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ABSTRACT: We report the synthesis and characterization of a bis-pocket iron(III) porphyrin complex
that has a covalently attached siloxy thiolate group as the axial ligand. As a new cytochrome P450
model compound, this siloxyl bis-pocket thiolate-tailed iron(III) porphyrin is easily synthesized and is
surprisingly stable under air due to the extreme steric protection of the siloxy pockets on both faces of the
porphyrin. A single-crystal XRD structure has been determined; the Fe–S bond distance is 2.237 (7) Å
with Fe–N bond distances of 2.100 (8) and the Fe is 0.5 Å out of the mean porphyrin plane. The Fe–S bond
distance in the siloxy thiolate-tailed iron(III) porphyrin is very similar to that in cytochrome P450 and this
structure represents a very rare crystallographically-characterized five-coordinate high spin alkylthiolatetailed ferric porphyrin. EPR spectrum of this compound showed g values and an E/D ratio very similar to
those of cytochrome P450 (CYP450) enzyme, demonstrating the importance of using a very basic thiolate
group as the axial ligand in P450 model studies. UV-vis studies of its reduced form with carbon monoxide
shows a hyper spectrum, which is characteristic of carbonyl complexes of Fe(II)porphyrin thiolates.
KEYWORDS: cytochrome P450, bis-pocket porphyrin, iron porphyrinate, iron(III)-thiolate, EPR, XRD.

INTRODUCTION
Cytochrome P450 (CYP450) catalyzes the oxidation
of organic substrates using O2 as the oxidant at ambient
conditions [1–3]. As an essential enzyme in numerous
organisms, CYP450 has many important functions from
decomposition of xenobiotics to synthesis of important
biomolecules in the cell [4–6]. The active site of CYP450
is a prototype IX heme coordinated by the cysteine
thiolate group at the axial position [7]. This thiolate
ligation is unusual in heme enzymes because most heme
enzymes have a histidine imidazole as the axial ligand.
The mechanism of CYP450 catalyzed reactions has been
studied extensively since the 1970s, and many intermediates
in its catalytic cycle have been spectroscopically and even
crystallographically characterized [4, 6, 8–11]. There
remain, however, many questions in CYP450’s catalytic
cycle yet to be answered [7, 12, 13].
To help elucidate the mechanism of CYP450 catalyzed
reactions, a few synthetic thiolate-coordinated iron
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porphyrin complexes have been designed and synthesized
as synthetic analogs, and studies of these model compounds
have provided many insights into mechanisms of CYP450
catalyzed reactions [14–18]. Synthetic analogs of CYP450
with thiolate axial coordination are generally more difficult
to synthesize and characterize than other heme enzyme
models in which imidazole or its derivatives is the axial
ligand. This is because the electron rich thiolate ligands
are typically much less stable and generally decompose
quickly when exposed to water and oxygen. As a result,
relatively few CYP450 models have been reported in the
last 20 years [13, 18, 19], in stark contrast to the welldeveloped model compounds of myoglobin, hemoglobin,
and cytochrome C oxidase [20–23].
Here we report a high-yield, straightforward synthesis
of a new P450 model compound that is stable under
ambient conditions due to steric protection on both faces
of the metalloporphyrin by bulky siloxy subsituents
(Scheme 1). Most importantly, this new model compound
showed a rhombic EPR spectrum that closely resembles
that of the CYP450 enzyme.
The synthesis of the siloxy thiolate-tailed iron(III)
porphyrin, Fe(2′,6′-TBDPS)7(3-MPDMS)P, was based
on the “bis-pocket” siloxy porphyrins developed in our
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Scheme 1. Synthesis of a thiolate-tailed iron(III) porphyrin, Fe(2′,6′-TBDPS)7(3-MPDMS)P. 3-MPDMS = mercaptapropyl
dimethoxysiloxyl tail

group [24, 25]. Silylation reaction of an octahydroxy iron
tetra-arylporphyrin, Fe(2′,6′-OH)8P(Cl), with excess tertbutyldiphenylsilyl chloride (TBDPSCl) in the presence of
imidazole as a base at 250 °C afforded the hepta-substituted
siloxyporphyrin, Fe(2′,6′-TBDPS)7P(Cl), in 31% yield
(Scheme 1). To install the thiolate tail, a bifunctional
silane, mercaptapropyltrimethoxylsilane (3-MPTMS), was
chosen to derivatise Fe(2′,6′-TBDPS)7P(Cl). 3-MPTMS
was chosen because we reasoned that one of the methoxy
groups on one end of 3-MPTMS could react with the one
remaining hydroxyl group on Fe(2′,6′-TBDPS)7P(Cl) to
covalently attach the tail to the porphyrin moiety. At the
same time, the thiol group at the other end of 3-MPTMS
could be deprotonated by imidazole to afford the needed
thiolate axial ligand (Scheme 1). To our delight, the
reaction of 3-MPTMS with Fe(2′,6′-TBDPS)7P(Cl) in the
presence of imidazole at 100 °C afforded the thiolate tailed
porphyrin, Fe(2′,6′-TBDPS)7(3-MPDMS)P, in 48% yield.

EXPERIMENTAL
Pyrrole was purchased from Aldrich and distilled over
CaH2 before use. All other reagents were purchased from
Aldrich and used without further purification. 1H spectra
were recorded on either a Varian Unity 400 MHz or
500 MHz spectrometer at 293 K. UV-visible spectra were
recorded on a Hitachi U-3300 spectrophotometer or an
EPP2000-HR high resolution fiber optic spectrophotometer.
The University of Illinois Microanalytical Laboratory
carried out the elemental analysis. Matrix-assisted laser
desorption time-of-flight mass spectra (MALDI-TOFMS)
data were collected on an Applied Biosystems Voyager-DE
STR Biospectrometry Workstation.
EPR spectra were recorded at X-band (~9.05 GHz)
on a Varian E-122 spectrometer. The data were acquired
Copyright © 2017 World Scientific Publishing Company

from frozen glasses at ~15 K using an Air Products
Helitran cryostat with liquid helium. The magnetic fields
were calibrated with a Varian NMR Gauss meter, and
the microwave frequency was measured with an EIP
frequency meter.
Synthesis of Fe(2′,6′-TBDPS)7P(Cl), a heptasubstituted bis-pocket porphyrin complex
5,10,15,20-Tetrakis(2′,6′-dihydroxyphenyl)porphyri
natoiron(III) chloride (0.5 g, 0.6 mmol), previously
described [24, 25], tert-butyldiphenylsilyl chloride
(5.0 g, 18 mmol), and imidazole (5.0 g, 74 mmol) were
placed in a 50 mL round-bottom flask equipped with
a magnetic stir bar. The reaction mixture was heated
at 250 °C for 1.5 h under Ar. After removal of the
high boiling point starting material and byproducts by
vacuum distillation, the resulting solid was dissolved
in dichloromethane, washed with a 3 M HCl aqueous
solution and then water. The combined organic phase was
dried with Na2SO4 and the solvent was evaporated under
reduced pressure. The resulting crude product mixture
was purified by silica gel column chromatography
(dichloromethane:hexane = 6.5:10) to give the final
product as a dark brown solid (360 mg, yield 31%).
MALDI-TOF calcd. for C172H172N4ClO8Si8Fe = 2500.9.
Found 2499.3.
Synthesis of Fe(2′,6′-TBDPS)7(3-MPDMS)P, the
Fe(III) bis-pocket porphyrin complex with
a thiolate tail
5,10,15-Trikis(2′,6′-bis(tert-butyldiphenylsiloxy)-phenyl)-20-(2-hydroxy-6-(tert-butyldiphenylsiloxy)-phenyl)
porphyrinatoiron(III) chloride, Fe(2′,6′-TBDPS)7P(Cl),
(1.2 g, 0.46 mmol), (3-mercaptopropyl)trimethoxysilane,
J. Porphyrins Phthalocyanines 2017; 21: 791–795
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3-MPTMS, (10.0 mL, d = 1.057, 95%, 51 mmol), and
imidazole (1.75 g, 26 mmol) were placed in a 50 mL
round-bottom flask equipped with a magnetic stir bar.
The reaction mixture was heated at 100 °C for 2 h under
Ar. After removal of the high boiling point starting
material and byproducts by vacuum distillation, the
resulting solid was dissolved in dichloromethane, and
then washed with water. The combined organic phase
was evaporated under reduced pressure. The resulting
crude product was purified by normal phase thin
layer chromatography (CH2Cl2:hexane = 1:1) and then
several times of recrystallization with dry CH3CN/
CH2Cl2 to give the final product as a dark brown solid
(450 mg, yield 48%). Elemental analysis, calcd. for
FeC161H165N4O10Si7S: C = 73.6, H = 6.33, N = 2.13%.
Found C = 73.8, H = 6.26, N = 2.29%. MALDI-TOF
calcd. for FeC161H165N4O10Si8S = 2629. Found 2630.

RESULTS AND DISCUSSION
Methanol vapor was diffused into a dichloromethane
solution of Fe(2′,6′-TBDPS)7(3-MPDMS)P at room
temperature to give X-ray quality crystals with a platelike morphology. As shown in Fig. 1, single crystal X-ray

crystallography showed that the sulfur atom was bonded
to the iron with an Fe–S bond distance of 2.237 (7) Å
with Fe–N bond distances of 2.100 (8) (cf. Supplemental
information CIF file and Table S1). This Fe–S bond
distance is similar to the 2.20 Å value reported for
CYP450cam when at its substrate-bound ferric high spin
state [26]. The iron was pulled out of the porphyrin plane
by 0.50 Å, indicating the iron is in the high spin state.
The structure reported here is one of very few thiolatecoordinated iron(III) porphyrin structure (non-protein)
reported in the literature and is especially unusual in that
it contains an alkylthiolate rather than an aromatic thiolate
(which are more stable) [18]. This complex also shows the
unusual feature of steric protection on both faces of the
metalloporphyrin, a “bis-pocket porphyrin” [25, 27–33],
and demonstrates the utility of bulky siloxy substituents
to stabilize reactive iron porphyrin species [25].
Because of the rather bulky size of the siloxy group,
the porphyrin can pack either face up or face down, which
causes disorder in the structure, in addition to solvate
disorder. While the quality of the single crystal diffraction
data is somewhat limited (Supporting information Table
S1 and CIF file), the structure is still useful. Many highly
solvated solids (e.g. zeolites, MOFs, and porphyrins)
inherently give limited quality overall refinements

Fig. 1. Crystal structure of the high-spin five-coordinate thiolate Fe(III)porphyrin complex, Fe(2′,6′-TBDPS)7(3-MPDMS)P; thermal
ellipsoids drawn at the 10% probability level. Hydrogen atoms and disordered CH2Cl2 have been omitted for clarity
Copyright © 2017 World Scientific Publishing Company
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Fig. 2. UV-visible spectrum of (1) the five-coordinate thiolatetailed Fe(III) complex, Fe(2′,6′-TBDPS)7(3-MPDMS)P, in
black, (2) its reduced form [FeII(2′,6′-TBDPS)7(3-MPDMS)P]in red, and (3) its CO adduct [(CO)FeII(2′,6′-TBDPS)7(3MPDMS)P]- in green. All spectra collected in THF at -78 °C

due to the disorder of the solvates; nonetheless, useful
framework information can be obtained even from a
structure with high R values [34], especially when a large
fraction of the components are relative rigid groups (i.e.
in this case, phenyl rings and porphyrins).
The Fe(II) carbon monoxide complex in cytochrome
P450 has a characteristic visible spectrum with split Soret
bands at 380 and 450 nm due to charge transfer from the
lone pair electrons of sulfur to the porphyrin p* orbitals
[35]. An accurate synthetic analog of CYP450 should be
able to reproduce this hyper porphyrin spectrum. Indeed,
split Soret absorption bands were observed at 399 and 470
nm when the Fe(III) complex with thiolate tail, Fe(2′,6′TBDPS)7(3-MPDMS)P was reduced to Fe(II) by CoCp*2
under a CO atmosphere in THF at -78 °C (Fig. 2). The
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split Soret bands are red-shifted ~20 nm compared to
those of CYP450cam, possibly due to the higher polarity
of the solvent (THF) that was used. It has been noted
[36] that the visible spectra of heme carbonyl complexes
are very sensitive to the nature of the solvent. In polar
solvents such as THF, the split Soret bands are blue shifted
compared to the ones in nonpolar solvents such as toluene.
The split Soret bands also show equal intensities in polar
solvents [36]. In addition, we find that the stability of the
CO complex of the thiolate-tailed porphyrin is solvent
dependent. It is stable at -78 °C in THF for an hour, but for
only seconds in dichloromethane. When toluene, an even
less polar solvent, was used, the CO complex could not
be observed at -78 °C. This indicates that polar solvents
are essential to stabilize the charge separation in reduced
carbonyl complexes with thiolate axial coordination.
The EPR spectrum of CYP450 in its resting state shows
significant rhombic character [37]. Although previous
P450 synthetic analogs show a certain degree of rhombic
character in their EPR spectra, most of them have E/D
ratios that are much smaller than the 0.087 value reported
for CYP450cam [37]. This is likely related to the fact
that the cysteine thiolate in CYP450 is more basic than
the thiolate groups used in previous model compounds,
which are typically aromatic thiolates [15–17, 19].
Two rhombic conformers were observed in the EPR
spectrum of Fe(2′,6′-TBDPS)7(3-MPDMS)P recorded
at 15K, Fig. 3. Simulation studies of this EPR spectrum
showed that the first rhombic species (36%) has E/D =
0.088 and gives rises to the peaks at g = 7.65, 3.91, and
1.76. In comparison, EPR values of P450cam(substrate
bound) were reported to be at 7.81, 3.93 and 1.77 with
an E/D ratio of 0.087 [38]. Hence, Fe(2′,6′-TBDPS)7(3MPDMS)Fe appears to be unusual among CYP450
model complexes in that is has such similar high spin g
values and E/D ratios to those of the CYP450 enzyme.
This similarity emphasizes the importance of using a
more basic thiolate ligand in model studies. The second

Fig. 3. EPR spectrum of the Fe(III) thiolate-tailed bis-pocket porphyrin complex, Fe(2′,6′-TBDPS)7(3-MPDMS)P in frozen
CH2Cl2 at 15K (green) and the simulated spectrum (red). *starred peaks originate from less than 6% of high spin and low spin
impurity peaks
Copyright © 2017 World Scientific Publishing Company
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rhombic species (58%) has E/D = 0.142 and gives rise to
the peaks at g = 8.41 and 2.93, which may originate from
further distortion of the porphyrin plane.
When an excess amount of methanol was added to
the dichloromethane solution of Fe(2′,6′-TBDPS)7(3MPDMS)P, the intensity of the rhombic high spin signal
in the EPR decreased, accompanied by an increase of
the low spin signal intensity. This is consistent with a
high spin to low spin conversion caused by methanol
coordination to the iron complex, analogs to the effect
of water coordination in CYTP450. It is interesting to
note that addition of tert-butyl alcohol did not induce
the high spin to low spin transition, presumably because
the sterically hindered siloxy pocket prevents the larger
tert-butyl alcohol from binding to iron. Addition of water
to the dichloromethane solution also did not change
the high spin EPR spectrum of Fe(2′,6′-TBDPS)7(3MPDMS)P, likely due to the strong hydrophobicity of the
siloxy porphyrin pockets, which would deter water from
entering the pocket and thus destablized aquo ligation.

CONCLUSIONS
In summary, a new synthetic route for a bis-pocket
alkylthiolate-tailed CYP450 model compound was
developed. The high stability of this compound is likely
due to the protection from the siloxy pockets on both faces
of the metalloporphyrin. The rhombic, high spin EPR
spectra of this model compound and the P450 enzyme are
very similar, suggesting that the use of more basic alkylthiolate ligation is essential to reproduce the electronic
structures of cytochrome P450. Upon reduction under
CO, the typical hyper spectrum characteristic of CYP450
with a split Soret band is observed.
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