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O, and CO Binding Behavior of Double-Sided Porphyrinatoiron(II) Complexes
Modified by Amide Residues
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New double-sided porphyrinatoiron(II) complexes having a polar cavity which includes an amide moiety
(5,10,15-tris[2,6-bis(3,3-dimethylbutyryloxy)phenyl]-20-[2-[N-ace’cylvalyloxy]-6—(3,3-dimethylb1ftyryloxy)phenyl]—
porphinatoiron(II) (1b) and 5,10,15-tris[2,6-bis(3,3-dimethylbutyryloxy)phenyl]-20-[2-[3,5-bis(acetamido)ben-
zoyloxyl-6- (3,3-dimethylbutyryloxy)phenyl]porphinatoiron(II) (2b)) were synthesized. 'HNMR spectroscopy
indicated that the amide residues are located on the porphyrin ring plane. The O and CO binding affinities of
1b and 2b were higher than those of 5,10,15,20-tetrakis[2,6-bis(3,3-dimethylbutyryloxy)phenyl]porphinatoiron-
(II) (4b), in response to the local polarity in the cavity. The polar amide residue resulted in a decreased Oz
dissociation rate. Thermodynamic parameters for the gaseous ligand bindings to the 2b complex were also

determined.

In hemoglobin (Hb) and myoglobin (Mb), heme-li-
gand binding properties are governed by the electric and
steric effects of the microenvironment surrounding the
coordination site of heme. X-Ray structural, neutron
diffraction, and Raman studies of oxy-Hb and oxy-Mb
have provided direct evidence that the terminal oxygen
of the bound O forms a hydrogen bond with the distal
imidazole proton of histidine.!™* This electrostatic in-
termolecular interaction contributes to the stabilization
of the Oz-heme binding.

5,10,15,20- Tetrakisphenylporphine (TPP) and their
derivatives have been widely exploited in the develop-
ment of bicinorganic systems,? and can provide an ex-
cellent starting point to fulfill many of synthetic re-
quirements for mimicking the remarkable capabilities
of hemoprotein. Many models of the natural Os car-
rier so far synthesized were also derived from TPP,
having a steric cavity on the ring plane, in order to
prevent u-dioxo dimer formation leading to irreversible
oxidation.>~® Prominent among these modified por-
phyrin complexes is 5,10,15,20-tetrakis(o-pivalamido-
phenyl)porphinatoiron(IT) (picket-fence porphyrinato-
iron; TpivPP).5® TpivPP forms a very stable O,
adduct in toluene at 25 °C and has a long lifetime com-
pared to those of the others. Therefore, the role of the
pivalamido groups in the cavity of TpivPP regarding
O, adduct formation has been discussed in comparison
with the distal histidine in the heme pocket of Hb for
a decade. Although the possibility of hydrogen bond-
ing between the bound O, and pivalamido groups in
TpivPP is denied by the IR and O NMR spectra of
the Oz adduct complex, the amide dipole is known to
contribute to the strong O, affinity.”>!?

In order to clarify the effect of the polar groups
around the coordination site to the O, binding kinet-
ics, Chang et al. synthesized model derivatives equipped
with a range of polar groups situated at similar posi-
tions from the heme center.'? They have demonstrated
that dipolar forces and hydrogen bonding can play a
significant role in regulating the O, affinities of the

hemes. Furthermore, Kyuno et al. synthesized several
modified tetraphenylporphinatocobalt(II)s which con-
tain polar or nonpolar groups in their cavities, and
discussed the relation between the Oy affinity and the
substituted groups.'® Reed et al. recently synthesized
picket-fence-type porphyrinatoirons having one of the
four pivalamido groups replaced by a substituent ca-
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pable of hydrogen bonding, and determined their O,
binding affinities.!® The effect of hydrogen bonding on
the O. affinity was best illustrated by the 10-fold in-
crease observed when one pivalamido group of TpivPP
was replaced by a phenylurea substituent.

We synthesized highly symmetric “double- sided”
porphyrinatoiron(II) complexes, having two cavities
comprising four ester groups on both sides of the por-
phyrin plane, and reported on their Oz and CO binding
kinetics.'® The “double-sided” enclosure showed a sim-
ilar effect as that of the globin wrapping in Hb, and
forms hydrophobic cavities around the axial coordina-
tion sites.!®® However, the lower Oy binding affinities
of double-sided hemes, compared to that of the amide-
residue-substituted derivatives (e.g. TpivPP), was as-
cribed to a decrease in a local polarity inside the cavity.

In the present study we designed and synthe-
sized new double-sided porphyrinatoiron complexes
having a polar cavity which includes an acetamido
group in order to elucidate the influence of the es-
ter and amide residues to the O2 binding affinity:
5,10,15-tris[2,6-bis(3,3-dimethylbutyryloxy)phenyl]-20-
[2-[(N-acetylvalyloxy)]-6-(3,3-dimethylbutyryloxy)phen-
yl]porphinatoiron(II) (1b) and 5,10,15- tris[2, 6- bis-
(3, 3- dimethylbutyryloxy)phenyl]- 20- [2- [(3, 5- bis(acet-
amido)benzoyloxy]-6-(3,3-dimethylbutyryloxy)phenyl]-
porphinatoiron(II) (2b). We report here on the ligation
property and kinetic behavior of the axial base, Os,
and CO to the hemes and discuss the effect of the ester
and/or amide residues on Oz and CO binding (Chart 1).

Experimental

General. Infrared spectra were recorded with a JASCO
FT/IR-5300 spectrometer. 'HNMR spectra were recorded
on a JEOL GSX-400 instrument. The chemical shifts are
expressed in ppm downfield from Me4Si as an internal stan-
dard. FAB mass spectra were measured with a JEOL DX-
303 spectrometer. Absorption spectra were recorded with
Shimadzu UV-2100 spectrophotometer. Thin-layer chro-
matography (TLC) was carried out on 0.2 mm precoated
plates of silica gel 60 F-254 (Merck). Purification was per-
formed by silica gel 60 (Merck) flash-column chromatogra-
phy.

Materials and Solvents.  1,2-Dimethylimidazole (1,
2-MezIm) was purified before use by distillation in vacuo
under reduced pressure. 3,3-Dimethylbutyryl chloride, 4-
(dimethylamino)pyridine, N-acetyl-DL-valine, 3,5-diamino-
benzoicacid dihydrochloride, 4-(1-pyrrolidinyl)pyridine, and
dicyclohexylcarbodiimide (DCC) were commercially avail-
able as special grade and were used without further purifi-
cation. Tetrahydrofuran (THF) and toluene were purified
immediately before use by distillation from sodium and ben-
zophenone. N,N-Dimethylformamide (DMF) was distilled in
vacuo under argon and stored over 4A molecular sieves.

5,10,15-Tris[2,6-bis(3,3-dimethylbutyryloxy)phen-
y1]-20-[2-hydroxy-6-(3,3-dimethylbutyryloxy)phen-
yl]porphine (3). 5,10,15,20-Tetrakis(2,6-dihydroxyphen-
yl)porphine!®® (3.0 g, 40.4 mmol) and 4-(dimethylamino)-
pyridine (3.4 g, 28.0 mmol) were dissolved in dry THF (500
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ml). To this ice-cooled solution 3,3-dimethylbutyryl chlo-
ride (3.9 cm®, 28.0 mmol) was added dropwise with stirring
under an argon atmosphere; the reaction mixture was fur-
ther stirred for 4 h at room temperature. The solution was
brought to dryness on a rotary evaporator and extracted
with CHCls. The organic layer was washed, first with di-
lute hydrochloric acid and then with aqueous NaHCO3. The
organic phase dried over anhydrous NasSO4 was concen-
trated, and the residue was chromatographed on a silica-gel
flash column using CHCls/diethyl ether (10/1 (v/v)) as the
eluent. The second elution band was collected and reduced
to a small volume on a rotary evaporator. The residue was
then dried at room temperature for several hours in vacuo to
give a purple crystalline product (3) (0.59 g, 10.3%). R 0.59
(CHCl3/diethyl ether (10/1 (v/v)). FAB MS [M+1]* 1429.
IR (KBr) 3454 (vom), 1762 cm™! (voo(ester)). 'HNMR
(CDCl3) §=-3.0 (2H, s, inner H), —0.5—0.2 (63H, m, ¢
butyl), 1.2 (14H, m, -CH>-), 7.0—7.9 (12H, m, phenyl H),
8.9 (8H, d, pyrrole-H). VIS. (CHCls3)650, 579, 535, 507, and
413 nm.
5,10,15-Tris[2,6-bis(3,3-dimethylbutyryloxy)phen-
y1]-20-[2-[( N-acetylvalyloxy)]-6-(3,3-dimethylbutyryl-
oxy)phenyl]porphine (1a). To a solution of N-acetyl-
DL-valine (0.17 g, 1.1 mmol), 3 (0.03 g, 0.02 mmol), and 4-(1-
pyrrolidinyl)pyridine (16 mg, 0.11 mmol) in dry THF (4 ml),
DCC (0.22 g, 1.05 mmol) was added. The reaction mixture
was stirred at 25 °C for 10 h. The precipitated N, N'-dicyclo-
hexylurea (DCU) was filtered off and the filtrate was evapo-
rated to dryness. The residue was dissolved in benzene and
insoluble DCU was removed by filtration. The filtrate was
concentrated and the residue was chromatographed on a sil-
ica-gel flash column using CHClz/ethyl acetate (10/1 (v/v))
as the eluent. The eluent was collected and evaporated to
dryness. The residue was then dried at room temperature
for several hours in vacuo to afford a purple crystalline prod-
uct (1a) (18 mg, 54.0%). R 0.35 (CHCI3/ethyl acetate (5/1
(v/v))). FAB MS [M]* 1569. IR (KBr) 1763 (vco(ester)),
1653 cm ™! (vco(amide)). 'HNMR (CDCl;) §=-3.1 (2H, s,
inner H), —1.8, —0.9 (6H, d, -(CHs)2), —0.5—0.4 (63H, m,
t-butyl), 0.9 (3H, s, -CH3 (acetamido), 1.2 (14H, m, -CHy—
), 3.5 (1H, m, -CH(CHs)2), 4.8 (1H, d, NH (acetamido)),
7.4—7.9 (12H, m, phenyl H), 8.9 (8H, s, pyrrole-H). VIS.
(toluene) 650, 583, 537, 507, and 414 nm.
3,5-Bis(acetamido)benzoic Acid (5). After 3,5-di-
aminobenzoic acid dihydrochloride (10.0 g, 44.4 mmol) was
dissolved in 10 M-NaOH aqueous solution (40 ml), the mix-
ture was stirred for 30 min in an ice-water bath. Acetyl
chloride (63 ml, 88.8 mmol) was dropped into the solution
at 5 °C for 3 h; stirring continued for an additional 2 h
at room temperature. The reactant was filtered off and a
white solid was washed with water and then dried in vacuo
at 50 °C for 12 h to give 5 (75.1%). EI MS [M]* 236.
IR (KBr) 3449 (von), 3272 (vnu(amide)), 1705 (voo), 1655
cm™?! (voo(amide)).
5,10,15-Tris[2,6-bis(3,3-dimethylbutyryloxy)phen-
y1]-20-[2-[(3,5-bis(acetamido)benzoyloxy)]-6-(3,3-di-
methylbutyryloxy)phenyl]porphine (2a). To a solu-
tion of 5 (0.15 g, 0.63 mmol), 3 (45 mg, 0.03 mmol), and
4-(1-pyrrolidinyl)pyridine (9.3 mg, 0.06 mmol) in dry DMF
(4 ml), DCC(0.13 g, 0.63 mmol) was added. The reaction
mixture was stirred at 25 °C for 24 h. The DCU was fil-
tered off and the filtrate was evaporated to dryness. After
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the residue had been dissolved in benzene, insoluble DCU
was removed by filtration. The filtrate was concentrated and
the residue was chromatographed on a silica-gel flash column
using CHCls/methanol (15/1 (v/v)) as the eluent. The elu-
tion was collected and evaporated to dryness. The residue
was then dried at room temperature for several hours in
vacuo to afford a purple crystalline product (2a) (19.7 mg,
38.0%). R 0.32 (CHCls/methanol (15/1 (v/v))). FAB MS
[M]* 1646. IR (KBr) 3320 (vnu), 1757 (vco(ester)), 1669
cm~! (vco(amide)). *HNMR (CDCl3) §=-3.1 (2H, s, in-
ner H), —1.2—0.4, (63H, m, t-butyl), 1.2 (14H, s, ~CH,-),
1.6 (6H, s, -CHs(acetamido)), 6.8 (2H, s, NHCO), 7.2—8.0
(15H, m, phenyl H), 8.9 (8H, s, pyrrole-H). VIS. (toluene)
648, 583, 536, 508, and 414 nm.

Iron Insertion.  After porphyrin derivatives and ex-
cess FeBry had been dissolved in dry THF, the mixture was
heated to reflux under argon for 12 h. The mixture was
then brought to dryness on a rotary evaporator, extracted
with CHCl3; the resulting solution was chromatographed on
a silica-gel flash column. The eluate was treated with concd
HBr and dried at room temperature for several hours in
vacuo to give corresponded dark-purple crystalline iron(III)
complexes.

5,10,15-Tris[2,6-bis(3,3-dimethylbutyryloxy)phen-
y1]-20-[2-[( N-acetylvalyloxy)]-6-(3,3-dimethylbutyryl-
oxy)phenyl]porphinatoiron(III)Bromide (1b’). R
0.64 (CHCls/ethylacetate (8/1 (v/v))). FAB MS [M—Br]*"
1622. IR (KBr) 1763 (vco(ester)), 1653 cm ™" (vco(amide)).
VIS. (toluene) 680, 648, 584, 509, and 412 nm.

5,10,15-Tris[2,6-bis(3,3-dimethylbutyryloxy)phen-
y1]-20-[2-[(3,5-bis(acetamido)benzoyloxy)]-6-(3,3-di-
methylbutyryloxy)phenyl]porphinatoiron(III) Bro-
mide (2b’). R 0.3 (CHCl3/methanol (15/1 (v/v))). FAB
MS [M—Br]* 1700. IR (KBr) 3320 (vnu), 1757 (vco(ester)),
1669 cm ™! (vco(amide)). VIS. (toluene) 680, 646, 584, 509,
and 412 nm.

Iron(II) Complex. Reaction of the iron(III) complex
to the iron(II) was carried out using Na2S20O4 in a hetero-
geneous two-phase system under an argon atmosphere, as
previously reported.'®

1b (1,2-MezIm). Compound 1b with 102—10* equiv
of 1,2-dimethylimidazole produced 1b (1,2-MezIm): VIS.
(toluene) 557, 535, and 434 nm. +CO; 534 and 420 nm.
+02; 546 and 421 nm.

2b (1,2-Me;Im). Compound 2b with 10°—10* equiv
of 1,2-dimethylimidazole produced 2b (1,2-MeIm): VIS.
(toluene) 558, 537, and 435 nm. +CO; 532 and 420 nm.
+0O2; 548 and 421 nm.

Equilibrium Measurements.  The equilbrium con-
stants of the axial base were determined at 25 °C under ar-
gon by titration of the four-coordinated porphyrinato-iron-
(IT)s with aliqouts of 1,2-dimethylimidazole in O free tolu-
ene. For the bases there are two possible equilibria: Egs. 1
and 2.

K(B)
FeP + B < FeP(B) (1)
and
K(B
FeP(B) + B = FeP(B), 2)

(FeP: Porphyrinatoiron(II), B: Imidazole derivative). Since
1,2-dimethylmidazole is a sterically hindered base, the titra-
tion shows isosbestic points (i.e. K(B)2=0) and the data
can be fitted to Drago’s equation.!>®
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can be expressed by
FeP(B) + L " 2* FeP(B)L 3)

(L: Gaseous ligand (O2 or CO)). The Oz or CO binding
affinity (gaseous pressure at half Oz or CO binding for the
porphyrinatoiron(II), (Py/2(L)=1/K (L)) was determined as
described previously.!®® The heme concentration of 2x10~°
moldm ™3 was used for the equilibrium study, and the spec-
tra were recorded within the range of 700—360 nm.

Kinetic Measurements. Kinetic measurements were
performed by using a laser flash-photolysis technique. The
laser flash-photolysis experiment and data analysis were car-
ried out with a Unisoku (USP-500 series). Rhodamine 590
in anhydrous methanol was used as the dye. The heme con-
centration of 1x10™° mol dm ™2 was used, and most experi-
ments were carried out at 25+0.2°C. After laser-flash pho-
tolysis of the Oz and/or CO complexes, the five-coordinate
adduct of the heme was momentarily obtained by using 1,
2-dimethylimidazole. Under a large excess of 1,2-dimethyl-
imidazole, no species other than the five-coordinate complex
Fe(B) formed following the flash photolysis; a recombination
gave kobsd, represented by

kon(L)

FeP(B)L %% FeP(B) = FeP(B)L (4)
koff (L)
where
Eobsd = kon(L)[L] + ko (L) (5)

Since the gaseous ligand concentrations were always in large
excess to the heme concentration, the pseudo-first-order ap-
proximation was applied throughout.

K(O2) was also determined using the competitive rebind-
ing technique.'®'”) The photolysis of FeP(B)CO in the pres-
ence of an appropriate mixture of CO and O first showed
a rapid recombination to FeP(B)O2, followed by a slow
return to FeP(B)CO, since K(CO)>K(02) and kon(CO)-
[CO] < kon(02)[O2] for a wide range of [O2] and [CO].

kon(02)

FeP(B)CO % FeP(B) = FeP(B)O; (6)
kotf(02)
1 |
kobsd (slow)
From Gibson’s equation,
_ K(02)[0g] 1 1
1/kobaa (slow) = 22 E0)CO] T Eon(CONICO] T For (02)

(7)
a plot of 1/kobsa(slow) vs. [O2]/[CO] yields a straight line
with a slope of the K(O2)/kon(CO). The enthalpy and en-
tropy changes (AH and AS) of the O2 binding reaction were
calculated in terms of the Oz binding affinity at various tem-
peratures using van’t Hoff plots. The temperature of the
solution was maintained to a precision of £0.2 °C. Arrhe-
nius activation parameters for ligand association were de-

termined by measuring the ligand rebinding rates at 10—35
°C.

Results and Discussion

Double-sided porphyrinatoiron complexes (1b and
2b) are equipped with amide residues around the ax-
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ial coordination sites: N-acetylvaline, and the 3,5-bis-
(acetamido)phenyl ring. They include an acetamido
substituent having an N-H group in their superstruc-
ture, which is potentially capable of hydrogen bond-
ing to coordinated O2. The 3,5-bis(acetamido)phenyl
group was chosen as an amide functionality over the
Fe-O; binding site. These compounds were synthesized
by coupling seven substituted porphyrin with acetami-
do derivatives using DCC; 1b’ and 2b’ were soluble in
common organic solvents. Identification and structural
assignments of these complexes were based on some
physicochemical analyses (see Experimental section).

In the 'HNMR spectrum of 1la the CH3-(isopropyl)
signals of N-acetylvaline appeared at —0.9, —1.8 ppm
and shifted more up-field than those of free N-acetyl-
valine. A similar phenomenon was seen for the CH3—
(acetyl) protons (1.6 ppm) in 2a. These results indi-
cate that chemical shifts of the polar substituents of
la and 2a are affected by the porphyrin ring current
shifts, i.e. the acetamido groups are located on the por-
phyrin plane. Furthermore, the (CHj3)3C-(3,3-dimeth-
ylbutyryloxy) signals of 2a were split with 1:2:2:2 at
0.4, —0.1, —0.3, and —1.2 ppm (Fig. 1). This observa-
tion can be understood in terms of a ring-current shift
of the bis(acetamido)phenyl groups, i.e. the plane of
the phenyl ring is perpendicular to the adjacent two
(CH3)3C- groups and the other (CH3)3C- group is
nearly coplanar with the phenyl ring on the front side
of the porphyrin for O2 binding.

Read et al. explored the superstructure conforma-
tion of 5-[a- o-[3,5-bis(acetamido)benzamido]|phenyl]-
10¢,15¢,200,-tris( o-pivalamidophenyl)porphine (6) by
'HNMR spectroscopy. They suggested that the 3-

T
4a
ye .
2a
) —
o.,o -1..0 -20 -30
ppm

Fig. 1. "HNMR spectra of 4a and 2a in CDCl; at 25 °C.
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and/or 5-acetamido groups are capable of intramolec-
ular hydrogen bonding to the adjacent pivalamide
residues. However, it was not possible to unambigu-
ously assign a rigid conformation of 6.1

Imidazole Binding Equilibrium. The binding
for base to both-faces protected porphyrinatometal is
usually depressed with an increase in the steric bulk of
the substituents.'® In a previous study we reported that
the coordination of double-sided porphyrin to an axial
base could be controlled by the nature and structure of
the cavity.!® The K(B) for 1,2-dimethylimidazole to 5,
10,15,20-tetrakis[2,6-bis(3,3-dimethylbutyryloxy)phen-
yl]porphinatoiron(II) (4b), having two cavities compris-
ing 3,3-dimethylbutyryloxy groups on both sides of the
ring plane, was slightly lower than that for single-face
hindered porphyrin (e.g. TpivPP), indicated that the
unfavorable steric repulsion on the rear side of 4b is
appreciably weakened.

The equilibrium constants for 1,2-dimethylimidazole
to 1b and 2b were determined by the absorption spec-
tral changes occurring upon titration of a toluene solu-
tion of the four-coordinate species with the imidazole
derivatives under an argon atmosphere. The addition
of 1,2-dimethylimidazole to 1b or 2b gave only five-
coordinate high-spin species cleanly; well-defined iso-
sbestic points were observed in the visible absorption
spectra during titration. The K(B) for the binding of
1,2-dimethylimidazole to the double-sided heme com-
plexes (1b, 2b and 4b), having other cavities on the
porphyrin plane, are summarized in Table 1. The K(B)
of 2b and 4b were nearly the same, suggesting that
the 1,2-dimethylimidazole bound to the central iron of
2b from the less-polar cavity side comprises by four 3,
3-dimethylbutyryloxy groups. On the other hand, the
K(B) of 1b was slightly larger than those of the others.
Since the N-acethylvaline residue is small and flexible
compared to the t-butyl and the phenyl groups, only a
few bases can bind to the central iron of 1b from the
polar-cavity side having N-acetylvaline.

O, and CO Binding Affinity. @ Compounds 1b
and 2b with 1,2-dimethylimidazole gave stable and re-
versible O adducts in toluene at 25 °C. Spectropho-

Table 1. Equilibrium Constants for the Binding of
Axial Base to Fe(IT) Porphyrin Complexes in Tol-
uene at 25 °C?¥

Porphyrin Ligand 107K (B) Ref.
dm?® mol ™!
1b 1,2-MezIm 2.4 This work
2b 1,2-MezIm 1.1 This work
4b 1,2-MezIm 1.3 15b
TpivPP 1,2-MepIm 37 5b
TPP 2-Melm 24 b)

D. Brault and M.
57, 654

a) Estimated errors<10% b)
Rougee, Biochem. Biophys. Res. Commun.,
(1974).
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Table 2. Parameters for Binding of Oz and CO to Fe(II) Porphyrin (1,2-MezIm) Com-
plexes in Toluene at 25 °C?
O2 CO
Porphyrin 10~ "kon 10~ *kog  Pij2 10~ %kon 10°P, /2 Ref.
dm?® mol™! 57! st Torr  dm® mol™! s7! Torr
1b 4.0 4.5 150 6.5 14 This work
2b 4.0 3.6 120 6.1 15 This work
4b 4.7 7.9 230 9.0 17 15¢
TpivPP 11 4.6 38 14 9 15¢

a) Estimated errors<10%.

Table 3. Thermodynamic Parameters for the Binding of Oz and CO to Fe(II) Porphyrin (1,2-Me2Im) Complexes

[Vol. 66, No. 6

in Toluene
02 Cco
Porphyrin AH AS E,°® log A°® AG* E,°» log A°" AG*
kJmol™?  JK !mol™! kJmol? — kJ mol™!  kJ mol~? — kJ mol™?!
2b —-59 —180 15 10 30 18 9 40
4b —59 —188 20 11 30 33 12 39
TpivPP? —60 —-176 13 10 27 — — —

a) Values calculated from AH # and kon(O2) in Ref. 18.

tomeric Oz and CO titrations of 1b (1,2-Me;Im) and
2b (1,2-MezIm) were carried out under conditions of ex-
cess base ([1,2-Me2Im]|=0.2 moldm™3). The isosbestic
points were maintained in all of the titrations.

The values of Py/5(02) were determined from the
spectral changes at various partial pressures of Oy us-
ing an equation employed by Collman et al.,*® since O,
binding to 1b and 2b complexes at 25 °C were incom-
plete, even at 760 Torr (1 Torr=133.322 Pa) O,. The
K(O2)(=1/P;/5(02)) was also determined kinetically
by the previously described Gibson’s method.!”*® This
technique takes advantage of the approximately 10-fold
faster rate of O, addition to heme compounds, com-
pared to CO, and the much larger binding constant
of CO to the hemes. Under all conditions, a plot of
1/kobsa(slow) vs. [O2]/[CO] gave K(O3). The K(O2) de-
rived from the competition method was in accordance
with that obtained directly under equilibrium condi-
tions. The CO binding affinities of these complexes were
large enough to apply Hill’s plot.

The values of Py, for Oz and CO binding are sum-
marized in Table 2. The O, binding affinities of the
1b (1,2-MezIm) and 2b (1,2-MezIm) complexes were
significantly higher than that of 4b (1,2-Me;Im). Since
the K(B) for the binding of 1,2-dimethylimidazole to 2b
was nearly the same as that for the 4b, the difference
in the O, affinities cannot be entirely attributed to an
unfavorable steric repulsion between the axial imidazole
and the 3,3-dimethylbutyryloxy groups. On the other
hand the P;/5(CO) values of these complexes were al-
most the same as that of the 4b (1,2-MeIm) complex.

Several previous studies concerning Oy carrier mod-
els have unmistakably demonstrated that O5 bind-

ing to hemes is very sensitive to the solvent polar-
ity and/or local polarity of the cavities on the ring
plane. It is generally accepted that an increased sol-
vent polarity enhances the O; binding due to a sta-
bilization of the expected charge separation with Fe—
O, bonding in unprotected hemes, and the dipole of
the amide moiety contributes to the O, adduct in pro-
tected hemes.”12—1417—21) The O, binding affinity of 5,
10,15,20-tetrakis(2,4,6-triphenylphenyl)porphinatoiron
having nonpolar and wide cavities on both sides of the
porphyrin plane was very low compared with those of
the TpivPP and 4b.'®

The 2-fold increase in the Oz binding affinity of 2b,
compared to that of 4b, suggests that the introduction
of an acetamido group to the less polar cavity results
in a slightly polar environment around central iron ion,
which stabilizes the O2 adduct. This corresponds to a
AAG of 1.7 kJmol~!, which is too small to contribute
to stabilization of O3 binding by hydrogen bonding. We
suggest that the high O2 binding affinity of 2b, com-
pared to that of 4b, can be mainly attributed to a weak
favorable dipole contribution of the amide moieties.

Kinetics of O and CO Binding. In order to
elucidate the influence of the amide residues to the Oy
and CO binding affinity, the dynamics of gaseous ligand
binding were explored by laser-flash photolysis. When
toluene solutions of the FeP(1,2-Me2Im)CO ([heme]=
1x107% moldm™3, [1,2-Me,Im]=0.2 moldm~3) were
photolyzed, linear decay plots of log AA vs. t were ob-
tained. This indicates a clean monophasic rebinding.
The value of &, (CO) was estimated using Eq. 5. Un-
der the same conditions, flash photolysis of the stable
dioxygenated complex (FeP(1,2-Me2Im)O;) was carried
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out over a range of Oz concentrations. The ko, (O2) was
obtained using Eq. 5 and kos(O2) was calculated from
kon(O2)/ K(O2). Kinetic parameters for the gaseous li-
gation of double-sided porphyrinatoiron complexes are
summarized in Table 2.

Traylor and Collman independently found several ef-
fects on Oy and CO binding kinetics of synthetic por-
phyrinatoiron complexes.!”*®) These investigations sug-
gested that the following factors affect the Oy and CO
binding kinetics of model hemes: (1) proximal base li-
gation as a fifth ligand of hemes, (2) a distal steric hin-
drance, and (3) an increased solvent polarity or electro-
static interactions.

In general, the k,,(O2) value has been reported to
decrease only due to distal steric hindrance. The shapes
of the cavities for O3 and CO binding of our double-
sided complexes are appreciably different from that of
TpivPP, e.g. from the 'HNMR spectra it is assumed
that the acetamide groups of 1b and/or 2b are located
on the porphyrin ring plane. This corresponds to slight
difference in the k., (O2) between the double-sided series
and TpivPP. However, the higher O3 binding affinities
of 1a and 2b complexes, compared to 4b, were mainly
attributed to kog(O2).

Momenteau et al. considered that the 10-fold increase
in the Oz binding affinity of the amide to the ether
‘hanging-base’ porphyrins resulted from a difference in
the kog(02).29) Traylor et al. suggested that the high
O; binding affinity of the [5]heme[5](3,5)pyridinophane
resulted from introducing two amide moieties and a po-
lar pyridine ring in direct contact with the bound O,.2")
Therefore, our result indicates that the introduction of
the acetamido groups to the cavity increases a local po-
larity around the coordination site, and stabilizes the
dioxygenated species derived from the decreased disso-
ciation rate.

Our kinetic data concerning the CO complexes
demonstrated that ky,n(CO) decreases in the order
TpivPP>4b>1b,2b. The slightly decreased kon(CO)
of 1b and 2b is mainly attributed to the distal steric
hindrance of the polar cavity around the coordination
site.

The enthalpy and entropy changes of the dioxy-
genation equilibrium of the 2b (1,2-MesIm) complex
were determined from van’t Hoff plots (15—35 °C). The
thermodynamic values are summarized in Table 3. Fur-
ther, the activation energy for a gaseous ligand associa-
tion was determined by Arrhenius plots. The values for
the transition energy and the preexponential factor for
the transition state are also summarized in Table 3. The
thermodynamic values of the double-sided heme com-
plexes are similar to those of TpivPP. No appreciable
differences in the thermodynamics parameters were ob-
served among them.

We studied the binding properties of double-sided
porphyrinatoirons having an amide residue. The acet-
amido group of 1b and/or 2b was located on the por-
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phyrin plane, and increased the local polarity around
the coordination site, compared to that of 4b, hav-
ing less-polar cavities constructed by four 3,3-dimethyl-
butyryloxy groups. The polar cavity of the 1b and 2b
complexes increased the O5 binding affinity, as reflected
by the decreased dissociation rate, compared to that of
4b.
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