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Abstract

The thesis is divided into four chapters. The first chapter describes a general introduction on
the synthesis of heterocycles utilizing transition-metal (TM) catalyzed ring opening cyclization
of strained three-membered rings and cascade C—H functionalization/annulation strategy. The
second chapter illustrates on a highly stereospecific synthesis of tetrahydro-[1,3,4]-oxadiazines
via a Co-catalyzed C—N and C—O bonds formations of oxiranes with diaziridines. The third
chapter focuses on a regiodivergent Cu-catalyzed cross-dimerization of oxaziridines with
aziridines to synthesize functionally diverse [1,2,4]/[1,2,5]-oxadiazines. The fourth chapter
deals with a Rh-catalyzed cascade C—H functionalization/annulation of benzamides with

maleimides to furnish succinimide tethered isoquinoline-1,3-diones.

Chapter I. Strained Rings and Cascade C—H Functionalization/Annulation Strategy for
Heterocycle Synthesis

Heterocyclic motifs constitute the key structural skeleton of a plethora of bioactive natural
products, pharmaceuticals and functional materials. In this direction, cycloaddition/annulation
reactions of strained three-membered rings have exemplified the disconnection approach
towards synthesis of complex molecular frameworks. Similarly, transition-metal-catalyzed
auxiliary assisted cascade C—H functionalization/annulation transformations have gained the
significant momentum due to their ability to generate functionalized heterocycles. Utilizing
simple substrates, these step/atom-economic strategies offer a high degree of regio/stereo
controls. This chapter covers the strategies based on transition-metal catalyzed cycloaddition
involving strained three-membered rings and cascade C—H functionalization/annulation

methods in synthesizing functionalized heterocycles (Scheme 1).

X (O3 J
Y - ;= Dipolarophiles X7 0
- | 1

]

o

AN
4?M\ T Functionalized
‘ \_/' l Heterocycles
' Het = coupling partner ' Het O
DG ¥, O P

Scheme 1. TM-Catalyzed Strategies for Heterocycle Synthesis

X=NR, O, C(EWG),
Y=N, CH
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Chapter I1. Co-Catalyzed C—N/C—O Bonds Formation of Oxiranes with Diaziridines

[1,3,4]-oxadiazine frameworks play a crucial role as structural subunits in the pharmaceuticals.
Despite the advances made, it is worthwhile to devise possible retrosynthetic pathways to
synthesize them with an enhanced efficiency and flexibility. In this line, strained bicyclic
diaziridines are known for their unique reactivity to generate azomethine imine ylide using
Lewis acids which undergo further (3+n)-cycloaddition to generate nitrogen rich heterocycles.
Similarly, oxiranes are staple three-atom building blocks and are frequently encountered in
several ring opening and cycloaddition reactions. In this regard, selective activation of these
two saturated strained rings under Lewis acid catalysis for synthesis of [1,3,4]-oxadiazines is
fascinating from step/atom-economic stand point. Herein, we established a stereospecific
synthesis of functionalized [1,3,4]-oxadiazines via C—N and C—O bonds formation of oxiranes

with diaziridines utilizing Co-catalysis (Scheme 2).

Y (hor ()

N—N R O CoCl, (10 mol %) N/NjéR" 3 N/NJ<R'
+

I > CH,Cl,, 1t, 1 h R/kO R/ko R

R|
R=aryl, alkyl  R'= Alkyl, aryl, cinnamyl up to 86% yield
R"=H, alkyl up to >99% ee

J. Org. Chem. 2023, 88, 9447.

Scheme 2. Synthesis of [1,3,4]-Oxadiazines using Diaziridines and Oxiranes

Chapter III. Cu-Catalyzed Cross-Dimerization of Oxaziridines with Aziridines

Saturated heterocyclic structures, owing to their superior conformational flexibility, offer
enhanced physicochemical profiles. In this array, [1,2,4]- and [1,2,5]-oxadiazines, as privileged
heterocyclic scaffolds have found manifold utilities in pharmaceuticals. Considering their
practicality, development of efficient synthetic strategies utilizing saturated strained three-
membered rings is highly sought after. In this context, strain release driven cross-dimerization
reaction involving oxaziridines and aziridines can deliver an attractive tool to synthesize
oxadiazines. This chapter focuses on a Cu-catalyzed cycloaddition of oxaziridines with
aziridines to access [1,2,4]/[1,2,5]-oxadiazines (Scheme 3). This substituent controlled
regiodivergent transformation is step/atom-economic, broad substrate scope with functional

group tolerance and post-synthetic transformations are important practical features.
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SOLAM R . ,
| 2
N 0 Cu(OTf), (10 mol %) N/O]/Ar o/Nj/Ar
/0 + - or
Ar ae” ™ CHiCl,, 50°C, 12h Ar/k,}l Ar/K,\II
SO,AM SO,Ar

Ar, Ar'" = Aryl, (het)aryl
R =Bu, "Pr, 'Pr, Me, Bn, "Bu up to 85% yield

Scheme 3. Divergent Access to [1,2,4]/[1,2,5]-Oxadiazines

Chapter IV. Rh-Catalyzed C—H Functionalization/Annulation of Arylamides with
Maleimides

Isoquinoline-1,3-diones stand out as pervasive structural motifs owing to their significant bio-
activity and multifarious utility in medicinal science. The development of efficient strategies
for their synthesis utilizing simple starting precursors is thus highly noteworthy. In this regard,
transition-metal-catalyzed DG-assisted cascade C—H functionalization/annulation reactions
have strengthened chemists tool box in the ability to synthesize cyclic scaffolds. Further,
arylamides, being ubiquitous and inexpensive, are synthetically appealing precursors for
generating N-heterocycles. Besides, the utilization of maleimides as a staple coupling partner
for installing succinimides is highly appealing. The present chapter describes a cascade C—H
functionalization/annulation to afford succinimide tethered isoquinoline-1,3-diones using

arylamides and maleimides as the coupling partner (Scheme 4).

2 LR
i _NPhth | l\ll
NPhth ? [Cp*RNC,]; (2 mol %) L Al \ 0 o)
Ar/ N~ AgSbFg (20 mol %) e .
RT Het H + || N-Ar : _ 0o |
NayCOj3 (2 equiv) |
(CHCl),, 100 °C, 16 h :
(0] .
RS 2 o | NPhth

|
Ar'
up to 84% yield

Chem. Commun. 2025. https://doi.org/10.1039/D5CC02963E.

Scheme 4. Cascade C—H Functionalization/Annulation to Access Isoquinoline-1,3-diones
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Chapter 1

Strained Rings and Cascade C-H Functionalization/Annulation
Strategy for Heterocycles Synthesis
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Chapter 1

Strained Rings and Cascade C-H Functionalization/Annulation

Strategy for Heterocycles Synthesis

Heterocyclic structures are integral core structural scaffolds in a wide range of pharmaceuticals
and natural products (Figure 1).! In this regard, inception of saturated heterocycles of three-
dimensional (3D) character have widened skeletal diversity in the design and synthesis of
active pharmaceutical ingredients (APIs), which are increasingly important in medicinal
science.? Further, increasing saturation in heterocycles enhances the structural diversity,
resulting in improved physicochemical profiles and better receptor/ligand complimentarity.>
Expediently, incorporating multiple heteroatoms into the saturated heterocycles intuitively
improve their ability to interact with multiple targets inside the biological system, making them
valuable in target-oriented drug design.* Similarly, fused heterocycles owing to their unique
structural aspects, exhibit significant potencies in agrochemicals, biochemistry and materials.
Additionally, these scaffolds are used as vital intermediates, ligands and catalysts in synthetic

organic chemistry.’

(0] (0]
M
@ = OMe
OMe
OMe

Piperlongumine 0) > N\) Setiptiline
(Natural product) MeO. _O._O 0 (Antidepressant)
e} Baloxavir Marboxil e}
Me O OH (Antiviral) E j
E\N _ ) ! F F Me N
/l\/N _ N N OEt
(@) o \ O |
o) 6] HO NS0
H
Dolutegravir Indoprofen Emorfazone
(HIV/AIDS) (NSAIDs) (Analgesic)

Figure 1. Representative Examples of Bioactive Heterocycles.

In view of the profound relevance, development of sustainable synthetic strategies for the
rapid construction of heterocycles utilizing simple precursors with step/atom-economy is

desirable. In this context, emergence of strained three-membered carbo-/heterocycles as staple

3
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Chapter 1 Synthesis of Functionalized Heterocycles

coupling partners has bolstered the synthetic feedstock to generate functionalized heterocycles
via ring opening cyclization or cycloaddition process. This strategy can be realized by suitably
coupling various dipolarophiles with strained three-membered rings via Lewis acid catalyzed
(3+n)-cycloaddition reactions.® Additionally, potential lengthy pre-functionalization can be
averted by the introduction of transition-metal-catalyzed DG-assisted cascade C—H
functionalization/annulation strategy for efficient assembly of fused heterocycles.” In this
section, the methods for the transition metal catalyzed cycloaddition reactions using strained
three-membered rings and C—H activation-initiated cascade transformation for synthesizing

heterocyclic architectures are presented.
1.1 State-of-the Art for Synthesis of Heterocycles using Strained Rings

Transition-metal-catalyzed strain-driven ring opening functionalization of three-membered
rings offers an alluring alternative to conventional synthetic strategies. Intrinsic reactivity
associated with these rings positions them as a versatile three-atom synthons to synthesize
heterocycles following ring expansion strategy. Although, kinetically inert, vicinal installation
of donor/acceptor substituents makes them undergo ring cleavage under Lewis acid catalysis
to yield 1,3-dipolar synthons. Later, trapping of these reactive zwitterionic species by

appropriate dipolarophiles leads to the de novo synthesis of complex heterocycles (Scheme 1).

o-.

o 7
8- o+

Dipolarophiles X~ Q

X ™ | ‘
./Yg\CD ./Y\X/\O } o O

Reactive 1,3-dipole Functionalized
Heterocycles

Scheme 1. Strategies for Ring Opening/Cyclization or Cycloaddition of Strained Rings

1.1.1 Using Donor-Acceptor Cyclopropanes

In recent times, donor-acceptor cyclopropanes have attracted a lot of research interest from
synthetic community owing to their ability to undergo ring opening/cyclization or
cycloaddition with heteroatom containing dipolarophiles to afford heterocyclic scaffolds. The
presence of vicinal donor-acceptor entities leads them to undergo reaction even under mild

conditions, thus making them indispensable building blocks in sustainable molecular synthesis.
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Chapter 1 Synthesis of Functionalized Heterocycles

Kerr and co-workers presented a homo (3+2)-cycloaddition of nitrones with donor-acceptor

cyclopropanes using Yb(OTf); as the Lewis acid to afford diverse oxazine scaffolds in good to

excellent yields (Scheme 2).® A practical utility of this methodology was exhibited in the
preparation of FR-900482 skeleton.

@ m
A_COR OLR"  vpOTh (5mol%)  R'Sy-OneR
+ | >
R CO,R! R")\H CH,Cly, rt, 3-42 h R"
R'O,C CO,R
R =H, Ph R" = aryl, (het)aryl
vinyl, styryl R"™ = Me, aryl

up to 96% yield
R' = Me, Et

Scheme 2. Yb-Catalyzed Tetrahydro-1,2-oxazine Synthesis

Charette group reported a Lewis acid catalyzed cycloaddition of aromatic azomethine ylides
with donor-acceptor cyclopropanes (Scheme 3).? This diastereoselective protocol was tolerated

to quinolinium ylides and cyclopropane diesters giving access tricyclic dihydroquinoline
derivatives in moderate to good yields.

f el p
CO,M
CO,Me N Ni(CIO,), (10 mol %) 2Me
+
R

\ N5 T=co,Me
COzMe oN._O 3AMS, THF, rt, 16h Os N
R = H, aryl, vinyl R
R'=H, OMe, CF; up to 87% yield
Rl

R' upto>6.6:1dr

Scheme 3. Ni-Catalyzed Dihydro-quinoline Synthesis

A TiCls-promoted (3+3)-cycloaddition of donor-acceptor cyclopropanes with diverse azides
has been reported to achieve diversely functionalized triazines in moderate to good yields

(Scheme 4).'° The products could be further transformed into biologically significant azetidines
by subsequent thermolysis.

CO,Me TiCl, (20-100 mol %) chone
R + R'—Nj3 CO,Me
CO,Me CH,CI, or HFIP R,/N\N/,N
0°C, 2h
R = alkyl, aryl up to 98% yield

vinyl

Scheme 4. Ti-Catalyzed Triazines Synthesis
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Chapter 1 Synthesis of Functionalized Heterocycles

Werz group reported a synergestic dirhodium(II)-Lewis acid catalyzed (3+3)-annulation of
carbonyl ylides with donor-acceptor cyclopropanes to achieve pyran scaffolds in good yields
and diastereoselectivity (Scheme 5).!! Enantioenriched cyclopropanes afforded the respective
inversion products in high enantiomeric excess. A strong solvent effect was observed to affect
the stereochemical outcome, suggesting the involvement of different reactive species in the

mechanistic cycle.

CO,Me R RL
R Rhy(OACy)s (2 mol %) RT o \_/ OH
CO,Me AN Se(0Ths (10 mol %) MeO
+ n > or
MeO
Ar CO,Me 5 Yb(OTf; (0.5 Mol %)  MeO,C MeO2C
4AMS, 30°C,2-5h CO,Me
,'\, , Co,Me  Ar 2 Ar
n=0,1 toluene CHCl,
R =aryl, (het)aryl up to 93% yield up to 97% vyield
up to >4.6:1 dr up to >20:1 dr

Scheme 5. Rh-Sc-Synergistic Catalysis for Pyran Synthesis
1.1.2 Using Aziridines

Being the smallest aza-heterocycles, aziridines have proven as versatile three-atom synthons
for obtaining larger N-heterocycles through tandem cyclization or cycloaddition process. In
presence of Lewis acids, the innate ring strain associated with them makes them susceptible to
act as masked 1,3-dipolar components via preferential C—N/C—C bond cleavage thereby

making them valuable reactants in accessing N-heterocycles.

Contextually, Zhang group described a robust Y(OTf)s-catalyzed C—C bond cleavage of
donor-acceptor aziridines and their (3+2)-dipolar cycloaddition with electron-rich olefins via
an azomethine ylide to afford substituted pyrrolidines in high regio- and diastereoselectivity

(Scheme 6).!2

Ts
Ts A, N COsMe
N CO,R =\ Y(OTf)3 (5 mol %) i 7<COQMe
& + . [ > H y LoH
Ar COzR .. _/I CH20|2, 4A MS, rt ! \\,
1-2.5 h
R = Me, Et, Pr up to 85% yield

Scheme 6. Y-Catalyzed Pyrrolidine Synthesis
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Chapter 1

Synthesis of Functionalized Heterocycles

Xu group described a gold and ytterbium relay catalysis for the respective cycloisomerization

and diastereoselective (3+2)-cycloaddition of alkynyl alcohols and amides with aziridines

under mild reaction conditions to generate diverse nitrogen-embedded spiro heterocycles from

readily accessible starting materials (Scheme 7).'3

PhsPAUNTf, (5 mol %)
s R Yb(OTf)3 (10 mol %) R

PhsPAUNTf, (5 mol %)
Yb(OTf)3 (10 mol %)

EN\Q CH,Cl,, 30 °C, 1.5-2 h N. co,R' CH2Cl»,30°C, 1h
SN N~pgm R .
R. NHTs CO.R OH
R0 GO R = alkyl, aryl
= alkyl, ary :
X R' = Me, Et i A
up to 80% yleld R"™ = Ts, Ms R'=H,F

Scheme 7. Au-Yb-Catalyzed Diverse Spiro-N-heterocycles Synthesis

ﬁcozw

N,
Rm

up to 99% vyield

Zhao and co-workers reported a formal cross-dimerization of sulfonylated aziridines and

cyclopropenones to afford synthetically valuable dihydropyridinones using Pd-Lewis acid

cooperative catalysis (Scheme 8).!* Gratifyingly, enantiopure aziridines reacted efficiently to

afford the optically pure ring-expansion products in >99% ee.

Pd(P'Bus), (10 mol %)

Il?’ (@) CuBr (20 mol %) R Q R
N /A L (20 mol %) N |
+
R/A Rll R" CH3CN, 25 oC, 24 h R"
R
R =H, aryl R" = alkyl, aryl up to 91% vyield
R'=Ts, Ns

Scheme 8. Pd-Cu-Cooperative Catalysis for Dihydropyridinone Synthesis

AgOTf (15 mol %)

Ts N, Cu(OAc), (10 mol %)
N R\[HJ\ NaHCO3 (2 equiv)
/ \ + R'
Ar o (CH,CI),, 40 °C, 12 h
R= Me, Et, Ph

R'= CO,Et, CO,Me,COMe, COPh, CO,iPr

Scheme 9. Ag-Cu-Catalyzed Oxazine Synthesis

Rl

Ts \N)\(R

-

)

Ar

up to 82% yield

An efficient strategy has been developed for the (3+3)-cycloaddition of a-diazocarbonyls and

N-tosylaziridines generating polysubstituted oxazines through synergetic AgOT{/Cu(OAc)2

TH-3718_196122020



Chapter 1 Synthesis of Functionalized Heterocycles

catalysis (Scheme 9).!° A series of both electronically as well as sterically diverse substituents

were well tolerated under the protocol.
1.1.3 Using Oxiranes

Oxiranes are versatile synthons for accessing oxygen containing heterocycles. The innate ring
strain embodied within its structure makes them prone to undergo stereoselective ring cleavage

in presence of carbo/heteroatom dipolarophiles to furnish functionalized heterocycles.

A transannulation strategy towards the synthesis functionalized dihydro-2H-1,4-oxazines was
developed by Chen and co-workers under Rh-catalysis (Scheme 10).! A diverse set of
N-sulfonyl-1,2,3-triazoles and substituted styrene oxides were coupled to afford functionalized
oxazines in moderate yields. The reaction proceeds via a-imino rhodium(II)carbene species

followed by oxirane ring opening/cyclization sequence.

o N-Ts  €1/€2 (1.5 mol %)

o__R
¥ — = - J: ]/
AFA =/ (CHCl,),, 120 °C, 1 h AN
Ts

pd

R

R = alkyl, aryl, (het)aryl .
CO,Me up to 57% yield

045

Scheme 10. Rh-Catalyzed Transannulation

" R" |
o N [Ph3SICo(CO)] (5 mol %) R"'%N o
/ \ + )I\ + CO
R R' R OR™ toluene, 50 °C, 60 bar O R
24-96 h R
R, R'=H, alkyl R"=alkyl, Ph up to 94% yield
Ph R™ =H, Ph
R™ = H, alkyl

Scheme 11. Co-Catalyzed Multi-Component (3+2+1)-Cycloaddition

Co-catalyzed multi-component (3+2+1)-cycloaddition strategy involving readily available

oxiranes, CO gas and imines was disclosed for assembly of 1,3-oxazinan-4-ones in high yields
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(Scheme 11).!7 Tolerance to a broad range of imines and oxiranes under mild conditions with

high atom economy showcases the practicality of the protocol.

Guo reported a highly diastereoselective dearomative (3+2)-cycloaddition of donor-acceptor
oxiranes with benzazoles. This methodology starts with a Sc-catalysed chemoselective C—C

bond cleavage of oxiranes to give benzazolo [3,2-c] oxazoles in good yields (Scheme 12).!8

Ar

O x—N o N/\O
A\ :c:ozR . RE \> Sc(OTf); (10 mol %) _ ©: >,/ECOzR
Ar R Z~x_  (CH.Cl),, 4A MS, rt x 3 COR
72 h
R = Et, Bn, Me X=0,S,NR" up to 96% yield
R' = EDG, EWG

Scheme 12. Sc-Catalyzed Benzo-Fused Heterocycle Synthesis
1.1.4 Using Diaziridines

Diaziridines are known for their unique reactivity under thermal or Lewis acid catalysis to form
azomethine imine ylide intermediate. These in situ generated intermediates can combine with
suitable dipolar species to furnish nitrogen rich heterocycles. Notably, bicyclic diaziridines

possessing both nitrogen atoms at the ring junction are valuable in affording fused heterocycles.

Trushkov group carried out a Ni(Il)-catalyzed (3+3)-annulation of donor-acceptor
cyclopropanes with diaziridine to afford perhydropyridazines under mild conditions (Scheme
13)." Gratifyingly, bicyclic diaziridines having aliphatic as well as aromatic substituents and
monocyclic diaziridines proved viable in delivering the desired heterocycles in good yield and

diastereoselecitivities.

m n COZMe
R" N R Ni(CIO4)p6H,0 20 mol %) AT CO,Me
X 7 oA COMe A MS, CH,Cl,, 40 °C. 4h N R’

R' R COZMe ’ 2 27 ’ R'" ’}l R
R = alkyl, aryl Ar = Aryl, (het)aryl R
R' = H, alkyl up to 88% yield
R", R" = alkyl upto >95:5 dr

Scheme 13. (3+3)-Cycloaddition of Diaziridines with Donor-Acceptor Cyclopropane

Feng and co-workers have accomplished a highly enantioselective 1,3-dipolar cycloaddition
in presence of Sc(III)-N,N'-dioxide chiral complex utilizing diaziridines and chalcones as the

coupling partners (Scheme 14).2° This protocol can accommodate diverse electron donating
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and withdrawing substituents on both the substrates to furnish 1,5-diazabicylo[3.3.0]octane in

high diastereo and enantioselectivities.
(} Sc(OTf)s (15 mol %) o Ar
N-N L (10 mol %) }—C'T‘}
Y Ar' /\)J\Ar" CH,Cl,, THF, 20 °C A N
Ar"

______________________________

up to 93% yield
up to 94% ee

B : >10-
N O*H/N\ i up to >19:1 dr

Scheme 14. (3+2)-Cycloaddition of Diaziridines with Chalcones

Our group reported a Fe(Ill)-catalyzed (3+3)-annulation of aziridines with diaziridines to
furnish fused [1,2,4]-triazines. This protocol provides a potential route for the annulation of
two different three-membered rings in synthesizing N-heterocycles (Scheme 15).2! The use of
cost-effective iron catalysis, quick reaction time, broad functional group tolerance and high

stereospecificity are the important practical features.

R )
R\ R’ //KR
% $ll R N R

. N FeCl3(10 mol %) \r N
N—N >
i N
Y Ar'/g CH5Cl,, rt, 5 mins R"” \)\Ar'
R
R = Aryl, (het)aryl up to 95% yield
R'=H, Me

Scheme 15. (3+3)-Cycloaddition of Diaziridines with Aziridines

Feng and co-workers developed a 6-bond cross-exchange strategy utilizing diaziridines and
bicyclobutanes to access medicinally important azabicyclo[3.1.1]heptane derivatives in good
yields (Scheme 16).22 Under Sc(OTf); catalysis, a high level of cross-redistribution selectivity

was observed with broad substrate scope.
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R O
ﬁ Q Sc(OTf)s (10 mol %) N R"
NN+ R R" - C .
Y CH,Cl,, 25°C, 12 h N
R RI
R = aryl, alkenyl  R'=aryl, alkyl up to 98% yield

R" = (het)aryl, alkyl
Scheme 16. (3+3)-Cycloaddition of Diaziridines with Bicyclobutanes
1.1.5 Using Oxaziridines

Oxaziridines are intriguing strained ring systems possessing both nitrogen and oxygen atoms
in its core to offer a wide variety of dipolar synthons via regioselective C—O, C—N and N-O

bond cleavage which undergo cycloaddition to yield varied classes of heterocycles.

A (3+2)-cycloaddition of oxaziridines with alkenes was reported by Troisi and co-workers
towards the synthesis of isoxazolidines. The reaction proceeds via exclusive C—O bond
cleavage in oxaziridines under reflux in toluene (Scheme 17).?* The reaction tolerated both aryl
as well as heteroaryl derived oxaziridines and electronically diverse styrenes in delivering the

intended heterocycles in up to 95% yield.
ItBu n m R'" R R'
N R R™  toluene
Ao >_< f ight 0
\ reflux, over n
R R b ux, over nig R N
'Bu

R = aryl, (het)aryl R' = aryl, (het)aryl up to 95% yield
R", R" = H, Me

Scheme 17. (3+2)-Cycloaddition of Oxaziridines with Alkenes

Yoon group accomplished a highly stereoselective 1,3-dipolar cycloaddition of N-sulfonyl
oxaziridines with dipolarphiles to achieve heterocycles (Scheme 18).?* Mechanistically, in
presence of a bulkier scandium catalytic complex, oxaziridines undergo preferential C—N bond
cleavage to generate carbonyl imine intermediate, which combines with dipolarophiles to

access intricate heterocycles.

11
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ScCly(SbFg)eL (10 mol %) Os .2

1l
Ar—S=0 X NaSbFg (20 mol %) A SN0
N+ L - Al R
A R CR"  5AMS,CH,Cl,40°C,14h R ’%Lx
R Rll
R=alkyl, aryl R'=aryl,alkyl, | I\;I ; -I\-/I-e ________ : up to 90% yield
CO,Et i 0 o up to >10:1 dr
Rll = H, Me : , \ :
X = CHy, NPh, O ! S(N N ;
Me" Ve L Me Mei

______________________

Scheme 18. Sc(III)-Catalyzed 1,3-Dipolar Cycloaddition via Carbonyl Imine Intermediate
1.2 Cascade C—H Functionalization/Annulation for Heterocycle Synthesis

Transition-metal-catalyzed DG assisted cascade C—H functionalization/annulation has
emerged as a powerful step/atom-economic tool towards heterocycle synthesis. These one-pot
cascade transformations involve the cleavage and reconstruction of multiple bonds which pave
the way for molecular complexity, thus streamlining modern synthetic endeavours. In presence
of transition-metal, suitably placed DGs in the molecule undergo coordination and C—H
activation to form metallacycle intermediate, later, subsequent functionalization and annulation

affords fused heterocycles (Scheme 19).”

0.,
I. M| I. ) o ®
H [M]’, coupling partner -
@® DG
MetlEEEe Fused Heterocycles

Scheme 19. Cascade C—H Functionalization/Annulation to Access Fused Heterocycles

Glorius group reported an oxidant-free Rh(III)-catalyzed annulation towards the construction
of tetrahydroisoquinolone cores in good yields (Scheme 20).2° Mechanistically, the authors
have outlined the important role of DG as an internal oxidant in regenerating the active Rh-

catalyst, thus obviating the need of a toxic stoichiometric oxidant.

12
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O O
_OPiv [Cp*RhCl5]5 (2.5 mol %)
N CsOPiv (30 mol %) 7N NH
H + /\Rl R_|
R PivOH (20 mol %) = R’
EtOH, 80 °C, 16 h
R=H,]I R'=H, aryl, (het)aryl up to 88% vyield

CO,Bu

Scheme 20. Rh-Catalyzed Tetrahydroisoquinolone Synthesis

Ackermann and co-workers reported a Co(Il)-catalyzed C—H/N—-H functionalization of
benzamides to access isoindoline-1-one using electron deficient alkenes (Scheme 21).26 This
oxidative annulation strategy utilizes a removable bidentate 8-aminoquinoline auxiliary to
regioselectively install alkene onto the benzamides and subsequently the alkenylated

intermediate upon hydroamination furnishes the desired heterocycles.

0 "
N Co(OAc); (20 mol %) O :
N N~ AgOPiv (2 equiv) X 5
R—=r H + DR > R N-Q ! / |
F PEG 400/CF3CH,OH (4:1) = b Q= N
100 °C, 18 h, air B
R ]
R = EDG, EWG R' = CO,Et, CO,Bn up to 85% yield !

CO,Me, CN

Scheme 21. Co-Catalyzed Isoindolin-1-one Synthesis

A modular approach towards the synthesis of 1,2-benzothiazines was demonstrated by Bolm
group employing a Rh-catalyzed C—H activation/annulation strategy (Scheme 22).2” A broad
range of S-aryl sulfoximines and diazo compounds proved viable in delivering the heterocycles

in high yield. This domino strategy is highly regioselective, scalable, and generates green by-

products.
A _NH 0 O\\s R
ol AN S\R' R..\H)J\ [Cp*Rh(MeCN)3](SbFg), (2 mol %) R X N
—_— + m L. _—
L R NaOAc (1 equiv) LA~ R
N2 (CHCIl,),, 100 °C, 1 h o
R =EDG, EWG R" = CO,Et, CO,Me, Ts up to 99% yield
OP(OMe),
R"™ = alkyl, aryl

Scheme 22. Rh-Catalyzed 1,2-Benzothiazine Synthesis
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A tandem Rh(IIl)-catalyzed C—H activation and Brensted acid catalyzed dehydrative
annulative sequence using indoles and enaldiazo compounds was developed to produce
functionalized carbazoles with good functional group tolerance (Scheme 23).2% Interestingly,

the authors have extended the same strategy towards the synthesis of indoles utilizing pyrroles

as the coupling partner.

R [Cp*Rh(CH3CN)3](SbFg), (5 mol %) R
Car TN (PhO),POOH (10 mol %)
|\ Ar | + / / Rl - l\ Ar |
--°7N O CHCI3/DMF = 9:1 S R
\
Pym N2

N
35°C,20h i:)ym
R =H, Me .
R' = Ketone, Ester up to 98% vyield

Scheme 23. Synthesis of Carbazoles and Indoles

Loh group disclosed a redox neutral (4+1)-annulation of benzamides under Rh(III)-catalysis
using a,0-difluoromethylene alkyne as an efficient one-carbon synthon (Scheme 24).2° This
regiospecific strategy lays forth a straight-forward way for the construction of isoindolin-1-one

derivatives with a quaternary carbon center in moderate to good yield.

o)
OMe FF [CP*RhCl,], (2 mol %) 2

R X N~ . R>\ KOAc (30 mol %) ot A 3 om

i . . N oMo

L W X mn  3AMS, MeOH O
40°C, 12 h ,
R = EDG, EWG R', R" = alkyl R N\
R" = aryl

up to 85% yield R*
Scheme 24. Rh-Catalyzed Isoindolin-1-one Synthesis

Zhou group carried out an oxidative annulation of benzoic acids with unsymmetrical internal
alkynes to afford isocoumarins with broad substrate scope (Scheme 25).3° The reaction

achieved good regiocontrol under Ir(IIl)-catalyst using silver salt as an external oxidant.

O O
CF3  [IrCp*Cl,], (3.5 mol %)
R—: OH . | | AgOACc (2 equiv) R—: @] N R—; (0]
= TFE, 50 °C, 24 h N %
CF3 Ar
Ar Ar CE
R = EDG, (het)aryl 3

up to 98% yield

Scheme 25. Ir-Catalyzed Isocoumarin Synthesis

14
TH-3718_196122020



Chapter 1 Synthesis of Functionalized Heterocycles

1.3 Objective of the Thesis

Strained three-membered carbo-/heterocyclic scaffolds have exemplified enormous potential
in the field of heterocycle synthesis via ring-opening functionalization. In a similar manner,
transition-metal-catalyzed cascade transformations involving C-H
functionalization/annulation have strengthened the synthetic arsenal in light of generating
fused heterocycles. The above discussed strategies resulted in good yield with strong functional
group tolerance. Despite the progress, there still exists synthetic voids that can lead the way for

further research in this evolving field.

e Considering the ample importance of atom/step-economy in sustainable synthesis,
divergent strategies can be developed under mild conditions utilizing strained rings.

e The ring opening cyclization or cycloaddition reactions of strained three-membered
rings were extensively studied utilizing acyclic or n-bonded dipolarophiles, whilst
formal cycloaddition of two different strained rings is challenging and requires much
attention.

e Compared to mono-heteroatomic strained rings, strategies encompassing diaziridines
and oxaziridines are limited. In this line, development of synthetic strategies using these
two strained ring systems can help accessing N,O-rich heterocycles.

e Viewing the significance of chiral heterocycles in medicinal domain, optically pure
three-membered rings can be utilized as valuable precursors to synthesize such
scaffolds in a stereospecific manner.

e From synthetic perspective, it would be valuable to achieve control over the
regioselective bond breaking in oxaziridine to engage them in cycloaddition,
synthesizing diverse scaffolds.

e Use of stoichiometric oxidants in transition-metal-catalyzed C—H functionalization
poses a drawback from sustainability perspective; thus, development of oxidant-free
approach is desirable.

e (C—H activation prompted multiple cascade transformations have attracted a great deal
of research interest due to their ability to form multiple bonds in step economic manner.
In this line, easily accessible maleimides and benzamides can be utilized to achieve the

goal.

15
TH-3718_196122020



Chapter 1 Synthesis of Functionalized Heterocycles

1.4 References

1. (a) Vitaku, E.; Smith, D. T.; Njardarson, J. T. J. Med. Chem. 2014, 57, 10257. (b) Taylor,
R. D.; MacCoss, M.; Lawson, A. D. G. Rings in Drugs: Miniperspective. J. Med.
Chem. 2014, 57, 5845. (¢) Fukui, N.; Maki, T.; Ban, K.; Kijima, A.; Shibahara, S.;
Okamoto, K.; Kamiya, S.; Yasukata, T.; Tsuritani, T. Org. Process Res. Dev. 2024, 28,
2128. (d) Marshall, C. M.; Federice, J. G.; Bell, C. N.; Cox, P. B.; Njardarson, J. T. J.
Med. Chem. 2024, 67, 11622.

2. (a) Lovering, F.; Bikker, J.; Humblet, C. J. Med. Chem. 2009, 52, 6752. (b) Lovering, F.
Med. chem. Comm. 2013, 4, 515. (c¢) Kombo, D. C.; Tallapragada, K.; Jain, R.;
Chewning, J.; Mazurov, A. A.; Speake, J. D.; Hauser, T. A.; Toler, S. J. Chem. Inf.
Model. 2013, 53, 327. (d) Aldeghi, M.; Malhotra, S.; Selwood, D. L.; Chan, A. W. E.
2014, 83, 450. (e) Liu, D.-H.; Pfliiger, P. M.; Outlaw, A.; Liickemeier, L.; Zhang, F;
Regan, C.; Rashidi Nodeh, H.; Cernak, T.; Ma, J.; Glorius, F. J. Am. Chem. Soc. 2024,
146, 11866.

3. (a) Cox, B.; Booker-Milburn, K. I.; Elliott, L. D.; Robertson-Ralph, M.; Zdorichenko,
V. ACS Med. Chem. Lett. 2019, 10, 1512. (b) Bauer, M. R.; Di Fruscia, P.; Lucas, S. C.
C.; Michaelides, I. N.; Nelson, J. E.; Storer, R. I.; Whitchurst, B. C. RSC Med.
Chem. 2021, 12, 448. (c) Ma, J.; Chen, S.; Bellotti, P.; Wagener, T.; Daniliuc, C.; Houk,
K. N.; Glorius, F. Nat. Catal. 2022, 5, 405.

4. (a) Marson, C. M. Saturated Heterocycles with Applications in Medicinal Chemistry.
In Advances in Heterocyclic Chemistry; Elsevier, 2017; pp 13-33. (b) Qadir, T.; Amin,
A.; Sharma, P. K ; Jeelani, 1.; Abe, H. Open Med. Chem. J. 2022, 16, 1.

5. (a) Kumar, S.; Bawa, S.; Gupta, H. Mini Rev. Med. Chem. 2009, 9, 1648. (b) Bollini, M.;
Casal, J.J.; Alvarez, D. E.; Boiani, L.; Gonzélez, M.; Cerecetto, H.; Bruno, A. M. Bioorg.
Med. Chem. 2009, 17, 1437. (c) Ning, J.; Tian, Z.; Wang, B.; Ge, G.; An, Y.; Hou, J.;
Wang, C.; Zhao, X.; L1, Y.; Tian, X.; Yu, Z.; Huo, X.; Sun, C.; Feng, L.; Cui, J.; Ma, X.
Mater. Chem. Front. 2018, 2, 2013. (d) Hao, Y.; Guo, J.; Wang, Z.; Liu, Y.; L1, Y.; Ma,
D.; Wang, Q. J. Agric. Food Chem. 2020, 68, 5586. () Nifant’ev, 1. E.; Ivchenko, P. V.;
Vinogradov, A. A. Coord. Chem. Rev. 2021, 426, 213515.

6. (a) Stankovi¢, S.; D’hooghe, M.; Catak, S.; Eum, H.; Waroquier, M.; Van Speybroeck,
V.; De Kimpe, N.; Ha, H.-J. Chem. Soc. Rev. 2012, 41, 643. (b) Xu, X.; Doyle, M. P.
Acc. Chem. Res. 2014, 47, 1396. (c) Cavitt, M. A.; Phun, L. H.; France, S. Chem. Soc.

16
TH-3718_196122020



Chapter 1 Synthesis of Functionalized Heterocycles

10.
11.
12.
13.

14.

15.
16.
17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.

Rev. 2014, 43, 804. (d) Fumagalli, G.; Stanton, S.; Bower, J. F. Chem. Rev. 2017, 117,
9404. (e) Pirenne, V.; Muriel, B.; Waser, J. Chem. Rev. 2021, 121, 227.

(a) Dutta, C.; Choudhury, J. RSC Adv. 2018, 8, 27881. (b) Wang, C.; Chen, F.; Qian, P.;
Cheng, J. Org. Biomol. Chem. 2021, 19, 1705. (c) Qiu, M.; Fu, X.; Fu, P.; Huang, J. Org.
Biomol. Chem. 2022, 20, 1339. (d) Tang, X.; Ding, S.; Song, L.; Van der Eycken., E. V.
Chem. Rec. 2023, 23, 1.

Young, I. S.; Kerr, M. A. Angew. Chem. Int. Ed. 2003, 42, 3023.

Perreault, C.; Goudreau, S. R.; Zimmer, L. E.; Charette, A. B. Org. Lett. 2008, 10, 689.
Zhang, H.-H.; Luo, Y.-C.; Wang, H.-P.; Chen, W.; Xu, P.-F. Org. Lett. 2014, 16, 4896.
Petzold, M.; Jones, P. G.; Werz, D. B. Angew. Chem. Int. Ed. 2019, 58, 6225.

Li, L.; Wu, X.; Zhang, J. Chem. Commun. 2011, 47, 5049.

Wang, B.; Liang, M.; Tang, J.; Deng, Y.; Zhao, J.; Sun, H.; Tung, C.-H.; Jia, J.; Xu, Z.
Org. Lett. 2016, 18, 4614.

Li, R.; Li, B.; Zhang, H.; Ju, C.-W.; Qin, Y.; Xue, X.-S.; Zhao, D. Nat. Chem. 2021, 13,
1006.

Fang, S.; Zhao, Y.; Li, H.; Zheng, Y.; Lian, P.; Wan, X. Org. Lett. 2019, 21, 2356.

Ma, X.; Pan, S.; Wang, H.; Chen, W. Org. Lett. 2014, 16, 4554.

Liu, L.; Sun, H. Angew. Chem. Int. Ed. 2014, 53, 9865.

Zhang, S.-S.; Wang, D.-C.; Xie, M.-S.; Qu, G.-R.; Guo, H.-M. Org. Lett. 2018, 20,
8026.

Chagarovskiy, A. O.; Vasin, V. S.; Kuznetsov, V. V.; Ivanova, O. A.; Rybakov, V. B.;
Shumsky, A. N.; Makhova, N. N.; Trushkov, I. V. Angew. Chem. Int. Ed. 2018, 57,
10338.

Hu, H.; Xu, J.; Wang, F.; Dong, S.; Liu, X.; Feng, X. Org. Lett. 2020, 22, 93.

Sarkar, T.; Talukdar, K.; Roy, S.; Punniyamurthy, T. Chem. Commun. 2020, 56, 3381.
He, H.-X.; Wu, F.; Zhang, X.; Feng, J.-J. Angew. Chem. Int. Ed. 2025, 64, e202416741.
Fabio, M.; Ronzini, L.; Troisi, L. Tetrahedron 2007, 63, 12896.

Partridge, K. M.; Guzei, 1. A.; Yoon, T. P. Angew. Chem. Int. Ed. 2010, 49, 930.
Rakshit, S.; Grohmann, C.; Besset, T.; Glorius, F. J. Am. Chem. Soc. 2011, 133, 2350.
Ma, W.; Ackermann, L. ACS Catal. 2015, 5, 2822.

Cheng, Y.; Bolm, C. Angew. Chem. Int. Ed. 2015, 54, 12349.

Wu, J.-Q.; Yang, Z.; Zhang, S.-S.; Jiang, C.-Y.; Li, Q.; Huang, Z.-S.; Wang, H. ACS
Catal. 2015, 5, 6453.

17

TH-3718_196122020



Chapter 1 Synthesis of Functionalized Heterocycles

29. Wang, C.-Q.; Ye, L.; Feng, C.; Loh, T.-P. J. Am. Chem. Soc. 2017, 139, 1762.
30. Liu, G.; Kuang, G.; Zhang, X.; Lu, N.; Fu, Y.; Peng, Y.; Zhou, Y. Org. Lett. 2019, 21,
3043.

18
TH-3718_196122020



Chapter I1

Co-Catalyzed C-N/C-0 Bonds Formation of Oxiranes with
Diaziridines
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Chapter I1

Co-Catalyzed C-N/C-O Bonds Formation of Oxiranes with
Diaziridines

[1,3,4]-Oxadiazines are versatile scaffolds that exhibit persistent utility as potential anticancer
and antibiotic agents (Figure 1). Their utility as significant pesticides and antiviral drugs, such
as in case of indoxacarb, that displays inhibitory activity against lepidopteran larvae while
oxadin, that restricts the in vitro replication of herpex simplex virus, is highly noteworthy.!
Considering manifold utilities in the field of medicine and drug discovery, efficient synthesis
of such heterocyclic scaffolds in a stereospecific approach in an atom- and step-economic?
manner would be valuable. Further, considering the notable reactivity of strained ring systems
as primary three-atom synthon, their utility as chief building blocks for C—C/C—heteroatom
bond formation can certainly lead to generation of a plethora of privileged carbo-/heterocyclic
motifs.? In this domain, oxiranes, the smallest oxygen containing heterocyclic unit, have been
widely used as prerequisites for synthesising diverse O-heterocycles.*? In addition, diaziridines,
under thermal as well as Lewis acidic conditions are known to undergo heterolytic cleavage in
situ to generate an azomethine imine intermediate, that in turn can be exploited for obtaining
potent cyclic scaffolds.® Subsequently, channelling the innate potential of strained ring systems
as powerful alternatives for unsaturated coupling partners can open up innumerable avenues for
the synthetic chemist. This chapter, thereby, focuses on a Co(Il)-catalysed C—N/C—O bond
formation of oxiranes with diaziridines to furnish tetrahydro-[1,3,4]-oxadiazines as a single
diastereomer. The key features include the use of benign and cost-effective Co-catalysis,’ the
compatibility of a library of electronically divergent substrates and the highly stereospecific

reactivity that yields enantiopure sp>-rich heterocycles in up to >96% ee.

CN (CH,),CN Br
O _x_Ph N _O H
ﬁl)\/ N (@) N O/\/@
S LN l Y |
N o) HN NN
Me Ph o) H

Anticancer activity MAO inhibitor Oxadin (antiviral activity)

Figure 1. Representative examples of biologically active oxadiazines.
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Chapter I1 Synthesis of Substituted [1,3,4]-Oxadiazines

2.1 Literature

2.1.1 NHC-Catalysed (4+2)-Cycloaddition

Ye and co-workers reported an enantioselective (4+2)-cycloaddition of ketenes with N-
benzoyldiazenes using chiral NHCs to obtain oxadiazine motifs in good yields and excellent
enantiomeric excess (Scheme 1).® The observed switchable enantioselectivities make this

protocol potent enough for obtaining enantiopure oxadiazine cores.

o O A" " .
& NHC A/B (10 mol %) OO AT O O A ,EXN
+ _N T T or T 3 Ph>\“ N /lll
Ar)J\R N’ Cs,CO0;3 (10- 20 mol %) Ar''g~ -N Ro/~N 0 PR RN
Ar THF, 1t, 2 h RO Ar :
Ar Ar ! NHC A (Ar"= Ph, R'= TBS)
R = sl NHC A NHCB | NHC B (Ar"= Mes, R= H)
=a y '

up to 93%yield up to 89%yield
up to 96% ee upto-97% ee .

Scheme 1. NHC-Catalysed (4+2)-Cycloaddition of Ketenes with N-Benzoyldiazenes
2.1.2 Sc-Catalysed (3+3)-Cycloaddition

Luo and co-workers presented a formal (3+3)-cycloaddition strategy for the synthesis of 1,3,4-
oxadiazines in up to 96% ee (Scheme 2).° The protocol exhibited broad substrate scope and a
synergistic activation of both diaziridine as well as quinone was found to be crucial to enable

the cycloaddition.

@i R o R
A o Sc(OTf)3 (10 mol %)
N-N  + -
Y CH4CN, -25 °C, 19 h }
Ar e ® N

T

R = alkyl Ar
up to 96% yield

-Z

Scheme 2. Sc-Catalysed Formal (3+3)-Cycloaddition of Diaziridines with Quinones
2.1.3 Co-Catalysed Cascade Ring-opening/Cyclization

Our group described a Co-catalysed cascade ring-opening/cyclization of epoxides with
hydrazones to afford oxadiazine cores under aerobic conditions (Scheme 3).!° The catalyst has
been reported to play a dual role, both as a Lewis acid as well as a redox catalyst. Enantiopure

oxadiazines were obtained in up to >99% ee.

22
TH-3718_196122020



Chapter I1 Synthesis of Substituted [1,3,4]-Oxadiazines

Ar Ar @] R’
N .0 Co(OAC),*4H,0 (10 mol %)~ Y I
N\’}‘H R~ R toluene, 60 °C, 8 h N\'T' R
Ar Ar
R = alkyl, aryl _
R'=alkyl, H up to 86% yield

Scheme 3. Co-Catalysed Cascade C—N/C—O Bond Formation of Styrene Oxides with

Hydrazones
2.1.4 Diastereoselective Synthesis of Bridgehead Dihydro-Oxadiazines

Trofimov and co-workers reported an acid-mediated diastereoselective synthesis of bridgehead
dihydro-oxadiazines (Scheme 4).!! Diverse 7-methylene-6,8-dioxabicyclo[3.2.1]octanes were

efficiently coupled with hydrazine to yield the bridged heterocycle in moderate to good yield.

Me Me

TFA (1 equiv
LPON L+ NHpNH, (Tequv) LA°
A y Ar CH4CN,80°C,8h Are

N-N
H Me

up to 94% yield

Scheme 4. TFA mediated cyclization
2.1.5 NHC-Catalyzed Enantioselective Aza-Diels-Alder Reaction

A highly enantioselective aza-Diels-Alder reaction of oxodiazenes with a-chloroaldehydes was
demonstrated utilizing chiral-NHC catalyst to afford oxadiazines in high yields (Scheme 5).1
This (4+2)-cycloaddition showed good functional group tolerance on both the substrates in

delivering the intended heterocycles in high enantioselectivities (ee >99%).

0 ~_ o N
CHO NHC (10 mol %) o%—' SR ¢ N
R/\C(l + Ar/N\\ J\ . )\ , NJS

N Ar ;
EtsN (1.6 equiv) X N .
DMF, it 0.5-12h Ar N Ar ©j>‘o
to 93% vield
R = alkyl, aryl uP e NHC

up to >99% ee

Scheme 5. Asymmetric aza-Diels-Alder reaction
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2.1.6 Organocatalytic a-Amination/Michael-Lactonization Cascade

Smith and co-workers unveiled a highly enantioselective isothiourea catalyzed cascade a-
amination/Michael-lactonization of carboxylic acids with N-aryl-N-aroyldiazenes to afford

oxadiazines in good yield (Scheme 6)."

i) 4-MeOCgH,COCI (2.25 equiv) ; Me
iPr,NEt (2.25 equiv) o . Me—/
O O 2 - q AI’/, ’)J\ : ’-‘

CH,Cl,, -78 °C, 16 h
Ar\)J\OH + Ar../N\\N)J\Arm 22 N /)\ : Ph,,._(\\N
ii) Catalyst (1 mol %) A VN A N:< j@
' s

'Pr,NEt (2.25 equiv)

up to 89% yield '
up to >99% ee Catalyst

Scheme 6. Organocatalytic cascade synthesis
2.1.7 Ring Expansion of Cyclic Azomethine Imines

A base mediated strategy towards ring expansion of C,N-cyclic-N'"-acyl azomethine imines
with sulfonium salts was disclosed (Scheme 7).!* Under mild conditions, in situ generated
sulfonium ylide couple with cyclic azomethine imine to afford tricyclic oxadizines via

aziridinium cation intermediate.

PhSMe,BF,4 (1.2 equiv)

R N 0 KOH (1.2 equiv) \
' ON O HMPA (50 mol %) —
RN > o
THF, rt, 18 h R / R
Rl

up to 90% yield

\
4

R, R'=H, EDG, EWG
Scheme 7. Base mediated ring enlargement of C,N-cyclic-N'-acyl azomethine imines.
2.1.8 Brensted Base Catalyzed (3+3)-Cycloaddition

A base catalyzed highly diastereoselective (3+3)-cycloaddition involving p-quinols and
azomethine imine ylides was developed to synthesize tricyclic oxadiazines (Scheme 8).!> This
reaction was carried out in mild conditions and supported varieties of functional groups in

delivering the cycloadduct in moderate to good yield.
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0
o) o 40

KOBu (20 mol %) N

+ /N @ R |

N CH,Cl,, 40 °C, 1-2 h N

O\ _
R" OH
Ar Ar

R = alkyl, aryl up to 87% vyield

up to >99:1 dr

Scheme 8. (3+3)-Cycloaddition of p-quinols with azomethine imine ylide
2.1.9 Hemin Catalyzed Oxidative (3+3)-Cycloaddition

Zhong and co-workers performed a (3+3)-cycloaddition involving phenol and hydrozones
under hemin/H>O; catalysis to seamlessly generate functionalized benzo fused oxadiazines in
good yield (Scheme 9).!® Bio-inspired catalysis, chemoselective oxidation and step/atom

economy are the highlighted features.

NHPg .
l,? hemin (10 mol %)

R’
N
i N, NN H0p Requiv) | o oS \IN
~ I toluene, i, 12-16 h L O)<Ar
Ar” DAr Ar

OH
R = EDG, EWG Pg = Boc, CO,Et,Ts,Cbz up to 95 %
R' = alkyl, aryl

Scheme 9. Bio-catalytic (3+3)-cycloaddition
2.2 Present Study

This chapter describes a stereospecific C—N/C—O bond formation of oxiranes with diaziridines
utilizing cobalt catalysis to furnish tetrahydro-[1,3,4]-oxadiazines in a diastereoselective
manner. Our optimization studies began by taking 6-phenyl-1,5-diazabicyclo[3.1.0]hexane 1a
and 2-phenyloxirane 2a as the representative substrates (Table 1). An initial approach towards
performing the cycloaddition under catalyst-free conditions remained futile, thereby directing
us for the screening of a series of 3d-transition-metal halides such as FeCls;, NiCl,
CoCl2*6H>0, CuClz, and MnCl>*4H>0 at room temperature (entries 1-7). Delightedly, 3aa was
produced in 36% yield when 1a and 2a were stirred in CH>Cl> in presence of 10 mol %
CoCl2*6H20, while other metal chlorides demonstrated inferior outcomes. Further screening
of a series of cobalt catalysts depicted a significant increase in yield to 82% with CoCl,, while

the use of metal triflates as well as Bronsted acids remained comparatively ineffective (entries
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8-16). In case of solvents, CH>Cl, proved to be the solvent of choice, while (CH2Cl),, CH3CN,
THF, DMSO, DMF, and CH30H produced <70% of the desired cycloadduct (entries 17-22).

Table 1. Optimization of the Reaction Conditions®

Q O talvst. solvent <-N\/\N Ph
= catalyst, solvent
Y * - rt, 1 h - k j’

Ph Ph Ph™ SO
1a 2a (+)-3aa
Entry Catalyst (10 mol %) Solvent Yield [3aa, (%)]°

1€ none CH:Cl n.r.
2 FeCl3 CH2Cl» 16
3 NiClz CHxCl, 20
4 CuCh CH2Cl trace
5 MnCl,*4H,0O CH2Ch trace
6 CoCl2*6H,0 CHxCl, 36
7¢ CoCl2*6H0 CHxCl 40
8 CoClz CH:Cl: 82
9 Co(OAc) CH:Cl, trace
10 Co(acac)2 CH:Cl, n.r.
11 Cu(OTHf) CH2Cl 15
12 Sc(OTf); CH2Cl, 46
13 Yb(OTHf)3 CH2Cl, 10
14 Zn(OT*) CH2Cl, 25
15 PTSA CH>Cl, trace
16 CF3SOs;H CH:Cl, n.r.
17 CoClh (CH2CI)2 70
18 CoCl2 CH;CN nr.
19 CoCl, THF trace
20 CoCl» DMSO n.r.
21 CoCl2 DMF 20
22 CoCl2 MeOH trace

“Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), catalyst (10 mol %), solvent (2 mL), 1 h,
rt. ’Isolated yield. ‘At 40 °C. “4 A MS used. n.r. = no reaction.
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Table 2. Scope of Diaziridines®

!

0 CoCl, (10 mol %)

+
Ph” CH,Cl,, 1t, 1 h k j/

2a (+ 3aa ta

~—*

ﬁ Br ﬁ O.N ﬁ FyC (}

el e e O O

(£)-3aa, 82% (x)-3ba, 75% ()-3ca, 68% (£)-3da, 66%
QN Ph = Br, 3ea, 81% Z _N <N\,\N Ph
= F, 3fa, 79% j’
0 = CO,Me, 3ga, 81% \\ Me® “"ko
= Me, 3ha, 86%
A = NO,, 3ia, 80% MeO
X (£) = Ph, 3ja, 84% Me e
(+)-3Ka, 81% (£)-3la, 83%

Me,_ Me <\\ <\\
% N,N:’,ph " j,Ph
N-N “"ko A \“'ko N—N
(oK | O a
e :
O Ar = 2-naphthyl, 30a, 73% O
(+)-3ma, 77% (+)-3na, 75% = 1-naphthyl, 3pa, 72% (+)-3qa, 68%

Me <\,\N Ph

<\\ N _Ph (\\N Ph
Et“"'[oj/ % Moy “"Nko:,’
Vo Iy

(from (-)-Borneol) Me <8 (from L-Menthol)

(+)-3ra, 80% 3sa 79% 3ta, 75%

“Reaction conditions: 1a-t (0.2 mmol), 2a (0.2 mmol), CoCl; (10 mol %), CH2Cl> (2 mL), 1
h, rt. *Isolated yield.

Having the optimised conditions, the generality of the protocol was investigated using a series
diaziridines 1a-t with 2a as the standard substrate (Table 2). A variation of diverse substituents
on the aryl ring of the diaziridine revealed that 2-bromo substituted diaziridine 1b produced
3ba in 75% yield. Likewise, substituents at the 3-position of the aryl ring such as nitro 1¢ and
trifluoromethyl 1d afforded 3ca and 3da in 68% and 66% yields respectively. Diaziridines
bearing substitution at the 4-position viz., bromo 1e, fluoro 1f, ester 1g, methyl 1h, nitro 1i, and
phenyl 1j reacted to yield 3ea-ja in 79-86%. Intriguingly, 2,4-dimethyl diaziridine 1k, 3,4,5-
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trimethoxy 11, and 3,3-dimethyl 1m reacted to produce the corresponding cycloadducts 3ka-
3ma in 77-83% yields. Polycyclic 2-fluorenyl substituted 1n and diaziridines tethered with z-
extended aryl moieties 2-naphthyl 10, 1-naphthyl 1p, and anthracenyl 1q delivered the target
products 3na-qa in 68-75% yields. Aliphatic diaziridine 1r as well as diaziridines derived from
naturally occurring terpenoids such as (-)-borneol 1s and L-menthol 1t successfully

participated affording 3ra-3ta in 75-80% yields.

Table 3. Scope of Oxiranes®’

N—N 0 CoCly (10 mol %) - (,\:\NIR
Ph“"ko

R CH20|2, rt, 1h

-
a)
mj

2b-p (x)-3ab-ap

iy

Y = Br, 3ae, 84%

N—N N—N N—N = Cl, 3af, 82%
Ph-( Phe-( _)‘Q Ph-( j‘@’Y = F, 3ag, 81%
(@] (0] » (0] ) = Me, 3ah, 72%

Me (=) = Ph, 3ai, 66%
(+)-3ab, 68% X = 3-Br, 3ac, 72%

= 3-Me, 3ad, 70%
N - o
oA Yo e
o) O g Me
Me Me

it

{0
)
(+)-3aj, 75% (£)-3ak, 69% 3al, trace 3am, 61%
(Nj\l _<N—N —<N—N
Ph Ph
Ph/ko 042 o—@
Et
3an, trace 3ao0, 0% 3ap, 0%

“Reaction conditions: 1a (0.2 mmol), 2b-p (0.2 mmol), CoClz (10 mol %), CH2Cl> (2 mL), 1
h, rt. *Isolated yield.

The scope of the protocol was extended to the coupling of a series of oxiranes 2b-p using 1a
as the standard substrate (Table 3). Oxirane 2b bearing methyl substituent on the 2-position of
the aryl ring produced 3ab in 68% yield. Similarly, oxiranes bearing substitution at the 3-
position of the aryl ring viz., 3-bromo 2¢ and 3-methyl 2d afforded 3ac and 3ad in 72% and

70% yields, respectively. Further, the reaction of 4-substituted oxiranes encompassing both
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electron-donating as well as -withdrawing groups, such as bromo 2e, chloro 2f, fluoro 2g,
methyl 2h, and phenyl 2i, occurred efficiently to produce 3ae-ai in 66-84% yields. The structure
of 3af was confirmed by X-ray analysis. Pertinently, 1-naphthyl substituted 2j and styryl
substituted 2k oxiranes afforded 3aj and 3ak in 75% and 69% yields, respectively. However, a
2,3-disubstituted oxirane 21, produced the cycloadduct 3al in a trace amount. Additionally, 2,2-
disubstituted isobutylene oxide 2m furnished 3am in 61% yield, while spirocyclic 1-
oxaspiro[2.5]octane 2n resulted in a trace amount of 3an. However, in contrast, 2-ethyloxirane

20 and 7-oxabicyclo[4.1.0]- heptane 2p remained unsuccessful substrates.

To shed light into the stereoselectivity of the reaction pathway, the reaction of diaziridines
was studied with 2-phenyloxirane (R)-2a’ as the standard example (Table 4). For example, 3-
nitro substituted diaziridine 1c¢ furnished 3ca’ in 66% yield with >99% ee while, diaziridine
bearing 4-methyl 1h delivered 3ha' in 84% yield with >98% ee. X-ray analysis confirmed the
absolute configuration of 3ha’. Moreover, the reaction of oxirane (S)-2i’ with diaziridine 1a
afforded 3ai’ in 62% yield with >96% ee. These outcomes validate the protocol is stereospecific
to furnish tetrahydro-[1,3,4]-oxadiazines in good yields and excellent enantiomeric excess.
Further, to reveal the enantioselectivity of the described protocol, the reaction of diaziridine 1¢

was carried out with oxirane (+)-2a using chiral Co(Salen) C1 and C2 as the representative

Table 4. Enantiospecific Synthesis®’

N?N LA CoCly (10 mol %) QNIA”
+ > *
Ar Ar' CH2C|2, rt, 1h Ar/ko
(R)-2a’', 99% ee .
1 (S)-2i", 98% ee 3

Qu-(ofph Me4©"--<OJ<Ph Ph»() @

O,N  3ca’, 66%, >99% ee 3ha', 84%, >98% ee 3ai', 62%, >96% ee

#Reaction conditions: 1 (0.2 mmol), (R/S)-2' (0.2 mmol), CoCl> (10 mol %), CH2Cl, (2 mL),
1 h, rt. ’Isolated yield. Absolute stereochemistry of compound 3ha' was confirmed via single
crystal X-ray analysis, while the stereochemical outcome of 3ca' and 3ai' are assigned by

analogy.
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Table 5. Enantioselective Synthesis®’

N\/j QN Ph
N Q 10 mol % Chiral Co(salen) “"koj

Ph CHxCly, rt, 1 h
NO, 1c (£)-2a

NO, 3ca

Chiral Co(Salen) (10 mol %) Yield (3ca’, %) ee (%)

C1 65 >28

C2
[]?®55 = - 210 (c = 0.01, CHCl3) []?®5; = 560 (c = 0.01, CHCIj)

“Reaction conditions: 1¢ (0.2 mmol), (+)-2a (0.2 mmol), Co(Salen) C1/C2 (10 mol %), CH>Cl»
(2 mL), 1 h, rt. *Isolated yield.

examples (Table 5). The reaction occurred to produce the cycloadduct 3ca’ in 28 and 46% ee,

respectively.

To get some insight into the reaction pathway, control experiments using 2,6-di-fert-butyl-4-
methylphenol (BHT) and 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) were performed.
However, no significant decrement in yield was observed in the presence of radical scavengers,
thus, precluding the possibility of a radical pathway (Scheme 10a). Again, epimerization of 3aa
in the presence of AcOH failed to deliver 3'aa, which confirms the relative thermodynamic

preference of the trans-isomer over the cis-isomer (Scheme 10b).

On basis of these pmechanistic studies and literature precedents,® a plausible mechanism is
depicted, wherein, the initial coordination of CoCl, with styrene oxide generates intermediate
I (Scheme 11). Similarly, in the presence of CoCly, heterolytic C-N bond cleavage of diaziridine
1 may generate the azomethine imine intermediate A, which then stereospecifically opens I to

give intermediate I1. Intramolecular cyclization of II leads to the formation of 3 with absolute
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trans-selectivity, while, the formation of the cis-isomer is disfavoured owing to the
unfavourable steric interactions. To further provide an account for the observed
diastereoselectivity, density functional theory (DFT) calculations were performed. Figure 2

showcases the obtained energy profile for the formation of both the diastereomers

a. Radical trapping experiments

N—N 0 0
N /\ CoCl, (10 mol %) 4}’
Ph Ph CH,Cl,, tt, 1 h
1a 2a ) -3aa
radical scavenger yield (3aa)
BHT 78%
TEMPO 75%

b. Epimerization reaction

H (\\N Ph <\\N Ph
3aa C 20'2/ AcOH j’
rt, 1 h

( )-3aa, 95% +)-3'aa, 0%
(no eplmenzatlon)

Scheme 10. Preliminary Mechanistic Investigations

H

\ e
© v N~
A | Hﬁﬁ?h
,LA g™ . Ph
Ph 2 I : 3
% C°C|2 + cis-product
CoCl, i ‘
H : H
A NSRS
g o AN% e
H | Ph CoCl
3 ! Iy

trans-product m

Scheme 11. Plausible Mechanism
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calculated at 298 K in gas phase. Initially, chelation of oxirane 2a with CoCl, generates the
active species Int-I following an exergonic pathway (AGs = -5.4 kcal/mol). Later,
stereospecific ring opening of Int-I1 by A affords Int-II and Int-II' via two different reaction
pathways involving distinct transition states TS-I (Re-face of A) and TS-I' (Si-face of A) with
activation energies of 14.3 and 18.6 kcal/mol respectively. Later, cyclization of Int-II affords
the trans-product 3 via TS-II, which involves an activation barrier of 20.5 kcal/mol. The
formation of 3’ from Int-II' via TS-II' requires a comparatively higher activation energy of
23.3 kcal/mol. Thus, owing to lower activation energies, the formation of the trans-product is
more favoured, which is also in good agreement with the experimental findings from DFT

studies.

AG (kcalimol) \QOCI H P (Na’
C PN SO A
o} H N
e

Pl

h
Cocl H TS-lI

H
ph+ ¥
CoCl,

W’“'/H

O,

+

CoCl, :
\ |
CoCl | H

2 CoC CoCl, 3

Int-l Int-1l

Figure 2. Reaction energetic for the formation of cis and trans diastereomer. Relative energies

(AGaog) are in kcal/mol.

Post-synthetic transformations were accomplished to highlight the synthetic utility of the
protocol. A scale-up synthesis was first performed on a 5 mmol scale taking 1e and 2a as the
representative examples to afford the target heterocycle 3ea in 70% yield (Scheme 12). Further,
a Pd-catalysed Suzuki coupling reaction of 3ea produced the coupled product 4 in 81% yield.
In addition, a borylation reaction using B>Pin> produced the desired product 5 in 75% yield.

The aforementioned reactions, thus, showcase the efficacy of the stated protocol.
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(\,}\1 Ph o (\,}\1 Ph
1e CoCl, (10 mol %) N j’ Pyrene-1-boronic acid j’
+

2a k Nk
(5 mmol) (5 mmol) CH2Clz, 1t 11 v0 Pd(PPhg),, Na;COy e
toluene:EtOH= 1:1
Br H;0, 12 h (£)4, 81%

1-Pyrenyl
(+)-3ea, 70%, 1.2 g

Br BPin
(E\N B,Pin, (E\N
- Pd(dppf)Cl,-CH,Cl, =
Ph © KOAc, THF, 100°C, 4 h Ph ©
(+)-3ae (£)-5, 75%

Scheme 12. Synthetic Utilities.

In conclusion, a stereospecific Co(Il)-catalyzed C—N/C—O bonds formations of diaziridine
with oxirane was accomplished under mild conditions. The protocol tolerates a broad spectrum
of substrates in delivering the intended [1,3,4]-oxadiazine cores in good yield. Step/atom
economic transformation, high diastereoselectivity and natural product modifications are the

important practical features.
2.3 Experimental Section

General Information. (R)-(+)-2-Phenyloxirane (98%), CoCl> (97%), CoCl*6H2O (98%),
Co(OAc)2 (>99%), Sc(OTf)s (99%), Cu(OTL)2 (98%), Yb(OTE)s (>99%), Co(acac). (97%),
MnCl2+4H20 (>99%), NiClz (>99.9%), CuClz (97%), Pd(dppf)Cl2*CH.Clz (>99%), mCPBA
(£77%), Pd(PPh3)s4 (99%), AD-mix-a, BHT (99%), TEMPO (98%) and styrenes purchased
from Aldrich and used as received. FeCl3 (96%) purchased from Rankem used as received.
Diaziridines’ and styrene oxides'’ were prepared according to reported procedure. SRL silica
gel G/GF 254 plates were used for analytical TLC and SRL silica gel (100-200 mesh) was used
for column chromatography. NMR ('H, 3C{'H}, '°F and NOESY) spectra were recorded on
Brucker 400, 500 and 600 MHz spectrometer using CDCI3 as solvent and MesSi as an internal
standard. Chemical shifts (6) and spin-spin coupling constant (J) are reported in ppm and in
Hz, respectively, and other data are reported as follows: s = singlet, d = doublet, t = triplet, m
= multiplet, q = quartet, dd = doublet of doublet. Melting points were determined using a Biichi
B-540 apparatus and are uncorrected. FT-IR spectra were collected on Perkin Elmer IR
spectrometer. Q-Tof ESI-MS (model HAB 273) was used for recording mass spectra. Optical
rotation was determined using Rudolph autopol I automatic polarimeter. HPLC analysis was
carried out using Waters-2489 with Daicel Chiralcel OJ-H column utilizing iso-propanol and
hexane as eluent. Single crystal X-ray data of 3af was determined using Bruker SMART
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APEX-II CCD diffractometer, which is equipped with 1.75 kW sealed-tube Mo-Ka irradiation
and the crystal structure was solved by direct method using SHELXL-14 (G6ttingen, Germany)
and refined with full-matrix least squares on F? using SHELXL-14, while the single crystal X-
ray data of 3ha' was determined using Bruker SMART APEX-II CCD diffractometer, which is
equipped with 1.75 kW sealed-tube Mo-Ka irradiation and the crystal structure was solved by
direct method using SHELXL-19 (Géttingen, Germany) and refined with full-matrix least
squares on F? using SHELXL-19.

General Procedure for the Synthesis of Tetrahydro-[1,3,4]-oxadiazines. Diaziridine 1 (0.2
mmol, 1.0 equiv), oxirane 2 (0.2 mmol, 1.0 equiv) and CoCl; (3 mg, 0.02 mmol, 0.1 equiv)
were stirred for 1 h in CH2Cl> (2.0 mL, 0.1 M) at room temperature (25 °C). The reaction
mixture was diluted using CH>Cl (5 mL) and passed through a short pad of celite using CH>Cl»
(10 mL). Evaporation of the solvent gave a residue that was purified on silica gel column

chromatography using ethyl acetate and hexane as eluent to afford [1,3,4]-oxadiazine motifs.

General Procedure for the Enantiospecific Synthesis of Tetrahydro-[1,3,4]-oxadiazines. A
mixture of diaziridine 1 (0.2 mmol, 1.0 equiv), enantioenriched oxirane (0.2 mmol, 1.0 equiv)
and CoCl; (3 mg, 0.02 mmol, 0.1 equiv) was stirred for 1 h in CH>Cl; (2.0 mL, 0.1 M) at room
temperature (25 °C). The purification was performed as above in general procedure. The

enantiomeric excess was determined using chiral HPLC.

Enantioselective Synthesis of 3ca’. 6-(3-Nitrophenyl)-1,5-diazabicyclo[3.1.0]hexane 1c (41
mg, 0.2 mmol, 1.0 equiv), 2-phenyloxirane 2a (24 mg, 0.2 mmol, 1.0 equiv) and chiral
Co(Salen) C1/C2 (0.02 mmol, 0.1 equiv) were stirred for 1 h in CH>Cl, (2.0 mL, 0.1 M) at
room temperature. The reaction mixture was diluted using CH2Cl (5 mL) and passed through
a short pad of celite using CH>Cl, (10 mL). Evaporation of the solvent gave a residue that was
purified on silica gel column chromatography using ethyl acetate and hexane as eluent to afford
1-(3-nitrophenyl)-4-phenyltetrahydro-1H,6H-pyrazolo 3ca’ whose ee was determined using
chiral HPLC with Daicel Chiralcel OJ-H column using hexane and iso-propanol (9:1).

Epimerization Reaction.'® Acetic acid (6 L, 0.1 mmol, 1.0 equiv) was added to a stirring
solution of 3a (28 mg, 0.1 mmol, 1.0 equiv) in CH2CL (1 mL, 0.1 M) and the stirring was
continued for 6 h at room temperature. The reaction mixture was quenched using saturated
aqueous NaHCO; (10 mL) and extracted with CH2CL, (3 x 10 mL). Drying (Na;SO4) and
evaporation of the solvent gave a residue that was purified on silica gel column

chromatography using ethyl acetate and hexane as an eluent to give 3aa in 95% yield (27 mg).
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Scale-up Synthesis of 3ea. 6-(4-Bromophenyl)-1,5-diazabicyclo[3.1.0]hexane 1e (1.2 g, 5
mmol, 1.0 equiv), styrene oxide 2a (600 mg, 5 mmol, 1.0 equiv) and CoCl> (65 mg, 0.5 mmol,
0.1 equiv) were stirred for 1 h in CH2Cl> (50 mL, 0.1 M) at room temperature. The reaction
mixture was then diluted with CH>Cl> (20 mL) and passed through a short pad of celite using
CH2Cl> (100 mL). Evaporation of the solvent gave a residue that was purified on silica gel

column chromatography using ethyl acetate and hexane as an eluent to yield 3ea in 70% yield

(1.2 g).

Synthesis of 4. Compound 3ea (72 mg, 0.2 mmol, 1.0 equiv), boronic acid (50 mg, 0.2 mmol,
1.0 equiv), Pd(PPh3)s4 (7 mg, 0.006 mmol, 0.03 equiv), Na;CO3 (22 mg, 0.2 mmol, 1.0 equiv)
and H>O (50 pL) were stirred in toluene: EtOH (1:1, 2 mL) at 100 °C in an oil bath for 12 h
under N> atmosphere. The reaction mixture was cooled to room temperature and passed through
a short pad of celite using CH>Cl, (10 mL). Evaporation of the solvent gave a residue that was

purified on silica gel column chromatography to give 4 in 81% yield (78 mg).

Synthesis of 5.!° Compound 3ae (72 mg, 0.2 mmol, 1.0 equiv), bis(pinacolato)diboron (50 mg,
0.2 mmol, 1.0 equiv), KOAc (40 mg, 0.4 mmol, 2.0 equiv) and Pd(dppf)Clo,*CH2Cl> (8 mg,
0.01 mmol, 0.05 equiv) were stirred in THF (3 mL) at 100 °C for 4 h in a pressure tube. After
completion, the reaction mixture was cooled to room temperature and passed through a short
pad of celite using CH>Cl, (15 ml). Evaporation of the solvent gave a residue that was purified
on silica gel column chromatography using hexane and ethyl acetate as an eluent to give 5 in

75% yield (61 mg).
2.4 Characterization Data of the Products

-
.

PR 07 (+)-3aa

Ph

1,4-Diphenyltetrahydro-1H,6 H-pyrazolo[1,2-c][1,3,4]oxadiazine

3aa. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry= 0.48; colorless solid; mp 101-
102 °C; yield 82% (46 mg); '"H NMR (500 MHz, CDCls) & 7.49-7.47 (m, 2H), 7.36-7.34 (m,
2H), 7.29-7.22 (m, 6H), 4.94 (s, 1H), 3.96-3.91 (m, 1H), 3.69-3.64 (m, 2H), 2.92-2.88 (m, 1H),
2.67-2.62 (m, 1H), 2.41-2.31 (m, 2H), 1.79-1.71 (m, 2H); 3C{'H} NMR (125 MHz, CDCls) §
138.26, 138.23, 129.0, 128.6, 128.4, 128.2, 128.1, 127.6,95.5, 72.2, 66.5, 51.5, 46.8, 22.0; FT-
IR (KBr) 2963, 2852, 1493, 1453, 1365, 1313, 1118, 1075, 1039 cm™'; HRMS (ESI) m/z
[M+H]" caled for CisH21N>0: 281.1648, found: 281.1645.
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1-(2-Bromophenyl)-4-phenyltetrahydro-1H,6 H-pyrazolo[1,2-

c][1,3,4]oxadiazine 3ba. Analytical TLC on silica gel, 1:9 ethyl acetate/hexane Ry = 0.50;
colorless liquid; yield 75% (54 mg); '"H NMR (500 MHz, CDCl3) & 7.72 (d, J = 7.5 Hz, 1H),
7.50 (d, J = 8.0 Hz, 1H), 7.38-7.36 (m, 2H), 7.30-7.22 (m, 4H), 7.15-7.12 (m, 1H), 5.37 (s,
1H), 3.92-3.89 (m, 1H), 3.72-3.67 (m, 1H), 3.64-3.62 (m, 1H), 2.93-2.88 (m, 1H), 2.67-2.62
(m, 1H), 2.54-2.49 (m, 1H), 2.34-2.29 (m, 1H), 1.77-1.71 (m, 2H); *C{'H} NMR (150 MHz,
CDCl3) 06 137.9,137.1, 132.7, 130.44, 130.40, 128.6, 128.29, 128.23, 127.8, 123.4, 93.8, 72.1,
67.9, 51.6, 47.0, 21.7; FT-IR (neat) 2960, 2852, 1492, 1452, 1114, 1075, 1035, 752 cm!;
HRMS (ESI) m/z [M+H]" calcd for Ci1sH20BrN2O: 359.0754, found: 359.0753.

3ca’

NO,

N\

(\,\N Ph
L)
\"'ko

(1R,4S)-1-(3-Nitrophenyl)-4-phenyltetrahydro-1H,6H-

pyrazolo[1,2-c][1,3,4]oxadiazine 3ca'. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane
R/ = 0.48; yellow solid; mp 142-143 °C; yield 66% (43 mg); 'H NMR (400 MHz, CDCls) &
8.36-8.35 (m, 1H), 8.14-8.12 (m, 1H), 7.82 (d, J= 7.6, 1H), 7.47 (t, J= 8.0 Hz, 1H), 7.35-7.33
(m, 2H), 7.29-7.20 (m, 3H), 5.13 (s, 1H), 3.97-3.91 (m, 1H), 3.70-3.64 (m, 2H), 2.92-2.86 (m,
1H), 2.67-2.62 (m, 1H), 2.44-2.38 (m, 1H), 2.35-2.29 (m, 1H), 1.87-1.70 (m, 2H); C{'H}
NMR (100 MHz, CDCls) 6 148.3, 140.3,137.8, 133.7,129.4,128.7, 128.2, 128.1, 123.9, 122.7,
93.2,72.2,65.2,51.3,45.9,22.1; FT-IR (KBr) 2961, 2853, 1531, 1492, 1349, 1112, 1077, 1060
cm’!; HRMS (ESI) m/z [M+H]" caled for CisH2oN303: 326.1499, found: 326.1506; [a]p*' =
+110 (¢ = 0.05, CHCI3); HPLC: >99% ee [CHIRALCEL OJ-H, hexane/'PrOH = 90:10, flow

rate: 1 mL /min, A =254 nm, tz = 15.13 min (minor), 20.62 min (major)].
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<‘tk Ph‘
)

Sy
(+)-3da

CF4

* 4-Phenyl-1-(3-(trifluoromethyl)phenyl)tetrahydro-1H,6H-
pyrazolo[1,2-c][1,3,4]oxadiazine 3da. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane
Ry = 0.43; colorless solid; mp 85-86 °C; yield 66% (46 mg); 'H NMR (500 MHz, CDCls) &
7.86 (s, 1H), 7.76 (d, J = 7.5 Hz, 1H), 7.63 (d, J = 7.5 Hz, 1H), 7.52-7.49 (m, 1H), 7.45-7.43
(m, 2H), 7.37-7.30 (m, 3H), 5.15 (s, 1H), 4.06-4.01 (m, 1H), 3.79-3.73 (m, 2H), 3.01-2.97 (m,
1H), 2.75-2.71 (m, 1H), 2.52-2.47 (m,1H), 2.43-2.38 (m, 1H), 1.91-1.82 (m, 2H); *C{'H}
NMR (125 MHz, CDCl3) 6 139.2, 138.0, 131.3 (q, Jcr=32.2 Hz), 131.1, 128.9, 128.7, 128.2,
127.5, 127.4 (q, Jcr= 270.6 Hz), 125.9 (q, Jcr= 3.6 Hz), 124.6 (q, Jcr= 3.7 Hz), 94.1, 72.2,
65.7, 51.4, 46.2, 22.1;'F NMR (377 MHz, CDCl;) § -62.4; FT-IR (KBr) 2961, 2854, 1493,
1452, 1326, 1273, 1165, 1126, 1072 ecm™'; HRMS (ESI) m/z [M+H]" calcd for C1oH20F3NO:
349.1522, found: 349.1523.

{ e
)
\“—ko
Br (+)-3ea

c][1,3,4]oxadiazine 3ea. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.42;
colorless solid; mp 115-116 °C ; yield 81% (58 mg); 'H NMR (500 MHz, CDCl3) § 7.45 (d, J
=8 Hz, 2H), 7.37-7.34 (m, 4H), 7.29-7.22 (m, 3H), 4.93 (s, 1H), 3.95-3.90 (m, 1H), 3.68-3.63
(m, 2H), 2.92-2.87 (m, 1H), 2.66-2.61 (m, 1H), 2.41-2.36 (m, 1H), 2.33-2.28 (m, 1H), 1.81-
1.72 (m, 2H); *C{'H} NMR (125 MHz, CDCl3) § 138.1, 137.3, 131.6, 129.3, 128.7, 128.26,
128.25, 123.0, 94.5, 72.2, 66.1, 51.5, 46.5, 22.0; FT-IR (KBr) 2961, 2852, 1594, 1488, 1452,
1361, 1113, 1068, 1012 cm’!; HRMS (ESI) m/z [M+H]" caled for CisH20BrN,O: 359.0754,
found: 359.0740.

“ 1-(4-Bromophenyl)-4-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
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(\,\N Ph
i
o

F (+)-3fa

c][1,3,4]oxadiazine 3fa. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.45;
colorless solid; mp 101-102 °C; yield 79% (47 mg); 'H NMR (400 MHz, CDCls3) § 7.55-7.51
(m, 2H), 7.43-7.41 (m, 2H), 7.37-7.30 (m, 3H), 7.08-7.04 (m, 2H), 4.98 (s, 1H), 4.03-3.96 (m,
1H), 3.76-3.69 (m, 2H), 3.00-2.94 (m, 1H), 2.72-2.66 (m, 1H), 2.48-2.35 (m, 2H), 1.88-1.78(m,
2H); *C{'H} NMR (100 MHz, CDCl3) & 164.4 (d, Jc.r=245.5 Hz), 138.0, 134.2 (d, Jcr=3.2
Hz), 129.4 (d, Jcr= 8.2 Hz), 128.7, 128.2, 115.5 (d, Jcr= 21.3 Hz), 94.8, 72.2, 66.5, 51.5,
46.9,21.9; ’F NMR (471 MHz, CDCls) § -112.8; FT-IR (KBr) 2957, 2853, 1609, 1492, 1453,
1362, 1225, 1117, 1076 cm™; HRMS (ESI) m/z [M+H]" calcd for Ci1sH20FN2O: 299.1554,
found: 299.1555.

1-(4-Fluorophenyl)-4-phenyltetrahydro-1H,6 H-pyrazolo|[1,2-

(\/\N Ph\
L

W 0)
o)
Me”™ (+)-3ga

0]

“ Methyl 4-(4-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazin-1-yl)benzoate 3ga. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane
R;= 0.45; colorless solid; mp 134-135 °C; yield 81% (55 mg); "H NMR (400 MHz, CDCl3) &
8.00 (d, J=8.4 Hz, 2H), 7.57 (d, J = 8 Hz, 2H), 7.37-7.35 (m, 2H), 7.31-7.22 (m, 3H), 5.07 (s,
1H), 3.99-3.92 (m, 1H), 3.85 (s, 3H), 3.71-3.65 (m, 2H), 2.93-2.88 (m, 1H), 2.67-2.61 (m, 1H),
2.44-2.38 (m, 1H), 2.36-2.30 (m, 1H), 1.85-1.71 (m, 2H); *C{'H} NMR (100 MHz, CDCls) §
166.9, 142.9, 138.0, 130.7, 129.8, 128.7, 128.2, 127.6, 94.4, 72.2, 65.7, 52.3, 51.4, 46.2, 22.1;
FT-IR (KBr) 2968, 2842, 1725, 1451,1276, 1112, 1075 cm™'; HRMS (ESI) m/z [M+H]" caled
for C20H23N203: 339.1703, found: 339.1703.

(\,\N Ph
)

\"— O
M 3ha’
e
* (1R,4S5)-4-Phenyl-1-(p-tolyl)tetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ha'. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.48;
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colorless solid; mp 110-111 °C; yield 84% (49 mg); 'H NMR (500 MHz, CDCls) § 7.36-7.34
(m, 4H), 7.27-7.20 (m, 3H), 7.10 (d, J = 8.0 Hz, 2H), 4.89 (s, 1H), 3.94-3.89 (m, 1H), 3.68-
3.63 (m, 2H), 2.91-2.87 (m, 1H), 2.66-2.62 (m, 1H), 2.40-2.27 (m, 5H), 1.80-1.67 (m, 2H);
BC{'H} NMR (100 MHz, CDCls) § 138.8, 138.2, 135.3, 129.1, 128.6, 128.2, 128.1, 127.5,
95.5,72.2,66.7,51.5,46.9,21.9,21.3; FT-IR (KBr) 2961, 2850, 1493, 1452, 1362, 1177, 1075,
1059, 1038 cm’!; HRMS (ESI) m/z [M+H]" caled for C19H23N20: 295.1805, found: 295.1804;
[a]p?!® = +144 (¢ = 0.05, CHCl3); HPLC: >98% ee [CHIRALCEL OJ-H, hexane/PrOH =
90:10, flow rate: 1 mL /min, A = 254 nm, tz = 6.84 min (minor), 13.13 min (major)].

{ N
LT
Q\\.&O
ON (+)-3ia

c][1,3,4]oxadiazine 3ia. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.42;
yellow solid; mp 142-143 °C; yield 80% (52 mg); 'H NMR (500 MHz, CDCl3) & 8.25 (d, J =
8.5 Hz, 2H), 7.75 (d, J= 8.5 Hz, 2H), 7.43-7.42 (m, 2H), 7.37-7.30 (m, 3H), 5.24 (s, 1H), 4.06-
4.01 (m, 1H), 3.78-3.73 (m, 2H), 3.00-2.95 (m, 1H), 2.75-2.70 (m, 1H), 2.53-2.48 (m, 1H),
2.42-2.37 (m, 1H), 1.95-1.81 (m, 2H); C{'H} NMR (125 MHz, CDCl3) § 148.4, 144.9, 137.8,
128.8, 128.6, 128.3, 128.2, 123.7, 93.2, 72.2, 65.0, 51.3, 45.7, 22.2; FT-IR (KBr) 2962, 2853,
1604, 1520, 1452, 1345, 1109, 1058 cm™'; HRMS (ESI) m/z [M+H]" caled for C1sH20N30:s:
326.1499, found: 326.1500.

\{NE\Nj,Ph
Ph/© (

o

+
pyrazolo[1,2-c][1,3,4]oxadiazine 3ja. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane
R;= 0.40; colorless solid; mp 144-144 °C; yield 84% (60 mg); '"H NMR (400 MHz, CDCl3) &
7.65-7.60 (m, 6H), 7.47-7.43 (m, 4H), 7.38-7.30 (m, 4H), 5.08 (s, 1H), 4.08-4.01 (m, 1H), 3.81-
3.75 (m, 2H), 3.03-2.98 (m, 1H), 2.83-2.78 (m, 1H), 2.52-2.44 (m, 2H), 1.91-1.81 (m, 2H);
BC{'H} NMR (125 MHz, CDCls) § 141.9, 140.9, 138.2, 137.2, 128.8, 128.7, 128.2, 128.1,
128.0, 127.5, 127.3, 127.2, 95.2, 72.3, 66.5, 51.5, 46.8, 22.0; FT-IR (KBr) 2959, 2853, 1488,

1-(4-Nitrophenyl)-4-phenyltetrahydro-1H,6 H-pyrazolo|[1,2-

)-3ja

1-([1,1'-Biphenyl]-4-yl)-4-phenyltetrahydro-1H,6 H-
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1363, 1107, 1074, 1039 cm™'; HRMS (ESI) m/z [M+H]" caled for C24H2sN2O: 357.1961, found:
357.1964.

{ N
N

Jo
(+)-3ka
Me Me

pyrazolo[1,2-c][1,3,4]oxadiazine 3ka. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane
R;= 0.50; colorless liquid; yield 81% (50 mg); 'H NMR (500 MHz, CDCls) § 7.54 (d, J = 8.0
Hz, 1H), 7.44-7.43 (m, 2H), 7.36-7.29 (m, 3H), 7.04 (d, /= 7.5 Hz, 1H), 6.99 (s, 1H), 5.21 (s,
1H), 4.02-3.96 (m, 1H), 3.78-3.71 (m, 2H), 2.98-2.94 (m, 1H), 2.85-2.80 (m, 1H), 2.48-2.43
(m, 4H), 2.37-2.31 (m, 4H), 1.90-1.73 (m, 2H); 3C{'H} NMR (125 MHz, CDCls) & 138.3,
138.2,136.2,133.4,131.2, 128.6, 128.3, 128.1, 128.0, 126.7,92.4, 72.2, 66.7, 51.5, 46.6, 21.9,
21.2, 19.6; FT-IR (neat) 2919, 2851, 1736, 1452, 1113, 1057, 738 cm™'; HRMS (ESI) m/z
[M+H]" caled for C20H25N>0: 309.1961, found: 309.1972.

(\,\N Ph
Ly
MeO kO

MeO (+)-3la
OMe

1-(2,4-Dimethylphenyl)-4-phenyltetrahydro-1H,6 H-

* 4-Phenyl-1-(3,4,5-trimethoxyphenyl)tetrahydro-1H,6H-
pyrazolo[1,2-c][1,3,4]oxadiazine 3la. Analytical TLC on silica gel, 1:4 ethyl acetate/hexane
R;= 0.56; colorless solid; mp 122-123 °C; yield 83% (61 mg); '"H NMR (400 MHz, CDCl3) &
7.43-7.41 (m, 2H), 7.36-7.30 (m, 3H), 6.79 (s, 2H), 4.96 (s, 1H), 4.04-3.97 (m, 1H), 3.89 (s,
6H), 3.84 (s, 3H), 3.75-3.69 (m, 2H), 3.00-2.94 (m, 1H), 2.83-2.78 (m, 1H), 2.51-2.38 (m, 2H),
1.94-1.77 (m, 2H); BC{'H} NMR (125 MHz, CDCl3) & 153.3, 138.5, 138.2, 133.8, 128.7,
128.24, 128.20, 104.6, 95.3, 72.3, 66.0, 60.9, 56.3, 51.5, 46.6, 22.0; FT-IR (KBr) 2922, 2850,
1593, 1460, 1367, 1232, 1125, 735 cm™'; HRMS (ESI) m/z [M+H]" calcd for C21H27N2O:
371.1965, found: 371.1975.
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Me

Mej\\
_N__Ph
L

Ph™ "0" (4)3ma

7,7-Dimethyl-1,4-diphenyltetrahydro-1H,6 H-pyrazolo|[1,2-
c][1,3,4]oxadiazine 3ma. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.45;
colorless solid; mp 123-124 °C; yield 77% (47 mg); '"H NMR (500 MHz, CDCls) § 7.55-7.53
(m, 2H), 7.43-7.41 (m, 2H), 7.37-7.29 (m, 6H), 4.80 (s, 1H), 3.99-3.96 (m, 1H), 3.77-3.67 (m,
2H), 2.72 (d, J = 9.0 Hz, 1H), 2.40 (d, J = 8.5 Hz, 1H), 2.25-2.22 (m, 2H), 1.07 (d, J = 14.0
Hz, 6H); *C{'H} NMR (125 MHz, CDCIl3) & 138.2, 129.2, 128.6, 128.4, 128.1, 128.0, 127.9,
96.6,72.4, 68.0, 66.9, 63.3, 36.4, 29.1, 28.8; FT-IR (KBr) 2958, 2851, 1738, 1453, 1366, 1119,
1063, 751, 699 cm™'; HRMS (ESI) m/z [M+H]" calcd for C2oH2sN20: 309.1961, found:
309.1966.

q Ph

e
O (+)-3na

c][1,3,4]oxadiazine 3na. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.46;
colorless solid; mp 185-186 °C ; yield 75% (55 mg); 'H NMR (400 MHz, CDCl3) § 7.81-7.78
(m, 3H), 7.56 (d, J = 7.6 Hz, 2H), 7.47-7.45 (m, 2H), 7.40-7.30 (m, 5H), 5.06 (s, 1H), 4.09-
4.02 (m, 1H), 3.93 (s, 2H), 3.82-3.76 (m, 2H), 3.04-2.98 (m, 1H), 2.79-2.73 (m, 1H), 2.51-2.44
(m, 2H), 1.89-1.80 (m, 2H); *C{'H} NMR (125 MHz, CDCls) § 143.7, 143.5, 142.6, 141.4,
138.2,136.8, 128.7, 128.28, 128.20, 127.0, 126.8, 126.5, 125.2, 124.1, 120.1, 119.7, 96.0, 72.3,
67.0, 51.6, 47.2, 37.0, 21.9; FT-IR (KBr) 2960, 2851, 1453, 1357, 1116, 1073, 1038 cm;
HRMS (ESI) m/z [M+H]" calcd for C2sHasN20: 369.1961, found: 369.1961.

(N
L
Sl
(£)-30a

c][1,3,4]oxadiazine 30a. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.44;
colorless solid; mp 99-100 °C ; yield 73% (48 mg); 'H NMR (500 MHz, CDCls) § 8.02 (s, 1H),

1-(9H-Fluoren-2-yl)-4-phenyltetrahydro-1H,6 H-pyrazolo|[1,2-

Ph

1-(Naphthalen-2-yl)-4-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
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7.90-7.84 (m, 3H), 7.73-7.71 (m, 1H), 7.51-7.47 (m, 4H), 7.39-7.31 (m, 3H), 5.23 (s, 1H), 4.11-
4.05 (m, 1H), 3.85-3.80 (m, 2H), 3.04-3.00 (m, 1H), 2.77-2.73 (m, 1H), 2.54-2.44 (m, 2H),
1.89-1.81 (m, 2H); *C{'H} NMR (125 MHz, CDCl5) & 138.2, 135.7, 133.9, 133.2, 128.7,
128.4, 128.3, 128.2, 127.8, 126.9, 126.4, 126.1, 125.2, 95.4, 72.3, 66.4, 51.6, 46.7, 22.0; FT-
IR (KBr) 2961, 2850, 1696, 1492, 1452, 1335, 1175, 1117, 1074, 1059 cm™'; HRMS (ESI) m/z
[M+H]" calcd for C22H23N>0: 331.1805, found: 331.1805.

{ N
PRt
o (0]
(+)-3pa

c][1,3,4]oxadiazine 3pa. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.42;
thick liquid; yield 72% (47 mg); '"H NMR (400 MHz, CDCls) § 8.69 (d, J = 8.4 Hz, 1H), 7.78
(d, /=8 Hz, 2H), 7.70 (d, J= 7.2 Hz, 1H), 7.48-7.37 (m, 5H), 7.31-7.22 (m, 3H), 5.62 (s, 1H),
4.05-3.99 (m, 1H), 3.82-3.76 (m, 2H), 2.95-2.89 (m, 1H), 2.67-2.61 (m, 1H), 2.48-2.42 (m,
1H), 2.29-2.22 (m, 1H), 1.80-1.64 (m, 2H); *C{'H} NMR (125 MHz, CDCl3) § 138.3, 133.9,
131.2, 129.4, 128.6, 128.3, 128.2, 128.0, 126.1, 125.9, 125.7, 125.2, 125.1, 93.9, 72.5, 65.9,
51.5, 46.1, 22.0; FT-IR (neat) 2961, 2854, 1510, 1492, 1451, 1171, 1112, 1064 cm™'; HRMS
(EST) m/z [M+H]" calcd for C22H23N20: 331.1805, found: 331.1805.

(\/\N Ph
LJ

1-(Naphthalen-1-yl)-4-phenyltetrahydro-1H,6 H-pyrazolo|[1,2-

1-(Anthracen-9-yl)-4-phenyltetrahydro-1H,6 H-pyrazolo[1,2-

c][1,3,4]oxadiazine 3qa. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.42;
yellow thick liquid; yield 68% (52 mg); 'H NMR (500 MHz, CDCls) § 9.73 (d, J = 8.5 Hz,
1H), 8.67 (d, J=9 Hz, 1H), 8.49 (s, 1H), 8.04-7.98 (m, 2H), 7.59-7.53 (m, 4H), 7.50-7.45 (m,
2H), 7.43-7.40 (m, 2H), 7.37-7.35 (m, 1H), 6.42 (s, 1H), 4.21-4.18 (m, 1H), 4.07-4.05 (m, 1H),
3.98-3.94 (m, 1H), 3.10-3.06 (m, 1H), 2.52-2.45 (m, 2H), 2.41-2.37 (m, 1H), 1.77-1.69 (m,
2H);3C{'H} NMR (125 MHz, CDCls) 6 138.3, 132.1, 131.3, 131.0, 130.5, 129.6, 129.5, 128.9,
128.7,128.37,128.32, 128.29, 128.24, 126.3, 125.3, 125.1, 124.6, 123.5, 93.0, 73.0, 69.6, 52.1,
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47.7,21.7; FT-IR (neat) 2960, 2850, 1493, 1450, 1312, 1111, 1068, 1045 cm™'; HRMS (ESI)
m/z [M+H]" calcd for C26HasN>O: 381.1961, found: 381.1961.

N

Et N0

Ph

y

(+)-3ra

1-Ethyl-4-phenyltetrahydro-1H,6H-pyrazolo[1,2-c][1,3,4]oxadiazine

3ra. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.55; colorless liquid; yield
80% (37 mg); 'H NMR (500 MHz, CDCl3) § 7.37-7.26 (m, 5H), 4.18-4.16 (m, 1H), 3.89-3.83
(m, 1H), 3.60-3.54 (m, 2H), 3.21-3.16 (m, 1H), 2.90-2.85 (m, 1H), 2.62-2.57 (m, 1H), 2.48-
2.43 (m, 1H), 2.03-1.94 (m, 1H), 1.92-1.84 (m, 1H), 1.73-1.61 (m, 2H), 1.03 (t, J = 7.5 Hz,
3H); 3C{'H} NMR (125 MHz, CDCls) § 138.5, 128.6, 128.2, 128.0, 93.8, 72.1, 64.3, 51.0,
44.5,26.5,22.3,9.4; FT-IR (neat) 2964, 2829, 1493, 1452, 1378, 1329, 1134, 1059, 1030, 755
cm’'; HRMS (ESI) m/z [M+H]" calcd for C14H21N20: 233.1648, found: 233.1642.

"
N

ML\% m@\%j

(0]
3sa

o)

* (18,2R,45)-1,7,7-Trimethylbicyclo[2.2.1]heptan-2-yl 4-
(4-phenyltetrahydro-1H,6H-pyrazolo[1,2-¢c][1,3,4]oxadiazin-1-yl)benzoate 3sa. Analytical
TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.48; colorless solid; mp 137-138 °C; yield
79% (73 mg); '"H NMR (500 MHz, CDCI3) § 8.00 (d, J= 8.0 Hz, 2H), 7.57 (d, J = 8.5 Hz, 2H),
7.36-7.35 (m, 2H), 7.29-7.21 (m, 3H), 5.08-5.04 (m, 2H), 3.97-3.92 (m, 1H), 3.70-3.65 (m,
2H), 2.92-2.88 (m, 1H), 2.68-2.63 (m, 1H), 2.44-2.37 (m, 2H), 2.35-2.30 (m, 1H), 2.09-2.03
(m, 1H), 1.85-1.70 (m, 3H), 1.66 (t, J = 4.5 Hz, 1H), 1.37-1.31 (m, 1H), 1.27-1.22 (m, 1H),
1.07-1.04 (m, 1H), 0.90 (s, 3H), 0.84 (s, 6H); *C{'H} NMR (125 MHz, CDCl5) § 166.6, 142.8,
138.1,131.5,129.7, 128.7, 128.27, 128.24, 127.6, 94.3, 80.7, 72.3, 65.5, 51.4, 49.2, 48.0, 46.1,
45.1,37.0,28.2,27.5,22.1,19.8, 19.0, 13.7; FT-IR (KBr) 2955, 2929, 1716, 1453, 1363, 1272,
1116, 1076, 1020 cm™'; HRMS (ESI) m/z [M+H]" calcd for C20H37N203: 461.2799, found:
461.2806.
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Me
@ I
ANy
Me” “Me “T/N‘N
3ta O\)\Ph

(1R,2S5,5R)-2-Isopropyl-5-methylcyclohexyl 4-(4-
phenyltetrahydro-1H,6H-pyrazolo[1,2-c][1,3,4]oxadiazin-1-yl)benzoate 3ta. Analytical
TLC on silica gel, 1:19 ethyl acetate/hexane Ry= 0.42; yellow thick liquid; yield 75% (69 mg);
"H NMR (500 MHz, CDCls) § 8.06 (d,J= 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 7.43-7.42 (m,
2H), 7.36-7.29 (m, 3H), 5.15 (s, 1H), 4.96-4.91 (m, 1H), 4.05-3.99 (m, 1H), 3.77-3.72 (m, 2H),
3.00-2.95 (m, 1H), 2.75-2.70 (m, 1H), 2.51-2.46 (m, 1H), 2.42-2.37 (m, 1H), 2.14-2.12 (m,
1H), 1.98-1.92 (m, 1H), 1.89-1.82 (m, 2H), 1.74-1.72 (m, 2H), 1.58-1.54 (m, 2H), 1.17-1.07
(m, 2H), 0.93-0.91 (m, 7H), 0.80 (d, J = 7.0 Hz, 3H); *C{'H} NMR (125 MHz, CDCl;) &
165.9, 142.7, 138.1, 131.4, 129.7, 128.7, 128.26, 128.24, 127.5, 94.3, 75.0, 72.2, 65.6, 51.4,
47.4,46.1,41.1,34.4,31.5,26.6, 23.8, 22.1, 20.8, 16.7; FT-IR (neat) 2956, 2870, 1714, 1453,
1364, 1273, 1114, 1076 cm™; HRMS (ESI) m/z [M+H]" calcd for C2oH3oN203: 463.2955,
found: 463.2956.

k Me

Ph TO
(+)-3ab

1-Phenyl-4-(o-tolyl)tetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ab. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.48;
thick liquid; yield 68% (40 mg); 'H NMR (600 MHz, CDCls) § 7.63 (d, J= 7.8 Hz, 1H), 7.57-
7.56 (m, 2H), 7.40-7.35 (m, 3H), 7.23-7.21 (m, 1H), 7.20-7.16 (m, 2H), 5.00 (s, 1H), 4.08-4.05
(m, 1H), 4.01-3.99 (m, 1H), 3.65 (t, /= 10.8 Hz, 1H), 3.08-3.04 (m, 1H), 2.74-2.71 (m, 1H),
2.45-2.37 (m, 5H), 1.86-1.80 (m, 2H); *C{'H} NMR (150 MHz, CDCl3) § 138.2, 136.1, 136.0,
130.5, 129.1, 128.4, 127.7, 127.6, 127.4, 126.3, 95.7, 71.4, 62.0, 51.4, 47.0, 22.0, 19.8; FT-IR
(neat) 2961, 2850, 1489, 1455, 1364, 1292, 1113, 1059, 1028 cm™'; HRMS (ESI) m/z [M+H]"
calcd for C19H23N20: 295.1805, found: 295.1806.
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Br

N

PR O (+)-3ac

4-(3-Bromophenyl)-1-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ac. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.46;
colorless solid; mp 102-103 °C; yield 72% (51 mg); '"H NMR (500 MHz, CDCls) § 7.61-7.60
(m, 1H), 7.55-7.53 (m, 2H), 7.45-7.43 (m, 1H), 7.39-7.35 (m, 4H), 7.23-7.20 (m, 1H), 4.99 (s,
1H), 4.02-3.96 (m, 1H), 3.72-3.66 (m, 2H), 3.01-2.96 (m, 1H), 2.73-2.69 (m, 1H), 2.46-2.38
(m, 2H), 1.87-1.80 (m, 2H); '*C{'H} NMR (100 MHz, CDCls) § 140.6, 138.0, 131.3, 131.1,
130.2, 129.1, 128.5, 127.6, 126.9, 122.8, 95.4, 72.1, 65.9, 51.6, 46.8, 21.9; FT-IR (KBr) 2957,
2853, 1571, 1455, 1367, 1112, 1071 cm’!; HRMS (ESI) m/z [M+H]" caled for CisH20BrNO:
359.0754, found: 359.0750.

L\
N Me

Ph“‘—ko (+)-3ad

1-Phenyl-4-(m-tolyl)tetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ad. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.43;
colorless solid; mp 96-97 °C; yield 70% (41 mg); 'H NMR (400 MHz, CDCls) & 7.49-7.47 (m,
2H), 7.33-7.29 (m, 3H), 7.17-7.15 (m, 3H), 7.05-7.04 (m, 1H), 4.95 (s, 1H), 3.95-3.92 (m, 1H),
3.70-3.62 (m, 2H), 2.94-2.89 (m, 1H), 2.68-2.63 (m, 1H), 2.43-2.31 (m, 2H), 2.29 (s, 3H), 1.81-
1.71 (m, 2H); BC{'H} NMR (100 MHz, CDCl3) § 138.3, 138.2, 138.1, 129.1, 128.9, 128.8,
128.5, 128.4, 127.6, 125.4, 95.4, 72.3, 66.4, 51.5, 46.7, 21.9, 21.5; FT-IR (KBr) 2961, 2852,
1608, 1489, 1454, 1365, 1117, 1062, 1039 c¢cm'; HRMS (ESI) m/z [M+H]" caled for
C19H23N20: 295.1805, found: 295.1805.

N

PR SO (+)-3ae

Br

4-(4-Bromophenyl)-1-phenyltetrahydro-1H,6 H-pyrazolo[1,2-

c][1,3,4]oxadiazine 3ae. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.42;
colorless solid; mp 168-169 °C; yield 84% (60 mg); 'H NMR (400 MHz, CDCls) § 7.55-7.52
(m, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.40-7.36 (m, 3H), 7.32 (d, J = 8.4 Hz, 2H), 4.99 (s, 1H),
4.02-3.94 (m, 1H), 3.72-3.64 (m, 2H), 2.98-2.93 (m, 1H), 2.74-2.68 (m, 1H), 2.45-2.36 (m,
2H), 1.87-1.78 (m, 2H); BC{'H} NMR (100 MHz, CDCl5) § 138.0, 137.2, 131.8, 129.9, 129.1,
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128.5, 127.6, 122.0, 95.5, 72.0, 65.8, 51.5, 46.8, 21.9; FT-IR (KBr) 2957, 2828, 1487, 1454,
1363, 1117, 1070, 1010 cm™'; HRMS (ESI) m/z [M+H]" calcd for C1sH20BrN2O: 359.0754,
found: 359.0752.

N

Ph\“— (0] (i)'3af

Cl

4-(4-Chlorophenyl)-1-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3af. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.48;
colorless solid; mp 140-141 °C; yield 82% (51 mg); 'H NMR (500 MHz, CDCls) § 7.48-7.46
(m, 2H), 7.31-7.29 (m, 5H), 7.26-7.24 (m, 2H), 4.92 (s, 1H), 3.92-3.89 (m, 1H), 3.66-3.58 (m,
2H), 2.91-2.86 (m, 1H), 2.66-2.62 (m, 1H), 2.38-2.30 (m, 2H), 1.82-1.69 (m, 2H); *C{'H}
NMR (125 MHz, CDCl3) ¢ 138.1, 136.7, 133.9, 129.5, 129.1, 128.9, 128.5, 127.6, 95.5, 72.1,
65.8, 51.5, 46.8, 21.9; FT-IR (KBr) 2957, 2853, 1490, 1453, 1369, 1117, 1063, 1040 cm!;
HRMS (ESI) m/z [M+H]" caled for CisH20CIN2O: 315.1259, found: 315.1258.

N

P Yo (f)-3ag

4-(4-Fluorophenyl)-1-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ag. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.46;
thick liquid ; yield 81% (48 mg); '"H NMR (500 MHz, CDCI3) § 7.55-7.53 (m, 2H), 7.42-7.36
(m, 5H), 7.05-7.02 (m, 2H), 4.99 (s, 1H), 4.02-3.94 (m, 1H), 3.73-3.66 (m, 2H), 2.96-2.92 (m,
1H), 2.73-2.69 (m, 1H), 2.45-2.37 (m, 2H), 1.89-1.76 (m, 2H); *C{'H} NMR (100 MHz,
CDCl) 6 163.8 (d, Jcr=244.7 Hz), 138.0, 133.9 (d, Jcr= 3.2 Hz), 129.8 (d, Jcr= 7.9 Hz),
129.1, 128.5, 127.6, 115.7 (d, Jcr=21.1 Hz), 95.5, 72.2, 65.7, 51.5, 46.9, 21.9; '"F NMR (471
MHz, CDCls) § -114.1; FT-IR (neat) 2957, 2853, 1510, 1456, 1364, 1225, 1063 cm™'; HRMS
(ESI) m/z [M+H]" caled for C1sH20FN2O: 299.1554, found: 299.1553.

N

PR O

Me

(+)-3ah

1-Phenyl-4-(p-tolyl)tetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ah. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.42;
colorless solid; mp 97-98 °C; yield 72% (42 mg); 'H NMR (500 MHz, CDCls) & 7.47-7.46 (m,
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2H), 7.30-7.26 (m, 3H), 7.24 (d, J = 8 Hz, 2H), 7.08-7.07 (d, J = 7.5 Hz, 2H), 4.93 (s, 1H),
3.94-3.88 (m, 1H), 3.67-3.61 (m, 2H), 2.91-2.87 (m, 1H), 2.66-2.62 (m, 1H), 2.40-2.30 (m,
2H), 2.26 (s, 3H), 1.78-1.70 (m, 2H); '3C{'H} NMR (100 MHz, CDCl5) § 138.2, 137.8, 135.2,
129.3, 129.0, 128.4, 128.1, 127.6, 95.4, 72.3, 66.2, 51.5, 46.8, 21.9, 21.2; FT-IR (KBr) 2959,
2852, 1514, 1364, 1312, 1112, 1063, 1039 cm’'; HRMS (ESI) m/z [M+H]" caled for
C19H23N20: 295.1805, found: 295.1804.

Ph
O T
N

Ph)\oj sa¥

(1S,4R)-4-([1,1'-Biphenyl]-4-yl)-1-phenyltetrahydro-1H,6 H-
pyrazolo[1,2-c][1,3,4]oxadiazine 3ai'. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane
Ry=0.45; colorless solid; mp 146-147 °C; yield 62% (44 mg); |H NMR (600 MHz, CDCI3) &
7.52-7.48 (m, 6H), 7.43 (d, J = 8.4 Hz, 2H), 7.38-7.35 (m, 2H), 7.32-7.26 (m, 4H), 4.97 (s,
1H), 4.00-3.96 (m, 1H), 3.73-3.69 (m, 2H), 2.97-2.94 (m, 1H), 2.68-2.64 (m, 1H), 2.45-2.41
(m, 1H), 2.38-2.34 (m, 1H), 1.81-1.74 (m, 2H); 3C{'H} NMR (150 MHz, CDCls) § 141.0,
140.7, 138.0, 137.1, 129.1, 128.9, 128.6, 128.5, 127.5, 127.48, 127.40, 127.1, 95.4, 72.1, 66.1,
51.6, 46.8, 21.9; FT-IR (KBr) 2959, 2852, 1487, 1454, 1364, 1112, 1062, 1039 cm™'; HRMS
(ESI) m/z [M+H]" caled for C24H2sN>0: 357.1961, found: 357.1960. [a]p?'® = -36 (c = 0.05,
CHCl3); HPLC: >96% ee [CHIRALCEL OJ-H, hexane/’PrOH = 90:10, flow rate: 1 mL /min,
A =254 nm, tg = 18.56 min (minor), 21.78 min (major)].

(A
N

PR YO7  (+)-3aj

4-(Naphthalen-1-yl)-1-phenyltetrahydro-1H,6 H-pyrazolo[1,2-

c][1,3,4]oxadiazine 3aj. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane Ry = 0.49;
thick liquid; yield 75% (49 mg); "H NMR (400 MHz, CDCls) § 8.30-8.28 (m, 1H), 7.90-7.88
(m, 2H), 7.82 (d, J = 8.4 Hz, 1H), 7.63-7.61 (m, 2H), 7.59-7.55 (m, 1H), 7.53-7.49 (m, 2H),
7.44-7.36 (m, 3H), 5.11 (s, 1H), 4.72-4.69 (m, 1H), 4.23-4.21 (m, 1H), 3.79-3.74 (m, 1H), 3.19-
3.14 (m, 1H), 2.84-2.79 (m, 1H), 2.54-2.43 (m, 2H), 1.91-1.82 (m, 2H);"3C{'H} NMR (125
MHz, CDCI3) 6 138.3, 133.9, 131.6, 129.18, 129.13, 128.5, 128.0, 127.7, 126.4, 125.7, 125.6,
122.5, 95.6, 72.2, 60.9, 51.5, 46.9, 22.1; FT-IR (neat) 2962, 2848, 1595, 1511, 1454, 1364,
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1111, 1064, 1038 cm™'; HRMS (ESI) m/z [M+H]" caled for C22H23N>0: 331.1805, found:
331.1806.

O
L

Ph\" O (i)-3ak

1-Phenyl-4-((E)-styryl)tetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ak. Analytical TLC on silica gel, 1:24 ethyl acetate/hexane Ry = 0.44;
thick liquid; yield 69% (42 mg); '"H NMR (500 MHz, CDCls) § 7.53-7.51 (m, 2H), 7.40-7.31
(m, 7H), 7.27-7.24 (m, 1H), 6.73 (d, /= 16.0 Hz, 1H), 6.10-6.05 (m, 1H), 4.87 (s, 1H), 4.02-
3.99 (m, 1H), 3.67 (t, J = 10.5 Hz, 1H), 3.42-3.37 (m, 1H), 3.26-3.21 (m, 1H), 2.71-2.61 (m,
2H), 2.39-2.34 (m, 1H), 1.90-1.83 (m, 2H); *C{'H} NMR (125 MHz, CDCl3) § 138.1, 136.5,
134.3,129.1, 128.8, 128.4, 128.1, 127.6, 126.6, 125.7, 95.6, 70.3, 64.7, 51.8, 46.9, 21.9; FT-
IR (neat) 2961, 2851, 1494, 1449, 1365, 1111, 1063, 1028 cm™'; HRMS (ESI) m/z [M+H]"
calcd for C20H23N20: 307.1805, found: 307.1805.

-
)N\Oije

Me
3am

Ph

3,3-Dimethyl-1-phenyltetrahydro-1H,6 H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3am. Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Ry = 0.45;
colorless liquid; yield 61% (28 mg); 'H NMR (500 MHz, CDCI3) § 7.50-7.49 (m, 2H), 7.34-
7.29 (m, 3H), 4.96 (s, 1H), 3.17-3.13 (m, 1H), 2.82 (d, J = 11.0 Hz, 1H), 2.58-2.54 (m, 1H),
2.52 (d, J=11.0 Hz, 1H), 2.48-2.42 (m, 1H), 2.35-2.29 (m, 1H), 1.90-1.82 (m, 2H), 1.46 (s,
3H), 1.30 (s, 3H); *C{'H} NMR (125 MHz, CDCl;) & 138.7, 128.9, 128.4, 127.9, 90.9, 71.7,
62.8,53.7,47.2,28.6, 22.6,22.1; FT-IR (neat) 2926, 2853, 1737, 1454, 1380, 1198, 1060, 904
cm’'; HRMS (ESI) m/z [M+H]" calcd for C14H21N20: 233.1648, found: 233.1652.

L\
Y

(+)-4

Ph

4-Phenyl-1-(4-(pyren-1-yl)phenyl)tetrahydro-1H,6H-
pyrazolo[1,2-c][1,3,4]oxadiazine 4. Analytical TLC on silica gel, 1:19 ethyl acetate/hexane
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Ry=0.45; red solid; mp 214-215 °C ; yield 81% (78 mg); '"H NMR (500 MHz, CDCl3) & 8.15-
8.08 (m, 4H), 8.02 (s, 2H), 7.95-7.90 (m, 3H), 7.69 (d, J = 7.5Hz, 2H), 7.59 (d, J = 8.0 Hz,
2H), 7.41-7.39 (m, 2H), 7.32-7.24 (m, 3H), 5.08 (s, 1H), 4.07-3.98 (m, 1H), 3.78-3.72 (m, 2H),
2.99-2.94 (m, 1H), 2.88-2.83 (m, 1H), 2.52-2.42 (m, 2H), 1.91-1.77 (m, 2H); *C{'H} NMR
(150 MHz, CDCI3) ¢ 142.0, 138.2, 137.4, 137.2, 131.6, 131.1, 130.8, 130.7, 128.7, 128.6,
128.3, 128.2, 127.7,127.68, 127.64, 127.62, 127.5, 126.1, 125.3, 125.2, 125.1, 125.03, 125.00,
124.7, 95.5, 72.3, 66.7, 51.6, 47.1, 22.0; FT-IR (KBr) 3037, 2924, 2852, 1602, 1491, 1452,
1115, 1073, 1059 cm™; HRMS (ESI) m/z [M+H]" caled for C34sH29N>O: 481.2274, found:
481.2251.

* 1-Phenyl-4-(4-(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)tetrahydro-1H,6H-pyrazolo[1,2-c][1,3,4]oxadiazine 5. Analytical TLC on silica
gel, 1:19 ethyl acetate/hexane Ry = 0.46; thick liquid; yield 75% (61 mg); '"H NMR (500 MHz,
CDCH) & 7.75-7.72 (m, 2H), 7.48-7.46 (m, 2H), 7.37 (d, J = 6.5Hz, 2H), 7.31-7.26 (m, 3H),
4.95 (s, 1H), 3.95-3.88 (m, 1H), 3.69-3.62 (m, 2H), 2.92-2.87 (m, 1H), 2.66-2.62 (m, 1H), 2.39-
2.30 (m, 2H), 1.79-1.70 (m, 2H), 1.26 (s, 12H); *C{'H} NMR (125 MHz, CDCl3) § 141.3,
138.2,135.2,135.1,129.0, 128.4, 127.6, 125.4,95.4, 83.9, 72.2, 66.5, 51.5, 46.7, 25.02, 25.00,
22.0; FT-IR (neat) 2967, 2852, 1612, 1454, 1399, 1358, 1319, 1143, 1088 cm™'; HRMS (ESI)
m/z [M+H]" calcd for C24H3BN2O3: 407.2500, found: 407.2510.

Crystal Data and Structure Refinement for 3af

A "\——
N
1 , \
!

— ‘

W

Figure 3. ORTEP diagram of 4-(4-chlorophenyl)-1-phenyltetrahydro-1H,6H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3af (CCDC 2128460) with 50% ellipsoid. H-omitted for clarity.
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Identification code 3af

Empirical formula 'C18 HI9 CI N2 O'

Formula weight 314.80

Crystal habit, colour Needle/Colourless

Temperature, 7/K 296 K

Wavelength, /A 0.71073

Crystal system 'monoclinic’

Space group 'C2/¢!

Unit cell dimensions a=23.449(11) A
b=5.367(3) A
c=26.573(13) A
a=90
B=104.17(3)
v=90

Volume, V/A? 3242(3)

VA 8

Calculated density, Mg-m™ 1.290

Absorption coefficient, u/mm™ 0.239

F(000) 1328

@ range for data collection 1.58 to 25°

Limiting indices

-27<h<27,-6<k<6,-31<1<3l1

Reflection collected / unique

2862/2287

Refinement method

'SHELXL-2014 (Sheldrick 2014)'

Data / restraints / parameters

2862/0/ 199

Goodness—of—fit on F>

1.398

Final R indices [/>2sigma(/)]

R1=0.0730, wR2 = 0.1947

R indices (all data)

R1=0.0924, wR2 =0.2124
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Synthesis of Substituted [1,3,4]-Oxadiazines

Crystal Data and Structure Refinement for 3ha'

- __”
= , 1//\ \7, ”/‘ \

LA

Figure 4. ORTEP diagram of (1R,4S)-4-phenyl-1-(p-tolyl)tetrahydro-1H,6H-pyrazolo[1,2-
c][1,3,4]oxadiazine 3ha' (CCDC 2194308) with 50% ellipsoid. H-omitted for clarity.

Identification code 3ha'
Empirical formula 'C19 H22 N2 O
Formula weight 294.38
Crystal habit, colour Needle/Colourless
Temperature, 7/K 298 K
Wavelength, 1/A 0.71073
Crystal system 'orthorhombic'
Space group 'P212121
Unit cell dimensions a=15.838(4) A
b=7.369(5) A
c=37972) A
a=90
B=90
v=90
Volume, V/A3 1633.6(18)
zZ 4
Calculated density, Mg-m™ 1.197
Absorption coefficient, x/mm™ 0.074
F(000) 632

@ range for data collection

2.145 to 27.047°

Limiting indices

7<h<7,-9<k<9,-48<1<48

Reflection collected / unique

3567/2707

Refinement method

'SHELXL-2019/1 (Sheldrick, 2019)'

Data / restraints / parameters

3567/0/ 200
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Goodness—of—fit on /2 1.132
Final R indices [/>2sigma(/)] R1=0.0484, wR2 = 0.0889
R indices (all data) R1=0.0730, wR2 = 0.0995
Flack parameter 0.0(5)
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2.6 HPLC Chromatograms
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2.7 Selected NMR Spectra
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PKM-DIAZ-4CL-EPO-1H
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Chapter I11

Cu-Catalyzed Cross-Dimerization of Oxaziridines with Aziridines
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Chapter I11
Cu-Catalyzed Cross-Dimerization of Oxaziridines with Aziridines

The rapid expansion of mo