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parison. In all cases the L, — M charge-transfer
transition is of lower energy for the platinum(IV) com-
plex than for the platinum(II) complex. This trend is
expected since the platinum(IV) orbitals are more stable
than those of the lower valent platinum(II). The
ordering of ligands according to increasing L, — M
energy is slightly different for platinum(II) and plat-
inum(IV). The ordering for platinum(II) is given as
Br— < SeCN~— ~ N3~ ~ SCN~ < Cl~ < NO,;~, while
that for platinum(IV) is Br— < Ng~ < SeCN~ ~
SCN~ < NO;~ < Cl=. The differing position of Nz~
and NO,~ may be partly due to solvent differences for
platinum(II) measurements and assignments of the
charge-transfer processes in the nitro complexes. It is
clear however the energy variation as a function of
ligand is greater for platinum(II) than for platinum(IV),
being some 11,000 cm™! between Br~ and NO;™ for
platinum(II) but only 5400 cm~! between Br~ and CI~
for platinum(IV). The lower sensitivity of the L, —
M energies to the nature of the ligand may be an indi-
cation of comparatively lower = bonding in the octa-
hedral complexes or a greater involvement of the metal
acceptor level, 2e.(z?, x* — ¥?), in ¢ bonding. The
metal orbitals of platinum(IV) are expected to be more
contracted in the octahedral complexes leading to less
favorable overlap than in the case of the square com-
plexes. On the other hand the greater metal charge in
the octahedral complexes should facilitate strong o
interaction.
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The two-band charge-transfer system with separation
Ag~m of 10,000~16,000 cm ™! has been noted previously!¢
as being a characteristic feature of both square-planar
and octahedral halide complexes. It is seen in Table
V that comparable separations of the L, — M and
L, — M charge-transfer bands are found for pseudo-
halide ligands as well. It is interesting that the poly-
atomic ligands show slightly larger Ac—r differences
than the halide ligands. Since the changes in As—7
are small, they may be due to differences in interelec-
tronic repulsions on the ligands. Electronic repulsion
is expected to be somewhat lower on the polyatomic
ligands than on the halide ligands.

Another feature which may be noted from the charge-
transfer data of Table V is that the L, — M band in
Pt(SeCN)s?~ compared to that in Pt(SCN)¢2~ is shifted
only 500 cm™! to lower energy. The corresponding
shift from PtBrg?~ to PtCls?~ is 5400 cm~!. It is un-
likely that differences in electronic repulsions alone
can account for the differences in these energy shifts.
In view of the ligand orbital stability, SeCN— < SCN
and Br~ < Cl—, the small shift for the former ligands
may be taken as indicating comparatively greater =-
donor ability of SeCN~ compared to SCN~ than of Br—
compared to Cl~in platinum(IV) complexes.
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The preparation and properties of a,3,v,8-tetra(4-N-methylpyridyl)porphine are described. This porphyrin is water soluble
from below pH O toabove pH 14. Acid-base titrations show only the diacid-free base equilibrium (pKj,s = 2.2 &= 0.2) in the

acid range, and the free base~monocation equilibrium (pK; = 12.9 & 0.2) in the basic region.

The rate law for the dissocia-

tion of the Zn(II) chelate is first order in zinc porphyrin and second order in both hydrogen ion and chloride ion concentra-
tion. The kinetics of Cu(II) insertion into the free base porphyrin are reported. The properties of this porphyrin are
notably different from most other porphyrins in terms of the electrostatic effect of the four positively charged N-methy!

groups on the meso positions of the porphyrin.

Introduction

One of the major limitations in investigating the
reactions of metalloporphyrin complexes is their lack
of solubility over all pH ranges in aqueous solution.
Most naturally occurring porphyrins have carboxylic
acid functions which limit their solubility to basic re-
gions, and interesting ligand substitution reactions

(1) (a) Author to whom further communications should be addressed at
Howard University. (b) Alfred P. Sloan Fellow,

have been studied with such Fe(III) and Co(III) deriv-
atives.? Recently a number of acid solution soluble
porphyrin complexes have been prepared and their
properties examined. With meso-tetrapyridylpor-
phine,?® the acid-base equilibria,* metal ion electron-

(2) E. B. Fleischer, S. Jacobs, and L. Mestichelli, J. Amer. Chem. Soc., 90,
2527 (1968).

(8) E. B. Fleischer, Inorg. Chem., 1, 403 (1962).

(4) E. B. Fleischer and L. E. Webb, J, Chem. Phys., 87, 1131 (1963).
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transfer reactions,® and metal ion incorporation mecha-
nisms®7? have been studied. With the disulfonic acid
derivative of deuteroporphyrin IX dimethyl ester, the
kinetics of Cu(II) incorporation has been investigated.’
Also with an ethylenediamine-substituted deuteropor-
phyrin, the rate of Zn(II) incorporation was found to
be catalyzed by pyridine.®

We report the preparation and characterization of
a,(3,7v,0-tetra(4-N-methylpyridyl)porphine, which is
water soluble from below pH 0 to above pH 14. This
ligand appears to be the most acidic porphyrin known,
producing a monoanion species in aqueous solution.
The kinetics of the acid-catalyzed dissociation of the
Zn(I1) chelate and the kinetics of Cu(II) incorporation
are also discussed.

Experimental Section

Zinc(11)  «,B,v,8-tetra(4-pyridyl)porphine (ZnTPyP) was
synthesized by standard methods.? The tetra-N-methyl iodide
derivative (ZnP) was prepared by refluxing a filtered saturated
solution of ZnTPyP (~10"8% M) in 109, ethanol-909; chloroform
with a 300-fold excess of methyl iodide under nitrogen for 2 hr.
The precipitated iodide complex was recovered by filtration,
washed with chloroform, and air dried. The iodide salt was
dissolved in a minimum amount of water made ca. 4 M with
NaClO; and cooled at 10° overnight. Microcrystals were then
filtered off and air dried. Anal. Caled for the tetra-N-meth-
vlated zinc complex, Zn{(CsNsHa)(CH;)u(ClOs)a: Zn, 5.73;
C, 46.35; H, 3.18; N, 9.83. Found: Zn, 5.81; C,46.71; H,
3.34; N, 9.71.

The N-methylated diacid (H,P?T) salt was prepared by dis-
solving ZnP in 1 M HCIO; for several hours until the red ZnP
turned bright green. The addition of concentrated NaClO,
precipitated the green hexaperchlorate salt. Anal. Caled for
(C40H23Ns)(cHa)4(clo.})ei C, 4:135, N, 883, H, 3.15. Found:
C, 41.32; N, 8.92; H, 3.69. The diacid salt was again pre-
pared 3 years later, and no significantly different analytical
results were obtained. Found: C, 41.48; N, 8.90; H, 3.38.

Cull, VOU, NiI, Colf, Mn!I, and Fell complexes of the
tetra-N-methylated derivative can be prepared by refluxing an
excess of the divalent metal perchlorate with the free base (H.P)
porphyrin in water and precipitating with NaClOs. Anal.
Caled, for example, for the ferric derivative, Fe{CyNgHaq)-
(CH3)4(ClOy);: C, 42.9; N, 9.1; (l, 14.3; H, 2.9. Found:
C,42.4; N,9.0; Cl,14.4; H, 3.3.

The spectrophotometric titrations and kinetics were followed
on a Cary Model 14 spectrophotometer, at 27°. Analyses were
done by Alfred Bernhardt Laboratories.

Results
a,8,7,8-Tetra(4-N-methylpyridyl)porphine is water
soluble from below pH 0 to above pH 14, due to
the four positively charged N-methyl groups. Spectro-
photometric titrations were used to determine the
acid—-base equilibria present.

Equilibria at pH 0-7.—Figure 1 shows the absorption
spectra of the metal-free N-methylated derivative at
various pH values. In 1 M HCI, the compound had
bands at A 534 mu (e 1.47 X 10%) and A 590 mu (e 1.13
X 10%) and a Soret peak at A 446 mu (e 1.93 X 10°). The
band positions are similar to those of the non-N-methyl-

(5) P. Hambright and E. B. Fleischer, Inorg. Chem., 4, 912 (1965).

(6) E.I.Choiand E. B. Fleischer, ib#d., 2, 67 (1863).

(7} E. B, Fleischer, E. I. Choi, P. Hambright, and A. Stone, ibid., 3, 1284
(1964).

(8) J. Weaver and P. Hambright, ¢bid., 8, 167 (1968).

(@) T.P. Stein and R. A, Plane, J. Amer. Chem. Soc., 91, 607 (1969).
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Figure 1.—Absorption spectra of H P2 at pH 0.0, HyP at
pH 7.0, and HP~ at pH 14.0. The Soret bands are recorded
at one-fifth the concentration (2.3 X 107% M) used for the visible
bands.

ated species,®* H,TpyP2?*, and resemble other diacid
porphyrin spectra.® The absorption spectrum from pH
4 to 7 was acid independent with four bands in the visible
region at 641, 585, 551, and 518 mu with intensities
relative to the 518-mu band (e 9.18 X 10%) of 1:
0.740:0.405:0.129. The Soret band was at X 422 mu (e
1.49 X 10%). This pattern is observed for most meso-
substituted porphyrins in organic solvents!® and in
particular for the free base H,TPyP.® TUsing the 422-
and 446-myu bands at pH 0 and 7, respectively, it was
shown that Beer’s law holds over a 100-fold range (ca.
107%-10-% M), indicating that the diacid (HsP**) and
free base (H,P) forms of the N-methylated porphyrin
are presumably monomeric.

Figure 2 shows the decrease in the 422-mu H,P band
and the increase in the 446-mu H.P2* peak as the free
base is titrated with aqueous HCl. The isosbestic
points at 490 and 430 mu indicate that two linearly
related absorbing species are present whose relative
concentrations are determined by the hydrogen ion
concentration.

It is assumed that the free base-diacid equilibrium

HP2T = H,P + 2H* K3, (1)
is being observed and neglecting activities
log ([H:P]/[H,P27]) = log K;,s — 2(pH) (2)

(10) J. E. Falk, ““Porphyrins and Metalloporphyrins,” Elsevier Publish-
ing Co., New Vork, N. V., 1964, p 28.
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Figure 2.—Spectrophotometric titration of H,P with HCl form-
ing HP2T,

Thus a graph of the left-hand side of (2) vs. pH should
be linear with a slope of 2.1! Figure 3 shows the results
of such a graph, with the average of two experiments at
both the 422- and 446-mu peaks giving a slope of 2.1 =
0.1 and a pKj340f 2.2 = 0.2. Thus the equilibria from
pH 0 to 7 are accounted for by the H,P-H,P2+ reac-
tion with no evidence of a monocation (H;P *) species.

Equilibria at pH 7-14.—The acidity of H,P was inves-
tigated from pH 7 to 14 by a spectrophotometric titra-
tion with NaOH. The spectra at pH 14.0 (Figure 1)
show two visible bands at 578 mu (e 1.0 X 10%) and at
630 mu (e 1.0 X 10%) and 630 mu (e 8.91 X 10%). No
differences were noted in titrations run at a constant
ionic strength of 1.0 by the addition of NaCl, or without
NaCl. Figure 4 shows the resulting titration of H,P
with NaOH and the isosbestic points at 555, 503, and
435 mu.

We assume the absorbing species to be the free base
(H,P) and monoanion (HP~) species; thus

OH- + H,P = HP~ + H;,0 K, (3)

and
log ([HP~]/[H.P}]) = log Ky — pOH (4)
In accordance with eq 4, Figure 5 shows a linear plot!?

(11) It is readily shown that log ([H:P]/{H:P2*]) = log [(D; — Dw)/
(Do — Dz)], where, at constant wavelength, De is the optical density of H P2*
at pH 1.0, Do that of HsP at pH 7.0, and D, the optical density at intermedi-
ate pH values.

(12) Log ([HP~1/[H:P]) = log [(De¢ — Dg)/(Dg —~ Dw)], where Dy is the
optical density of HsP at pH 7.0, Dw is that of HP~ at pH 14.0, and D, is
that of mixtures of HP~ and HsP, at intertediate pH values.
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Figure 3.—Determination of K3, for the H;P2+-H,P equilibrium.
See eq 2.
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Figure 4.—Spectrophotometric titration of HyP with NaOH
forming HP .

of log ([HP~]/[H,P]) vs. pOH. Similar graphs from
two separate experiments using the 420-, 580-, and
640-mp wavelengths gave an average slope of 1.1 %
0.2 and a pKy, of 1.1 = 0.2. Thus the dissociation con-
stant (eq 5) of the free base at 27° is 12.9 = 0.2. The

H,P = H* 4+ HP~ K, 5



1760 Inorganic Chemistry, Vol. 9, No. 7, 1970

4'2?

Log [, ;

‘ | I ! ! I J
D 7 S i 1.3 L5 17
-pOH

Figure 5.—Determination of Ky, for the HyP-HP ~ equilibrium.
See eq 4.

equilibrium was shown to be reversible in that the
addition of acid to HP~ produced H,P and HP?*, at
the appropriate pH's.

Kinetics of the Acid-Catalyzed ZnP Displacement.—
The water-soluble N-methylated zinc complex, ZnP,
had bands at 563 mu (e 1.60 X 10%) and 436 mu (e
2.06 X 10%) at pH 7.0. The kinetics of the decompo-
sition of ZnP to H.P?* (eq 6) were investigated as a

ZnP + 4H7* + 4Cl~ —> H,P2* 4 Zn?t 4 4C1~ Ka (6)

function of [H+]and [Cl—] at 27°. The reactions were
run under pseudo-first-order conditions with over a
1000-fold excess of [H*] or [C1~] to ZnP (ca. 1075 M).
At 640 my, plots of —In [ZnP] vs. time were linear over
at least 2 half-lives when the hydrogen and chloride
ion concentrations were constant. Thus the reaction
was first order in [ZnP]. kouea was obtained from the

—d[ZnaP]/dé = EopsalZnP] 7

slopes of such plots (eq 7). Table I shows the reac-
tion to be second order in [H*] over an eightfold range,

TaBLE I
Acip-CatarLvzep DissociaTioN RATES oF Zn(II1) FroM ZnPe (27°)
10%%obsd/ [H *12[C1 ~Ttotal?

102[H *], M [Cl=Jtota1,?  10%kobsd, sec™! F~s sec™!
4.13 2.85 7.78 6.45
8.26 2.70 32.0 6.43
12.4 2.71 79.7 6.92
16.5 2.78 146 6.93
24.8 2.86 350 6.95
33.1 2.04 679 7.20
24.8 1.56 104 6.96
24.8 0.765 25.1 6.99
24.8 0.248 2.24 5.94

Av 6.75+£0.32

e Concentration of ZnP ca. 10=% M. b [Cl7]iota = [HCI] +

[NaCl].
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in the presence of a high approximately constant con-
centration of chloride, where [Cl™Jwoar = [HCI] +
[NaCl]. At constant [H¥], the reaction was second
order in [Cl=]ita1 over a tenfold range in [Cl™Jiotal.
The ionic strength during the chloride variation could
not be controlled, as high concentrations of other elec-
trolytes, such as NaClO,, precipitated the porphyrin.
Hence the acid decomposition of ZnP follows the rate
law (8) with kg = (6.8 = 0.3) X 1072 F~*sec™%

rate = kq[ZnP[H*)2[Cl7]2 (8)

Kinetics of Cu(II) Incorporation.—The kinetics of
Cu(1l) incorporation into H,P (eq 9) were briefly

Cut* 4+ HyP —> CuP 4+ 2H* k (9)

investigated in unbuffered nitric acid solutions at pH
3.0, under pseudo-first-order conditions. The method
has been described previously.” The reaction was
shown to be first order in H,P and first order in [Cu(1I)]
over a 12-fold range. From the results in Table II,
the rate law is

rate = k[H;P][Cu(I1)] (10)

where £ = (8.7 % 0.2) X 1072 F~lgec™.

TaBLE 11

KineTIcs OF Cu(II) INCORPORATION INTO
H.P aT 27° a~xp pH 3.0
10%kgbsd/ [Cu (D) ],

103[Cu(I1}], M 104kgpgq, sec™t I[~lsec!
2.40 1.99 8.3
7.13 6.34 8.9
12.0 10.5 8.7
21.6 18.8 8.7
28.8 25.8 8.9
Ay 8.7
Discussion

Acid-Base Equilibria.—The spectrophotometric ti-
trations of the tetra-N-methylated free base H,P
show it to be an amphoteric electrolyte. It can add
two protons to form the diacid HsP?* or loose one pro-
ton to form the monoanion HP~. Kj4 for the H,P2*+-
H,P equilibrium is the same as that found for the non-
N-methylated TPyP,* which was insoluble due to de-
protonation of its pyridyl groups above pH 4. In con-
trast to several water-soluble deuteroporphyrins!'® or
porphyrins made water soluble by the addition of
cationic detergents,’* the N-methylated derivative
shows no evidence of a monocation H;P+.  Monocation
species can however be stabilized by the addition of
anion detergents.!* The absence of H;P* has been
previously explained on the basis of X-ray determina-
tions showing the crystalline HsP?+ compounds to be
extremely nonplanar in contrast to H,P derivatives.’s
Thus once a proton is removed from H,P?7, the driving

(13) A. Neuberger and J. J. Scott, Proc. Roy. Soc., Ser. A, 213, 307
(1952); R. 1. Walter, J. Amer. Chem. Soc., T8, 3860 (1953); J. J. Scott, ibid.,
77, 325 (1955).

(14) J. N. Phillips in “Current Trends in Heterocyclic Chemistry,”” A.
Albert, G. M. Bagder, and C. W. Shoppee, Ed., Butterworth and Co. Ltd.

London, 1958, p 30.
(15) A. Stone and E, B. Fleischer, J. Amer, Chem. Soc., 90, 2735 (1968).
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force toward planarity of HoP limits the existence of
H,P+.

Of particular interest is the K, of 12.9 for the Hy,P-
HP~- equilibrium. No other porphyrins are sufficiently
acidic to show HP— species in aqueous solution.l?
Spectrophotometric titrations of etioporphyrin I in
methanol with sodium triphenylmethy] showed no
difference in acidity in removing the two protons from
the free base!® and indicated that the free base acidity
was similar to that of methanol (pK =~ 16). The rela-
tively lower basicity and higher acidity of the N-
methylated porphyrin compared to other porphyrins is
presumably a reflection of the four positive charged
N-methylpyridinium groups on the porphyrin's pe-
riphery. The positive charges will exert an electrostatic
effect repelling H* and attracting OH™, producing a
lower effective basicity and higher effective acidity,
respectively. This is in contrast to most other por-
phyrins which have a negative field due to ionized
carboxylic acid or sulfonic acid side chains.

Kinetics of Cu(II) Incorporation.—The observed
kinetics, first order in metal ion and porphyrin, are
typical of those found in most porphyrin systems.® 21718
We are unable to explain why, under the same condi-
tions, the N-methylated porphyrin forms no sitting-
atop complexes whereas the non-N-methylated deriva-
tive shows definite sitting-atop equilibria and kinetic
behavior. The positive field of the N-methyl groups
would repel Cu(II) whereas the negative field of the
ionized sulfonic acid groups on certain substituted deu-
teroporphyrins would attract Cu(II). This is clearly
shown by their rate behavior, the sulfonated species
reacting by the same rate law about 50 times faster?
than the N-methylated free base. This type of electro-
static effect has also been noted in the reactions of Fe-
(IT) with porphyrins containing various numbers of
ionized carboxylic acid functions.®

Kinetics of Zn(IT) Dissociation.—The rate law for the
dissociation of Zn(II) from ZnP shows an activated
complex of the composition (Cl~),ZnP(HT), which can
arise from various preequilibria. One interpretation
involves additions of hydrogen ions and chloride ions in
separate preequilibrium steps with a final rate-deter-
mining addition of either H+ or Cl~ to form H,P and

(16) W. XK. McEwen, J. Amer. Chem. Soc,, 58, 1124 (1936).

(17) M., B. Lowe and J. N. Phillips, Nature, 194, 1058 (1962).
(18) R.J.Kassner and J. H. Wang, J. Aner. Chem. Soc., 88, 5170 (1966).
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chloride-coordinated Zn(II). The protonation of H,P
to H4P?*, the observed product, would occur in fast
steps following the rate-determining step. Since it is
energetically improbable to break the four Zn-N bonds
simultaneously, the preequilibria involve a succession
of reactions in which the two chlorides facilitate the
removal of dipositive Zn(II) from the porphyrin with
the concerted protonation of the resulting dianion P2,
No large charge separation (Zn** from P2™) need occur,
and a gradual bond making—bond breaking type of
mechanism is implied.

The second-order hydrogen ion dependence found
here seems to be a general feature of acid-dependent
porphyrin or phthalocyanine ligand-metal ion disso-
ciation reactions. Thus in pyridine-buffered methanol
solutions containing perchloric acid, the dissociation of
Mg(II) from its deuteroporphyrin chelate showed a
complicated three-term rate law.!® The limiting forms
of all terms at high [H+] gave second-order dependen-
cies on [H+]. A succession of protonations and solva-
tions, consistent with our interpretation, was the sug-
gested mechanism. The demetalation of tin(IV)
phthalocyanine was also found to be second order in
hydrogen ion.?® While the experimental methods have
been questioned,®+® the dissociation of Cu(II) from its
etioporphyrin complex was interpreted?! in terms of a
mechanism involving [H*]%. The squared term pre-
sumably reflects the stability of the free base porphy-
rins or phthalocyanines, compared to the di- or mono-
anion.

The kinetics of formation and dissociation of metal-
loporphyrins show activated complexes in aqueous solu-
tion containing a metal ion and formally a free base
porphyrin® It is interesting that the electrophilic
substitution of Zn(I1) for Hg(II) coordinated in a tetra-
phenylporphine complex in nonaqueous media gave no
indication of free base participation under conditions
in which it might be expected to occur, showing that
the free base is not a universal intermediate in these
systems.??
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