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Iron and cobalt: a pair of mid-row metals

earlier than nickel and copper
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Nature uses macrocyclic ligands to harness potential of light metals

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

small changes in degree of saturation and ring size yield biologically-relevant ligand scaffolds

used by nature to modify reactivity of abundant light metals

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



The porphyrin ligand

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

8 o 1
7 2
methine bridge
T 04
X-type ligation
6 3
5 B 4

Common nomenclature shortens ligand name to an acronym of substituents:

number of subsituents “octa”

M(OEP)

type of substituent “ethyl”

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



The porphyrin ligand

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

Et Et

Et Et

M(OEP)
octaethylporphyrin

Et Et

Et Et

Common nomenclature shortens ligand name to an acronym of substituents:

M(OEP)

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



The porphyrin ligand

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

Ph

M(TPP)
tetraphenylporphyrin

Ph Ph

Ph

Common nomenclature shortens ligand name to an acronym of substituents:

M(OEP)

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



The complexes of interest for today’s talk

R
N N
/ \
N N
Fe and Co porphyrin complexes Fe- and Co-alkyl porphyrin complexes
characterization, reactivity, etc. (porphyrin ring abbreviated for clarity)

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



Outline

Characterization of metal porphyrin (alkyl) complexes

l. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)
A. photochemistry of metal porphyrins
Il. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)

lll. the S2 mechanism and metal porphyrins (bond formation)



Crystal structures of octaethylporphyrin (OEP) complexes

ce2 (D

Fe'(OEP) Co'(OEP)

Fe—N, bonds: 1.984(5) A and 2.007(5) A Co—N,, bonds: 1.967(3) A and 1.975(2) A

both complexes are almost perfectly planar across the porphyrin plane

(approximate D, symmetry)

Strauss, S. H., et al. Inorg. Chem. 1985, 107, 4207.
Scheidt, W. R.; Turowska-Tyrk, I. Inorg. Chem. 1994, 33, 1314.




Alkylation of metal prophyrin results in square pyramidal complex

Co—C bond: 1.973 A, Co-N,, bond: 1.966 A

5-coordinate square pyramidal complex, symmetry lowered to C,,

Summers. J. S.; Peterson, J. L.; Stolzenberg, A. M. J. Am. Chem. Soc. 1994, 116, 7189.



Crystal structure of tetraphenylporphyrin (TPP) complex

ruffled complex has S; symmetry

Co—N, bonds: 1.949(3) A and 1.951(1) A

o

Fe-N, bond: 1.972(4) A

Co'l(TPP) (Fe similar)

geometry determined primarily by porphyrin substitution, not identity of metal

structures are similar across first row series (Fe, Co, Ni, Cu)

Collman, J. P.; Hoard, J. L.; Kim, N.; Lang, G.; Reed, C. A. J. Am. Chem. Soc. 1975, 97, 2676.
Madura, P.; Scheidt, W. R. Inorg. Chem. 1976, 15, 3182.



Electronic configuration of metal porphyrin alkyl complexes

Cco'l(porphyrin)(alkyl)

Me x2-y
|/\;
/ ]

N
>Co& 2 diamagnetic complex
N i

(S=0)

XZ yz

Felll(porphyrin)(alkyl)

Me X2_y2
N\ m
/Fek 2 paramagnetic complex
N N 1 low spin (S = 1/2)
LA
XZ yz

Brothers, P. J.; Collman, J. P. Acc. Chem. Res. 1986, 19, 209.
Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Electronic configuration of metal porphyrin alkyl complexes

Cco'l(porphyrin)(alkyl)

Me x2-y
|/\;
/ ]

N
>Co& 2 diamagnetic complex
N i

(S=0)

XZ yz

Fe!ll(porphyrin)(halide)

X X2_y2
A
N\ —N
/Fek 2 paramagnetic complex
N 1 high spin (S = 5/2)
{7
XZ 74

Brothers, P. J.; Collman, J. P. Acc. Chem. Res. 1986, 19, 209.
Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Measuring Fe—C bond dissociation energies

A
FeMR +  PhgSnH > FelllP)  + RH +  1/2PhgSn,
benzene
Ky A
Fe''(P)R Fe'Pp + R
K. -
AH:, A
Ko
R + PhgSnH ——> RH + PhySn.
AH*; Drer
fast
Ph;Sne —»  1/2 PhgSn, Fe'(P)R Y !

Assuming 1. excess Ph;SnH and 2. recombination is diffusion limited (AH*.; = AH* ;5000

Drer = AH¥ — AHf,oqy = AH# — 2 kcal/mol

Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.
Halpern, J. Polyhedron 1988, 7, 1483.

Fe'l(P)

R-



How strong are the Fe—C bonds in an iron porphyrin alkyl complex?

H
H
Me \<
- H
N —N A N N
P - (Sl
benzene N
N N N N
Table |
Rate constants, activation parameters and bond dissociation energies for Fe(OEP)R complexes
R ky k_,/kp k_j AHY As? Dger
(s7!, 25°C) (T,°C)2 M-fsh (kcal mol~F) (cal (mol K)™1) (kcal mol™1)
CHa 25% 1073 155 (70) 1.4x10° 233+ 0.4 ~1.1£12 21
C,Hg 1.0%x 1073 117 (60) 1.0x 107 186 0.6 93+17 17
CH,C(CH3), 38x1072 998 (15) 173+ 1.4 6.6+48 15
Celg 38X10* 330+£1.2 45+29 31

4Temperature at which the ratio k_;/k, was measured.

Bond dissociation energy strongly influenced by proximal steric environment

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)

" H

Me \<

- H

N /N A N /N
\Fe"' > \Fe"

N/ \N benzene N/ \N

Table 2

Temperature dependence of kp, for thermolysis of Fe(OEP)R in the
presence of limiting concentration of PhaSnH

R T (°C) 10%; (s™1) R T (°C) 10%; (s™1)
CHy 50 0.62 C,Hs 40 0.50

55 1.0 45 0.86

60 18 50 1.2

60 1.8 50 1.3

65 3.3 55 2.1

70 5.1 60 3.4

70 52 65 4.9

70 5.4

75 8.7

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)

H
H
Me
° kH
N /N A N /N
>Fe"' > >Fe"
~ benzene \
N N N N
Table 2
Temperature dependence of k.p, for thermolysis of Fe(OEP)R in the
presence of limiting concentration of Ph3SnH
R T(°C) 103, (s71) R T(°C) 10%; (s™1)
(CH3)3CCH; 10 7.2 CgHs 1185 0.03
15 13 118.5 0.04
15 13 137 0.24
20 21 141 0.3t
20 23 141 0.35
25 48 145 0.52
25 50 150 0.81
30 52
30 57

Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.
Halpern, J. Polyhedron 1988, 7, 1483.



The acyl-substituted iron porphyrin

Fe"I(TAP)(COC4Hg)

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...”

Balch, A. L.; Olmstead, M. M.; Safari, N.; St. Claire, T. N. Inorg. Chem. 1994, 33, 2815.



The question of tert-butyl stability on iron porphyrins

stable at =80 °C

decomposes above 0 °C

Me\<Me
Me
A \ ~
y
benzene PN

“Extensive attempts to prepare (TTP)Fe'C(CHs)5 from...the Grignard reagent

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

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

Balch, A. L.; Hart, R. L.; Latos-Grazynski, L.; Traylor, T. G. J. Am. Chem. Soc. 1990, 112, 7382.
Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.



Comparison to homolysis of Co—C bonds in porphyrin complexes

Co-C BDE'’s tend to be 10-15 kcal/mol higher than Fe—C BDE’s for similar complexes

Table I. Summary of Kinetic Data

AS,*,
lO‘k,, AH[‘, Cal/ DCO-R’
chelate PR, 7,°C s!'  kecal/mol (mol K) kecal/mol

N N
~~ OEP  PMe,Ph 550 0096  29.1 7 27.1
co'l 65.0 0.31
TN 715  0.60
N N 89.0 6.6
90.4 7.7
P-n-Bu, 650 0031 31.3 7 29.3
| 75.0  0.088
85.0  0.40
A 90.4 0.80
100 2.4
+ PEtPh, 550 020  28.1 6 26.1
728 2.0
850 8.2
: 90.4 15
/© what is the role PPh, 504 046 258 2 23.8
of added ligand? 55.4 092
. 604 1.6
704 5.2
N N P(c-CeHy,), 728 0018 316 6 29.6
~_. 82.8  0.069
co' 85.0  0.088
N 91.2  0.194
N N

Geno, M. K.; Halpern, J. J. Am. Chem. Soc. 1987, 109, 1238.
Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.



Bond homolysis promoted by the coordination of a sixth ligand

N\ /N coordination N E N
Co!" > \ | /
~ ~Qll_
N/ N _ NT° TN
~p I
/F{ /FI)\

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

(trend also shown in the case of Fe)

hypothesized to either result from:

trans effect of coordinating ligand - OR=— steric interactions with macrocycle

Geno, M. K.; Halpern, J. J. Am. Chem. Soc. 1987, 109, 1238.
For crystallographic data on effect of pyridine coordination on geometry of Co(OEP)(Me), see J. Am. Chem. Soc. 1994, 116, 7189.



Vitamin B,, mechanism of action aided by sixth ligand coordination

...this Co-C bond (either cyano, methyl or adenosyl)

Note: corrins are much easier to distort
than porphyrins, BDE change is more dramatic

coordination of benzimidazole base at the axial site of
Vitamin B, is proposed to labilize...

Vitamin B4,

HO

Summers, M. F. et al. J. Am. Chem. Soc. 1983, 105, 6259.



Iron—carbon bond strength also affected by axial ligation

Ligand Dee_c (kcal/mol)
none 21
pyridine 20
PEt; 18

Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.



Outline

Characterization of metal porphyrin (alkyl) complexes

. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
l. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)
A. photochemistry of metal porphyrins
Il. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)

lll. the S2 mechanism and metal porphyrins (bond formation)



Electrochemical data for iron and cobalt porphyrin complexes

Fe(TPP)Bu Fe(TPP)
(1) (1)
| [

Fe(TPP) Fe(TPP)Bu

(1/0) (1

—2.33 —1.915 —1.673 —1.27 —0.990 —0.718

—1.986
Co(TPP) Co(TPP)Bu Co(TPP)

(1/0) (/) (1)

© | | |

—1.87 -1.27 -0.77

OEP = octaethylporphyrin Why is there a change in order of redox couples?

TPP = tetraphenylporphyrin

Lexa, D.; Savéant, J.-M.; Wang, D. L. Organometallics 1986, 5, 1428.
Qiu, A.; Sawyer, D. T. J. Porphyr. Phthalocyanines 1997, 1, 125.
Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.
*all values were measured in DMF at 20 °C in V vs. SCE using a glassy carbon electrode



Electrochemical data for iron and cobalt porphyrin complexes

Fe(lll)

- x2-y2
72
Fe(TPP) Fe(TPP)Bu
1 O (11/1) (i
I3 © | |
Xz yz —0.990 —-0.718
Co(lll) 5 o
6 X=-y
d Co(TPP)Bu Co(TPP)
72 (i (11/1)
{ © | |
1 L Xy 1 L —-1.27 —0.77
XZ yz

Lexa, D.; Savéant, J.-M.; Wang, D. L. Organometallics 1986, 5, 1428.
Qiu, A.; Sawyer, D. T. J. Porphyr. Phthalocyanines 1997, 1, 125.
Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.
*all values were measured in DMF at 20 °C in V vs. SCE using a glassy carbon electrode
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Characterization of metal porphyrin (alkyl) complexes

. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
l. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)
A. photochemistry of metal porphyrins
Il. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)

lll. the S2 mechanism and metal porphyrins (bond formation)



Synthesis and stability of Fe—alkyl porphyrin complexes

Fe(lll) + Grignard

BrMg—R Reaction with either a nucleophile or an electrophile
can deliver an Fe(lll)-R complex

Fe(l) + Alkyl-Br

R—Br
Et Et
Fe(lll)-R complex is not stable to ambient light Bt w Et
Et Et
“In the absence of light and dioxygen [a] solution of the alkyl complex Et Et
shows no decay over a several-day period. However, exposure
to light does alter the solution.” will be discussed in greater detail later

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



Synthesis and stability of Fe—alkyl porphyrin complexes

Fe(lll) + Grignard

BrMg—R Reaction with either a nucleophile or an electrophile
can deliver an Fe(lll)-R complex

Fe(l) + Alkyl-Br
R—Br

Et Et

Fe(lll)-R complex is not stable to ambient light Et w Et
Et Et

“The stability of the (Fe'")-R complexes could probably be increased Et Et

by better protection of the reaction vessels from light. will be discussed in greater detail later

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



O, insertion into the Fe(lll)-Carbon bond

_ o) _ o O
70 °C 60 °C
(TPP)Fe'Et  + O3 > (TPP)Fe'OOEt > (TPP)FellOH + J\
toluene H™ Me
stable for several hrs
at—70 °C lwarm to r.t.
also observed for benzylic and secondary alkyl groups 1/2 (TPP)Fe'lOFe(TPP)

Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.



O, insertion into the Fe(lll)-Carbon bond

_ o) _ o O
70 °C 60 °C
(TPP)Fe'Et  + O3 > (TPP)Fe'OOEt > (TPP)FellOH + J\
toluene H Me
stable for several hrs
at—70 °C warm to r.t.
also observed for benzylic and secondary alkyl groups 1/2 (TPP)Fe'lOFe(TPP)

inihibited by...

B sterically encumbered porphyrins

dioxygen insertion observed at -50 °C

Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.



O, insertion into the Fe(lll)-Carbon bond

_ o) _ o O
70 °C 60 °C
(TPP)Fe'Et  + O3 > (TPP)Fe'OOEt > (TPP)FellOH + J\
toluene H Me
stable for several hrs
at—70 °C warm to r.t.
also observed for benzylic and secondary alkyl groups 1/2 (TPP)Fe'lOFe(TPP)

inihibited by...

B sterically encumbered porphyrins

B coordination at the sixth ligand site

dioxygen insertion observed at —-30 °C

Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.



Does O, insertion proceed through Fe—C bond homolysis?

Two possible mechanisms:
—70 °C

(TPP)Fe''Et + O >  (TPP)Fe"OOEt 1. Fe—C bond homolysis and O, addition
toluene

2. O, attack and insertion into Fe—C bond

if Fe—C bond homolysis were involved, imidazole weakens Fe—C bond,

steric effect would be minimal but inhibits reaction with O,

both experimental observations support a thermal mechanism that does not include Fe—C bond homolysis

Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.



Comparison to the alkylcobaloxime system

o ,H\p
MeI/N\Co" ril/Me 1. O,, DCM _ e
Me—N—"T *N Me WMe
O'\H/O' 2. TFA/DCM, then PPhs OH
I
N
| N
= racemic alcohol product
RCo(dmgH),(pyr) diagnostic of homolytic Co—C cleavage

common vitamin By, model complex
A brief footnote:

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

Arasasingham, R. D.; Balch, A. L.; Cornman, C. R.; Latos-Grazynski, L. J. Am. Chem. Soc. 1989, 111, 4357.



Outline

Characterization of metal porphyrin (alkyl) complexes

. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data
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lll. the S2 mechanism and metal porphyrins (bond formation)



Outline

l. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)
A. photochemistry of metal porphyrins
Il. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)

lll. the S;2 mechanism and metal porphyrins (bond formation)



Relevance of photolysis of Fe—alkyl and Fe—halide bonds

B Possible intermediate step in Fe-mediated cross-coupling

desired product?

detrimental side reaction?

B Activation of precatalyst Fe''(OEP)CI

Cl «Cl
N /N < ) N /N
~ 1 v ~~ I
/Fe > /Fe\
N N N N

catalytically inactive on-cycle complex



Radical clocks to probe metal-carbon bond photolysis

rearrangement to yield vinylic secondary benzylic radical

F
* X
2l N O O 2 . o-|~ ™o
Me =N | ~N Me ¥ Meo =N Ny, —Me cyclization Mo N N Vo
% /I = A = >~ f \Co'II/I
N N —~ N
Me A A Me Me N N Me radical capture Me— SN | SN “Me
N N
N
| | “
N A

rearrangement to generate new primary radical

cyclization

Me

//‘\Me
= = =z ’
< Co''(dmgH),pyr

- Co''(dmgH).pyr

3 radical capture

Co'(dmgH).pyr

Johnson, M. D. Acc. Chem. Res. 1983, 16, 343.



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?



Comparisons between Fe(OEP) and Fe(OEP)(Me) UV-Vis absorption

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

PhsSnH
1/2 F’f1653r12

Fe'l(OEP)(Me) > Fe'(OEP) + CHy +
A

Reactions involving prophyrins

are often monitored

102 ¢ M em™)
4]
(=]

by UV-Vis

400 500 600

Wavelength (nm)

Fig. 1. Electronic spectral changes accompanying the thermolysis of
Fe(OEP)CHj (5.0 x 1075 M) in the presence of PhySnH (1.0 x 107> M)
in benzene at 50°C. Spectra were recorded at 60 s intervals.

Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.



Comparisons between Fe(OEP) and Fe(OEP)(Me) UV-Vis absorption

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

PhgSnH

Felll(OEP)(Me) > Fell(OEP) + CH, + 1/2 PhgSn,
A
“Soret band” typically
‘ appears at ~400 nm
100— t
i’ “Q bands” are typically two
Prp— distinct features between 500—600 nm
0 | | | | T
400 500 600

Wavelength (nm)

Fig. 1. Electronic spectral changes accompanying the thermolysis of
Fe(OEP)CH; (5.0 X 103 M) in the presence of Ph3SnH (1.0 x 1073 M)
in benzene at 50°C. Spectra were recorded at 60 s intervals.

Riordan, C. G.; Halpern, J. Inorg. Chim. Acta 1996, 243, 19.
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UV-Vis absorption spectra for Co(OEP) complexes

Et Et
Et Et
same spectral features as Fe complexes WM absorption bands are blue shifted
Et Et
Et Et
Soret band
.4 392 nm
ABS (A) I) OEP

552 nm
for R = Me, Et, and 2-propionate
1.2+

A/ K Q bands
.0 ,

300 330 400 450  S00 séo 500
Wavelength / nm

UV-Vis spectrum remains

essentially unchanged

Gasyna, Z.; Stillman, M. J. Inorg. Chem. 1990, 29, 5101.
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UV-Vis absorption spectra for Co(OEP) complexes

Et Et
Et Et
same spectral features as Fe complexes WM absorption bands are blue shifted
Et Et
Et Et
f : + ' ; wavelength (nm -1 om™
2.4 392 nm ) gth (nm) € (Lmol™" cm™)
ABS (A) Co (II)OEP
332 nm 551 1.89 x10%
X 8
1.2+ 1
516 9.73 x103
.0 " ) " N\ 391 1.31 x10°

300 350 400 4% S00 550 600
Wavelength / nm

Gasyna, Z.; Stillman, M. J. Inorg. Chem. 1990, 29, 5101.



A (brief) introduction to porphyrin photochemistry

Where and how strongly do these metal porphyrin complexes absorb?

1007 Why does visible light irradiation result in Fe—C bond homolysis?

S0 — absorption bands in the visible correspond to porphyrin-centered transitions

102 ¢ M lem™)

How can absorption of visible light break an Fe—C bond?

400 500 600

Wavelength (nm)



Ultrafast transient absoprtion maps energy cascade in excited Fe porphyrins

although initial excited state is T—1*
internal conversion and LMCT/MLCT sequence

leads to electron in d—d* excited state on Fe

400 nm Porphyrin

(Soret band)
T*—>1*
LMCT
n*—>d,
MLCT Fe
(n,d ) d—on
B \ T
2.0 ps S=3/2
d—d
4Tn_)6 1
S, A, S=5/2)

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

weakens bond to axial ligand

Rury, A. S.; Wiley, T. E.; Sension, R. J. Acc. Chem. Res. 2015, 48, 860.
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l. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)
A. photochemistry of metal porphyrins
Il. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)

lll. the S;2 mechanism and metal porphyrins (bond formation)



Rate constants for iron prophyrin alkylation with primary halides

Br/\
-
DMF, 20 °C
electrochemically-generated Fe(lll)-alkyl intermediate
cl” N e Br” "Me 1N Me c1”” > ph
Fe!(OEP) 0.3 M 15T 170 300 800

rates trend with bond strength and porphyrin electronics

Fe\(TPP) 4 120

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Rate constants for iron prophyrin alkylation with primary halides

Br

g
DMF, 20 °C

electrochemically-generated Fe(lll)-alkyl intermediate

How do we know that Fe(l) is activating the bromide?

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Cyclic voltammetry provides insight into reactive Fe oxidation state

Fe!lC,,TPP “basket handle” complex

(CHy)12

1 :
Ao

new reversible couple appears just before Fe'!//Fe! couple
other ligands (OEP, TPP) behaved similarly

Fe!lC4,TPP >

Felll/Fe!l Fell/Fe!
: : a
I32}LA 1 1
without n-BuBr : :
O)J.A. : :
I E | 1 IL _1E
: ; c
with n-BuBr ' :
E ._..Lﬁ_”_OIA.A
: -E

Fe!C,TPP

Br” ~""Me /
> Fe|||C12TPP(n'BU)

reduction potential ~—-0.7 V

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.




Cyclic voltammetry provides insight into reactive Fe oxidation state

Fe!lC,,TPP “basket handle” complex

(CHy)12

ﬁgoﬂ without n-BuBr
O : N I

O +0i5 ? : -0i5 -E

O - ®
0 Q I

0 //J,‘/\/E”—é%“ with n-BuBr

CV the same regardless of presence of n-BuBr, indicating no reaction between Fe(ll) or Fe(lll) and alkyl bromides

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Possible mechanisms of alkyl bromide activation by Fe(l) porphyrin

XAT-radical capture reduction-radical capture Sn2
Br” ""Me Br” " Me Brl~_Me
o

| I
halogen abstraction SET

+ I

//\ Br
2 . | . NN nucleophilic displacement
Fel(OEP) N"Me Fe'(OEP) Me

radical capture-SET radical capture

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Halogen abstraction-radical capture by Fe(l)

XAT-radical capture

Br” "Me

S

I
halogen abstraction

Y

o
Fel(OEP) N"Me

radical capture-SET

would allow 1°, 2° or 3° bromides to interact with Fe

Arguments in favor:

1. Fe(l) higher radical affinity than Fe(ll)
consistent with Fe(ll) being unreactive towards Alkyl-Br

2. Isoelectronic Co(ll) in Vitamin B4, operates through this mechanism

k7
B3y + RX = X-B;» + R.

fast
Ber + R.-—> R‘BIZ

fast
XB1, + Hy0 (or CH:OH) —> B4, + X

2Bjy + RX = R-B|; + B12s + X~

Blaser, H.-U.; Halpern, J. J. Am. Chem. Soc. 1980, 102, 1684.

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Halogen abstraction-radical capture by Fe(l)

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

Br” "Me

w Argument against:

| low affinity of iron for halide abstraction
halogen abstraction

Y

o
Fel(OEP) N"Me

polarity-mismatched transition state

radical capture-SET

-
n
-<_\

2]---

Z
pa

Al

\/

pd
pd

unlikely mechanism

Blaser, H.-U.; Halpern, J. J. Am. Chem. Soc. 1980, 102, 1684.
Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



Direct reduction and in-cage radical capture by Fe

reduction-radical capture

Br” " Me
o
|
SET
|
//\ Br

Fe"(OEP) ) \/\Me
|

radical capture

unlikely mechansim

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.

rate of reaction with primary bromide

tog k(M™'s™)

-6 n-Bul

n-BuBr

-4

n-BuC

xXp

Fe/Co porphyrins
+
n-BuBr

10 15 20 €°(vvsscE)

reduction potential of nucleophile

® = aromatic anion radicals

poor overlap with
reactivity trends
indicates
direct reduction

mechanism is unlikely



Possible mechanisms of alkyl bromide activation by Fe(l) porphyrin

Sn2

Br/\/\Me Br/\/\Me Br\/\/Me

. y nucleophilic displacement
OEP) e (OEP)  ""me

most likely mechanism

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.



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

more electron-rich porphyrins yield more reactive metal centers:

tetraphenylporphyrin < “hand basket” porphyrin < octaethylporphyrin

more polarizable electrophiles react faster:

n-BuCl

< n-BuBr < n-Bul

Lexa, D.; Mispelter, J.; Savéant, J.-M. J. Am. Chem. Soc. 1981, 103, 6806.

Sn2

Br\/\/ Me

S

nucleophilic displacement

most likely mechanism
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lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
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The S42 displacement mechanism

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

but potentially of immense interest in synthetic organic chemistry...”

Bimolecular homolytic displacement of a radical from a saturated carbon by another radical
(the radical S)2)

N A

R Me/\/\ LG > Me/\/R ‘LG

nucleophilic radical

Johnson, M. D. Acc. Chem. Res. 1983, 16, 343.



First row metal complexes as radical leaving groups

metal complexes have been shown to participate in Sp2 mechanisms

SO
|/

CCly 4
SO, 2 SK2 1.0
/ co'(dmgH),py —— CIC Co'l(dmgH),py —— S + Co'(dmgH),py

R

T
* CCly cyclized product

intermolecular reactivity thoroughly exemplified for the Sy2’ variant

VL

AréOz . S
AN

Me 5\\
R- \)/\ Me" Me
Me ’/H
p ) \p o O. OMe Me
Me N | 2N _-Me ArSO,NMe N _ '
I /CQ'"/I - Ar” N +  Co(dmgH).py
Me=" N N= “Me |
. Br
pyr CHBrCN
> NC X
Me Me

Johnson, M. D. Acc. Chem. Res. 1983, 16, 343.



Outline

Characterization of metal porphyrin (alkyl) complexes

l. molecular and electronic structure

Il. metal-carbon bond strengths

lll. electrochemical data

IV. synthesis and stability

Reactivity of metal porphyrin (alkyl) complexes
I. photolysis of metal-ligand bonds in porphyrin complexes (precatalyst activation)
A. photochemistry of metal porphyrins
Il. alkylation of iron porphyrins by nucleophilic displacement (substrate activation)

lll. the S2 mechanism and metal porphyrins (bond formation)



Questions?



