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formation of a strong axial bond. In the present case the steric
repulsion is also relieved by a considerable twisting (18.8°) of the
bridging ligands. In Ru,(mhp),!! where there is no axial coor-
dination, the molecule has a 2:2 arrangement, as expected.
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The reagents ascorbic acid,! pentacyanocobaltate(II),? di-
thionite,*® europium(II),” chromium(II),”"!! tin(I1),'? and va-
nadium(II)"® have been used to probe the mechanisms of reduction
of trivalent iron, cobalt, and manganese water-soluble porphyrins
to their divalent forms. In many cases, the reactions are of
uncertain mechanism and with strong reductants and hydrody-
namically easily reduced porphyrins, both central metal ion and
ring reduction occur. The Ru(NH;)¢** ion is a well-characterized
weak outer-sphere reductant, and its reactions with cobalt(IIT)%!314
and iron(III)!* porphyrins have been analyzed in terms of the
Marcus theory!® to provide electron-exchange rate constants for
these coordinated metal ions. We report the reduction kinetics
of several manganese(III) metalloporphyrins with Ru(NH,)¢*.
The overall mechanism involves a reductive demetalation process,
and the results are compared with related electron-transfer and
acid solvolysis reactions.

Experimental Section

Trifluoromethanesulfonic acid (3M Co.) was distilled under reduced
pressure as the monohydrate (HTF). Lithium triflate was prepared from
HTF and Li,CO;. Hexaammineruthenium(IIl) chloride (Matthey
Bishop) was purified by recrystallization!” and converted into the triflate
salt!® by precipitation of the chloride salt from distilled water using HTF.
The sodium salt of manganese(III) tetrakis(4-sulfonatophenyl)porphyrin,
Mn!!l-TPPS, was prepared by literature methods.!®

(1) Oxley, J. C.; Toppen, D. L. Inorg. Chem. 1978, 17, 3119
(2) Worthington, P.; Hambright, P. Inorg. Chim. Acta 1980, 46, 1L87.
(3) Worthington, P.; Hambright, P. J. Inorg. Nucl. Chem. 1980, 42, 1651.
(4) Pasternack, R. F.; Cobb, M. A.; Sutin, N. Inorg. Chem. 1975, 14, 866.
(5) Casset, J.; Kukuruzinsla, M.; Bender, J. Inorg. Chem. 1977, 16, 3371.
(6) Hambright, P.; Chock, P. B. Inorg. Chem. 1974, 13, 3029.
(7) Fleischer, E. B.; Hambright, P. Inorg. Chem. 1965, 4, 912.
(8) Fleischer, E. B.; Cheung, K. J. Am. Chem. Soc. 1976, 98, 8381.
(9) Reid, J.; Hambright, P. Inorg. Chem. 1978, 17, 2329.
(10) Balahura, R. J,; Trivedi, C. P. Inorg. Chem. 1978, 17, 3130.
(11) Pasternack, R. F.; Sutin, N. Iriorg. Chem. 1974, 13, 1956,
(12) Hambright, P.; Williams, R. F. X. In “Porphyrin Chemistry Advances”;
Longo, F. R., Ed.; Ann Arbor Science Publishers: Ann Arbor, MI,
1978; Chapter 22.
Pasternack, R. F. Inorg. Chem. 1976, 15, 643.

Rohrback, D. F.; Deutsch, E.; Heineman, W. R.; Pasternack, R. F.
Inorg. Chem. 1977, 16, 2650.

Pasternack, R. F.; Spiro, E. G. J. Am.. Chem. Soc. 1978, 100, 968.
Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 1964.
Pladziewicz, J. R.; Meyer, T. J.; Broomhead, J. A.; Taube, H. Inorg.
Chem. 1973, 12, 639.

Lavallee, D. K., personal communication.

(13)
(14)
(15)
(16)
an

(18)

20

10¢

1 2 oH 4

Figure 1. pH profile of the specific rates of the Ru(NH;)¢?* reduction
of Mn'-TPPS at 25 °C and I = 0.3 (HTF/LiTF). The dots are ex-
perimental points, and the solid line is the theoretical curve calculated
from eq 4.

All solutions were deaerated with chromous scrubbed argon. Ru-
(NH,)* was reduced to the divalent state with Zn-Hg and analyzed
either by titration with permanganate® or spectrophotometrically by re-
duction of iron(III) and determination of the iron(II) formed as the
tris(o-phenanthroline) complex.!” The solutions were handled in Ham-
ilton all-glass syringes with platinum needles, as stainless steel needles
caused reduction of Mn"'~TPPS in acid.

The kinetics were followed at 25 °C on a Beckman Acta III recording
spectrophotometer, or with a Durrum Gibson stopped-flow apparatus.
The ionic strength (/) was maintained at 0.3 (HTF/LiTF). Chloroacetic
acid (7.5 X 107* M) was the buffer between pH 2 and 4, while phthalic
acid at the same concentration was used between pH 4 and 5. The
reactions were run under pseudo-first-order conditions, with a greater
than 100-fold excess of ruthenium to porphyrin (ca. 10% M). The re-
actions were found to be first order in MnI'!-P over 3 half-lives.

Results

AtpH 1 (I = 0.5 (NaCl/HCI)), Mn'"~TPPS had bands at 466
nm (e = 9.8 X 10* M1 s71), 400 nm (6.1 X 10* M 571), and 377
nm (5.9 X 10* M s71). The compound followed Beer’s law from
1 X 10 to 1 X 1075 M at this pH, a result in agreement with
relaxation studies?® indicating that Mn'“TPPS is monomeric in
acid solution. The absorption spectra of constant concentrations
of Mn!"~TPPS at the same ionic strength (I = 0.2) were carefully
monitored between pH 1 and 10, and no changes were observed.

.Above pH 10, the Soret band decreased and broadened with

further increases in pH. It appears that H,O-Mn"'-TPPS does
not hydrolyze below pH 10, while a variety of forms (HO-Mn"'-P,
(HO),~Mn""'-P, and P-Mn""-O-Mn""-P) may occur in the basic
region.

Between pH 1 and 4, the addition of excess Ru(NH,)¢* to
Mn_TPPS produces sets of isosbestic points (the same as shown!2
in the Sn!/Mn!"-TPPS reaction in 1 M HCI) as Mn!I-TPPS
was transformed into the diacid Hi-TPPS?" metal-free porphyrin.
While no evidence was found for Mn!'~TPPS in this pH range,
it can be produced by dithionite®!® reduction of Mn''-TPPS in
base at pH 13 or by pulse radiolysis techniques.?!
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Figure 2. Plot of [Ru(NH;)¢**}/kowea vs. [Ru(NH;)s**]/[H*]? according
to eq 5. The dark dots are data at constant [Ru(NH3)6’+] and dxfferent
pHs, while the open circles are at constant pH and various Ru(NH,)¢*
concentrations,

In our initial experiments, Ru(NH,)¢?* was generated in 0.5
M HC by reduction of the trivalent form with less than a stoi-
chiometric amount of Eu?* (from Zn-Hg reductions of Eu3*).
At such high acidities, the reductions were first order in
Mnl-TPPS. However, at the same pH and measured ruthenium
concentration, the observed rate constants increased linearly with
time elapsed after ruthenium(II) formation. After 1 h, K pe/
[Ru(NH;)¢2*] was ca, 10° M1 57}, and when extrapolated back
to t = 0, the specific rate was <50 M~! 5”1, Later experiments
at higher pH values indicated that Ru(NH,)sH,0, which slowly
forms under strong-acid conditions,?? was not responsible for the
dramatic specific rate increases with time at low pH. Such
phenomena in acidic solutions containing ruthenium ammines may
indicate a new, slowly generated, extremely reactive species, and
similar behavior has been noted in acid by other workers.?*

The system was well behaved above pH 1, when Ru(NH;)**
was generated at pH 3 by Zn—Hg reductions under argon. Be-
tween pH 1 and 2, k e/ [Ru(NH;)s**] was constant (19 £ 2 M™!
s71) in the range 2.0 X 107-2.0 X 10™* M, independent of the time
at which Ru(NH,)** was formed and independent of the amount
of Ru(NH,;)¢** present (8 X 107°-1 X 10¢ M). At constant
Ru(NH,)¢** levels, the specific rate was independent of pH be-
tween 1 and 2 and decreased sharply with increasing pH up to
pH 4 (Figure 1). At pHs between 3 and 4, kyq/[Ru?*] decreased
with an increase in Ru(NH,)¢** concentration, at constant ionic
strength. The assumed mechanism is

Ru(NH,)¢2* + Mn"P = Ru(NH,)¢* + Mnl'-P &, k_,

(1)
Mn!-P + 2H* — HZ_P + Mn?* kz (2)
HZ—P + 2H* = H4—P2+ fast (3)

With Mnl'-P as a steady-state intermediate, and k, the rate-
determining step, the observed rate law in terms of the pseudo-
first-order rate constant, kg, is of the form

kobsd =
kik[Ru(NH;)62* 1 [H*]?/ (k- [Ru(NH;)6**] + k,[H*]?) (4)

Upon rearrangement
[Ru]/koa = 1/ky + (k.1/kiko)([RU*] /[H*]?)  (5)
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Notes
Table I Data for the Ru(NH,),?*/Mn'!!-TPPS Reaction®
konsd/
[Ru(NH,),*],
Mt
[Ru(NH;),**], [Ru(NH,),*], —_—
pH M M obsd calcd®
1.008 3.7 x107* <1078 21 19
1.19 2.0 x 1072 8.5%x107* 18 19
1430 2.0 x10™* <1078 18 19
1.62 4.4%x107? 8.5 x107* 19 19
1.90 4.4 X107 8.5 X103 20 19
1.93 6.5 x107¢ 1.2 %107 20 19
2.21 9.4 x107* 1.2 x10° 19 19
2.68 9.4 X107 1.2 %x10°® 19 19
2.97 9.4 x10° 1.2 x10°® 15 13
3.12 9.4 X107 1.2 X10°? 10 9.5
3.22 9.4 X104 1.2 1073 7.9 7.4
3.36 9.4 X107* 1.2x10°® 5.7 4.8
3.53 9.4 X107* 1.2 x107? 2.7 2.6
3.63 9.4 x107* 1.2 %1072 1.8 1.7
3.73 9.4 x107* 1.2 x10°? 1.1 1.1
4.0 9.4 X107* 1.2x107? 0.34 0.32
3.12 6.5 X107 2.5X107* 6.3 6.3
3.12 6.5 1074 5.0X107* 3.4 3.9
3.14 6.5 x10°* 1.0 x107® 1.9 2.0

@ Calculated from the parameters of eq 5. ? Estimated amount
of l}u(NH )6 3*in the “pure” Ru(NH,),** solution. ¢ Conditions:
25°C;I=

Figure 2 shows the linear relationship between [Ru?*]/kuq and
[Ru3*]/[H*]? dictated by eq 5, with k; = 19 £ 2 M 57}, and
k_i/k, = (4.5 £ 0.5) X 107* M. Figure 1 is the pH profile of the
reaction, where the solid line was calculated from the derived
parameters. Table I shows representative data of the observed
specific rates and those calculated according to eq 5. No chloride
catalysis was found when, at constant ionic strength, LiCl was
substituted for LiTF. At pH 1.5, k,; was independent of ionic
strength between I = 0.1 and 0.5, and at this pH, the Ru-
(NH;)H,0%* /Mn!"-TPPS reaction had a specific rate of 18 M™!
s”! (similar to the hexaammine result).

We attempted to use a palladium-—asbestos catalyst® with H,(g)
to generate Mn''-TPPS at pH 5 and follow the acid solvolysis
kinetics as a function of [H*]. However, as Mnl-TPPS formed,
it was then reduced at the porphyrin ring to unidentified products.
A rough estimate of kgq/[H*]? = 2 X 108 M2 5! was made
between pH 3.3 and 4.2, I = 0.1 (LiCl/HC)).

Ru(NH;)** reduced manganese(IIl) tetrakis(/N-methyl-4-
pyridiniumyl)porphyrin (Mn!l-TMPyP(4)) and its 3-isomer to
essentially colorless, ring-reduced products. A brief study of the
Ru(NH,)s** reaction with manganese(III) tetrakis(NV,N,N-tri-
methyl-4-aniliniumyl) porphyrin (Mn!'-TAP) gave results
analogous to those for the TPPS system, with k; = 33 M™! 57!
and k_;/ky = 5.5 X 102 M.

Discussion

The rate law for the Ru(NH;)¢**/Mn"'-TPPS reaction is
consistent with a reductive acid solvolysis process, as shown be-
fore?® for the Fell'-P/Fe?* reactions in acetic acid. The reduction
potential?¢ for Mn!!/II-TPPS is —0.18 V vs. NHE, and the oxi-
dation potential for Ru(NH,)¢2*/3* is ~0.065 V; thus the equi-
librium constant K for the Ru(NH;)s2*/Mn"TPPS reaction (eq
1) is 7.2 X 107%. The driving force for the overall reaction arises
from the acid solvolysis step: any Mn''~TPPS formed is either
oxidized to Mn'-TPPS by Ru(NH3)4** or reacts with protons
in an irreversible step to form the free base H,~TPPS and then
the observed diacid H,~-TPPS?. At high acidity when k,[H*]?
> k_ [Ru**], kg is independent of [H*] and [Ru?*], and the
reduction step k; (=19 M~ s7!) is rate limiting. At high pH where
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k_[Ru**] > k,{H*]?, the constant k k,/k_;, and hence k_,/k,,
can be determined. Since K = k,/k_;, we calculate k_; = 2.6 X
105 M~ 5!, With k_, /k, = 4.6 X 10 M, then k, = 5.6 X 10
M-1s7L. This acid solvolysis k, is in the range of the 2 X 108 M2
s”! found from the Pd/C-produced Mn!'-TPPS and is in better
agreement with a k, of 4.5 X 107 M~%2 57! found by Neta and
Morehouse,?® who generated Mn!'-TPPS by pulse radiolysis of
aqueous 10% isopropyl alcohol/N,O-saturated solutions of
Mn!'-TPPS.

The reduction potential of Mn'"/'-TAP is —0.15 V vs. NHE,?
and thus X = 2.3 X 10~ for the Ru(NH;)¢**/Mn'"~TAP reaction.
Since k; = 33 M sl k_, = 1.4 X 10° M 57}, and with k., /k,
=55X%X10°M, k, = 2.5 X% 10" M25"1, This acid solvolysis &,
for the formally tetrapositive Mn''~TAP at I = 0.3 is similar to
that of the formally tetranegative Mn'~TPPS. This is expected
in that, at I = 0.5, zinc porphyrin acid solvolysis reactions of the
oppositely charged Zn-TAP** and Zn—-TPPS* complexes have
approximately equal rates.’® As the ionic strength decreases,
however, the Zn—-TPPS*/H* solvolysis rates become much faster
than those of Zn-TAP**/H", in line with the Bronsted—Bjerrum
equation.

The Marcus equation® can be used to calculate the self-ex-
change rate constants, k,,, for the Mn/I'—porphyrin studied.
Taking the Ru(NH;)¢**/3* self-exchange rate contant (k;,) as
3x 103 M 1571 (25°C, I =0.1),> we calculate kp, = 3.2 X 103
M- 57! for Mn/I-TPPS and 2.6 X 10° M 57! for Mn/I-TAP.
A reduction potential of -0.010 V vs. NHE, which is independent
of pH between 5 and 10, has been found*? for Mn/'“TMPyP(4),
and the same number is assumed for the protonated manga-
nese(I1I/1I) tetrakis(4-pyridyl)porphyrin in acid.** An oxidation
potential for the V(H,0)4**/** couple of +0.230 V has been
reported,?” with a corresponding self-exchange rate constant k,,
= 1.5 X 102 M1 57!, With use of an average value for k,; of
2.9 X 10* M 57! for a Mn!!/!'—porphyrin, the predicted cross
reaction (k,,) rate constant for the presumed outer-sphere V-
(H,0)¢** /Mn!'-TPyP(4) reaction is 390 M s7!. This value is
within a factor of 3 of the 145 M~! s7! observed earlier.” Thus,
k,, appears to be relatively independent of the water-soluble
manganese(III/IT) porphyrin type, and similar conclusions have
been reached for related cobalt(III/II) porphyrins.3

For the Ru(NH;)¢2+ /Col'=-TMPyP(4) reaction, Pasternack and
co-workers!314 found a k,, for Colll/I-TMPyP(4) of 20 M~! s,
close to the value of 21 M™! 57! for Co(phen);2*/**. From the
Ru(NH,)¢*/Fel'-TMPyP(4) reaction,'® ky; = 1.2 X 10° M™!
s7! for high-spin H,O-Fell/II-TMPyP(4), >10” M~ 57! for low-
spin bis(imidazole)-Fe"/"-TMPyP(4), and 210° M~ 57! for the
low-spin HO-Fe''/"'-"TMPyP(4). The last two Fe''/!I-porphyrin
low-spin values were noted!* to be in the range of 3 X 108 M"!
s™! for Fe(phen),;2*/3*, suggesting that electron transfer in low-spin
porphyrin derivatives proceeds through the porphyrin 7 system.

k“ =3X 1074 M_l S_1 for MH(H20)62+/3+,37 7.7 X 1073 M_l
s7! for Co(en);2*/3+,% and 1.1 M~ 57! for¥ Fe(H,0)2*/**.3 The
ratios of the self-exchange rate constants for the MW/l porphyrins
to those of the saturated ligand complexes are 1 X 107 for man-
ganese, 3 X 10° for cobalt, and 1 X 10 for iron. One thus sees
an increase in exchange rates of ca. 105 when the metal ion moves
from a hard environment into the soft porphyrin center.
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The assignment of proton resonances in heterocyclic ligands
in coordination compounds is complicated by the variety of effects
the metal ion can have on the ligand chemical shifts. Also, the
assignment of closely related structural isomers by other than
X-ray structure determinations is uncertain, at best. In this report
we demonstrate the use of specific deuterium substitution effects
on T,’s of ligand protons and interligand nuclear Overhauser
effects (NOE) in making resonance and isomer assignments.

Proton resonances in nitrogen-containing heterocyclic ligands
in metal complexes may be affected by a number of factors,
including changes in electron density in the ligand due to o-bond
or d w-bond interactions, specific solvent—substrate interactions,
changes in ligand magnetic anisotropy upon complex formation,
paramagnetic anisotropy resulting from the temperature-inde-
pendent paramagnetic moment of the metal ion, anisotropic effects
of the metal-ligand bond, and ligand proton—metal ion nucleus
spin—spin interactions. The likely relative importance of these
different factors has been discussed by Foust and Ford.!

Imidazole complexes of (NH,)sCo**(AsCo®*) have been studied
as models for histidine complexes in biological systems,>* and
complexes of substituted imidazole have been prepared and
characterized.* The assignment of resonances and isomers in these
complexes is ambiguous, unless a specific isotopic substitution is
made or an X-ray structure is available. We report here T, and
NOE results for nine imidazole complexes and one histidine
complex from which unequivocal resonance and isomer assign-
ments can be made.

Experimental Section

'H NMR spectra were obtained at 200.068 MHz on a Nicolet NT-
200 spectrometer. 7)'s were measured by using a standard inversion
recovery sequence, 180-7—90-acquire.’ The T)’s were first estimated
by obtaining a null point and 7 values chosen to obtain an appropriate
range of data points. The data were fit by a nonlinear least-squares
program from the Nicolet 1180 software (DR-T,-IR).

Nuclear Overhauser effects were obtained by comparing spectra with
an F, frequency off-resonance to one with an ammine resonance of in-
terest irradiated. Sufficient power was used to saturate the ammine
resonance. The integrated areas of the peaks were compared or differ-
ence spectra obtained.

For NOE’s and T’s of protonated forms, the complexes were dissolved
in 1 M DCI. Under this condition the N-H exchange is slow. For T’s
of deuterated forms, the complex was dissolved in D,O and allowed to
stand until all of the N-H had exchanged. Then, sufficient concentrated
DClI was added to make the solution 1 M. No attempt was made to
exclude air or to purify D,O or other reagents.

Chemical shifts are reported on the & scale relative to internal 3-
(trimethylsilyl)propionate. T values on duplicate measurements were
reproducible to 0.1 s.

*To whom correspondence should be addressed at Howard University.
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