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The First Radical 

• 1789: Lavoisier used the term radical to explain 

single electron elements  

• 1900: Gomberg isolated first organic free radical 

Gomberg. JACS. 1900, 22, 757. 
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The Radical Story 

• 1933: Pfeiffer discovery of the metalloradical 

• Cobalt complex turned red to black through exposure 

to air 

 

 

 

• 1959: Classification and study of V(CO)6 radicals 

Kealy, T.; Pauson, P.. Nature. 1951, 168, 1039. 

Ercoli, R.; Calderazzo, F.; Alberola, A. JACS, 1960, 82, 2966. 



Transition Metal Reactions 

Hartwig, J. Organotransition metal chemistry: From bonding to catalysis. 2010,  



Metal SET Potential 

• First ionization potential (electron affinity)  



Radical Generation 

• Oxidative: High Valent Oxo Compounds 

 

 

 

 

McGarrigle. Chem. Rev. 2005, 105, 1563. 



Radical Generation 

• Oxidative: High Valent Oxo Compounds 

 

 

 

McGarrigle. Chem. Rev. 2005, 105, 1563. 



P-450 Cycle 

Chem. Rev. 2010, 110, 932. 



Radical Generation 

• Oxidative: Metal Salts or Mn/Fe/Cu/Ag Complexes 

 

 

 

McGarrigle. Chem. Rev. 2005, 105, 1563. 



Radical Generation 

• Reductive:  

 

 

 

Fu. Top Organomet. Chem. 2005, 14, 85. 

Angew. Chem. Int. Ed, 2003, 42, 384. 

SET: 

Ti, Cr, Mn, Fe, Co, 

Ni, Cu, Ru, Rh, 

Pd, Ag. Or Pt  



Radical Generation 

• What about a persistent radical? 

Science. 2010, 327, 794. 



Example of Metal Initiation 

J. Organomet. Chem. 2003, 675, 77. 

Ru(bipy)3 



The Metalloradical 

• Paramagnetic compounds can transfer electrons 

to substrates or ligands 

• Redox Noninnocent Ligands: high or low-metal oxidation 

states allows ligand orbitals to increase and get oxidized 

• Chemically Noninnocent Ligands: ligands play active 

role in reaction 

• Innocent Radical Ligands: Excludes nitrosyl groups and 

large extended pi systems (such as fullerenes) 

• Paramagnetic radicals have long lifetimes and 

react often in low concentrations 

 Hoff, C. Coord. Chem. Rev. 2000, 206, 451. 



Detecting Metal Radicals 

• Mechanisms are often speculative 

• EPR (Electron paramagnetic Resonance) 

Hoff, C. Coord. Chem. Rev. 2000, 206, 451. 



EPR Spectra 

• Electron Paramagnetic Resonance (EPR) 

• Definitive for resolving location of unpaired electron 

• Frequently use frozen solutions 

• Relies on microwave radiation to induce resonance of 
electron spins in a magnetic field 

• Free electron in nondegenerate orbital with no mixing 
with excited states only contributes to its angular 
momemtum, which allows it to be distingushed by EPR 

• Metal radicals SOMO mix with empty d orbitals  

Hoff, C. Coord. Chem. Rev. 2000, 206, 451. 



Detecting Metal Radicals 

• Mechanisms are often speculative 

• EPR (Electron paramagnetic Resonance) 

CH3 radical CH2(OCH3) radical 

Hoff, C. Coord. Chem. Rev. 2000, 206, 451. 



Detecting Metal Radicals 

• Mechanisms are often speculative 

• EPR (Electron paramagnetic Resonance) 

• Metal oxidation state changes (color) 

• Paramagnetic metal centers 

• Radical traps (ex: TEMPO) 

• Probes 

Hoff, C. Coord. Chem. Rev. 2000, 206, 451. 



Key Characteristics 

• Generation: through thermal, photochemical, or 
electrochemical cleavage of metal-metal bonds 

• M-M bonds BDE? 

• Stability: normally exist as dimer or with labile 
ligand, inert atmosphere (not always required), 
non reactive solvent 

• High Reactivity: low activation barriers  

• Mo radical has only 1.2 kcal/mol barrier to H-
abstraction 

JACS. 1977, 99, 5510. 



BDE – Quiz!!!!! 

Bond BDE (kcal/mol) 

Ph-I 65 

Ph3C-CPh3 12 

(CO)5Mn-CH3 150 

(CO)5Mn-Mn(CO)5 37 

(OEP)Rh-Rh(OEP) 16 

(will not be graded) 



M(CO)x Radicals Analysis 

• V(CO)6: thermally stable to dimerization, isolable, and 
17 e- 

• Electron delocalized through CO π network 

• Studied radicals of V, Mn, Re, Rh, Os, Co, Cr, W, Fe, 
and Ru  

• 17 e- metals go through associative and dissociative 
reactions faster than 18 e- counterparts through possible  
19 e- complexes 

• The heavier the metal, the faster the radical reactivity 

• Phosphines: 

• Added electron density on metal increases reactivity 

• Steric bulk hinders 

 

Baird, M. Chem. Rev. 1988, 88, 1217. 



Stabilizing the Rh/Co Radical 



Stabilizing the Ru/Os Radical 

The radical character at the m etal is indicated by the

chem icalreactivity forcom pound 1,thatis,by the generation

ofthe R uII com plexes [(SiP iPr
3)R uH (N 2)],[(SiP

iPr
3)R uI],and

[(SiP iPr
3)R u(SPh)] upon treatm ent w ith B u3SnH , I2, and

PhSSPh, respectively. H ow ever, tw o-electron reactivity is

also show n (in addition to the above described transform ation

to 3 and 4) by the reactions of 1 and 2 w ith organoazides,

leading to im ido/nitrene products by elim ination of N 2

(Schem e 2).

The E PR investigation and D FT calculations for com -

pounds 1–4 give strong support to the description of the

com plexes asgenuine m etalloradicals.The E PR spectra show

significantly anisotropic rhom bic tensors w ith larger

(gm ax gm in)values than typically observed forligand-centered

radicals,w hile the calculations place the m ajority ofthe spin

density (76% for 1,69% for2,84% for3,and 79% for 4)on

the m etal and also a non-negligible fraction at the P nuclei

(Figure 1). The observed P hyperfine splitting is consistent

w ith the unpaired electron being located in the equatorial

plane.

A nother recentstudy by B erry[10] has show n thatthe R u0

com plexes [(h6-toluene)R u(N 3
A r)],w here the 2,6-diim inopyr-

idine ligand (N 3
A r) is only coordinated in a bidentate fashion,

are converted under dinitrogen into the diam agnetic dinu-

clear [{(N 3
A r)R u}2(m-N 2)] com plexes 5–7 (Schem e 3), w here

the coordination geom etry ofthe ruthenium center is strictly

square planar, an unusual observation for a form ally R u0

center.In light of the know n non-innocent character of 2,6-

diim inopyridine ligands and on the previous recognition that

related [(N 3
A r)FeC l] and [(N 3

A r)Fe(N 2)2] com plexes are best

described as FeII com plexes w ith transfer of one or tw o

electrons to the ligand,[11,12] the electronic structure of

com pounds 5–7 has been carefully analyzed. Structural

evidence (ligand im ino C= N distances) and an unusual

tem perature independent shift of the im ine m ethyl proton

resonance in the 1H N M R spectrum suggest a certain degree

of ligand non-innocence. R eplacem ent of the N 2 ligand in

com pound 5 by otherneutraldonors(C 2H 4,PM e3,C O )yields

five-coordinate com plexes [(N 3
xyl)R uL L’] (Schem e 3) that

seem adequately described as R u0 derivatives.O n the other

hand, the addition of H 2 affords an unusual dinuclear

ruthenium hydride com plex [{(N 3
xyl)R uH }2(m-N 2)] (8;

Schem e 3),the structure ofw hich show s tw o square-pyram i-

dalruthenium centers,each w ith an axialhydrido ligand ;the

m etalcentersare linked by a linearN 2 bridge.
[13]Thiscom plex

is form ally a R uI species and is indeed param agnetic as

expected for one unpaired electron per {(N 3
xyl)R u(H )} unit,

but it displays no tendency to further add H 2 to yield a

dihydrido R uII product.B roken-sym m etry D FT calculations

on a m ononuclear [(N 3
xyl)R u(H )(N 2)]m odelcom plex reveala

large contribution of the R uII/(N 3
A r) form alism , w ith 73%

Schem e 2. G eneration and reactivity of[(SiPiPr
3)M (N 2)]com plexes of

ruthenium and osm ium .

Figure 1. X-ray structure and spin-density plotforcom pound 1.

Schem e 3. G eneration and reactivity of[(SiPiPr
3)M (N 2)]com plexes.

H ighlights

44 w w w.angew andte.org 2011 W iley-VCH Verlag G m bH & Co.KG aA,W einheim Angew.Chem .Int.Ed.2011,50,43–45

Zanello. Gaaz. Chim. Ital. 1994, 124, 271. 

Peters. Angew. Chem. 2007, 119, 5870. 



Stabilizing the Ru Radical 

Berry. JACS. 2010, 132, 4107. 



Stabilizing the Radical 

Chen, K. Dalton Trans. 2010, 39, 9458. 

100oC 



Use in Synthesis 



Radical Mn Cyclizations 

Ryu. JACS. 1993, 115, 7543. 
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Manganese Radicals 

Kondo. Tetrahedron Lett. 1988, 29, 3833. 

Ryu. Org. Lett. 2006, 8, 1383. 

Ryu.  Chem Soc. Rev. 2001, 30, 16. 



Radical Carbonylative 

Insertion 

Kondo. Tetrahedron Lett. 1988, 29, 3833. 

O

O

OO

Mn(OAc)3 - 2H2O, CO

600 psi, 70oC, 10 h, AcOH

O

O

OO
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43 %

CO2Me

CO2Me Mn(OAc)3 - 2H2O, CO

600 psi, 70oC, 10 h, AcOH

CO2MeMeO2C

COOH

50%

O

O

OO

Ph
Mn(OAc)3 - 2H2O, CO

600 psi, 70oC, 10 h, AcOH

MeO2C CO2Me

COOH

COOH

CO2Me

CO2Me

37 %



Use in Synthesis 



Ru Asymmetric Reaction 

OH

OH

DDQ O

O

H

H

14 %

Katsuki. Chem. Lett. 2002, 36. 

1975 



Ru Salen Mechanism 

Katsuki. Chem. Lett. 2002, 36. 



Oxidation of Cyclopropanol 

Cha. Org. Lett., 2000, 2, 147. 

Katsuki. JACS. 2005, 127, 5396. 

R
OH Ru(salen)

O2, light
O

O
HO

R



Use in Synthesis 



Regioselective 

Dehydrohalogenation with Co 

Oshima. JACS. 2011, 130, 11276. 

N N

IMES 



Regioselective 

Dehydrohalogenation with Co 

Oshima. JACS. 2011, 130, 11276. 



Cobalt Radicals 

Zhang. JACS. 2011, 133, 3304. 

Will discuss mechanism for problem 3! 

 

Hint: porphyrin ligand plays role in mechanism 



Zhang. JACS. 2011, 133, 3304. 



Use in Synthesis 



sp3-sp3 Bond Formation 

through Rh Radicals 

Shi. JACS. 2005, 127, 10836. 

C-C bond formation via C-H bond activation 



Lewis Acid Promoted C-H 

activation through Rh(I) 

Chun-An. Org. Lett., 2004, 6, 1001. 

Shi. JACS. 2005, 127, 10836. 



Shi Substrates 

Shi. JACS. 2005, 127, 10836. 



Rhodium Radical Bergman 

Cyclization 

Uemura. Organometallics. 1998, 17, 2942. 



Difference in H-Shift 

Uemura. Organometallics. 1998, 17, 2942. 

Alkyl Silyl 



Rh Bergman Substrates 

Uemura. Organometallics. 1998, 17, 2942. 



Rh(por) Radical 

4802 Chem .Com m un.,2011,47,4802–4804 This journalis c The RoyalSociety ofChem istry 2011

Cite this:Chem .Com m un.,2011,47,4802–4804

M etalloradical-catalyzed rearrangem ent of cycloheptatrienylto benzylw

Y un W aiC han and K in Shing C han*

R eceived 28th O ctober 2010,A ccepted 22nd February 2011

D O I: 10.1039/c0cc04655h

R h(ttp)(C 7H 7)rearranged to give R h(ttp)(C H 2P h)quantitatively

at 120 1C in 12 d (ttp = 5,10,15,20-tetratolylporphyrinato

dianion).T hisprocessis1010 fasterthan forthe organic analogue.

M echanistic investigation suggests that a R hII(ttp)-catalyzed

pathw ay is operating.

C ycloheptatrienyltransition m etalcom plexeshavebeen know n for

over five decades since the firstexam ple [M o(Z-C 7H 7)(C O )3][BF 4]

w as discovered in 1958.1 H ow ever, the chem istry of cyclo-

heptatrienyl ligand has been studied little in com parison w ith

that of cyclopentadienyl and arene ligands.C ycloheptatrienyl

transition m etal com plexes have very rich chem istry and

undergo variousreactionsincluding lithiation reactions,2 nucleo-

philic attack on the Z -C 7H 7 ring,3 L ew is-base addition and

ring-slippage reactions.4 T o the best of our know ledge, the

rearrangem entofa cycloheptatrienyltransition m etalcom plex

to a benzyltransition m etalcom plex is stillunprecedented.

W e have been interested in the carbon–hydrogen bond

activation (C H A ) and carbon–carbon bond activation (C C A )

of cycloalkanes w ith rhodium porphyrin (por) com plexes.5,6

W e have recently discovered the R hII(por)–catalyzed aliphatic

C C A of cyclooctane.6 W e now report the R hII(ttp)-catalyzed

(ttp = 5,10,15,20-tetratolylporphyrinato dianion)rearrangem ent

of R h(ttp)(C 7H 7) to R h(ttp)Bn and the m echanistic studies

identifying the unique catalytic role ofR hII(ttp).

ð1Þ

R h(ttp)(C 7H 7)1 w asprepared quantitatively by the C H A of

cycloheptatriene (C H T ) w ith both R h(ttp)H and R h2(ttp)2
rapidly at room tem perature (eqn (1)). T he structure of

R h(ttp)(C 7H 7) 1 w as further elucidated by X -ray crystallo-

graphy (F ig. 1). T he R h–C bond length of R h(ttp)(C 7H 7) is

2.10 Å and is sim ilar to the reported R h–C bond lengths

of various R h(ttp) alkyls w hich range from 2.03 to 2.13 Å .5,6

T he CQ C bond lengths of the cycloheptatrienyl group range

from 1.43 to 1.45 Å and thatofC–C bonds range from 1.44 to

1.49 Å (typical CQ C and C–C bonds are 1.33 and 1.54 Å ,

respectively).7 T herefore, the carbon–carbon bonds of the

cycloheptatrienyl are likely conjugated.T he cycloheptatrienyl

group does notcause a large distortion ofthe m ean porphyrin

plane from planarity in 1 (0.477 Å ).T he porphyrin structure

of R h(ttp)(C 7H 7) is slightly distorted to adopt a saddle form

(F ig.S3,E SIw).

T he cycloheptatrienyl group is fluxionalas evidenced by its

variable-tem perature 1H N M R spectra (F ig. 2). A t room

tem perature,the signalofcycloheptatrienylprotonsoverlapped

w ith thatofm ethylgroups ofporphyrin (d 2.44 ppm in C 6D 6).

A t 50 1C , four broad peaks w ere observed in the upfield

region (d 1.37, 0.36, 4.15 and 4.61 ppm ). A t 70 1C , four

sets of cycloheptatrienyl proton resonances w ere w ell frozen

(d 1.37, 0.36, 4.15 and 4.61 ppm ). The fluxional behaviour

suggeststhattheR h–C bond isa w eak bond atroom tem perature.

The therm alstability ofR h(ttp)(C 7H 7)w as then exam ined and

itw as heated to 120 1C in benzene-d6.R h(ttp)(C 7H 7)rearranged

cleanly at 120 1C to give R h(ttp)Bn8 quantitatively in 12 d

(eqn (2)).The kinetics of the rearrangem ent w ere then m easured

and yielded the rate law : rate = kobs[R h(ttp)(C 7H 7)], w here

kobs(120 1C ) = 4.75 10 6 s 1, or t1/2obs(120 1C ) = 1.69 d.

Forcom parison,the organic analogue C H T rearrangesat475 1C

to give toluene,9a w ith the rate = k[C H T],w here k(475 1C ) =

1.12 10 4 s 1.The extrapolated rearrangem entratek(120 1C )is

estim ated to be4.61 10 16 s 1 ort1/2(120 1C )= 1.74 1010 d.9b

Fig. 1 O R T E P presentation of R h(ttp)(C 7H 7) (30% probability

displacem ent ellipsoids). H ydrogen atom s are om itted for clarity:

R h–C = 2.10 Å , C–C = 1.44 to 1.49 Å , CQ C = 1.43 to 1.45 Å ;

R = 0.036.

D epartm ent of C hem istry,T he C hinese U niversity of H ong K ong,
H ong K ong SA R ,T he P eople’s R epublic ofC hina.
E -m ail: ksc@ cuhk.edu.hk;Fax: + 852 26095057;
T el: + 852 26096376
w Electronic supplem entary inform ation (ESI)available.C C D C 797520.
F orESIand crystallographic data in C IF orotherelectronic form atsee
D O I:10.1039/c0cc04655h
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Bimetalloradicals 

• Ti(III)-Rh(I) 

• Cr(II)-Co(II) 

• Mn(II)-Co(II) 

• Mn(II)-Cu(I) 

• Ru(II)-Rh(III) 

 



Conclusions 

• Offers new alternatives to C-C, C-H and C-X bond 

formation 

• With selective catalyst, mild conditions and fast 

reactions can be employed for advanced products 

• Many common coupling and transformative metal 

reactions should be tested for radical probes 

• Field of organometallic radical chemistry is still 

young and widely unknown 



Questions 

N

I

1) nBu3MnLi

   THF, 30min
2) PhCOCl

CO2Me
Me

Cl

RhCl3 165oC

(2 products)

OH

Ru(salen), hv

air, rt

N2 CO2Et

CN
Co(TPP) (1mol %)

rt, 10h



Question 1 

N

I

1) nBu3MnLi

   THF, 30min
2) PhCOCl

N

Ph
O

CO2Me
Me

Cl

RhCl3 165oC

O
O

H

Me
H

H

(2 products)

H

CO2Me
MeCl



Question 2 

 



Question 3 

of the thermodynamically favored fumarates is kinetically

suppressed. We investigated these phenomena computationally

to get some insight in the reasons behind the low dimerization

activity and high maleate selectivity of CoII(por)-based catalytic

systems.

The calculated pathway for dimerization of MDA reveals two

similar and relatively high-energy transition states TS4 (23.0

kcal mol- 1) and TS4¢ (23.1 kcal mol- 1) for C- C bond formation

between the ‘terminal carbene’ species C and MDA (see Figure

14 and Figure S8 in the Supporting Information). These reactions

are followed by loss of dinitrogen from the diazo compound

with simultaneous formation of dimethyl maleate in both cases.

Formation of the kinetic product dimethyl maleate instead of

the thermodynamically more stable dimethyl fumarate is a result

of the steric influence between the porphyrin ring and the

attacking diazoacetate (see Figure 14 and Figure S8 in Sup-

porting Information). We were unable to find a transition state

for formation of dimethyl fumarate. Since the calculated barrier

for dimer formation is higher than the barriers for radical

addition of C to methyl acrylate or styrene (<20 kcal mol- 1),

carbene dimerization is expected to be suppressed, which is in

good agreement with experimental observations under the

catalytic conditions (i.e. in the presence of olefin).

3. S um m ary and C onclusions

On the basis of the results from the combined experimental

(EPR and ESI-MS measurements) and computational (DFT

calculations) studies, a catalytic cycle for CoII(por)-mediated

cyclopropanation of olefins is proposed to involve several

unusual key intermediates as summarized in Figure 15.

The reaction proceeds via an unprecedented stepwise radical

addition- substitution pathway, in which the redox noninnocent

behavior of the terminal carbene ligand in intermediate C plays

a key role (Figure 15). The CoII(por) catalyst A reacts with the

diazoester compound to form a transient adduct B, which loses

dinitrogen in a rate-limiting step (TS1) to form the ‘terminal

carbene’ intermediate C. The ‘terminal carbene’ C exists in

equilibrium with the somewhat more stable ‘bridging carbene’

C¢. Both C and C¢ species were detected experimentally from

the reaction mixture of CoII(3,5-DitBu-ChenPhyrin) with EDA

by EPR spectroscopy. The electronic structure of C is note-

worthy. The species is a carbon-centered radical and is best

described as a one-electron-reduced Fischer-type carbene. These

results clearly underline the general importance of redox

noninnocent ligands54 and represent a rare example of the

involvement of a ligand radical in organometallic catalysis.19,20

The ‘bridging carbene’ species C¢ is not capable of carbene

transfer to the olefin and appears to be a dormant state in the

catalytic cycle. The cobalt-centered radical C¢ has to transform

back to the carbon-centered radical C to allow carbene transfer

to the olefin. This proceeds via radical addition of the ‘carbene

radical’ C to the Cd C double bond of the olefin to form a

γ-alkyl radical intermediate D. The intermediates D then readily

collapse in almost barrierless ring-closure reactions (TS3) to

form the cyclopropanes.

Addition of the ‘terminal carbene’ C to the olefin (TS2)

proceeds with comparable barriers as its formation (TS1), thus

explaining first-order kinetics in both substrates and the catalyst.

Formation of C can be accelerated by stabilization of C and

TS1 via hydrogen bonding. Calculated barriers for CoII(por)-

mediated carbene dimerization are higher than the highest

barriers for the olefin cyclopropanation, thus explaining the

suppression of carbene dimerization under catalytic conditions.

The proposed radical-type mechanism (Figure 15) agrees well

with all available mechanistic and kinetic information and

readily explains the excellent performance of CoII(por)-based

systems in the cyclopropanation of electron-deficient olefins.

The new insights obtained from these studies should shed light

on how to address further selectivity issues in catalytic cyclo-

propanation and will aid future development of new catalytic

systems for remaining difficult substrates. Furthermore, these

mechanistic insights may lead to the development of new types

of radical ring-closure processes by CoII(por) catalysts (e.g.,

(54) Chirik, P. J.; Wieghardt, K. Science 2010, 327, 794–795.

Figure 14. Formation of dimethyl maleate by dimerization of methyl
diazoacetate.

Figure 15. Catalytic cycle for Co(por)-catalyzed cyclopropanation of
olefins.

J.A M .C H E M .S O C . 9 VOL. 132, NO. 31, 2010 10901

Study ofCoII(por)-Catalyzed Olefin Cyclopropanation A R T IC L E SN2 CO2Et

CN
Co(TPP) (1mol %)

rt, 10h





EPR For Metal Radicals 

• Generally, electron-spin relaxation processes are 

faster for metal-centered radicals compared to 

organic (or ligand) radicals – EPR spectra then 

are taked under 100K  (see broadening at rt) 

• Small mixings of the metal SOMO will occur with 

ligand orbitals 

• Metal spin-orbit coupling constants are much 

larger than light weight organic atoms 


