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. Rhodium Catalysis - Cyclobutanones

‘ .................................................................................................................................................................

[Rh(nbd)(dppp)][PFé]
(5 mol%)
BHT

© (10 mol%)
- 0
m-xylene, 135 °C, 1.5 h

201 81%

Me Bu

BHTHI{ER?

Murakami, M.; J. Am. Chem. Soc. 2002, 124, 13976-13977.



. Rhodium Catalysis - Cyclobutanones
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Me [RhCl(cod)], (2.5 mol%) Me
O (R)-DTMB-SEGPhos (6 mol%) g

- ° @]
| 204 dioxane, 130 °C, 24 h ©®:
Carbonyl Hydroacylation (Dong 2008): First step: aldehyde C-H activation

Q = C—H activation O (b) )
i R [Rh A
o~ R J‘ Me o [RNCicod]; (2.5 mol%) Me
O/\f O (S)-DTMB-SEGPhos (6 mol%) '
R . -
| dioxane, 110 °C, 12 h S @]

Carbonyl Carboacylation (This work): First step: ketone C-C activation
O _N hed!
- ot touched!
H [Rh']

s CcC

R O activation

(R)-DTBM-SEGPhos

R ESET

Cramer, N.; Angew. Chem., Int. Ed. 2014, 53, 3001-3005; Organometallics 2014, 33, 780-787.
Cramer, N.; Angew. Chem., Int. Ed. 2014, 53, 9640-9644.
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Rhodium Catalysis - Cyclobutanones

Type |l intramolecular Diels-Alder reaction Bridged rings
4
= B
’ ||3| Difficult ||3 | Ef I
A - A A A
*J o
X 2 X . .
P, 5-6 bridge 6-6 bridge
X: linker strain-limited unknown mainly in gas phase
This work
0
O
[Rh(C2H4)2Cll2
P \,R- P(3,5-CeHs(CFa)o)s
,Z 2-amino-3-methylpyridine R X z R’
R X-Y 5 hVag
XY, Z: linker Quaternary, bridge-head
@) [RhCl(cod)], (5 1%) 9 4= ZAY
cod)], (5 mol%
Me (3,5-(CF3),CqHa)sP (24 mol%) KINBPFRT
2-amino-3-picoline (100 mol% L A
peoine (10omal®e) | L L EF IR
Me N 1,4-dioxane, 150 °C, 48 h N
I
Ts Ts
210 211 87%

N
o
Me N 212
Ts
Dong, G.; Nat. Chem. 2014, 6, 739-744.



. Rhodium Catalysis - Cyclobutanones
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--------------

-CO
O
/ [RhCl(coe)s]o (5 mol%)
{%; < XPhos (10 mol%) : Me
-di o N
Me N 1,4-dioxane, 170 °C, 72 h ,
Ts Ts
208 209 67%
O
H H
@f H
Ho M 2j

Dong, G.; Angew. Chem., Int. Ed. 2016, 55, 13867-13871.
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a) Bridged-ring formation

less bulky amT T o
i ‘S B ) M';—% ./ R
R‘—éﬁ :‘{ M R' A |— I.3 established
: ,' R1 A
(e g N
b) Fused-ring formation
bulkier B o "
B o) S o
i ‘5 A -_-_[.M]____ M/ A‘. _7’_ B\A__\ previously
Rélﬁ‘g_‘_," R/‘-) R/\'J\,"’ unknown
Ph [RhCI(CO),], (5 mol%) O  ph
0 AN PMegph (16 mol%)
1,4-dioxane, 125 °C, 60 h %O
213

214 82%

PORIVA A Riiiva

Dong, G. Angew. Chem., Int. Ed. 2018, 57, 2702-2706.



. Rhodium Catalysis - Cyclobutanones

¢

[RhCI(CH,CH,),], (5 mol%)

H

O :
@:N—Ts

\ (R)-DTMB-SEGPhos (10 mol%) H
Q N—T AgSbFg (10 mol%) 216 41%, 99% ee

S +
1,4-dioxane, rt, 12-13 h o\\
215 IJ N-Ts

215 50%, 86% ee

WAL E BIAXSR

Dong, G.; J. Am. Chem. Soc. 2019, 141, 16260-16265.
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Rhodium Catalysis - Cyclobutanones

b. allene insertion into C—C bond as a one-carbon unit

this work
R1 @]
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Me
0 Me Ph_Ph

0 )/*Me [RhCI(CH,CH1),], (5 mol%)
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Dong, G.; /. Am. Chem. Soc. 2015, 137, 13715-13721.
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Rhodium Catalysis - Benzocyclobutanone

O
a) Previous work -
L‘-‘:‘
cyclobutenones or
Co, Ni, P =0 =
Rh, Ry, etc :r—"i\i_M or
o/ _b‘:“ | = insertion or

3
4o N2 ] - decarbonylative
sl [~ -0 insertion

~Ia 7 8 A L7

6 -
pericyclic | ..

process L

_Me  [RhCI(cod)]; (5 mol%) O— Me
O/W DPPB (12 mol%)

0

r toluene, 130 °C, 24 h

O

294 225 83%

118' C_Ciﬁ{'t iri)ﬁllz_ C'Ciélﬂﬁ

Dong, G.; Angew. Chem., Int. Ed. 2012, 51, 7567-7571. J. Am. Chem. Soc. 2012, 134, 20005-20008



. Rhodium Catalysis - Benzocyclobutanone
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Boc\N/\r Me [Rh(cod),]l(BF,) (5 mol%)

o (R-DTBM-SEGPhos (6 moi%)
@:( 1,4-dioxane, 90 °C, 12 h

296 227 88%, 98% ee
(b)
Q Bn, o)
Bn. [Rh(cod),](BF4) (22.5 mol%) N
N | o )-DTBM-SEGPhos (27 mol%)
@j 1,4-dioxane, 80 °C, 12 h
0
228 229 96%

Sicpb s
IR A LA,
Dong, G.; J. Am. Chem. Soc. 2018, 140, 9652-9658
Xu, T.; Org. Lett. 2018, 20, 7689-7693



. Rhodium Catalysis - Benzocyclobutanone
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O/\[r Ph  [Rh(cod)(MeCN),5](BF,4) (5 mol%)

O Ph
DPPF (6 mol%)
[/ THF, 150 °C, 18 h
o]

230 231
O
. ) Ph
CO,H
232 85%
1515 3 B

Xu, T. Dong, G.; Angew.Chem. Int.Ed. 2018, 57,2859 —2863



. Rhodium Catalysis - process
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(a) Previous work: directed cascade C-C/Cy,,-H activaiton

S e 8
: Rh()-Lig. Rhepd _ A
S ML A 37 H c-c
]E.llffﬁﬁﬁ_?:l: |¢ activation H actlvatlon
n=0, 1, 2 m=0, 1 X=C, N, O

(b) Normal "Cut and Sew" using substrate I reported by Dong and us in 2018

(0
. X R X
N == Nl Applied to the total
, /O "Cut' M synthesis of
7 > o —>  Cycloclavine &
g C-Co 0 Xylanigripones A
I high ee
C4-Cg
regio-alternatively "Cut"
— (c) This work: Interrupted "Cut and Sew" enabled cascade C-C/Cefi,-H activation ——
R R
RN/§20\ too RNMZ%H olefinic
| far t M. C-H bond RN 8 RN
arto ~X activation M RE.
4 M. —_— —
M o] | o o)
H competitive H
I I  pathways v o H v
. \J i) allylic C-H vs C,.,-H activation
interrupted by T chanllenges [ ii) acyl-M migratory insertion
reverse CMD iii) de-carbonylative pathway

Tao Xu.; ACS Catal. 2021, 11, 9136-9142
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. Nickel Catalysis - process
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p Nickel Catalysis

O Et Ni(cod), (10 mol%) 0
| PCy; (20 mol%) Et
+ : o
toluene, 100 °C, 3 h Ph
Ph" Me Et Me Et
235 9 236 97%
(1.5 equiv)
l B-carbon elimination T
Et /Ni 0
O _Ni. 0 Et Et
‘*;’/ Path A ) )y
Q E Ph B~ Ph \ Et
t
Me Ni
py Me Me
237 238 239
0
Path B E|t
-]
Ph |
Me Et
240
2 Fid

Matsuda, T.; J. Am. Chem. Soc. 2005, 127, 6932-6933. Tetrahedron. 2006, 62, 7540-7546.
Zhenyang Lin.; Organometallics. 2013, 32, 3003-3011.



p Nickel Catalysis

o R' 5mol % Ni(COD), O
’{I/ . 10 mol % PPh, R
N fl Toluene, 60-100 °C \ |
GP R2 GP~ R2
1-2 b-0

124 LX%EETIL%/J\?%

O R"  [Ni(cod),] (10 mol%) R
% |‘| PPh; (30 mol%)
+
By

dioxane, 90 °C, 17 h
R2
1 4 (1.1 equiv) 5 6

O RT  [Ni(cod),] (10 mol%) R
gg |‘| PPh; (30 mol%)
+
o)

dioxane, 90 °C, 17 h

13 (1.1 equiv) 14 15

Louie, J.; Org. Lett. 2012, 14, 2026-2029.
Aissa, C.; Chem. - Eur. J.2012, 18, 3486-3489.



. Nickel Catalysis

‘ ............................ e tremserEeRssEerEEsssEEEEESSESSEEERSEEEERRSSEEEERRRLLS e °

n-Pr———n-Pr
243 (1.5 equiv)
Ni(COd)2
0O (5 mol %) n-Pr
PPhg n-Pr
Me, .CO.H _— . __2% (10 mol %) ~
Y —. Me
BocHN - N toluene Me” "N
241 >99% Boc 80°C,8h IIBOC
> o ee o,
242 >99% ee 044
73%, >99% ee
) Crabtree's cat. )
NaBH, i (5 mol%) n-pr
(2 equiv) HO -~ "™P" H,(1atm) HOIj_‘m-Pr
MeOH CH,Cl,, 0°C
0°C,ih  Me" N 3ne 2 Me™ "N
Boc Boc
245 246
95%, dr >20:1 86%, dr >20:1
— @

/

N\ N | PRE
v
CySP \\

Crabtree’s cat.

Murakami, M.; Org. Lett. 2012, 14, 3898-3901. Louie, J.; J. Org. Chem. 2015, 80, 9951- 9958.
Aissa, C.; Org. Lett. 2016, 18, 1756-1659. Aissa, C.; Chem. Commun. 2019, 55, 497-500.



p Nickel Catalysis

R1

0 .
NIBI’Q(PPhs)Q (10 mol%) .
Zn (50 mol%) o1 SiMe; =
* Rl=—R? > 0 ~ S
0 THF, 70 °C, 17 h [

influence of alkyne substituents on regloselectl\nty

8d, 55% (>19:1) [A]
X=85,0
AN

R REEFE R ER

Aissa, C.; Synthesis. 2017, 49, 3582-35809.



p Nickel Catalysis

0 Ni(cod), (10 mol%) BFzK
C- B%\% 75'] \]Y‘ PPh; (30 mol%) O, R
x + KFB——R
L T ST
1 (X = NBOC) ' 14-26
2 (X = NTs)
3(X=0)
® ~<Fo
PPh; K & E
e R patha oM R N R
! Ni.
x§ BF K X BF3;K X— PPhg
A B G
@ F,@F !
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) R
path b @ . - O R
——= Ni_
BF3K x—/ PPhg X
HL N T
Ni or
E{bﬁ[’:ﬂ?path C %—/ PPhy
- O BF3K o) F|>Ph3 K@
(path ¢ R\J\/ RLNi-‘——/Fe
(\ Ni-ppp, = B,
LY F
X X / 'F
R
E

Aissa, C. Chem. Commun. 2019, 55, 497-500.



p Nickel Catalysis

O
Ry O 5 mol% Ni(PPhs),Cl, B
20 mol% Zn 1
| | + A . |
N CH;CN, 60-80 °C R NBoc
R, Boc 16-24h .
1a-1l 2a 3aa-3la
Ph O 5 mol% Ni(PPh3),Cl,
20 mol% Zn
| | + )—
0O CH43CN, 80 °C
Ph 16h
. 1c 2b 3ch, 60% (82%)
ZERIEIE Y& Y Ni(cod), N 1
R (10 mol %) | 1) Ha (1 atm) R
PPhs O+ 10% (ww) Pd/C HO_A__R?
s | (20-30 mol %) EtOAc, it, 16 h |
Al L7 toluene 'Tl 2) DBU. THF N
7 60°C,16h Ts 16 h 6
4 ' 5 ’

Louie, J.; J. Org. Chem. 2015, 80, 9951-9958. Aissa, C.; Org. Lett. 2016, 18, 1756-1659.
Aissa, C.; Chem. Commun. 2019, 55, 497-500.



Nickel Catalysis

Ni(cod),
(10 mol%)
o) IPr Q Me
gg | | | | (20 mol%) N CO,Me
N toluene ~N CO,Me
) 0°C.8h Boc Y
Boc  \eo,C CO,Me Me
250 %
(1.2 equiv) 251 88%
3
72 2
. R
N\ R’
Ni
( R 7 1+2
R2 2 1
7 .
z (p> """
X Ni ©
H
6 \

Matsuda, T.; J. Am. Chem. Soc. 2006, 128, 2166-2167.
Murakami, M.; Bull. Chem. Soc. Jpn. 2008, 81, 885-893.
Louie, J.; Angew. Chem., Int. Ed. 2012, 51, 8602-8606.



Nickel Catalysis

o O
R [Ni(cod)o] (10 mol%)
I . gg P(p-tolyl)s (25 mol%) R |
1,4-dioxane, 100 °Cr X
R X 24-48 h
1a-i 2a, X = NBoc 3aa—ia and 3ab—ib
2b, X=0
R 4 0 oxidative coupling |
_f%+$% [
2 RS X
R2— R' Ny
, R3
piperidinone L,?/NI%H\o
3ja Z4 i
-carbon
L,Ni° gliminaﬁon
R'=H
R2 = p-OMeCgH, Rl 0
0
)
R! R3 - R? 1/3“\ < 4 0 ) NBoc
. R? R3
X Ni
RSN—"c(ep%)-clep?) L X

reductive
elimination

Z,
0 / . MeO 3ja
isomerization

BRIZ AL I

Louie, J.; Angew. Chem., Int. Ed. 2013, 52, 12161-12165.



p Nickel Catalysis

5 mol % Ni(cod),
ERl e any e 10 mol % P(c-Hexs @@
YT T . o

toluene, 100 °C, 2 h
1a 2a 90%

o Ni(cod), (10 mol%) 0]
252 (12 mol%)
hexane, 50 °C, 6 h
| 200 »es
OMe b 94% 84% ee

RT, 84%, 92 ee%
ERESSES OO ) Me
AR FETENES OO )-Me

Ashida, S.; Chem. Commun. 2006, 44, 4599-4601.
Murakami, M.; Angew. Chem., Int. Ed. 2012, 51, 2485-2488.



. Nickel Catalysis

R4
9) 1 Rs RS 7
[Ni(cod),] 10 mol%
; PPhz12mol% (RN
toluene
Me N Me N
A (¥)-2 Ts
| O
RS
1
R4 \ R
- )\ R3
\
R2 Y
] Y = linker
from path b up to 93% yield

up to 96:4 e.r.

SINRRT, RIEIRALESR

Dong, G.; Angew. Chem., Int. Ed. 2016, 55, 15091- 15095.



p Nickel Catalysis

0 X OH
V' 4
) — — x
. 1 R!
EHRIMELOIER" L / R e
R? R?
0 n-Bu OH
| | Ni(cod), (20 mol%) n-Bu
+ -
Et,O, 0 °C, 45 min 5 Boi
L =Wy n-Bu Bpin e P
ZIT}E%BZEI«Z\/J\ 055 256 257
(2.0 equiv)
5 OH OH Norbornadiene
2 3
| 74 R2——R® R R
. 10% Ni(COD) 1 3 pi 2
itz i R 1 2 R R° R R
= ]Ekj%kl R 12 50% Norbornadiene a b
Toluene
0°C-RT,16 h

Liebeskind, L. S.; J. Am. Chem. Soc. 1991, 113, 2771-2772.
Harrity, J. P. A.; Angew. Chem., Int. Ed. 2011, 50, 2769-2772.
Cornel, E. J.; Chem. - Eur. J. 2015, 21, 2701-2704.
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(a)
. Ph
0 Ph  Ni(cod), (5 mol%) Ph
©:/ I PPh; (5 mol%) O‘
+ e
—n-Pr toluene, 100 °C o
n-Pr Ph 16h
n-Pr n-Pr
260 75

(1.5 equiv) 261 85%

(b) Me

Ni(cod)» (5 mol%)

0 Me Me P(4-CF3CgHy)3 Me
orf B
+ -
toluene, rt, 16 h
r-Hex 248 n-Hex O

1.3 equi
262 (1.3 equiv) 263 98%

AT ER

Martin, R.; Angew. Chem., Int. Ed. 2015, 54, 9537-9541.
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Previous work: Reactions of BCBs with 2= units through C1-C2 bond cleavage

(a) Intramolecular reactions (by Dong)

~ = _
T 1% B T cat. Rh, Co [M] &L
- @) >
O
L IM1 i X=C,N,O
(b) Intermolecular reactions (by Martin)
Ph R
OO == O ——-
OH Ph—————-~Ph ’ R1—//—\\—R2 2
R R #H R O
This work:

(c) Sterically-controlled C1-C8 bond cleavage of BCBs
OR OR OH

OH
3 @) . 1 R1
| N 17 o = cat. Nl(cod)2‘ R ref. 16d
SV o
i 80 °C R2 R2

eunconventional regioselectivity eneutral reaction condition
ehigh atom and step economies emechanistic studies

Zhang-Jie Shi.; Angew. Chem. Int. Ed. 2021, 60,1 -7
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. Palladium Catalysis
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O CpPd(x-allyl) (5 mol%)
P(n-Bu); (20 mol% -
-SMe, (n-Bu)s (20 mol%) | SiMe,

! o Si.
Me Me p-xylene, 130 °C, 60 h Me,' Me
M
© O  CpPd(r-allyl) (5 mol%) Me, O
P(1-Ad),(n-Bu) (10 mol%)
Me,s.@ p-xylene, 150 °C, 24 h .
270 271 86%

Murakami, M.; Org.Lett. 2012, 14, 3230-3232.
Murakami, M.; J. Am. Chem. Soc. 2014, 136, 5912-5915.
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. Palladium Catalysis
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CpPd(r-allyl) (2 mol%)

Me. M Me. M :
e. Me e iy
t % Si O
0 e CNX/BU (8 mol%) o/
+ Me-Si A .
\_—I toluene, 100 °C, 24 h | / - ‘
264 265 O e -
(2.0 equiv) 266 85% \\ N1C1 Nz\/’\“-\\l/
__________________________________________________________ % QY 4
l T \Pd/ o
Me X
Ve, Me.& 55/ \& o
Pd Me-5 | e
e — B0 ) i
(Lo P \_/
267 [ >y
268 269

BT SR MC-CE BTl

Murakami, M.; J. Am. Chem. Soc. 2017, 139, 12414-12417.



. Palladium Catalysis

o]
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. A - 7
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Yao Fu.; Organometallics. 2018, 37, 592-602.
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fi2 H AR SRk FMurakami £2012F 120145 1 i (Y M Si-Sigi C-Si 2 5]
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O !
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PhB(OH 2~3
+ (O )2 = /:\_>—Ph
— 275 1,4-dioxane, 100 °C Ph

Ph -
274 (1.5equiv) 22h 276 95%
e ZE=955
l(n Iuv)
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277 Ph Ph
278 279

Song, Q. Org. Lett. 2016, 18, 4000-4003.



. Palladium Catalysis

R '
R o\ 10 mol% Pd(PBug),, 10-20 mol% L1, E o
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Dongbing Zhao; 10.1038/s41557-021-00746-7



. Palladium Catalysis

R
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Li-Wen Xu.; Org. Chem. Front., 2021, 8, 3398-3403.



. Palladium Catalysis - summary
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. Ruthenium Catalysis

‘ .................................................................................................................................................................

MeO Rus(CO), (2 mol%) MeO O

O HO\O dppp (6 mol%) '3
+ -
HO" m-xylene
281

150 °C, 24 h

280 OH
(2.0 equiv) 282 88%, >20:1 dr
| pe |
MeO 0 O MeO O MeQ O O
284 \
Ru o) o @
. /
1,2-70 5K Au O
283 285 286
~K LS
E—L B AR

Krische, M. Science. 2017, 357, 779-781.



Ruthenium Catalysis
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p Cobalt Catalysis

__ £ Coy(CO)s (7.5 mol%)
O (3,5'(CF3)206H3)3P (36 mOI%)
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X 4 _
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Dong, G; ACS Catal. 2018, 8, 845-849.



Cobalt Catalysis
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. Nickel, Ruthenium, Rhodium Catalysis

‘ .................................................................................................................................................................

C. New transformation (This work)

Ni catalyst)_
decarbonylation
Path A C2(indole)-C8(Benzocyclobutenones)
Jj ~R1
2 4,/0 o Ru catalys{ R2 .
RpLL 1 + R m H N
Z Z s | I
c \ pym
1 2 S 4 :
no-decarbonylation
C2(indole)-C8(Benzocyclobutenones)
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y }RE_J_ o~ \ ook
Path B AN 2\ R!
\
pym
5

decarbonylation
C2(indole)-C2(Benzocyclobutenones)

Hao Wei.;Angew. Chem. Int. Ed. 2020, 59, 23537 —23543



. Nickel, Ruthenium, Rhodium Catalysis
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. Alkylidenecyclobutanes - process
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/ |
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Y/ \ — /4 \ —_— )
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. Alkylidenecyclobutanes

¢

RhCI(PPhs),
(4 Mol%)

p-xylene
150°C, 1 h

Q'T?h 1
"—Rh _ . C.'_'lqh
H\(': o-complex-assisted H-C
metathesis

Yuihara, I.; Chem. Commun. 2015, 51, 7393-7396.



. Alkylidenecyclobutanes
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DT RT

RhCI(PPhs),
— (5 mol%)
N/ \ p-xylene

— 150 °C, 0.5 h

377
378 90%
FAL
381 .
—le\/1 st cleavage )? 5 I% I}/% proximal cleavage
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s~ |s 2nd cleavage P g
controllable?

Kondo, K.; Org. Biomol. Chem. 2016, 14, 7024-7027.



. Alkylidenecyclobutanes

7 "GNttt e
7T IERR S

Ph  RhCI(PPhy),

Ph — (5 mol%)
7\ T I , g
N mesitylene 7\
— Ph 170°C,7h Ph PhN
371 75
(1.2 equiv) 372 77%

Matsumoto, T.; Org. Biomol. Chem. 2016, 14, 5023-5027.



. Alkylidenecyclobutanes
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= = =
| Rh(acac)(CO), | |
| N . €O (5 mol%) _ | N N
(1 atm) p-xylene O o
150 °C, 6 h
Ph Ph Ph
268 369 370

82% (42:58)

Oyama, S.; Chem. Lett. 2017, 46, 1721-1723



. Alkylidenecyclobutanes
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. Summary
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