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(1) Traditional strategy for cyclopropane

|
|
/\/ [Zn]_CH2 or N2=CH2

stereospecific /ﬂ\\
.

prevalent core
E-alkene  not commercially available in drug molecules

(2) Fundamental reactivity of carbene species

wH

H
69““: 2 /(\% Al
singlet carbene E-alkene stereospecific frans-cyclopropane
A |
G%‘ H N { ~ N\ o g 9 A\\\\\ 4
H 4‘ 4 —— =
triplet carbene  E-alkene stereoselective trans, cis-cyclopropanes

(1) E-{miEtEmilk EEEHLIIRTS,
Bfiit&Em s,

(2) ZESFERTFIUIFEEE,

FoiRSEIREE—aBITE ISR

(3) BERFEZEFTEERZE.
SHERINFEIIKERENER
i, ERERZEE, HLRAFE
ROFRIEHRSIE.




(3) Novel reactivity cncept: radical carbenoid cyclopropanatin

2N S ﬁ)
— > W .
" Ar = A s @0

Ar/\l
triplet carbene

; E trans-cyclopropane
equivalent E,Z-alkenes stereoconvergent YERRIER

syn anti

(4)Stereoconvergent cyclopropanatin by means of photoredox catalysis

photoredox catalyst
—— CH2|2 o ] L
visible light

alkenes diiodomethane cyclopropanes

E,Z isomers commercial single isomer
easy to handle

HBA—HMHSEEEERN=E5FESMYSE/Z-FRIREYMREA, SEH—N st
giE. TiERPEINERRI, REMBEEIC-CREheE, BIARNDFERENRIAAELR. .
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xR ‘/m 1 mol% Ru(bpy)s(PFs), R
‘l@ CH.l . >
R 22 :-PrzEtN,NaZSZO;:, @

CH3CN/H,0
CFL, 18h, rt
1 2 trans-cyclopropanes 3
M \\\\Me “‘Me
\\\Me /@A\\\ e ‘\\Me M\\\Me Ph \
(\ N MeS R | N
MeO \) € N~y \
o \ Ts
R=CF3 3h 0% [1h 1:2] Ph
R=CN  3i22%[1i 1:2]
3a 65% [1a 1:2] 3b 84% [1b 1:3] 3c 84% [1c 1:1] R=COzMe 3j 30% [1j 1:3] 3k 75% [1k 1:3] 3148% [11 3:4]
W ‘\\\‘Q
I W W NoH
(\ (\ N o WS NPhth WS
N
Br Et
o\) o\) MeO MeO MeS
3m 59% [1m 1:9] 3n 80% [1n 1:1] 3q 94% ] 3r 8% P! 3t 75% [ 3w 55% [1w 1:1]
Ph 2
PMP + :(Z Ph !
2HPMP | R
3% 5% 9 35%(1:1) 10 40% 3y 73% [1y 1.5:1]

Angew. Chem. Int. Ed. 2017, 56, 1610 /
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(1) TEMPOJ3#3REEES |

Ny

Ph 1 mol% RU(bpy)3(PF6)2 -~ O-N+ >§\lj%
N P\}¢ diiodomethane(2) Phu/\) I~ 03\\
|

. h i-Pr,EtN,Na,S,05 PH F’hl}?_/_ :
0 CH5CN/H,0 o

11 12 with LED, 18h, rt 13 63%

Q¥ AEBBEH:

1 mol% Ru(bpy)3(PFg)s

L D~ |
diiodomethane(2) AM
i—PrzEtN,Nazs203 Br I Ar 17
Br CH3CN/H,0
15 with LED, 4h, rt 16 35%(5:1)

i-Pr,EtN:
visible light *Ru(bpy)s2*
o, (5)
Photored. . 1@ .
otoredox ) PN
catalytic i-Pr,EtNH > 2 =<
cycle )
4 Ru(bpy);* H-|
Ru(bpy);** (6)

4)

CH,l,
|

H xR alkenes (1
iodomethyl radical (7) |_§‘ R~ 1N (1)
H R2
Cc-C
1
F\:_ slow . /7~ rotation H o S| fast
<] \R2 <=—— R)f) (R =——— "L QR ——=> R wR?
" - 1(8) R TR
H H
cis isomer int| intll trans isomer
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MiChaE|§M§ U\)(LQ CHL, Ru(bpy)s(PFs)s H | ) ‘”\O O,<]kQ

amine
visible light carbonyl-cyclopropanes
Michael acceptor a-carbonyl radical
@)
e P 1 mol% Ru(bpy)s;(PFg), \\\
I + CH2|2
_ - PrzEtN N828203
CH3CN,H,0
1 2 21 W CFL, 18h, r.t.
(@) 0
J 1 .
Z CF; ZN
93% 3d 52% 3n 80% 35 93%

(0]
M e/q\\\\ILPMP w\\‘ OMe /E:ﬁ\\\ k.

3t 53% 5e 0% 3¢ 80% [1e 2:1] 1% BE . %gﬁﬁﬁﬁ{é‘tﬁu r
Eur. J. Org. Chem. 2017, 2122 BFEEdE"HMAR.
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gem- :ﬁﬁmgﬁgﬁtﬁu /@/\/Me IYCOZAd i_PrZEg:":ISSI(HZO) > /©/<(\Me

21 W CFL, 18h, r.t.
MeO (E)-1a 2a

CO,Ad o
CO,Et COLEt <002
Me ,
o \\\‘\
/©/<f oo 1 ] L o ©/<f OH Qﬁ
MeO N MeO
o
3b 88% 3e 61%° 36 939% 3148%
CO,Ad oA
2 CO,Ad CO,Ad
Ph
/4
(\N o N . I
o\) N
/
OH Ph
3u 88% 3ak 38% 3as 38%°(1:2)

3ao0 73%°(1:2)

(1) %ﬂigﬁr ,%Egﬁﬁﬁu CO,Ad &O CN CFs3

(2) TRz e 0 o ot

(3) #F(FRE. AKX e
(4) Eﬁgﬁgz‘?\ltiy¥ 3au 0% 3av 71% 5¢ 0% 5b 0%

Chem. Sci., 2019, 10, 9374. 10
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‘ - i-Pr,EtN,NaCl(H,0) I COAd
(1) BERERNERSH 2a > T 17 COAd

CH45CN

WFBRAH EH E BE H EEEE EJZ 21 W CFL, 18h, .. 7 68% iodomethyl ester

radical int-I

i-Pr,EtN,NaCl(H,0) |
:

QFFEEEERLS: w e
WEBR int-1 BEXTIERIH o 21 W CFL, 18h, 1t o
E EE%)JDEE 8 45%(>20:1)

17" >CO,Ad

visible-light YV .
I~ _CO>Ad I« CO,Ad _ " 0
\r [ \r homolysis /Q\ _

—_— | | CO?AC! Ad Ad COQAd
‘ i I l H . .
. o & SOCIRCOEY )<t cycnion e
. (E)-anethole M . j:\;ﬁ r—
2l AT | ArTEN ) \‘ MeO
) o 3a 60%(1:1)
j ii a o(:
visible-light 'YCO?AC’ PET | jq-(ljﬂohp\d I(-) int-ll int-1lI
I _CO,Ad  I-PrEtN — > 2
\I/ —_— I-PraEtN int-l
—TTT -

| exciplet

2a [-PrEtN-2a] i-Pr,EtNH,
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A Long-standing problem: catalytic generation of metal-carbynes

carbyne
@ e =0 [
products
metal catalyst Metal-carbyne
I(III)_ b Rh | : Rh- b id %ﬁ h— ~Eg¥a I.E
B carbene complex is a carbynoi h,-_ﬁﬁIE%¥ yg

o~ —(rn et = Rn —
e = 20 =40 REKIERFRIRRNE;

N2
carbyne source dual carbene-carbocation behavior Eﬁ E mgﬂg & m'l'io

S ‘ }—Ol Qn %,O

alkene allylic cation

allylic buiding
block

EBEFIEKIFEZ — B Rh-carbynoid 81 — SCIUEIZRY o/ SEiEM — 1SBIEREIR,

J. Am. Chem. Soc. 2019, 141, 15509.
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PFe CO,Et
Ommu|%

| N
Et0,c” 0 ?

chemical feedstock carbyne source 2e

Br OMe
CO,Et CO,Et
6a 76%(13%)
with BuyNBr 6c 72%(5%)
with MeOH
CO,Et Me
B X N—co,Et
Br-

Me

6t 89%((I:b=14:1),/ = 3:1(Z:E) 6x 70% 10-1(Z:E)

with Buy,NBr

1 mol% Rhy(esp),

CH,Cl,, -50°C,1h CO,Et
then
Nucleophile

-50°C tor.t.,1h allylic building block

/ CO,Et
CO,Et =<7-Esr

6p 94% 6s 75%
with allyl-SnBus with BuyNBr

\ Me
CO,Et Ph 3\
Ph\\{o CO,Et

Br
O

6ac 62% (I:b=4:1)(15%)

6ab 72% (1:b=>20:1)14:1(Z:E)

G P 5 £ %

TONGJI UNIVERSITY
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1)
N2 LsRhy==
CO,Et

Rh-carbynoid 3

W Co,Et L4Rh,
[\/l// paddlewheel Rh, complex
2

2
@COZE‘: < ----- ]

diene 7

> {G
CO,Et

alkene

allyl cation §

allylic buiding
block 6

electroncyclie
ring-opening
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Me

FI’Fe CO,Et
OMe OI"""“|‘< 1 mol% Rhy(esp),
A Py N>
+  EtO,C o’b

CH,Cl,, -50°C,1h
then
alkene 1

EtaN-3HF(3eq.)
hypervalent iodine reagent 2 -50°Ctort,3h

PFe CO,Et
Me Q|

1 mol% Rhy(esp),
7 P N, CH,Cl,, -60°C,50 min
+ EtOQC O then
1

1,3,5-trimethoxybenzene
5 (0.8 mmol, 4.0 equiv)

Chem. Sci., 2022, 13,4327.
J. Am. Chem. Soc. 2022, 144, 16737.

OMe CO,Et

11;::2
(0]

(+)3 70% (14:1)

CO,Et

10
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Rh-carbynoid 5 RMER Fischer BUEtEE Rh(11)-F&

1 2

3a R:H,720A)(>201)
EtO,C 3c R=0Me,50%(>20:1)
7 3f R=CF3,45%(>20:1)
R

J. Am. Chem. Soc. 2023, /45, 4975.

PFe CO,E

Quunn|

= |
HO N
. EtOzc/\O/K© ’

3 mol% Rhy(esp),

3j 81%(>20:1)

EtO,C

CH>Cly, NaHCO5(2 equiv)
-50°Ctort,35h

Ulj
H
3k 85%(>20:1)

EtO,C

MeW" H
Me

3r 61%(>20:1)

EtO,C

Me"™§ Me
Me

3s 30%(>20:1)
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1)
LsRh, =
CO,Et

CO,Et
l\ﬂl’
2 carbyne transfer
2
L4Rh2 cycle
O
0]
Et0,C
3
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2l
i

AG (kcal/mol)

\/O Ph
CO,Et I““*0“
[Rh-Rh] 5
Ve
g= 1

o) ‘Et F,._ll_,_\F
F7 I ~F
F

N; extrusion

Fischer Carbene Formation

Figure 3. Free energy profile for the catalyzed reaction between la and 2a* with Rh,(esp),.

[Rh-Rh]

CO,Et

7

[Rh-Rh] = Rhy(esp),

‘.‘-60.8

—— [Rh-Rh]
A

19



BoRiRiE

FIRFIE Rh-carbynoid MisEsfez=Zitil, TEMIER C(sp?)-C(sp?) BHRIENRAIEX,
& RRIIRE SRR E LR

PFB COan N CO,Bn
Ommlll 5 mol% Rhy(S-NTTL)4(AcOEt)s ;
> 7,
W BnO,C” )\© CH,Cl,/PhCI(1:1), -60°C,1.5 h OPO(OMe),
then

Cl
phosphate nucleophile(3.0 equiv)
-60°C to r.t.,1 h 13 70% ya = 9:1
er 97:3.
a
PivO 3\\
PivO PivO o A
O \/COan _ phosphate attacks from
\ TBABH (1.0 equiv) + L, the same face in which
....... o) = (ii) IV-Ar depart
| CHCl, r departs
= 60°Ctort,15h
R Go,ehFrs ’ ,
s “co,Bn R,;: CO;Bn s @) o
int-1aa R R \f
in situ generated o Ar
R=(CH5),ClI 51a 34% 51b 36% 52 Ar=2-naphthyl
e.r.=95:5 e.r=90.5:95

J. Am. Chem. Soc. 2024, 146, 21837.
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(1) Hammett B: REFEHAR(E, RPETESPRIEBFAER.
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X
0,3
R «1Bu y = -1.2318x — 0.0407
/©/\/ 3 mol% Rha(esp) measurement of initial rates - 2 b R?=0.9843
X CD,Cl,, -60°C,1.5 h by 'H NMR at -28°C 3o p*=-1.2
X=H.tBu.Cl | fhen(%BOUEML?E??G%EEMEH - f:_f_ : H positive charge accumulation
R=(CHy),ClI - e N é E(Y')PO((?)I‘\.ﬂe}Q g ~ in the rate-determining
>90% conversion of 1 R -01 .l transition state
int-1c,e,g,l _ -0,2 1
03
-03 -0.2 0,1 0 01 0,2
a+
— 1=V tws 5 S MR LE B2 % s
(2)ENZFRERZFEBRL (KIE): EETRESZEIMEFR, mIE C-H EiFW
X
Me =
Ph/%r 3 mol% Rhy(esp), COLEt KulKp=1.53
H 1a . measurement of initial rates change in hybridization
CD,Cl,, -60°C,1.5h by 'H NMR at -28°C from C(sp°) to C(sp?)
then nBu;MePOPO(OMe), . .
or (3.0 equiv), -60°C o | in the rate-determing
P Me 3 Eo.2PPO(OMe), transition state
/\/ 1 >90% conversion of 1 R
D a-d
R int-1a /int-1ad

21
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X COR
Ollllllll|—<
|

N
RO ?

N uc
(@]
R N=\ o enantioenriched CO,R
HAS; (0] i allylic product Oll)\/l\/le
0 ) o~
oZ i/ /| ph Y \‘Nuc -
F\,'h/,/'/Rh\iCOZR v
“\
. )

G P 5

TONGJI UNIVERSITY

O £
R N u»COzR
HAS_ o
O
~Z A
SR
- \ H cycloprpyl-1""-Nug int-3

Me  cycloprpyl-IM-X int-2

©/‘\\,Me ‘ Ph/?/COZ R
preferred Y e
y-attack Nuc(-) * "Me
1a ph/jcozR - front face rear

5 . . [

chiral Rh(ll)-carbynoid int-1 chiral intimate ion pair

in a solvent cage int-4

22
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CH,Cly:PhCI(1:1)

.50 °C,30 min w'

OMe
OMe OMe MeO,C,

TfOumul|—€
\ 2 mol % Rho(S-BPTTL), \:
2 . s ,

R S

-~
-

H. A=CO,Et

S S ~C
ECOQEt == CO,Et H \.\-5
we! \\“5 0]
dac R=F,47%(96:4)

4ae R:l’ 38%)(964)
4a 87%(99:1) 4ag R=Et,67%(98:2) 4v 50%(97:3) 4as 35%(859)

O,Et

OMe
OMe OMe

'y

=

E e CO,Et
Me, A=CO,Et Pt“\, COH “‘.q ?
0 e
Ar 32%(85:15) 4s 62%(96:4) atnd.

J. Am. Chem. Soc. 2025, 147, 13120 23



()P s *+ %

G
% u\;”%‘ TONGJI UNIVERSITY

o}ﬂ

carbyne transfer 10
Rh,L,* cycle

*L,Rh,

\ int-1l

X828 F Rh-carbynoid IEBFHIRH C-H E#TRIEFHEREN, £RFMH Rh()-EE,
BE&EREEITBE— AR, 24
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B Diels-Alder REIZMEASE,
1,3-:%8&%%&*%F%s ﬁ \/L/ peripheral skeletal
USFHRAYAHHEERN S 90 SN T S
MRz —. L/\/ 1,3-diene \/\I::

A Functionalizations of 1,3-dienes

well-explored unexplored
jam
L4Rh2=<. o)
Rh-carbynoid nuclephiles
B
XX ™
\J\'r‘ \/ﬁ/‘ » \/\Q
1,4-dienes pentadienyl cation 1,3-dienes

Chem. Sci., 2025, 16, 13042 25
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Fl’Fa CO,R
Ol""""l 1 mol% Rhy(esp),
N
XN Ro,c0 ? CHaCly, 50°C, 1
en
no source(1.1-20 eq.)
R=CH,CCl; -50°Ctor.t,4h
M[COZCHQCCIC),
Br
X CO,CH,CCls
3a 82% 3i 57%
I:b >20:1 I'b >20:1 3w 41%
Z:E=7:1 E:Z=281 bl >20:1
e CO,CH,CCI
XA\ ~CO02CH2CCl ph/\/\[ 2Ll
OPO(OMe), OPO(OMe),
4b 40%
4a 50% I:b >20:1,E:Z >20:1
Z:E=1:1

26



b
N
10
Rh,L
N2 2-4

Rh-carbynoid

int-1
—
N2
@ L4Rh,
paddlewheel
Rhy complex
a-attack Y- attack O-attack

| |
Rh-Rh
| 7|
int-2
favoured

7

. g

N

1,3-diene

cyclopropyl-1{)
int-3

-

pentadienyl
cation int-4

unfavoured

G P # 5
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Rh-carbynoid EB5iifll, LEFRICEHIETS, ELERkalkyl-1(111) Rh-carbynoid

PFe COzEt
o..mm| 3 mol% Rhy(esp), o Ft0,C ‘\\|
+ Eto,c” CH,Cly, -40°C, 1.5 h
? )\© then Nucleophile B N
-40°C to r.t.,30 min
1 3
EtO,Ca EtO2C: R EtOzCz
PR “~"OPO(OMe), Ph ""/\o /jé\
3a 72% 3m 75%
3y 93%
FtO,Ca | EtO,Co
3aa X=CF3, 72% N /A Jaw n=0 0%
"l,/\Br : 3 o ° Ph . a0, | 3ax n=2 0%
3ab X=Ph, 30% e Ph O 32y 13 50%
X 3az n=4 <5%

3aq 90%

J. Am. Chem. Soc. 2025, 147, 31444.
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X\
A RN
L4Rh, Ph
1a
int-1
X
I
O}Z/'\Ar
N2 carbyne transfer |—Ar
2 Rh,L, cycle
X
/
l_\—\_
L4Rh
4 zzg \ oh
int-1l
X
\ Nu
SN Nu(-) S and/or N
B 7 ol ol
an oh AN Ph N
Ph
int-lll a-attack 3 B-attack
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Rkt A SRR T TEE M

N2
LG
*L4Rh2=b
"""""""""""""""""""""""""""""""""""""""""""""""" int-1
0} e
1 mol% Rh, ctalyst N/2
<ol > carbyne transfer
-50°C orr.t. ,30 min 2 Rh,L,* cycle

J. Am. Chem. Soc. 2025, 147, 24206.
30
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RN REIZEA N-O &,

LI 7 I B IRERE

ACS Catal. 2026, 16, 13597.

B Single-carbon insertion into isoxazoles

RO,C._ _R
e R Davies 2008 )\>1
4Ny EE—
CO,Et
o) Me Rh(ll)-carbene 1,3-oxazine
N R=H,CO,Et,Ph
\ /)
Me (1)
isoxazole |11 lored ‘><|
unexplore N~ O
L4Rh, _Unexplorea.
|
_ Me)\/kl\ﬂe
Rh(ll)-carbynoid hypervalent iodine(lll)
1,3-oxazine

C Scaffold hopping of isoxazoles and pyrimidines

0O
&
[\\j / Me
N’O Me (i L4Rh, catalyst Ve
W/ H,0
N2:<. then oxazole
e oxidant or NH3
isoxazole carbyne source

NI\N

pyrimidine

31
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PFs CO,Et  (Rha(esp)y(1.5 mol%) 0
Ol —4 DCE(0.3% v/v H,0)

EtO,C © M
O v | N -30°C,10 min 00— | €
" ro : > N
+ (ii)PIDA,Na,CO3 Me

Me DCE/H,0,90°C,3h
1 R=CI;2002Et 4a 88%
|
H N2
N3
2
j(im
Rh2|_4 }_.
carbyne transfer L4Rh3
cycle int-l
OL_R
o
R 1

e _" 1 0 PIDA(3 eq.) 5
Na,CO3(2 eq.
N I @ o | NexSOs2en) E0,0— T R
' DCE/H,0
RMR A R)%/”\ 2 N\

R R R o
int-l 90°C,3h

int-Ill B-enaminones 3 4

B-iGkE3E— 1 S IaeRE S, aJLlEd PIDA REIMUELILAIEN, SRES5SBREMSHEACAIEIE. 30
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@E\> O>/ > 1 mol% Fe ctalyst - ——
H N, sol N/

r.t. ;30 min N

TONGIJI UNIVERSITY

N
LG
A\
MRS Ojﬂ?
int-1
! 1a
07 ®
/
N carbyne transfer
2 FeL,* cycle
LG\%
O‘N
H
int-1l
-_— + LG(')
N/
N
3

34
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