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The demetalation of iron(III) porphyrins by HCl in acetic acid is catalyzed by iron(II). Rate determinations for three
compounds. support a mechanism consisting of two steps: reduction to the iron(II) porphyrin and decomposition of the
latter by HCL. The first step follows the rate law k,[CIFe!"'P}[Fe(II)][HCI] and the second k,[Fe""P][HCI}", with n =
2 or 3 depending upon the porphyrin. Depending on concentration variables, either of the steps may be rate determining.
The role of the iron(II) porphyrin as an intermediate is supported by measurements of its competitive reactions with HC]

and with iron(III).

Introduction

Demetalation of iron(IIT) porphyrins in acetic acid is shown
in eq 1, where P represents the porphyrin and H,P?* its

CIFellIP + SHCI = HFeCl, + H,P** + 2CI° 6}

completely protonated dication. Demetalation does not
proceed spontaneously,? however, requiring addition of a
reducing agent to act as catalyst, such as an iron(II) salt,?
tin(IT) chloride,® metallic mercury,* and diazomethane.’

In contrast to this slow demetalation, iron(1I) porphyrins
are readily demetalated by HCl. On the basis of such
qualitative observations, Fischer et al.® proposed that the
sequence of reactions 2 and 3 constitutes the mechanism by

CIFeIIIP + Fe(11) 2 FellP + Fe(IID) )
Fellp + 4HC1 - Fedl) + H,P** 3)

which iron(II) catalyzes reaction 1, as well as the reason for
the requirement that salts of iron(1I), not iron(III), be used
in the synthesis of iron(III) porphyrins.°

The proposed sequence has not been verified, although
Morell and Stewart’ carried out some semiquantitative
measurements to establish conditions under which iron(III)
porphyrins might be demetalated rapidly and quantitatively
at room temperature. They found that the extent of deme-
talation in a given time period increased with the concen-
trations of Fe(II) and of HC] (above 0.550 M HCI the rate
then decreases, although [H,0] was not constant during that
variation). They also noted that chlorohemin a was always
demetalated to a greater extent than the less strongly oxidizing
chloroiron(III) protoporphyrin IX, consistent with the elec-
tron-transfer process of reaction 2 being the first step in the
sequence.

We have carried out kinetic studies to determine the effects
of the pertinent concentration variables—ClFe!!(P), Fe(II),
Fe(III), HCI, and (to some extent) H,O. In addition ex-

periments were conducted on the fate of independently pre-
pared Fe'P in the presence of varying concentrations of Fe(III)
and/or HCI, since Fel'P occurs as an intermediate in the
proposed mechanism. The studies were carried out with the
iron porphyrins shown in Figure 1; the deuteroporphyrin IX
dimethyl ester complex (1a, CIFeDPE) and its 2,4-dibromo
derivative (1b, CIFeDBDPE) were used, with a less extensive
study of the Fe(III) complex of «,83,v,8-tetraphenylporphine
(2, CIFeTPP). The measurements were made at 24.8 °C in
acetic acid containing 5% water by volume ({H,O] = 2.80 M).

Results

General Observations. Both HCI and Fe(II) are required
to effect demetalation of the CIFe™'P complexes shown in
Figure 1. Demetalation in acetic acid containing 5% water
proceeds with half-times of 10-1600 s for the ranges of Fell
(typically 10~ to 102 M) and HCI (0.05-1.3 M) employed.

The spectral changes accompanying the reaction are marked
by the disappearance of bands characteristic of the Fe!''(P)Cl
species and the growth of bands characteristic of the H,P**
dication, Appropriate isosbestic points were maintained
throughout,® substantiating the presence of only two porphyrin
species at appreciable concentration throughout the course of
the reaction. Typical spectral scans at various time intervals
are given in Figure 2 for Fe(DPE)CI and in Figure 3 for
Fe(DBDPE)CI and Fe(TPP)CI.

Only very slight dissociation of HCI occurs in glacial acetic
acid.’ The state of ionization of HC] upon addition of 5% H,0O
(=2.80 M H,0) is not known although, by assuming HCl acts
as a weak electrolyte, an internally consistent formulation was
realized.

The predominant species of nonporphyrin iron(III) in this
medium is HFeCl,. Solutions of Fe(OAc); in acetic acid
containing 0.42 M HCl and 2.80 M H,O obey Beer’s law over
a concentration range 1.2 X 10*to 1.2 X 102 M. The same
spectrum results from either LiCl or HC], remains independent
of added excess chloride, and matches closely that of HFeCl,
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Figure 1. Porphyrin structures.
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Figure 2. Spectral scans (25-mm optical path) of the reaction of 2.4
X 107 M Fe(DPE)Cl with 1.2 X 10 M FeCl,, 0.472 M HC], and
2.80 M H,0 in acetic acid at 24.8 °C. Reading upwards at the 550-nm
peak of the porphyrin dication, spectra were taken 0, 210, 460, 810,
1510, and ca. 7000 s after mixing.
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Figure 3. Spectral scans (25-mm cell) of the reaction of 2.6 X 10~
M Fe(DBDPE)CI with 5.69 X 10* M FeCl,, 0.128 M HCl, and 2.80
M H,0 in acetic acid at 24.8 °C. Reading upwards at 550 nm, the
spectra were recorded at 0, 90, 300, 590, 1070, and ca. 4000 s after
mixing. The inset shows similar scans for the reaction of 1 X 107
M CIFe"'TPP with 5.26 X 10™* M FeCl, and 0.123 M HCI; reading
upwards at 440 nm, the times are 0, 140, 340, 640, 1240, and ca. 5000
s after mixing. ’

in both aqueous!® and nonaqueous!*®!! media. The HCIl
concentrations reported in our experiments are therefore the
values after allowing for formation of HFeCl,. (These cor-
rections are small but are significant owing to the strong HC1
dependence of certain reaction steps.)
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Figure 4. Plots of the pseudo-first-order rate constants for the
demetalation of CIFe""'DPE (squares) and CIFe""DBDPE (circles)
vs. the product of HCl and Fe(II) concentrations for kinetic data at
25.0 °C in acetic acid with 5 wt % H,0. Points lying off the line
for the latter complex are at <0.1 M HC} (@) and >0.7 M HCl
(®)—see text and ref 13. Inset: CIFe''TPP.

Kinetics of Demetalation in the Absence of Added HFeCl,.
The reactions followed pseudo-first-order kinetics (eq 4), as

~d[CIFe™P)/d? = kpeq [CIFe'EP] (4)

verified by the linearity of the semilogarithmic rate plots to
at least 88% reaction and by the invariance of k4 over a wide
range of initial concentration of ClFe!'P.1?

Values of k4 are correlated reasonably well by a first-order
dependence on [HCI] and on [Fe(II)] (eq 5 and Figure 4).

~d[CIFe™P]/dz = &, [CIFe™P| [Fe(IT)] [HCI] )

Data for CIFe'DPE follow this relation over the entire
concentration range. Demetalation of CIFe'"DBDBE follows
eq 5 at all [Fe(II)] over a range 0.1-0.7 M HCL!** Values
of k,/dm® mol™ 57! are as follows: CIFe'DPE, 2.19 % 0.13
(33 runs); ClIFe!"DBDPE, 27.3 % 1.5 (20 runs); CIFe"'TPP,
29 % 3 (5 runs).

Certain other variables were tested, among them the source
of iron(III) porphyrin (which was immaterial-see Experi-
mental Section and supplementary materials'2), the monitoring
wavelength (also immaterial), and [H,O]. Modest variation
of water is unimportant for CIFe'"DPE; values of k; /M2 s
([H,0]) are 4.87 (1.90), 1.90 (2.48), 2.13 (2.80), and 2.17
(2.91). Similar data'* for CIFe'"DBDPE show a somewhat
greater variation: 112 M72s7! (1.14 M H,0), 43 (2.24), 27.3
(2.80), 18 (3.35), and 7.6 (4.46).

Demetalation of the iron(IIT) porphyrin catalyzed by

iron(II) does not occur when all the HCl is replaced by LiCl

Substitution of a part of the HC! by LiCl has no effect,
however, and the rate expressions of eq 5 are obeyed (to within
10%) replacing [HCl] by the sum of [HCI] + [LiCl], or [Cl]y,
up to [Cl]t of ca. 0.6 M.

Iron(1I)-catalyzed demetalation also does not occur with
a noncomplexing acid alone, such as p-toluenesulfonic acid.

-In the presence of HCI or LiCl, however, addition of this acid

decreases the reaction rate. For CIFe'"DPE for example, the
apparent second-order rate constant at 0.13 M HCl and 0.65
M TsOH was 0.13 £ 0.02 M~ s7}, compared to 0.28 M~ 57!
in 0.13 M HCl alone. A similar but smaller inhibition was
noted in the case of CIFe'"DBDPE.

Kinetic Effects of Added HFeCl,. Marked rate retardation
is caused by HFeCl, added independently at concentrations
much higher than those generated during demetalation. The
magnitude of the effect can be gauged by noting the decrease
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Figure 5. A plot according to eq 7 (with n = 2) illustrating the effect
of HFeCl, and HCI on the demetalation of CIFe'DPE.
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Figure 6. A plot of eq 7 (with n = 3) illustrating the dependence of
the rate of demetalation of CIFe'"DBDPE upon [HFeCl,] and [HCI].

in the apparent value of k;. For CIFe'DPE, values!'? of k2P
ranged from 0.49 to 2.2 M2 57! (over the concentration ranges
2.8 X 1073 < [HFeCl,] < 3.8 X 1072 M and 0.201 < [HCI]
< 1.04 M), compared to 2.19 M2 57! in the absence of HFeCl,.
For CIFe'"DBDPE, a similar study'? gives k;**? from 1.05 to
25.9 M2571(for 1 X 10™* < [HFeCly]o < 2.6 X 102 M and
0.223 < [HCI] < 0.563 M), compared to 27.3 M2 57! without
added HFeCl,.

Data for both complexes can be fit to a similar equation,
eq 6, although the HCIl dependences of the denominator term

—d[CIFe™P] _ , [CIFe™P] [Fe(ID)] [HC]
df 1+ «[HFeCL]/[HCT" ©)

are different, being n = 2 for CIFe!"DPE and n = 3 for
CIFe!"DBDPE.
Rearrangement to the form shown in eq 7 provides a relation

[FeqD]HCY _ 1 _ 1« [HFeCld]
kobsd klapp kl k1 [HCI]"

(M

useful for graphical correlation. Figures 5 and 6 depict the
suggested linear plots.

The least-squares parameters for CIFe''DPE, with n = 2,
are k; = 2.08 £ 0.07 M?s! and « = 3.7 = 0.2 M (19 runs).
The former agrees with the value of k, from the experiments
without added HFeCl,.

Similar treatment for CIFe'"DBDPE requires an expression
with n =3 and yields k, = 27 £ 5M?standk =15+ 3
M2, The former also agrees with k; = 27.3 & 1.5 M~' 57, from
runs without added HFeCl,.

Only a single determination with C1Fe!"TPP was carried
out. It, too, showed an appreciable retardation by HFeCl,,
but a complete study was not attempted.

Competition Experiments for an Iron(II) Porphyrin Inter-
mediate. The kinetic data suggest that the reaction may

Inorganic Chemistry, Vol. 16, No. 10, 1977 2563

07 :

T

0.6

0.5

0.4

03

ABSORBANCE

0.2

0.1

o | ' L
500 550 600 650
A{nm)

Figure 7. Product spectra of competition experiments for Fe''(DPE)
between HCl and HFeCl,. Each solution contains 4.75 X 10° M
HFeCl,. Curves b—e correspond to 0.014, 0.106, 0.270, and 0.936
M HCI. Curve a is the spectrum of pure CIFe'"DPE with 0.014 M
HCI.

involve the intermediate Fe!'P. Since iron(II) porphyrins are
capable of independent existence, experiments were carried
with authentic samples of Fe!'DPE.” We determined the
relative amounts of H,DPE** and CIFe!"DPE produced upon
addition of a sample of the iron(II) porphyrin to a solution
containing both HCl and HFeCl, at known concentrations in
large excess over the amount of the iron(II) porphyrin. The
results of such a study are depicted in Figure 7. At the lowest
[HCI1] the spectrum corresponds primarily to that of
CIFe""DPE, and at the highest [HCI] nearly to the dication
H,DPE?*, with smaller quantities of the iron(III) porphyrin,
These data afford an independent estimate of « of eq 6, 6 %
2 M, compared to the kinetic value 3.7 £ 0.2 M. Considering
the oxygen sensitivity of Fe'DPE, and the slight solvent
difference,!? these results are in reasonable agreement. The
larger value of « found in the competition experiments cor-
responds to a higher yield of CIFe!"DPE than expected,
consistent with a small amount of air oxidation of Fe'DPE
during handling or transfer.

Interpretation and Discussion

Rate Laws and Reaction Mechanism. It is convenient to
discuss the kinetic results in terms of the mechanism in eq 8.

and 9. Applying the steady-state approximation to the

CIFelIp 4 Fe(ll) + HC1 2 HFeCl, + FellP (., k_,) 8)
HC1

Fellp'— 5 Fe(ll) + H,P** (k,) ©)

concentration of the iron(II) porphyrin, the rate law for this
mechanism is given by eq 10, which agrees with the experi-

—-d [ClFemP] B k[CIFelP] [Fe(11)] [HCl]
& 1+ (kafka)((HFeCLy)/ [HCIT (10)

mental expressions, eq 6, for CIFe!DPE (n = 2) and
CIFe!"DBDPE (n = 3). The parameter « of eq 6 is seen to
be k-l / kz.

The nth order HCI dependence for reaction 9 deserves
comment. Demetalation reactions of divalent metallo-
porphyrins have been studied under a variety of conditions.!$
The commonly observed dependence upon acidity is a rate
variation between second and fourth order in [HCI], often of
a multiterm form. Thus the present second-order and
third-order dependence for Fe!'DPE and Fe"'DBDPE, re-
spectively, are surprising neither in themselves nor in the
change in apparent HCI dependence from one compound to
the other. ~

The kinetic results obtained here substantiate the long-
assumed mechanism; the kinetic evidence is supported by
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competition experiments for the intermediate role of the
iron(1I) porphyrin.

Experimental Section

Kinetic Measurements, Reaction rates were determined in strictly
oxygen-free conditions, monitoring the absorbance at a fixed
wavelength with time using a Cary Model 14 recording spectro-
photometer. The wavelength used depended upon the concentration
conditions, with several wavelengths and absorption bands being
utilized.

After each run, the reaction solution was analyzed for chloride.
The iron(II) solution was prepared independently for each run and
analyzed at the start of the run. The kinetic data were treated
according to standard methods for pseudo-first-order kinetics.

Competition Experiments. These measurements consisted of re-
ducing the iron(III) porphyrin to the iron(II) species in an oxygen-free
atmosphere, then transferring small portions to each of several solutions
containing known quantities of HCl and HFeCl,. The product is a
mixture of the free porphyrin dication H,P?* and the iron(III)
porphyrin,!” whose relative concentrations could then be determined
either from their known spectra or (better) by comparison with
solutions from the same series of measurements at the extremes, i.c.,
with [HFeCl,]/[HCI] = 0 and > 1. Absorbances were measured at
the 550-555 nm maximum of the porphyrin dication. Several reducing
agents were tried to prepare Fe!!/DPE, namely, iron powder in 1:1
DMF-acetic acid, sodium dithionite in water—benzene, and Cr?* in
1:1 benzene-acetic acid. Any of these iron(II) porphyrin solutions
is extremely air sensitive, giving rise to one source of systematic error,
namely, the formation of more CIFe!''DPE than expected from the
kinetic reactivity of Fe!'P toward HFeCl, and HCl. Moreover, the
necessity of preparing the Fe!!P in a solvent other than the 95%
HOACc-5% H,0 medium of the kinetic determinations means not only
might Fe!'P be introduced into the competition reaction possibly in
a form containing different axial ligands but also that the final medium,
and hence the quantitative comparison with the kinetic data, is slightly
different in that small quantities of benzene were present.'’

Materials. The iron porphyrins were prepared by standard methods.
These preparations and the elemental analyses, melting points, and
UV-visible spectra of the products are given in the supplementary
materials.!? Lithium chloride was recrystallized from acetic acid by
the addition of benzene® and was dried under vacuum. Reagent grade
p-toluene—sulfonic acid was twice recrystallized from acetic acid and
dried at 50 °C. The acetic acid solvent was mostly the reagent grade
material, but in some cases was refluxed with and distilled from
chromium trioxide.’®* Water was triply distilled from alkaline per-
manganate in a tin-lined Barnstead sill. Chloroform was dried over
calcium oxide for 24 h before use.!” Benzene was washed with sulfuric
acid and then with water and finally was distilled from calcium oxide.?
Fisher A-540 and Alcoa F-20 activated alumina was used for
chromatographic separations.

Solutions of Fe(III) were prepared by dissolving iron powder in
glacial acetic acid containing HCI (0.1-1 M) with exposure to air.
These solutions were used directly as a source of added HFeCl, or
after addition of 5% H,O were used to prepare the Fe(II) stock
solutions for kinetic runs. The Fe(II) solutions were prepared only
for immediate use by stirring with iron powder under an oxygen-free
atmosphere of N, for about 1 hour; such solutions were shown to
contain <1% Fe(III).

Solutions of HCl in acetic acid were obtained by bubbling the dry
gas (either from a lecture bottle or generated by concentrated H,SO,
or concentrated HCI and solid sodium chloride), first through scrubbing
towers (concentrated H,SOy and glacial acetic acid) and then into
the acetic acid solvent.

Analyses. The chloride content of stock solutions was determined
by Volhard titration, after dilution with water to below 10% acetic
acid by volume. The spent reaction solution from each kinetic run
was analyzed for chloride.

Iron(III) solutions were analyzed spectrophotometrically after
conversion to Fe(phen);?*; this method agreed to within 1% of the
total iron powder used. The iron(II) solutions were analyzed by
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cerium(IV) titration and/or by conversion to Fe(phen);**, The peak
of HFeCl, at 361 nm (e 7140 M~ cm™) was used to establish that
the Fe(II) stock solutions were essentially free of Fe(III).

The water content of glacial acetic acid was determined by the Karl
Fischer method?! and was <0.02 M H,0. The water concentration
in the kinetic runs was adjusted to 5.0% by volume, corresponding
to 2.80 M H,O.

The total iron content of iron porphyrins was analyzed spectro-
photometrically as Fe(phen);?* after destructive oxidation of the
evaporated residue with a mixture of concentrated nitric and sulfuric
acids.??

Registry No. 1a, 19442-32-1; 1b, 14688-94-9; 2, 16456-81-8; FeCl,,
7758-94-3; HC, 7647-01-0; HFeCl,, 16950-17-7; H,DPE, 10589-94-3;
H,DBDPE, 14196-91-9.

Supplementary Material Available: Details of the preparation,
analyses, and UV-visible spectra of ClFe"'P samples, along with all
the kinetic data (10 pages). Ordering information is given on any
current masthead page.
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