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a
Langmuir (1919): : OZ&F&Na&""g Friedman (1951):

R FEFIMER @ N.&coscN Rl "BBFEFHHR" &

EBFHh ' CO, & N,0 & N;° 4+ HEBRIIEE R EDETE
T I .

[ L F 2 IR T S A \_1
I }
----- PaASESD Erlenmeyer (1932): Burger (1991):

S & Se & PH

. BONERFHIEEET

CI&Br&I&SH&PHZI

--------------------

Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96 (8), 3147-3176.
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C

Benzene

Suzuki coupling
Kumada coupling

jﬁ_

Anticancer for treatment of leukaemia

Improved aqueous solubility (87x)

1 >
- R
Negishi coupling
Stille coupling R? >

—<\/

vl

Imatlnlb

Me

o N=

MHCHERAR] ™y g

A
¢ (\N/(Nj OCF3
S

H¥

Sonidegib

Antagonist for SMO receptors

mff

Improved IC5q for CYP2C19

Improved ty,5

CYP-450

(o)
metabolism> \l\;j\ (o)
N
NJLMe

Liver toxicity!

Fluxapyroxad
Fungicide

Improved solubility
Decreased cLogP

(1) Qin, T.; et al. Nat. Rev. Chem. 2024, 8 (8), 605-627. (2) Ritchie, T. J.; Macdonald, S. J. F. Drug Discov. Today 2009, 14 (21), 1011-1020. (3) Salonen, L. M;
Ellermann, M.; Diederich, F. Angew. Chem. Int. Ed. 2011, 50 (21), 4808-4842.
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Patani, G. A.; LaVoie, E. J. Chem. Rev. 1996, 96 (8), 3147-3176.
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BCP BCHex BCHep Norbornane Cubane
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(2) Lipinski, C. A.; et al. Adv. Drug Deliv. 1997, 23 (1), 3-25. (2) Lovering, F.; Bikker, J.; Humblet, C. J. Med. Chem. 2009, 52 (21), 6752-6756. (3) Lovering, F.
MedChemComm 2013, 4 (3), 515-519.
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57A N _ 4.78 A 57A 57 A 4.6 A
Bioisosteric [\
replacement = o__0O
e =5 Ko oo e e O
180° 180° 180° 180° 138°
Xt L BUAR R 1,3-Disubstituted ~ 1,4-Disubstituted  1,4-Disubstituted  1,4-Disubstituted l 2 steps l 8 steps
BCP BCO Cubane Norbornane

S Bioisosteric 116° 1152
. replacement 5 1950
° o 12
- > 125° 122 Siage | 315 A e e
33A 32A Zia X =y
M_LﬂMJﬁZI: —ffh:67° T ff: 54.6° —Hff: 45.7° —fA:0°
X 1,2-Disubstituted 1,5-Disubstituted 1,6-Disubstituted 1,2-Disubstituted
BCP BCHex BCHep Cubane > 1%1;&7]” s/_‘_[zmﬁ
EJZHQ (]
5.04 A Bioisosteric 4.94 A 4.75 A 472 A
500 150° replacement \/138° 162° 163° 151°152° 144° r - S ffe
! > B EENA RIS
s T
A 67° A 1-14° A 3-11° T IHEfA1-9° —= 'IEE’E Q
ETH_LEMJCZF 1,2-Disubstituted 1,4-Disubstituted 1,5-Disubstituted 1,3-Disubstituted > E§’ZI RQHEI
BCP BCHex BCHep Cubane

Qin, T.; et al. Nat. Rev. Chem. 2024, 8 (8), 605-627.
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P ‘Zb
>uzm1.1.1m§§zr,—z(Tcpﬁa;§¥4 > LATRER[1.1.0] THR(BCB) Rk

Br, Br
Br Br AlkylLi 2eqU|v .\_g
"BulLi ( 2eqU|v é’ > .>__<Z >_<
Cl
Cl

Cl

(1) Wiberg, K. B. J. Am. Chem. Soc. 1983, 105 (5), 1227-1233. (2) Semmler, K.; Szeimies, G.; Belzner, J. J. Am. Chem. Soc. 1985, 107 (22), 6410-6411. (3) Procter, D.
J.; etal. Nat. Chem. 2023, 15 (4), 535-541. 10
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Baran (2016):

> TAVEF=ERE=

Br Br

> Bk

) NR'R?
PhLi > Bn,NMgCI-LiCl (2 equw) 2 steps Br PhLi <]>
-45°Ct0 0 °C A\ o A Br NH,"HBr —— -
cl g [>100 g scale] 0. to 60 °C [30 g scale] NH,-HCI \)\/ 2 '; |;1
| 4
1 2 4 Boc
54% ylelds 78% vyields 6
18 examples
N w1 7 E D3 42-93 yields
», 1 y
> FiEEnEEIEIIE
152 . . O F
R'R“NMgCI-LiCl (1 or 2 equiv) / \ S’/ F o
/7
A\ rt.. to 90 °C - N-Bn A A 0 2 steps %g — <>—NR1R2
NR'R N —_— 6
2 3 é ¢ F 9
28 examples 7 8 16 examples
12-84% yleIdS 3a, 42% 3b, 54% 30, 57% 40-97% erIdS

(1) ZnCl, (2.1 equiv), THF

MgX > Ar'
(2) Ar'X (2.1 equiv)
PdCl,(dppf)-CH,Cl, (2 mol%) /

Ar
40 or 65 °C 11

17 examples
47-76% yields

ArMgX (3, 2 equiv
gX ( q )>

Knochel (2017): A\ ether, 100 °C Ar

2 10

(1) Baran, P. S.; et al. Science 2016, 351 (6270), 241-246. (2) Knochel, P.; et al. Angew. Chem. Int. Ed. 2017, 56 (41), 12774-12777. 11
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> SEALSCIR

-
Method A (R = aryl) R<N=‘H 12 Method B (R = alkyl) RHN
Ga(OTf)3 (5 mol%) N Ga(OTf); (15 mol%) E' Bn PhH BnHN o
- > A o
THF, rt. Ar EWG _ PhMe, 80°C ' EWG /g\ o0 ppmol), Ph~<>2<H
14 16 15 | Ph CO,Me dg-bepzeneNg0 °C CO.Me
21 examples 16-Geg;n;?eifs 14aa 15aa
30-69% yields > 51 dr.
v s ap
> [R{Z'H NMRYS > TOIEERIHNIE
_______________________________________________ |
0.20 \ . |
0.18 | N=(R 12 R” , R R |
. I R‘ H N\\-'R \N H :
0.16 ' Ga(OTf); (H A |
: i — > (o-lGal A COR"
0.14 | Ar COR" —L |
. I W 13 Ar I |
3 o1 ——12a 1 ® 5-1-14 |
fy 0.10 13a | |
B 008 14a : P CH3CN :
0.06 52 | NaHCO; | rit. :
I R |
0.04 i : —_—
RO, R = Aryl [f,aL )N R = Alkyl RHN
0.02 _ l N R — @ L R
0.00 I Nucleophilic  p, H E1 Ar H |
. e | COR" ttack " "
A a COR COR
0 20 40 60 80 wo ¥ :
BiE)/min | 14 B ©
12

Leitch, D. C.; et al. Angew. Chem. Int. Ed. 2022, 61 (27), e202204719.
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Feng (2024): A
0 ROR > XJHRSCIR
. R Zn(OTf), (10 mol%) N ;
R _N N L1 (12 mol%) 1 o: 0] (0]
\/7 ' X R : Condition A
N R* “H EA, 25°C RZ. A OMe OMe
RZ “N N
— Condition B —
i i 18 PhPh
(1.0 equiv) (1.2 equiv) 45 examples Ph Ph
. L1
33-94% vyields
66-93% ee Condition A: Zn(OTf), (10 mol%), EA, r.t., 16 h, 9% NMR yield
Selected examples Condition B: Ga(OTf)3 (5 mol%), THF, r.t., 20 min, 60% NMR yield
A
> DFTitEER
Q // // ' // Q /
N p— —
OTf ®
e\N \N r\N \N r\N \N "Pr\N \N C Zn N _ _
\—/ New ®
18a, 81% yleld 18b, 84% yleld 18¢c, 82% yleld 18d, 50% yield 0 e *(\
85% ee 90% ee 90% ee 92% ee N< | ,OTf
Br Br
‘N
y / Ph L —~ =7 N
\
' y /éf Int2 (-1.7) X Ph—N Me
o N + o
Ph Ph H Ph
(o]
"Pr< Ph P — — — —
Me~N"SN I ' N/ N r\N SN OMe Ph’N\j/ TS,.5 (35) Int5 (-13.3)
\=/ : unsuccessful substrate H versus
18e, 33% yield 18f, 79% vyield 189, 56% yield 18h, 50% yield TS,3(17.2)
91% ee 91% ee 66% ee 0% ee 17a

Feng, J. J.; et al. Angew. Chem. Int. Ed. 2024, e202406548.

13
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15.0

10.0

5.0

AG/(kcal/mol)

0.0

-5.0

-10.0

-15.0

Feng, J. J.; et al. Angew. Chem. Int.

Ed. 2024, e202406548.

14
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51 examples, 51-86% yields

L3

Deng (2024): X Ll 1 04
& &
o R? Mo > {2 HISElS
R1‘e_4 o Eu(OT#); (10 mol%) _N.__R?
N-N t N UR? - 9 "= Q
\ R3’+§/ THF, 25 °C 1 N/ o Standard o) 5
Me/vMe R R4$—< conditions R4 + R
(o) Me 5 — > 5
19 20 21 R without 25a R ol
(1.0 equiv) (1.5 equiv) 38 examples 26a, R*= H, R%= 2-Naph >95% recovered 28a or 28b, not detected
39-99% vyields 26b, R*= Ph, R® = Ph
Zhou (2024):
9 Cu(OTH), (5 mol%) R? M :
R ~+.R? 2 ° ! 3 €. o
N=N + R ,}l_ L2 (6 mol%) o t,\l/ : Bn Bn R2 Standard R4
me— I o 4AMS, THF, 40°C N Oj)k(o < +  Ré condifions RS ,
Me R : I \J PCP” N~ ~CO,Me i L3 SR
22 23 5 Me ! N  N— 2 without [CullL3  pcp” >N ~co,Me
(1.0 equiv) (1.0 equiv) 24 ' |Bn Bn PCP = 4-CI-Ph 26a, R*=H, R®= 2-Naph _"'
39 examples ' L2 25a R?= Me 26b, R*= Ph, R% = Ph 27a or 27i, not detected
61-99% yields ; 25b R2=H
80-96% ee !
Li (2024): .
Cu(MeCN),PFg (5.0 mol%) o ; oﬁ..tsu o] 0
R2 (o] L3 (6.0 mol%) R4 ' = Standard Ph
5 ' N X Ph
P )\ + R4€—< p —> R R2 ' PCP” N"co,Me * conditions  Ph
RSN co,R? R5 BuOK or Et3N (3.0 equiv) ; L 3 . PPh,
25 26 DCM, 30 °C, 4 A MS R™ N 'COR : F:e 25b Bh PCP” "N” ~COMe
(1.0 equiv) (1.2 equiv) 27 <= 28b 27i, not detected

85-99% ee, all >20:1 d.r.

(1) Deng, W.-P.; et al. Angew. Chem. Int. Ed. 2024, 63 (13), €202318476. (2) Zhou, Q.-L.; et al. J. Am. Chem. Soc. 2024. DOI: 10.1021/jacs.4¢10123. (3) Wang, X.;

Gao, R.; Li, X. J. Am. Chem. Soc. 2024, 146 (30), 21069-21077.

15
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> REFSE

o)
o Standard Ph
NS
PCP” N"Co,Me * Ph—e—4 conditions P,
25b Ph N

PCP” N7 YCO,Me

29, 15% yield, 1:1 d.r.
and 27i, 61% yield, 99% ee

> BIEeRItIE

Base

)

|
|
|
|
|
|
|
|
|
|
|
*Lcu—N® :
|
|
|
|
|
|
|
|
|
|
|
|

\ ©—R?2 Int8
o=

3
OR o

Wang, X.; Gao, R.; Li, X. J. Am. Chem. Soc. 2024, 146 (30), 21069-21077.

Selected examples

(o) (o) (0]
Me02C
2-Naph 2-Naph 2-Naph \)
P _«Me P wEt P ~
N CO,Me N CO,Me N CO,Me
H H H
Cl Cl Cl
27a 27b 27c
77% vyield, 99% ee 63% vyield, 94% ee 72% vyield, 96% ee
(o] o o}
2-Naph 2-Naph 2-Naph
P .+1Me -+Me P _.+Me
N~ YCO,Me N® "CO,Me N~ ~CO,Me
H H H
MeO F3C Me
27d 27e 27f
55% yield, 99% ee 86% vyield, 98% ee 51% vyield, 99% ee
Ph PMP Ph
Ph
(o) (o} (o)
.+Me .+Me .+Me
N COzMe N COzMe N C02MG
H H H
Cl Cl Cl
279 27h 27i

70% vyield, 99% ee 65% vyield, 99% ee 61% vyield, 99% ee

16
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-40

-50 -56.2
0 -6-2.(2/ — =

o \
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720 <> — [] \
£ \E\ »E\
S -8 \89.1
< N Q é
E -90 \ —
-100 \ -105.5
1118
-110

- ‘Zb
> USRI RIRTCP) IR > LARIRN.1.0] T (BCB)ﬁJEH

Br Br Br Br
AlkyILi (2 equw
"BuLi (2 equw
cl hv or initiator
Cli OMe n=z1
.JLN

Cl

(1) Wiberg, K. B. J. Am. Chem. Soc. 1983, 105 (5), 1227-1233. (2) Semmler, K.; Szeimies, G.; Belzner, J. J. Am. Chem. Soc. 1985, 107 (22), 6410-6411. (3) Procter, D.
J.; etal. Nat. Chem. 2023, 15 (4), 535-541. 18



PR R

‘HCI s
“HCI H.N > DFTIL-I-%F%
H,N Michl (1988) Adsool (2015) * e SomTToToToooomoooes -
- éz —_— oc.
6 steps 4 steps E
C02M9 30\BOC

Uchiyama (2017):

AGF=+9.1 OMe AG*= +6.6
A HE =28 AG =-52.2
.Boc

A\ HN

0
Int11
2 " B°C Int12a -

1 |
1 |
| |
| |
1 |
1 |
| |
| |
1 |
1 |
|
Fe(Pc) (5 mol%) N ' OMe N OMe I
] 2 TBHP (1.5 equiv)  Boc” HoN : T Fe(F’C) |
(1.0 equiv) > > 2 steps | o 36 TBHP I
-Boc H o Co2C0s (n+1 equiv) 32 — X I
1] ANl N | 1
/N H2N X MeCN, '20 OC 20 examples 33 I Nz O OMe 1
Boc .
30 31 38-72 yields - Y AGt=+7.0 l
(2.0 equiv) (2.0 equiv) S N N AG =-33.6 !
AG = -27.8 -,N
| - N’ Fe PC) 1
Selected examples I b TBHP !
I Int13 1
HN-BOC ' ‘7' oM 3 :
Boc ' ' AGH=+59 €
- N _B
HN-BOC HN Boc” HN- - 0°¢ : Y/ |
I _N [l] 1 I
Boc’N Boc F  Boc” | lll :
OMe I Boc” |
1 |
J E FsC | 5 OMe I
|
32a, 61% 32b, 53% 32¢, 71% 32d, 56% ' 0 .

(1) Kaszynski, P.; Michl, J. J. Org. Chem. 1988, 53 (19), 4593-4594. (2) Thirumoorthi, N. T.; Jia Shen, C.; Adsool, V. A. Chem. Commun. 2015, 51 (15), 3139-3142. (3)
Uchiyama, M.; et al. J. Am. Chem. Soc. 2017, 139 (49), 17791-17794. 19
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MacMillan (2020):

Mesl(OAc), LCO,R'
R-COOH ———— > Mes—I_ +
- no purification COZR1
38
(2.0 equiv)

N— N
/—\ N gﬁ N A N B
Br . — jﬁj‘ /_\ N24 gﬁ 1
0 Me'L o Br CFy Br Ad

40a, 80% 40b, 73%
NC
o CF3
N
(0] (0]
40f, 55% 409, 60%

Ir(ppy)3 (2 mol%)
Cu(acac), (60 mol%)

BTMG (3 equiv)
Blue LEDs, dioxane

Nu 1
R1
40
52 examples

33-85% yields

gl + NuH

2 39
(1.5 equiv) (1.0 equiv)

Selected examples

\

N
7 \\ N 1
Br SO,Ph
40c, 68% 40d, 52% 40e, 41%
Br
Ph o
O "oyl o
PH EtO
Me
fo) fo) MeO,C Me
40h, 80% 40i, 80% 40j, 67%

MacMillan, D. W. C.; et al. Nature 2020, 580 (7802), 220-226.

|

[ Radical @\ @\ 4 MeO,C 1

| precursors

COOH COOH COOH

: COOH

: Product 60% 24% 10% 4%

|

| UG pee 6% 40% 36% 66%

j coupling byproduct

| . . .

i s-character of intermediate radical

|

. | ——

I Two-component coupling yield

o I I I [ I ™ e ™
I O\ I
' R'-CO,(IMes R A\ I
| 2(IMes)g 5 \ / I
1 SET 1
[ ™ I
[ * et 1Y |
I reductant oxidant R! I
: Photoredox :

talyti |
I catalytic cycle Nu—Cu"LnX |
1 .4 |
: SET :
I g i </ rilu I
|

: Nu—cCu'L, Copper XLnCu“'%m |
I catalytic cycle |
| |
I |
| -HX |
I | |
I 39 Cu'L,X a .
L o o e e e e e e e e e Lo |

20



IEIERN B SR A

”\vL 5 > EEEHIES

32 examp|es o) B-1 (15 mol%) O  Co,Et
R Li (2023) R2  26-99% yields Ph)lw v Pocopr PAESMOR) .-

2 — = P
anisole, 100 °C
Ceh 64 65 66
o (1.0 equiv) (2.0 equiv)
|

o

N N H H + TEMPO 30 mol%, no reaction ;
P-1 B-1 | e 4

N
1 - R
R lk& Bpin 41 examples o =
R2 cat. Wang (2023) R? 20-93% yields 0 0O
B-B : TEMPO 0 mol%, 66 87% '

/ \ ' '
+ TEMPO 10 mol%, 66 73% (77% conv.) ;

44 examples
Li & Wang (2024) 34-99% yields

(1) Li, P.; etal. J. Am. Chem. Soc. 2023, 145 (7), 4304-4310. (2) Wang, H.; et al. ACS Catal. 2023, 13 (7), 5096-5103. (3) Li, P.; Wang, H.; et al. Chem 2024.
https://doi.org/10.1016/j.chempr.2024.08.010. (4) Li, P.; et al. J. Am. Chem. Soc. 2022, 144 (19), 8870-8882. 21
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(1. 0 equw

> HHE

A

(1. 0 equw

O O
Ph%% +
Ph

(1.0 equiv)

(1. 0 equw)
M
B-1 (30 mol%)
Ph
\/ anisole, 100 °C
(2.0 equiv)

B-1 (15 mol%)

P-1 (25 mol%) Ph
v

anisole, 100 °C

(2.0 equiv)

(2.0 equiv)
S -

P-1 (1.0 equiv)
anisole, 100 °C

67
59% (87% conv.)

Ph ‘
69

23% (40% conv.)
O Ph

o
Ph

Ph Ph
72
15% (17% conv.)

> RREIHNE

OBpln OBpln
57 58
Ar'
Int14 Int18
Int19
in
S ﬁj o
Li (2023)  Ar’
RH\Q\I 208 Li & Wang H )
(2024) Bpln
)\ OBpm k
Int16 or Int17
61 or 63
Int20 O
' 5 2
BpinO ) R BpinO N- AN
R R1>\§ E
R? R? :
! Int16 Int17 ]

(1) Li, P.; etal. J. Am. Chem. Soc. 2023, 145 (7), 4304-4310. (2) Wang, H.; et al. ACS Catal. 2023, 13 (7), 5096-5103. (3) Li, P.; Wang, H.; et al. Chem 2024.
https://doi.org/10.1016/j.chempr.2024.08.010. (4) Li, P.; et al. J. Am. Chem. Soc. 2022, 144 (19), 8870-8882. 22
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Glorius (2022):

TXT (2 mol%)

0

> IERFIE:

)

0

ipl A2 L0

0__0
y blue LEDS (Ao = 405 nm) O . O Heating
. . or
(5.0 equiv) (1.0 equiv) : Thioxanthone (TXT) ©i;/l/ Egr Direct irradation
30 examples ;
29-94% yields MeCN, r.t.
E -------------------------------------------------------------- f----(-l -------- /’; -----------------E 5OGQU|V
N o preferred approac : (1.0 equw) 754
Bach (2023) npg, 762 R = H o QIH y :
76 : ’ : 0---H-N :
Pro,C., 70%, 96% ee | IPro” ~= . .
RS eramoble 2‘ 7 ReMa | N-p--0% : ® 365nm (20 h): trace ® Heating (100 °C): n.d.
~99% yields H  96%, 4% ee Ns E
N“70  9299%ee N o &o ; ® 365nm (8 days): 14%® 405 nm (20 h): n.d.
R :
5‘ b ?0 _ Q0 0
? ] 60 - 1 @"j
3 4
1)) 1 50 - +
£ 3 0] 4
@ ~40{ |
> 8B9p-aIll £ > Stern-Volmer 3] °
sje 33 2 27 s]e 309y o
| ' |
u&“&fﬁlﬁ < ; 7'5 %*g.l 204 | o P
] .' -
] 10
D T T T T 0 - - ..... e .-...............I .............. -. -
250 300 350 400 450 0 0.05 0.10 0.15

Wavelength (nm)

(1) Glorius, F.; et al. Nature 2022, 605 (7910), 477-482. (2) Bach, T.; et al. J. Am. Chem. Soc. 2023, 145 (45), 24466-24470.

[Quencher] (mol L)
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>

sugiVs

1

w N

SN

FeBGRIRILL

(5. 0 equw

Photocatalyst (2 mol%)
r

(1.0 equw)

Mes-Acr(CIO,)

[Ru(bpy);](BF,),

fac-[1r(ppy)s]

[Ir(dF(CF;)ppy),
(dtbbpy)](PFe)

fac-[Ir(dF(ppy))s]
TXT

E1p(M*/

M-) (V)

+2.18
+0.77
+0.31

+1.21

+0.34
+1.18

MeCN, r.t
blue LEDs.

Eip(M
IM*)
(V)

-0.81
-1.73

-0.89

-1.44

-1.11

=
(kcal/mol)

44.7
49.0
58.1

61.8

63.5
65.5

(o]
)I":
o *
SHO
o/ N
Me
75a

Yield (%)

92

84
99

> RRENE

5 TXT* XT o. .0 *
o ———~C,
F . f o)
Me
73a f N’
(So) 73a |ZRL OMe

(T1) 748

t

| |
1 1
| |
1 1
| |
1 1
| |
1 1
| |
1 1
| |
1 1
: 0._0 :
1 Regioselectivity @(I o o I
I determining step N ©;;r o I
I versus 2 I
1 1
| |
1 1
| |
1 1
| |
1 1
| |
1 1
| |
1 1
| |
1 1
| 1

’ Me
MeO‘N ‘ N
\

Me” (] ome

AG*=63.2 kcal/mol

(o)
o)l
ISC
QMe  —— r Eme - oM
S S e
Me N’
(0) \
Me

(1) Glorius, F.; et al. Nature 2022, 605 (7910), 477-482. (2) Bach, T.; et al. J. Am. Chem. Soc. 2023, 145 (45), 24466-24470. 24
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Brown (2022):

Ar ' o)
o 2,2'-OMe-TX (10 mol%) :
’ + | MeO OMe
A ¢ e_q » 2-Naph :
2-Naph THF, 450 nm LED '
76 77 o) S
i 78 - . .
(5.0 equiv) E. = 54 keal/mol s | : 2,2'-OMe-TX
1.0 equiv) examples . Et = 55.2 kcal/mol
(1.0 equ 10-79% yields
Waser (2023):
0 R'0,C PC (1 mol%) Q . ;
R (PhO),PO,H (30 mol%) 1 :
Ar1M\VLR ¥ \EL > Ar R ' ‘Bu PFg
'Ar2 CH3CN, Kessil lamp (440 nm), r.t. Ar2 C02R1 i _ —_
79 80 81 : | By
(1.0 equiv) (2.5 equiv) 19 examples . | AN N | XY
21-93% yields : _N I N_
] v
Selected examples : \lr/
o] o] : \Né\
F CO,Me |
O 0 Ph CcCOo,M Ph CO,Me . S
Ph CO;Me Ph CO,Me CO,Bn : | L _
Ph CO,Me Ph CO,Me F cl 5 PC
81a, 72% vyield 81b, 42% yield 81c, 51% vyield 81d, 52% yield 5
76:24 d.r. 81:19 d.r. '

(1) Brown, M. K.; et al. J. Am. Chem. Soc. 2022, 144 (18), 7988-7994. (2) Waser, J.; et al. J. Am. Chem. Soc. 2023, 145 (46), 25411-25421.

25
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Molander (2022):

> BJEERYHLIE

A 2
Ar' Ar?2 Ir[dF(CF)ppyl,(dtbpy)PFq o
+ HN (2 mol%) HN o e o
\V > 1 ' :
RO,C DMSO, 427 nm Kessil Ar CO,R : un- o I
82 83 84 I A 83a :
(1 equiv) (2 equiv) 26 examples : i
15-70% yields , It ® pn I
| .+¢Ph HN’ |
Selected examples : 3 (:N | .
CF, OMe ;O I - > :
|
I |
I P " Int21 Int22 \\ I
I Ir CO;Me !
|
|
HN HN HN : )>< l !
Ph |
I 82a
CO,'Bu CO,'Bu CO,'Bu | PhHN Phe . P (2) !
F,CO F,CO F,CO : _ HNS .
Ph '
84a, 63% 84b, 30% 84c, 47% : - I
PhHN I — CO,Me :
PhHN PhHN : 25 CO,Me Ph™ nt23 !
CO.Me I 84d Int24 :
cO,Me CO,Me L
F3C MeO
84d, 45% 84e, 66% 84f, 40%

Molander, G. A.; et al. J. Am. Chem. Soc. 2022, 144 (51), 23685-23690. 26
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Jiang (2024):

(10 mol%), DCM

2
> R

(0]
Ar? ‘"
3 W LED (A*™__ = 365 or 430 nm)
R2 Ar’
R1

(2.5 equiv) (1.0 equw)

-40 °C, argon

> EIEREAISEIS )ZfL e

Ph

0]
)ZRLZ-Naph N (Nj& Standard condition> S
23CI8 Z 2-Naph
> y‘j.lH\R*'g‘_‘l Ph Ph
85a

Jiang, Z.; et al. J. Am. Chem. Soc. 2024, 146 (12), 8372-8380.

86a

86a

87

52 examples

24-99% yields
83-99% ee
>19:1 d.r.

Standard condition

.
TEMPO (5.0 equiv)

without C1, 87a, N.R.
C2 instead of C1, 87a, N.R.

27
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" Y > DFTiHREE

+
1a+C1 PAH 2-Naph
——2a+C1 / _
e 1a + Za + c1 87a X O\PIO"H"-O
) e
o 85a N Phi
g PAH  Int2s
£ 0.0
o
> SeSb- TN o
~ A’ IE < Y / 0, O--H---0
6, 0-H---0 *Co'P\\o
*CO'P\\O - N PHi
X \ // PAH
Int26
e —— PAH Int31 41.9
-41.0 PCET
T b T Y T ¥ T X T y 1
400 410 420 430 440 450
Wavelength (nm) +
PAH 2-Naph
s -
<o\ 0---H-0%
«( P
(0] ({, %
2-Naph Ph
PAH Int27
44.0
Ph
: Er = 59.3 kcal/mol
— &> PAH -
> =& SEEET ) 2o
PAH 2-Naph 6. o-H---0=AU
/ _ 4 . \P/
o 0, Jo-H---0 oY%
N C PN N Ph
AN

E; = 102.9 kcal/mol E; = 67.2 kcal/mol ~~.H 86a+H,0

Et = 39.6 kcal/mol
Jiang, Z.; et al. J. Am. Chem. Soc. 2024, 146 (12), 8372-8380.
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Aggarwal (2020):

.—MgBr .—Bpm

MgBr

. 89 (1.0 equiv) I, (1.0 equiv) 90
2 equiv 2
(2 equiv) : > > 42 examples
100 °C LiCl (2.0 equiv) | NaOMe (3.0 equiv) 41-94% yields
2 THF, rt. MeOH, -78 °C to r.t.
(4.0 equiv)
Me Bpin
R*orR’ 91 1
" . R 9 examples 1
40-95% yields |
|
|
|
Selected examples |
Me I
|
- o -
— = Ph |
OoTBS |
5 .
|
Me Me Me O Me HN Me :
90a, 89% 90b, 77% 90c, 41% 90d, 79% 90e, 87% 90f, 83% :
Me Bpin Me Bpin Me Bpin |
Ph Bh Bpin |
NMe, SMe:
|
Me Me Me
Me Me Bn;N
90g, 66% 90h, 65% 90i, 79% 91a, 95% 91b, 85% 91c, 45%

Aggarwal, V. K.; et al. Angew. Chem. Int. Ed. 2020, 59 (10), 3917-3921.

> BRI IR

|

Me :

MgBr MgBr JL o)gb |
\

Me Bpin G)B—O :

Me :

Me |

- =

1—I |

|

/—\ |

Me Me_ Bpin :

©) 1,2-metallate |

OMe N/ rearrangement |

A

|

|

Me Me |

|

|

————————————————————————————————————— -

30
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Qin (2021): I Other bridged systems
I
MeO OMe MeSSOZNHNHZ 1 . 1
¢c-PrB(OH),, pinacol R MesSOZNHNHZ (1.2 equiv), I
> o dioxane, r.t. Ph
quench with R:Z~Bpi C5,C0, (3.0 equiv), 100 °C I H
CHO 2 M H,S0, R3 pin then Cs,CO3 (3.0 equiv), R2 R3 :
92 93 94 ' Bpin 2l
(1.0 equiv) 25 examples | [2.1.1], 66%, 94% ee [2.2.1], 90% [3.1.1], 61%
48-89% yields |
Selected examples :
1 NCbz
. Ph I
Bpin Standard condition N | Bpiri Bpin
. Me (0 I
42% yield Bpin | [3.2.1], 72% aza-[3.2.1], 78%
H PMP - R
another approach 94c, 48% Proposed Mechanism

Me

Bpin

R! R! H
\O MeSSOZNHNHZ N , \SOZMes 082003
R2r > R, —

|
|
|
|
|
Me : R? Bpin RS Bpin
|
I R! N,®
94e, 54% 94f, 74% 9449, 58% I e
R1 (@ RZ, A @
: \ o Mes — NN — .
Bpin : Rz, . 2iies 2., B</ b R3 O>e<Me
: Bpln 3 Bpin Me
Bpin : R Me" e
H Bpin |-|: PMP | =,
I R1< Bpin
94h, 72% 94i, 47% 94j, 64%, 91% ee 1 — >
(using asymmetric 93j) 1 2 b3
I R® R

Qin, T; et al. Nat. Chem. 2021, 13 (10), 950-955. T T T T T T e e 8
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Mykhailiuk (2023):

RCH,CN
HO Br NaOEt, EtOH <><:BI‘ 2 .
—_— NaH, DMF =
Br:><:Br reflux. 77% © Br > > DFT.L-I-%’ %
’ Ft, 979 e e e e e e e e e e e e e e e e e e e e e e o
95 96 - -
98 ® Ph |+
[OR)
Method A: LiAIH, (1 equiv), THF, rt. o R Method A: 18 examoles Ph  PPh; Ph Lit e/
® > 4289 yields ° e O NH,  Thr o | (THP)L HN
0 cN Method B: NaBH, (10 equiv) N > yields THF, rt. g HNY H
97 CoCl, (10 mol%), MeOH, reflux N Method B: 22 examples N3 o H<Gu”
35-84% yields L H®
(1 equiv) (a)

Selected | without Li* AG* = 32.0 kcal/mol
elected examples Ph  with Li* AGY = 26.9 kcal/mol

1

I

1

I

1

I

1

I

1

I

1

OMe o : o Ph o ?/\g/ (5200 times faster)

| ~— (THF),Li N -
I i @ H
I

1

I

1

I

1

I

1

HO HO HO/\Q)LO‘BU

‘ \H + .—NH2

N N N

H H H

98a 98b 98c — -
Method A: 69% Method B: 54% Method B: 57%

Ph |#
Method B: 52% 2 HO Ph
(b) O — Me-d) \__NH —

................................................................. | NH,

1
Attempted synthesis of 7-membered rings H M H

HO : oh b ~0°-H=0{
: Ph LiAIH Ph OH: | - o o |
H : I _ A OH E | AGT = 26.1 kcal/mol
, r.t., 24°/o N NH ' I_ ________________________________________
1 2 . 1
98d . not obtained ,
Method A: 82% e e e e e e mcemmemmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm——m———— a

Mykhailiuk, P. K.; et al. Angew. Chem. Int. Ed. 2023, 62 (39), e202304246. 32
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 Fe A

R1
1-substituted
BCPs

R2 R3

X=Y

R1N\R4

multi-substituted
BCHexs

I
R2
1,3-disubstituted

BCPs
R3

|
R%X/Y\Z,R“

R1MR5

multi-disubstituted
BCHeps

R! R2

1,3-disubstituted
BCHeps

R1

R3 R?
1,2,3-trisubstituted
BCPs

34
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Need more study New skeletons
R? R? 2
R R1
n R1 R1 R1 o
1 2 1 2
R R R R \<::>*<5>"R3 < R? R/ L LR R R?
1,3-disubstituted n>0 1,3-disubstituted  1,2-disubstituted ] ]
BCHexs R1 R2 # carbonvl Cubanes Cubanes Spiro[3.3]heptane Stellane [2]ladderane Nortricyclane
, carbony . Mykhailiuk (2024) Camps (1987) Fessard & Brown Morken (2024)
MacMillan (2023) (2022)
SEIFIES R
> SE =
Developed
Bn Bn
o 0
R! 1,2-metallate R1$_40 S"N
X rearrangement R’ Bpin C@E N/
RZ:5X > N »'1 /
3 Bpin Qin (2021 3
R in ( ) Rz R Me™ X Me [Cul]/chiral Ilgand

Photocatalyzed
Bach (2023)

catalyzed
Zhou (2024)

(1) Macmillan, D. W. C.; et al. Nature 2023, 618 (7965), 513-518. (2) Mykhailiuk, P. K.; et al. Angew. Chem. Int. Ed. 2024, 63 (9), €202316557. (3) Camps, P.; et al.
Tetrahedron Lett. 1987, 28 (16), 1831-1832. (4) Fessard, T. C.; Brown, M. K_; et al. Nat. Commun. 2022, 13 (1), 6056. (5) Morken, J. P.; et al. Nature 2024, 633 (8028),
90-95. 35
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Need more study

R3
5 2 3
R1 i R3 R R R2 R4
R? R3
R? R! R? R! RS R?
Generate chiral Beyond Beyond Lewis Potential

centers in reaction? photocatalyzed? acid/metal catalyzed? chiral center?

> (ERRIVRE

Bpin

R1
S
‘ RZI °

Expensive R3
Unstable 4 steps from cheap structures 4 steps from commercial substance
Expensive Bench stable

'BuLi used
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180

160

140

120

AR E (ug/mL)
X 5 g ¥ 8

o

GSKGEITMAY D FHFIANESBREMEREMENXR
== I;RMERE —+—clLogP

1 2 3 4 5
D THREREE
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> Baran (2016) T{FRSRERIZLHI 3 F

"\ N 4 F@
“00 "y oy o

from sertraline from lorcaserin from quipazine from paroxetine
3d, 62% 3e, 84% 3f, 81% 39,67%

> Zhou (2024) T{EPERHBDFTIHHREER

Mechanism

—-———— — — - - ————

e Free BCB BCB-Cu(ll)-complex h

—————————

Hirshfeld charge: 0.014

-

Bond length: 1.63 A

FAN Mayer bond order: 0.49
AN Mayer bond order: 0.64 SN S

T ————————————————— -

Bond length: 1.54 A N

”

N ——————————— - -

\N~ -
T —————————————————— - -

TS-S (major)
AG = 0.0 kacl/mol
(TS-R AG = 1.7 kacl/mol)
More and stronger CH-p interaction

39
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5 steps COOH > ﬁﬁﬂﬁ“h

30 mmol scale 7 steps
Cl o~ CO:Et > harsh conditions
41 43-61% vyield -«
Anderson (2022) 42 Gassman (1980) COOH
43
[3.1.1]TCP 42 fac-[Ir(ppy)s] (2.0 mol%)
(1.0 equiv) Cu(acac), or Cu(TMHD), (60 mol%)
> Btk 1 - RO
,CO2R R’{N,R3 BTMG (3.0 equiv), 1,4-dioxane
Mes—I 1 H 456 nm LED, rt. 50
. CO,R 9 I
Condition A: fac-[Ir(ppy)s] (1.0-2.5 mol%), » 2 " 31-22?’?;;33
hv (465 nm
+ R-X ( ) > (2.0 equiv) (1.0 equiv)

44 Condition B: BEt; (10 mol%) R X

" 1.0 equiy Condition C: without initiator 45 > E{ﬂ%‘g,ﬁ;ﬁ Eguuﬁzﬁm

20 examples
47-94% vyields

PhS SPh

. . 54, 32% yield
Uchiyama & Hirano (2022):

365 nm T PhS—SPh

‘BuLi (2.0 equiv) R-X (1.0 equiv) O, , LED 53(3.0 equiv)
> YN
| | MTBE.-78°C. 2 h MTBE, r.t., in the dark R X R S R-S(Se)H
46 , 1 42 47 51(1.5 equiv) 55 (1.1 equw)>
! -
(2.0 equiv) 18 examples R'0,S SR? o Et,0 R(Se)S H
15-88% yields 52 MeCN, 60 °C 56
42 -78°Ctor.t.
2 examples (1.0 equiv) 3 examgles
90-95% yields 69-99% vyields

(1) Gassman, P. G.; Proehl, G. S. J. Am. Chem. Soc. 1980, 102 (22), 6862-6863. (2) Anderson, E. A.; et al. Nature 2022, 611 (7937), 721-726. (3) Uchiyama, M.; et al. J.
Am. Chem. Soc. 2022, 144 (48), 21848-21852. 40
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(o)
50
EtO |
45a
. OMe
20

45b
94%4, 73%5 yield

E 0_0__-===/=v :::: 6.6 NN %OM(&
~ N\
‘_3 10 Intll ) TSll 122 N : .~ h
~ 0C. A A
5 1 N N RN Int12b 45d 45e
< NBoc SO SNa3s2 71% yield 66% yield
N N
\ -
-40 ,Boc N Me02C
N, \h Br
N OMe
BOC/ %{ I_521§ Cone
0 ntl2a A
-70 45¢g
57% vyield

> Anderson (2022) T{E-hES7F=im5EiL

Br
ArMgBr (1.6 equiv) 0\\3,,0
g tByLi, E* Fe(acac)s (20 mol%) g N N” \@L
P > H
0 — o}
R E R l TMEDA (40 mol%) R Ar B
62 63

58 THF, r.t. 50a, 64% vyield 50b, 31% yield

2 examples

6 examples
62-75% vyields

72-98% yields

75%4, 69%5 yield

> Anderson (2022) TF-RRIERS IRHIRE

o)
H,N |

|
BOCN/%
45¢c

58%4, 69%5 yield

cl
ropd o S,
= HN™ Yy F5C |

45fC
51% yield
ChC&Br
45hC
68% vyield

Br
o S
r Me (0]

50c, 32% vyield
from gemfibrozil

41
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R-X (37, 1.0 equiv)
r o

R : .
él BEt; (1-10 mol%) i EtO F _—
0°Corrt. X . /\/A O,N
2 38 ; o | : >
(1.1-2.0 equiv) (X =1 or Br) r

27 examp|es . 38a, 98% 38b, 80% 38c, 73%
38-99% yields !
R T R
1 V 1
ATAS 1
| ERFE FIERESREE——Walsh (2018) |
e o o o o o o - -
Ph _N_ A
Ph._N._Ar LIHMDS (2.0 equiv) ¥ r
i + &l > Ph
Ph THF, r.t.
39 2 40
(2.0 equiv) 23 examples
41-96% yields
Selected examples Ph. N

o)
Br S
S 39
0.2 mmol
Ph\r/N Ph\r/N Ph\r/N ( ) 45 .6
Ph Ph Ph (0.1 mmol) 0.088 mmol

7a, 85% 7f, 41%

L

|
thN\\rPh .
Ph F

NaHMDS (3 equiv)

Ph N\\l/Ph
< ES: } Ph

.
PhMe, r.t.
30 P e,r
(2 equiv) (1 equiv) 42, 96% yield
d.r. =1:1
Ph N Ph
NaHMDS (3 equiv) N
Ph__N__Ph I
Y+ > Ph
Ph MTBE, r.t.
39 43 =
(2 equiv) (1 equiv) 44, 95% yield

d.r. = 1:1

i Ph N Ph
Ph | NaHMDS (3 equiv) \\r Ph\r/N PhPh
! = Pho T ey A
NTN\F DME, r.t. Ph™ "N” “Ph
Me MeN 47
rac & meso-dimer
0.0225 mmol

(1) Anderson, E. A.; et al. Chem. Sci. 2018, 9 (23), 5295-5300. (2) Shelp, R. A.; Walsh, P. J. Angew. Chem. Int. Ed. 2018, 57 (48), 15857-15861. (3) Walsh, P. J.; et al. J.

Am. Chem. Soc. 2017, 139 (45), 16327-16333.
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> HttNIEscie

Ph
~N \ No base Ph Ph N PP
BedleE "N hiNa ¢
DME, r.t. Z
K*(18-crown-6) N
48 4|=9 F 47, 21%
(2 equiv) (1 equiv) 50, 12%
I Ph N\ Ph
Ph_ _N__Ph KHMDS (3 equiv) Ph Ph\rxN o
N + > * Ph I /)\
Ph DME, r.t. Phi N Ph
39 F
2 oquiv) ‘o F 47, 19%
(1 equiv) 50, 20%
I Ph N\ Ph
KHMDS (3 equiv) Ph. _N. _Ph
thNYPh 18-crown-6 (3 equi»v) Ph + - I Ph
+
Ph
Ph DME, r.t. Ph N)\Ph
39 F
o r F 47, 30%
(1 equiv) 50, 10%

N Ph

> ALsEie
PhYNXPh . LIHMDS (2.0 equi& PhY
Ph D D A\ THF, rt.

2
; D ~-91%D
(2.0 equiv) 40a-d,
98% vyields
ab
> DIFeRHIE
Ph /NvAr

Ph 39

/ l LIHMDS
L% A
Int14

39 or HHMDS
Ar
/ Ph \/
Ph

Int16 Int15

(1) Shelp, R. A.; Walsh, P. J. Angew. Chem. Int. Ed. 2018, 57 (48), 15857-15861. (2) Walsh, P. J.; etal. J. Am. Chem. Soc. 2017, 139 (45), 16327-16333.

D 4\ 100% D
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Q Sml, (5-25 mol%) NC 0~_-OMe o NC, 0
R’ + Rs’\ o M
THF, -10 °C Ph €
R2 71 ’ Me Me
70 , M

. (2.5 equiv) ' Me I
(1.0 equiv) 53 examp'es : 72a, 5% yiold  72b, 100% yield 723 Sm 70a
40- 100% ylelds ' 0.0
> L| (202 3) I"Fﬂgﬁﬁsfiﬁ' =4 : 0
R3 2 3 0 NG Me ‘
7 = B2pin; (5 mol%) Ar R : ) Int19 Int16 Y \S
4-CO,(3-pentyl)-pyridine (10 mol%) Me\( n n
Ar)KvLRZ ¥ 2 > -8.1 325 Me
anisole, 80 °C ; . Me
R4 R R2 R4
59
(1.0 equiv) (2.0 equiv) 32 examples -
26-99% yields

. CN

> Wang (2023) T{ERIELIF RS ' 0

71a  Me
B,pin, (20 mol%) R2 . Me A\ NCEN N
Ar + RN 4-Ph-pyridine (30 mol%) e Me
AT 1 Int17
R1 hexane, r.t. R . Int18
57 60 o) 0.3 23.8
(1.0 equiv) (2.0 equiv) 61
41 examples
20-93% vyields

Procter, D. J.; et al. Nat. Chem. 2023, 15 (4), 535-541.
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L & Wang (2024) T{ERERF RS > Glorius (2022)f1Bach (2023) Ii’EFFEQ*BﬁE%ﬁWJ I

Bpln

(o) B,pin, (20 mol%) i
N3 2PINy ° NZ )Iv,,
Ar)KS\ + ‘\ 4-CO,'Bu-pyridine (30 mol% o -
R2 LN
R? anisole, r.t. © ,OMe \©
N
57 62 63 o

(1.0 equiv) (2.0 equiv) 44 examples
75a, 83% 75b, 42% 75¢, 61% 75d, 83%

34-99% vyields
> Li (2022) T{ERBYEPRIEE

o E o\ /o
‘. 10
N * Ale o
| H H
NZ B-1

0.3 76a, 70% 76b, 73% 76¢, 67% 76d, 78%
ps o 96% ee 92% ee 97% ee 95% ee
Z o > Waser (2023) T{EFRRITEIMAZ ISR
£ 0
= E,,PC/PC+ = -0.96 V; E, ,PC/PC- = +0.66 V;
02 1 | | - Ei» (X) = -1.91V; E, , (BCB) = +1.54V
3500 3510 3520
Magnetic Field / G
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> Waser (2023) T{EHRaYE/Ma] RIS E > Waser (2023) T{EHRfIStern-Volmerseys &R SEib 4L

Abs (a.u.) 1.35 lo/| ® 1la+3a
25
13 1a
p) 1.95 3a
—1a y=2453x+1.011 87 _5 _
15 3a 1.2 R*=0987 " ! 2;?;;718021
X —1la:3a1:1 115 -
o 1.1
o y = 1.218x + 1.002
; Wavelength (nm] 1.05 RZ=0.997
300 350 400 450 1 Molar mol/L
0 0.05 0.1 0.15
> Waser (2023) T{ERAY B HEHHIRECIEER
- Me

C02M9

o) PC (1 mol%)
coMe Q -
COMe *N=X"Me  CH,CN, 440 nm
o Me 48 h, rit.
793 DMPO

5 equiv CO,Me
41%, ratio: 45:55

MeO,C CO,Me
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> Waser (2023) T{EFRRY=HISCIGEER

0 0
o
CgéM:n Standard condition +
2vie > CO,Me

79a CO,Me MeO,C CO,Me
38%, ratio: 57:43

> Waser (2023) T{EFRRYLI FMRISECIE SR

(PhO),PO,H&/mol%

0 30 100 150
C=Off4alik | BMRIAAIRE 1670 1669 1668 1667
RZTAMRUYZ

S om-L BCB 1710 1733 1731 1731

> ZMEEYBRRYREILRA

FsC CONH,
_\—< (@] -
N N—S=0 FSC% N ©
AL >\: =
<\ ~—/ o g
Et,N
ci
Pfizer 2012 GSK 2016

Cl

Merck 2016 Calico Life Sciences 2017

a7



