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Abstract 

Two types of bi-bridged dimeric porphyrinato- 
cobalt(H) complexes, ‘picket fence’ type and ‘strap- 
ped’ type as a hemoglobin model, and the corres- 
ponding monomeric complexes were designed and 
synthesized. Their equilibrium constants for mono- 
dentate or bidentate axial ligands and their dioxygen 
affinities were measured in DMF. A strapped type 
dimer complex binds 1,2-bis(4-pyridyl)ethane to 
form a ‘sandwich’ structure and reveals the coopera- 
tive effect upon dioxygen binding. To explain such 
hemoglobin-like cooperativity, an intramolecular 
mechanism is postulated in keeping with the proposal 
of Perutz’s stereochemical trigger mechanism. 

Introduction 

There have been many investigations on the coope- 
rative dioxygen binding of hemoglobin (Hb) [1, 21. 
On the molecular basis to the cooperative effect in 
Hb and its cobalt derivative (CoHb), Perutz suggests 
that the shift of the central iron atom toward the 
porphyrin plane upon O2 binding could play a crucial 
role in this case [3] ; i.e., this shift would accompany 
the movement of proximal histidine and make some 
conformational changes leading to the increased affi- 
nity for other O2 bindings. 

Like the hemoglobin, both mechanisms of trigger 
and of informational conveyance must also coexist in 
the system of synthetic model molecules revealing the 
cooperativity. Based upon the idea mentioned above, 
we redesigned the dimeric model systems in which 
the shift of the first metal atom upon O2 binding 
would be responsible for the regulation of dioxygen 
affinity on the second active site through a bridged 
ligand. Although a similar approach along this line 
was carried out for the series of mono-bridged di- 
merit complexes having suitable ‘sandwich’ struc- 
tures, an appreciable effect was not found. How- 
ever, the results suggest that to some extent the 
unfavorable strains might remain or be released 
even in the case of the mono-bridged dimeric com- 
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Fig. 1. A schematic representation of a ‘sandwich’ structure 
formed by a dimeric porphyrinatocobalt(I1) complex and a 
bidentate ligand. LA L represents a bidentate l&and. 

plexes [4]. In the bi-bridged model complexes of 
the ‘sandwich’ structure with an appropriate biden- 
tate ligand (see Fig. 1), the cobalt(H) atom will be 
moved into the porphyrin plane upon the first 
O2 binding and this shift will accompany the move- 
ment of the bidentate ligand. Finally, it will certainly 
be transferred to another active site with some confor- 
mational changes in the bidentate ligand bond and/or 
displacement of the cobalt atom from the porphyrin 
plane. Therefore, if a difference in dioxygen affini- 
ties between the first and second O2 bindings can 
be seen in our model system, an experimental back- 
ground to the ‘Perutz’s stereochemical trigger’ mecha- 
nism will be realized. 

Experimental 

Proton NMR spectra were recorded on a JEOL- 
FX-100 spectrometer. Mass spectra were obtained 
on a JEOL JMX-DX300 instrument. Electronic 
spectra were recorded on a HITACHI 340 spectro- 
photometer. Oxygenation or axial ligand equilibria 
were determined by spectrophotometric titration 
as reported earlier [4, 51. Pllz values (half-saturation 
oxygen pressures of O2 binding) were determined 
at several wavelengths and varied by less than 5% 
within a single run and from run to run. 

All solvents were reagent grade. Nfl-dimethyl- 
formamide (DMF) and pyridine were stored over 4 
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A molecular sieves for 3 days and were distilled 
at reduced pressure. 4,4’-Bipyridine (BIPY), 1,2- 
(4-pyridyl)ethane (BIPYEt) and 1,3-(4-pyridyl)pro- 
pane (BIPYPr) were passed on alumina, then recrys- 
tallized. 

5a,10/3,15a,20~-Tetra(2-tert-butylcarbonylamino- 
phenyl)porphyrin, IIa, and its cobalt(U) complex, 
IIb, were prepared according to a previously reported 
method [5]. 

Y. Uemori et al. 

Preparation of 5cx,10~,15q20~Tetra(2-aminopheny1)- 
porphyrin, Z 

An atropmixture of meso-tetra(2-aminophenyl)- 
porphyrin [6] (10 g) was chromatographed on a 
silica-gel column (12 X7 cm: CHCl,); the elution 
with CHCls gave a mixture of 5a,lO/3,15a,20& and 
5(~,1Oa,15/3,20&tetra(2-aminophenyl)porphyrin and 
the solvent was evaporated to dryness. The resultant 
solid (3 g) was dissolved in CHC13 and loaded onto a 
4 X 30 cm column of dry 230-400 mesh silica, and 
the elution with chloroform-ether (9: 1 v/v) gave 
about 1 g of I. 

Preparation of 5cv,15c+Bis(2-aminophenyl)-I O/3-20/3- 
(2-tert-butylcarbonylaminophenyl)porphyrin, ZZZ 

To a solution of I (1 g) in CHzClz (300 cm3), a 
mixture of trimethylamine (0.46 cm3) and triphenyl- 
methylchloride (0.83 g) was added. After 1 h of stir- 
ring, methanol (30 cm3) was added to the solution 
and the solvent was removed by a rotary evaporator. 
The resultant solid was dissolved in benzene and 
chromatographed on a silica-gel column (5 X 30 cm) 
using benzene-ether (24:l v/u) as an eluent. The 
second from last band was collected and the solvent 
was removed by a rotary evaporator. The resultant 
solid was dissolved in CHzClz (100 cm”) and treated 
with 3 equivalents of pivaloyl chloride. After the 
solution was stirred for 1 h, concentrated HCl 
(100 cm”) was added and stirred again at 35 “C for 
30 min. Then, the HCl layer was neutralized with 
lO%-NH40H in an ice bath and was extracted with 
CHC13. After the solvent was stripped to dryness, 
the product was crystallized from benzene-hexane 
and gave 100 mg (8%) of IIL Anal. Calc. for Cs4- 
Hs0N802: C, 76.93; H, 5.98; N, 13.29. Found: C, 
76.09; H, 5.84;N, 13.14%. 

Preparation of SqlSa-Bis(2-aminophenyl)-1 O/3,20/3- 
(2,2’-heptamethylene-1,9-dicarbonylaminbphenyl)- 
porphyrin, ZV, and 5q15wIO@20&Bis(2,2’-hepta- 
mefhylene-l,Pdicarbonylaminophenyl)porphyrin, Va 

A dichloromethane solution (1 1) of precursor I 
(1 g) was treated with both pyridine (0.5 cm3) and 
nonanedioyl dichloride (0.29 cm”) at room tempera- 
ture. The solution was stirred at room temperature 
for 2 h, then lO%-NHdOH was added and the solu- 
tion was stirred for 30 min. The organic layer was 
separated and stripped to dryness. The resultant solid 

was dissolved in CHC13 and chromatographed on a 
silica-gel column (3 X 30 cm). The elution with 
CHC13-ether (9: 1 v/v) gave porphyrin IVand the 
product was recrystallized from benzene to give 425 
mg of IV. The overall yield was 42% based on the 
compound I consumed. Anal. Calc. for C53H46N802: 
C, 76.97; H, 5.61; N, 13.55. Found: C, 76.95; H, 
5.60; N, 13.49%. The elution with CHC13-acetone 
(4: 1 v/v) gave porphyrin Va and the product was 
recrystallized from CHC13 to give 130 mg (11%) of 
Va. Anal. Calc. for C62Hs8Ns04*0.25CHC13: C, 
74.10; H, 5.82; N, 11.11. Found: C, 74.11; H, 5.81; 
N, 11.16%. Mass spectrum (FAB). Calc. for &Hss- 
N804.H+: 979. Found: 979. 

Preparation of 5qlSwBis(2-pentylcarbonylamino- 
phenyl)lOP,20P-bis(2,2’-heptamethylene-l,Pdicar- 
bonylaminophenyl)porphyrin, VZa 

This was prepared from IV (500 mg), except 
Valery1 chloride was used in place of noanedioyl 
dichloride. Average yields of 420 mg (69%) were 
obtained after chromatography and recrystallization 
from benzene. Anal. Calc. for C63H62NB04: C, 76.03; 
H, 6.28; N, 11.26. Found: C, 75.64; H, 6.23; N, 
11.28%. 

Preparation of ‘Strapped’ Type Dimer, VZZa 
A mixture of pyridine (0.2 cm3) and glutaryl 

dichloride (0.1 cm3) was added to a solution of 
IV (600 mg). The resulting solution was stirred 
at room temperature for 3 h, then lO%-NH40H was 
added and the solution was stirred again for 30 
min. The organic layer was stripped to dryness and 
toluene (20 cm3) was added to it. The solution was 
evaporated again to dryness. The resultant solid 
was dissolved in CHzClz and the solution was chroma- 
tographed on a silica-gel (4 X30 cm) using CH2C12- 
methanol (5O:l v/v) as an eluent. The third band 
was collected and stripped to dryness, and the prod- 
uct was recrystallized from CHC13 to give 200 mg 
(30%) of VIIa. Anal. Calc. for C116H100N1608*CHC13: 
C, 71.50; H, 5.18; N, 11.40. Found: C, 71.70; H, 
5.13; N, 11.35%. 

Preparation of ‘Picket Fence’ Type Dimer, VZZZa 
This was prepared from III (390 mg) by a proce- 

dure similar to that used for VIIa. Average yields of 
55 mg (12%) were obtained after chromatography 
[1.5 X 20 cm column of 230-400 mesh silica-gel, 
CHCl,-ether (2: 1 v/v)] and recrystallization was 
carried out from benzene-hexane. Anal. Calc. for 
C11sHlosN1608: C, 75.46; H, 5.80; N, 11.93. Found: 
C, 75.05; H, 5.91; N, 11.51%. Mass spectrum (FD). 
Calc. for CllsHlosN1608: 1876. Found: 1876. 

Cobalt(U) Insertion 
(a) VIIa (250 mg) was dissolved in 300 cm3 of 

acetic acid under Nz atmosphere. The solution was 



Bi-bridged Dimeric Porphyrina tocobalt 

TABLE I. ‘H NMR Dataa 

155 

1Ia III VIIIa IV Via Va VIIa 

Methyl protonsb 0.25 0.25 0.13 
Pyrrole protons’ -2.49 -2.61 -3.04 -2.64 -2.59 -2.52 -3.04 
Amino protonsd 3.50 3.18 
Aliphatic proto& 0.94 f 0.94 1.10 

-0.60 -0.54 -0.48 -0.59 
-1.32 -1.25 -1.08 -1.36 
-2.61 -2.51 -2.28 -2.61 

%hemical shift (ppm) from TMS in CDCla. bMethyl protons in pivalo 
Y 

1 groups. ‘Internal pyrrole N-H protons. dAmino 
protons in phenylamino groups. eProtons in pentylcarbonyl groups. Resonance was not assigned. 

brought to reflux and excess of Co(OAc)a*4HaO 
(200 mg) was added. The solution was heated to 
reflux for 1 h, then the solvent was removed by 
trap-to-trap distillation. The residue was dissolved 
again and chromatographed on alumina. After elution 
with CHCls-DMF (1O:l v/v), the product was recrys- 
tallized from CHCls as a VIIb. Anal. Calc. for C1i6- 
H96N160sCOa* 1SCHCls: C, 65.98; H, 4.59; N, 
10.48. Found: C, 65.89; H, 4.59; N, 10.44%. 

Vb was prepared from Va by the same procedure 
used for VI& Anal. Calc. for C62H56Ns0~C~* 
O.SCHCls: C, 68.51; H, 5.20; N, 10.23. Found: 
C, 68.58; H, 5.41; N, 10.60%. 

VIb was prepared from Via in a similar manner 
used for VIIb, except heating was at 50 “C for 15 min 
instead of refluxing for an hour. Anal. Calc. for 
C6sH6eNs04Co: C, 71.92; H, 5.75;N, 10.65. Found: 
C, 71.04; H, 5.76; N, 10.49%. 

(b) VIIIa (80 mg) was treated with anhydrous 
Co& (75 mg) in THF (50 cm3) and 2,6-dimethyl- 
pyridine (0.3 cm3) at 50 “C for 45 min under Na 
atmosphere. Then, the solvent was removed by trap- 
to-trap distillation. The resultant solid was dissolved 

VIIb 

l’ig. 2. Dimcric porphyrinatocobalt(I1) complexes 

and chromatographed on alumina. After elution with 
benzene-ether (7:3 v/v), the product was recrystal- 
lized from CHaCls-hexane. Anal. Calc. for Crrs- 
H104N1608C02: C, 71.15; H, 5.26; N, 11.25. Found: 
C, 69.99; H, 5.03; N, 10.99%. 

Results and Discussion 

Synthesis and Characterization 
Two types of dimeric porphyrinatocobalt(I1) com- 

plexes were designed and synthesized, and are shown 
in Fig. 2. They have a cavity, non-coordination struc- 
tural array in the vicinity of the metal ion site to 
stabilize the metal-O2 bond, on each porphyrin 
plane outside of two porphyrin planes. The cavity 
introduced is the so called ‘picket fence’ type in 
VIIIb and ‘strapped’ type in VIIb, respectively. The 
distances between the two porphyrin planes in the 
dimers must have appropriate distance to accommo- 
date bidentate ligands such as BIPY. From our 
previous study [4], it was shown that the dimeric 
porphyrinatocobalt(I1) complex, prepared by coupl- 
ing of two tetraphenylporphyrin derivatives with 
glutaryl dichloride, binds 1 mol of BIPY to form 
the stable five coordinate complex with a ‘sand- 
wich’ structure. In this study, the similar bridging 
reagent was also employed. 

Synthetic routes are illustrated in Fig. 3. Previous 
methods [5, 71 to obtain the precursor I were time- 
consuming and unsuitable for large scale preparations. 
Applying dry-column chromatography to the 
purification of the precursor, reduced the time and 
increased the effectiveness in separation. VI was 
obtained by treatment of the precursor I with 1 
equivalent of nonanedioyl dichloride and pyridine in 
dry dichloromethane under a highly diluted 
condition, and Va was obtained as a byproduct. 
Dimerization of the porphyrins was also carried out 
by treating with glutaryl dichloride and pyridine in 
dry dichloromethane. 

In the course of synthesis, each product was also 
characterized by ‘H NMR measurements. ‘H NMR 
data of the porphyrins prepared are listed in Table 
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Q c% VIIIb 
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(CH2)3(COCl)2 
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i) (CgH513CCI 
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Co(OAc)2'4H$ Co(OAc)2.4H20 

VIII VIIb 

Fig. 3. Synthesis of porphyrins and their cobalt(H) complexes. 

I. The chemical shifts of tert-butyl groups in III are tioned above porphyrin planes [g, 91. Therefore, 
consistent with those for IIa, thus confirming that the aliphatic methylene group in IV is confirmed 
two pivaloyl groups are introduced on two amino- as being bridged over two aminophenyl groups at 
phenyl groups at 5 and 15positions in the precursor 5 and 15-positions. Similar chemical shifts of ali- 
I. In the case of porphyrin IV, the remarkable up- phatic methylene protons were observed in Va, and 
field shifts of aliphatic methylene protons were ob- the structure of Va is identified as having one methyl- 
served and these are characteristics of protons posi- ene group bridged over two aminophenyl groups at 5 
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(VIIIa) 

I 1 I I I 

10 8 6 4 2 

Fig. 4. ‘H NMR spectra in CDC13 of VIIa and VIIIa. *: Impurity 

and 15-positions and the other bridged over those at 
10 and 20- positions. 

Two porphyrin planes in the dimers, VIIa and 
VIIIa are located as ‘face-to-face’, because the 
internal pyrrole N-Hs are shifted to upfield [IO] 
by ca. 0.4 ppm for both dimers in comparison with 
that of the monomeric porphyrin III (Fig. 4). 

To avoid isomerization of the tert-butyl- or 
pentyl-carbonylaminophenyl groups, cobalt(I1) 
insertions to VIIIa and to Via were carried out 
under mild conditions. The lack of isomerization 
during cobalt(I1) insertion was confirmed as follows. 
In the case of VIIIh, the ‘H NMR spectrum of the 
cobalt(III) complex prepared from VIIIb by oxida- 
tion with HzOz in acidic conditions exhibited a 
single resonance (0.06 ppm) for t-butyl protons. On 
the other hand, the demetalated product of VIIh, 
which was obtained by treating with concentrated 
HzS04 in a ice-salt bath, was confirmed as VIIa from 
TLC analysis. Therefore, it is concluded that any 
isomerization on tert-butyl- or pentyl-carbonylamino- 
phenyl groups does not happen during cobalt inser- 
tion. 

Cobalt(I1) complexes prepared (except for Vb) 
bind O2 reversibly in organic solvents (CH2C12 or 
toluene) containing 1-methylimidazole as a ligand at 
room temperature. 

0 (Ppm) 

540 

Wavelength I nm 

Fig. 5. Visible absorption spectra on oxygenation of VIIb. 
At -15.0 “C in DMF. Axial &and: 1,2-bis(4-pyridyl)ethane. 

Ligand Equilibria and Oxygenation 
Because of low solubilities of complexes or ligands 

and of low dioxygen affinities in toluene, the 
measurements on oxygenation and the axial ligand 
equilibria, KB were carried out in DMF at -15.0 f 
0.1 “C (Fig. 5). In the KB measurements under above 
conditions, the formation constants for six coordi- 
nate adducts are known to .be small [ 1 l] and these 
reactions are neglected in this study. 
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In our measurements, as the equilibrium constants 
are estimated from the spectral changes from four to 
five-coordinate porphyrinatocobalt(I1) complexes, 
the obtained values are KB on an axial ligand adduct 
formation reaction to a porphyrinatocobalt(I1) unit. 

(a) ‘Picket fence’ dimer 
In this dimer system, IIb which has the same 

cavity as that of the dimer complex is regarded as a 
corresponding monomer complex. The reactions be- 
tween monomeric four coordinate porphyrinato- 
cobalt(I1) complexes and axial ligands in solution are 
as follows: 

[COP] + L e [COPL] 

[COP] + L-L e [CoP(L-L)] 

(1) 
(2) 

2 [COP] + L-L * [CoP(L-L)CoP] (3) 

where COP, L, and L-L represent porphyrinato- 
cobalt(I1) complexes, monodentate ligands and biden- 
tate ligands, respectively. Spectral changes upon addi- 
tions of bidentate ligands to the solution of IIb 
showed clear isosbestic points and resembled that 
of the monodentate ligand adduct. Experimentally, 
the equilibrium constants (KB) for monodentate or 
bidentate ligand adduct formations were calculated 
according to eqns. (1) and (2) respectively. As seen 
in Table II, the Pllz and KB values are virtually the 
same regardless of the axial bases employed, i.e., 
monodentate or bidentate ligands. Therefore, it is 
concluded that the effect of these ligands on the 
dioxygen affinities is similar. 

TABLE II Pyridines and Dioxygen Bindings to Model Com- 
plexes in DMF at - 15 .O “C 

KBa (M-l ) pr,zb (Torr) 

VIIIb PY 1.4 x 103 8000’ 
BIPY 1.0 x lo5 490 
BIPYEt 4.8 x lo3 7oooc 

IIb PY 7.7 x lo2 2600 
BIPY 1.2 x 103 2500 
BIPYEt 2.6 x lo3 2400 

aBinding constants to pyridines. bHalf-saturation pres- 
sures for dioxygen binding. ‘Estimated errors <30%. 

Compared with the monomer IIb, the equilibrium 
constant for the binding of pyridine to VIIIb is not 
changed as much; on the other hand the dioxygen 
affinity for the pyridine adduct to VIIIb is decreased 
drastically. In this case, the binding modes of 
pyridine to VIIIb are: 

L-czo-L Cb-_Lo-L c;o-L L-cb 

A B C 

- 
where, Co&o represents a dimeric porphyrinato- 
cobalt(I1) complex. Their ratios (A:B:C) are %, % 
and ‘/4, respectively, based on statistical treatment. 
Therefore, the possibilities of binding of dioxygen 
toward picket fence sides in which the dioxygen 
affinity would be comparable to that of IIb should 
be a half. Furthermore, our previous result [4] sug- 
gests that aliphatic groups of straight-chain con- 
structing a cavity in species A function less effec- 
tively than does picket fence as a cavity, and the 
dioxygen affinity of the species A might be reduced. 
Therefore, it will be responsible for the reduction of 
the dioxygen affinity for the pyridine adduct of 
VIIIb. 

On the other hand, the equilibrium constant for 
the bindings of BIPY to VIIIb is 100 times larger 
than that to IIb, which can be explained by the 
chelating effects [ 12 131 on forming ‘sandwich’ 
structures as shown in Fig. 1. 

Although the increment of dioxygen affinities is 
observed in the BIPY adduct of VIIIb, Hill’s coeffi- 
cient for the oxygenation is ca. 1.0, so that any 
cooperativity between the two active sites is not 
detected. Small values in the equilibrium constant 
and in Plla for the BIPYEt adduct of VIIIb may be 
explained by the ligation on cavity sites as in the case 
of the PY adduct of VIIIb. 

(b) ‘Strapped’ dimer 
To prevent the bindings of axial ligands to one 

side of the porphyrinato complexes, an aliphatic 
chain was designed to bridge over each porphyrin 
plane. Ligand bindings (PY or BIPY) to the complex 
Vb were too small to evaluate (KB < 10). Therefore, 
the two aliphatic chains bridged over each porphyrin 
plane construct suitable cavities around Co-O2 and 
prevent the binding of a fifth ligand toward this 
side. 

Both Pllz and KB values of the monomeric com- 
plex VIb which has the same cavity as that of strap- 
ped type dimer VIIb are also the same regardless 
of the axial ligands employed (see Table III). It is 

TABLE III. Pyridines and Dioxygen Bindings to Model Com- 
plexes in DMF at - 15 .O “C 

KBa (M-l) 

VIIb PY 1.4 x lo3 320 
BIPY 2.3 x lo5 450 
BIPYEt 9.2 x lo4 49 
BIPYPr 6.0 x lo4 160 

VIb PY 1 .o x lo3 620 
BIPY 1.4 x lo3 810 
BIPYEt 1.2 x lo3 890 

aBinding constants to pyridines. bHalf-saturation pressures 
for dioxygen binding. 
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therefore concluded that the effect of axial ligands 
on the dioxygen affinities is similar. 

In the case of a picket fence dimer, the equilib- 
rium constants for the bindings of BIPY to VIlb are 
large compared to that of the monomeric complex, 
VIb. This tendency for larger equilibrium constants 
is also found for the bindings of BIPYEt or BIPYPr 
to VIIb. It is therefore concluded that all bidentate 
ligand adducts of VIIb have a ‘sandwich’ structure, 
even with BIPYPr which is a slightly larger molecule 
(see Fig. 6). 

1 CO 

>N Co Ns 
- / 

IN; 

::1 T 
lOi 

I’ 
N’ I 

I:ig. 6. Schematic representations of molecular sizes of 
dimeric porphyrinatocobalt(I1) complexes (VIIb and VIIIb) 
and bidentate ligands. 

The dioxygen affinity of the BIPY adduct of VIIb 
is increased compared with that of the monomer, and 
it is also comparable to that of the BIPY adduct of 
VIIIb. The dioxygen affinities on the bidentate ligand 
adducts of VIIb are increased in the order BIPY > 
BiPYPr > BIPYEt. The increment of dioxygen affini- 
ties will be attributed to the release of some unfavor- 
able strains (e.g., displacement of a metal atom from 
a porphyrin plane) in the five coordinate deoxy 
complexes forming a ‘sandwich’ structure [4]. 

Most interesting evidence may be the cooperative 
O2 binding to the complex of the ‘sandwich’ struc- 
ture of VIIb with BIPYEt, where Hill’s coefficient, 
n is 1.3 (Fig. 7). On the other hand, O2 bindings 
to ‘sandwich’ complexes of VIIb with BIPY or 
BIPYPr are not cooperative (n = 1 .O). 

l- 0 

Z a b 

‘; 
c 
5 o- 
% 
0 

-1 - & C 

w 3 
log( PO2 1 

Fig. 7. Hill plots for 02 binding to VIIb in DMI: at -15.0 “C. 
(a) Axial ligand = BIPYEt, slope = 1.3; (b) axial ligand = 
BIPYPr, slope = 1.0; (c) axial ligand = BIPY, slope = 1.0. 

In order to characterize further this cooperative 
O2 binding, a dependence of ligand concentration 
on Hill’s coefficient was determined. As a result, 
Hill’s coefficient (n = 1.3) for O2 binding to the 
BIPYEt adduct of VIIb is not changed within experi- 
mental error (kO.05) in the range of concentration 
of BIPYEt (2.5-10 mM), where the concentration 
ofVIIb is 0.04 mM. In contrast to this observation, 
Tabushi’s model system showed that Hill’s coeffi- 
cients on the O2 bindings vary with the concentration 
of the base [ 131. Therefore, he proposed an inter- 
molecular mechanism for the cooperative dioxygen 
binding to his model system; upon the first O2 
binding to the complex, one of the ligand-metal 
bonds is broken and another existing ligand molecule 
comes in and binds to the complex. As a result, the 
dioxygen affinity of the second O2 binding is increas- 
ed. However, the mechanism mentioned above cannot 
be applied to cooperative dioxygen bindings on our 
model systems, because bf lack of any dependence 
of Hill’s coefficient on ligand concentration. Further- 
more, the use of DMF as a solvent does not affect the 
cooperative dioxygen binding, because (i) all cobalt- 
(II) complexes prepared have very small dioxygen 
affinities (P,,Z % 2000 Torr) in the absence of 
external axial ligand; (ii) the other model systems 
(i.e., VIIb with BIPY or BIPYPr, VIIIb with biden- 
tate ligands) do not show any cooperative dioxygen 
binding. An effect of electronic interaction between 
two cobalt atoms through the bidentate ligand 
(BIPYEt) can also be excluded, because the BIPY 
adduct of VIIb does not exhibit cooperativity in O2 
binding, where the BIPY adduct of VIIb is expected 
to have a stronger electronic interaction than the 
BIPYEt adduct in the sense of the separation between 
two cobalt atoms. However, it is clear that ‘some 
information’ (except for electronic changes) upon the 
O2 binding to a first active site will be conveyed to 
the second one through the bridged BIPYEt mole- 
cule in an intramolecular manner. Subsequent to the 
computer simulation, Pllz values for first and second 
O2 binding were estimated as 94 + 13 and 23 f 3 
(Torr), respectively. 

Instead, for the BIPYEt adduct of VIIb we pro- 
pose a mechanism for the cooperative dioxygen 
binding based on structural aspects. 

As seen in Fig. 6, the distance between two cobalt 
atoms in the model complex VIlb is about 12 A, and 
the molecular sizes of BIPY, BIPYEt and BIPYPr 
are 7 a, 9 a and 10 A, respectively, according to a 
DREIDING stereomodel. Assuming Co-N(pyridy1 
nitrogen) is about 2.4 a [14], the distance between 
two cobalt atoms does not seem to be long enough 
to accommodate a BIPYEt molecule without cons- 
traint, therefore some steric restrictions might be 
imposed upon the bridged BIPYEt molecule bound 
to two cobalt atoms. Upon the first O2 binding, 
the shift of a cobalt atom into a porphyrin plane 
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would release some restrictions in the BIPYEt mole- 
cule, so the second O2 binding will be more favor- 
able than the first. Since the BIPYPr molecule has a 
longer distance between two pyridyl nitrogens than 
BIPYEt, O2 binding to the BIPYPr adduct of VIJb 
does not show cooperativity. This result may be 
explained by the difference in the molecular struc- 
tures of the ethane or propane chain connecting the 
two pyridyl groups in the bidentate ligands; that 
is, such structural strains imposed on the BIPYEt 
molecule forming the ‘sandwich’ complex with 
VIlh will be smaller in the BIPYPr adduct of VIIb, 
because the propane chain in BIPYPr will be more 
flexible than the ethane chain in BIPYEt. There- 
fore, such restrictions might be not accumulated 
on the BIPY adduct of VIIh, because the BIPY mole- 
cule is rather small in size and could plunge between 
two cobalt atoms without constraint. Similarly, a 
negative cooperative effect on O2 binding may be 
expected for the case of the BIPY adduct; how- 
ever, it was not detected. This feature may be ex- 
plained by suggesting that the bridging reagent is 
flexible enough to shrink the distance of the two 
porphyrin planes. 

Our present work could give supporting evidence 
for the mechanism of cooperative effect on Hb by the 
following points; (i) the shift of a central metal atom 
upon 0s binding can initiate structural changes as 
a trigger and (ii) these changes can be conveyed to 
other active sites in an intramolecular manner. Con- 
sequently, these mechanisms can regulate the 
dioxygen affinity with cooperativity. 

Y. Uemori et al. 
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