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Abstract: Cobalt(11) porphyrin complexes, which are models for the active site in cobalt-substituted hemoglobin, CoHb, have
been synthesized and characterized by NMR and visible spectroscopy. The model compounds are based on the tetratolylpor-
phyrin ring system and have covalently attached chains which terminate in a pyridyl ring. The cobalt(l1) complexes of these
“looping-over porphyrins” react reversibly with dioxygen at low temperatures. The oxygen affinities of these compounds have
been measured and the results compared with those obtained with other porphyrins and the protein. Our results indicate that
there is negligible enhancement of the oxygen affinity of a cobalt(Il) porphyrin when an axial base is covalently attached.

In recent years our understanding of the factors control-
ling the binding of molecular oxygen to hemoglobin and
myoglobin (Hb,Mb)? has greatly increased. Syntheses of
models for the active sites in these proteins have allowed the
mode of oxygen binding to be established? and have demon-
strated the role of the hydrophobic pocket in stabilizing the
heme-dioxygen complex.** We have felt that the preparation
of model compounds would be greatly aided if the tetraaryl-
porphyrin ring system could be selectively functionalized. To
this end we have developed a synthetic route to monosubsti-
tuted tetraarylporphyrins.® In this paper we wish to report the
functionalization of the latter compounds to yield models for
the active site in Mb. The compounds prepared in this work are
sketched in Figure 1.

In these compounds the axial base is covalently linked to the
porphyrin by an ether-type linkage. We have investigated the
importance of this linkage and its length by studying the oxy-
gen affinity of the cobalt(Il) complexes of these porphyrins.
The choice of cobalt, rather than iron, was made for two rea-
sons: (1) more extensive thermodynamic data are available for
related cobalt systems;’-!4 and (2) studies of the cobalt systems
allow further tests of differing hypotheses':'6 concerning the
nature of the cooperativity of oxygen binding in cobalt-sub-
stituted and natural hemoglobins. We have previously shown
that cobalt(II) porphyrins bind oxygen reversibly.!® Hoffman
and co-workers’-® have shown that cobalt reconstituted he-
moglobin and myoglobin (CoHb, CoMb) are reversible oxygen
carriers and that CoHb exhibits the same allosteric linkages
as normal hemoglobin. Maxwell et al.!” have shown that the
infrared stretching frequencies of bound dioxygen are essen-
tially the same in both HbO; and CoHbO5. Collman et al.18
have documented the same fact for simple metalloporphyrins.
1t is now clear that both the Co and Fe dioxygen complexes are
best formulated as M''O,™-, in line with the original proposal
of Weiss'? and later that of Hoffman et al.2% The cobalt por-
phyrins and globins differ from their iron-containing coun-
terparts in that the former have a somewhat lower affinity for
dioxygen because of a smaller enthalpic contribution to the
overall free energy change. The results of our previous studies
of these cobalt-dioxygen complexes have recently been re-
viewed.?!

Results and Discussion

The looping-over porphyrins used in this work have an ether
type linkage for the covalent attachment of the axial base. The
general method of synthesis involves the reaction of an ap-
propriately substituted alkyl bromide with the phenolic por-
phyrin, 5-(2-hydroxyphenyl)-10,15,20-tritolylporphyrin (5).
As an example, the synthesis of porphyrin 2 is outlined in
Figure 2. Methyl 5-bromopentanoate is stirred with 5 in the

presence of solid potassium carbonate to give the ester 6. Hy-
drolysis of the ester with alcoholic sodium hydroxide gives the
acid 7, which is converted to the acid chloride and then con-
densed with 3-aminopyridine to give 2 in 27% yield. The NMR
spectrum of 2 is shown in Figure 3. The cobalt complex may
be prepared by refluxing the porphyrin with an excess of cobalt
acetate in a chloroform-acetic acid mixture. The insertion
reaction must be carried out in the absence of air to prevent the
rapid oxidation of the Co(II) to Co(III).

Upon exposure to dioxygen, at low temperatures, methylene
chloride solutions of these five-coordinate Co(II) porphyrins
exhibit a change in the visible spectrum (Figure 4), which is
a function of the dioxygen pressure. Removal of the dioxygen
restores the original spectrum. We have previously assigned
this spectral change to the formation of a 1:1 dioxygen com-
plex'0 and have described in detail the evaluation of the equi-
librium constant.?2

The three porphyrins 2, 3, and 4 prepared in this work have
side chains of different lengths. Molecular models show that
coordination of the pyridine ring to the central cobalt atom is
extremely difficult in compound 4, less difficult in 3, and rel-
atively unstrained in 2. The oxygen affinity of the compounds
would be expected to parallel this trend. In order to determine
the effect, if any, of the covalent attachment of the axial base
on the oxygen affinity of these cobalt porphyrins, we have also
studied the oxygenation of Co(TPP){3-Mepy). The bulk of the
axial base in this complex should be about equal to that found
in compounds 2, 3, and 4.

The results of our equilibrium studies are shown in Tables
Tand II. Also listed in Table I are values of the thermodynamic
parameters previously reported for Co(PPIX-DME),'022
CoMb,? and CoHb.'4 Inspection of the values of log K for the
three compounds Co(TTP)(3-Mepy), 2, and 3 in methylene
chloride shows that the oxygen affinities do vary slightly, as
one would expect, on stereochemical grounds. Similarly, there
is a dependence of the equilibrium constant on the nature of
the solvent; the more polar medium, CH,Cls, favors oxygen
uptake.'!

The lower oxygen affinity of the cobalt complex of 3 is
consistent with the strain involved in the coordination of the
axial base in this compound. Inspection of space-filling mo-
lecular models indicates that the propoxy chain in this com-
pound is rather short to form a strong bond from the nitrogen
atom to the cobalt atom. We conclude that a six-coordinate
dioxygen adduct should be relatively unstable. This conclusion
is further supported by our work with the 2-(3-pyridyl)acetoxy
derivative, compound 4. We have found that the cobalt com-
plex of this porphyrin behaves as if intermolecular coordination
of axial bases is favored over intramolecular coordination. Such
a result is consistent with our previous findings that sterically

Journal of the American Chemical Society | 99:17 | August 17,1977



5629

| R=H

2 R o—(cnz);g—g@
3R o-(cnz)s—@
R- o-(cnz)z-@

Figure 1. The porphyrins 2, 3, and 4 were synthesized in this work. The
synthesis of R = OH (5) was reported earlier (ref 6).
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Figure 4. Visible spectrum (—78 °C) of Co[5-(2-(4-(3-pyridylcarbam-
ide)-n-butoxy)phenyl)-10,15,20-tritolylporphyrin] (1.5 X 107° M) in
CH,Cly: (—) under argon; (- - -) under oxygen (1 atm); (- +- - - ) under
argon after several oxygenation-deoxygenation cycles.

Q-LmCHaCH, firm conclusions to be drawn. The limited temperature range
over which these compounds can be studied makes an analysis
of the differences in AH and AS difficult. Within experimental
error, these data are consistent with an extrapolated value of
AG®y95 of 5.8 £ 1.0 kcal/mol, a value which applies to all
model porphyrin compounds reported in the literature.
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Figure 2. Scheme for the synthesis of 5-[2-(4-(3-pyridylcarbamide)-n- demonstrably little effect on the oxygen affinity of cobalt
butoxy)phenyl]-10,15,20-tritolylporphyrin (2). porphyrins. We would like to point out that this should not be
the case for iron porphyrins. The covalent attachment of an

hindered bases will not bind to Co(II) porphyrins.23 axial base to a metalloporphyrin serves to assure, within the

The thermodynamic data shown in Table I donot allow any  stereochemical limitations of an individual system, that the
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Figure 3. NMR spectrum (60 MHz) of 5-[2-(4-(3-pyridylcarbamide)-n-butoxy) phenyl]-10,15,20-tritolylporphyrin (2) in deuteriochloroform. The
reference is MesSi and the signal arising from CHCI; impurity is marked with an asterisk.
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Table |. Thermodynamic Data“ for the Reversible Binding of O; to Co Porphyrins and Proteins

Compd Solvent AG 93, keal/mol AH, kcal/mol® AS, euc
Co(TPP)(3-Mepy) CH,Cl, 5.7 ~8.1 ~46
2 CH,Cl, 4.7 -7.2 —-40
2 Toluene 5.1 -5.0 —-34
3 CH,Cl, 6.1 —-8.5 —49
Co(MeO-TPP)(py) Toluene 7.1 -9.3 —554
Co(PPIX-DME)(py) Toluene 6.7 -9.2 ~53ef
Co(PPIX-DME)(py) CHCl, 5.0 ~12.0 ~57
CoMb horse H,0 2.4 —-11.3 —468
CoMb whale H,0 2.4 -134 —-532
CoHb H,0 2.0 -11.9 —46.6%

a Standard state of 1 Torr. ® Estimated standard deviation is 1-2 kcal/mol. ¢ Estimated standard deviation is 3-4 eu. ¢ Reference 13; stated
errors are 1.1 kcal/mol and 4 eu. ¢ It is pleasing to find that T. J. Beugerlsdijk and R. S. Drago (J. Am. Chem. Soc., 97, 6466 (1975)) have
confirmed these values. Their results of AH = —7.8 (3) kcal/mol and AS = —49 (1.3) eu do not differ significantly from those above. f Reference

10, 22. & Reference 8. # Reference 14.

Table 11. Equilibrium Constants for the Reversible Binding of O;
to Co Porphyrins?

Compd Solvent Temp,°C Log K, mm™!
Co(TPP)(3-Mepy) CH,Cl, —-63 -1.67(11)
Co(TPP)(3-Mepy) CH,Cl, —-53 -2.13(8)
Co(TPP)(3-Mepy) CHJCl; —45 -2.31(10)
2 CH,Cl, —-63 —-1.28 (11)
2 CH)Cl, —-53 —-1.69 (9)
2 CH)Cl, —45 —-1.85(11)
2 Toluene -78 -1.82(5)
2 Toluene —-63 -2.19 (10)
2 Toluene -53 —2.49 (10)
3 CH.Cl, -78 ~1.14(11)
3 CH)Cl, —-63 —1.84 (5)
3 CH)Cl, —-56 —=2.11(6)
Co(PPIX-DME)(py) CH,Cls -37 ~1.55(10)
Co(PPIX-DME)(py) CH,Cl; =31 -1.75(10)
Co(PPIX-DME)(py) CHCl; -23 —=2.15(5)

2 Standard deviations are estimated from the least-squares analysis
of the spectra; see ref 22.

metal will be five-coordinate. In such systems the covalent
linkage makes the formation of six-coordinate, bis-base com-
plexes unlikely and should favor coordination of dioxygen. One
would expect this to be important in determining the magni-
tude of the equilibrium constants for dioxygen coordination
in iron porphyrins because bis-base complexes are greatly fa-
vored for ferrous porphyrins. They are disfavored in cobaltous
porphyrins. For example, Brault and Rougee?4 have studied
the binding of imidazole to Fe(TPP) and report values of 8.8
X 10° and 6.8 X 10* M~! for K, and K. For comparison, the
stepwise formation constants of the 3,4-dimethylpyridine
complexes of Co(p-MeOTPP) are respectively 10% and 10!
M~" according to Walker.'? These data indicate that the
oxygen affinity of a ferrous porphyrin with a covalently at-
tached axial base should be appreciably higher than that of the
same porphyrin in solution with a molar excess of base. It ap-
pears that one of the functions of the protein is to assure five-,
rather than six-coordination at iron in Hb and Mb.

Experimental Section

The NMR spectra were obtained on a Perkin-Elmer R20B or
Varian T60 spectrometer operating at 60 MHz. Unless otherwise
specified, the solvent was deuteriochloroform with Me,Si as internal
standard. The shifts, 6, are given in parts per million. The spectra were
taken on saturated solutions. It should be noted that the shifts are
concentration dependent.2® The protons at the 2, 3,7, 8, 12,13, 17,
and 18 positions of the porphyrin ring are referred to below as the
B-pyrrole protons.

Analyses were performed by Micro-Tech Laboratories, Skokie, 111.
and by the Analytical Services Laboratory, Northwestern University.
The porphyrins were analyzed as the cobalt derivatives.

The chromotographic separations described below were effected
by the dry-column procedure?6 using either alumina ( Fisher Scientific,
A-540) or silica gel (Woelm-04526; obtained through ICN Phar-
maceuticals, Inc.). The chloroform used as eluent was USP grade,
unless otherwise specified.

All experimental operations with Co(ll) complexes were carried
out under argon in Schlenk-type glassware. Solution spectra in the
UV and visible were obtained on a Cary 14 spectrometer in a low-
temperature cell as described previously.10

Reagents. All solvents used in the oxygen binding studies were
deaerated before being used by bubbling prepurified argon through
them for at least | h. Dichloromethane was distilled from P,Os, tol-
uene from Na or Na/K alloy, and 3-methylpyridine and pyridine from
KOH. All distillations were carried out under nitrogen. All other re-
agents were used as supplied unless otherwise noted.

5-(2-(3-Pyridyl)propoxy!jphenyl-10,15,20-tritolylporphyrin (3). In
50 mL of DMF 1.0 g of 5-(2-hydroxyphenyl)-10,15,20-tritolylpor-
phyrin6 was dissolved and 3.0 g of 3-(3-bromopropyl)pyridine hy-
drobromide?” was added. To the solution 8 g of potassium carbonate
was added and the mixture stirred at 40 °C for 36 h, Water (100 mL)
was then added to precipitate the porphyrin, which was filtered off
on a Biichner funnel. The precipitate was washed with 25 mL of water
and dried in an oven.

The crude product was dissolved in chloroform and chromato-
graphed on an alumina column (60 X 2 cm). The first band which
separates contains the product and unreacted starting material. Some
material remains at the top of the column and cannot be removed. The
first band was collected and chromatographed on a silica gel column
(60 X 2 cm). Upon elution with chloroform two bands separated. The
first contained unreacted starting material and the second contained

The reaction can be followed by TLC on silica using chloroform
as the solvent. The product moves slowly, while the starting material
moves quickly. The yield was 0.465 g (40% based on 2-hydroxypor-
phyrin). Anal. Caled for CssH43CoNsO: C, 77.8; H, 5.1; N, 8.2,
Found: C, 76.8; H, 5.1; N, 7.8. NMR ¢ 8.85, 8.80 (ds, 8 H, 8-pyrrole),
8.06 (m, 6 H), 7.65 (d, | H), 7.45(d, 6 H), 7.25 (m), 7.10 (m), 7.00
(m), 6.15 (dd), 5.75 (d), 3.70 (t, 2 H, -OCH>-), 2.60 (s, 9 H, -CH3),
1.30 (m), —2.65 (s, 2 H, NH). See Figure 5.

5-(2-(3-Pyridyl)ethoxy]phenyl-10,15,20-tritolylporphyrin (4). The
synthesis of the above porphyrin was exactly the same as for 3 except
that 3-(2-bromoethyl)pyridine hydrobromide?” was substituted for
3-(3-bromopropyl)pyridine hydrobromide. The yield was 40% based
on 2-hydroxyporphyrin. Anal. Calcd for Cs3H4,CoNsO,: C, 77.7: H,
5.0; N, 8.4. Found: C, 76.6; H, 5.0; N, 7.5. NMR 6 8.90, 8.75 (s, q.
8 H, 8-pyrrole), 8.05 (d, 6 H), 7.65 (d, 1 H), 7.45 (d, 6 H), 7.20 (m),
7.00 (m), 5.10 (d), 4.75 (dd), 3.85 (t, 2 H, -OCH;-), 2.60 (s), 2.00
(1), —=2.70 (s, 2 H, NH}). See Figure 6.

5-(2-(4-Carbomethoxy)butoxylphenyl-10,15,20-tritolylporphyrin
(6). To a 250-mL round-bottom flask equipped with a magnetic stirrer
was added 50 mL of DMF, 1.5 g of 5-(2-hydroxy)phenyl-
10,15,20-tritolylporphyrin, and 3.5 g of potassium carbonate. Then
2.8 g of methyl 5-bromovalerate in S mL of DMF was added, over a
0.5-h period, to the stirred reactants. The reaction mixture was stirred
for 24 h.

The reaction mixture was poured into 200 mL of water and the
resulting slurry filtered on a Biichner funnel. The precipitate was
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Figure 5. NMR spectrum (60 MHz) of 5-[2-(3-pyridyl)propoxylphenyl-10,15,20-tritolylporphyrin (3) in deuteriochloroform. The reference is MesSi
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washed once with 25 mL of water, twice with S mL of methanol, and
then dried in an oven. This dried material was dissolved in chlorofrom
and chromatographed on an alumina column (60 X 2 ¢cm). Any un-
reacted material appears as a slow moving red band at the top of the

L
T0 L2

Figure 6. NMR spectrum (60 MHz) of 5-[2-(3-pyridyl)ethoxy]phenyl-10,15,20-tritolylporphyrin (4) in deuteriochloroform. The reference is Me,Si

column, while the ester moves with the solvent front. The ester band
was flashed down and rechromatographed on a silica column (60 X
2 cm). Again chloroform was used as the eluent. A yellow forerun was
followed by the ester band. The solution of the ester was flashed down
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to dryness, leaving a purple mass which can be converted to a fine
powder by heating with methanol and then removing the methanol
under vacuum.

The reaction can be followed by TLC on alumina using toluene as
the solvent. The ester moves quickly, while the hydroxyporphyrin
moves very slowly. The yield was 1.5 g (86% based on 2-hydroxy-
porphyrin): NMR 6 8.80 (s, 6 H, 8-pyrrole), 7.93 (d, 6 H), 7.35 (d,
6 H), 7.20 (s), 7.03 (s), 3.75 (t, 2 H, -OCH;-), 2.90 (s, 3 H, methyl),
2.55 (s, 9 H, methyl), 1.36 (t, 3 H), 0.85 (m, 6 H), =2.76 (s, 2 H,
pyrrole NH).

5-(2-(Valeroxyl)phenyl]-10,15,20-tritolylporphyrin (7). In 100 mL
of THF 2 g of 6 was dissolved and 5 mL of methanolic sodium hy-
droxide was added. The sodium hydroxide solution was prepared by
dissolving 4 g of sodium hydroxide in 5 mL of water and then adding
50 mL of methanol. The reaction mixture was refluxed for 1 h to hy-
drolyze the ester.

The THF was flashed off and the precipitated porphyrin filtered
off and dried. The porphyrin was dissolved in chloroform and chro-
matographed on a silica gel column (46 X 2 cm). A small band of
unhydrolyzed ester moved with the solvent front. The product (acid)
moved very slowly down the column. A dark brown band remained
at the top of the column. This band was poured off and the column
once again eluted with chloroform. The acid band was collected and
evaporated to dryness. The yield was 1.32 g (77% based on 2-hy-
droxyporphyrin).

5-(2-(4-(3-pyridylcarbamide)- n-butoxy)phenyl}- 10,15,20-tritolyl-
porphyrin (2). To 100 mL of benzene was added 1.32 g of 7and 2.6 mL
of oxalyl chloride. The solution was stirred for 3 h and then taken to
dryness on a rotary evaporator. Benzene (100 mL) was added and the
solution flashed down again.

The acid chloride was then dissolved in 50 mL of benzene. To this
solution was added 3.9 g of 3-aminopyridine in 50 mL of benzene and
the mixture refluxed for 4 h.

The reaction mixture was flashed to dryness and the product dis-
solved in 30-40 mL of chloroform, and then 20-30 mL of dilute acetic
acid (3 M) and 20-30 mL of water added. The chloroform was then
removed under reduced pressure and the porphyrin precipitated. The
porphyrin was filtered off and the above procedure repeated two more
times. Finally, the porphyrin was washed with 10 mL of wet methanol
and dried.

The solid was dissolved in chloroform and chromatographed on a
silica gel column (60 X 2 cm). Three bands separated on the column.
A slow moving pink forerun was followed by a slowly moving dark red
band. A brown band slowly separated from the tail of the dark red
band. A large amount of black material remained at the top of the
column. This black material can be poured off and a mixture of ethyl
cther—chlorofrom, 20:30, can be used to speed elution,

The dark red band was collected and concentrated. This solution
was chromatographed on an alumina column (8 X 2 cm) to remove
any acid porphyrin which stuck to the top of the column. The yield was
0.5 g (27%) based on 2-hydroxyporphyrin. Anal. Calcd for
Cs7H46CoNgO,: C, 75.6; H, 5.1; N, 9.3. Found: C, 74.6, H, 5.1, N,
8.8.NMR 68.75 (m, 8 H, 3-pyyrole), 7.93 (d, 6 H, tolyl 2,6 protons},
7.55(d, 1 H),7.35 (d, 6 H, tolyl 3,5 protons), 7.10 (m), 6.94 (m), 6.80
(m), 6.47 (d, 1 H H, pyridyl), 5.76 (dd, | H, Hs pyridyl), 4.67 (dm,
1 H,Hg pyridyl), 3.5 (m, | H, amide), 3.48 (m, 2 H, -OCH,-), 2.5§
(s, 9 H, methyl), 0.7 (m, 4 H), 0.2 (m, 2 H), =2.76 (s, 2 H, pyrrole
NH). See Figure 6.

Metal Insertion. The metal insertion reaction was similar to that
of Rothemund and Menotti?® with the following modifications. All

reactions were carried out under an inert atmosphere, since the five-
coordinate cobalt complex immediately oxidizes at room tempera-
ture.

In a 250-mL three-neck round-bottom flask were placed 250 mg
of porphyrin and 200 mg of cobaltous acetate. To this flask there were
added 50 mL of deaerated chloroform and 50 mL of deaerated glacial
acetic acid. This mixture was refluxed under nitrogen until absorption
bands from the free porphyrin disappeared (about 1.5 h). The solution
was cooled and 30-40 mL of deaerated water was added to precipitate
the porphyrin. The porphyrin was filtered and dried in vacuo for a few
hours.
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