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Figure 2. Schematic representation of plausible binding of retinal moiety
of 3.(H*), based on CPK model.

important to note that in aqueous solution, 3-(H*); showed a
further red shift from 476 (in ethylene glycol) to 497 nm; the
latter wavelength is practically the same as those of native
rhodopsins (see Table I). This significant red shift can not be
interpreted by the simple binding of the chromophore in a
hydrophobic cavity, since, on the contrary, 4-(H*); or §.(H*)
showed a substantial blue shift in the hydrophobic cavity of
unsubstituted S-cyclodextrin (—26 and —17 nm, respectively).
Therefore, this significant and unique red shift (21 + 26 = 47
nm or 53 nm from 4.(H*),3-CD to 3.(H"),) caused by co-
valent combination of the CO recognition site and the hydro-
phobic binding site is neither due to a solvent effect nor to
simple binding in a hydrophobic cavity.

In the literature, there are many mechanisms postulated to
interpret the unique and remarkable red shift,'® which can, in
principle, be arranged into the following three categories: (a)
the effect of the large polarizability of the microenvironment,
most probably of aromatic amino acid residue(s) in opsin’s
binding site;'! (b) the abnormally large electrostatic effect of
the appropriately located counteranion and/or the additional
anion or cation along the surface of the binding site of opsin!2
upon the protonated Schiff base; (c) the possible twist or dis-
tortion of the retinal moiety caused by the tight binding by
opsin 213

Since 3:(H*), (Figure 2) is located in a very similar elec-
trostatic and/or microenvironment to 4-(H*), + 8-CD, the
remarkable red shift observed for 3-(H*); (+53-47 nm) can
not be attributable to the electrostatic or microenvironmental
effects alone, but rather to a unique combination of these ef-
fects, or these effects including the twist mechanism!4 seem
to be operating. Apparently, the electrostatic mechanism is
operating as is seen from the comparison of &H* with 4.(H*),
(+21 nm). The present model study is a very suggestive one
which should lead to further insights into the rhodopsin
mechanism, and additional model studies are now un-
derway.
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The Iron(Il) “Homologous Cap” Porphyrin.
A Novel Dioxygen Binder
Sir:

As part of our current research program in the area of syn-
thetic oxygen carriers, we have been investigating the base and
dioxygen binding of the iron and cobalt “cap” and “homolo-
gous cap” porphyrins.' -4 We report here some experimental
results concerning Fe(HmCap)(1-Melm) which show that the
complex is capable of weakly binding a second molecule of
1-Melm and that the complex so formed can bind dioxygen
reversibly without displacing the weakly bound 1-Melm li-
gand. In an accompanying communication, comparisons be-
tween the Cap and HmCap systems are made.

The HmCapH; was prepared in a similar manner to that
described for the normal cap porphyrin.! The reaction of
HmCapH, with anhydrous ferrous chloride in refluxing THF
under dry nitrogen gave Fe(HmCap)Cl: UV Ay .x(CHCl3)
425,510, 560 (sh), 590 (sh). Benzene or toluene solutions of
the iron(I1I) porphyrin were reduced using aqueous sodium
dithionite® to give Fe(HmCap), Amax(toluene) 542 nm. The
presence of bands in the infrared spectra of the iron-dioxygen
adducts attributable to v1sp, and »1s0, confirms that oxygen-
ation has occurred.t

Figure 1A shows the spectral changes which occurred during
the titration of a toluene solution of Fe(HmCap) with a 0.0566
M 1-Melm solution in toluene. The observed changes are due
primarily to the equilibrium

KB
Fe(HmCap) + 1-Melm = Fe(HmCap)(1-Melm) (1)
and a value for log KB (23 °C) of 3.31 & 0.05 was obtained.
If this titration was followed by one using neat 1-Melm, the

spectral changes shown in Figure 1B were observed and these
changes are associated with the equilibrium

Fe(HmCap)(1-Melm) + 1-Melm

KgB

== Fe(HmCap)(1-MeIm); (2)
for which log KgB (23 °C) = 0.77. Consistent with this inter-
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Figure 1. A: spectral changes occurring upon titration of an ~1074 M
toluene solution of Fe(HmCap) with 0.0566 M 1-Melm in toluene; the
final base concentration is 2.8 X 1073 M. B: the titration of a toluene so-
lution of Fe(HmCap)(1-Melm),. initially 0.0563 M in |-Melm, with neat
1-Melm; the final base concentration is 0.701 M.
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Figure 2. The spectral changes which occur on exposure of toluene solution
of Fe(HmCap)(1-Melm),, 2.2 M in |-Melm, to the following pressures
of dioxygen at 0 °C, 0, 47.5, 100.2, 173.0, 308.7, 600.3, and 986.6
Torr.

pretation are the following. (a) the g of toluene solutions of
Fe(HmCap)(1-Melm),, 0.02 and 1.8 M in 1-Melm, are, re-
spectively, 4.6 and 3.1 up.” That is, as the base concentration
is increased, the uess decreases in accord with the coordination
of a second base to Fe(HmCap)(1-Melm) producing a change
from high to intermediate spin. (b) Titrations with toluene
solutions of 1,2-MezIm or -BuNH; showed that only equi-
librium 1 was present with log KB (23°C) equal t0 3.61 £ 0.05
and 2.23 £ 0.05, respectively, thus confirming for this system
that 1,2-Me;Im, a sterically hindered axial base,® and -
BuNH3>, a bulky axial base, form five- but not six-coordinated
Fe(HmCap) complexes.

Figure 2 shows the spectral changes which occur when a
toluene solution of Fe(HmCap)(1-Melm),, 2.2 M in 1-Melm,
is exposed to various pressures of dioxygen. If dioxygen and
1-Melm were competing for the sixth coordination site, as
indicated in equilibria 2 and
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Fe(HmCap)(1-Melm) + O,
KBOZ

=== Fe(HmCap)(1-MeIm)O; (3)

the apparent P,;; would be a function of base concentation,
and the following may be derived:

P ,,%2(apparent) = (1 + KgB[B])P;,5°2,
where P> = (Kg%2)™!  (4)

The measurement of dioxygen affinities were made at 0 °C
where. KpB = 8.3 £ 0.7. Equation 4 requires that P, ,,°2 (ap-
parent) increase by a factor of 3.4 on going from 0.5to 2 M
1-Melm. Over this concentration range, however, P32
(apparent) values are all within the range of 200 £ 10 Torr
and, at [1-MeIm] = 0.2 M, P,,;°2 (apparent) = 176 + 10
Torr. At lower base concentrations increased amounts of
baseless Fe(HmCap) cause oxidation to occur. However, the
spectral changes for the addition of dioxygen to Fe(HmCap)-
(1,2-MezIm) are consistent with its addition to a five-coordi-
nate complex and different from Fe(HmCap)(1-Melm)2(O3)
shown in Figure 2.

The above results indicate that dioxygen and 1-Melm are
not competing directly for a sixth coordination site. The in-
ference is that Fe(HmCap)(1-Melm), does reversibly bind
dioxygen, and the following equilibria should also be consid-
ered;

Fe(HmCap)(1-Melm); + O,
K802
=——=Fe(HmCap)(1-MeIm),0, (5)
Fe(HmCap)(1-MeIlm)O; + 1-Melm
KBgo»
=—=Fe(HmCap)(1-MeIm),0: (6)

This reaction scheme permits the derivation of

Py ;,%2(apparent)
= [(1 + KgB[B])/(1 + KBpo,[B])] X P1/2%2 (7)

(where P, /202 = (Kg©2)~1)
and

Kg,0? = Kg©2 X (KBpo,/KgP) (8)

Since the observed range of P,,,°2 (apparent) values is so
small, it has only been possible to estimate ranges for the
dioxygen affinities of Fe(HmCap)(1-Melm) and Fe(Hm-
Cap)(1-Melm),, and they are 120-180 and 200 + 10 Torr,
respectively.

The following observations may be made concerning these
equilibria: (a) the KgB (B = 1-Melm) found for Fe(HmCap)
is approximately three orders of magnitude less than those for
other iron porphyrin systems;*!? (b) Fe(HmCap)(1-Melm),
has intermediate spin (S = 1), whereas nonsterically hindered
Fe(porphyrin)(1-Melm); complexes are invariably diamag-
netic;’? (c) the dioxygen affinity of Fe(HmCap)(1-Melm),
appears to be only slightly lower than that of Fe(HmCap)-
(1-Melm). Each of these observations serves to demonstrate
the weakness of the second base interaction, but, at present,
the manner in which the second base binding occurs is not
known.

The above chemistry represents a novel facet of dioxygen
binding to metalloporphyrin complexes and is being further
investigated.
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The Iron(II) and Cobalt(Il) “Cap” and
“Homologous Cap” Porphyrins. Base and
Oxygenation Equilibria Studies of Relevance
to Hemoglobin Cooperativity

Sir:

The topic of Hb! cooperativity is of considerable interest,
and explanations for this complicated phenomenon are being
sought through model complex studies.?? Here we report on
base and oxygenation equilibria measurements for the iron(II)
and cobalt(II) “cap” and ‘“homologous cap” porphyrins

(Figure 1).45 The results obtained show that there are signif-
icant differences in the base and dioxygen binding of the two

Table I, Base and Oxygenation Equilibria Data in Toluene
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Figure 1. Schematic representations of the “cap” (x = 2) and “homologous
cap” (x = 3) porphyrin complexes.

porphyrins, and the implications as to the nature of Hb coop-
erativity are discussed.

A lowering in both the dioxygen and carbon monoxide af-
finities for Fe(porphyrin)B complexes has been observed when
the axial base, B, is changed from 1-Melm to the sterically
hindered 2-Melm or 1,2-Me,Im; and moreover, these latter
complexes are suggested to mimic T-state Hb.3:6-% These re-
sults have also been used® to support the Hoard-Perutz
mechanism for cooperativity. This proposes that, in T-state Hb,
the protein tertiary structure places greater restraint on the
motion of the proximal histidine towards the heme plane as
oxygenation occurs. A recent alternative explanation!® for the
R and T states, based on energy minimization calculations,
suggests that nonbonding protein-heme interactions in the T
state constrain the porphyrin to a “domed” configuration, The
additional energy required to “‘undome’ the porphyrin upon
oxygenation is reflected in the lower T-state dioxygen affinity.
A similar proposal has also been advanced by Hoffman,!!

Table I summarizes base and dioxygen equilibria data for
the “cap” and ““homologous cap’ systems as well as for some
other representative model complexes. Discussing firstly, the
“cap’” systems, it is apparent that both Fe(Cap)(1-Melm) and
Fe(Cap)(1,2-MezIm) have considerably lower dioxygen af-
finities compared with their “picket-fence” porphyrin® ana-
logues. However, both the iron “cap” and “picket-fence”
porphyrins show comparable reductions in Kp©2 on substi-
tuting 1,2-Me;Im for 1-Melm as the axial base. Similar ob-
servations may be made for the cobalt complexes although,

species base log KB (£0.05) P1;2%2at 0°C, Torr ref
Fe(Cap) 1-MeIm 2.90 4.5 this work
1,2-Me,Im 3.06 930 this work
t-BulNH, 2.50 0.274 this work
Fe(HmCap) 1-Melm 3.31 (120-180) this work
1,2-Me,Im 3.61 8804 this work
t-BuNH, 2.23 5754 this work
Co(Cap) 1-Melm 2.32 5.9 X 104 140¢ this work
1,2-MezIm 1.84 (2000-4000)¢ this work
Co(HmCap) 1-Melm 2.28 (>5000)¢ this work
1,2-Me,Im 1.93 f this work
FeTpivPP(4CIm)PP 0.042 9
FeTpivPP 1,2-Me,Im 4.5 4.5 9
FeTPP 2-Melm 4.1¢ 14
CoTpivPP 1-Melm 420 26.6 9,22
1,2-MesIm 3.26 152 9,22
CoT(p-OCH3)PP 1-Melm 3.37¢ 3.87 X 103 23,24
1,2-MezIm 2.79¢ 23

@ At 23.1 £ 0.1 °C unless otherwise stated. ? At 20 °C. ¢ At 25 °C. 4 At —63 °C. ¢ At —78 °C./ The dioxygen affinity was too small to

estimate.
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