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Abstract: The synthesis, structures, and
optical and electrochemical properties
of meso-phosphorylporphyrins are de-
scribed. The copper-catalyzed carbon-
phosphorus cross-coupling reaction of
a meso-iodoporphyrin with di-n-butyl
phosphite and  diphenylphosphane
oxide has proved to be an efficient and
general method for the synthesis of
meso-phosphorylporphyrins. Zinc phos-
phorylporphyrins thus obtained readily
undergo self-organization through P-
ox0—Zn coordination to form noncova-
lently linked, cofacial porphyrin dimers
or linear oligomers, which have been
characterized by spectroscopic methods
and X-ray crystallographic analyses. In
toluene, CH,Cl,, and CHCl;, the zinc

phosphorylporphyrins exist mostly as
dimers or monomers, depending on
their concentrations, the temperature,
and the presence of additives. The self-
association constants for dimerization
in toluene have been determined by
UV/Vis absorption titration measure-
ments. The meso-diphenylphosphoryl-
porphyrin dimer displays excitonic cou-
pling of the Soret band with a splitting
energy of 940 cm™'. Fluorescence life-
times of the zinc phosphorylporphyrins
have been found to be affected only
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slightly by the concentration of the so-
lution, and by the addition of triphe-
nylphosphane oxide, suggesting that
the effect of dimerization on their pho-
todynamics in the S, state is negligible.
On the other hand, the effect of dime-
rization is clearly reflected in their
electrochemical oxidation processes, as
the initially produced radical cations
are efficiently delocalized over the two
porphyrin rings. These findings demon-
strate the potential utility of meso-
phosphorylporphyrins as new models
for the special pair in photosynthesis
and as new building blocks for porphy-
rin-based supramolecular materials.
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Introduction

Metal-ligand coordinative interactions play an important
role in the construction of porphyrin assemblies, and have
been the subject of numerous studies in supramolecular, bio-
mimetic, and materials chemistry.!l In order to control the
optical and electrochemical properties of such porphyrin as-
semblies, it is necessary to organize the chromophores into
well-defined supramolecular architectures. In this context,
much effort has been devoted to the design of new classes
of peripheral substituents as coordination sites for metallo-
porphyrins. Among them, nitrogen bases such as pyridyl,”
imidazolyl,® aminopyrimidyl,” and aminol groups are the
most frequently used ligands to construct cofacial, linear,
branched, cyclic, dendritic, and polymeric metalloporphyrin
assemblies, in which the directional angle and basicity of the
lone pair as well as the steric factors of the substituents
define the structures and stabilities of the assemblies. Hy-
droxyl and carbonyl functions have also been used for the
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self-assembly of metalloporphyrins!® and chlorophylls” as
models for chlorosomal antennae in green photosynthetic
bacteria. However, the potential utilities of other classes of
ligands have not been fully addressed.®!

Phosphorus-based functional groups are attractive candi-
dates as peripheral ligands, because they provide a variety
of coordination modes depending on the oxidation state and
geometry of the phosphorus center. For example, trivalent
o°-phosphorus groups act as typical P ligands, while pentava-
lent o*-phosphorus groups bearing a P-oxo bond behave as
O ligands. In each case, the coordinating ability of the phos-
phorus or the P-bound heteroatom center is easily control-
led by appropriate choice of substituents. Recently, Sanders
and co-workers reported several types of linear porphyrin
arrays, in which trivalent meso-phosphinophenyl and phos-
phinoethynyl groups were coordinated to the metal centers
through their phosphorus donors (P-M; M = Ru, Rh).”)
On the other hand, the literature contains no examples of
metalloporphyrin assemblies utilizing pentavalent phospho-
rus functionalities, and their potential utilities still remain to
be clarified.

For reciprocal communication between the phosphorus
substituent and the porphyrin m system, it is desirable to
attach the phosphorus functional groups directly to the pe-
ripheral positions of the porphyrin ring. To the best of our
knowledge, however, there is only limited information on
peripheral carbon-phosphorus bond-forming reactions. In
1977, Evans and Smith reported that electrolysis of a mix-
ture of tetraphenylporphyrin and triphenylphosphane af-
forded a fB-(triphenylphosphonio)porphyrin.'” Although this
method has been applied to the synthesis of some meso- and
B-phosphonioporphyrins,*!! no attention has been paid to
other C—P bond-forming reactions. In recent years, transi-
tion-metal-catalyzed cross-coupling reactions of halogenated
porphyrins with carbon™? and heteroatom™ nucleophiles
have proved to be reliable methods for introducing a wide
range of substituents such as aryl, heteroaryl, alkenyl, alkyn-
yl, alkoxy, amido, and sulfanyl groups on the porphyrin ring.
With this in mind, we decided to 1) establish a general
method for peripheral carbon—phosphorus bond formation
based on cross-coupling methodology, 2) elucidate the struc-
tures and properties of the P-substituted porphyrins, and
3) utilize them as new building blocks for supramolecular
porphyrin assemblies. As a first target, we chose phosphoryl
(R,P(0O)-) groups, which are expected to behave as neutral
O ligands derived from polarized P—oxo bonds.

Herein, we report the synthesis, structures, and properties
of meso-phosphorylporphyrins, which have been prepared
by copper-catalyzed carbon-phosphorus cross-coupling reac-
tions."! The zinc phosphorylporphyrins thus obtained have
been found to undergo self-organization through P-oxo-Zn
coordination to form cofacial porphyrin dimers or oligom-
ers. In both types of aggregates, the o*-phosphorus center
with a polarized P-oxo bond defines the orientation and dis-
tances of the porphyrin chromophores. The crystal struc-
tures, photophysical properties, and electrochemical proper-
ties of the zinc phosphorylporphyrin aggregates have been
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elucidated by means of X-ray crystallography, absorption
and fluorescence spectroscopies, and cyclic voltammetry.
The results obtained demonstrate the potential utility of
phosphoryl groups as new peripheral coordinating sites for
the formation of porphyrin-based supramolecules.

Results and Discussion
Synthesis and characterization of phosphorylporphyrins:

Cross-coupling methodology has been successfully applied
to peripheral carbon—phosphorus bond formation. Scheme 1
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Scheme 1. Synthesis of meso-phosphorylporphyrins. Reagents and condi-
tions: a) HP(O)(OBu),, Cul (20 mol%), Cs,CO;, MeNH(CH,),NHMe,
toluene, reflux; 81%. b) Ph,P(O)H, Cul (20 mol%), Cs,CO;, MeNH-
(CH,),NHMe, toluene, reflux; 72%. c) CF;CO,H, CH,Cl,; >85%. d) Pd-
(OAc),, CH,Cl,-MeOH, RT; 87%.

depicts the synthesis of two kinds of meso-phosphorylpor-
phyrins. Copper-catalyzed C—P coupling of meso-iodopor-
phinatozinc 1Zn"" with di-n-butyl phosphite under Buch-
wald’s conditions!"®! afforded meso-(di-n-butoxyphosphoryl)-
porphinatozinc 2Zn in 81 % yield (route a). Using diphenyl-
phosphane oxide instead of di-n-butyl phosphite resulted in
the formation of meso-diphenylphosphorylporphinatozinc
3Zn in 72% yield (route b). In the latter reaction, a small
amount of the phosphonic ester 4Zn was obtained as a side
product. Treatment of 2Zn, 3Zn, and 4Zn with trifluoroace-
tic acid in CH,Cl, afforded the corresponding free bases
2H,, 3H,, and 4H,. Free base 3H, was then reacted with
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Pd(OAc), to give palladium phosphorylporphyrin 3Pd. The
structures of the newly synthesized porphyrins have been
characterized by means of 'H and *'P NMR, UV/Vis absorp-
tion, IR absorption, and mass spectrometry.

The '"H NMR spectra of phosphorylporphyrins 2H, and
3H, in CDCl; show distinct, sharp peaks for all of the pro-
tons (Figures S1 and S2 in the Supporting Information),
with the signals of the peripheral -protons at the 3- and 7-
positions, the POCH, protons (for 2H,), and the P-phenyl
ortho protons (for 3H,) being observed at 0 = 10.24 (2H,)
or 9.42 (3H,), 4.13-4.46, and 7.94 ppm, respectively (for the
numbering, see Figure 1). The palladium porphyrin (3Pd)

Figure 1. Numbering scheme of phosphorylporphyrins.

also exhibits well-resolved peaks, in almost the same regions
as 3H,. On the other hand, the 'H NMR spectra of the zinc
phosphorylporphyrins 2Zn and 3Zn in CDCl; or CD,Cl,
(ca. (24)x107*m) feature broad peaks at room temperature
(Figures S3 and S4 in the Supporting Information). In partic-
ular, the protons adjacent to the P—oxo moieties of 2Zn and
3Zn are shielded and their signals are significantly broad-
ened relative to the corresponding protons of 2H, and 3H,.
The broadening and upfield shifts are rather suppressed at
higher temperatures (vide infra), suggesting that an equilib-
rium is set up between the zinc phosphorylporphyrin mono-
mers and their aggregates. This is strongly supported by the
UV/Vis absorption spectra of 2Zn and 3Zn, which show a
concentration dependence in toluene (vide infra). Unfortu-
nately, all attempts to measure the molecular weights of
27Zn and 3Zn in solution by vapor pressure osmometry have
been unsuccessful owing to their limited solubility. However,
the ESI mass spectra of 2Zn and 3Zn show parent ion
peaks at m/z 2263 and 2278, respectively, attributable to the
dimeric cations. These spectral data suggest that the 2Zn
and 3Zn aggregates exist mostly as dimers in weakly polar
solvents. In marked contrast, the '"H NMR, UV/Vis absorp-
tion, and ESI mass spectra of 2H,, 3H,, and 3Pd indicate
that these phosphorylporphyrins exist as monomers.

When the 'H NMR spectra of 2Zn and 3Zn were mea-
sured in CD;OD/CDCl; (7:1 (v/v) for 2Zn, 3:1 (v/v) for
3Zn), the signals of the 3,7-f-, POCH,-, and P-phenyl ortho
protons were observed as sharp peaks at 6 = 10.19 (2Zn)
or 9.22 (3Zn), 4.11-4.49, and 7.89 ppm, respectively (Fig-
ure S5 in the Supporting Information). These chemical shifts
are close to those of the corresponding protons of 2H, and
3H,, indicating that the aggregation of 2Zn and 3Zn is com-
pletely suppressed in the presence of methanol. The addi-
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tion of an excess of pyridine to the solutions of 2Zn and
3Zn in CDC(l; also shifted the equilibrium towards the mo-
nomer, with sharp resonances appearing due to the pyridine
adducts 2Zn-py and 3Zn-py (Figure S6 in the Supporting In-
formation). Based on these results, it can be concluded that
the self-organization of 2Zn and 3Zn into the respective
dimers is caused by coordination between the polarized P-
oxo bond and the zinc center. In the presence of an excess
of methanol or pyridine, the P-oxo-Zn coordination is dis-
rupted by a competing P=0--H—OMe hydrogen-bonding in-
teraction and/or E-Zn coordination (E = O, N). In contrast
to 3Zn, the phosphonic ester 4Zn did not show aggregation
behavior in solution. This indicates that the directional
angle and distance of the P-oxo group from the porphyrin
plane are important factors for the formation of a stable,
complementary dimer in solution.

To gain further insight into the structures of the zinc—por-
phyrin dimers in solution, variable-temperature (VT) 'H
NMR measurements were carried out for 2Zn and 3Zn.
Figure 2 depicts the temperature dependence of the spectra
of 2Zn. On increasing the temperature from 25°C to 120°C
in CL,CDCDCl,, the broad peaks due to the 2,8-f- and 3,7-
B-protons gradually sharpen and shift downfield to 6 = 9.0
and 10.4 ppm, respectively. The spectrum observed at 120°C
is composed of one set of sharp peaks, characteristic of the
27Zn monomer. On the other hand, on lowering the temper-
ature from 20°C to —50°C in CD,Cl,, the broad peaks are
split to give a second set of relatively sharp peaks, attributa-
ble to a symmetrically stacked 2Zn dimer.'"”! At —50°C, the
signals of the 2,8-B- and 3,7-B-protons appear at 6 = 8.3
and 7.4 ppm, respectively. It should be noted that the magni-
tudes of the upfield shifts of the signals of the peripheral (3-
protons on going from the monomer (at 120°C) to the
dimer (at —50°C) increase in the order 13,17-f (Ad
~0ppm)<12,18- (—0.05ppm)<2,8-f (—0.7 ppm)<3,7-f
(—3.0 ppm). The upfield shift of the signals of the B-protons
distant from the phosphoryl group is negligible, whereas the
upfield shift of the signals from the adjacent protons is sig-
nificant.

A similar tendency was observed for 3Zn (Figure S7 in
the Supporting Information); the shifts in the signals of the
peripheral p-protons on going from the monomer (in
CD;0OD/CD,Cl,, 3:1 (v/v)) to the dimer (in CD,Cl, at
—60°C) increase in the order 13,17-p~12,18-p (Ad =
+0.4 ppm) <2,8-f (—0.9 ppm) <3,7-f (—3.2 ppm). In addi-
tion, the signals of the P-phenyl protons also shift (Ad =
—0.6 ppm for p-H; —0.8 ppm for m-H; —3.4 ppm for 0-H) as
a result of dimerization. The remarkable upfield shifts ob-
served for the protons adjacent to the phosphoryl groups
are certainly due to the ring-current effect of the porphyrin
7t circuit, indicating that these moieties are located above
the second porphyrin ring. Thus, it is most likely that the co-
facial, partially overlapped zinc—porphyrin dimers are
formed through P-oxo-Zn coordination, as illustrated in
Equation (1) and Figure 3. This arrangement also explains
the non-equivalence of the ortho protons of the 3,5-di-tert-
butylphenyl groups at low temperatures. At —50°C, the sig-
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Figure 2. Temperature dependence of the '"H NMR spectra of 2Zn in chlorinated solvents. a) Measured in CL,CDCDCI, (2.0x10*m) from 25°C to
120°C at 400 MHz. b) Measured in CD,Cl, (1.3 x10*m) from 20°C to —50°C at 270 MHz. The labelled peaks are as follows: a = 3,7-8; b = 2,8-B; ¢ =
12,18-B;d = 13,17-f; e = 10,20-H, and -H,; f = 10,20-H,; g = 15-H, and -H,; h = 15-H,. For the numbering, see Figure 1.
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Figure 3. A model for the zinc meso-phosphorylporphyrin dimer. P =
P(O)R,; Ar = 3,5-di-tert-butylphenyl. a) Side view from the 10-20 axis.
b) Side view from the 5-15 axis.

nals of the ortho protons of the 10- and 20-aryl groups and
those of the 15-aryl group of 2Zn are split into two resonan-
ces at 0 = 7.84 and 8.50 ppm (each 2H) and 6 = 8.07 and
8.19 ppm (each 1H), respectively. No such splitting for the
ortho protons of free base 2H, is observed at —50°C, sug-
gesting that the inner and outer ortho protons of the com-

plementary 2Zn dimer are differentiated at this tempera-

ture.['8!
Ar = R R
2 X Ar m F\"\’R = OAr ___ Ar:O (1)
R,P _N Zn N_—’ Ar
A 1
' Ar

K, (2Zn) = 1.4 x 10* M~ (in toluene, at 25 °C)
K, (3Zn) = 5.9 x 108 ™" (in toluene, at 25 °C)

3P NMR spectroscopy is a reliable tool for shedding light
on the character of the phosphorus atom in a phosphoryl
group. It has been reported that the *'P peak of a cationic
zinc—phosphane oxide complex, [Zn(BF,),(OPPh;),] (6 =
42.9 ppm in MeNO,),"™ appears significantly further down-
field than that of free Ph;PO (6 = 27 ppm), reflecting a de-
shielding of the P nucleus as a result of strong P-oxo—Zn co-
ordination. However, the *'P peak of 2Zn was not seen to
shift considerably in the range of —50 to +100°C in VT-
NMR measurements (Adp~2.5ppm at 2x107°mM in
CLCDCDCl,; Adp~1.0ppm at 2x107M in [Dg]toluene).
Thus, the *'P chemical shifts of the zinc phosphorylporphyrin
dimers differ only slightly from those of the monomers. This
observation may be interpreted in terms of opposing shield-
ing effects in the complementary dimers: the ring current
from the facing porphyrin causes an upfield shift, whereas
the P-oxo0-Zn coordination causes a downfield shift. If these
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effects are comparable, then the *'P resonances will be af-
fected only slightly by aggregation to the dimers.

Crystal structures of zinc phosphorylporphyrins: Single crys-
tals of 2Zn and 3Zn were grown from hexane/CHCIl; and
MeCN/CHCI;, respectively, and their structures were suc-
cessfully elucidated by means of X-ray crystallography. As
shown in Figure 4, di-n-butoxyphosphorylporphinatozinc

Figure 4. ORTEP diagrams of 2Zn (30% probability ellipsoids). Hydro-
gen atoms and tert-butyl groups are omitted for clarity. a) Top view.
b) Side view. Selected bond lengths [A] and angles [°]: Zn1-O1 2.102(3),
P1-O1 1.478(3), P1-02 1.580(4), P1-O3 1.579(3); Zn1-O1-P1 133.4(2),
01-P1-02 108.1(2), O1-P1-O3 111.9(2), O2-P1-03 105.97(19).

27Zn exists as a cofacial, partially overlapped dimer connect-
ed through the complementary P—oxo-Zn coordination, in
which the ester moiety and the pyrrole units adjacent to the
phosphoryl group are located above the second porphyrin
ring. The observed structural features are in good accord-
ance with those deduced from the 'H NMR spectra. Thus,
the aggregation mode of the 2Zn dimer in the solid state is
probably close to that in solution. The Zn-O distance of
2.102(3) A is longer than those observed for ZnX,(OPPh;),
(X = Cl, Br)® and [Zn(BF,),(OPPh;),].”?! On the other
hand, the P=O bond length of 1.478(3) A is slightly longer
than that in triphenylphosphane oxide (1.46 A),” but short-
er than the respective bond lengths of the aforementioned
cationic Zn—OPPh; complexes. This indicates that the coor-
dinative interaction between the P-oxo group and the zinc
center in 2Zn is weaker than those in [ZnX,(OPPh;),] and

Chem. Eur. J. 2007, 13, 891 -901
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[Zn(BF,),(OPPh;),]. Owing to this interaction, the five-co-
ordinate zinc ion is displaced from the plane formed by the
four nitrogen atoms (0.32 A) and the porphyrin ring is dis-
torted.

Schugar and co-workers have reported the crystal struc-
tures of the pyridine-tethered cofacial zinc—porphyrin
dimers 5 (Figure 5).”Y The porphyrin plane separations

C7Hys
\
\:]
C7His
6

5(R=H,F)

Figure 5. Structures of 5 and 6.

around the phosphoryl groups in the 2Zn dimer (3.3-3.4 A)
are close to the values reported for 5 (3.30-3.31 A for the
full 24 atoms). On the other hand, the Zn--Zn separation in
the 2Zn dimer (6.25 A) is longer by about 0.3-0.4 A relative
to those in 5 (5.859(2)-5.955(2) A). Furthermore, the dis-
placement from the plane of the zinc atom in 2Zn (0.32 A)
is smaller than those in 5 (0.39-0.40 A), which suggests that
the meso-2-pyridyl group coordinates to the zinc more
strongly than the meso-di-n-butoxyphosphoryl group.

It is of interest that the observed structural features of the
27Zn dimer resemble those of the chlorophyll pair in the pri-
mary electron donor, P700, of cyanobacterial photo-
system L in which the chlorin planes are parallel at an in-
terplanar distance of 3.6 A and are partially overlapped with
a center-to-center distance of 6.3 A. The interaction between
these chlorophyll rings is considered to be weak relative to
that in purple bacterial reaction centers.”! Therefore, the
27Zn dimer may be regarded as a new model for such a
weakly coupled chlorophyll pair in a photosynthetic reaction
center.

In sharp contrast to 2Zn, diphenylphosphorylporphinato-
zinc 3Zn was found to exist as a linear polymeric structure
as a result of unidirectional P-oxo-Zn coordination
(Figure 6).”°) This aggregation mode differs markedly from
that deduced from the 'H NMR and mass spectra, which
suggest that the complementary dimer is the prevalent spe-
cies in solution. Such a difference in aggregation mode has
been reported for 5-(4-pyridyl)-10,15,20-triphenylporphina-
tozinc, which is present as a linear polymeric structure in
the solid state®! but exists mostly as a cyclic tetramer in so-
lution.*"

The mutual orientation of the porphyrin planes in 3Zn is
not parallel, as indicated by a mean dihedral angle between
two neighboring porphyrin rings of 34.4°. On the other
hand, the meso-C-P-O bond angle in 3Zn (112.8(3)°) is
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Figure 6. ORTEP diagrams of 3Zn (30% probability ellipsoids). Hydro-
gen atoms and fert-butyl groups are omitted for clarity. Selected bond
lengths [A] and angles [°]: Zn1-O1 2.048(4), P1-O1 1.485(4); Zn1-O1-P1
176.7(3).

close to that in 2Zn (114.2(2)°). As a result, the 3Zn poly-
mer has a much wider P-O-Zn angle (176.7(3)°) and a
longer Zn-Zn distance (7.56 A) relative to the 2Zn dimer.
The Zn-O distance (2.048(4) A) in the 3Zn polymer is
slightly shorter than that in the 2Zn dimer, while the P=O
distance (1.485(4) A) and the displacement of the zinc atom
from the N, plane (0.32 A) are comparable to those in 2Zn.
The difference in the packing modes between 2Zn and 3Zn
may be ascribed to the different solvent systems employed
for their recrystallization.?®! The observed structural features
highlight another potential utility of the meso-phosphoryl
group as a coordination site for the construction of linear
zinc—porphyrin assemblies.

In the IR spectra of the solid samples, the P=O stretching
bands of 2Zn (v = 1217cm™!) and 3Zn (v = 1180 cm™")
are observed at lower frequencies than those of 2H, (v =
1247 cm™) and 3H, (v = 1187 cm™!). These results imply
that the multiple bond character of the P-oxo bond in the
zinc phosphorylporphyrins is less than that in the corre-
sponding free bases.
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Optical properties of phosphorylporphyrins: As discussed
above, in weakly polar solvents, 2Zn and 3Zn undergo self-
organization at relatively high concentrations to form the
corresponding complementary dimers. To ascertain the ef-
fects of aggregation on their optical properties, we measured
the UV/Vis absorption spectra of these zinc phosphorylpor-
phyrins under various conditions. In the absorption spectra
of 3Zn in toluene (2.5x1077-2.5x107°m), a splitting of the
monomer Soret band was observed upon dimerization as a
result of excitonic coupling (Figure 7).>*% The excitonic

a) 10 b) 1.0
T 0.8 /\ T 08
/|
8 06F / g 06}
g o4f \ 3 0.4
< I <
02r /,’ \ 02
Ji
2L NN o 0
50

400 420 440 460
Wavelength / nm —»

450 550 650
Wavelength / nm —3»

o]
3

Figure 7. UV/Vis absorption spectra of 3Zn in toluene at various concen-
trations: solid line, 2.5x107%m; dashed line, 1.0x107°Mm; dotted line, 2.5 x
107"m. a) 350-650 nm. b) 390470 nm. The spectra in (b) are normalized
for comparison.

band splitting was estimated by a curve-fitting analysis to be
940 cm ™", which is comparable to the reported values for
the pyridine-tethered porphyrin dimers 5 (AE = 900-
1020 cm™! for R = H, F).? Porphyrin 2Zn was only dimer-
ized at much higher concentrations than 3Zn, indicating
that the binding ability of the phosphoryl group depends on
the P substituents (vide infra). The splitting energy for 2Zn
could not be determined owing to the detection limit of its
Soret band (Figure S8 in the Supporting Information). In
marked contrast to those of the zinc phosphorylporphyrins,
the UV/Vis absorption spectra of 2H,, 3H,, and 3Pd did
not show a concentration dependence, clearly indicating
that these compounds exist as monomers in solution.

Adding an excess of pyridine or Ph;PO to a solution of
2Zn or 3Zn caused a sharpening of the peaks in their UV/
Vis absorption spectra due to the formation of N and O ad-
ducts of the zinc phosphorylporphyrin monomers (Figur-
es S9 and S10 in the Supporting Information). The coordi-
nating abilities of pyridine and Ph;PO to the zinc centers
were examined by titration experiments using 5,10,15,20-tet-
rakis(3,5-di-tert-butylphenyl)porphinatozinc (7) as a refer-
ence. The association constants for the pyridine and Ph;PO
adducts of 7 in toluene at 25°C were determined as 1.9x 10°
and 6.3x10°m~!, respectively [Eq. (2)].'¥ Thus, the coordi-
nating ability of Ph;PO was found to be weaker than that of
pyridine.

To examine the effect of the P substituents on the P—oxo-
Zn coordination, the self-association constants (K,) of 2Zn
and 3Zn in toluene were determined by means of UV/Vis
absorption competitive titration measurements. As listed
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ar

Ar+ L =—= Ar N— @)
toluene
25°C Ar

(Ar = 3,5-tBu,CgH3)

L = pyridine: K, = 1.9 x 10° m™"
L = PhyPO: K, =6.3x 107 v~

under Equation (1), the K, value of 3Zn (5.9x10°M7") is
much larger than that of 2Zn (1.4x10*M™!), indicating that
changing the P substituents can modify the coordinating
abilities of phosphoryl ligands. It is also noteworthy that the
K, values of our meso-phosphorylporphyrins are significant-
ly smaller than those of the meso-2-imidazolylporphyrins re-
ported by Kobuke and co-workers.*” Thus, the meso-phos-
phoryl groups bind to the porphyrin chromophores less
tightly than the meso-imidazolyl groups, reflecting the differ-
ence in basicity of their lone pairs.

Photophysical and electrochemical properties of phosphor-
ylporphyrins: To shed light on the effect of dimerization of
the P—oxo-tethered porphyrins on their photophysical prop-
erties, we measured the fluorescence quantum yields and
lifetimes of 2Zn and 3Zn under various conditions. The
steady-state fluorescence spectra of 2Zn and 3Zn are de-
picted in Figure S11 in the Supporting Information. It was
found that the fluorescence quantum yields of 2Zn (¢ =
0.059-0.060) and 3Zn (¢; = 0.040-0.042) vary only slightly
in the concentration range of

1.0x10*-1.0x107"M in tolu-

ene. As shown in Figure S12 in a)

the Supporting Information
and Figure 8, the fluorescence
lifetimes observed at higher
concentrations (7; = 2.66 ns at
1.0x107*m for 2Zn; 7, =
1.88 ns at 6.9x10°m for 3Zn)
are almost the same as those
observed at lower concentra-
tions (r; = 2.69ns at 3.4x
107"m for 2Zn; 7; = 2.01 ns at
2.1x107*m for 3Zn).’ More- o

over, the addition of an excess 25 -
of Ph;PO did not change the
lifetime significantly (z; =
3.00ns at 1.0x107*m for 2Zn
in the presence of 1000 equiv
of Ph;PO). These results imply
that typical self-quenching
from the S, states of 2Zn and
3Zn is negligible even in the
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Figure 8. Fluorescence decay curves for 3Zn in toluene, monitored at
620 nm (A, = 420 nm). a) [3Zn] = 6.9x10°Mm: 7; = 1.88 ns. b) [3Zn] =
2.1x107%m: 7; = 2.01 ns.

3Zn were measured by means of cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) in CH,CIl, at a
concentration of 1.0x107%m, using nBu,NPF; (TBAP) as an
electrolyte (0.1m). The voltammograms obtained for 3Zn
and 2Zn are depicted in Figure 9 and in the Supporting In-
formation (Figure S13), respectively. At this concentration,
the zinc phosphorylporphyrins are considered to be present
mainly in the dimeric state. The oxidation potentials [E,, vs.
Fc/Fct (ne)] of 3Zn were determined to be +0.29 (le),
+0.51 (1e), and +0.75V (2¢), where the number of elec-
trons was approximated by comparison of the peak areas
with those of the oxidation processes of TPP. The 2Zn
dimer gave rise to similar voltammograms with oxidation
potentials of +0.35 (le), +0.60 (le), and +0.68V (2e).

b)
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dimeric states.
To investigate the effect of
dimerization on the electro-
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Figure 9. a), b) Cyclic voltammograms for 3Zn. c), d) Differential pulse voltammograms for 3Zn. Measured in

chemical properties, the oxida-
tion potentials of 2Zn and
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CH,CL. [3Zn] = 1.0x107 M. [TBAP] = 0.1 ™. Scan rate = 20 mVs™". Asterisks indicate the Fe/Fc* couple.
a), c) In the absence of Ph;PO. b), d) In the presence of Ph;PO: [Ph;PO] = 2.0x 107 m.

www.chemeurj.org — 897


www.chemeurj.org

CHEMISTRY—

Y. Matano et al.

A EUROPEAN JOURNAL

Thus, the first oxidation processes of the zinc phosphoryl-
porphyrin dimers are split into two reversible one-electron
steps with a AE,, of 025V for 2Zn and 0.22 V for 3Zn.
This type of 1e/le/2e electrochemical oxidation process has
been observed for covalently linked cofacial porphyrin
dimers, whereby the differences in the first two steps (AE,,)
were reported to be 0.07-0.31 V. It therefore seems likely
that there is efficient delocalization of the radical cation
over the two porphyrin rings in the 2Zn and 3Zn dimers.
On the other hand, the second oxidation process occurs by a
reversible two-electron step, implying that there remains a
very weak interaction between the porphyrin chromophores
in the m-cation radical dimers. When an excess of Ph;PO
was added to the solution, the voltammograms of 2Zn and
3Zn changed dramatically. The Ph;PO adducts of the zinc
phosphorylporphyrin monomers were oxidized in two rever-
sible one-electron processes with E,, values of +0.33 (le)
and +0.74V (le) for 2Zn and +0.32 (le) and +0.71V
(1e) for 3Zn.

It should be noted here that the electrochemical proper-
ties observed for the P—oxo-tethered zinc—porphyrin dimers
differ considerably from those reported for pyridine- and
imidazole-tethered zinc—porphyrin dimers. In these N-teth-
ered systems, both the first and second oxidation processes
occur by two reversible one-electron steps: Schugar’s dimer
5 shows four separate one-electron oxidation potentials at
+0.56, +1.01, +1.21, and 4+1.55 V (vs. SCE; in CH,Cl, con-
taining nBu,NBF,),’® and Kobuke’s dimer 6 exhibits oxida-
tion potentials at +0.414, +0.632, +0.968, and +1.120 V
(vs. Ag/Ag*; in CHCl, containing TBAP).P!l Interestingly,
the phosphoryl linkers examined here are not capable of
connecting the porphyrin radical cations so as to influence
their HOMO energies, whereas the N-heterocyclic linkers
affect them strongly.

Conclusion

We have established a general and straightforward method
for the synthesis of meso-phosphorylporphyrins, and have
elucidated their crystal structures, photophysical properties,
and electrochemical properties for the first time. The ob-
served aggregation behavior of the zinc phosphorylporphyr-
ins strongly depends on the P substituents and the presence
of additives. It has also been found that the coordinating
abilities of the peripheral phosphoryl ligands differ consider-
ably from those of N-heterocyclic ligands. The photophysical
and electrochemical properties of the P—oxo-tethered com-
plementary porphyrin dimers demonstrate their potential
utilities as new structural models for investigating the
energy- and electron-transfer processes occurring at a pho-
tosynthetic reaction center with a weakly coupled special
pair.
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Experimental Section

General: 'H and *P NMR spectra were measured on a JEOL EX400
spectrometer. Chemical shifts are reported as relative values versus tetra-
methylsilane ('H) and H;PO, (*'P), respectively. Matrix-assisted laser de-
sorption/ionization (MALDI) time-of-flight (TOF) mass spectra and ESI
mass spectra were measured on a Shimadzu Kratos Compact MALDI I
spectrometer and an Applied Biosystems Mariner biospectrometry work-
station, respectively. FAB mass spectra were measured on a JEOL JMS-
HS110 spectrometer using 3-nitrobenzyl alcohol as a matrix. IR spectra
were recorded from samples in KBr pellets on a Shimadzu FTIR-8200 A
spectrophotometer. UV/Vis absorption spectra were obtained on a
Perkin Elmer Lambda 900 UV/Vis/NIR spectrophotometer. Electro-
chemical measurements were performed on a CH Instruments model
660 A electrochemical workstation using a glassy carbon working elec-
trode, a platinum wire counter electrode, and an Ag/Ag* [0.01M AgNO;,
0.1m nBu,NPF,; (MeCN)] reference electrode. The potentials were cali-
brated with ferrocenium/ferrocene [E,q, = +020V vs. Ag/Ag*].
Steady-state fluorescence spectra were measured on a Fluorolog 3 spec-
trofluorimeter (ISA Inc.) equipped with a cooled IR-sensitive photomul-
tiplier (R2658). Time-resolved fluorescence measurements were per-
formed by using a single-photon counting method based on second har-
monic generation (SHG, 400 nm) of a Ti-sapphire laser (Spectra-Physics,
Tsunami 3950 L2S, FWHM 100 fs) pumped with a diode-pumped solid-
state laser (Spectra-Physics, Millennia VIs, 6.0 W) as excitation source
and a streakscope (Hamamatsu Photonics, C4334-01) equipped with a
polychromator (Acton Research, SpectraPro 150) as detector. Lifetimes
were evaluated with the software supplied with the equipment. Dichloro-
methane (CH,Cl,) and toluene were distilled from CaH, before use. 5-
Iodo-10,15,20-tris(3,5-di-tert-butylphenyl)porphinatozinc (1Zn) was pre-
pared according to the reported procedure.!'” Other chemicals and sol-
vents were of reagent grade quality, purchased commercially, and used
without further purification unless otherwise noted. Thin-layer chroma-
tography and flash column chromatography were performed with Art
5554 DC-Alufolien Kieselgel 60 F,s, (Merck) and silica gel 60N (Kanto
Chemicals), respectively. All reactions were performed under an argon
atmosphere unless otherwise stated.

5-Di-n-butoxyphosphoryl-10,15,20-tris(3,5-di-tert-butylphenyl) porphinato-
zinc(II) (2Zn): A 30 mL flask containing 1Zn (200 mg, 0.188 mmol), Cul
(15 mg, 0.039 mmol), and Cs,CO; (660 mg, 2.03 mmol) was evacuated in
vacuo and then filled with argon. The same manipulation was carried out
three times. Toluene (10 mL), N,N’-dimethylethylenediamine (30 pL,
0.28 mmol), and di-n-butyl phosphite (60 pL, 0.31 mmol) were added to
the reaction mixture by means of syringes, and the resulting mixture was
stirred at 130°C. After 6-7 h, the 1Zn had been completely consumed
(as shown by TLC analysis). The mixture was then filtered through a bed
of Celite, and the filtrate was concentrated under reduced pressure to
leave a solid, which was subjected to chromatography on silica gel using
hexane and CH,CI, as eluents. The reddish-purple fraction (R;=0.3 in
hexane/CH,Cl,, 20:80) was collected, concentrated, and recrystallized
from CH,Cl/MeOH to give 2Zn (171 mg, 81%). 'H NMR (CDCl,,
44mm): o = 0.61 (br, 6H; CH,CH,), 08-14 (br, 8H;
OCH,CH,CH,CH;), 1.52 (s, 18H; C(CH;);), 1.55 (s, 36H; C(CH,);),
3.10-3.60 (br, 4H; OCH,CH,), 7.78 (t, 1H, J = 1.8 Hz; p-Ar-H), 7.82 (t,
2H,J = 1.8 Hz; p-Ar-H), 8.07 (d, 2H, J = 1.8 Hz; 0-Ar-H), 8.12 (d, 4H,
J = 1.8 Hz; o-Ar-H), 8.77 (br, 2H; -H), 8.86 (d, 2H, J = 4.4 Hz; -H),
8.94 (d, 2H, J = 4.4 Hz; B-H), 8.8-9.2 ppm (br, 2H; B-H); 'H NMR
(CD;OD/CDCl;, 7:1 (v/v), 2.6mm): 6 = 084 (t, 6H, J = 7.3 Hz;
CH,CH;), 1.42-1.56 (m, 4H; CH,CH,), 1.55 (s, 18H; C(CHa);), 1.57 (s,
36H; C(CHj);), 1.68-1.76 (m, 4H; OCH,CH,), 4.11-4.22 (m, 2H;
OCH,CH,), 4.38-4.49 (m, 2H; OCH,CH,), 7.86 (s, 1 H; p-Ar-H), 7.88 (s,
2H; p-Ar-H), 8.07 (s, 6H; o-Ar-H), 8.74 (d, 2H, J = 4.8 Hz; -H), 8.81
(d, 2H, J = 48 Hz; -H), 8.88 (d, 2H, J = 4.8 Hz; $-H), 10.19 ppm (d,
2H, J = 48Hz; p-H); *'P NMR (CDCl,, 44mm): 6 = 22.4 ppm; *'P
NMR (CD;OD/CDCl;, 7:1 (v/v), 2.6mm): 6 = 24.4ppm; *'P NMR
([Dg]toluene; 4mm): 6 = 22.5 ppm; MS (ESI): m/z: 1129.6 ([M+H]",
85), 2263.2 ([2M+3H]*, 100); IR (KBr): # = 1217 cm™! (P=0); UV/Vis
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(toluene, 5.0x107°M): A () = 423 (438000), 550 (18400), 583 nm
(8900 Mm~'cm ™).
5-Di-n-butoxyphosphoryl-10,15,20-tris(3,5-di-tert-butylphenyl)porphine
(2H,): Trifluoroacetic acid (0.12 mL) was added to a solution of 2Zn
(75 mg, 0.066 mmol) in CH,Cl, (15mL), and the resulting mixture was
stirred at room temperature for 3 h. After checking the consumption of
27Zn by TLC, the mixture was poured into water (15mL). The organic
phase was separated, and the aqueous phase was twice extracted with
CH,Cl,. The combined organic extracts were washed with aqueous
NaHCO; and water, dried over Na,SO,, and concentrated under reduced
pressure to leave a solid, which was recrystallized from CH,Cl,/MeOH to
give 2H, (60 mg, 85%). "H NMR (CDCl;): 6 = —2.20 (s, 2H; NH), 0.80
(t,6H,J = 7.3 Hz; CH,CH,), 1.37-1.54 (m, 4H; CH,CHj;), 1.51 (s, 18H;
C(CHa;);), 1.53 (s, 36H; C(CHs;);), 1.64-1.76 (m, 4H; OCH,CH,), 4.13
(ddt, 2H, J = 9.9, 6.6, 6.6 Hz; OCH,CH,), 4.46 (ddt, 2H, J = 9.9, 6.6,
6.6 Hz; OCH,CH,), 7.78 (t, 1H, J = 1.8 Hz; p-Ar-H), 7.81 (t, 2H, J =
1.8 Hz; p-Ar-H; OCH,CH,), 8.02 (d, 2H, J = 1.8 Hz; o-Ar-H), 8.04 (d,
4H,J = 1.8 Hz; 0-Ar-H), 8.75 (d, 2H, J = 4.8 Hz; -H), 8.83 (d, 2H, J
= 4.8 Hz; p-H), 8.90 (d, 2H, J = 4.8 Hz; $-H), 10.24 ppm (d, 2H, J =
4.8 Hz; -H); *'P NMR (CDCL): 6 = 20.8 ppm; MS (ESI): m/z = 1067.7
([M+H]*); IR (KBr): # = 1247 cm™! (P=0); UV/Vis (toluene): A, (¢)
= 420 (351000), 516 (17600), 551 (9400), 589 (6300), 643 nm
(4300 M 'em™).
5-Diphenylphosphoryl-10,15,20-tris(3,5-di-zert-butylphenyl)porphinatozin-
c¢(Il) (3Zn): This compound was prepared from 1Zn and diphenylphos-
phane oxide according to a similar procedure to that described for the
synthesis of 2Zn. A reddish-purple fraction (R;~0.74 in CH,Cl,/acetone,
95:5) was collected by column chromatography on silica gel, concentrat-
ed, and recrystallized from CH,Cl,/MeOH to give 3Zn and 4Zn in yields
of 72% and 5%, respectively. 3Zn: '"H NMR (CD;0D/CDCl,, 3:1 (v/v)):
0 = 1.51 (s, 36H; CH,), 1.54 (s, 18H; CHj;), 7.49 (dt, 4H, J = 3.0,
7.3 Hz; m-Ph), 7.60 (t,2H, J = 7.3 Hz; p-Ph), 7.78 (t, 1H,J = 2.0 Hz; p-
Ar-H), 7.82 (t,2H, J = 2.0 Hz; p-Ar-H), 7.89 (dd, 4H, J = 12.2, 7.3 Hz;
0-Ph), 797 (d, 2H, J = 2.0 Hz; o-Ar-H), 8.06 (d, 4H, J = 2.0 Hz; o-Ar-
H), 8.58 (d, 2H, J = 49 Hz; B-H), 8.73 (d, 2H, J = 4.4 Hz; B-H), 8.82
(d, 2H,J = 4.4 Hz; p-H), 922 ppm (d, 2H, J = 4.9 Hz; -H); *P NMR
(CDCL): 6 = 25.0ppm; *'P NMR (CD;OD/CDCl;, 3:1 (viv)): 0 =
36.1 ppm; IR (KBr): # = 118 cm™" (P=0); UV/Vis (toluene, 1.7x
1077M): Amay (6) = 428 (204000), 563 (19200), 615 nm (12400 M~'cm™);
MS (ESI): m/z: 1138.54 ([M+H]*, 88), 2278.13 ([2M+2H]*, 100). 4Zn:
"H NMR (CDCLy): 6 = 1.51 (s, 36 H; CH,), 1.54 (s, 18H; CH3;), 7.50 (m,
4H; m-Ph), 7.58 (m, 2H; p-Ph), 7.76 (s, 3H; Ar-H), 8.01 (s, 4H; o-Ar-H),
8.03 (s, 2H; p-Ar-H), 8.03 (m, 4H; o0-Ph), 8.80 (d, 2H, J = 4.4 Hz; §-H),
8.94 (s, 4H; B-H), 9.18 ppm (s, 2H; B-H); *'P NMR (CDCly): 6 =
32.0 ppm; UV/Vis (toluene): A, (¢) = 424 (483000), 552 (17300),
593 nm (5500 mol~'m’cm™"); MS (MALDI-TOF): m/z = 1156 ((M+H]"
, 100).
5-Diphenylphosphoryl-10,15,20-tris(3,5-di-zert-butylphenyl)porphine
(3H,): This compound was prepared from 3Zn and trifluoroacetic acid
according to the procedure described for the synthesis of 2H,. '"H NMR
(CDCL): 0 = —1.98 (s,2H; NH), 1.49 (s, 36 H; CH,), 1.51 (s, 18 H; CHs),
7.43 (m, 4H; m-Ph), 7.53 (t, 2H, J = 7.6 Hz; p-Ph), 7.75 (s, 2H; p-Ar-
H), 7.78 (s, 1H; p-Ar-H), 7.94 (m, 4H; 0-Ph), 7.97 (s, 4H; o-Ar-H), 8.02
(s, 2H; 0-Ar-H), 8.62 (d, 2H, J = 48 Hz; §-H), 8.73 (d, 2H, J = 48 Hz;
B-H), 8.82 (d, 2H, J = 4.8 Hz; f-H), 9.42 ppm (br, 2H; B-H); *'P NMR
(CDCLy): 6 = 31.6 ppm; MS (FAB): m/z: 1075.7 ([M+H]*, 100); MS
(ESI): m/z: 1075.64 ((M+H]", 100); IR (KBr): # = 1187 cm™" (P=0);
UV/Vis (toluene): A, (¢) = 425 (260000), 521 (13400), 557 (7700), 593
(5100), 647 nm (3700 Mm~'cm ™).
5-Diphenylphosphoryl-10,15,20-tris(3,5-di-zert-butylphenyl) porphinato-
palladium(Il) (3Pd): A mixture of 3H, (35.5mg, 0.0330 mmol), Pd-
(OAc), (16.0 mg, 0.0712 mmol), CH,Cl, (15 mL), and CH;OH (15mL)
was stirred overnight at room temperature in the dark. The solvent was
then removed and the residue was repeatedly extracted with CH,Cl,. The
combined organic extracts were washed with 3% aqueous NaHCO; and
water, dried over Na,SO,, and concentrated under reduced pressure to
leave a solid, which was recrystallized from CH,Cl,/MeOH to give 3Pd
(33.8 mg, 0.0286 mmol, 86.7%). '"H NMR (400 MHz, CDCL,): 6 = 1.48
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(s, 36H; CH;), 1.50 (s, 18H; CH3), 7.43 (m, 4H; m-Ph), 7.54 (m, 2H; p-
Ph), 7.74 (t,2H, J = 2.0 Hz; p-Ar-H), 7.77 (t, 1H, J = 1.5 Hz; p-Ar-H),
7.90 (m, 4H; o-Ph), 7.93 (d, 4H, J = 2.0 Hz; 0-Ar-H), 7.97 (d, 2H, J =
1.5 Hz; 0-Ar-H), 8.65 (d, 2H, J = 4.8 Hz; §-H), 8.75 (d, 2H, J = 4.8 Hz;
p-H), 8.81 (d, 2H, J = 4.8 Hz; $-H), 9.46 ppm (d, 2H, J = 4.8 Hz; -H);
P NMR (CDCL): 6 = 31.5ppm; MS (MALDI-TOF): m/z : 1179.0
([M+H]*, 100); UV/Vis (toluene): A, (¢) = 421 (279000), 531 (14700),
565 nm (10100 M~'cm™).
5-Diphenylphosphoxyl-10,15,20-tris(3,5-di-zert-butylphenyl)porphine
(4H,): This compound was prepared from 4Zn and trifluoroacetic acid
according to the procedure described for the synthesis of 2H,. '"H NMR
(CDCLy): 0 = —2.77 (s, 2H; NH), 1.50 (s, 36 H; CHj;), 1.55 (s, 18H; CHj),
7.47 (m, 4H; m-Ph), 7.56 (m, 2H; p-Ph), 7.76 (s, 2H; p-Ar-H), 7.77 (s,
1H; p-Ar-H), 8.01 (s, 6H; 0-Ar-H), 8.11 (m, 4H; 0-Ph), 8.72 (d, 2H, J =
4.8 Hz; 3-H), 8.82 (d, 2H, J = 4.8 Hz; $-H), 8.83 (d, 2H, J = 4.8 Hz; B-
H), 925ppm (d, 2H, J = 4.4 Hz; B-H); *P NMR (CDCL): § =
32.4 ppm; MS (MALDI-TOF): m/z: 1092 ([M+H]*, 100); UV/Vis (tolu-
ene): An.x (¢) = 420 (439000), 517 (16500), 552 (11400), 595 (5200),
652 nm (6500 M 'cm™'). The structure of 4H, was confirmed by X-ray
diffraction analysis, although the quality of the crystallographic data was
considered insufficient to permit discussion of the bond parameters.

Determination of association constants: The association constants of the
2Zn and 3Zn dimers [given below Eq.(1)] and the 7-pyridine and
7-Ph;PO adducts [given below Eq. (2)] were determined by competitive
UV/Vis absorption measurements at 25°C using SPECFIT. Selected re-
sults are depicted in Figures S9 and S10 in the Supporting Information.

X-ray crystallographic analyses

Porphyrin 2Zn: Intensity data were collected on a Rigaku RAXIS-
RAPID imaging plate area detector using graphite-monochromated Cuy,
radiation (A = 1.54178 A). The data were corrected for Lorentz and po-
larization effects. The structures were solved by direct methods®™ and ex-
panded using Fourier techniques.”® Non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were refined as a riding model. All cal-
culations were performed using the CrystalStructure®*! crystallographic
software package, except for the refinement, which was performed using
SHELXL-97.11

Porphyrin 3Zn: The intensity data were collected on a RIGAKU
Saturn 70 CCD system equipped with a VariMax Mo Optic set-up using
Moy, radiation (A = 0.71070 A). The structures were solved by direct
methods (SHELXS-97) and refined by full-matrix least-squares proce-
dures on F? for all reflections (SHELXL-97).!! All hydrogen atoms of 1
were positioned using AFIX instructions, while the hydrogen atoms of
H,O were placed in reasonable positions using DFIX constructions and
were refined isotropically. All other atoms were refined anisotropically.
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