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Abstract

Thermolysis of Fe(P)R (P = octaethylporphyrinato dianion, R = C¢Hs, CH;, CyHs, CH,C(CH3)3; P = tetraphenylporphyrinato
dianion, R = C¢Hs; P = tetra(p-tolyl)porphyrinato dianion, R = C¢Hs) in benzene yielded Fe(P) and RH quantitatively. Rate-limiting
homolytic iron—carbon bond dissociation kinetics were determined by competitive trapping of the carbon radicals with Ph;SnH:
Fe(P)R + PhySnH.A Fe(P) + RH + 1/2PhgSn,. Determination of the temperature dependence of the limiting rates of the trapping
reactions yielded the following bond dissociation activation enthalpies AH*p(Fe-R): R = CgHs, 33 kcal mol™!, CHj, 23 kcal mol™!,
C,Hs, 19 keal mol™!, CH,C(CHa)s, 17 keal mol~}. Assuming diffusion-limited Fe(P), R’ recombination, the corresponding Fe(P)-R
bond dissociation energies were estimated to be ca. 2 kcal mol~! lower than these values. Addition of the axial ligands, L, yielded six-
coordinate species, LFe(P)CH; (L = py, PEt;) and accelerated the rate of iron—carbon bond homolysis.
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1. Introduction

Organoiron compounds containing iron—carbon o-
bonds have been invoked in several biological systems,
notably as intermediates in lipoxygenase oxidations [1]
and heme inactivation in hemoglobin, myoglobin, cyto-
chrome P450 and catalase by the suicide inhibitor, phen-
ylhydrazine [2]. It has been suggested that the inactiva-
tion mechanism involves formation of a o-bonded iron-
phenyl complex followed by oxidative migration of CgH;
from iron to the nitrogen of the porphyrin as the protein
denatures. Model studies using synthetically accessible
porphyrins have helped define likely intermediates of
the phenylhydrazine oxidation which ultimately produces
the organometallic complex [2]. Mansuy [3] has charac-
terized the bis(phenylhydrazine) derivative, Fe(TPP)-
(C¢H;NHNH,), (TPP = tetraphenylporphyrinato dianion)
and selectively oxidized it to first, the bis(phenyldiazene),
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FC(TPP)(C6H5NNH)2, and then to FC(TPP)C6H5 The
oxidative migration of the C¢H; group, which ultimately
is responsible for protein denaturing, also has been well
defined in model studies [2]. Fe(P)C¢Hs (P =TPP,
OEP = octaethylporphyrinato dianion) undergoes a one
electron oxidation to Fe(P)CgHs*, followed by phenyl
migration to nitrogen analogous to the metal-to-ligand
migration that has previously been demonstrated to fol-
low oxidation of alkylbis(dimethylglyoximato)cobalt
complexes [4]. A second one electron oxidation yields
stable Fe™(P-NC¢Hs)?*. Reduction of the N-phenylated
complex facilitates back-migration to regenerate Fe(P)-
CGHS.

Alkyliron porphyrin complexes, Fe(P)R, may be syn-
thesized by several routes [5]. They undergo Fe-R inser-
tion reactions with a variety of small molecules including
0,, CO,;, CO and SO, [6]. The trend of CO insertion
rates, alkyl > CH; >>> CgHj, parallels the typical trend of
decreasing metal-carbon (e.g. Co—-R) bond dissociation
energies consistent with a pathway triggered by Fe-R
bond homolysis analogous to that for the insertion of O,
into Co-R bonds [7]. While other recent studies provide
fairly convincing qualitative evidence for reversible iron—
alkyl bond homolysis [8], there clearly is a need for
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quantitative information about the kinetics and energetics
of such dissociation reactions.

The present study is designed to address this need by
determining the iron—carbon bond dissociation rates and
energies of a range of (L)Fe(P)R complexes in which the
alkyl or aryl ligand (R), the axial base (L), and the por-
phyrin ring (P) were varied systematically. We have em-
ployed the kinetic method previously used extensively to
determine cobalt—carbon bond dissociation energies
[9.10]. This involves determination of the kinetics of ho-
molytic dissociation of the iron—carbon bond upon ther-
molysis of Fe(P)R, using a suitable trap, in this case
Ph;SnH, to capture the alkyl radical in competition with
recombination with Fe(P) (Egs. (1) and (2)). Confirma-
tion of this scheme was provided by the kinetic behavior
and product characterization.

k
Fe(PR = Fe(P) + R’ (1)
ky
R’ + Phy;SnH—%2—5 RH + Ph,Sn’ )
PhySn'—' 5 1/2PhgSn, 3)
2. Results

The general pattern of thermolysis of this class of
compounds is exemplified by that of Fe(OEP)CH;. Ther-
molysis of Fe(OEP)CHj; in benzene or toluene yielded
Fe(OEP) and CH, quantitatively as determined by UV-
visible and 'H NMR spectroscopies. In the presence of
Ph3;SnH as a free radical trap, the products of thermolysis
of Fe(OEP)CH, were Fe(OEP), CH, and PhgSn, (deter-
mined by 19Sn NMR) in accord with Eq. (4).

Fe(OEP)CH, + Ph;SnH —2—

Fe(OEP) + CH, + 1/2Phg¢Sn, C))
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Fig. 1. Electronic spectral changes accompanying the thermolysis of
Fe(OEP)CHj (5.0 x 1075 M) in the presence of Ph3SnH (1.0 x 107> M)
in benzene at 50°C. Spectra were recorded at 60 s intervals.
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Fig. 2. First order plots of disappearance of Fe(OEP)CH3 (5.0 x 10> M
initially) in benzene at 70°C in the presence of PhySnH:
(@)=20x102M, ({)=2.0x1073M, () =4.0x 1074 M.

The spectroscopic changes accompanying the reaction are
depicted in Fig. 1. The decomposition of Fe(OEP)CH,,
monitored by UV-visible spectroscopy at 550 nm, exhib-
ited first order kinetics over at least three half-lives (Fig.
2). The rate of decomposition increased with increasing
[Ph,SnH] to a limiting value (typically at >0.02M
Ph,SnH) (Fig. 3). Similar trapping of the CH; radical was
observed using 2,2,6,6-tetramethylpiperdine-N-oxide
(TEMPO) as free radical trap. The products of this first
order reaction were CH;~TEMPO and [Fe(OEP)],0, the
latter formed in a secondary reaction between Fe(OEP)
and TEMPO. At 50°C, the limiting rate constant for
trapping by TEMPO, k= 5.9 X 10~ s, agreed well
with that for trapping by Phs;SnH, k., = 6.2 X 10~4 s7L.
These results can be accommodated by the mechanism of
Egs. (1)~(3), according to which the rate of decomposi-
tion of Fe(OEP)CH; is given by

_d[Fe(Cle;ZP)CHsl = k. [Fe(OEP)CH,]

_ kyk,[Fe(OEP)CH, ][Ph,SnH]
" k[Fe(OEP)] + k,[Ph,SnH]  (5)

with

- kyky[Ph,SnH]
°bs ™ k,[Fe(OEP)] + k,[Ph,SnH]

6

In the limiting regime when k,[Ph,SnH] >>k_[Fe(OEP)],
kops = k1. Consistent with the above mechanism, addition
of independently prepared Fe(OEP) resulted in a slowing
of the decomposition reaction. With added Fe(OEP) and
Ph,SnH under pseudo-first order conditions, i.e.
[Fe(OEP)], [Ph3SnH] >> [Fe(OEP)CH3], the decomposi-
tion kinetics were consistent with competitive trapping of
CHj" by Fe(OEP) and Ph;SnH as exemplified by the lin-
ear plots of 1/ky, versus [Fe(OEP)]/[Ph;SnH] (Eq. (7),
Fig. 4).
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Fig. 3. Plot of kg versus [PhySnH] for the thermolysis of Fe(OEP)CH3

in benzene at 70°C. Initial [Fe(OEP)CH3] = 1.0 1075 10 5.0 X 107 M;
{Ph;SnH] = 0, 0, 0.4, 1.0, 2.0, 2.0, 5.0, 10, 20, 40 mM.

sulted in immediate and quantitative formation of
Fe(OEP)py, and C,H, as determined by 'H NMR. Similar
addition of pyridine-ds to the CH; and C¢Hs derivatives
however, yielded six-coordinate species, i.e. (py)Fe-
(OEP)R. Addition of pyridine to benzene solutions of
Fe(OEP)CH; resulted in UV-visible spectroscopic
changes consistent with those reported for Fe(OEP)C¢H;
[13]. Thermolysis of Fe(OEP)CH; in the presence of
pyridine, with Ph;SnH as added trap conformed to the
stoichiometry of Eq. (8) and exhibited first order kinetics.
At 70°C, with [Ph;SnH] >2 X 1072 M, the rate of de-
composition increased with increasing [pyridine] to a
limiting rate constant of 1.5 X 102 s7! at >2.0 M pyri-
dine. Assuming a rapid equilibrium between Fe(OEP)CH;
and (py)Fe(OEP)CHs,, the relation between kg, the indi-
vidual rate constants, k; and kp,, and the dissociation
constant, Kp, is given by Eq. (9).

y’

(py)Fe(OEP)CHj; + Ph;SnH —

1 _1_+ k_, [ [Fe(OEP)] 0
ks ki kyky { [PhySnH]
Fe(OEP)py, + CH, + 1/2PhgSn, (8)
‘When combined with independently determined values of 1 1 Kp
i i = + 9
k, from measurements of rates of trapping of free radicals ko ki by Ky ko~ [pyridine] 9

by Ph;SnH [11], these results yielded values for the re-
combination rates, k_;, listed in Table 1. These are in the
same range as rate constants for other metal alkyl radical
recombinations [10] and consistent with the value of
3.9 x 10 M! 571 reported by Brault and Nexa for the
combination of CH;" with Fe(deuteroporphyrin) [12].

The activation parameters, AH* and AS*, were deter-
mined from rate measurements under the limiting condi-
tion, ks = k3, no added Fe(OEP), over the temperature
range 50-75°C. The results are summarized in Table 2.

Since values of k_;, where measured, are in the diffu-
sion-controlled regime, AH*_; may be approximated by
AH? of viscous flow which, for solvents such as benzene,
is ca. 1-2 kcal mol~!. Applying this correction yields the
bond dissociation energies listed in Table 1. These range
from 15 to 31 kcal mol™!.

2.1. Thermolysis in the presence of added base

2.1.1. Pyridine
Addition of pyridine-ds to Fe(OEP)C,Hs at 22°C re-

Table 1

The plot of kg, versus [pyridine] in Fig. 5 exhibits the
predicted saturation kinetics behavior, with the best fit to
Eq. (9) obtained using the values k,, =1.56 X 102 57!
and Kp=0.44 M-1, Measurement of k., in the limiting
regime, [pyridine] > 2.0 M, at temperatures ranging from
50 to 70 °C yielded AH* =21.9 kcal mol-! and AS* =—
3.2 cal mol~1°K-1 (Tables 3 and 4).

2.1.2. PEt;

Addition of PEt; to benzene solutions of Fe(OEP)CH;
resulted in a color change from rose to orange and forma-
tion of (PEt;)Fe(OEP)CH, as determined by UV-visible
and "H NMR spectroscopies. Thermolysis in the presence
of Ph;SnH yielded Fe(OEP)(PEt;),, CH4 and PheSn,.
Well behaved first order kinetics were observed. A plot of
kqps versus [PEt;] at 20°C exhibited saturation kinetics at
[PEt;] > 0.2 M (Fig. 6). The data are best accommodated
with kpg,, =9.7 X 10 57! and Kp=1.6 X 107 M1, Ac-
tivation parameters, determined from measurements of

Rate constants, activation parameters and bond dissociation energies for Fe(OEP)R complexes

R ky k_1/ky k. AH? As* Dger

7, 25°C) (T°CPR Mt (kcal mol™") (cal (mol K)™1) (kcal mol~t)
CH3 25x%1075 155 (70) 1.4x10° 23.3£0.4 ~1.1£12 21
CoHs 1.0x 1073 117 (60) 1.0x10° 18.6 0.6 -93£17 17
CH,C(CHs)s 38x 1072 998 (15) 173%14 66+48 15
CgHs 3.8x1071 33.0£1.2 45:29 31

3Temperature at which the ratio k_;/k; was measured.
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Table 2

Temperature dependence of k,pg for thermolysis of Fe(OEP)R in the
presence of limiting concentration of Ph3SnH

R T(°C) 10%,; 1
CH; 50 0.62
55 1.0
60 1.8
60 1.8
65 33
70 5.1
70 52
70 54
75 8.7
C,Hs 40 0.50
45 0.86
50 12
50 1.3
55 2.1
60 34
65 49
(CH3);CCH, 10 7.2
15 13
15 13
20 21
20 23
25 48
25 50
30 52
30 57
CeHs 118.5 0.03
1185 0.04
137 0.24
141 0.31
141 035
145 0.52
150 0.81

limiting rates over the range 5 to 25°C, are contained in
Table 4.

Kinetic measurements in the presence of added ligand
to Fe(OEP)CH; provide a convenient method for deter-
mining the decomposition rate constants of in situ pre-
pared 6-coordinate complexes which are difficult to iso-
late due to low binding affinities for the axial ligands.

3. Discussion
3.1. Factors influencing bond dissociation energies

3.1.1. Alkyl or aryl ligand

The trend of decreasing bond dissociation energies of
the alkyl derivatives in going from CH; (21 kcal mol™!) to
C,H; (17 kcal mol™!) to CH,C(CH,); (15 kcal mol™) is
readily rationalized by the steric requirements of the alkyl
groups and is in good agreement with corresponding Co—
R values [10]. The Fe(P)-R bond dissociation energies
determined here are significantly weaker (ca. 10-15 kcal
mol™!) than the Co derivatives. The stronger iron—aryl
bond compared with the corresponding iron—-alkyl bond,

is consistent with several other reported such comparisons
[14].

The overriding importance of steric factors in influenc-
ing Fe-R bond dissociation energies in this system is best
exemplified by comparing Fe(OEP)C¢Hs to Fe(OEP)o-
C¢H,CH;. Limiting thermolysis rates at 90°C are 2.0 X
107 57! for C¢H; and 3.0 X 10~ 5! for 0-C4H,CH;. As-
suming similar entropic contributions, the 1000-fold in-
crease in rate observed roughly corresponds to a 3-5 kcal
mol~! weaker Fe-0-C¢H,CH; bond. Parallel differences
of ca. 8 kcal mol-! have previously been reported be-
tween corresponding Co—-CH,C¢Hs and Co—CH(CH,)-
C¢H; bond dissociation energies [15].

3.1.2. Axial ligand

Table 4 summarizes the differences in the limiting
thermolysis rate constants for Fe(OEP)CH; (in the ab-
sence of added axial ligand) and LFe(OEP)CH; where
L = pyridine or PEt;. The range of observed bond disso-
ciation energies is small corresponding to a difference of
3 kcal mol™! between Fe(OEP)CH; and its PEt; deriva-
tive. At 25°C, these correspond to a difference of limiting
thermolysis rates of ca 1.7 X 10% Base ligation to
Fe(OEP)CH,4 could result in substantial displacement of
the metal center relative to the porphyrin plane to ac-
commodate the sixth ligand. In Fe(TPP)CgHs, the only
structurally characterized organoiron porpyrin derivative
to date, the iron is 0.17 A out of the porphyrin plane [16].
Upon ligand binding, the metal is expected to be pulled
towards the trans-axial ligand. This could influence the
Fe~CHj, bond length and bond dissociation energy due to
the increased repulsion between the methyl group and the
porphyrin. Somewhat different patterns of axial ligand
(L) dependence have been determined for CgHsCH,-

1200
2
=z 600 —
S
0 l | T
0 150 300 450 600
[Fe(OEP)]
[Ph3SﬂH]

Fig. 4. Plot of 1/kyyg versus [Fe(OEP))/[Ph3SnH]) for the thermolysis of
Fe(OEP)CH3 at 70°C in the presence of added Fe(OEP). Concentra-
tions were [Fe(OEP)CH3]=1.0x 0% M for all reactions;
{Re(OEP)} =0, 0, 0, 1.4x 1075, 1.0x 1075, 28x1075, 2.8x 1075,
28%x 1073 M and {Ph3SnH] = 0.01, 0.02, 0.04, 0.002, 0.001, 0.003,
0.002, 0.001 M, respectively.
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Table 3

Temperature dependence of kpg for thermolysis of Fe(OEP)CHj in the
presence of limiting concentration of added ligand

Ligand T(°C) 10%s7h
py 50 0.20

py 60 0.50

py 65 1.04

py 70 148

PEt3 5 0.13
PEt; ;g (1)(2)(8)

PEt3 J

PEt; 20 1.04

PEt3 25 1.57

Co(DH),L. (DH, = dimethylglyoxime), CgH;CH(CH;3)—
Co(DH),L. and CgHsCH,~Co(OEP)L [17]. Thus for
CeHsCH,~Co(OEP)L, kyse=2 X 1071 57! (no axial li-
gand), 6 X 10 (L =PBu3) and 6.5 X 107 (L = pyri-
dine).

3.1.3. Porphyrin

At 125°C in mesitylene, the limiting thermolysis rate
constants for the series Fe(P)Ph are 6.2 X 105 s~! (OEP),
42 x 10*s7! (TTP) and 1.4 X 103 s~ (TPP). While the
range of these values is small, the trend, TPP > TTP >
OEP, is in qualitative agreement with the corresponding
Fell/Fell redox potentials [18] or porphyrin basicities; the
Fe(P)-C¢Hs bond dissociation energy increasing with
ligand basicity. The trend parallels that obtained for co-
balt complexes [15b].

4. Experimental section

Elemental analyses were performed by Galbraith
Laboratories Inc., Knoxville, TN. Benzene, toluene and
THF were distilled from Na benzophenone ketyl. Mesity-
lene and pyridine were distilled from Na. PhySnH and
Me,Sn were purchased from Aldrich Chemical Co. and
used without further purification. Grignard reagents were
used as received from Aldrich Chemical Co. or prepared
from RBr and Mg in THF. Fe(P)R (P = octaethyi-
porphyrinato, tetraphenylporphyrinato and tetra-p-tolyl-
porphyrinato) were synthesized from Fe(P)Cl and the
appropriate Grignard reagent in benzene [5a]. The crude

Table 4

Rate constants, activation parameters and bond dissociation energies
for LFe(OEP)CH; complexes in the presence of limiting concentration
of added ligand

Ligand & AH* Ast Dres
(s125°C)  (kcal mol™!) (cal (mol K)~!) (kcal mol™)

None 25x1075 233 -11 21

Pyridine  10x10* 219 -32 20

PEt; 17x10°2 201 1.1 18
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Fig. 5. Plot of kg, versus [pyridine) for thermolysis of Fe(OEP)YCH3
(5.0 x 1075 M) in the presence of Ph3SnH (2.0 x 10~2 M) in benzene at
70°C. The best fit curve was calculated using the values,
kpy=1.56x10"2s! and Kp=0.44 M.

products were purified by column chromatography on
silated silica gel in a Ny-filled glove box. Compound pu-
rity was checked by 'H NMR and UV-visible spectros-
copy. Elemental analysis for Fe(OEP)C4Hs: calc. for
CygHysNyFe: C, 73.45; H 7.55. Found: C, 73.09; H,
7.48%. Fe(P) complexes were prepared by allowing solu-
tions of the corresponding Fe(P)CH,C¢Hs to stand for
several minutes at 30°C. The Fe-CH,C¢Hs bonds were
rapidly homolyzed under these conditions yielding Fe(P)
and toluene. Evaporation of the volatiles yielded pure
Fe(P) as determined by 'H NMR spectroscopy.

Proton NMR spectra were recorded on a QE 300 MHz
spectrometer, Bruker Omega 500 or 300 MHz spectrome-
ters. Spectra were referenced to residual protio solvent
resonances. Deuterium and '°Sn NMR spectra were re-
corded on the Bruker Omega 500 or 300 MHz instru-

12
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4 4.0
)
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0 T
0 0 0.004 0.008
- T T
0 0.2 0.4 0.6
(PEt,] (M)

Fig. 6. Plot of ky,s versus [PEt;] for thermolysis of Fe(OEP)CH3
(5.0 x 1075 M) in the presence of PhySnH (2.0 X 1072 M) in benzene at
20°C. The best fit curve was calculated using the values,
kpgy, =9.7x 1073 57! and Kp = 1.6 x 1073 M1 Inset: expanded view
of low [PEts] range.
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ments. Deuterium spectra were referenced to natural
abundance solvent resonances and 9Sn spectra were
referenced to Me,Sn (0.00 ppm) as internal standard.

4.1. Kinetic measurements

Stock solutions of Fe(P)R (R=CH;, CgHs) and
Ph;SnH were prepared in a Nj-filled glovebox. Due to
their limited stabilities, fresh solutions of Fe(P)R
R= C2H5, CH2(CH3)3 and CH2C5H5) were prepared for
each kinetic run. Aliquots were transferred to a 1cm
quartz spectrophotometric cell which was sealed under N,
with a Kontes roto-seal tap. Kinetic measurements were
made with a Perkin Elmer Lambda 7 spectrometer
equipped with a thermostated cell block. Rates were
measured by monitoring absorbance changes at 392 or
550 nm (545 nm for reactions with added axial ligand)
corresponding to the disappearance of Fe(P)R. Selected
experiments also were monitored at a wavelength
(407 nm) corresponding to the appearance of Fe(P) to
confirm that this rate agreed with the rate of disappear-
ance of Fe(P)R. Values of ky,, were obtained from slopes
of plots of InlA ~ Al versus time over three half-lives.
Duplicate runs typically agreed to within +4%. Reactions
with added base which were not in the saturation regime
showed deviations from linearity after the first or second
half-life. The deviations were consistently in the same
direction, namely towards decreasing rates as the reac-
tions progressed. For these experiments, rate constants
were determined from the data for the first half-life only.
In the limiting regime, all plots were linear through three
half-lives.
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