
Y

Y

Z

X
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X
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Z
FG

Not Covered – Honorable Mentions
in Annulation Strategies:

R O
H2N

YBu3Sn Y

R N
HSnAP reagentAldehyde

+
CuII

SnAP reagents for one-step synthesis of medium rings

ACIE 2013, 52, 1705
Nat. Chem. 2014, 6, 310
Org. Lett. 2014, 16, 1236

TMS

OTf

A Journey of Kobayashi Aryne Precursors O

NR2

R

R

OR2N
CsF

MeCN

rt
Chem. Rev. 2021, 121, 3892

Advances in [2+2+2] Cycloaddition

X

[M]

X

Chem. Soc. Rev. 2011, 40, 3430

What Are The Common Ways In Literature To Form Benzannulated Rings?

Z
FG

Y

X

N N

Organometallics 2003, 22, 1630

N N
N N

J. Org. Chem. 1981, 46, 2180

N

SMe

MeS

O

SMe

MeS
Li

Tetrahedron 1990, 46, 2561

N
OH

Tet. Lett. 1972, 4, 316

++

[Ru]

[4+2][3,3][1,3]

[Ni]

Retrosynthetic Case Studies:

[Rh]

X

Br
Br

[Si]

+

ACS Catal. 2021, 11, 12186J. Am. Chem. Soc. 2015, 137, 3731

[Pd] Br

NH

[N3SO2N3]

ACIE 2021, 60, 20678

or O

J. Org. Chem. 2019, 84, 8360

[hv]

O NHPI

Br
[Pd]

9-BBN

J. Am. Chem. Soc. 
1989, 111, 314

[M]
Fuel 2024, 357, 129780

Covered in this GM:

R
X

n

O OH
R

H
Ni O

R
PBu3via

Ni(COD)2
Bu3P

Et3B, Et2O

Nickel-catalyzed Reductive Coupling of Alkynes and Epoxides
J. Am. Chem. Soc 2003, 125, 8076

Macrocyclizations - 2020 - Reisberg
Saturated Heterocycles - 2017 - Chu
Hetero and All-Carbon Spirocycles - 
See 2017 & Cherney 2012
Cycloisomerization in Synthesis - Dam 2008
„Anti-Baldwin“ Cyclizations - 2013 - 
Wengryniuk

762 hits in SciFinder

- Focus on Reductive Cross-Coupling
- Major focus on usage of NiII and Ni0 catalysts
- Use of Fe, Cu, Pd, Ru Catalysts

- Applications in Total Synthesis
- Hydroalken-, Acyl- & Arylations
- Exploitation of Minisci reactivity

Intramolecular Reductive Coupling Reactions Promoted by SmI2
J. Am. Chem. Soc 1989, 111, 8236, J. Org. Chem. 2002, 67, 3861

O

OMe O
SmI2 (2 eq.), t-BuOH

THF, -78 °C O

OHO
Me

Me

Synthesis of Cycloalkenes by Intramolecular Titanium-Induced 
Dicarbonyl Coupling J. Org. Chem. 1977, 42, 1977

CHO
Ph

O PhTiCl3 (10 eq.)
Zn-Cu (20 eq.)

DME, reflux, 1 day
80 %

87 %

20 hits in SciFinder
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Z

X
FG YZ

FG

Y

BrI
FG

Y
FG

n

Zn (3 eq.)
 NiCl2 (1 eq.)
EC (3 eq.), Py 

DMF (0.1 M), RT, 2h n

Y = O, N–PG
n = 1, 2, 3

N O
OCbz

n-BuO2C
MeO

n n

O O
H

Br
n + Ar I

n = 1, 2

Zn (3 eq.)
 NiCl2 (30 mol%)
EC (90 mol%), Py 

MeCN, 50°C, 1.5h
O

H

n

O

Ar
H

Nickel mediated Intramolecular reductive C–C coupling
Chem. Eur. J. 2012, 18, 6039, J. Organomet. Chem. 1989, 375, 259, Tett. Let. 1989, 30, 689

O
H O

H

N
Me

H
O

H

R

O

H

H
H

O
O

OMe

H

54% R = F, 58%
R = OMe, 60%
R = CO2Et, 53%

n = 1, 54%
n= 2, 52%

O

O
H

H

O

O

H

I I
Zn (3 eq.)

 NiCl2 (1 eq.)
EC (3 eq.), Py 

MeCN, RT, 2h

O

O
H

H

35%

27%

N Ni0

CO2Et

CO2Et

Ni0•EC•Py

n = 1, 41%
n = 2, 62%

n = 1, 49%
n = 2, 63%
n = 3, 25% 54%

Stereoselective synthesis of a Podophyllum lignan core
Chem. Commun. 2018, 54, 2040

X
FG

FGZn (3 eq.)
 NiCl2 (20 mol%)
EC (1.2 eq.), Py 

DMA (0.1 M), RT, 2hO
X

R4

R1

R2

R3

OMe

O

R4

R2

OMe

R3R1

FG O

R4

R2

OMe

R3R1
+

H

O
HMeO

Br

I

H

O
H

Br

I

MeO

O
OMe

HH

O
OMe

H
H

I
Br

LNiIBr

LNi0
H

O
H

I

MeO

H

O
H

I

MeO

H

O
H

LNiIII

MeO

H

O
H

LNiIIII

MeO

H

O
H

MeO

LNi0

H

O

H
I

MeO
H

H

O

H
I

MeO

H

O
H

LNiI

MeO

I H

O
H

LNiIIBr

MeO

I

LNiII
½ Zn½ ZnI2

½ Zn

½ ZnBr2

LNiIBr

Proposed Mechanism:
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Br

MeO
OBn

CHO

Br

MeO
OBn

N

O

O

O

Ph
Br

MeO
OBn

N

O

O

O

Ph

O
O

Br

MeO
OBn

O
O

OH

Br

MeO
O

O O

Br

MeO
O

OMe

O O

OMe

Br

MeO
O

O O

OMe

Br

MeO
O

O O

O

Br OMe
MeO

O

O O

O

H

H

OMe

O
P

EtO
OEt

OEt

O

NaOH, PivCl
then

N
H

O
Ph

O 91%

CuBr, THF
-48 to 0°C

O
O

BnO

BnO

BnO

MgBr

+
NaBH4

1) AcCl then BCl3

2) SOCl2 then NaH

85%

67%74%

KOH, PCC

then CH(OMe)3

92%

TMSOTf
DIPEA

DCM, -25 °C to r.t.

85%

TBCD
allyl alcohol
DCM, 0 °C

84%

Zn (3 eq.)
 NiCl2 (1 eq.)

EC (90 eq.), Py 

DMF (0.1 M), RT, 2h

OAc

MeO
O

O O

O

H OMe

H

+

Intramolecular Nickel-Catalyzed Reductive Coupling enables enantiodivergent synthesis of Linoxepin Chem. Commun. 2024, 60, 694

MeO
O

O O

O

H

H

O

15% 46%

m-CPBA
BF3·OEt2

syn: 92%
anti: 96%

PhSSPh, NaH
m-CPBA, 0 °C

then 65 °C

MeO
O

O O

O

H

O

(+)-Linoxepin 50%
(–)-Linoxepin 55%

O

O

Br

Br
O

HH
O

MeO
MeO

O

O

H
O

MeO
MeO O

H
O

O

O

OO
Me H

Br H

MeO

Br O

O

O

OO
Me H

MeO

H
[Ni-Zn] [Ni-Zn]

via



Nickel mediated Intramolecular C–S coupling of Thiols and Thioacetates
Org. Lett. 2013, 15, 550

I

X

SH

O

nFG FG
X

S

O

n

Zn (2 eq.)
 NiCl2 (50 mol%)
EC (1.5 eq.), Py 

MeOH, RT, 3-5h

N
H

I
CO2Me

SH

Me Zn (4 eq.)
 NiCl2 (50 mol%)
EC (1.5 eq.), Py 

MeOH, 0°C to RT
6.5h N

H

S

CO2X
Me

(±)-Chuangxinmycin
(86%), (X=H)

NaOH

≡

(X=Me)

N

S

Ts
N

S

Ts O
N

S

Me
O

O

S

88% 66%

MeO

54% 42%

I
FG SH

S
FG

N

S

NMe2

O

R’

RDiltiazem
(R = OMe, R’= OAc)
Thiazesim
(R = H, R’= H)

O

S
NH

S Me

OMe
F-15845

X NHBn

Cl
N
Bn

Ni(OAc)2 (2-5mol%)
bpy or SIPr (6-15 mol%)

NaH (1.5 eq.)

THF or Dioxane, ∆

Intramolecular Nickel-Catalyzed Reductive Cross-Coupling of 
Benzylic Esters Angew. Chem. 2016, 128, 6842

O

O
H

OH

H
O

OH

OH

OMe
HO

O

HO
Me

O

AcO

NHMeCl

Cl

Brazilin Sertraline (Zoloft™) Propolisbenzofuran B

Ar

OPiv Br NiBr2·dme (10 mol%)
BPhen (15 mol%)

Zn (3 eq.), DMA
RT-45 °C, 12-20 h

Ar

n

O

O

TsN
S

N

75% 65% 44% 90%, 88% ee
from enantiopure SM
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Nickel-Catalyzed Reductive Cyclization of Alkyl Dihalides
Org. Lett. 2014, 16, 4984

N
Br

Cbz

Br

NiI2 (10 mol%)
bpy (10 mol%)

Zn (3 eq.), DMA (0.1M)
16h, 25 °C

N Cbz

O

O
N
Cbz

10% 50% 30% 66% ND

Nickel-Catalyzed Intramoleuclar Amination
Org. Lett. 2003, 13, 2311

N
H

O

n

n = 1, 51%
n = 2, 49%

n = 1, 98%
n = 2, 96%; n = 3, 81%

+

X = CH2, O
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NiN
OS

O
Tol

P
Ph2

H

H

PPh2

NiNH

H

P
Ph2

Ph2PSO
O TolNHH

H

SO
O Tol

Ni
P
Ph2

Ph2P

O

O
Ph

Ni
P
Ph2

Ph2P

O

O

Ph
H

Ni0/DPPPent

NTs

PhCO2H

PhCO2H

NHTs

Nickel catalyzed intramolecular Hydroalkenylation
Adv. Synth. Catal. 2022, 364, 3420
Org. Lett. 2021, 23, 7900

„shielded Ni–N bond“

„exposed Ni–N bond“

NHTs NHTsOMe NHPOPh2
O

O

NHTs

83% 82% 83% 91%

N

Cl
SO2Me

F
CO2Me

N

Cl
SO2Me

F
CO2Me

HN

Me

Me
Me

NH
Ramatroban MK-0524

Yuehchukene
Nickel catalyzed intramolecular C–H/C–H oxidative coupling
ACS Catal. 2021, 11, 12384

N
2-py

O Me
Me

H

H
Ni(OAc)2bpy (5 mol%)

LiOtBu (3 eq.)
Ag2CO3 (1 eq.)

Chlorobenzene, 150 °C, 24 h N
2-py

O
Me

Me

via

N

N
NiII

N

N

O
t-Bu

X N
2-py

O

N
2-py

O
N

2-py

O
Me

Me

85%

42%

89%

86%

O

H

O

H Ni ItBu NiO
ItBu

NiO
ItBu

Me

O[Ni(cod)2]/ItBu (5 mol%)
130 °C, 5 h, 99%

or I1 (2.5 mol%) 
130 °C, 5 h, 101%

22 °C, 33 days, 84%

[Ni(cod)2]/ItBu (5 mol%)
Tol, 22°C, 5 min, 83%

[D8]Tol, 130 °C
24 h, 32%

I1

I1

Nickel-NHC Catalyzed Intramolecular Hydroacylation 
JACS 2004, 126, 11802, ACIE 2012, 51, 10812

O
O

Me
O

OMe

SiEt3

O
Me Me

O
Me Me

F2 h, 99% 2 h, 99%

1 h, 70%2 h, 75%

enabled by
hemi-labile ligand

for Palladium Variant see: Organometalllics 2008, 27 4841
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Copper-Catalyzed Inter- and Intramolecular reductive Cross-Coupling
Chem. Eur. J. 2014, 20, 15334

X

Br
+

CuI (10 mol%)
LiOMe (1 eq), [A] or [B]

Mg (2 eq)
THF, 0 °C, 24 h

[A] TMEDA (20 mol%)    
      X = Br; 54%

[B] DPPM (20 mol%)
      X = OTs; 94%

O
OTs

CuI (10 mol%)
LiOMe (1 eq)

Mg (1.5 eq)
THF, 0 °C, 24 hBr

R n R
O

n

O O

O

R

OF3C
R = Cl, 76%
R = CO2Et, 58%

71% 76% 20%

O

ClBr

O
FG

n

Fe(PPh3)2Cl3 (1 mol%)

Mg (1.2 eq.) 
THF, 3 h, 30 °C n

n = 0, 1

FG

Iron-Catalyzed Inter- and Intramolecular reductive Cross-Coupling
Org. Biomol. Chem. 2016, 14, 3314

FG

n H

O

RR

FG OH

H
RR

n

FeCl3 (1-5 mol%)

iPrOH, DCE
(R = H or Aryl)

Iron-Catalyzed Intramolecular Reductive Coupling of Arylalkenes
Angew. Chem. 2016, 128, 6423, Asian J. Org. Chem. 2018, 7, 554

O

Me

Me

R1

R2
R3

O H

Me
Me

R3 R1
R2

O

Me

R3 R1
R2

H
Me

OH

R3 R1
R2

HHO–[Fe][1,5]

O

R1

R2
R3 FeIII

O Me

H

Me

O FeIII

R3 R1
R2

O H

Me
Me

O FeIII

R3 R1
R2

O
H

Proposed Prins-MPV-type mechanism

Proposed Prins hydride transfer

OH OH

OH

F

OH OH

Me
30% 83% 65% 90% 68%

A Practical and Catalytic Reductive Olefin Coupling
J. Am. Chem. Soc. 2014, 136, 1304

R1 EWG
R2

Me
R1 EWGR2Fe(acac)3 (1 eq)

PhSiH3 (2.5 eq)
EtOH, 60°C

Co-Catalyzed Hydroarylation of Unactivated Olefins
Org. Lett. 2016, 18, 3622

X

Me

X

Me Me

R R
[Co(Salene)] (3 mol%)
Me3NFPY·OTf (2 eq)

(Me2SiH)2O (2 eq)
CF3Ph, rt, 20 h

N
F

Me Me

Me

OTf
Me3NFPY·OTf

N

O

R2
R1 n

Fe(acac)3 (0.5 eq)
PhSiH3 (2.5 eq)

 TFA (2 eq) 
DTBP (3 eq)

MeOH, 60°C, 18 h

N

O

Me Me
N

O

Me Me

+

Hydropyridaltion of Olefins by Intramolecular Minisci Reaction
Org. Lett. 2017, 19, 2290

n

n

11 examples 24-89%
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O O

OO
HO

OH

Me Me

Me Me

i. NaIO4
ii. Ph3P=CH2
iii. Py·HBr3

55% for 3 steps
O O

BrBr
HO

OH

Me Me

DBU, THF

90%
O O

Br
HO

OH

Me Me

O

HO2C

TBS

A

i. n-BuLi
Bpin-OiPr

THF, 85%
ii. Br2, DCM, 72% O

HO2C

TBS

Bpin

Br

i. Me2SO4
Na2CO3, 90%
ii. Pd(PPh3)4 
(10 mol%)

A, K3PO4, 56%

O

HO2C

TBS

O

O

Me
Me

Br

O
CO2H

Me OTBS

O
CO2H

H

Me OTBS

O
CO2Me

H

Me OTBS

TfO
CO2Me

H

Me OTBS

CO2H
H

Me OTBS

O

O
OMe

HO

O
OMe

CO2Et
H TfO

O
OMe

CO2Et
H

O
OMe

CO2Et
H

O
OMe

CO2H
H

H

Me
OTBSO

MeO2C

TBS

O

O
Me

Me

O

H

Me

O

MeO2C

TBS

O

O
Me

Me

O O

O

O

MeO2C

H

O
O

Me
Me

O

O
Me

HO

Me

O
O O

MeO

O

O
O O

Me

O

OH
MeO O

O
O O

Me
MeO

O
AcO

Me

H

Halenaquinone Viridin Wortmannin

O

MeO2C

TBS

O
O

Me
Me

O

O
Me

HO

Me

Rapid Access to Tetracyclic Core of Wortmannin via an 
Intramolecular Olefin Coupling Org. Lett. 2020, 22, 6308

Li, NH3, t-BuOH, 
Et2O, 30 min
 -78 to -50 °C

isoprene, then
NCCO2Et 69%

DME, rt
94%

LiOH
THF/MeOH/H2O

(4:1:1), 50 °C

then citric acid
91%

Pd(PPh3)4 (5 mol%)
n-Bu3SnH, LiCl
THF, 50 °C, 82%

O
OMe

COCl
H

COCl
H

Me OTBS

H2 (balloon)
Pd/BaSO4 
(3 mol%)

MeOH, r.t.

TMSCHN2
PhH/MeOH, rt

81% for 
2 steps

DME, rt
92%

NaH, Commins’ 
reagent

i. Pd(OAc)2 (10 mol%)
dppf (11 mol%)

Et3SiH, THF/DMF
(1.8:1), rt, 97%

ii. NaOH
THF/H2O (1:1)
100 °C, 81%

i-PrMgCl·LiCl
then ZnCl

R ZnX
Pd(PPh3)4

Pd2(dba)3/PCy3

O

O
O
O

TBS

MeO2C Me
OO

Me Me

H
Me

via
Fe(acac)3

PhSiH2OiPr
DCE/(CH2OH2)2

0°C, 37%

TBAF, THF
0 °C, 77%

NaH 
Commins’ 

reagent
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PdIII

N
Ts

I
Palladium-Catalyzed Intramolecular Reductive Cross-Coupling
Chem. Eur. J. 2014, 20, 8308

PdIV

N
Ts

I I

N
Ts

LnPdIII2LnPdIIIH

I

N
Ts

PdIII

I

N
Ts

I

1a

I

N
Ts

LnPd0

Cs2CO3

DMA
O

NMeN
Ts

A B

β-H–
Elimination

Heck 
Reaction

I
R1

I
R2 PdIV

R1

I I
R2

R1

R2[PdCl2(dppf)]/TFP
LiBr/Cs2CO3

DMA

[PdCl2(dppf)] (10 mol%)
TFP (10 mol%)

LiBr (0.2 eq) Cs2CO3 (0.3 eq)

DMA, 150 °C, ∆

N
Ts

30%

N
Ts

54%
O

OHMe

H

H H

78%

N
Ts

ON
Ts

NO2

F

76%94%

Pd

Me

Me
Pd

Ph

R

Me
Pd Ph

R

Me
Pd Ph

R

Me
R

LnPd0

1a

Pd

Me
R

Me

R2
R1

Helical Alkenes via Palladium Catalyzed Domino Reaction
Org. Lett. 2012, 14, 3648

Pd(OAc)2 (10 mol%)
 TFP (20 mol%)

 Norbonene (8 eq.)
Cs2CO3, MeCN, 90°C, 16 h

Me

I
R2

Br

Ar

R1O

O
R1

Br

Ar
R1Ar–X

ACIE 2012, 124, 9984
AC 2013, 125, 5413

Palladium Catalyzed Intramolecular Cross-Coupling of Alkyl-9-BBN 
Derivatives J. Am. Chem. Soc. 1989, 111, 314

Br

9-BBN, THF 
0 °C, 4 h then 

PdCl2(dppf) (1.5 mol%)
NaOH (3 eq.) 86%

N
Ts

II
Ts
N

Intramolecular Palladium-Catalyzed Homocoupling of Aryl Halides 
Org. Lett. 1999, 1, 1205

Pd(OAc)2 (2-5 mol%)
P(o-tol)3 (2-5 mol%)

Hydroquinone (50 mol%)
Cs2CO3 (1 eq.), DMA

 75° C, 48 h 82%

Intramolecular Palladium-Catalyzed:
Stille-Coupling: J. Chem. Soc. 1999, 1235
Heck-Reaction: Contemp. Org. Synth. 1996, 3, 447
C–H Arylation: J. Am. Chem. Soc. 2010, 132, 10706
C–O Bond Formation: J. Am. Chem. Soc. 2001, 123, 12202
C–N Bond Formation: Tetrahedron 1996, 52, 7525

More to read in: Chem. Rev. 2006, 106, 4644
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O

O

O

OOH

OH

Sequential Isomerization and Ring-Closing Metathesis 
Tet. Lett. 2003, 44, 6483

n

m N
R1

R2

m

O
OH

O

O

N

Y
NHPI

O

N

Y

Na2S4O8 (3 eq)
DMSO or MeCN/H2O

80 to 110 °C
24 h

4CzIPN (0.5 mol%)
TFA (10 eq.) DMSO

RT, up to 24 h
Purple LEDs 

(λmax= 427 nm)

Intramolecular Minisci Acylation under Silver-Free Neutral Conditions

Decarboxylative Intramolecular Arene Alkylation using an Organic 
Photocatalyst – J. Org. Chem. 2019, 84, 8360

Org. Biomol. Chem. 2017, 15, 2199

11 examples 
24-89%

11 examples 
24-89%

X

X Cl

Deoxygenative Intramolecular Minisci Reaction to Access Fused Heterocyclic
Scaffolds – Eur. J. Org. Chem. 2023, 26, e202201176

HO

HO
+

NHC (1.2 eq.), Py (1.2 eq)
 [Ir] (1.5 mol%), NiBr2(dtbbpy) (8 mol%)
Quinuclidine (1.75 eq.), MTBE:THF (1:1)

then NHC (1.6 eq.), Py (1.6 eq) 
[Ir] (1.5 mol%), Quinuclidine (3 eq.)
 ZnCl2 (2.5 eq.), KClO3 (2.0 eq) DMA

Couple-close construction of polycyclic rings from diradicals – Nature 2024

X

X O
19 examples

N
N

O
O

O

O

Me
Me

Cl N

O
O

O

O

Me
Me

Cl N

N
O

Me

Me Me

N
N

49% 
d.r. >20:1

28% 
d.r. >20:1

59%

Cu(OAc)2
Sn(vinyl)4

MeCN, rt

Grubbs-2 (5 mol%)

Tol, 70-80 °C

47% 67%

N-Acylamide Methylenation-Enamide Ring-Closing Metathesis 
J. Org. Chem. 2006, 71, 7028

Cp2TiMe2

Tol:Py (100:1)
reflux, 4 h

Grubbs-2 (6 mol%)

Tol, reflux, 4 h

N
R1 R2

O

n

m
N

R1 R2

n

n = 0, 1, 2
m = 0, 1

N

CF3
Br

NBoc

HO

HO N

CF3

NBoc

i. NaH (1.2 eq.), Dioxane, 70 °C, 16h
ii. (COCl)2 (2.0 eq.)

Et2O:DCM (3:1), RT, 16h
iii. (NH4)2S4O8 (1.5 eq)

DMSO, 100 °C, 2 h

+

50%

N Ni0

CO2Et

CO2Et

Ni0•EC•Py

Conclusions - Lessons Learned - Open Questions:

- Wide array of Strategies to form Benzannulated Rings 
involving various metals 
- Most Processes Mediated by Nickel are proposed to 
involve Ni0 
- Many Methods only mediocrely Strategic due to laborious 
Starting Material Synthesis 
- How to Overcome Simple Radical Reactivity (e.g. Minisci) 
through directed Cross-Coupling Strategy? 
- Utilization of Decarboxylation possible?

Y

Y

Z

X
FG

X

+

Z
FG

Z
FG

Y

X


