI) m/z: [M+Na]* Caled for C21H;sN>SNa™: 353.1083; Found 353.1075. [a]p?*7 =

—8.5 (¢ =0.25, CHCI3). Rf 0.8 (hexane/AcOEt = 3:1).
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—

(S)-1-methyl-N,1-diphenyl-A°-sulfanediimine (S-9): S-9 was isolated as a pale brown solid (11.3 mg,
49%). IR (KBr) 3120, 3106, 1595, 1485, 1284, 1256, 1088, 1060, 963, 768, 756, 735

cm’'. 'TH NMR (CDCls, 400 MHz) & 8.19 (d, J = 8.2 Hz, 2H), 7.63-7.55 (m, 3H), 7.17 HN\‘S?/N/Ph
(t, J=17.5 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 6.89 (t, /= 7.2 Hz, 1H), 3.27 (s, 3H), 2.17 ©/ Me
(brs, 1H). 13C NMR (CDCl3, 100 MHz) & 145.9, 142.0, 132.7, 129.4, 129.0, 127.8,

123.1, 121.0, 48.3. HPLC (chiral column: DAICEL CHIRALPAK IA; solvent: hexane/2-propanol = 9/1;
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flow rate: 0.6 mL/min; detection: at 254 nm): tr = 19.77 min (major) and 22.53 min (minor). HRMS (ESI)
m/z: [M+H]* Calcd for Ci3H sN2S*: 231.0951; Found 231.0947. [a]p**® = —41.0 (¢ = 0.25, CHCl3). Rf 0.8

(hexane/AcOEt = 3:1).
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4.6. Parallel kinetic resolution of sulfondiimine

¥
(4-tolyl-phenyD)sulfiliminium  mesitylenesulfonate (S2f):  Preparec I‘I\IIHZ MesO

S
according to GP-F using (4-tolylphenyl) sulfide (3.5 mmol, 750 mg, 1.0 /©/ \@
Me

equiv.), S2f was isolated as a colorless solid (1.3 g, 72%). IR (KBr) 3042, S2f
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1603, 1445, 1218, 1189, 1176, 1085, 676 cmr'. 'TH NMR (CDCls, 400 MHz) § 7.73 (d, J = 7.5 Hz, 2H),
7.65 (d, J = 8.4 Hz, 2H), 7.58-7.46 (m, 3H), 7.42 (t, J = 7.5 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.76 (s, 2H),
2.53 (s, 6H), 2.34 (s, 3H), 2.22 (s, 3H). 13C NMR (CDCls, 100 MHz) & 144.2, 138.3, 137.1, 133.4, 132.8,
130.9, 130.5, 130.1, 130.0, 129.9, 128.6, 128.2, 67.0, 22.9, 21.5, 20.7. HRMS (ESI) m/z: [M-MesO]*

Calcd for C;3HsNS™: 216.0842; Found 216.0838.

N,1-diphenyl-1-(p-tolyl)-A°-sulfondiimine (rac-11): Prepared according tc

GP-F using compound S2f (3.2 mmol, 1.3 g, 1.0 equiv.), Na,CO3 (16 mmol, /@
1.68 g, 5.0 equiv.), Selectfluor® (3.2 mmol, 1.13 g, 1.0 equiv.), aniline (9.€ HN\\S/’N

mmol, 0.9 mL, 3.0 equiv.), pyridine (3.84 mmol, 0.3 mL, 1.2 equiv.). rac-11 Me/©/ \©
was isolated as a colorless solid (0.27 g, 27%). IR (KBr) 3191, 3152, 3058,

1594, 1482, 1443, 1282, 1257, 1176, 1085, 1039, 949, 750 cm™'. "TH NMR (CDCls, 400 MHz) § 8.20-8.17
(m, 2H), 8.06 (d, J = 7.9 Hz, 2H), 7.47-7.45 (m, 3H), 7.26-7.24 (m, 2H), 7.17-7.11 (m, 4H), 6.87-6.83 (m,
1H), 2.36 (s, 3H). 3C NMR (CDCls, 100 MHz) & 145.7, 143.4, 142.8, 139.8, 131.9, 129.8, 129.1, 128.8,

128.1, 127.9, 123.4, 120.7, 21.3. HRMS (ESI) m/z: [M+H]" Caled for Ci9H1sN>S*: 307.1264; Found

307.1257. Rf 0.4 (hexane/AcOEt = 3:1).

_Ph Me
HN\\S,/N [Ru(p-cymene)Cl,],
“Ph (5 mol %) Ph
rac41  CCA1 (10 mol %) TN @ Phay
Me AgOTf (13 mol %) >S. og
0" o - T N
I PhCI (1 M) A~ ph P
Bh /?\ 40 °C, 24 h Me Ph
6a (1.1 equiv.) 12 12*
78% yield

ca. 1.1:1, 88:12 and 87:13 er
(isomer not assigned)

In an argon-filled glovebox, a screw-capped test tube was charged with chiral carboxylic acid CCA1 (4.8
mg, 0.01 mmol, 10 mol%), [Ru(p-cymene)Clz]> (3.2 mg, 0.005 mmol, 5 mol%), AgOTf (3.2 mg, 0.013
mmol, 13 mol%), sulfondiimine rac-11 (30.6 mg, 0.1 mmol, 1.0 equiv.), and sulfoxonium ylide 6a (11.8
mg, 0.06 mmol, 0.6 equiv.). After the addition of chlorobenzene (0.1 mL), the test tube was capped and
brought out of the glovebox. The reaction mixture was stirred at 40 °C for 24 h. The resulting mixture was

directly purified by silica gel column chromatography (hexane/AcOEt) to afford an inseparable mixture of
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12 and 12' as a yellow solid (15.8 mg, 78%, ca. 1.1:1 ratio). Due to the structural similarity and inseparable
nature, the '"H and '3C NMR signals could not be assigned and the structure of the isomers were not

assigned.

(S)-N,3-diphenyl-1-(p-tolyl)-11%-benzo[e][1,2] thiazin-1-imine and
(S)-6-methyl-N,1,3-triphenyl-11%-benzo[e][1,2] thiazin-1-imine (12 and 12, not assigned):

IR (KBr) 1585, 1531, 1486, 1471, 1445, 1282, 1256, 1114, 1088, 754 cm’'.

Me
'H NMR (CDCls, 400 MHz) & 8.17-8.14 (m, 2H), 8.05 (d, J = 8.5 Hz, 2H), @\ @
N \
N

8.01-7.89 (m, 4H), 7.54-7.52 (m, 3H), 7.43-7.33 (m, 11H), 7.28 (d, J = 7.C =
Hz, 1H), 7.13-7.03 (m, 6H), 6.94 (d, J = 8.4 Hz, 1H), 6.87-6.79 (m, 6H). O P

6.62 (s, 1H), 6.57 (s, 1H), 2.42 (s, 3H), 2.31 (3H). *C NMR (CDCls, 10C

C
MHz) 6 149.3, 149.2, 144.8, 144.7, 143.5, 143.4, 142.8, 140.0, 139.6, 139.3,
132.3, 132.0, 129.6, 128.9, 128.8, 128.8, 128.7, 128.6, 128.4, 128.3, 127.9, ©\N\ @
126.5, 126.5, 126.3, 126.2, 126.2, 125.9, 125.8, 123.5, 123.5, 121.4, 121.4, O S\\N
116.6, 113.7, 96.3, 96.3, 21.6, 21.5. (four aromatic signals were missing
probably due to overlap) HPLC (chiral column: DAICEL CHIRALPAK IF;
solvent: hexane/2-propanol = 4/1; flow rate: 1.0 mL/min; detection: at 250 nm): tr = 6.29 min (major), 7.38

(major), 8.70 (minor), 12.24 (minor). HRMS (ESI) m/z: [M+Na]" Calcd for Co7H2N>SNa™: 429.1396;

Found 429.1389. [a]p?** = +87.7 (¢ = 0.25, CHCl3). Rf 0.7 (hexane/AcOEt = 2:1).
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2|Urknown| 8 | 7.393[32.569
3|Urknown| 8 | 8.710[18.216
4|Unknown| 8 | 12.260(32.729
200000 1y ——— HLT04121-ch - CHY
2

100000

Intensity [uV]

) s g Aol A

I =T -7 T % F T AT L
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Retention Time [min]

#] E=5% [CH[tR [min]] Area%
1|Unknown| 9 | 6.290[43.132
2|Unknown| 9 | 7.383|44.637
3|Urknown| 9 | B.697| 5.759
4|Unknown| 8 | 12243 6473

4.7. H/D exchange experiments

Without 6a: To a screw-cap vial were added CCA2 (2.4 mg, 0.005 mmol, 10 mol%) and CD;OD (ca. 0.2
mL), and the mixture was stirred for 30 min at room temperature. The mixture was concentrated in vacuo
and moved into an argon-filled glovebox. The vial was charged with [Ru(p-cymene)CL]. (1.6 mg, 0.0025
mmol, 5 mol%), AgOTf (1.6 mg, 0.0065 mmol, 13 mol%) and sulfondiimine 50 (14.9 mg, 0.05 mmol, 1.0
equiv.). After the addition of chlorobenzene (0.5 mL) and CDsOD (10.0 equiv.), the test tube was capped
and brought out of the glovebox. The reaction mixture was stirred at 40 °C for 24 h. The resulting mixture
was directly purified by silica gel column chromatography (hexane/AcOEt) to afford S0 (12.2 mg, 82%).

The 'H NMR analysis of the recovered 5o indicated no H/D exchange.
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Wihout 2a

/O [Ru(p-cymene)Cly], (5 mol%) /O
AgOTf (13 mol%)
HN\\S,,N CCA2 (10 mol%) D/H HN, N
S/
©/ \© PhCI (1 M) /CD50D (10 eq) ©/ \©
40°C,24 h
50
0.05 mmol recov: 82%
no D incoporation
without 6a :
D/H HN. N
O
recov: 82%
no D incoporation
B o
/
A MAA |
\HII\I\III\I\II\\IIII\I\I\I\I\III\I\I\IIII\IIIII\II\\IIIHIIII\II\I\I\I\I\IIII\HIII\I\I\III\PIPIM
B!D .B!O ' 7!0 6.0 5.0 4!!] I3.ﬂ 2!!] T 1!!] I:I!IJ

With 6a: To a screw-cap vial were added CCA2 (2.4 mg, 0.005 mmol, 10 mol%) and CD30OD (ca. 0.2 mL),
and the mixture was stirred for 30 min at room temperature. The mixture was concentrated in vacuo and
moved into an argon-filled glovebox. The vial was charged with [Ru(p-cymene)Clz]> (1.6 mg, 0.0025 mmol,
5 mol%), AgOTf (1.6 mg, 0.0065 mmol, 13 mol %), sulfondiimine So (14.9 mg, 0.05 mmol, 1.0 equiv.),
and sulfoxonium ylide 6a (10.8 mg, 0.055 mmol, 1.1 equiv.). After the addition of chlorobenzene (0.5 mL)
and CD30D (10.0 equiv.), the test tube was capped and brought out of the glovebox. The reaction mixture
was stirred at 40 °C for 24 h. The resulting mixture was directly purified by silica gel column
chromatography (hexane/AcOEt) to afford 8oa’ (12.0 mg, 60%) and So (6.7 mg, 45%, with a small amount

of some impurity). The 'H NMR analysis of the recovered 50 indicated no H/D exchange.
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With 6a

o S

ST 60%
68% D

HN,
S
O/ [Ru(p-cymene)Cly], (5 mol%) incoporation
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CCA2 (10 mol%)

0.05 mmol .\
"o o PhCI (0.1 M) / CD0D (10 eq) /O
40°C, 24 h D/H HN. N

Ph” N °s?
6a

1.1 equiv

recov: 45%
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4.8. Kinetic isotopic effect

Bis(phenyl-ds)sulfiliminium mesitylenesulfonate (S2a-dig) : Prepared according to GP-F using

bis(phenyl-ds) sulfide (3.51 mmol, 690 mg, 1.0 equiv.), S2a-dip was

isolated as a colorless solid (1.4 g, 96%). IR (KBr) 2989, 1603, 1455, 1320 N S N
1223, 1084, 1077, 1020, 682, 665 cm™. 'TH NMR (CDCl;, 400 MHz) § ds_()/ |

7.62 (brs, 2H), 7.77 (s, 2H), 2.52 (s, 6H), 2.22 (s, 3H). 3C NMR (CDCls, S2a-d,q

100 MHz) 6 139.6, 138.4, 137.1, 132.9, 132.5 (t, J = 23.5 Hz), 130.6, 129.7

(t, J=25.4 Hz), 128.0 (t, J = 25.8 Hz), 22.9, 20.7. HRMS (ESI) m/z: [M-MesO]* Caled for C12H2D1oNS™:

212.1313; Found 212.1309.

N-Phenyl-S,S-di(phenyl-ds) sulfondiimine (5a-di¢) : Prepared according to GP-F using compound

S2a-dyo (3.2 mmol, 1.3 g, 1.0 equiv.), Na,CO;3 (16.0 mmol, 1.7 g, 5.0 equiv.), /@
HN //N

Selectfluor (3.2 mmol, 1.14 g, 1.0 equiv.), aniline (9.6 mmol, 0.90 mL, 3.0

S
X X
equiv.), pyridine (3.81 mmol, 0.33 mL, 1.2 equiv.). Sa-dio was isolated as a ds@/ \GdS
= =

brown solid (0.30 g, 31%). IR (KBr) 3169, 1597, 1485, 1294, 1263, 1056, 964

817, 750, 692 cm’. 'TH NMR (CDCls, 400 MHz) 8 7.18-7.11 (m, 4H), 6.85 (t, J = 6.3 Hz, 1H), 2.22 (brs,
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1H). 3C NMR (CDCL, 100 MHz) & 145.7, 142.9, 131.5 (t, J = 23.5 Hz), 128.8, 128.6 (t, J = 24.0 Hz),

127.6 (t, J = 25.4 Hz), 123.3, 120.8. HRMS (ESI) m/z: [M+Na]" Caled for CigH¢D10N2SNa*: 325.1554;

Found 325.1549. Rf 0.3 (hexane/AcOEt = 3:1).

0.2 mmol 1.1 equiv
HN_ N :
\S/
AN AN Il
d5:_ \©d5 + R)K&S\
= = |
0.2 mmol 1.1 equiv

CCA2 (10 mol%)

[Ru(p-cymene)Cl], (5 mol%) @\
AgOTF (13 moi%) N,
Sty

PhCI (1 M)
40 °C

8aa
[Ru(p-cymene)Cl,], (5 mol%) ©\ 7 N4,
AgOTS (13 mol%) N\
X \S\ N

CCA2 (10 mol%)

N
N

|
PhCI (1 M)
40 °C

In an argon-filled glovebox, a screw-capped test tube was charged with chiral carboxylic acid CCA2 (9.6

mg, 0.02 mmol, 10 mol%), [Ru(p-cymene)Cl2]> (6.4 mg, 0.01 mmol, 5 mol%), AgOTf (6.4 mg, 0.026

mmol, 13 mol%), sulfondiimine 5 (0.2 mmol, 1.0 equiv.), and sulfoxonium ylides 6a (0.22 mmol, 43.2 mg,

1.1 equiv.). After the addition of chlorobenzene (0.2 mL), the test tube was stirred at 40 °C in the glovebox.

An aliquot of the mixture (25 pL) was taken by syringe at each reaction time (30, 60, 90, 120, 180 min) and

filtrated through Celite using ethyl acetate. The yield was calculated by 'H NMR analysis using

CHBr,CHBr; as the internal standard.

o Baa 8aa-d,
yield/%
30
y=4.1486x + 2.4467 L@ 271
= RZ =0.9815 ® a6
20
L@ 186
15
e 137
) L@ 10
t___,m" . 7.9
. 43
35 y=1.5086x-1.0133
0:9 15 R?=0.3826
0
30 o 90 120 150 180
time/min
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4.9.1 Determination of the absolute configuration

A single crystal of 8ka suitable for X-ray crystallography was grown by slow vapor diffusion of pentane
to asolution of 8ka in ethyl acetate. Single crystal X-ray diffraction analysis was performed on a Rigaku
R-AXIS RAPID/S equipped with an imaging plate area detector, a graphite-monochromated Cu-Ka
radiation source (A = 1.5418 A) and a low temperature system using cold nitrogen stream (133 K). The

detailed data were available in a crystallographic information file (CIF) deposited in CCDC (@@@@@).

Table 1. Crystal data and structure refinement for 8ka.

Identification code 8ka

Empirical formula C26 HI9 CIN2 S

Formula weight 426.94

Temperature 133(2) K

Wavelength 1.54187 A

Crystal system Orthorhombic

Space group P212121

Unit cell dimensions a=9.5685(2) A a= 90A
b=13.12192) A b=90A
c=16.8024(3) A g=90A

Volume 2109.66(7) A3

Z 4

Density (calculated) 1.344 Mg/m3

Absorption coefficient 2.637 mm'!

F(000) 888

Crystal size 0.428 x 0.348 x 0.295 mm3

Theta range for data collection 4.275 to 68.224°

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.687°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter

-11<=h<=11, -15<=k<=15, -20<=1<=20

24033

3844 [R(int) = 0.0396]

100.0 %

Semi-empirical from equivalents
1.0000 and 0.7999

Full-matrix least-squares on F2
3844/0/272

1.071

R1=0.0248, wR2 = 0.0656
R1=0.0250, wR2 = 0.0658

0.053(3)
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Extinction coefficient

Largest diff. peak and hole

0.0025(3)
0.206 and -0.205 e.A-3

4.9.2 Determination of the absolute configuration DFT calculation of the structures of chiral

carboxylic acids

The structures of C2-BINOL-CCA and CCA2 as their carboxylate anion forms were optimized with

®B97X-D functionall®®! and def2-SVP basis set!S’! using Gaussian 16 Rev. C.01 program.’¥! The structures

and superposed structures with their carbonyl carbon atom, a.-carbon atom, and adjacent carbon atom of the

o-aryl moiety are shown below.

C,-BINOL-CCA

Cartesian coordinates of C2-BINOL-CCA and CCA2:

C2-BINOL-CCA: charge=-1, multiplicity=1

C 0.95186900
-0.20282500

1.44509000
-0.81761800
-0.84671700

o o o a 0

1.58255200

0.77246700
0.66294000
2.06530600
-0.68661500
1.83975200
-0.49015600

0.27268200
1.04086200
-0.10009800
1.29720800
1.50357200
-0.21847900
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"]
superposed

2.54883400 223916500
0.79263300  3.23445100
-1.53748000  -1.24431100
1.52740700  -0.64302700
-0.04365900  -1.40747800
-0.35852700  3.08653000
-1.75659000  1.73119000

-0.98533000
0.39351100

0.03306600
2.13132400
1.59455400
1.21030100
2.09918500



0.78730800
2.92694600
3.00007500
3.03384300
1.29095200
0.65323300
-2.90503400
-0.86410800
1.31364600
3.75763100
3.45497500
2.37223900
3.84634800
0.78503500
-1.05440800
-0.68954600
-3.27539700
-3.86408300
2.61483000
0.62993500
5.04530200
3.35476200
4.79460700
2.74154900
-4.53381300
-2.57956700
-5.11948600
-3.60317800
3.01358700
5.57850400
5.65897200
5.18665600
-5.43849500
-4.81372600
-5.86104900
6.60468100
-6.65009500
-1.77655600
-2.09120600

o o0 " K K D o@D @D o@D & o0 o0 o@D o@D o000 - K K E o0 oo oao@m o000 - o000

-1.63175000

CCA2: charge=-1, multiplicity=1

C 1.68899348
C 2.77326311
C 2.03588596

-1.37227000
-0.85210300
3.49084200
1.35468300
4.51686500
-1.02867700
-0.58147700
3.98252400
-2.62197700
-0.04330000
-2.09035900
4.64785900
3.59454600
5.40240400
-1.66834200
0.02205100
0.22294000
-0.78192600
-2.96001500
-3.31615300
-0.41599700
0.88597600
-2.44321700
5.63938200
0.82717400
0.39420500
-0.18734700
-1.46494300
-3.92329300
-1.62625100
0.22297000
-3.39200600
0.62009500
1.45627500
-0.35221500
-1.91359200
1.20314200
-2.82112300
-3.13372100
-3.52990800

0.73073959
0.77986409
1.63337742

-0.93790100
0.12471000
-1.32574900
-1.40074900
0.03192100
-1.20991700
-0.11289700
1.58059100
-1.35637500
0.95287600
-0.34826300
-0.80343400
-2.00914000
0.42691100
-2.00557700
-1.53624800
-1.19631200
0.89800800
-1.09384000
-1.84835900
1.25448400
1.35823100
-0.02700700
-1.07663500
-1.26856300
-2.01759100
0.84392000
1.71070100
-1.42358100
0.74993000
1.89420900
-0.40409100
-0.24180400
-2.11579700
1.62830500
0.99213600
-0.29831800
0.25452000
1.41530400
-0.75369800

-0.08386583
1.02981243
-1.29995400
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3.79585163
3.25111923
2.27417330
0.39341329
1.72831673
1.43664322
3.11416953
1.55272704
4.27892384
5.01829054
2.94672340
-0.65283770
0.32885483
0.73965325
0.87011363
2.45458106
4.99942287
4.77900594
3.43425074
5.69254907
5.58726670
4.73098201
3.24554934
-0.84277541
-1.66508573
-0.70381999
-0.66606912
1.05154412
0.42825737
1.66567428
0.08667450
1.97227002
3.28377184
2.87989608
2.29790214
4.20325866
-1.52900787
-1.47969962
0.10577989
-1.70673970
-2.49494824
-0.74681809
-1.16443165
-0.62257547
0.25038680

-0.34950243
1.76596635
0.57498859
1.38255151

-0.75068399
3.03866892
1.67267895
1.19963360

-0.98072291
0.13216750

-1.31630378

0.83710729
2.70838438

-1.54263916
3.63831704
4.02284874

-1.79327465

-0.22755793

-1.40162881

-0.71274693
0.88724816
0.57199953

-2.64283626

-0.64769623
1.70944250
3.55099754
-1.03439527

-2.87665189
4.63226090
3.75317191
2.98996425
4.98962996
4.20593044
3.65058083

-3.43424019

-3.07736176

-1.24264621

-0.88885309

-1.17474948

3.05903506
1.29532928
4.58622232
-1.58802099
0.02937338
-3.50603122

0.74672078
1.12064919
1.99022123
0.38798556

-0.44264362
-1.03270811
-1.50957454
-2.18998669

2.05851388

-0.05135691

-0.06281646

1.14921446

-0.04464919

-1.04457616
-2.32631781
-0.43476277

1.87236833

2.69034646

2.62434257

-0.26458236

0.51651579

-1.01604564

-0.36167062
1.30365775

1.56442769

0.36081171

-1.23404558

-1.32326048
-2.15033743
-3.08136349
-2.74729761
-0.21845342
-1.13818397

0.50698947

-1.01528781

-0.05643149
0.03312822
2.16306418

1.47231154

1.19859726

2.14481080

0.00679264

-2.04033086

-1.51129389

-1.71873990



o oo " @K E o@D o@D o@D @ & 00 K a0

2.56906969
-2.90613123
-2.86911576
3.52784504
2.60226167
1.77064139
-3.20228665
-3.91665883
-3.80489950
-3.00849757
-2.72971778
-4.43896797
-2.45240460
-5.15410376
-3.70005176
-5.39858123
-4.65800107
-5.93457081
-6.58924445
-1.78393091
-1.92178860
-1.86429499

-4.88210614
-0.59078471
3.91756695

-5.21919479

-5.04883027

-5.52488974
0.40044763

-0.93165620
3.55618094
3.88789441
4.96764569
1.04954603
0.70616877

-0.29626575

-1.72239433
0.69686006
1.83017903

-0.56455181

1.32509845

-2.81348007

-3.16492517
-3.48477419

-1.33641933
-0.11157848
1.62762147
-0.91455024
-2.42543196
-0.93519974
-1.05288793
0.80465240
1.17099049
2.71965782
1.33068278
-1.07542944
-1.78253433
0.79919349
1.52846519
-0.14151576
-1.80660787
1.51417985
-0.14611849
0.25313925
1.43762334
-0.78908759
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