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1. Introduction

Catalvst Covalent Catalyst
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34
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1) Pale, P.; Mamane, V. et. al. Chem. Sci., 2023, 14, 7221
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1. Introduction

-Chalcogen Bonding

R—Chh... Ch : Chalcogen (S, Se, Te)
& ' R :EWG

A : Lewis Base

Chalcogen Bonding

Strength of chalcogen bond depends on:
1. the Lewis Basicity of the interacting partner

Se

2. the nature of the chalcogen atom (Te >Se > S ) s

3. the polarization of the chalcogen atom depth of 5-hole

4. the R—Ch---LB interaction angle (require angles close to 180°)
5. the cationic o -hole donors exhibit a significantly higher catalitic activity
\ o-hole

__Increasing catalytic activity

Recent development in:

oS
s $af S}
e
4a:Ch=Te R=CyHy; 6a:Ch=8 R=CyHy 8 rE pt ol
[~

4b:Ch=Te,R=CgH;; 5b:Ch=8 R=CgHys @ < @

Supramolecular
assemblies

1+ChB--CI-

Anion Recognition* Transport tools®

Crystal engineering

& Today’s Topic
Development in organocatalysis

) Huber, S. M. et. al. Angew. Chem. Int. Ed. 2019, 58, 1880 (Review)

) Zhu, J. et. al. Chem. Soc. Rev., 2024, 53, 586 (Review)

) Chen, F.-E. et. al. Green Synthesis and Catalysis 2021, 2, 329 (Review)

) Ghosh, P. et. al. iScience 2024, 27, 108917

) Langton, M. J. et. al. Chem. Eur. J. 2021, 27, 11738

) Haberhauer, G. et. al. Organic Materials 2022, 4, 43 3



1. Introduction

‘Hydrogen Bonding (HB) vs. Chalcogen Bonding (ChB)
] + 1. Hydrogen is hard—for the hard Lewis bases
R ' i~ Chalcogens are “softer” Lewis acids—for the softer Lewis bases
. 2. ChB is more directional than HB

3. ChB is slightly weaker than HB

R: more electronegativeatom or group than H
Y: Lewis base

R: electron withdrawing atom or group Ch=§, Se, Te

Y: Lewis base 1. Existence of a second substituent
"""""""""""""" ! on ChalCOgenS selenlum

oge Examples)
_ (b) /) 7 N
;P. Ph,P r-;th
( ,L\ pnsIl SePh N \N\R |
O N
N N \ / increasing c-hole
- W //N\ AN N\\N

3. o-hole of ChB is larger

! 1
. 5-
i o- hole XB 5 ! .(\_EWG
| 1 | B e = \ Group VI  Group VI
1 i
! R - XOB' Y : R B, (chalcogen) (halogen)
+ 1
! 4
! XB donor XB acceptor . 8- BL 13 11
' ' Vimax scale EWG: Electron-withdrawing group
' X: halogen (ClI, Br, I) ' — B = Lewis base su“ur
i |
! 1
! 1
1

increasing c-hole

2. Selective activation of ChB

‘Chalcogen Bonding in Organocatalysis (Today’s Topic)

o) e

n= O or 1 n= 0 or 1
Type | Type Il Type |l
Isothiourea-based Thiophene-based Neutral monodentate
ChB donors ChB donors ChB donors
Birman & Smith et. al. Matile et. al. Matile et. al.

I |
Se* Te* (6] i
Ar/ \Ar Ar/ \Ar R . P\ 4 2 GaCI4
R’ R' P

P
D @ h“1"Ph Ph”.i Ph
/S S
Type IV Ph Ph
Hypervalent Type V Type VI
ChB donors N-heterocyclic Phosphine-based
Yeung et al. ChB donors ChB donors
Pale & Ma?nane et al. Huber et. al. Wang et. al.

1) Fourmigue, M. et. al. Acc. Chem. Res. 2024, 57, 362

2) Mancheno, O. G. et. al. ChemCatChem 2019, 11, 5198 (Review)

3) Breugst, M. et. al. Eur. J. Org. Chem. 2020, 5473 (Review)

4) Huber, S. et. al. Angew. Chem. Int. Ed. 2024, 63, €202404823

5) Wang,Y. et. al. Acc. Chem. Res. 2023, 56, 608

6) Zhu, J. et. al. Chem. Soc. Rev., 2024, 53, 586 4



2. Chalcogen Bonding Catalyst

sor0

Type |

Isothiourea-based ChB donors
-Enantioselective Intra- and Intermolecular Michael Addition (2011, Smith)’

R

COLH

(0]

.HCI

tetramisole.HCI 4

Type Il

4.HCI (20 mol%)

—_—

(CH3)5COCI (1.2 eq),
i-ProNEt (3.6 eq),

CHyCly, rt, 1 hour

R

lactonization

enone-
acid

—~

acyl ammonium 53

addition

Michael k i

=B < 3

ammonium enolate 51

o
(CHICOC! s X\/”\ )kc«mg)g

up to 99:1 dr
up to 99% ee

o

g

FPrNEL

: o
= = R!
acylation
o s
;;"T"‘? X \)L®N4<N]
i‘.\_..,::[L \\/
\
cyl ammonium 50

deprolonanon

R'
01

HPh

o
mixed
anhydride 49
CO,R?

lactonlzarlan

m@

acyl ammonium 58

! Michael
addition

X

isothiourea 5

16 examples il (10 mol %)
. Ar- -
up to 98% yield \)kOH (CHg)aCOCI (1.5 eq)

FProNEt (4.0 eq)
CH,Cl,
-30 °C, 16 hours

O (CHgsCOCI

a . ——=
OH  LPrNEt

A

o
CO,R?

ammonium enolate 56

favored transition state 57
X = CO,R

- Q@Q

O acyl ammonium 55

deprotonation

C(CHa)a

Thiophene-based ChB Donors
*Transfer Hydrogeneration (2017, Matile)'

@(J/ EtoocIJ\/COOEt

NC E‘O,b s 3 SO,Et
\ / \ /" \ /
ﬁ m catalyst
1
Tlpswnps NC\r

§8p 4

Chalcogen bond catalysts

sN 0s

d\/)—@/

CN

CN

N Ph

6 examples
up to 96% yield

yield (%)
9
81
62
82
_Ih
_h
78

94
_h

I 0O NGOV A WN

o
-

[ 4
R!

%{\
=

RS

Chalcogen-Bond
Activation

_—
_—

Repeat

n=0or1
Type |
Isothiourea-based
ChB donors

20 examples
up to 87% yield
up to 95:5 dr
up to 99% ee

n=0or1
Type |l
Thiophene-based
ChB donors

1) Smith, A. D. et. al. J. Am. Chem. Soc. 2011, 133, 2714
2) Matile, S. et. al. Angew. Chem. Int. Ed. 2017, 56, 812



2. Chalcogen Bonding Catalyst

Type Il F .
Neutral Monodentate ChB Donors F Te F

-Reissert-type Substitution (2018, Matile)’

F FF F
o] F F
cl OR! Type IlI
e B2 cat (20 mol%) MeO . Neutral monodentate
+ OMe NTTOC ChB donors
Z THF, —78 °C —
30 R2 55h 33
; Group V Group VI Group VII
1.08 equiv (pnictogen) (chalcogen) (halogen)
P S Cl
cat Row3 250 19.3 14.3
F A As Se Br
F)@/P\QF BOW% ooy 25.4 20.5
FNAR,
- Fé YT Sb Te I
13: R'=TMS, R?=Me ? Row 5
T 18: R1=TBS, R? = H | e nda Y 433 38.3 32.3
05,8 LN
S~ R! T~

O F F 'Se‘ F F 8

R R Z\PO\ R
= O 2 F. As Br
N-Troc o R2 @%) F@F/ FF F F
Z I ERE FF E
F E B F I E
F

R 07 o~ . ~ ~ v p
N-Troc X=0;NR 5 F F 'S.b' F 5 F 'Te‘ F E F | ]
@E (I F F
z TS2 FQFF/ Fn,: ﬁ
F

15: R2 = Me 18 F . i F F F F F F
16: R = H F 91% Foagyw F 15%
-CO, Mitigation (2023, Kumar)? P !
2 vor G \© © !
B Ngve ) :
: % "N |
| HQO HI NS E
o e
e % SONO¥
. N'g\é) g HN H/EZ N
0 ) @ﬁ Ny
NH, Pre-catalyst 1k (0.36 mol%) H H | R o % O !
. ©/ - DBU (20 mol %) N ! 8 o
2 I o] } I
toluene 0 LN O Ch I
5.5 mmol 100°C,10h 3a ' o, .o
. oC % //c// '
15 examples ! A OL ‘ :
upto95%yield _____________ N . '

1) Matile, S. et. al. Angew. Chem. Int. Ed. 2018, 57, 5408
2) Kumar, S. et. al. Chem. Eur. J. 2023, 29, €202301502



2. Chalcogen Bonding Catalyst Lo

Ar Ar Ar
Type IV Type IV
Hypervalent ChB Donors Eﬁ%ezv;'z?;_

-Selenonium Cations as Monodentate Chalcogen Bond Donor (2018, Yeung)1“

B
/©/H 6 (5mol%), NBS /@r " 13 examples
CH,Cl), 23 °C, 24 h up to 99% yield
MeO (CRCD), MeO

catalysts
Qe Q“"@ 9 T O
Se Se Se
Me BF4 Me BF4 Me BArF
6a (20%) 6b (46%) 6¢c (60%)

U0 0,0
A7 kw7

6d (26%) 6f (R = Ph, 15%) 6g (trace)

-Selenonium Cations as Bidentate Chalcogen Bond Donors (2021, Yeung)?

H Br
A2 (0.5-5 mol %), NBS
R > R 14 examples
@ (CH,Cl),, 23 °C @ Up 1o 99% yield

9 10

éatalyst | yiéld

® ® ® ® @
N ) Phy » Ph
" . <20A) Ph\s'e/\(\/};\sle, Ph Ph\s'e/\(\/); S'e/\(\/)j\s‘e

(1 mol%) | 40% Ph o Ph Ph Ph © Ph
A2 (2 mol%) | 70% N ©x 2X
B2 (2 mol%) | 12% A1, X = OTf B1, X = OTf C1, X = OTf
C2 (2 mol%) | 54% B2, X = BF, C2, X = BF,
-Telluronium-Catalyzed [4+2] Cyclocondensation (2021, Yeung)®
$ eBA!F
b N CFa CF3 S 13 examples
( SR Cat. (5 mol%) @(1 up to 94% yield
- DCE, 25°C up to 82:18 (endo:exo)
2 equiv
endo : FaC
N CFy Q :
I N
7 Te /I
| © ol (” Q :
4aparr 53(d 4bgarr 88l 8b 0
(55:45) (48:52) oot (45 55)

1) Yeung, Y. Y. et. al. Angew. Chem. Int. Ed. 2018, 57, 12869
2) Yeung, Y. Y. et. al. ACS Catal. 2021, 11, 12632
3) Pale, P.; Mamane, V. et. al. Chem. Eur. J. 2023, 29, 202203372



2. Chalcogen Bonding Catalyst

@ @)

Ch Ch
R

Type V N hT:lpev i

- -neterocyclic

N-heterocyclic ChB donors ChB donors

Carbon—Bromine Bond Activation (2017, Huber)'
O i 2ng E
Br 1 eq. activating reagent HN™ "CD; E Qﬁ/@r\l E
O : @ FsC ON@ |
O O CD,CN, H,0, ~HBr O N CFy )\ D ool o (B ooy !
octyl’ ;S S?' Octyl ! S iPr :
1 iPr Pr h !
64% yield zor : ‘ ‘ :
Carbon—Chlorine Bond Activation (2017, Huber)?

catalyst (10%) :' _________ R
oTBS -TBSCI ! !
e O D | D
OMe -78°C, 118h O} o
1 CI 2 THF 02M) COZMe ./_k CF )\. : Me/N/kS,e‘:‘CFiSe\),\N :
e ! Octyl C I/ Octyl E
92% y|eld Octyl 20Tf Octyl E § o :

cl o~ Qca
Catalyst @ \ )
* > i NN& j %
o N:N - N, T W
\0 0/ CD3CN. 20 C, 24 h /" 420 nm p::j/d ® @\;ph
28F; VR oRy
1 2 2BF,
weak anion bonding strong anion bonding
oot TTTTT T T T AT A E A m A A mE A mEE A EmEmEmm e mmEmmmmmmm 1
! monodentate complex !
. with weak ChB '
Entry 2/1 Ratios Catalyst Conditions  Yield [9%] ! route A N o N
1 N/ > . 1
16 1 none in dark <1 X low catalytic activity J{/L j//im/“ \OQO/ !
W 2
26 1 ChB-2, in dark 9 X — fl’,@ 2 !
/ "
36 1 ChB-2 (Z/E)®=92/8 in dark 34 . N% } ;& . '
b) X d— ™ (N D

4 1 ChB-2 (Z/E)¥=92/8 590 nm 58 ! % S g0 !
1 - |
! ChB-2¢ 1
! o 1
1 T 1
1 cl 1
\ ] 420 nm - O - 1
U =
. 1 bidentate complex 3 .
1 with strong ChB '
! N N o 1
: e o Q =
! R o N\ 7/ o Z 0" 1
! chB-2, }."ﬁ&r ,,J\f iy 2 |
| X l@ﬂ\w L :
: high catalytic activity :
: route B OAY .
1 !

1) Huber, S. M. et. al. Angew. Chem. Int. Ed. 2017, 56, 12009
2) Huber. S. M. et. al. Chem. Eur. J. 2017, 23, 16972
3) Zhang, K.-D. et. al. Angew. Chem. Int. Ed. 2023, 62, €202212707



2. Chalcogen Bonding Catalyst

‘Ch Ch{
R' R'
T V Type V
ype - N-hererocyclic
N-heterocyclic ChB donors p chB donors
. . . Me Me
-Nitro-Michael Reaction (2019, Huber)' ! e
- ph, NO2 N{\l | | h}N
\©f\> " _//—NOZ 16a20mol%) | Q R /Te Te R
N Ph vy N PH ; Ph
H it, 48 h N 2 BAr' 4
) i ————
81% yield A 16b: R = Me J
- | X ] e ~¢
TN WA N e B e
N S ) S ) X
7] N A | {
N:N "J’\T = -~ N\/ — &*‘ FiC Hkﬁ CF3 Ocl/N HoH Nbct om’N : : N‘oc(
Octyl'  prX, S oy [ = EEP S| 2BF, - 2BF,
O\\‘N/, o Ph = b ?}: % 10 1pHBFe 13hBF4
166° A\ 168 > ‘\‘\_ . ) i
| = B TN <5% yield <5% yield <5% yield
2BArF — AN y y y
Ph ra - \‘)
-Povarov [4+2] Cycloaddition (2022, Huber)?
\ / R'= 7f
/O/ _— 20 mol% catalyst ON N® /'\/
N + Co HN N ] Y
| HCI H,Cl N N
ph) CHClI3 or CH,Cl, Ph o CH Té ‘CH
-55°C, 72 h g7 ! h gH17 i
' o = ,
17 2 (+1-)-7 2z Y
16R2 PN
6 examples
up to 85% yield
up to 94:6 (endo:exo)
0% ee
Initial Screening in Achiral Reaction
Q > 5 mol% catalyst Entry Catalyst Mol Yield of (+/-)-3 endo:
N + CO HN % [9%]® exo®
l CDyCly 1t,5h
Ph) e &l (¢ 1 gre-ears g 82 47:53
2 4t 5 81 68:32
k = o 3 greo 3 64 70:30
N\NIQKN\N 5 4Se—BArF4 5 26 56:44
N Nep o N 6 48 5 25 72:28
CeHiz ! pn  CeHi 7 450" 5 67 72:28
(2] 8 4S—BArF4 5 < 5 _
2z 9 4S—BF4 5 < 5 _
4Ch
10 45 74 74:26

1) Huber, S. M. et. al. Angew. Chem. Int. Ed. 2019, 58, 16923
2) Huber, S. M. et. al. Chem. Eur. J. 2022, 28, 202200917



2. Chalcogen Bonding Catalyst LA,

SPo N
Ph”4 Ph Ph”i Ph
Se Se

PH Ph

Type VI Phospmne-sased
Phosphine-based ChB donors

ChB donors
-Assembly of Discreate Molecules (2019, Wang)' R2

R2
R1
Ch9 (15 mol %)

A\
N JK/U\H NaBF, or NaBArF, (0.6-0.8 equw)
H Na,SO,4, DCE, rt

Ph\ P Tzeaou—

Ph

/

0.2mmol 3 mmol 30 examples Ph Ph Ch9
up to 81% yield

R1

P N
st ||;1 31 R! R! ,31 1 .
¥ R el r¥_ el reEe )l chive a chemicalransfommation under neutral conditons, - KT
‘70 r?F IEIF
MH )J\)LH o o OH ) lecul
R\)K NF Rvj\ Inter: or Intramolecular reaction. ., precedent

b) uncover a new ability of noncovalent forces

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 4 1 -~
! Me 3 @ ! Me ' RS
1 o N ! A
1 A\ Vi 1 R o N Ac A | S
. N ~ fstactivation 2nd activation Me o : Ch7 (15 mol %) R Nac & ¢ ?‘
' H functionalization at position 1 d Me Michael addition M2 M€ J4 Me NaBAr", (0.6 equiv) " . \ »—s

1
: isolated I Na,S0O4, DCE/MeOH, 50 °C, Ar !
! intermediate M1 1 o Me o +
1 I 35, R =H, 53%, dr > 25:1
1 ' 36, R=F, 57%, dr > 25:1 X-ray crystal
. I merely Se---O activation 37, R = OMe, 65%, dr > 25:1  Structure of 35
1 1
1 3rd activation 1
1 Aldol condensation !
! Me Me Me .
1 N\ o . N\ OH o) intramolecular N\ /O (o] 1
1 A\ dehydration cyclization 1
! A Me T N Me| & N\ Me| |
1 Me _ Me Me oH :

OH

, o o o |
I 07 "Me 07 “Me 0~ "Me I
I M4 M3 I
1 1
N e o o o o o e e e e e e e e e e e e e e e e e e = P

-Cyclization of Enone (2020, Wang)? eo T

increasing the P P.
concentrationof  Ph” | “ph PR | ph
s

IMeOH] _Se Se_
Me_ Me sz /Ph i [ Spn

Me_ Me 2GaCl,
Me Me 2x~ : b
T [MeOH] ,\)i, WO HMe
O inactive (SChB-3)
+ + [ [ Il l 1a

P / \ M M 2X~
Ph™” |\Ph Ph ‘\Ph Ph” I\Ph Ph’ \\ph a proper ratio P I Ph Ph’ ‘ e
_Se Se\ _Se e of 1aand MeOH ph/ ; \Ph O O
Ph Ch3 Ph Ph Ph 6.
H™"Me ”
o Me active (SChB-1) Ph/\ Ph Ph” |\
th S
e catalyst (15 mol %) et RS *\ph
)WY NaBF, (06equiv) /N . . ff
5 MeOH (5 equiv) o inactive (SChB-2)
1a Na,SO,, DCE, 50 °C 3a
0.2 mmol

'
! Se\ M
1
1 o C
, Me N
. T weon
o i 1
up to 74% yield |
'
! \ﬁ aldol condensation
! MeOH addition MeOH elimination
1
1
X + Me +,Me
'
'
1
1
1

HO A HQ i
%ji\\l\ proton-transfer &L
o) ¢]

1) Wang, Y. et. al. J. Am. Chem. Soc. 2019, 141, 9175
2) Wang, Y. et. al. J. Am. Chem. Soc. 2020, 142, 3117

6 examples

10



2. Chalcogen Bonding Catalyst

(0]

Ph A Ph P P\PiGaCIA'
Se Se
Type VI . o TypeVI o
Phosphine-based ChB donors e donors
*Diels—Alder Reaction (2021, Wang)'
e Me 2BAr,

Ch3 (1 mol %)
CH,Cly, Na,S0y, rt

2bd R

a) different catalytic activities between bidentate catalysts and monodentate catalysts

Ché (10 mol %)

P - no reaction Ph GaCl, Ph Ph 2GaCly

2Clp, 1, 1.5h pL‘ /Ph o *,!,a F|>‘ Ph 1

= 23 o 7/
1e . Me™ | ~sé Nge l\Hn/ |\Se Se
Ch7 (5 mol %) 94% 2e Ph Ph " Ph CHs g | CHs

CH,Cl,, 1t, 1.5 h dr: >20:1 Ché = i <N

2Cl2 n=2 Ch7 — Se_/_ m @_\/— ﬁ?—@n-n

TT-TC 4 7 | TN
b) the effect of the distance between the two binding sites of bidentate catalysts H ;N' i /' H:C-N < —
3 &
n=1,Ch8 (5 mol %) 15 min, 93%,
CH,Cl,, rt € dr: >20:1 favored (A) unfavored (B)
Ph Ph 2GaCl;
1 n =2, Ch7 (5 mol %) 15 min, 32%; - +|:I. ’_L, /Ph
e e 45 min, 84%;, e ~se
CHCly, rt 1.5 h, 94%, dr: >20:1 FI,;H,,/ Bh
. Ch7-9

= o 15 min, 19%;

[ n=5Ch9E M%) .. 45 min 30%.
CH,Cl,, rt 1.5 h, 57%, dr: 6:1

c) steric effect

5 min, 23%,
Ch4 (1 mol %) 5 10 min, 39%; OO 2G3014
® 15 min, 57%; p\
CHCl, 1t 30 min, 84%, dr: 15:1 se’
1e — +pSe ”
Ch10 (1 mol %) 5 min, 12% | YAr
— > 2 AT favored (C) unfavored (D)

CH,Cly, 1t

e 10 min, 23%;
15 min, 39%;
30 min, 74%, dr: 15:1

Ar = phenyl, Ch4

Ar= S ametihe, GR1e Proposed Se--7t bonding catalysis mode.

Table 2: Competition between Se--n and Se--xt bonding interaction."

competitors: Me  Me
Ch3 (1 mol %), competitor R (\ O PPhy A
CH,Cly, rt, 5 min Ph,P PPh,
n4
Entry Competitor Competitive bonding Yield [%]
1 no no 92
2 n1 (1.0 equiv) Se--O 84 BOWHEDE > H T
3 n1 (5.0 equiv) Se--O 68
4 n2 (1.0 equiv) Se:-S 92
5 n2 (2.0 equiv) Se--S <5
6 n3 (2.0 mol %) Se--P <5
7 n4 (2.0 mol %) Se--P <5

1) Wang, Y. et. al. Angew. Chem. Int. Ed. 2021, 60, 9395

11



2. Chalcogen Bonding Catalyst

°© 2 GaClg”

P\

P\

Type VI
Phosphine-based ChB donors e donors

«Cross Coupling of Triple Alkenes (2022, Wang)'

Ch11 (5 mol % At At A
mo
I e, etenan
Ar' Ar! Ar'” SAr! Ar Me
r r' CH,Cly, rt, 4-6 h )

1 1 1 Ar
R LR L PP TR 2BArf, 2BAF,
! product 2 6e, Ar' = 4-FCgH,, Ar2 = Ph, 58% .
: cyclization ! ¢ \A\ J; i O O Ph\ Ph
' Se g R S 1 P+ +
| HC A \1\ A ! P Ph™\ “Ph
! &y Xoray (6a) ! Ph™ |\Ph Ph” |\Ph /Se Se\
1 | _Se Ph Ph
! ) 1 Ph \
. Al A AR ! Ch3 - Ph Chii
" A ve ! (Previous work) (This work)
! REOS SShpaSsed | no reaction 80% yield
: selectivity 2 :
. jL !
' path 2, selective approach Al AR Art :
E o mtf"”"]' M /lxr1 e E Ph\ Q Ph Ph Q Ph

path 4, selective approach ! 7z
gy : ph—E" **l’\Ph ph—F" *Fl’ oh
1 Ar'” Me : Pheo S\__‘s Ph Se ~Se
X duct 2 ! T N\
; : en e
------------------------------- ! g | §:,'

Ch12, inactive

Ch11, active

9 examples
up to 73% yield

com7

monodentate catalyst

Me
OZS :— Ph PCH (20 mol%)  Me ‘,O
Et0,C” \—=pp DCE,50°C  FOL
BAr, 2BArF, ﬂ sr-\s
Ph ph Ph  Ph (PCH2,n=1,73%;) ' _, ! :
. . ' R H R1 |
Ph— P Se _P Pt PCH3,n=2 trace; 4= = R3
Ph Ph/sle néeih PCH4,n=3,n.r.: X
Ph Ph  PCH5 n=4,nr R =R
PCH1, n.r -
2BAr", COM5 CcOMs
Ph Ph
. [-l> - Ip : bidentate catalyst
Ph" Se me "
Ph
PCH9, 68%

1) Wang, Y. et. al. Angew. Chem. Int. Ed. 2022, 61, 202203671
2) Wang, Y. et. al. Chem. Commun., 2023, 59, 12278

12



2. Chalcogen Bonding Catalyst

‘ fof ‘ .
, 2GaCly

Phoph Ph/Z;Ph
PH Ph
Type VI
Type VI Phospﬁi}r?e-based
ChB donors
Phosphine-based ChB donors
""""""" T Ph Ph—‘ 2BArT,
oy Q - /?\ IID
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-Intramolecular Ester-based Diels-Alder Reaction (2024, Wang)'
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c) the intramolecular ester-based Diels-Alder reactions
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Figure 3. Catalytic efficiency of Lewis acids and PCH6. 72%, 72:28 H
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