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Metal-alkyl complexes of iron and cobalt porphyrins: 

photonic and non-photonic chemistry
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Iron and cobalt: a pair of mid-row metals

Balzani, V.; Ceroni, P.; Juris, A. Photochemistry and Photophysics: Concepts, Research, Applications; Wiley-VCH: Weinheim, 2014.

d8 d9

earlier than nickel and copper

lighter than rhodium and ruthenium

earth-abundant and biologically relevant
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Nature uses macrocyclic ligands to harness potential of light metals

Balzani, V.; Ceroni, P.; Juris, A. Photochemistry and Photophysics: Concepts, Research, Applications; Wiley-VCH: Weinheim, 2014.
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small changes in degree of saturation and ring size yield biologically-relevant ligand scaffolds

Porphyrin (hemes, Fe)
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Corrin (Vitamin B12, Co)
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Chlorin (chlorophyll, Mg)

used by nature to modify reactivity of abundant light metals
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The porphyrin ligand

Balzani, V.; Ceroni, P.; Juris, A. Photochemistry and Photophysics: Concepts, Research, Applications; Wiley-VCH: Weinheim, 2014.
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macrocyclic, tetradentate, dianionic ligand composed of 4 pyrrole rings linked by methine bridges

methine bridge

X-type ligation

Common nomenclature shortens ligand name to an acronym of substituents:

M(OEP)
number of subsituents “octa”

type of substituent “ethyl”
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macrocyclic, tetradentate, dianionic ligand composed of 4 pyrrole rings linked by methine bridges

Common nomenclature shortens ligand name to an acronym of substituents:
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number of subsituents “octa”

type of substituent “ethyl”
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The porphyrin ligand

Balzani, V.; Ceroni, P.; Juris, A. Photochemistry and Photophysics: Concepts, Research, Applications; Wiley-VCH: Weinheim, 2014.

N

N

N

N

M

macrocyclic, tetradentate, dianionic ligand composed of 4 pyrrole rings linked by methine bridges

Common nomenclature shortens ligand name to an acronym of substituents:

M(OEP)
number of subsituents “octa”

type of substituent “ethyl”
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tetraphenylporphyrin
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The complexes of interest for today’s talk
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Fe and Co porphyrin complexes
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Fe- and Co-alkyl porphyrin complexes

(porphyrin ring abbreviated for clarity)characterization, reactivity, etc.

How do these complexes behave under photonic and non-photonic conditions?



Roughly, S. D.; Jordan, A. M. J. Med. Chem. 2011, 54, 3451.
Njarðarson and coworkers. Top 200 Pharmaceutical products by Retail Sales in 2016.

Outline

Hehre JACS 1986, 108, 7381.

Characterization of metal porphyrin (alkyl) complexes

Reactivity of metal porphyrin (alkyl) complexes

I. molecular and electronic structure

II. metal-carbon bond strengths

III. electrochemical data

IV. synthesis and stability

I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)

A. photochemistry of metal porphyrins

III. the SH2 mechanism and metal porphyrins (bond formation)

II. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)
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Strauss, S. H., et al. Inorg. Chem. 1985, 107, 4207.

Scheidt, W. R.; Turowska-Tyrk, I. Inorg. Chem. 1994, 33, 1314.

Crystal structures of octaethylporphyrin (OEP) complexes

both complexes are almost perfectly planar across the porphyrin plane

(approximate D4h symmetry)

FeII(OEP) CoII(OEP)

Co–Np bonds: 1.967(3) Å and 1.975(2) ÅFe–Np bonds: 1.984(5) Å and 2.007(5) Å
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Alkylation of metal prophyrin results in square pyramidal complex

5-coordinate square pyramidal complex, symmetry lowered to C4v

CoIII(OEP)(Me)

Co–C bond: 1.973 Å, Co–Np bond: 1.966 Å
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Crystal structure of tetraphenylporphyrin (TPP) complex

ruffled complex has S4 symmetry

CoII(TPP) (Fe similar)

Co–Np bonds: 1.949(3) Å and 1.951(1) Å

Fe–Np bond: 1.972(4) Å

geometry determined primarily by porphyrin substitution, not identity of metal

structures are similar across first row series (Fe, Co, Ni, Cu)
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Electronic configuration of metal porphyrin alkyl complexes
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paramagnetic complex

low spin (S = 1/2)

possible apical coordination
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Electronic configuration of metal porphyrin alkyl complexes

CoIII

N

NN

N

Me

CoIII(porphyrin)(alkyl)

N

xz yz

xy

z2

x2-y2

diamagnetic complex

(S = 0)

FeIII

N
X

NN

N

FeIII(porphyrin)(halide)

N

xz yz

xy

z2

x2-y2

paramagnetic complex

high spin (S = 5/2)

possible apical coordination
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Measuring Fe–C bond dissociation energies

FeIII(P)R Ph3SnH FeII(P) RH 1/2 Ph6Sn2
!

benzene

FeIII(P)R
k1

k-1
FeII(P) R

R Ph3SnH
k2

RH Ph3Sn

Ph3Sn
fast

1/2 Ph6Sn2

!H‡
-1

DFe-R!H‡1

FeIII(P)R

FeII(P)

R
+

Assuming 1. excess Ph3SnH and 2. recombination is diffusion limited (!H‡
-1 = !H‡

viscocity)

DFe-R  =  !H‡1  –  !H‡
viscocity  =   !H‡1  –  2 kcal/mol

Halpern, J. Polyhedron 1988, 7, 1483.
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How strong are the Fe–C bonds in an iron porphyrin alkyl complex?
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Bond dissociation energy strongly influenced by proximal steric environment
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Temperature dependence of homolysis rates for Fe(OEP)(R)

FeIII
N

Me

NN

N !

benzene FeII
N

NN

N

H

H H



Hehre JACS 1986, 108, 7381.
Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.

Halpern, J. Polyhedron 1988, 7, 1483.

Temperature dependence of homolysis rates for Fe(OEP)(R)
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The acyl-substituted iron porphyrin
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FeIII(TAP)(COC4H9)

stable to visible light

“exposure of a toluene solution…to white light from 

a standard slide projector lamp for 7 h 

did not result in signifcant loss of the complex…”
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The question of tert-butyl stability on iron porphyrins
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Me Me

“Extensive attempts to prepare (TTP)FeIIIC(CH3)3 from…the Grignard reagent

did not yield…the desired iron-(III)-tert-butyl complex.”

“The major product was (TTP)FeII, which may have arisen from decomposition of the iron(III)-tert-butyl complex”

Me Me
Me

stable at –80 ℃
decomposes above 0 ℃
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Comparison to homolysis of Co–C bonds in porphyrin complexes
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Co–C BDE’s tend to be 10-15 kcal/mol higher than Fe–C BDE’s for similar complexes

what is the role
of added ligand?
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For crystallographic data on effect of pyridine coordination on geometry of Co(OEP)(Me), see J. Am. Chem. Soc. 1994, 116, 7189.

Bond homolysis promoted by the coordination of a sixth ligand

CoIII

N

NN

N

coordination of a strongly donating and/or bulky apical ligand weakens Co–C bond

(trend also shown in the case of Fe)

CoIII

N

NN

N

P P

hypothesized to either result from:

trans effect of coordinating ligand steric interactions with macrocycleOR

coordination



Hehre JACS 1986, 108, 7381.
Geno, M. K.; Halpern, J.
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Vitamin B12 mechanism of action aided by sixth ligand coordination

coordination of benzimidazole base at the axial site of 
Vitamin B12 is proposed to labilize…

…this Co–C bond (either cyano, methyl or adenosyl)

Vitamin B12

Note: corrins are much easier to distort
than porphyrins, BDE change is more dramatic
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Iron–carbon bond strength also affected by axial ligation
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Could the AdNH2 byproduct of (TMS)3SiNHAd have a beneficial effect on our Fe cycle?
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*all values were measured in DMF at 20 ℃ in V vs. SCE using a glassy carbon electrode

Electrochemical data for iron and cobalt porphyrin complexes

Qiu, A.; Sawyer, D. T. J. Porphyr. Phthalocyanines 1997, 1, 125.
Lexa, D.; Savéant, J.-M.; Wang, D. L. Organometallics 1986, 5, 1428.

–2.33 –1.915

–1.986

–1.673 –1.27 –0.990 –0.718

Fe(OEP)Bu
(II/I)

Fe(OEP)
(I/0)

Fe(TPP)Bu
(II/I)

Fe(TPP)
(I/0)

Fe(OEP)
(II/I)

Fe(TPP)
(II/I)

Fe(OEP)Bu
(III/II)

Fe(TPP)Bu
(III/II)

–1.87 –1.27 –0.77

Co(TPP)
(I/0)

Co(TPP)Bu
(III/II)

Co(TPP)
(II/I)

Why is there a change in order of redox couples?OEP = octaethylporphyrin
TPP = tetraphenylporphyrin
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Electrochemical data for iron and cobalt porphyrin complexes

Qiu, A.; Sawyer, D. T. J. Porphyr. Phthalocyanines 1997, 1, 125.
Lexa, D.; Savéant, J.-M.; Wang, D. L. Organometallics 1986, 5, 1428.
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Synthesis and stability of Fe–alkyl porphyrin complexes

N
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Et
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EtEt
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Et
Et

Et
EtEt

Et

Et
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X

X = Cl, ClO4
–

BrMg

Fe(III) + Grignard

Fe(I) + Alkyl-Br

N

N

N
N

FeI

Et
Et

Et
EtEt

Et

Et
Et

R

BrR

will be discussed in greater detail later

Reaction with either a nucleophile or an electrophile
can deliver an Fe(III)–R complex

Fe(III)–R complex is not stable to ambient light

“In the absence of light and dioxygen [a] solution of the alkyl complex
shows no decay over a several-day period. However, exposure

to light does alter the solution.”
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Synthesis and stability of Fe–alkyl porphyrin complexes
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will be discussed in greater detail later

Reaction with either a nucleophile or an electrophile
can deliver an Fe(III)–R complex

Fe(III)–R complex is not stable to ambient light

“The stability of the (FeIII)–R complexes could probably be increased
by better protection of the reaction vessels from light.”
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O2 insertion into the Fe(III)–Carbon bond

N

N

N

N
Fe

Ph

Ph Ph

Ph

Me

(TPP)FeIIIEt + O2 (TPP)FeIIIOOEt (TPP)FeIIIOH +
H Me

O

toluene

–70 ℃ –60 ℃

warm to r.t.

1/2 (TPP)FeIIIOFeIII(TPP)

stable for several hrs
at –70 ℃

also observed for benzylic and secondary alkyl groups
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O2 insertion into the Fe(III)–Carbon bond

(TPP)FeIIIEt + O2 (TPP)FeIIIOOEt (TPP)FeIIIOH +
H Me

O

toluene

–70 ℃ –60 ℃

warm to r.t.

1/2 (TPP)FeIIIOFeIII(TPP)

stable for several hrs
at –70 ℃

also observed for benzylic and secondary alkyl groups

sterically encumbered porphyrins

coordination at the sixth ligand site

inihibited by…

N
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N
N
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Me
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Me

Me
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MeMe

Me

Me

Me
Me

dioxygen insertion observed at –50 ℃
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O2 insertion into the Fe(III)–Carbon bond

(TPP)FeIIIEt + O2 (TPP)FeIIIOOEt (TPP)FeIIIOH +
H Me

O

toluene

–70 ℃ –60 ℃

warm to r.t.

1/2 (TPP)FeIIIOFeIII(TPP)

stable for several hrs
at –70 ℃

also observed for benzylic and secondary alkyl groups

sterically encumbered porphyrins

coordination at the sixth ligand site

inihibited by…

N
N

N
N

FePh Ph
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Me

dioxygen insertion observed at –30 ℃
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Does O2 insertion proceed through Fe–C bond homolysis?

(TPP)FeIIIEt + O2 (TPP)FeIIIOOEt
toluene

–70 ℃

N
N

N
N

FePh Ph

Ph

Me

N

N

Me

Me
N

N
N

N
Fe

Me

Me

Me

Me

Me

Me

MeMe

Me

Me

Me
Me

Two possible mechanisms:

1. Fe–C bond homolysis and O2 addition

2. O2 attack and insertion into Fe–C bond

if Fe–C bond homolysis were involved,

steric effect would be minimal
imidazole weakens Fe–C bond, 

but inhibits reaction with O2

both experimental observations support a thermal mechanism that does not include Fe–C bond homolysis
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Comparison to the alkylcobaloxime system

under photochemical conditions, bond homolysis is a facile process for both Fe and Co systems

N

Me

Me

N
CoIII

N

Me

Me

N
OO

OO
H

H
N

Me Me
4

RCo(dmgH)2(pyr)

common vitamin B12 model complex

1. O2, DCM

2. TFA/DCM, then PPh3

Me

OH
Me

racemic alcohol product

diagnostic of homolytic Co–C cleavage

A brief footnote:
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Relevance of photolysis of Fe–alkyl and Fe–halide bonds

Activation of precatalyst FeIII(OEP)Cl

Possible intermediate step in Fe-mediated cross-coupling

H

H H

desired product?
detrimental side reaction?

FeIII

N
Cl

NN

N

catalytically inactive

FeII

N
Cl

NN

N

on-cycle complex

N

N

N
N

FeIII

Et
Et

Et
EtEt

Et

Et
Et

Me
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Radical clocks to probe metal–carbon bond photolysis
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A (brief) introduction to porphyrin photochemistry

Where and how strongly do these metal porphyrin complexes absorb?

Why does visible light irradiation result in Fe–C bond homolysis?
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Comparisons between Fe(OEP) and Fe(OEP)(Me) UV-Vis absorption

Monitoring the progress of the following reaction by UV-Vis…
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Comparisons between Fe(OEP) and Fe(OEP)(Me) UV-Vis absorption

Monitoring the progress of the following reaction by UV-Vis…

FeIII(OEP)(Me)
!

Ph3SnH
FeII(OEP) 1/2 Ph6Sn2CH4

“Soret band” typically 
appears at ~400 nm

“Q bands” are typically two 
distinct features between 500–600 nm
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UV-Vis absorption spectra for Co(OEP) complexes
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same spectral features as Fe complexes absorption bands are blue shifted

for R = Me, Et, and 2-propionate

UV-Vis spectrum remains

essentially unchanged
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UV-Vis absorption spectra for Co(OEP) complexes
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A (brief) introduction to porphyrin photochemistry

Where and how strongly do these metal porphyrin complexes absorb?

Why does visible light irradiation result in Fe–C bond homolysis?

absorption bands in the visible correspond to porphyrin-centered transitions

How can absorption of visible light break an Fe–C bond?
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Ultrafast transient absoprtion maps energy cascade in excited Fe porphyrins

520 nm
(Q band)

400 nm
(Soret band)

LMCT
MLCT

long-lived (~1.0 ns) d–d* excited state

weakens bond to axial ligand

2.0 ps

0.5 ps

although initial excited state is π–π*

internal conversion and LMCT/MLCT sequence

leads to electron in d–d* excited state on Fe
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Outline
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Characterization of metal porphyrin (alkyl) complexes

Reactivity of metal porphyrin (alkyl) complexes

I. molecular and electronic structure

II. metal-carbon bond strengths

III. electrochemical data

IV. synthesis and stability

I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)

A. photochemistry of metal porphyrins

III. the SH2 mechanism and metal porphyrins (bond formation)

II. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)
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Rate constants for iron prophyrin alkylation with primary halides
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Rate constants for iron prophyrin alkylation with primary halides
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How do we know that Fe(I) is activating the bromide?
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Cyclic voltammetry provides insight into reactive Fe oxidation state
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Cyclic voltammetry provides insight into reactive Fe oxidation state
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Possible mechanisms of alkyl bromide activation by Fe(I) porphyrin

XAT-radical capture reduction-radical capture SN2
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Halogen abstraction-radical capture by Fe(I)

XAT-radical capture
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would allow 1°, 2° or 3° bromides to interact with Fe

1. Fe(I) higher radical affinity than Fe(II)

2. Isoelectronic Co(II) in Vitamin B12 operates through this mechanism

Arguments in favor:

consistent with Fe(II) being unreactive towards Alkyl-Br
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Halogen abstraction-radical capture by Fe(I)

XAT-radical capture

unlikely mechanism
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Direct reduction and in-cage radical capture by Fe

reduction-radical capture

unlikely mechansim
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Possible mechanisms of alkyl bromide activation by Fe(I) porphyrin

XAT-radical capture reduction-radical capture

most likely mechanismunlikely mechansimunlikely mechanism

SN2

N
N

N
N

FeI

Br Me

FeI(OEP) Me

N
N

N
N

FeIII

Me

halogen abstraction

N
N

N
N

FeI

Br Me

FeII(OEP) Me

N
N

N
N

FeIII

Me

SET

radical capture

Br

radical capture-SET

e–

N
N

N
N

FeI

Me

N
N

N
N

FeIII

Me

nucleophilic displacement

Br



Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.
Hehre JACS 1986, 108, 7381.Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.

Possible avenues of alkyl bromide activation by Fe(I) porphyrin

most likely mechanism
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more electron-rich porphyrins yield more reactive metal centers:

tetraphenylporphyrin   <   “hand basket” porphyrin   <   octaethylporphyrin

more polarizable electrophiles react faster:

n-BuCl   <   n-BuBr   <   n-BuI
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Characterization of metal porphyrin (alkyl) complexes

Reactivity of metal porphyrin (alkyl) complexes

I. molecular and electronic structure

II. metal-carbon bond strengths

III. electrochemical data

IV. synthesis and stability

I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)

A. photochemistry of metal porphyrins

III. the SH2 mechanism and metal porphyrins (bond formation)

II. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)
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The SH2 displacement mechanism

“Seldom postulated, rarely discussed, frequently discarded as improbable,

but potentially of immense interest in synthetic  organic chemistry…”

R Me LG
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Bimolecular homolytic displacement of a radical from a saturated carbon by another radical

(the radical SN2)
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First row metal complexes as radical leaving groups

metal complexes have been shown to participate in SH2 mechanisms

intermolecular reactivity thoroughly exemplified for the SH2’ variant
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