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η-Complex I: Activation of Diene and Arene
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Classification

Included: 2-complex (Os, Re, W, Mo); 4-complex (Fe) ; 5-complex (Fe); 6-complex (Cr, Fe, Ru, Rh, Mo, Mn)
Not included: Activation of alkene/alkyne, allylic compounds, etc.
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Stablization:
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R1

R3
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MLn

R2

R1

benzylic cation/anion/radicalstablized cation

Activation:

MLn

Nu:

E MLn

Nu:

E
R

6-metal-arene complex 2-dihapto complex

R1 R2

MLn

MLn

5-dienyl complex

Protection:

MLn

R2R3

R1R4

4-dienyl complex

H
base

(OC)3Co Co(CO)3

R1

R2 FeCp+R1

R2

Realted context: metal-carbonyl complex; dearomatization.

X

Geometry:

Organization of this group meeting

Defintion and general view:

early transition metals
Part I

Co(CO)3

Co(CO)3
~145°

distortion4-metal-diene complex

ligand insertion

Nu:

Part II
late transition metals

M
OC

CO
L

reaction face

R1

R2

break the symmetry

choice of ligands
common π acid: CO, NO+, RNC, NC-
common σ donor:

blocked face

protecting group
for alkyne

FeCp+R1

R2 Nu:

Fp-alkene complex

protecting group
for alkene

N
R

R

R
R C N

N

N
R

P
R
R

R

multidentate ligands:

ML

L

L

X
for square planar

M
X

X

X

L
L

L

coordination via uninterrupted and
contiguous series of atoms

for octahedron

How to define an η-coordination?

naming rules, see: F. A. Cotton* JACS, 1968, 6230

Mo

( 3-allyl)-( 4-butadiene)-( 5-cyclopentadienyl)-Mo(II)

18 e- rule helps for rationalize

Co(CO)3
-allyl

N
CO2Et

Fe(CO)3
-diene

(OC)2Fe
Fe(CO)3

( 3-allyl)-( 5-Cp)-diiron

Part III

References: Jiro Tsuji, Transition Metal Reagents and Catalysts-Innovations in Organic Synthesis, 2000, chapter 9.
Science of Synthesis, 2014/1, p1-192.
E. P. Kundig, Transition Metal Arene π-complexes in Organic Synthesis and Catalysis, 2004, chapter 1-7.
A. J. Pearson, Iron Compounds in Organic Synthesis (Best Synthetic Methods), 1994
W. D. Harman, group 6 dihapto-coordinate dearomatization agents for organic synthesis, Chem. Rev. 2017, 13721.
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and complex of iron: preparation and properties
Formation of 4-Fe complex

R1
R2

R3

Fe2(CO)9 Fe(CO)4 + Fe(CO)5

CO

R1
R2

R3

other iron sources:
Fe(CO)5: hv; Fe3(CO)12
Fe(CO)4(NR3); Fe(CO)3(enone)

R1 R2 R1 R2

Fe(CO)3

from 1,4-diene (2 steps from arene)

from 1,3-diene

a carbonyl insertion/elimination process

O

R R'

OH

O

R R'

OH

O
Fe(CO)3

H

Fe(CO)4 Ba(OH)2

R
R'

OH
Fe(CO)3

S. V. Ley* JCS Perkin 1, 1997, 1125

5 min

Formation of 5-Fe complex
from iron-diene complex - hydride abstraction (most used)

Fe(CO)3

R1 R2

Fe(CO)2L

H

R3

oxidant R1 R2

R3 R4

R5 R5

oxidants: Ph3C+X-
Fe(CO)2L

L = CO/PR3/P(OR)3, etc.

regioselectivity?

Me
CO2Me

Me
CO2Me

Fe(CO)3~90%

Me
CO2Me

Me
CO2Me

A. J. Birch* JCS Perkin 1, 1973, 1892

Fe(CO)3

MeO H2O, 100 °C

BF4 Fe(CO)3

O

A. J. Birch* JCS A, 1968, 332

Me OMe Me OMe

Fe(CO)3

A. J. Birch* JCS A, 1968, 332

lose geometric info

Formation of 5-Fe complex

O
Me

Me

Me

from carvone
optically pure

Fe(CO)3

ambient temp.

Me

Me

H

Fe(CO)3

Me

Me

H

Fe(CO)3
JOMC, 1992, 357

HPF6
Et2O

Fe(CO)3

O

Fe(CO)3

RO
R = Me, Ac, Tf

Decomplexation

Reactions of 4-Fe complex

oxidative decomplexation: CuII/CAN/DDQ/N-oxide/I2/MnO2 etc.
photolysis in existence of other ligands.
carbonyl insertion

Me

Fe(CO)3

Me

Me

Me

OMe
MeAlCl3, DCM

stablizing the cyclobutadiene

Fe(CO)3

+ CO2Et
CAN

H

HEtO2C
R. Pettit* JACS, 1965, 3253

O

Fe(CO)3
Me nBuLi

O

Fe(CO)3
Me

O

nBu

reductive elim.
nBu

O
Me

O 62%

95%

BCSJ, 1988, 3362TL. 1992, 7361

CO on iron involved nucleophilic attack

*RLi normally attack CO on iron

M. L. Snapper* JACS, 2007, 486

O

O
E

(CO)3Fe E

HO

H

TIPSO
H

H

H

HO

Me
Me

Me
HOE = CO2Me

Fe(CO)3

O R3CuLi

-78 °C
(OC)2Fe

O

O

R

Ac2O

68%-97%
Fe(CO)3

AcO

COR

K. Narasaka* Chem Lett, 1997, 699R = simple alkyl
Fe(CO)2L

MeO2C OMe

Fe(CO)3 (OC)3Fe

R

O

E+

E = H, alkyl, O2

R

CO

CO

M. L. Semmelhack* JACS, 1983, 2497

42-100%

direct nucleophilic attack limited to active carbanions

(OC)3Fe Me
CN

Me

a

b

T, 1997, 4095

E

O

Fe(CO)4

or

regio-mixtures

Fe(CO)4

Me CN

Me
Li

single pdt
Fe(CO)4

TrBF4

decomplexation

then I2

RLi

R = enolate



O

Junchen Tang
Baran Lab Group Meeting

02/08/2020

X

(OC)3Fe [Fe]

X
O

H

(OC)3Fe

XO

Me

H

η-Complex I: Activation of Diene and Arene
and complex of iron: preparation and properties

Reactions of 5-Fe complex - nucleophilic addition

Reactions of 4-Fe complex
reaction with alkene - limited to intramolecular system

H
N

Bn

E
(OC)3Fe

CO, Bu2O
142 °C

E = CO2Me

H

(OC)3Fe NBn

H
E

R OBn
10-15 mol%
"Fe(0)"bipy
r.t., 3 h

Fe(0): Fe(acac)3 with DIBAL

OBn

R

BnO

R

cis-olefin gives

trans-

JACS, 1987, 2200

catalytic ene reaction

FeL

L L

R

H

OBn
H

H

H
FeL

L L

R

H

OBn
H

*rationalization:
CH2OBn tends to lie
on pseudoequatorial
position

trans- cis-

(OC)3Fe

N

O
Ph

(OC)3Fe

Ph
NOCO

heat/hv

A. J. Pearson* JACS, 2003, 638

(OC)3Fe

N

O
Ph

R2

R1

Me3NO
CO

142 °C NO

Ph

R1 R2

H

HR1 = OMe/H
R2 = Me/CO2Me

diene-complex for stereocontrol - limited to concerted reaction

Fe(CO)3

OMe

R1R2

R3
OMe

R1R2

R3 Fe(CO)3

Nu

Nu

OMe

Me

MeO2C

O 97%

Me

MeO
CHO

Me

O

O

88%

Fe(CO)3

MeMeO

Me

Bu3SnO

Nu scope: enolate, ArLi, RCu, R2CuLi, RNH2,
alkyne-Li, e-rich Ar...

TBS

Et2O/MeCN
-72 °C, 3-4 h

71%, 6.85 g product
MeO

Me

Me

O

A. J. Pearson* JOC, 1989, 4663

Fe(CO)3
TBS

OMe

Me
Me

O

H

OH

H

(±)-trichodermol

~14 steps

difunctionalization

A. J. Pearson* JACS, 1984, 6060

(PhO)3P(OC)2Fe Me2CuLi
97%

[Fe]

Me
TrPF6, r.t.

99%

[Fe]

Me
97%

[Fe]

Me

Me

CO2Me

facile hydration

Fe(CO)3

KHCO3/H2O

95%

CO2Me

HO
Fe(CO)3

1. TBSCl
2. TMANO

82%

CO2Me

TBSO
OsO4
TBAF
57%

CO2Me

HO
OH

OH

(-)-methylshikimateA. J. Birch* JOC, 1988, 278

94%

A. J. Pearson* JACS, 2003,13326

R

TBDPSO

Fe(CO)3

OsO4, pyr
20 °C, 5 h

93%

R

TBDPSO

Fe(CO)3

HO OH

TL, 1991, 635
(-)MeO2C

Fe(CO)3
(-)

CHO

from resolution

Me

Fe(CO)3
O2N O

O

PhNCO, TEA, benzene
77%

Me NO

O

O
Fe(CO)3

TA, 1998, 3781

dihydroxylation

[3+2]

vicinal quaternary centers possible
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6metal-arene complex(Cr/Mo/Fe/Ru/Rh)

Preparation and gerneral properties

Cr(CO)6
arene

reflux in solvt.
nBu2O/THF

Cr(CO)3
Rules for coordination:
1. sensitive to steric effect.
2. possess directing effect.
3. prefer e-rich arene.

other ways: photolysis
other Cr source: Cr(CO)3L3, L could be NH3/MeCN/pyr/cod/PR3, etc.

Cr(CO)3

N
H

80%

Cr(CO)3

HO
66%

Cr(CO)3
F

90%
N

H

O
O

OMe
MeO

Cr(CO)3 Cr(CO)3
MeO

MeO

ligand exchange:

Cr(CO)3
O

O

O

O

OMe

OMe

major ~90%

minor ~10%
T, 1988, 171

major, 22%N Me(OC)3Cr

46%

S(OC)3Cr

3%

B

Cr(CO)3

N

Me
Me

Ph

72%

Cr(CO)3
Me
N

N
Me

H

H
H
MeO

JACS, 1992, 114

chiral
Mo(CO)3

68 kcal/mol

Cr(CO)3

53 kcal/mol
JOMC, 1985, 201 lower yield for Mo complex

(OC)3Mo Mo(CO)3
R

PhH

arene

kinetically labile

compare Mo with Cr

Mn(CO)5

Mn-arene complex

arene Mn(CO)3

lewis acid
TFAA/AlCl3
AgBF4Mn2(CO)10 highly eletrophilic

Mn(CO)3
MeO

MeO 66%

Mn(CO)3
MeO

Me Cl
66%EDG

Mn(CO)3
HO

74%
really stable and hard to decomplex

FeCp2
Fp

Fe-arene complex - hard to prepare but stable

Fp = Fe

lewis acid

Cp trapper
most optimal method:
Al/AlCl3/TiCl4/ferrocene = 1:2:1:2

Ru-arene complex - easier to prepare

RuCl3 +

EtOH, 95%

Ru
ClCl

Ru
Cl Cl K2CO3

RuCp

then NH4PF6

RuCp(MeCN)3PF6

RuCp(MeCN)3PF6
arene

MeCN, hv

30-80 °C

heat

RuCp

RuCp
Cl Cl

RuCp
I

91%72%

RuCp

OMe

73%

Decomplexation

Reaction of metal-arene complex
direct lithiation

classical directing effect: CONR2 > SO2NR2 > NHCOR > CH2NR2 > OMe > NMe2 ~ F
after coordination: F > CONR2 > NHCOR > CH2NR2 ~ OMe >> CH2OR > NMe2

SNAr reaction - facile way to form C(sp2)-X bond

A. J. Pearson* JOC, 1995, 7153

Cr(CO)3

R

X

X = Cl/F, R = H/alkyl

H2N CF3

O

NaH
then KOH/MeOH

Cr(CO)3

R

NH2

40-85%
TL, 1992, 4049

OMe
OH

N
H

O
NHCbz

OMe

EtO

O

NHBoc
O

O
Br

Cl

(1 eq.) (1 eq.)

+

RuCp
OMe

O

facile synthesis of aryl-aryl ether

NaOAr

-78 °C to r.t.
84%

Ar = 2,6-di-tBuPh

catalytic SNAr with RhCp complex - the only one example

OH
R1

R2

F O

R2

R1

cat. (15-20 mol%)

80 °C. MeNO2

R1 = H/Me
R2 = H/CH2OH/benzyl Rh 2+

Me

MeMe

Me
Et

cat.R. P. Houghton* JCS Perkin1, 1984, 925

57-88%

*highly limited:
EWG on ring: no rxn
EDG: slow down

for macrocylization, see: OL, 1999, 1819

for Cr: I2 enough for decomplexation, Ph3C+ not for Fe: really hard
for Mn: hard, using DDQ/CAN/Jones, I2 doesn't work

for Ru: hv/sunshine in MeCN

η-Complex I: Activation of Diene and Arene

F
RHN

O
H

H

complex
lithiation

free arene
lithiation

Cr-arene complex
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Reaction of metal-arene complex
addition/oxidation - methods for substituted arene [M] Nu [M]

Nu

Cr(CO)3
R

OMe

-78 °C
1 h

TFA

r.t.
3.5 h

OMe

R

OMe

R

O

R O

R

Cr(CO)3 TFA

CNMe
Me

-78 °C

R

90%
Cr(CO)3

R
RH

R
R'

R

OR'

orE

side reaction - 1,5-H-shift (stepwise):

Cr(CO)2L
S

SLi

RX, CO

O

R

S
SMe

50-94%R = 1° alkyl E. Rose* JACS, 1993, 6434

L = chiral phosphine ,
low ee.

O N

R

(OC)3Cr

1. R1Li
2. R2X

O N

R

R2

R1

50-86% yield
dr >20:1

O N

Me

(OC)3Cr

Me

1. RLi, L*, tol.

2. propargylic bromide
HMPA

E. P. Kundig* ACIEE, 1992,1071

O N

Me
Me

R

MeO
Ph

Ph

OMeL*

η-Complex I: Activation of Diene and Arene

anisole as substrate

decomplexation

nucleophilie scope when [M] = Cr(CO)3

alkyl

OLi

Me MgBr

Me2CuLi

R

O

R

OLi

OtBu

OLi
LiCH2CN

Li

LiPh

Li

tBuLi
S

SLi

nucleophilie scope when [M] = +Mn(CO)3

alkyl

OLi

R MgBrMe2CuLi
R

O

R

OLi
Mn(CO)3
OMe

1.LiO

2. CAN
67% overall

MeO O

A. J. Pearson* JOMC, 1983, C41

nucleophile scope when [M] = +RuCp/+FeCp

CpRu

Cl

Cl

OEt

O
TMS

TBAF
then DDQ

CpRu

Cl

Cl

OEt

O CpFe
Me Me

O

H2O
CpFe

NO2

O

Me

NO2

regioselectivity (arene and heterocycle) R R

Nu
R

R =
Me

Me
CN

dearomatization
example

asymmetric dearomatization

Cr(CO)3

N

LiR, I2
Cr(CO)3

N

R
4

7
R

R1
R1

R2R2
if R1 = Me and R2 = H

C7 major

C4 functionalization without directing?
M. F. Semmelhack* JOMC, 1982, C5

Cr(CO)3
OMe

CN

O
Li

Me

Me
O

Me

Me

I2, then H3O+

OH-

OMe

O

Me
Me

90%
M. F. Semmelhack* JACS, 1979, 217

meta- sub for R = EDG
ortho- sub for R = EWG

Cr(CO)3

N
Me

LiR
then I2

N
Me

>96%
kinetical

N
Me

NC
Me
Me

CN

82:18, thermodynamic

chiral auxiliary chiral base

only active lithium reagents work

no rxn:

JOMC, 1991, 385
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asymmetric dearomatization

CEJ 1998, 57

Cr(CO)3
MeO

Ph N
Li

Me

Ph

Me

TMSCl Cr(CO)3
MeO

chiral base for asymmetric synthesis

TMS

70%, 99% ee

1. nBuLi
2. CuCl, BrR Cr(CO)3

MeO

TMS S

SLi

then TMSCl, HMPAMe
hv, air
H3O+

O
TMS

Me
S

S
45%-53%

HN

NH2

NH
nBu

Me

H

H

NO3

(+)-Ptilocaulin

Reaction of metal-arene complex

double Nu attack of Mn-arene complex

Mn(CO)3 Nu Mn(CO)3
R1

Nu'

Mn(CO)3

R1 R2

NOPF6

Mn(CO)2NO
R1

Nu'

Mn(CO)2NO

R1 R2

S

S

77%

Nu limited to H-

and MeLi
Me

CO2Et
Me

91%

Me
CN
Me

Me

Ph

Ph

Me

58%

73%

side rxn: Nu attack on ligands

Mn(CO)3
MeO

O

Nu1

Nu2

O

1. Nu1

2. NO+

3. Nu2

4. [O], H+

E. P. Kundig* JOC, 1996, 2258

η-Complex I: Activation of Diene and Arene

accelerating Pd catalyzed cross coupling

Cr(CO)3
Cl Stille/Sonogashira/Heck

Suzuki/Negishi/Kumada
R

then I2

Cr(CO)3
Cl

MeO

Br

B(OH)2

Pd(PPh3)4, Na2CO3
MeOH/H2O

60% M. Uemura* TL, 1994, 1909

Cr(CO)3
MeO

Br

Cr(CO)3
Br

MeO

(HO)2B

Me

CHO

(CO)3Cr Me
OMe

CHO

enantiopure

Pd(PPh3)4, Na2CO3
MeOH/H2O

82%

reflux
xylene

(CO)3Cr
OMe

CHO
Me

atropisomers for aryl-aryl coupling

98%

SynLett, 1995, 1040

OMe

scope
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Os

2(dihapto)-complex (Os(II)/Re(I)/W(0))
Preparation and properties

Os
H3N
H3N NH3

L

NH3

NH3

L = σ-donor (H2O/pyr/Cl)

Os
H3N
H3N NH3

NH3

NH3
L

PhH

H3N
H3N NH3

NH3

NH3

E1/2 ~ 0.3 V

demand for central metal:
d6 configration;π-base;

octahedral Chem. Rev. 2017, 13721
successfully developed dihapto complex

Re
CO

N

N
N

N
N

B

N N

H
Tp

W
NO

PMe3

N
N

N
N

B

N N

H

NMe

Reactions of Os(II)-arene complex - based on effect of aromatic substrate

selectivity

X
[Os]2+

X = O/CH2

N MeMe

[Os]2+

X

[Os]2+

H
N

[Os]2+

S

OHC
[Os]2+

X

[Os]2+ N Me

[Os]2+

tackle of the d5-d6 redox

X = EDG

[Os]2+

OH O
Ephenol as substrate

HO

[Os(NH3)5OTf]OTf

Mg0
O

Me

O

O

[Os]2+ MVK, -40 °C
MeCN

then CAN

69%

W. D. Harman* JACS, 1993, 5322

anisole as substrate

[Os]2+

OMe

Os(III) +

OMe

>20 °C
+

Lewis/Bronsted acid
low temp.

[Os]2+

OMe

Nu [Os]2+

OMe

Nu

E

[Os]2+

OMe

Nu

type 2

R

R

[Os]2+

O

[Os]2+

R

E

OHR

E

O
E
R

E = Michael acceptor and
carbocation

E

lead to decompose

R

type 1

[Os]2+

OMe

R E

ortho rxn @ 20 °C

D. W. Harman* Chem. Rev, 1997, 1953

D. W. Harman* JACS, 1998, 2218

E1/2 ~ -0.8 V

η-Complex I: Activation of Diene and Arene

low T

r.t.

R

application in steroid chemistry

interesting examples for type 1

[Os]2+

OMe

TfOH, -40 °C
MeCN

OMe

OTMS
Me

Me

EtO

[Os]2+

OMe

EtO

Me

Me
CO2Me

50%, single isomer
D. W. Harman* JACS, 1998, 6199

type 2

[Os]2+

OMe Ph
COMe

-40 °C, MeCN

TfOH
then DIPEA

[Os]2+

OMe

Ph
CO2Me90% yield, >90% dr

H

tandem cyclization based on type 1 and type 2

[Os]2+

OMe

Me

MVK
TfOH [Os]2+

OMe

Me Me

O

O

Me

H

31% from anisole
O

D. W. Harman* JACS, 1998, 6199

[Os]2+

OMe
Me
NO

MeCN, 99%

OMe

[Os]2+

MeN

O

O

H

H

H

from benzylic alchol

O

[4+2]

D. W. Harman* JACS, 1998, 6199

2+ 2+ 2+



Junchen Tang
Baran Lab Group Meeting

02/08/2020

OMe
Me

[Os]2+

NHEt

aniline as substrate - synthon of γ-cyclohexenone enolate
Reactions of Os(II)-arene complex - based on effect of aromatic substrate

other aromatic componds

hydrogenation - all cis

pyrrole

[Os]2+
D2, 1atm [Os]2+

D
D

D
D

Pd/C
[Os]2+

OMe

[Os]2+

OMe

H2, 1atm

89%
Pd/C

Reactions of Re(I)-arene complex - more electron rich
H. Taube* JACS, 1988, 7906

NMe

[Os]2+

NMe

[Os]2+

E

E
NMe

[Os]2+
for example

TfOH

NMe

[Os]2+

O

90%
(Ac2O/DMAP)NMe

[Os]2+

E
H

O

Me

base

NMe

[Os]2+

E

NMe

[Os]2+

Me
80%(MeOTf)

87%

D. W. Harman* JACS, 1992, 5684

NR1

[Os]2+
R2

extended [4+2] scope

R2

EWG
NR1[Os]2+

R2

R2

N R2

R2

[Os]2+

EWG
R1, R2 is essential for

isomerization

N Me

Me

[Os]2+

R1

O
O

O

84% exo:endo = 10:1

Me

W. D. Harman* JACS, 1995, 3405

[2+2]

NMe

[Os]2+
Me

O

NMe

[Os]2+

H
H

O
Me

85%

[H-]

furan - react with nucleophile

DMSO

W. D. Harman* JOC, 1995, 2125

O

[Os]2+
TfOH, -40 °CMe

then
OMe

OTMS

Me

Me

O

[Os]2+

Me
CO2Me

Me Me 65%

D. W. Harman* Chem. Rev, 1997, 1953

[Os]2+

[Os]2+[Os]2+

Fe(Cp)2+

[Os(NH3)5OTf]3+
formal catalytic cycle Mg0

Re
CO

N

N
N

N
N

B

N N

H

NMe

Re(I)-furan complex

open access to
enantioselective reaction
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Summary
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