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Tetrameric ruthenium(ll) porphyrin complexes, [Ru(4-E§FCO)}, 1, [Ru(4-PyTP)(CO)}, 2, and [Ru(4-PyEP)-

(PY)la, 3, (4-PyRP = 5-(4-pyridyl)-10,15,20-triphenylporphyrinato dianion, 4-BF= 5-(4-pyridyl)-10,15,20-
tritolylporphyrinato dianion), were self-assembled and were characterize¢HbNMR, IR, and FABMS
spectroscopic methods and elemental analyses. The spectroscopic results certified that the ruthenium porphyrin
complexes have cyclic tetrameric structures. -t¥s spectra of the tetramers showed broad Soret bands as
compared with the respective monomer analogues of Ru(TPP)(CO)(Py) and Ru(TRP)(Rg)tetramerd—3
underwent reactions with a large amount of pyridine to give corresponding monomer complexes. Sharpening
and increasing intensity in the Soret bands, accompanied by the progress of the monomerization, indicated the
presence of the excitonic interactions between cofacially arranged ruthenium porphyrin subunits in these tetrameric
molecules. Electrochemical analyses revealed that the first ring-oxidation proce$seslizy and the oxidation
process of Ru(ll) to Ru(lll) i3 proceed stepwise.

Introduction oxo2 pyridyl,® or imidazolyl substituent¥ Steric controls of
angles and lengths in the substituents gave a variety of metal
porphyrin oligomers with cofacial, triangle, or square
structure$c— These porphyrin oligomers elucidated important
electronic and photochemical consequences for bacteriochlo-
rophyll (BC) molecules in photosynthetic reaction cenfess,
X . X ) In many cases, Zn(Il) and Mg(ll) ions were introduced into the
might recognize or encapsulate other molecules in their na- centers of porphyrin rings, because of their excellent photo-
nometeric cavities formed inside in the squares. In fact, the cpemica) properties and biomimetic implication. Zn(ll) and Mg-
inclusion of organic molecules in the cavities of the Cd(ll) () jons are relatively labile metal ions, however, and the
square complex or3the three-dimensional Pd(ll) cagelike cOM- metat-porphyrin oligomers are generally in equilibrium between
plex was realized®: oligomers and monomers in solution. Therefore, we chose an
Another area of self-assembling supramolecular chemistry hasinert metal ion of ruthenium(il) and succeeded in isolating a
been developed into unique metglorphyrin oligomers with  yariety of novel cyclic ruthenium(ll) porphyrin tetramets-3
as shown in Figure 1. Here we report synthesis, characteriza-
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Well-arranged molecules with square or triangle structures
have been of great interest in view of supramolecular self-
assembly. Square metal complexes (PHRY(I1),2 Cd(ll),2 Re-
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Cyclic Ruthenium(ll) Porphyrin Tetramers

[Ru(4-PyP;P)(CO)], 1:R=H,L=CO
[Ru(4-PyT;P)(CO)], 2: R =CHj;, L=CO
[Ru(4-PyTsP)(Py)ls 3:R=CHy, L=Py

Figure 1. Cyclic ruthenium porphyrin tetramers.

dichloromethane, chloroform, toluene, and benzene, in com-

Inorganic Chemistry, Vol. 37, No. 8, 1998799

protons, that is, two couplings, between 2,6- and 3,5-pyridyl
protons in upper field and between the protons in lower field
were observed (Figure S1). The integral intensity of each
pyridyl proton signal was equivalent to four protons. These
results indicated that each ruthenium porphyrin subunit in the
oligomeric framework is equivalent and that one set of the 2,6
and 3,5 protons in each pyridyl group of a porphyrin subunit is
faced to the outer sphere of the framework and the other set of
the protons is directed toward the center of the framework. In
the case 08, axial pyridine signals were also observed at 2.32,
4.97, and 5.84 ppm in a higher region than that of an ordinary
free pyridine (9 ppm). Furthermore, the number of the
ruthenium porphyrin subunits composing the oligomers was
confirmed to be 4 from the ratios between integral intensities
in each signal forl—3 and those for a standard amount of a
free base porphyrin, PP or HTTP. In addition, the right
angle (90) between N(Py}Ru and the ruthenium porphyrin
plane rules out the formation of other cyclic oligomers such as
trimers and pentamers which must have significant strains in
coordination spheres. The spectral and topological observations

parison to the fairly soluble corresponding monomer analogues,apparently indicated that the products were cyclic porphyrin

Ru(TPP)(CO)(Py) and Ru(TPP)(Ry} Elemental analyses of
1, 2, and3 were consistent with their respective compositions,
as detailed in the Experimental Section. Infrared spectrh of

tetramers.

UV —vis Spectral Studies. Both UV—vis spectra ofl and
2 in dichloromethane showed an intense Soret band at 412 nm

and2 showed characteristic carbonyl stretches at 1956 and 19583nd two Q-bands at 532 and 568 nm, similarly to that of Ru-
cm, respectively. The values of the stretches were almost (Tpp)(CO)(Py} as listed in Table 2. However, the Soret bands

the same as those of Ru(TPP)(CO){Pwnd of perpendicularly

of 1 and2 (half-width = 28 nm) are relatively broad compared

arranged ruthenium porphyrin dimers and trimers reported {5 that of Ru(TPP)(CO)(Py) (half-width: 18 nm), and their

previously?® which indicated the coordination of the carbonyl
ligands to ruthenium(ll) ions in the tetramers. On the other
hand, complex3 showed no carbonyl stretches, indicating
apparently that decarbonylation was completed. FABMS
spectra supported the formation of the tetramers, @ and3.
Respective parent peaks were observedrat-(1)/z" = 2973
(8.9% in relative intensity) fod, (m + 1)/z" = 3140 (5.9%)
for 2, and ( + 1)/zt = 3347 (3.0%) for3. In all of the

complexes, the deoligomeric peaks corresponding to dimeric
and trimeric units were also observed, and the highest peaks in

intensity were monomeric units. Although we could not rule
out structures of higher nuclearity than tetrameric, similar to
the cases of the mass spectra of FefflMn(lll),8 and Ga-
(111) 8 oxoporphyrin trimers!H NMR spectra ofl, 2, and 3
confirmed the cyclic tetrameric structures.

The IH NMR signals of all of the porphyrin oligomers-3

were assigned as listed in Table 1. The extremely simple spectr

a

molar absorptivities of the tetramers were significantly smaller
(ca. 80x 10* M~1 cm™1) for the four Ru(TPP)(CO)(Py) (ca.

28 x 4 x 10* M~1cm™1).14 Some perpendicularly linked metal
porphyrin dimers exhibited no broadening of the Soret B&nd.
Hence the broadening of the Soret band& ahd2 must result
from the excitonic interactions between two ruthenium porphyrin
subunits aligned parallel. The UWis spectral changes ac-
companied by the cleavage of the tetramer core to the corre-
sponding monomers confirmed the construction of these tet-
ramers, that is, the addition of pyridine to the dichloromethane
solutions of the tetramers generated the corresponding mono-
mers, Ru(4-PyfP)(CO)(Py) and Ru(4-PyP)(CO)(Py), as
observed by the sharpening and increasing intensity of the Soret
bands as shown in Figure 2. The final spectrd ahd2, with
half-widths of 18 nm and molar absorptivities of about 240

10 M~ em! (27.5 x 10* M~t cm™® per one subunit), were

of these oligomers showed high symmetry of the framework. &most the same as that of Ru(TPP)(CO)(Py). The Soret band

Pyridyl and 3-pyrrole proton signals experienced very large
upfield shifts, as observed previously for some pyridyl porphy-
rins coordinated perpendicularly to metal porphyffhsand

indicated the coordination of ruthenium porphyrin subunits to

the axial positions of other ruthenium porphyrin subunits through

pyridyl substituents. Thg-pyrrole protons were observed as
only four signals as listed in Table 1. The integral intensity of
eachg-pyrrole signal corresponds to eight protons. Pyridyl

of 3 was also broad in comparison to the corresponding
monomer of Ru(TPP)(Pypand it also exhibited the sharpening
and increasing intensity of the Soret band in the process of
generating the monomer of Ru(4-Py)(Py).

Electrochemical Properties. All of the tetrameric ruthenium
porphyrin complexes showed two oxidation stages, each of
which involved four electrons. Redox potentials for the
oxidation processes df, 2, and3 are summarized in Table 3.

protons of 2,6 and 3,5 positions were observed as two sets ofCyclic voltammograms and the simulation charts2oénd 3

double doublet peaks distinctly aroune¢t2 and 5-6 ppm. H-H
COSY showed the correlation between 2,6- and 3,5-pyridyl

(11) Abbreviations: Py= pyridine, TPP= 5,10,15,20-tetraphenylporphy-
rinato dianion, 4-Py§P = 5-(4-pyridyl)-10,15,20-triphenylporphyrinato
dianion, 4-PyEP = 5-(4-pyridyl)-10,15,20-tritolylporphyrinato dian-
ion.

(12) Little, R. G.; lbers, J. AJ. Am. Chem. S0d.973 95, 8583.

(13) (a) Funatsu, K.; Kimura, A.; Imamura, T.; Ichimura, A.; Sasaki, Y.
Inorg. Chem1997, 36, 1625. (b) Kariya, N.; Imamura, T.; Sasaki, Y.
Inorg. Chem 1997, 36, 833.

are shown in Figure 3.

The four-electron oxidized species tfand 2 at the first
oxidation stages, generated by bulk electrolysis at 1.0 V, showed
broad bands around 770 and 5000 nm in the visible region
as shown in Figure 4. The spectra are characteristic of the cation
radicals of porphyrin rings, as observed in the monomerig Zn

(14) Bonnet, J. J.; Eaton, S. S.; Holm, R. H.; Ibers, JJAAm. Chem.
S0c.1973 95, 2141.
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Table 1. Chemical Shift Values of Ruthenium(ll) Porphyrin Oligomers in Cb&i 23°C (6/ppm vs TMS)

complex 2,6-py 3,5-py B-pyrrole o-phenyl m,p-phenyl CH (tolyl) py (axial ligand)
[Ru(4-PyRP)(CO)}, 1 0.96 5.72 6.97, 8.23 7.87 7.70
1.71 6.03 8.57,8.65 8.12
[Ru(4-PyT:P)(CO)L, 2 0.95 5.68 6.90, 8.25 7.77 7.47 2.62
1.68 5.99 8.59, 8.65 8.03 2.71
[Ru(4-PyT:P)(Py)}, 3 0.93 5.67 6.65, 7.77 7.767.90 7.26-7.42 2.57 o 2.32
191 5.78 8.06, 8.12 2.65 p: 4.97
y: 5.84

Table 2. UV—Vis Data of Ruthenium Porphyrin Tetramers in
CH,CI; at 23°C

complex Amafnm (€; 10* M~ cm~Ye per porphyrin subunit)

[Ru(4-PyRP)(CO)}, 1 412 (78.0/19.5), 532 (6.10/1.53), 569 (sh)
[Ru(4-PyTP)(CO)L, 2 412 (80.4/20.1), 533 (7.45/1.86), 570 (sh 2.37/
0.60)

[Ru(4-PyT:P)(Py)k, 3 408 (47.9/12.0), 506 (8.59/2.15), 536 (sh 2.77/
0.69), 585 (sh 1.59/0.40), 668 (sh 0.76/0.19)

14
2]
1.0
0.8-
0.6-
0.4
0.2

0.0
300

412 nm

Absorbance

533 nm
T T A“
400 500
Wavelength / nm
Figure 2. UV—vis spectral change accompanied by the addition of

an excess amount of pyridine to the dichloromethane solutichatf
25°C.

T

600

Cd", and RU(CO) porphyrin complexe®:16 Thus, the first
four-electron oxidation il and2 occurs at the porphyrin rings,
not at the ruthenium ions. Of particular interest is Figure 3a,
which shows a broad redox wave of the first oxidation stage.
To deconvolute the wave of the first stage, simulation of the
cyclic voltammogram was carried out. The simulated voltam-
mogram in Figure 3b was well-fitted with the experimental
curve. The results reveal that the first ring oxidation wave

The second oxidation stage fband2 gave a one-step four-
electron wave with an anodic and cathodic peak potential
separation of 59 mV and was also assigned to the porphyrin
ring-centered oxidations as in the Ru(TPP)(CO)(Py) system.
This result indicates that there is no interaction between the
porphyrin monocation subunits which are independently oxi-
dized to give the porphyrin dication subunits. This is in contrast
to the first ring oxidation process.

Tetramer3 exhibited a redox behavior different from those
of complexedl and2. The first four-electron oxidation occurred
at the central ruthenium ions rather than at the porphyrin rings,
as observed in the corresponding monomer of Ru(TPPy{Py)
The oxidation of the ruthenium centers also proceeds stepwise
as shown in Figure 3c. The simulated voltammogram agrees
well with the experimental curve, as shown in Figure 3d, and
then gives the each redox potential of Ru(lll/IB;'r,. The
second four-electron oxidation process, which is the first
porphyrin ring-centered oxidation By occurred without interac-
tions between the subunits, similarly to the second porphyrin
oxidation stage ot and2. The potential difference dAE* i),
which is a measure of the extent of overall interaction between
the ruthenium centers &, is 117 mV. The value is almost
the same as those @f(136 mV) and2 (128 mV), though the
oxidation moieties at the first oxidation stages are different
betweenl or 2 and 3.

Cleavage of the Tetrameric Structures. As described
above, treatments df—3 with excess pyridine result in the
formation of the corresponding monomeric pyridine derivatives.
In the processes of pyridine substitutions, a significant increase
in intensity of the Soret bands was observed. The pyridine
substitutions ofl and 2 proceeded readily even at 2& in
pyridine—dichloromethane solutions, possibly because of the
trans effect of strongr-acid carbonyl ligands. On the other
hand, the reaction & required high temperatures even in neat
pyridine. The slow pyridine exchange is also observed for the

consists of four stepwise one-electron oxidations, as listed in
Table 3. The simulated voltammogram gives the respective
redox potentialsE®'y. This oxidation behavior indicates the analogue of RU(C_G'P_BP)(W_

presence of a little interaction between the ruthenium porphyrin ~ The depolymerization reactions were followed by £¥is
subunits in each tetramer; otherwise, the first oxidation stage SPectrometry under a large excess of pyridine. In the tetramer
would give a simple oxidation wave involving four electrons ©f 2, the reaction was completed within 15 min when the
with the peak separation of 59 m¥. In comparison to th&°'; concentration o2 was 1.24x 10 °M in the 3.71x 10° M
values in2, the corresponding®'; values inl are slightly more ~ Pyridine—dichloromethane solution. The kinetics obeyed a
positive. This reflects the less electron-withdrawing ability of Pseudo-first-order rate law for the systems with variable
the meso substituents th However, there are no essential concentrations of excess pyridine. Change in the initial
differences betweerl and 2 in both AE* (the potential concentration o over a factor of 5 gave no difference in _the
difference between neighboring one-electron oxidation steps) observed first-order rate constants at a given concentration of

andAE® 1 (the potential difference between the first and fourth  Pyridine. The second-order rate constant obtained by the plots
oxidation steps) in the first oxidation stages. of the pseudo-first-order rate constants against the concentration

of pyridine was evaluated to be (21 0.1) x 1001 M~ s™L,

reactions of a monomeric Ru(TPP)(R¥nd a picnic basket

(15) (a) Brown, G. M.; Hopf, F. R.; Ferguson, J. A.; Meyer, T. J.; Whitten,
D. G. J. Am. Chem. Sod973 95, 5939. (b)Felton, R. H. IfThe
Porphyrins Dolphin, D., Ed.; Academic Press: New York, 1979; Vol.
5, Chapter 3.

(16) Wolberg, A.; Manassen, J. Am. Chem. Sod97Q 92, 2982.

(17) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJCAm. Chem.
Soc 1978 100, 4248.

The observation suggests that the first cleavage of the cyclic
structure to generate an intermediate with chain or zigzag
structures may be rate-controlling, and the successive steps of

(18) Collman, J. P.; Brauman, J. |.; Fitzgerald, J. P.; Abers, J.Am.
Chem. Soc1988 110, 3486.
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Table 3. Redox Potentialsg*') and the Potential DifferencedAE®") of the Ruthenium Porphyrin Tetramers

first oxidn stagé second oxidn stage
Ru(Ili/I) E®' gy, MV first ring oxidnE®'1, mV AE” total, ring oxidn
complex (AE®', mV) (AE°', mV) mV E'5, mV
[Ru(4-PyRP)(CO)L, 1 766
(28)
794
(48) 136 1311
842
(60)
902
[Ru(4-PyTsP)(CO)}, 2 735
(18)
753
(49) 128 1281
802
(61)
863
[Ru(4-PyT:P)(Py)k, 3 95
(69)
164
(23) 117 1217
187
(25)
212
Ru(TPP)(CO)(Py¥,(vs SSCE) 810 0 1360
Ru(TPP)(Py),° (vs SSCE) 210 0 1260

ag° were deduced by CV simulatioAReference 15.

the breaking of the chains to form monomers are relatively fast. for the estimation of the depolymerization reaction. The prompt
IH NMR spectral changes during the reaction processes do notdecay of the/-proton signal of the axial pyridine ¢B8sN) must
contradict the above mechanism; that is any signals derived frombe due to the replacement with deuterated pyridine at®0
the oligomers with noncyclic structures were not observed.  The results supported that the cyclic tetrameric structures are
The cleavage reaction &also progressed in neat pyridine energetically and topologically robust.
(12.4 M) solution. The apparent increase in the intensity of  pynter and co-workers discussed the stability of cyclic
the Soret band was completed in about 70 min at AGs tetrameric structure on the basis of the YVis spectroscopic
showg |r_11F|gure 05 The fwst-ordsr_r?te co?stam,& was 5.1 gydiested Cyclic zinc porphyrin dimer, trimer, and tetramer
x 107#sat 110°C and 1.9x 107>sat 90°C. Thereaction —\ere constructed by self-assembling through a variety of pyridyl
was also fOHQWEd by théH NMR method for the deuterated substituents linking at the end of meso peptide substitiféAts.
p_yr|d|ne solut|ons_ (Figure S2). At room temperature, th_e_proton From the UV~vis absorption dilution studies for the zinc
signals of 3,5-pyridylj-pyrrole, andy-pyridine of axial pyridine porphyrin tetramer, they concluded that cyclic tetrameric

ligands exhibited no change over a few wegk#t 90 °C, the structure is the major component of the zinc porphyrin oligomers
3,5-pyridyl ands-pyrrole proton signals of the cyclic structure . .
pyridyl andp-py P 9 y and that the chain ones are negligible. They also suggested

exhibited essentially no change, except for broadening (as . o
compared with the signal at room temperature) of 3,5-pyridyl that the zinc porphyrin oligomers [Zn(4-Py)], reported by

proton signals due to the rotation of the pyridyl groups (Figure Fleischer and Shach&rhave cyclic tetrameric str_uqures.
$2)2021 Thus the signal of 3,5-pyridyl protons cannot be used However, the'H NMR spectrum of [Zn(4-Py#P)], exhibiting
broad single signals for both 2,6- and 3,5-pyridyl and the most

(19) 2,6-Pyridyl proton signals were obscured by the signals of impurities upfield _Shifte‘jﬁ'py'fmle pmtons around 2, 6, and 7.5 ppm,
contained in deuterated pyridine. respectively?? is entirely different from that of [Ru(4-PyP)-

(20) Sandston, J. In Dynamic NMR SpectroscopyAcademic Press: i -
London, New York, 1982; pp 93123. 3,5-Pyridyl proton signals of (CO)L. Variable temperatur§-| NMR measurements of [Zn

1, 2, and3 were coalesced at 378, 379, and 364 K in deuterated toluene (4-PYRP)L by us clarified the problem as shown in Figure 6.
solutions, respectively, because of the rotation of the pyridyl rings at When the temperature was loweredtd0 from 25°C, the

high temperature® However, thes-pyrrole protons of.—3 kept four broad pyridyl signals were changed to two sets of apparent
sharp signals, indicating no cleavage of the cyclic framework even at

high temperatures. Free energies of activation for the rotatiohs & peaks. The spectrum at40 °C is the same as that of [Ru(4-
were approximately estimated to be the same value of 18 kcal'mol ~ PyR;P)(CO)}, that is, two sets of double doublet pyridyl signals

The value is comparable to the rotation barriegg)(of orthounsub- _ ; i i
stituted phenylporphyrins (1518 kcal mol 2)14.15 Free energies of and sharp foup-pyrrole ;lgnals as observed in the ruthenium
activation for the exchange ib—3 were estimated: tetramer systems. Thus it was concluded that the fast exchange,
R relative to NMR time scale, between cyclic and chain structures
AG" = 4.57T(10.32+ log T, — log k) 1)

occurred in the case of [Zn(4-Py®], with the concentrations
whereT. (K) is the coalescence temperature of two 3,5-pyridyl signals for the 'TH NMR measurement at room temperature and that

andk. is the rotating rate alc. k;, defined in eq 2, is the rotation rate : : :
at the coalescence temperatures: the cyclic tetramer is the major component at low temperature.

k.= a(Av)i2 @) (21) (a) Sessler, J. L.; Johnson, M. R.; Creager, S. E.; Fettinger, J. C.;
whereAv (Hz) is the chemical shift difference between two 3,5-pyridyl Ibers, J. AJ. Am. Chem. So299Q 112, 9310. (b) Eaton, S. S.; Eaton,
signals. The temperatures of were 378, 379, and 364 K fdt, 2, G. R.J. Am. Chem. S0d977, 99, 6594. (c) Eaton, S. S.; Eaton, G.
and 3, respectively, and the values ofv of 1, 2, and3 were 72.9, R. J. Am. Chem. S0d.975 97, 3660.

78.3, and 29.7 Hz, respectively. (22) Fleischer, E. B.; Shachter, A. Nhorg. Chem 1991, 30, 3763.
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Figure 4. UV-—vis spectra of [Ru(4-PysP)(CO)L, 2, and [Ru(4-
PyTsP™)(CO)L in 0.1 M TBA(PR;)—CH.Cl, at 23°C.
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Figure 5. UV —vis spectral change & in pyridine at 110°C.
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Figure 6. Variable temperaturtH NMR spectra of [Zn(4-Py§P)], in
CDCls.

If [Zn(4-PyPsP)], was recrystallized under cold conditions,
cyclic zinc porphyrin tetramer could be isolated.

Conclusions

New three-dimensional cyclic ruthenium porphyrin tetramers
1-3 were synthesized and characterized. Variable temperature
IH NMR measurements and kinetic studies with ¥s and
NMR methods revealed that the cyclic tetrameric structures are
stable energetically and topologically. bWis spectra ofl—3
showed broad Soret bands. The Soret bands were sharpened



Cyclic Ruthenium(ll) Porphyrin Tetramers Inorganic Chemistry, Vol. 37, No. 8, 1998803

and increased in intensity by the generation of corresponding  Hz(4-Py)TsP. Hy(4-Py)TsP was synthesized by a method similar
monomers in the process of pyridine substitution reactions. The to that of H(4-Py)RP usingp-tolualdehyde in place of benzaldehyde.
results demonstrated the presence of excitonic interactionsP-Tolualdehyde (15 mL), 4-pyridinecarbaldehyde (5 mL), and pyrrol

between the ruthenium porphyrin subunits aligned parallel in (1> ML) were used. Crystalline product of the porphyrin mixture was
the tetramer frameworks. Redox behaviors of the cyclic obtained (4.98 g). The amount ob4-Py)T:P was 1 g. Yield: 20%.

. . . . Anal. Calcd for GgHssNs: C, 83.99; H, 5.36; N, 10.65. Found: C,
tetramers were characteristic. The first four ring oxidations of 83.81; H, 5.29; N, 10.303H NMR (CDC, 270 MHz): Hu —2.79

1and2, and the oxidation of four ruthenium ions®proceeded (s 2p), Hyy, 2.70 (s, 9H), H 8.87 (m, 8H), H 8.08 (d,J = 8.1 Hz,

stepwise. The extent of overall splitting of the first redox 6H), H,, 7.55 (d,J = 8.1 Hz, 6H), H,g-py 9.02 (dd, 2H), Hs_p, 8.16
processes of all of the complexes was almost the same (ca. 12Qdd, 2H) ppm.

mV). Synthesis of Tetramers. [Ru(4-PyBP)(CO)]s, 1. Procedure 1.
A benzonitrile solution (100 mL) containing RCO)2 (200 mg, 3.13
Experimental Section x 10~* mol) and H(4-Py)RP (200 mg, 3.25¢ 10-* mol) was heated

under reflux for 12 h. The solution was filtered through a sintered
Materials. Pyrrole, benzaldehyde;tolualdehyde, and 4-pyridine-  glass followed by evaporation to dryness. The resulting solid was

carbaldehyde for preparations of the porphyring4HPy)RP and H- dissolved in a small amount of dichloromethane and separated by silica
(4-Py)TsP, were purchased from Wako and used without further gel column chromatography with dichloromethane as an eluent. The
purification. Triruthenium(0) dodecacarbonyl, 0O),, was pur- first eluted red band was collected and evaporated to dryness. The

chased from Aldrich. Methanol was purified by distillation under N solid product was recrystallized from dichloromethane-methanol and
gas after dehydration using 4-A molecular sieves. Dichloromethane dried at 100°C in vacuo for 5 h. Yield: 48 mg, 20%.
and toluene were used without further purification. Silica gel (Wakogel ~ Procedure 2. A diethylene glycol monomethyl ether suspension
C-300) and alumina (Wolem, neutral, activity Ill) were used for column (100 mL) containing K4-Py)RP (100 mg, 1.66< 10-* mol) and Ry-
chromatography. TLC silica plates were purchased from Tokyo Kasei. (CO)2 (100 mg, 1.56x 10~ mol) was refluxed fo 2 h under N
Measurements. 'H NMR spectra were recorded on a JEOL-EX270 atmosphere. The reaction was monitored by visible spectroscopy, and
spectrometer. IR spectra (KBr method) were measured with a Hitachi "€a1ing was stopped when the characteristic band(@fPly)RP around
270-50 infrared spectrophotometer. BVis spectra were recorded on 650 nm was no longer observed. To the cooled and_ filtered solutlo_n,
a Hitachi U-3410 spectrophotometer or a Hitachi U-3000 spectropho- Was added 100 mL of a saturated NaCl aqueous solution. The resulting
tometer. Cyclic voltammetry was performed with a BAS CV-50W precipitate was removed by filtration through a sintered glass, washed

voltammetry analyzer. The data were digitized and stored in a with water, and dried at 100C in vacuo for 1 h. The crude product

connecting personal computer. The working and the counter electrodeseXhiPited @ band around 600 nm, because of a chlorine impurity.

for the cyclic voltammetric measurements were a platinum disk (i.d. (I;|_ence, ole?)tlon of the crude prodgcés@tzADDQ (2,3-d|ch|orto-5f,6-
= 1.6 mm) and a platinum wire. Cyclic voltammograms were recorded Dlgyano- ’ (—jdertljzoqwn%r_ler)ﬂwas ca;rne | AN exc;eﬁs amgun Od
at a scan rate of 100 mV/s at 2@. The sample solutions in GBI, Q was added to the dichloromethane solution of the crude product,

e _ : and the suspension was stirred at room temperature until the charac-
ﬁgg;‘ﬂ?&g&gﬂpgfgwﬁ;: 2325&;32212?2; f;ra:rlgg:? rg?gg:ﬁm Th eteristi_c band around 600 nm disappeared'._ The suspension was filtered.
reference electrode was Ag/0.01 M [AG(GEN)]PFs, 0.1 M (TBA)- The filtrate was chro_matographed on a silica gel column using toluene
PFs (acetonitrile). The potentials reported here are with respect to this as an eluent. Th_e first eluted band was_collected a_md evaporated to
reference electrode, against which the redox potential of ferrocenium drynhess. | Thz Zo.l'd dprodté%vyas recry?talhz;:d frqnlq dqlcstz)loromgﬂa()ane
ferrocene was 0.352 V. Digital simulation of cyclic voltammograms 2:; ancoaﬁ;j forrleq 3:18,\1 Og I\_\/’ac.uocor751 1'4.Y|'j 566' rr[ljg' 9542
was performed on a simulation software DigiSim from Bioanalytical Found: C. 71.55: |_7 410362 N4 9u§31H’NM|.? (’CD'CI om0 I\’/IH.z)' :
Systems (BAS). The visible kinetic measurements were perfomed on H '0 gé (d.5 §4 I]-|z. 4|_’|) 1 7'1 (d 594 Hz 4|f|) ZH 572 (dd-

a Hitachi U-3000 spectrophotometer with a thermostated cell holder, Sgip)i 65 Hz ’4|;|) 6.03 (dd’ 594 165 He 4I'-|);, 6-137 E’é .05 Ha
for example, 2.5 mL of dichloromethane solutions of [Ru(4-§B)F 8H) '8 '23 (d ,495’Hz- 8H) 857 (’d '4 95 I-’|z 8H), 8 65’(d. 405 ’Hz
(CO)Js 2 (1.244x 1075 M and 2.184x 1077 M), were kept in the cell T T ' o Y ' e A ’

holder thermostated at 2% at least for 10 min before the additions SH)F’Q H317F.>83" F?lczo(m 224:-:')’ '::']p /.70 (m,t_36H)f ;g)m4 PV(CO
of 8.3-25 mL of 3.71x 10" M pyridine—dichloromethane solution. [Ru(4-PyTsP)(CO)Js, 2. For the preparation of [Ru(4-P#P)(CO)},

The absorbance change at 412 nm was monitored with time and plrggsc(ijl:r;a_lpa;lgpz fgt ‘Evgga)lal(i%g mplogzgxuig_%zﬂéﬁya):ﬁjpé?
analyzed by plotting Inff. = A)/(A- — Ag)] versus time (s), wheréo ?A-P VTP (100);n 1.56¢ 104 mol) wore used, Yield: 20 mg, 17%
is the initial absorbancé.. is the absorbance at infinite time, aAd Y)ls 9= y ' 9 .

is the absorbance at time, In the case of [Ru(4-PyP)(Py)L, 3, the ':23:1 d,Cglcglfg;.QHBMisslegoﬁAngdslﬁ' ’\T'\ZI}I:Z(CI;C?Z;?ONMSZS;Z '
pyridine solutions were equilibrated for 10 min at 1. The UV— Hoe oo 0.95 d '5.94 Hz '4H’) 168 (oi 5.94 Hz, 4H) 3,;4 5.68 (dd.
vis spectra from 300 to 800 nm were scanned until no further changessg‘zpyl 65 Haz ’4|;|) 599 (dd’ 594 1.65 Hz 4|’_|)% (HSO zé 4.95 Hz
were observed. Analyses of the absorbance changes at 412 nm werg;\ o - ’ e QLo (4 | " '

%H) 8.25 (d, 4.95 Hz, 8H), 8.59 (d, 4.95 Hz, 8H), 8.65 (d, 4.95 Hz
carried out by plotting Inff. — A)/(A. — Ag)] versus time (s), similarly A e ' N o . e o '
to the [Ru(4-PyTP)(CO)}. 2, System, 8H), Ho 7.77, 8.03 (M, 24H), H7.47 (m, 24H), K, 2.62 (s, 12H),

: . » 2.71 (s, 24H) ppm.

Synthesis of H(4-Py)PsP and Hx(4-Py)TsP. Porphyrins containing [Ru(4-PyTsP)(Py)ls, 3. A spectral grade toluene solution (700 mL)
mesepyridyl groups were synthesized by using the literature method. containing [Ru(4-PyP)(CO)}, 2 (32 mg, 1.02x 10-5 mol), and

Ha(4-Py)P,P. The mixed solution of benzaldehyde (15 mL), pyridine (3.5 mL, 4.08x 10° mol) in a Pyrex vessel was photoirra-
4-pyridinecarbaldehyde (5 mL), and pyrrole (14 mL) was refluxed in diated using a medium-pressure mercury lamp3dh with stirring
propionic acid. The crystalline product of the porphyrin mixture (5.18 and vigorous Ar bubbling. The red solution was changed to a brown
g) was obtained after cooling the solution. The desired porphyrin was solution by irradiation. The solution was filtered and evaporated to
isolated from the porphyrin mixture by silica gel column chromatog- dryness. The resulting solid was dissolved in a small amount of toluene
raphy. The amount of 4-Py)RP was 1.44 g, which corresponds to  and separated by an alumina column (activity 1) with toluene as an
28% of the total yield of the porphyrin mixture. The purified porphyrins  eluent. The first eluted brown band was collected and evaporated to
were identified by thin-layer chromatography, elemental analysis, and dryness. The resulting deep-purple solid was recystallized from toluene-
H NMR measurements. These data agreed well with the reported methanol, and dried at 11 in vacuo for 5 h. Yield: 22 mg, 63%.
results??> Anal. Calcd for GsHooNs: C, 83.88; H, 4.75; N, 11.38. Anal. Calcd for GoHisdN24aRus C, 73.23; H, 4.64; N, 10.05.
Found: C, 83.82; H, 4.83; N, 11.13H NMR (CD.Cl,, 400 MHz):
Hnn —2.88 (s, 2H), B 8.85 (m, 8H), H 8.20 (m, 6H), K, 7.77 (M, (23) Collman, J. P.; Barnes, C. E.; Brothers, P. J.; Collins, T. J.; Ozawa,
9H), Hz6-py 8.98 (dd, 2H), Hs-py 8.15 (dd, 2H) ppm. T.; Callucci, J. C.; lbers, J. AJ. Am. Chem. Sod 984 106, 5151.
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Found: C, 73.29; H, 4.69; N, 9.75'"H NMR (CDCl, 270 MHz): Science, Sports and Culture, Japan (No. 08454206) and the 1994
Ha6-py 0.93 (d, 5.93 Hz, 4H), 1.91 (d, 7.59 Hz, 4H)s Hpy 5.67 (d, Kawasaki Steel 21st Century Foundation.

5.93 Hz, 4H), 5.78 (d, 7.59 Hz, 4H),446.65 (d, 4.62 Hz, 8H), 7.77 (d,

4.62 Hz, 8H), 8.06 (d, 4.62 Hz, 8H), 8.12 (d, 4.62 Hz, 8H), Hr— Supporting Information Available: Figures of H-H COSY of2

7.9 (M, 24H), K, 7.2-7.4 (m, 24H), Ry, 2.57 (s, 12H), 2.65 (s, 24H),  andH NMR spectral change & in ds-pyridine at 90°C (Figures S1
Ho-py 2.22 (d, 8H), H-py 4.97 (t, 8H), H-py 5.84 (t, 4H) ppm. and S2) (2 pages). Ordering information is given on any current
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