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By the use of spectrophotonietric techniques, it is shown that the zine. cadmium, mercury and copper derivatives of tetra-

phenylporphine and the zinc derivative of tetraphenylchlorin form monopyridinate complexes.
of tetraphenylporphine and tetraphenylchlorin are best interpreted as forming dipyridinate complexes.
constants, changes in heat content, and standard entropy changes for these reactions are determined.

The magnesium derivatives
The equilibrium
The results illustrate

the primary dependence of metalloporphyrin complexing with base substances upon the nature of the central metal substitu-

ent.

The ability of iron metalloporphins? to form
complexes with a variety of nitrogen bases is very
well known.® Numerous other metallo-derivatives
of the porphyrin ring systems (see Fig. 1) are also

to be of this type, and the protein—chlorophyll
extracts reported by Anson? and Smith? probably
contain such bonding. Certainly the interaction
of oxygen and ferrocheme is a reaction of this type.
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Fig. 1.—Porphyrin structures: (a) porphine free base;

able to complex with basic substances, such as
pyridine, but the resulting complexes are observed
to vary widely in stability. The free base por-
phyrins, in which a metal is not present, do not
complex with simple nitrogen bases. Complex
formation between metalloporphyrins and base
substances is thought to be an acid-base reaction
in which the metalloporphyrin plays the role of a

Lewis acid
PMe : N-;\> (1)

The orbital employed by the electron pair provided
by the base is assumed to be a metal orbital in
order to account both for the necessity of having a
metal present, and for the variations in the extent
of the reaction when the central metal is varied.
This type of complexing is of considerable bio-
logical importance, for most porphyrin systems
play significant biochemical roles only as mag-
nesium and iron metallo-derivatives, both of which
readily enter into such reactions. Thus part of the
bonding of the protein globin to heme is believed

N

Pye + .\Y/

-

(1) Fifth in a series on "Fundamental Properties of Porphyrin Sys-
tems.”' Previous articles: TH1s JourRNar, 72, 3939, 4045 (1950); 78
4315 (1951); 74, 3974 (1952).

(2) For the system of nomenclature employed, see ibid., 78, 4315
(1951), footnote 2.

(3) For a review of much of the work which has been done in this
field, see Lemberg and Legge, '"Hematin Compounds and Bile Pig-
ments,’’ Chapt. V, Interscience Publishers, Inc.,, New Vork, N. Y.,
1949.

(b) a metalloporphine (divalent metal):

(c¢) chlorin free base.

This article deals with a spectrophotometric
study of the reaction with pyridine of the mag-
nesium, zinc, cadmium, mercury and copper
derivatives of a, 8,7, -tetraphenylporphine, and
the magnesium and zinc derivatives of «,8,%,8-
tetraphenylchlorin. The spectrographic data per-
mit in most cases the calculation of the number of
pyridine molecules which complex with a given
metalloporphyrin, as well as the equilibrium con-
stants, changes in heat content, and standard
entropy changes associated with pyridinate forma-
tion. The use of corresponding porphines and
chlorins makes possible a comparison of these two
porphyrin systems with respect to their relative
effect on complex formation.

Qualitatively, it is easily demonstrated in nu-
merous cases that complex formation of the type
under consideration is a reversible reaction.’
For example, if successively small amounts of
pyridine are added to a 1075 M benzene solution
of zinc tetraphenylporphine, there occurs with each
addition a change in the absorption spectrum of the
zinc porphine until the pyridine concentration
reaches about 0.05 M. Increasing the pyridine
concentration above 0.05 M results in no appreci-
able change in the absorption spectrum, but de-
creasing the pyridine concentration by extraction

(4) M. L. Anson, Science, 98, 186 (1941);

(1938).
(8) R. L. Liss, M.S. Thesis, Washington University, 1949,

E. L. Smith, ibid., 88, 170
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of the benzene solution with water results in a re-
versal of the previous clianges, so that il suflicient
extractions are performed, the absorption spectrum
of the extracted benzene solution is identical to
the original benzene solution. The appearance of
the pure benzene solution is quite different from the
0.05 A pyridine solution; the former is pink in
color, the latter & bluish-red (see Fig. 2 for spectra,.
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Tig. 2.~-Absorption spectra at 20.9°: solid liue, zinc
tetraplienylporphine in benzene; dashed line, zine tetra-
phenylporphine mounopyridinate (1.24 ) pyridine in ben-
zene .
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The changes in absorption spectra accompanying
complex formation may be utilized to study the
reaction quantitatively. Mathematical relations®
useful in determining the equilibrium constant
from the optical density of an equilibrium mixture
at a chosen wave length are

o PuerB) 1R 2)
K="hey) X(B) " (B )
F.=X/4 3)

Feo _ ﬁ_.f(__»_
R=pg=a-% (4
1 1 1 .
VT RAE) T ()

where K is the equilibrium constant for reaction
(1), (B) is the equilibrium pyridine concentration,
R is the ratio of complexed to uncomplexed metallo-
porphyrin, and F. is the fraction of metalloporphy-
rin complexed. X and 4 are defined as Dy, — Dy
and D. — D,, respectively, where Dy, is the optical
density of an equilibrium mixture at some given
total metalloporphyrin concentration, and D, and
D. are the optical densities which that total metal-
loporphyrin concentration would exhibit if com-
plexing were zero or complete, respectively.

These equations are most conveniently applied
as follows: A series of benzene solutions are pre-
pared in which the pyridine concentration is varied
from zero to any necessary value, but the total

(6) These relations may be derived by the reader from Beer's
law, D = €C, and the condition that Co + C, = (i, where D is the
optical density (log ///») of a solution of 1-cm. thickness, € is the molar
extinction coefficient, C is concentration in moles/liter, and the sub-
scripts ¢, u and t refer to complexed, uncomplexed, and total metallo-

porphyrin, respectively. Similar equations for a more general case
are derived by W. M. Clark, et al., J. Biol. Chem., 185, 561 (1940).

J. R MILLER anp G. D. DoroucH

Vol. 74

metalloporphyrin concentration in each solution is
kept the same,  The optical densities of the solu-
tions are determined at any wave lengths where the
extinction coefficients of the two species differ ap-
preciably (the equations become indeterminate
when ¢ = ¢,). For a series of such solutions, a set
of values for .\ is readily determines by subtracting
the optical deusity of the solution coutaming zero
pyridine concentration from the optical densities of
the other solutions. If the K of the reaction is
fairly large, the value of 4 will also be known, for
the optical density will become a coustant iu the
solutions contaiming the higher pyridine concen-
trations, and this constant value will be D, which
is required for the evaluation of 4. With both 4
and X known, R may be calculated from equat.on
{(+), and the equilibrimin constant from equation
(2). (The value of (B) in equation (2) will be
given by By — F.(t, where By is the original pyri-
dine concentration of the mixture, and C: is de-
fined in footnote 6. Thus C; must be known if B,
and F.C; are comparable in value.)

If the K of the reaction is relatively small, the
value of D. would not be known since even in pure
pyridine the uietalloporphyrin would not be cotu-
pletely complexed. The general expression (5)
may then be eniployed. A plotof 1/X against 1/B
will give a straight line fromn which the equilibrium
constant may be calculated by evaluating the slope
and intercept. In this case the value of C; need
not be known.

It should be emphasized that the above equa-
tions would fail if the uncomplexed metalloporphy-
rin were dimerized, if there were any association
between the uncomplexed and complexed metallo-
porphyrins, or if the reaction led to a complex
other than the monopyridinate. If the equations
fail for the latter reason, the number of base mole-
cules involved in the complex may be determined
by methods which depend upon the nature of the
complexing. For example, if dipyridinate forma-
tion should occur in which the constant for the
association of the first pyridine is much larger than
for the second, the problem may be treated as two
monopyridinate problems using any of the equa-
tions (2) through (3). There are many other pos-
sible cases, soine of which are complicated by the
presence of more than two porphyrin species in the
solution. There will be no occasion to treat such
cases here.

Experimental

Apparatus.—All optical density readings were taken on a
Beckman spectrophotometer model DU equipped with a
specially constructed cell compartment which was thermo-
stated to within £0.1° by circulating water from a Precision
Scientific Constant Temperature Bath No. 66600. The
equilibrium mixtures were prepared in reaction cells made
from 1 cm. square mandrel Pyrex tubing and equipped with
ground glass caps. The cells were calibrated with reference
to a standard cell so that corrections for transparerncy at
the wave lengths employed and for celt thickness could be
applied. (The corrections were of the order of 1 to 29 of
the observed optical densities.)

Materials.—The metalloporphyrins in benzene solution
were prepared by methods given previously.? The pyridine
used was Mallinckrodt A.R., redistilled from barium oxide.
The benzene employed was redistilled Mallinckrodt A.R.

Procedure.—Stock solutions of pyridine in benzene cover~

ing a wide range of pyridine concentrations were prepared.
Two ml, each of a stock metalloporphyrin solution and an
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appropriate pyridine solution were pipetted into a Pyrex
reaction cell. Several reaction mixtures were made up si-
multaneously, each having the same total metalloporphyrin
content, but a different pyridine concentration.

Three cells, containing, respectively, pure benzene, the
metalloporphyrin in pure benzene, and the metalloporphy-
rin in an appropriate pyridine concentration, were placed
in the cell compartment of the Beckman and allowed to
come to temperature equilibrium. Optical density readings
were taken and recorded at previously selected wave
lengths where the difference in extinction coefficients of the
complexed and uncomplexed metalloporphyrins was large.
The cell containing the pyridine was replaced by another of
different concentration, and after temperature equilibrium
was attained, readings were recorded for the new mixture at
the chosen wave lengths., This latter procedure was re-
peated for all the remaining equilibrium mixtures, Since it
was found that the wave length dial setting in relation to the
spectral segment selected by the monochromator changed
slightly as heat evolved by the tungsten light warmed up
the back plate of the Beckman instrument, it was necessary
to set the wave length each time to repeat the original optical
density reading of the pure benzene solution, rather than
merely to reset the wave lengths indicated on the dial.?
The pure benzene solution of the metalloporphyrin was thus
always left in the Beckman as a reference solution,

The temperatures chosen for the measurements were in
the neighborhood of 20, 30 and 40°.

AH and AS° Determinations.—AH was calculated in the
usual way from the variation of the equilibrium constant
with temperature. AS°® was calculated from this AH and
the AF° determined from the equilibrium constant.

Absorption Curves of the Complexed and Uncomplexed
Metalloporphyrins.—The absorption curves were deter-
mined with the aid of a Beckman spectrophotometer by
taking optical density readings every 50 A. by even fifties,
and plotting the results in terms of extinction coefficient

TABLE I

Temperature 29.9°, total zinc tetraphenylporphin concen-
tration (Cy) 2.91 X 10% mole/liter

Initial Equi-
pyri- . librium
dine pyridine .
conen, concn, Equi-
Bs, Observed (B) librium
moles/ optical (Bo — constant
liter density X e FoCy) Fe % 1
X 108 Dm (Dm — Dy) (X/A) X102 1—-F, B
At 5510 A,
0 0.647 (Du) 0.000 0.0
1240 .278 (D) .369(A) 1.0
1.24 .349 .298 0.808 1.22 3450
0.620 .396 .251 .681 0.600 3560
.248 .479 .168 456 .235 3560
L1124 536 L1 .301 115 3740
At 5640 A.
0 0.252 (Dv)  0.000 0.0
1240 610 (D) L308(A) 1.0
1.24 051 L2899 (.834 1.22 4120
0.620 . Ho4 252 704 0.599 3970
248 .423 - 7L 478 .234 3910
L124 .368 L1116 315 .115 4000
At 6050 A.
0 0.036 (Du) 0.000 0.0
1240 .282 (D.) .246(A) 1.0
1.24 .234 .198 0.806 1.22 3410
0.620 .206 .170 .691 0.600 3730
.248 .152 .116 472 234 3820
.124 .114 .078 317 115 4030

Average X 37804200

(7) This difficulty, which wus most serious in the red region of the
spectrum, is corrected by the use of one of the water.cooled lamp
housings with which the Beckman Spectrophotometers are now
equipped.
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Fig. 3.—Absorption spectra at 29.9°: solid line, ziuc

tetraphenylchlorin in benzene; dashed line, zinc tetra-

phenylehlorin monopyridinate (1.24 A pyridine in benzene).
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Fig. 4 —Absorption spectra at 20.3°: solid line, cadniiuin
tetraphenylporphiiie in benzene; dashed line, cadmiuin
tetraphenylporphine monopyridinate (1.24 M pyridine in
benzene).
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Fig. 5.—Absorption spectra at 30°: solid line, mercury
tetraphenylporphine in beuzene; dashed line, mercury tetra-
phenylporphine monopyridinate (6.2 M pyridine in benzene).

against wave length. The curves are shown in Figs. 2
throtigh 8.
Discussion

Optical density measurements on a set of equi-
librium mixtures of pyridine and zinc tetraphenyl-
porphine at 29.9° are given in Table I. The ap-



3980

J. R. MILLER AND (5. D, DoroucH

Vol. 74

TaBLE 11

Pyripinate COMPLEXES DF

Pyri-
dines in
COMMl-  prems = o e
Porphyrin Metal plex 20.3°
p
~ P . P R
Tetraphenylporplince Mg 2 0.636 = 0.039"
Zu | 6220 == 610
Cd 1 3890 == 290
Hg 1 6.6 £1.2
Cu(1I)
f
. henvl . M 6 1o
Tetraphenylchlorin g 2 104942 +0.091°
Zu 1 8030 = 250

@ For the reaction Pyeial + pyridine €2 Pyetal :

VARIOUS METALLO-DERIVATIVES OF

TETRAPHENYLPORPHINE AND TETRAPHENYLCHLORIN

~Equilibrium constants?-—————————w— AH, ASO
29.9° 39.8° cal,/mole (29.9°)
2000 (est.) ...,
0.577 4+ 0.03° 0.496 =% 0.025" —2600 — 9.8
3720 =% 270 2320 =+ 130 —9200 —14
2690 = 270 1520 =% 110 — 8700 —13
12.1 £ 0.7 9.90 %= 0.5 —4900 —11
0.05+=0.02 ...
4000 (est.) ...
0.833 £ (.047°  0.706 =% 0.039° —2600 - 9.0
5270 == 300 3060 = 110 —9000 —13

pyridine unless otherwise noted. The = limits placed on the values

of the constants represent the average deviations for 8 determinations in the case of zinc tetraphenylchlorin and copper

tetraplienylporphine, and 12 determinations in all other cases.

dinc):,

plication of equations for monopyridinate forma-
tion (eq. 2, 3 and 4) to these data, also given in
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Fig. 6.—Absorption spectra at 29.9°: solid line, copper
tetraphenylporphine in benzeune; dashed line, copper tetra-
phenylporphine in 6.4 1/ pyridine solution iu beuzenc. (The
porphine is complexed as 2 mnonopyridinate to the extent of
about 257
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Fig. 7.—Absorption spectra at 29.9°:
nesium tetraphenylporphine in benzene; dashed-detted
line, magnesium tetraphenylporphine monopyridinate
(0.0124 to 0.031 M pyridine in benzene); dashed line, mmag-
nesium tetraphenylporphine in 6.2 A/ pyridine solution in
benzene. (The porphine is complexed as a dipyridinate to
10 the extent of ahout T8C;

solid line, mag-

b For the reaction Py : pyridine + pyridine & Py, (pyri-

Table 1, shows that the reaction involved is

Puine + pyridine <__> Pine 1 pyridine.
To illustrate the sensitivity of the data to the type
of equilibrium assumed, if we calculate an equilib-
rium constant on the basis of the reaction

Puine + 2 pyridine > PLine (pyridine),
pr -

the values from the data at 6050 A. are 2.9 X 10°,
6.7 X 105 19 X 10% and 40 X 10% for the four
equilibrium mixtures. Since equations 2, 3 and 4
would fail if the uncomplexed zinc tetraphenylpor-
phine were dinerized, or if there were any associa-
tion between the uncomplexed and complexed me-
talloporphines, we may exclude these reactions
from consideration.

The cadmium and wmercury derivatives of tetra-
phenylporphine, and the zinc derivative of tetra-
phenylchlorin gave results which also were consist-
ent only with the assumption of monopyridinate
formation. The calculated constants are given in
Table II. The spectral curves for these uncoin-
plexed and complexed metalloporphyrins are shown
in IFigs. 3 through 5.

Optical density data taken on mixtures of pyri-
dine and magnesium tetraphenylporphin follow a
different pattern from the cases discussed above.
For example, if the optical density at 6075 A. is fol-
lowed, it 1s found thuat the optical density for a 2 X
10— M magnesium tetraphenylporphine solution
increases as the pyridine concentration is increased
from 0.0 to 0.0124 3/. In the range 0.0124 to
0.031 M pyridine, the optical density remains es-
sentially constant. Finally, as the pyridine con-
centration is raised to higher values, the optical
density decreases to a value lower than that ob-
served in pure benzene (see Fig. 7).

Such behavior is entirely inconsistent with mon-
opyridinate formation (the optical density should
change in only one direction under such condi-
tions), but is consistent with the assumption that
monopyridinate formation with a fairly high asso-
ciation constant is followed by dipyridinate forma-
tion with a low second association constant. As-
suming that the optical density values observed in
the range 0.0124 to 0.031 M pyridine concentration
are those of magnesiuin tetraphenylporphine mono-
pyridinate, the sccond association constant was cal-
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Fig. 8.—Absorption spectra: solid line, magnesium tetra-
phenylchlorin in benzene; dashed-dotted line, magnesium
tetraphenylchlorin monopyridinate (0.0124 M pyridine in
benzene); dashed line, magnesium tetraphenylchlorin in 6.2
M pyridine solution in benzene. (The chlorin is complexed
as a dipyridinate to the extent of about 849%.)

culated with the aid of equation (5). A plot of the
data at 6250 A. is shown in Fig. 9. The straight
line plot which results shows that in the range of
pyridine concentration above 0.031 M a pyridine
molecule adds to the species present in 0.031 M py-
ridine. It is not possible to determine exactly
what happens in the range of pyridine concentra-
tion 0.0 to 0.0124 M, because the two spectral
curves from which the calculations must be made
are so similar that the precision is rather poor. The
data, however, fit best the assumption of monopy-
ridinate formation. The association constant may
be estimated by determining the pyridine concen-
tration required to give an optical density half
way between the optical density values at 0.0 and
0.0124 M pyridine concentration. At this point, R
is equal to 1.0, and the association constant is equal
to the reciprocal of the pyridine concentration. The
first association constant given in Table 1T was es-
timated in this way. It is to be noted that the sec-
ond association constant is so low that even in pure
pyridine the magnesium tetraphenylporphine is
not completely dicomplexed. The 6.2 M pyridine
spectral curve in Fig. 7 clearly shows the presence
of two species. The magnesium derivative of tet-
raphenylchlorin is analogous to the porphine de-
rivative in its behavior toward pyridine (see Table
11 and Fig. 8§).

The collected data of Table II illustrate the
marked dependence of pyridinate formation upon
the nature of the metal substituted in the center of
the metalloporphine. The change from the por-
phine to the chlorin structure has a comparatively
small effect, resulting in slightly higher association
constants in the limited number of cases studied.
The standard entropy changes in all cases are nega-
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Fig. 9.—Determination of the second association constant
for magnesium tetraphenylporphine dipyridinate: ©, 39.8°;
o, 29.9°; A, 20.3°

0.0

tive, and fairly comparable in value, as would be
expected in a series of association processes as sitm-
ilar as these. The magnitude of the entropy effect
is such that about 9 keal, of heat must be liberated
per mole in the process before the metalloporphyrin
may be classed as a moderately good complexing
agent toward pyridine.

The strongest complexing agent of this type that
we have so far observed is cobalt(I1I) tetraphenyl-
porphine chloride. The monopyridinate® of this
compound is not appreciably dissociated at a
concentration of 4 X 10~% M, which corresponds to
an association constant of greater than 107, Other
metallotetraphenylporphines we have investigated
briefly are the copper(1l) derivative, which forms
a monopyridinate with an association constant at
30° of about 0.05 (see Fig. 6), the nickel(I1) deriva-
tive, which forms a monopyridinate with an associ-
ation constant of similar magnitude, and the sil-
ver(Il) derivative, which is a much weaker Lewis
acid toward pyridine than the copper derivative.

St1. Louts, MI1SSoURI

(8) William Parr, work in progress in this Laboratory.



