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Introduction

In natural photosynthetic reaction centers, porphyrin pig-
ments are arranged in well-defined structures, which are in-
dispensable for exhibiting high efficiencies in their light-har-
vesting abilities and their energy- and electron-transfer pro-
cesses.[1] To understand the role of the specific arrangement
of the chromophores, a number of artificial reaction-center
models, which consist of covalently or noncovalently linked
multiporphyrin arrays, have been provided. Among them,
metal-to-ligand coordinative interaction has been frequently
used to connect and organize metalloporphyrin pigments, as
the three-dimensional geometries and distances of the chro-
mophores can be controlled by changing the combination of
central metals and peripherally substituted ligands.[2] Such
structural diversity is also beneficial for the design of new
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classes of supramolecular porphyrin-based materials. For ef-
fective electronic communication between the organized
porphyrin p systems, it is desirable to attach coordination
sites directly to or near the peripheral (meso or b) positions
of the porphyrin ring. In this respect, various N and O bases
such as pyridyl,[3] imidazolyl,[4] amine,[5] and hydroxy/carbon-
yl[6] groups have been examined as peripherally substituted
ligands to construct cofacial, linear, branched, cyclic, den-
dritic, and polymeric metalloporphyrin self-assemblies. In
these systems, the directional angle and basicity of the lone-
pair electrons of the ligands define the geometries, stabili-
ties, and optical and electrochemical properties of the as-
semblies. However, other classes of peripheral ligands, espe-
cially those that bear chirality at the coordination sites, have
not yet been fully explored.
The supramolecular chemistry of organized chiral por-

phyrins has also received increasing attention because of
their utility as receptors for sensing chiral molecules and as
chiral models for investigating the photophysical and elec-
trochemical events that occur at natural reaction centers.[7]

Chiral spacers derived from amino acids, sugars, and other
chiral sources with carbon-centered chirality have been fre-
quently used to construct asymmetrically organized multi-
porphyrin arrays. In contrast, little attention has been paid
to heteroatom-centered chirality in metal-assisted porphyrin
self-assemblies.
Recently, Arnold and co-workers[8] and our group[9] inde-

pendently reported the first examples of meso-phosphoryl-
porphyrins, which bear a polarized P–oxo bond at the meso
position. It was clarified that the meso-phosphorylporphyrin
metal complexes readily undergo self-organization through
P–oxo–metal (Zn or Mg) coordination to form cofacial
dimers in solution and in the solid state or zig-zag polymers
in the solid state. It is of particular interest that the P–oxo-
tethered cofacial dimers exhibit characteristic electrochemi-
cal properties owing to the electronic communication be-
tween the two partially stacked porphyrin p systems. In
other words, the P–oxo-tethered zinc porphyrin dimers
showed 1e/1e/2e electrochemical oxidation processes,[9]

which was not previously observed for tightly stacked 2-pyr-
idyl- and 2-imidazolyl-tethered zinc porphyrin dimers.[3f, 4f]

These findings represent the potential utility of third-row
heteroatom–oxo substituents as moderately basic coordina-
tion sites for metalloporphyrin self-assemblies. Therefore,

we turned our attention to sulfinyl groups, which contain
both a polarized sulfur–oxo bond and stable chirality at the
sulfur center. The latter feature seems highly promising for
investigating the influence of peripheral chiral auxiliaries on
the geometries and fundamental properties of metal-assisted
porphyrin self-assemblies.
In 1991, Crossley and co-workers reported a b-phenylsul-

finylporphyrin in their systematic study on b-substituent ef-
fects on the frontier orbitals of 5,10,15,20-tetraphenylpor-
phyrin metal complexes.[10] To the best of our knowledge,
however, there are no examples of meso-sulfinylporphyrins
and their chiral derivatives, probably due to the lack of a
general method for the preparation of this class of com-
pounds. It is widely known that peripheral carbon–hetero-
ACHTUNGTRENNUNGatom bonds are conveniently formed by palladium-catalyzed
cross-coupling reactions between haloporphyrins and the
corresponding heteroatom reagents. For instance, porphyrins
that bear boron-,[11] oxygen-,[12] nitrogen-,[13] phosphorus-,[8,9]

and sulfur-derived[14] functional groups at the meso or b po-
sitions have been prepared by this methodology. Ligand-free
nickel-catalyzed C�O and C�N cross-coupling reactions
have also been used for attaching phenoxy and amine func-
tionalities.[15] Recently, we found that the copper-catalyzed
C�P cross-coupling reaction between a meso-iodoporphyrin
and organophosphorus(V) reagents is applicable to the syn-
thesis of meso-phosphorylporphyrins.[9] With this result in
hand, we decided to use the copper-catalyzed C–S cross-cou-
pling reaction as a key step for the synthesis of meso-sulfi-
nylporphyrins.
Herein, we report the first examples of meso-sulfinylpor-

phyrins. Zinc sulfinylporphyrins were found to undergo self-
organization in nonpolar and moderately polar solvents to
form cofacial dimers through S–oxo–zinc complementary co-
ordination. We also succeeded in isolating optically active
zinc sulfinylporphyrins and revealed the effects of S chirality
on self-aggregation behavior. The observed optical and elec-
trochemical properties of cofacial zinc sulfinylporphyrin
dimers exemplify the potential utility of the peripheral sulfi-
nyl ligands for the construction of metal-assisted chiral por-
phyrin self-assemblies.

Results and Discussion

Synthesis of meso-Sulfinylporphyrins

The synthesis of meso-sulfinylporphyrins is summarized in
Scheme 1. The copper-catalyzed C�S cross-coupling reaction
of meso-iodoporphyrinatozinc(II) 1Zn[16] with benzenethiol
and n-octanethiol under the Venkataraman conditions[17] af-
forded the corresponding meso-sulfanylporphyrins 2Zn and
3Zn in 94 and 80% yield, respectively. The present method
is as efficient as the palladium-catalyzed C�S cross-coupling
reaction reported by Zhang and co-workers[14] and the SNAr
reaction of 5-nitrooctaethylporphyrins with benzenethiolate
reported by Crossley et al.[18] Treatment of 2Zn and 3Zn
with 1 equivalent of mCPBA in CH2Cl2 gave meso-sulfinyl-
porphyrins 4Zn and 5Zn in 62 and 80% yield, respectively.
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Demetalation of zinc porphyrins 2Zn, 3Zn, and 4Zn with
TFA in CH2Cl2 yielded the corresponding free bases 2H2,
3H2, and 4H2. Compounds 4H2 and 5H2 can be alternatively
prepared by selective oxidation of 2H2 and 3H2 with
mCPBA.

Characterization and Aggregation Behavior of
meso-Sulfinylporphyrins

The structures of newly synthesized porphyrins 2M–5M
(M=Zn, H2) were characterized by means of

1H NMR, UV/
Vis, and IR spectroscopy as well as mass spectrometry. In
the 1H NMR spectra of meso-sulfanylporphyrins 2M and 3M
in CDCl3, all proton signals were observed as sharp peaks at
normal regions for AB3-type meso-tetrasubstituted porphy-
ACHTUNGTRENNUNGrins (see Supporting Information, Figures S1–S4). The meso-
sulfinylporphyrin free bases 4H2 and 5H2 also showed dis-
tinct peaks, in which the peripheral 3,7-b (4H2 and 5H2), S–
phenyl ortho (4H2), and S–methylene (5H2) proton signals
were observed at d=9.98 (4H2) and 10.18 (5H2), 7.64, and
3.55–4.06 ppm, respectively (see Supporting Information,
Figures S5 and S6; for the numbering scheme, see
Scheme 2). Oxygenation at the sulfur atom (from 2H2, 3H2

to 4H2, 5H2) induced slight downfield shifts in the signals of
the 3,7-b protons (Dd=0.12–0.20 ppm). The diastereotopic
appearance of the S–methylene proton signals of 5H2 repre-
sents stable chirality at the sulfur center. The S chirality of
4H2 and 5H2 does not discriminate the 3,7-b protons clearly
at 25 8C, which suggests that the meso-carbon–sulfur bond
rotates rapidly on the NMR timescale at room temperature.

However, the signals for these
protons were observed diaster-
eotopically at low tempera-
tures.[19]

The 1H NMR spectra of zinc
meso-sulfinylporphyrins 4Zn
and 5Zn in CD2Cl2 showed
complicated peak patterns de-
rived from two different species
(Figures 1b and 2b). Thus, all

Scheme 1. Synthesis of meso-sulfinylporphyrins. mCPBA=m-chloroperbenzoic acid, TFA= trifluoroacetic acid.

Scheme 2. Numbering scheme
of the sulfinylporphyrins.

Figure 1. 1H NMR spectra of 4Zn (d=5.5–10.0 ppm). a=3,7-b, b=2,8-b,
c=12,18-b, d=13,17-b, e=10,20-meso-aryl Ho, e’=15-meso-aryl Ho, f=
10,20-meso-aryl Hp, f’=15-meso-aryl Hp, g=S–phenyl Ho, h=S–phenyl
Hm, i=S–phenyl Hp. For the labeling, see Scheme 2. a) Recorded in
CDCl3/CD3OD (5:1 v/v, 1.6L10�3m) at 25 8C. b) Recorded in CD2Cl2
(1.6L10�3m) at �10 8C. Labeled peaks are those derived from the major
diastereomer (heterodimer).

Figure 2. 1H NMR spectra of 5Zn (d=6.0–10.5 ppm). a=3,7-b, b=2,8-b,
c=12,18-b, d=13,17-b, e=10,20-meso-aryl Ho, e’=15-meso-aryl Ho, f=
10,20-meso-aryl Hp, f’=15-meso-aryl Hp. For the labeling, see Scheme 2.
a) Recorded in CDCl3/CD3OD (5:2 v/v, 1.6L10�3m) at 25 8C. b) Recorded
in CD2Cl2 (2.0L10

�3
m) at 25 8C. Labeled peaks are those derived from

the major diastereomer (heterodimer).
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the b protons of 4Zn and 5Zn appear to be nonequivalent,
which indicates the magnetically unsymmetrical environ-
ments for the porphyrin rings in each species.[20] The sepa-
rately observed peaks of the major and minor species of
4Zn and 5Zn were assigned by means of 1H–1H COSY
measurements. The most diagnostic feature of their
1H NMR spectra is the upfield appearance of the signals of
the 3,7-b, S–phenyl (4Zn), and S–methylene (5Zn) protons
relative to the corresponding signals for 4H2 and 5H2. Such
magnetic shielding is apparently due to the ring-current
effect of the neighboring porphyrin p electrons. It is there-
fore likely that the zinc sulfinylporphyrins exist as two types
of self-aggregates through metal–ligand coordination. In
fact, the UV/Vis spectra of 4Zn and 5Zn showed concentra-
tion dependence (see below), whereas those of 4H2 and 5H2

did not.
On the other hand, the 1H NMR spectra of 4Zn and 5Zn

in CDCl3/CD3OD (5:1–5:2 v/v) displayed completely differ-
ent peak patterns derived from single species, in which all
peaks appeared in the same regions as those of 4H2 and 5H2

(Figures 1a and 2a; see also Supporting Information, Fig-
ACHTUNGTRENNUNGures S7 and S8). For instance, the 3,7-b, S–phenyl ortho
(4Zn), and S–methylene (5Zn) protons were observed at
d=9.83 (4Zn) and 9.88 (5Zn), 7.61, and 3.65–4.04 ppm, re-
spectively. Addition of an excess amount of pyridine into
the solutions of 4Zn and 5Zn in CDCl3 also changed the
peak appearances dramatically, such that distinct peaks due
to the pyridine adducts 4Zn–py and 5Zn–py were displayed
(see Experimental Section for measurement conditions).
These results suggest that methanol and pyridine coordinate
to the zinc centers of 4Zn and 5Zn to cause dissociation of
the aggregates to the respective zinc sulfinylporphyrin mon-
omers. Methanol may also act as a hydrogen-bond donor for
the polarized S–oxo group. The effects of these additives on
the 1H NMR spectra resemble those observed for zinc phos-
phorylporphyrins, which exist as P–oxo-tethered cofacial
dimers in nonpolar and moderately polar solvents.[9]

In the IR spectra of solid samples prepared as Nujol
mulls, strong S=O stretching bands of 4Zn (ñ=992–
1006 cm�1) were observed at lower frequencies than that of
4Zn–py (ñ=1037 cm�1), which indicates that the multiple-
bond character of the S–oxo bond is considerably weakened
by self-aggregation (see Supporting Information, Figure S9).
It is known that O-bound metal–sulfoxide complexes exhibit
S=O stretching vibration bands at lower frequencies than
free sulfoxides.[21] In this regard, the sulfinyl group in 4Zn is
considered to coordinate to the zinc center via an oxygen
atom. This agrees well with the fact that sulfanylporphyrins
2Zn and 3Zn and free-base sulfinylporphyrins 4H2 and 5H2

do not form self-aggregates.
We note again that the sulfinyl groups of 4Zn and 5Zn

contain stable chirality at the sulfur center. To discuss the
effect of S chirality on the self-organization of zinc sulfinyl-
porphyrins, we attempted to separate the two enantiomers
of 4Zn and 5Zn by using a semipreparative, chiral carba-
mate-modified polysaccaride HPLC column. The chromato-
graphic conditions are described in the caption of Figure 3.

As shown in Figure 3, both enantiomers of the phenylsulfi-
nylporphyrin 4Zn were isolated in high optical purities
(99% ee for the 1st fraction, 97% ee for the 2nd fraction).
On the other hand, the octylsulfinylporphyrin 5Zn could not
be resolved completely under the same conditions (79% ee
for the 1st fraction, 50% ee for the 2nd fraction); the reason
for that is not clear.
With optically active zinc sulfinylporphyrins in hand, the

structures of zinc sulfinylporphyrin aggregates can now be
discussed in more detail. In the 1H NMR spectra of the race-
mates of 4Zn and 5Zn in CD2Cl2 (Figures 1b and 2b), two
sets of peaks were observed, which indicates that a pair of
diastereomers was present in solution. Unfortunately, at-
tempts to measure the molecular weights of the 4Zn and
5Zn aggregates in solution by vapor-pressure osmometry
were unsuccessful due to their limited solubility. However,
the ESI mass spectra of 4Zn and 5Zn in CHCl3/CH3CN
showed parent-ion peaks at m/z=2148 and 2220, respective-
ly, which are attributed to dimeric cations ([2M+Na]+ ; see
Supporting Information, Figure S10). Hence, the zinc sulfi-
nylporphyrin aggregates are considered to be present mostly
as a diastereomeric mixture of the S–oxo-tethered dimers in
nonpolar and moderately polar solvents.[22]

When the 1H NMR spectrum of optically pure 4Zn (1st
fraction, 99% ee) was recorded in CD2Cl2, only one set of
peaks corresponding to the minor diastereomer appeared
(Figure 4b and d). By comparison with the 1H NMR spec-
trum of the 4Zn racemate (Figure 4a and c), we can safely
conclude that the major and minor diastereomers observed
for the racemates are the S,R heterodimer and the S,S/R,R
homodimers, respectively. In the spectrum of the optically
pure 4Zn homodimer at �40 8C (Figure 4d), the peaks at

Figure 3. HPLC chromatograms of 4Zn. DAICEL Chiralpak IA, hexane/
2-propanol (100:1), 1.0 mLmin�1 at 25 8C, monitored at 425 nm. a) The
racemate (before separation). b) The first fraction (after separation).
c) The second fraction (after separation).
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d=5.58, 6.51, and 6.70 ppm were assigned to the S–phenyl
ortho, meta, and para protons on the basis of their coupling
patterns and integral values (Table 1). The signals of the S–
phenyl protons of the 4Zn heterodimer were also observed
at d=5.60–6.62 ppm. The large upfield shifts of the signals
of the S–phenyl protons of the dimers relative to those of
the monomer (Figure 1a) resulted from the ring-current
effect of the porphyrin p circuit, which suggests that the S–
phenyl group is located above the second porphyrin ring in
the dimeric state. The degree of shielding decreases in the
order ortho (Dd=2.01–2.03 ppm)>meta (Dd=0.79–
0.85 ppm)>para (Dd=0.60–0.68 ppm). Although the signal-
to-noise (S/N) ratio of the 1H NMR spectrum of optically
active 5Zn (1st fraction, 79% ee) was low, the major and

minor diastereomers could also be assigned as the hetero-
and homodimers, respectively. The S–methylene protons of
the 5Zn homo- and heterodimers are more shielded (Dd=

1.69–1.82 ppm) than those of the 5Zn monomer. These data
strongly support the hypothesis that zinc sulfinylporphyrins
exist as a diastereomeric mixture of complementary S–oxo-
tethered cofacial dimers in weakly polar solvents. The fact
that signals for both homo- and heterodimers were observed
separately in the 1H NMR spectra implies that the intercon-
version between the two diastereomers of the zinc sulfinyl-
porphyrins is slow on the NMR timescale.
The hetero-/homodimer ratios of the 4Zn and 5Zn dimers

in CD2Cl2 were found to be 4.7:1 and 4:1, respectively, on
the basis of signal integration of the 1H NMR spectra (2.0L
10�3m, �10 8C). Thus, the heterodimer is thermodynamically
more stable than the homodimer, although the differences
in the ground-state energies between the two are very small
(3.0–3.4 kJmol�1 at �10 8C). In the observed temperature
range (�10 to �50 8C), the hetero-/homodimer ratio did not
vary within experimental error, which suggests that the tem-
perature dependence of the self-association constants of the
hetero- and homodimers are similar.
To gain further insight into the structures of S–oxo-teth-

ered zinc sulfinylporphyrin dimers, density functional theory
(DFT) calculations at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level were car-
ried out on 5-phenylsulfinyl-10,15,20-triphenylporphyrinato-
zinc(II) (6) as a model for 4Zn. The optimized structures of
the S,R heterodimer, the S,S homodimer, and the S mono-
mer of 6 are depicted in Figure 5. Selected bond lengths, in-
teratomic distances, bond angles, and dihedral angles are
listed in Table 2. Scheme 3 shows schematic views of the co-
facial dimers of the zinc sulfinylporphyrins. The sulfur
center in each dimer adopts trigonal-pyramidal geometry
with a sum of C�S�X (X=C, O) bond angles of 315.9–
316.28, which is close to that (SC�S�X=316.08) of the mono-
mer. As a result of the S–oxo–Zn coordinative interaction,
the O�S�Cmeso�Ca dihedral angles (41.2–42.28) of the dimers
are widened compared to the respective angle of the mono-
mer (37.58). Furthermore, the five-coordinate zinc atom is
displaced from the mean plane formed by the four nitrogen
atoms (0.415 N for the homodimer, 0.409 N for the hetero-
dimer), and the porphyrin rings are slightly distorted. The
S�O bonds (1.551–1.552 N) of the dimers are appreciably
longer than that (1.517 N) of the monomer, which indicates
that the double-bond character of the S–oxo bond is de-

creased by dimerization, as de-
duced from the IR spectra.
The Zn�O distances and S�

O bond lengths of the homodi-
mer are close to the respective
values of the heterodimer,
which suggests that there is
little difference in the degree of
S–oxo–zinc coordinative inter-
action between the homo- and
heterodimers. However, the
whole geometry of the hetero-

Table 1. Selected 1H NMR chemical shifts (ppm) for 4Zn and 5Zn.[a]

Proton 4Zn 5Zn
Monomer[b] Heterodimer[c] Homodimer[c] Monomer[d] Heterodimer[e] Homodimer[e]

3,7-b 9.83 6.19, 8.20 6.27, 7.91 9.88 6.50, 7.98 6.61, 7.73
2,8-b 8.96 7.82, 8.74 8.01, 8.58 9.00 7.98, 8.66 8.14, 8.71
S�Ph ortho 7.61 5.60 5.58 – – –
S�Ph meta 7.30 6.45 6.51 – – –
S�Ph para 7.30 6.62 6.70 – – –
S�CH2 – – – 3.65, 4.04 1.96, 2.22 1.96, 2.32

[a] Relative to tetramethylsilane (TMS). [b] Recorded in CDCl3/CD3OD (5:1 v/v) at 25 8C. [c] Recorded in
CD2Cl2 at �10 8C. [d] Recorded in CDCl3/CD3OD (5:2 v/v) at 25 8C. [e] Recorded in CD2Cl2 at 25 8C.

Figure 4. 1H NMR spectra of 4Zn in CD2Cl2 at �40 8C a) and b) from d=

5.5 to 6.8 ppm and c) and d) from d =7.5 to 9.5 ppm. a) and c) The race-
mate (1.6L10�3m). Asterisks indicate selected peaks from the minor dia-
stereomer (homodimer). b) and d) The S isomer (5L10�4m). All peaks
are from the S,S homodimer: a=3,7-b, b=2,8-b, c=12,18-b, d=13,17-b,
g=S–phenyl Ho, h=S–phenyl Hm, i=S–phenyl Hp. For the labeling, see
Scheme 2.
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dimer clearly differs from that of the homodimer; the two
porphyrin rings of the former are linked in a parallel
manner with Ci symmetry, whereas those of the latter are
linked helically with C2 symmetry.
The optimized structures of the 6 dimers reasonably ex-

plain the upfield appearances of the signals of the S–phenyl
and peripheral 3,7-b protons of the 4Zn dimers in their
1H NMR spectra (Table 1). As illustrated in Figure 5, these
protons are located above the porphyrin ring of the counter-
part. The aggregation modes in Scheme 3 also support non-
ACHTUNGTRENNUNGequivalence of the b protons and the inner and outer aryl
protons of the meso-3,5-di-tert-butylphenyl groups of 4Zn,
which are discriminated in the dimeric state.[23] The Zn···Zn
separations of 6.488–6.502 N calculated for the 6 dimers are
somewhat longer than that (6.25 N) of the structurally char-
acterized, cofacial zinc meso-dibutoxyphosphorylporphyrin
dimer, which has C2h symmetry in the solid state and in solu-
tion. By taking the structural parameters of 6 into consider-

ation, zinc meso-sulfinylporphyrins may be regarded as new
chiral models for a weakly coupled chlorophyll pair in the
photosynthetic reaction center.[24]

The isolation of optically active zinc sulfinylporphyrins
4Zn and 5Zn led us to determine the absolute configuration
at the sulfur center by using the exciton-coupled CD
method.[25] The CD spectra of the separated enantiomers of
4Zn were recorded in toluene at 1.0L10�4m. Under these
conditions, the homodimer and the monomer are considered
to be present in a 4:1 ratio (see below). As shown in
Figure 6, large Cotton effects were observed for the two
fractions with opposite signs: the first fraction showed a pos-
itive-to-negative pattern on going from longer to shorter
wavelengths, whereas the second fraction showed a nega-
tive-to-positive pattern. By contrast, in the presence of
excess MeOH, the CD spectrum of 4Zn (the first fraction)
showed much weaker Cotton effects derived from the opti-
cally active monomer. These observations strongly support
the helical array of the porphyrin chromophores in the S–
oxo-tethered homodimer, as illustrated in Scheme 3. The op-
tically active zinc sulfinylporphyrin 5Zn also showed large
Cotton effects with the same CD couplets as those observed
for the optically active 4Zn (see Supporting Information,
Figure S11).
The intense Soret bands of porphyrins are a reliable tool

for the exciton-coupled CD method, because the signs and
amplitudes of the CD curves are related to the absolute hel-
icity of the electronic-transition moments of the chromo-
phores. In fact, optically active porphyrin aggregates cova-
lently or noncovalently linked by chiral spacers have been
reported to exhibit large Cotton effects in their CD spec-

Figure 5. Top and side views of the optimized structures of a) and b) the
S,R heterodimer, c) and d) the S,S homodimer, and e) and f) the S mono-
mer of 6.

Table 2. Selected calculated structural parameters of 6.

Heterodimer Homodimer Monomer

Zn�O [N] 2.109 2.112 –
S�O [N] 1.551 1.552 1.517
Zn···Zn [N] 6.488 6.502 –
O�S�Cmeso [8] 110.2 110.1 111.6
O�S�CPh [8] 103.1 103.3 106.2
O�S�C [8] 102.6 102.8 98.2
Zn�O�S [8] 128.3 126.5 –
O�S�Cmeso�Ca [8] 41.2 42.2 37.5

Scheme 3. Schematic views of the zinc sulfinylporphyrin S,R hetero- and
S,S homodimers. 4Zn : Ar=3,5-di-tert-butylphenyl (R’= tBu), R=Ph;
5Zn : Ar=3,5-di-tert-butylphenyl (R’= tBu), R=n-C8H17; 6 : Ar=Ph
(R’=H), R=Ph. a) and b) Side views along the 10–20 axis. c) Side view
along the 5–15 axis.
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tra.[7] As the zinc sulfinylporphyrin 4Zn is likely to have a
dipole moment along the 5–15 axis, the positive CD couplet
observed for the first fraction is indicative of a positive dihe-
dral angle between the porphyrin chromophores of the
homodimer (Scheme 4). Accordingly, the absolute configu-
ration of the sulfur center of the enantiomerically pure 4Zn
obtained from the first fraction was assigned as S, and that
obtained from the second fraction as R.

Optical Properties of meso-Sulfinylporphyrins

As discussed above, zinc sulfinylporphyrins 4Zn and 5Zn
undergo self-organization to give the S–oxo-tethered cofa-
cial dimers in weakly polar solvents. To reveal the dimeriza-
tion effect on the optical properties of zinc sulfinylporphy-
ACHTUNGTRENNUNGrins, we first recorded the UV/Vis spectra of enantiomeri-

cally pure (S)-4Zn (>99% ee) in toluene at 2.0L10�7–1.0L
10�4m. As shown in Figure 7, the monomer Soret band was
split by dimerization at higher concentrations, and the exci-

tonic-band-splitting energy[26,27] (DE) of the S,S homodimer
was determined to be 1100 cm�1.[28] This value is within the
range of those reported for the P–oxo-tethered porphyrin 7
dimer (DE=940 cm�1),[9] the 2-pyridyl-tethered porphyrin 8
dimers (DE=900–1020 cm�1 for R=H, F),[3d] and the 2-imi-
dazolyl-tethered porphyrin 9 dimer (DE=1324 cm�1)
(Scheme 5).[4f]

On the basis of competitive titration experiments with
UV/Vis spectroscopy, self-association constants (Ka at 25 8C)
for the complementary dimerization of (S)-4Zn in toluene

Figure 6. a) CD spectra of the optically active 4Zn in toluene at 1.0L
10�4m. The first and second fractions are shown as solid and dashed lines,
respectively. Dotted line: the first fraction in the presence of 10%
MeOH. b) UV/Vis spectrum of (S)-4Zn in toluene at 1.0L10�4m.

Scheme 4. Assignment of the chirality of the zinc sulfinylporphyrins.

Figure 7. UV/Vis spectra of (S)-4Zn in toluene at 1.0L10�4–2.0L10�7m in
toluene.

Scheme 5. Structures of porphyrins 7–10.
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and dichloromethane were determined as 7.9L104 and 8.6L
103m�1, respectively (Equation (1); see also Supporting In-
formation, Figure S12). Owing to the insufficient optical
purity (79% ee) of (S)-5Zn, accurate Ka values could not be
determined for 5Zn. However, the concentration depend-
ence of the UV/Vis spectra (see Supporting Information,
Figure S13) indicates that the Ka value of (S)-5Zn in toluene
is around 10 times larger than that of (S)-4Zn. Thus, the
meso-octylsulfinyl group binds the zinc porphyrins more
tightly than the meso-phenylsulfinyl group. The solvent
effect on the self-association constants can be interpreted in
terms of the net dipole moments of the chromophores. In
the optimized structures, the dipole moments of the 6
hetero- and homodimers were calculated to be zero and
0.701 D, respectively, which are much smaller than that of
the 6 monomer (4.927 D). This suggests that the relative sta-
bility of the S–oxo-tethered porphyrin dimer with respect to
the monomer increases with decreasing solvent polarity.[29]

Given the 1H NMR spectroscopic results, the Ka values (at
25 8C) of the 4Zn heterodimer in toluene and dichloro-
ACHTUNGTRENNUNGmethane were estimated to be 4.7L105 and 5.1L104m�1, re-
spectively.

Notably, the self-association constants of the zinc phenyl-
sulfinylporphyrin 4Zn are somewhat smaller than that of the
zinc diphenylphosphorylporphyrin 7 (Ka=5.9L10

6
m
�1 in tol-

uene at 25 8C) and significantly smaller than those of the
meso-2-imidazolylporphyrins reported by Kobuke and co-
workers.[30] To evaluate the coordinating ability of the sulfi-
nyl groups to the zinc center of porphyrins, we also deter-
mined association constants (Ka’) for the complexation be-
tween 5,10,15,20-tetrakis(3,5-di-tert-butylphenyl)porphyrina-
tozinc(II) (10) and diorganyl sulfoxides by titration experi-
ments. As shown in Equation (2), the Ka’ value of the 10–
OSPh2 adduct (38m

�1 in toluene at 25 8C)[31] is smaller than
that of the 10–OS(Me)Ph adduct (1.3L102m�1). These data
indicate that the difference in Ka values between 4Zn and
5Zn basically stems from the different coordinating abilities
of their sulfinyl ligands. Furthermore, the coordinating abili-
ties of these sulfoxides were found to be weaker than those
of triphenylphosphine oxide and pyridine, which exhibited
larger Ka’ values for the complexation with 10 under the
same conditions. Thus, the difference in the self-association
constants between 4Zn and 7 is also ascribed to the different
coordinating abilities of the sulfinyl and phosphoryl ligands
(see above).

Electrochemical Properties of meso-Sulfinylporphyrins

The electrochemical properties of meso-sulfinylporphyrins
were examined by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) in CH2Cl2 with nBu4NPF6
(TBAP) as the electrolyte. It is well-known that oxidation of
the p ring of a porphyrin monomer occurs through two re-
versible, one-electron processes. Both meso-sulfanylporphy-
ACHTUNGTRENNUNGrin 2H2 and meso-sulfinylporphyrin 4H2 showed reversible
voltammograms that are typical of porphyrin monomers.
The first and second oxidation potentials of 4H2 (E1=2

=

+0.65 and +0.83 V vs. Fc/Fc+ ; Fc= ferrocene) were ob-
served at lower cathodic potentials than the respective po-
tentials of 2H2 (E1=2

=++0.54 and +0.72 V vs. Fc/Fc+). The
difference in the first oxidation potentials (DE=0.11 V) be-
tween 4H2 and 2H2 is close to that (DE=0.115 V) between
2-phenylsulfi ACHTUNGTRENNUNGnyl-5,10,15,20-tetraphenylporphyrinatocopper-
(II) and 2-phenylsulfanyl-5,10,15,20-tetraphenylporphyrina-
tocopper(II) reported by Crossley and co-workers.[10] These
data show that the electron-withdrawing ability of the pe-
ripheral sulfinyl substituents is larger than that of the pe-
ripheral sulfanyl substituents.
To reveal the effect of dimerization on the electrochemi-

cal oxidation processes of zinc sulfinylporphyrins, oxidation
potentials of 4Zn and 5Zn were also measured by CV and
DPV in CH2Cl2 at 1.0L10

�3
m.[32] At this concentration, 4Zn

and 5Zn exist mainly as the cofacial dimers. As shown in
Figure 8, the 4Zn dimer was oxidized through three reversi-
ble steps with oxidation potentials (Eox vs. Fc/Fc

+) of +0.37,
+0.62, and +0.80 V. The 5Zn dimer showed similar voltam-
mograms with Eox values of +0.35, +0.61, and +0.79 V (see

Figure 8. a) Cyclic voltammogram and b) differential pulse voltammo-
gram for 4Zn recorded in CH2Cl2. [4Zn]=1.0L10

�3
m, [TBAP]=0.1m.

Scan rate=20 mVs�1. Asterisks indicate the Fc/Fc+ couple.
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Supporting Information, Figure S14). In both cases, the first
oxidation process of the zinc sulfinylporphyrin dimers is
split into two reversible one-electron steps. The differences
in oxidation potentials between the first and second steps
(DEox=0.25 V for 4Zn, 0.26 V for 5Zn) are close to those
observed for the zinc phosphorylporphyrins (DEox=0.22–
0.25 V). This type of 1e/1e/2e electrochemical oxidation pro-
cess is well-known for covalently linked cofacial porphyrin
dimers. For example, the differences in the first two oxida-
tion steps (DEox) of face-to-face diporphyrins linked by two
amide bridges or monolinked by a polyaromatic bridge were
reported to be 0.07–0.31 V.[33] In the case of the present S–
oxo-tethered cofacial porphyrin dimers, the initially formed
p radical cations seem to delocalize efficiently between the
two porphyrin rings through p–p electronic interactions. On
the other hand, the second oxidation process occurs by a re-
versible two-electron step, which implies that the two por-
phyrin p radical cations interact very weakly or dissociate to
the respective monomers. Addition of diorganyl sulfoxides
(R2SO; R=Ph, Me) to the solution changed the voltammo-
grams of 4Zn and 5Zn considerably. In the presence of
excess amounts (500 equiv) of the sulfoxides, both the first
and second oxidation processes proceeded irreversibly. The
first oxidation potentials of the 4Zn–OSPh2 and 5Zn–
OSMe2 adducts were determined by DPV measurements as
+0.42 and +0.39 V (vs. Fc/Fc+), respectively.
The electrochemical oxidation processes of the S–oxo-

tethered zinc porphyrin dimers resemble those of the P–
oxo-tethered dimers but differ considerably from those re-
ported for the 2-pyridyl- and 2-imidazolyl-tethered dimers 8
and 9.[34] In these N-tethered systems, both the first and
second oxidation processes occur through two reversible
one-electron steps. Presumably, the sulfinyl linkers of 4Zn
and 5Zn are not capable of connecting the porphyrin radical
cations so as to influence their second oxidation processes,
whereas the 2-imidazolyl and 2-pyridyl linkers keep the di-
meric structure even in the second oxidation process. This
different electrochemical behavior may be attributed to the
difference in basicity between the S–oxo ligands and the ar-
omatic N ligands.

Conclusions

We have established a general method for the synthesis of
meso-sulfinylporphyrins and succeeded in resolving optically
active zinc sulfinylporphyrins for the first time. In weakly
polar solvents, the zinc sulfinylporphyrins underwent self-or-
ganization to afford cofacial porphyrin dimers through com-
plementary S–oxo–zinc coordination. More importantly, the
peripheral S chirality proved to affect the self-aggregation
behavior of zinc sulfinylporphyrins. The S,R hetero- and S,S/
R,R homodimers are linked with Ci and C2 symmetry, re-
spectively, and the helical structure of the homodimers is
confirmed by large Cotton effects in their CD spectra. The
present study demonstrates that third-row heteroatom–oxo
groups are promising ligands for investigating the effects of

peripherally attached chiral auxiliaries on metal-assisted
porphyrin self-assemblies.

Experimental Section

General

1H NMR spectra were recorded on JEOL EX400 and AS300 spectrome-
ters. Chemical shifts are reported relative to TMS. Matrix-assisted laser
desorption/ionization (MALDI) time-of-flight (TOF) and ESI mass spec-
tra were recorded on a Shimadzu Kratos Compact MALDI I spectrome-
ter and an Applied Biosystems Mariner biospectrometry workstation, re-
spectively. IR spectra were recorded on a Shimadzu FTIR-8200A spec-
trophotometer with samples prepared as Nujol mulls. UV/Vis spectra
were obtained on a Perkin–Elmer Lambda 900UV/Vis/NIR spectrome-
ter. CD spectra were recorded on a JASCO J-800 spectropolarimeter.
Toluene and CH2Cl2 were distilled from CaH2 before use. 5-Iodo-
10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinatozinc(II) (1Zn) was pre-
pared according to the reported procedure.[16] Other chemicals and sol-
vents were of reagent grade and were purchased commercially and used
without further purification. Thin-layer chromatography and flash
column chromatography were performed with Art. 5554 DC-Alufolien
Kieselgel 60 F254 (Merck) and silica gel 60N (Kanto Chemicals), respec-
tively. All reactions were performed under argon atmosphere unless oth-
erwise stated.

Syntheses

2Zn : A 50-mL two-necked round-bottomed flask was charged with 1Zn
(200 mg, 190 mmol), copper(I) iodide (10.9 mg, 57 mmol), neocuproine
(12.4 mg, 57 mmol), and sodium tert-butoxide (80.0 mg, 830 mmol). The
flask was then evacuated on a vacuum line and purged with argon. After
toluene (10 mL) and benzenethiol (43 mL, 410 mmol) were added, the
mixture was heated under reflux for 5 h. The resulting mixture was
cooled to room temperature and filtered through celite. The filtrate was
evaporated to leave a solid residue, which was subjected to chromatogra-
phy on a silica-gel column with hexane/CH2Cl2 (4:1) as eluent. [5-Phenyl-
sulfanyl-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]zinc(II) (2Zn)
was obtained as a purple solid (184 mg, 94%) after reprecipitation from
CH2Cl2/MeOH. UV/Vis (toluene): l (e)=429 (350000), 554 (19000),
595 nm (4900m

�1 cm�1); 1H NMR (CDCl3, 400 MHz, 298 K): d=1.51 (s,
18H; tBu), 1.52 (s, 36H; tBu), 6.96–6.98 (m, 1H; p-Ph), 7.03–7.12 (m,
4H; o,m-Ph), 7.79–7.80 (m, 3H; p-Ar), 8.05 (d, J=2.0 Hz, 2H; o-Ar),
8.06 (d, J=2.0 Hz, 4H; o-Ar), 8.95 (d, J=4.4 Hz, 2H; 13,17-b), 8.98 (d,
J=4.8 Hz, 2H; 12,18-b), 9.02 (d, J=5.2 Hz, 2H; 2,8-b), 9.99 ppm (d, J=

4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=1046 [M]+ .

2H2 : TFA (30 mL, 380 mmol) was added to a solution of 2Zn (80 mg,
77 mmol) in CH2Cl2 (30 mL), and the resulting mixture was stirred for 3 h
at room temperature. The mixture was then washed with aqueous
Na2CO3 and water, dried over Na2SO4, and evaporated to leave a solid
residue, which was subjected to chromatography on a silica-gel column
with hexane/CH2Cl2 (3:1) as eluent. 5-Phenylsulfanyl-10,15,20-tris(3,5-di-
tert-butylphenyl)porphyrin (2H2) was obtained as a purple solid (74 mg,
98%) after reprecipitation from CH2Cl2/MeOH. UV/Vis (toluene): l

(e)=425 (220000), 520 (12000), 556 (6500), 595 (3900), 651 nm
(2600m

�1 cm�1); 1H NMR (CDCl3, 400 MHz, 298 K): d =�2.53 (s, 2H;
NH) 1.51 (s, 18H; tBu), 1.52 (s, 36H; tBu), 6.95–6.98 (m, 1H; p-Ph),
7.02–7.09 (m, 4H; o,m-Ph), 7.78–7.80 (m, 3H; p-Ar), 8.04 (d, J=1.2 Hz,
2H; o-Ar), 8.05 (d, J=1.6 Hz, 4H; o-Ar), 8.83 (d, J=4.4 Hz, 2H; 13,17-
b), 8.87 (d, J=4.4 Hz, 2H; 12,18-b), 8.91 (d, J=4.4 Hz, 2H; 2,8-b),
9.86 ppm (d, J=4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=984 [M]+ .

3Zn : This compound was prepared from 1Zn (100 mg, 94 mmol), CuI
(5.4 mg, 28 mmol), neocuproine (6.1 mg, 28 mmol), sodium tert-butoxide
(40.0 mg, 420 mmol), and n-octanethiol (36 mL, 210 mmol) according to
the procedure described for the synthesis of 2Zn. [5-n-Octylsulfanyl-
10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]zinc(II) (3Zn) was ob-
tained as a purple solid (80 mg, 80%). UV/Vis (toluene): l (e)=427
(480000), 554 (22000), 595 nm (5400m

�1 cm�1); 1H NMR (CDCl3,
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400 MHz, 298 K): d=0.78 (t, J=6.8 Hz, 3H; CH2CH3), 1.18–1.19 (m,
10H; CH2), 1.51 (s, 18H; tBu), 1.54 (s, 36H; tBu), 1.73 (tt, J=6.9, 6.9 Hz,
2H; SCH2CH2), 3.53 (t, J=7.4 Hz, 2H; SCH2), 7.77 (t, J=2.0 Hz, 1H; p-
Ar), 7.81 (t, J=1.8 Hz, 2H; p-Ar), 8.05 (d, J=1.6 Hz, 2H; o-Ar), 8.08 (d,
J=2.0 Hz, 4H; o-Ar), 8.95 (d, J=4.4 Hz, 2H; 13,17-b), 8.97 (d, J=

4.8 Hz, 2H; 12,18-b), 9.07 (d, J=5.2 Hz, 2H; 2,8-b), 10.12 ppm (d, J=

4.4 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=1082 [M]+ .

3H2 : This compound was prepared from 3Zn (30 mg, 28 mmol) and TFA
(10.8 mL, 140 mmol) according to the procedure described for the synthe-
sis of 2H2. 5-Octylsulfanyl-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrin
(3H2) was obtained as a purple solid (21 mg, 73%). UV/Vis (toluene): l

(e)=424 (400000), 520 (18000), 555 (10000), 596 (5400), 651 nm
(3800m

�1 cm�1); 1H NMR (CDCl3, 300 MHz, 298 K): d =�2.66 (s, 2H;
NH), 0.78 (t, J=6.9 Hz, 3H; CH2CH3), 1.16 (br s, 10H; CH2), 1.51 (s,
18H; tBu), 1.54 (s, 36H; tBu), 1.60–1.74 (m, 2H; SCH2CH2), 3.49 (t, J=

7.4 Hz, 2H; SCH2), 7.77 (s, 1H; p-Ar), 7.81 (s, 2H; p-Ar), 8.04 (s, 2H; o-
Ar), 8.07 (s, 4H; o-Ar), 8.85 (s, 4H; 12,13,17,18-b), 8.95 (d, J=4.8 Hz,
2H; 2,8-b), 9.98 ppm (d, J=4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF):
m/z=1020 [M]+ .

4Zn : A mixture of 2Zn (41 mg, 39 mmol), mCPBA (22 mg, 97 mmol), and
CH2Cl2 (1 mL) was stirred for 3 h at 0 8C. The resulting mixture was
washed with aqueous NaOH (1m) and water and dried over Na2SO4. The
solvent was removed by evaporation to leave a solid residue, which was
subjected to chromatography on a silica-gel column with hexane/CH2Cl2
(2:1–1:2) as eluent. After reprecipitation from CH2Cl2/MeOH, [5-phenyl-
sulfinyl-10,15,20-tris(3,5-di-tert-butylphenyl)porphyrinato]zinc(II) (4Zn)
was obtained as a purple solid (26 mg, 62%). UV/Vis (toluene, 5.0L
10�6m): l (e)=428 (240000), 563 (17000), 614 nm (8800m

�1 cm�1);
1H NMR: monomer (CDCl3/CD3OD=5:1 v/v, 400 MHz, 298 K): d=1.52
(s, 18H; tBu), 1.53 (s, 36H; tBu), 7.29–7.31 (m, 3H; m,p-Ph), 7.61 (d, J=

7.2 Hz, 2H; o-Ph), 7.79–7.80 (m, 3H; p-Ar), 8.03 (d, J=1.2 Hz, 4H; o-
Ar), 8.04 (d, J=2.0 Hz, 2H; o-Ar), 8.84 (d, J=4.4 Hz, 2H; 13,17-b), 8.89
(d, J=5.2 Hz, 2H; 12,18-b), 8.96 (d, J=4.8 Hz, 2H; 2,8-b), 9.83 ppm (d,
J=5.2 Hz, 2H; 3,7-b); heterodimer (CD2Cl2, 270 MHz, 263 K): d=1.37
(s, 9H; tBu), 1.49 (s, 9H; tBu), 1.51 (s, 9H; tBu), 1.60 (s, 9H; tBu), 1.61
(s, 9H; tBu), 1.68 (s, 9H; tBu), 5.60 (d, J=7.9 Hz, 2H; o-Ph), 6.19 (d, J=

4.3 Hz, 1H; 3-b), 6.43–6.47 (m, 2H; m-Ph), 6.60–6.64 (m, 1H: p-Ph), 7.63
(s, 1H; Ar), 7.82 (d, J=4.3 Hz, 1H; 2-b), 7.84 (s, 2H; Ar), 7.88 (s, 1H;
Ar), 7.99 (s, 1H; Ar), 8.01 (s, 1H; Ar), 8.20 (d, J=4.3 Hz, 1H; 7-b), 8.33
(s, 2H; Ar), 8.74 (s, 1H; Ar), 8.74 (d, J=4.3 Hz, 1H; 8-b), 8.81 (d, J=

4.6 Hz, 1H; pyrrole-b), 8.94 (d, J=4.6 Hz, 1H; pyrrole-b), 9.00 ppm (s,
2H; pyrrole-b); heterodimer ([D8]toluene, 400 MHz, 298 K): d=1.33 (s,
9H; tBu), 1.45 (s, 9H; tBu), 1.47 (s, 9H; tBu), 1.59 (s, 9H; tBu), 1.64 (s,
9H; tBu), 1.81 (s, 9H; tBu), 5.40 (d, J=7.6 Hz, 2H; o-Ph), 5.53 (t, J=

7.6 Hz, 2H; m-Ph), 5.85 (t, J=7.6 Hz, 1H; p-Ph), 6.69 (d, J=4.4 Hz, 1H;
3-b), 7.71 (s, 1H; Ar), 7.97 (s, 2H; Ar), 8.00 (s, 1H; Ar), 8.15 (s, 1H;
Ar), 8.21 (s, 2H; 2-b), 8.60 (d, J=4.4 Hz, 1H; 7-b), 8.71 (s, 1H; Ar), 8.74
(s, 1H; Ar), 9.14 (d, J=4.0 Hz, 1H; pyrrole-b), 9.17 (s, 1H; Ar), 9.22 (s,
2H; 8-b, pyrrole-b), 9.26 (d, J=4.0 Hz, 1H; pyrrole-b), 9.32 ppm (s, 1H;
pyrrole-b); homodimer (CD2Cl2, 270 MHz, 233 K): d =1.36 (s, 9H; tBu),
1.50 (s, 18H; tBu), 1.59 (s, 9H; tBu), 1.64 (s, 9H; tBu), 1.75 (s, 9H; tBu),
5.58 (d, J=7.6 Hz, 2H; o-Ph), 6.27 (d, J=4.9 Hz, 1H; 3-b), 6.51 (dd, J=

7.6, 7.4 Hz, 2H; m-Ph), 6.70 (d, J=7.4 Hz, 1H; p-Ph), 7.61 (s, 1H; Ar),
7.77 (s, 1H; Ar), 7.86 (s, 1H; Ar), 7.91 (d, J=4.6 Hz, 1H; 7-b), 7.96 (s,
2H; Ar), 8.01 (d, J=4.9 Hz, 1H; 2-b), 8.17 (s, 1H; Ar), 8.21 (s, 1H; Ar),
8.45 (s, 1H; Ar), 8.58 (d, J=4.6 Hz, 1H; 8-b), 8.66 (s, 1H; Ar), 8.93 (s,
1H; pyrrole-b), 8.96 (s, 1H; pyrrole-b), 9.03 (d, J=4.9 Hz, 1H; pyrrole-
b), 9.09 ppm (d, J=4.9 Hz, 1H; pyrrole-b); pyridine adduct (CDCl3/
[D5]pyridine, 400 MHz, 298 K): d=1.50 (s, 36H; tBu), 1.51 (s, 18H; tBu),
7.18–7.20 (m, 3H; m,p-Ph), 7.51–7.54 (m, 2H; o-Ph), 7.75–7.76 (m, 3H;
p-Ar), 7.98–8.00 (m, 6H; o-Ar), 8.83 (d, J=4.4 Hz, 2H; 13,17-b), 8.87 (d,
J=4.4 Hz, 2H; 12,18-b), 8.94 (d, J=4.8 Hz, 2H; 2,8-b), 9.94 ppm (d, J=

4.8 Hz, 2H; 3,7-b); MS (MALDI-TOF): m/z=1063 [M]+ , 1047 [M�O]+ ;
MS (ESI): m/z=2148 [2M+Na]+ .

4H2 : This compound was prepared from 1) 4Zn (20 mg, 19 mmol) and
TFA (7.3 mL, 95 mmol) and 2) 2H2 (10 mg, 10 mmol) and mCPBA (3.5 mg,
15 mmol) according to the procedures described for the synthesis of 2H2

and 4Zn, respectively. 5-Phenylsulfinyl-10,15,20-tris(3,5-di-tert-butylphen-

ACHTUNGTRENNUNGyl)porphyrin (4H2) was obtained as a purple solid (8.1 mg, 43% from
4Zn ; 7.9 mg, 79% from 2H2). UV/Vis (toluene): l (e)=424 (410000), 520
(18000), 555 (9800), 591 (6700), 646 nm (4700m

�1 cm�1); 1H NMR
(CDCl3, 300 MHz, 298 K): d=�2.57 (s, 2H; NH), 1.51 (s, 18H; tBu),
1.52 (s, 36H; tBu), 7.22–7.26 (m, 3H; m,p-Ph), 7.64 (dd, J=8.1, 1.5 Hz,
2H; o-Ph), 7.80–7.81 (m, 3H; p-Ar), 8.02–8.03 (m, 6H; o-Ar), 8.83 (d,
J=4.8 Hz, 2H; 13,17-b), 8.86 (d, J=4.8 Hz, 2H; 12,18-b), 8.96 (d, J=

4.8 Hz, 2H; 2,8-b), 9.98 ppm (d, J=4.8 Hz, 2H; 3,7-b); MS (MALDI-
TOF): m/z=1000 [M]+ , 984 [M�O]+ , 923 [M�Ph]+ , 875 [M�S(O)Ph]+ .
5Zn : This compound was prepared from 3Zn (10 mg, 9.3 mmol) and
mCPBA (3.1 mg, 14 mmol) according to the procedure described for the
synthesis of 4Zn. [5-n-Octylsulfinyl-10,15,20-tris(3,5-di-tert-butylphenyl)-
porphyrinato]zinc(II) (5Zn) was isolated as a purple solid (8.2 mg, 80%).
UV/Vis (toluene, 2.0L10�7m): l (e)=427 (180000), 563 (13000), 614 nm
(7600m

�1 cm�1); 1H NMR: monomer (CDCl3/CD3OD=5:2 v/v, 400 MHz,
298 K): d =0.73 (t, J=6.8 Hz, 3H; CH2CH3), 1.06–1.07 (m, 10H; CH2),
1.53 (s, 18H; tBu), 1.55 (s, 36H; tBu), 1.70–1.71 (m, 2H; SCH2CH2), 3.65
(br s, 1H; SCH2), 4.04 (br s, 1H; SCH2), 7.80 (t, J=1.8 Hz, 1H; p-Ar),
7.83 (t, J=1.8 Hz, 2H; p-Ar), 8.08 (s, 6H; o-Ar), 8.87 (d, J=4.8 Hz, 2H;
13,17-b), 8.92 (d, J=4.8 Hz, 2H; 12,18-b), 9.00 (s, 2H; 2,8-b), 9.88 ppm
(br s, 2H; 3,7-b); heterodimer (CD2Cl2, 400 MHz, 298 K): d=1.94–1.98
(m, 1H; SCH2), 2.18–2.22 (m, 1H; SCH2), 6.50 (d, J=4.4 Hz, 1H; 3-b),
7.74 (d, J=1.5 Hz, 1H; Ar), 7.87 (t, J=1.7 Hz, 1H; Ar), 7.90–7.91 (m,
2H; Ar), 7.98 (d, J=4.9 Hz, 1H; 7-b), 7.98 (d, J=4.4 Hz, 1H; 2-b), 8.01
(t, J=1.5 Hz, 1H; Ar), 8.03 (t, J=1.7 Hz, 1H; Ar), 8.31–8.32 (m, 2H;
Ar), 8.66 (d, J=4.9 Hz, 1H; 8-b), 8.79 (d, J=1.5 Hz, 1H; Ar), 8.85 (d,
J=4.4 Hz, 1H; pyrrole-b), 8.93 (d, J=4.9 Hz, 1H; pyrrole-b), 8.94 (d, J=

4.9 Hz, 1H; pyrrole-b), 8.96 ppm (d, J=4.4 Hz, 1H; pyrrole-b); homodi-
mer (CD2Cl2, 400 MHz, 298 K): d =1.94–1.98 (m, 1H; SCH2), 2.30–2.34
(m, 1H; SCH2), 6.61 (d, J=4.4 Hz, 1H; 3-b), 7.73 (d, J=4.4 Hz, 1H; 7-
b), 8.14 (d, J=4.4 Hz, 1H; 2-b), 8.71 ppm (d, J=4.4 Hz, 1H; 8-b); due to
the low S/N ratio, other peaks could not be assigned clearly; pyridine
adduct (CDCl3/[D5]pyridine, 400 MHz, 243 K): d=0.78 (t, J=6.8 Hz, 3H;
CH2CH3), 1.12 (s, 10H; CH2), 1.49 (s, 9H; tBu), 1.51 (s, 18H; tBu), 1.53
(s, 18H; tBu), 1.55 (s, 9H; tBu), 1.63–1.69 (m, 1H; SCH2CH2), 1.83–1.89
(m, 1H; SCH2CH2), 3.54–3.60 (m, 1H; SCH2), 4.14–4.19 (m, 1H; SCH2),
7.74 (s, 1H; p-Ar), 7.77 (s, 2H; p-Ar), 7.95 (s, 1H; o-Ar), 7.98 (s, 1H; o-
Ar), 8.02 (s, 1H; o-Ar), 8.06 (s, 2H; o-Ar), 8.13 (s, 1H; o-Ar), 8.91–8.94
(m, 4H; 12,13,17,18-b), 9.08 (s, 2H; 2,8-b), 9.83 (d, J=4.0 Hz, 1H; 3-b),
10.55 ppm (d, J=4.0 Hz, 1H; 7-b); MS (MALDI-TOF): m/z=1099 [M]+ ,
1083 [M�O]+ , 987 [M�C8H17]+ ; MS (ESI): m/z=2220 [2M+Na]+ .

5H2 : This compound was prepared from 3H2 (20 mg, 20 mmol) and
mCPBA (5.2 mg, 24 mmol) according to the procedure described for the
synthesis of 4H2 from 2H2. 5-Octylsulfinyl-10,15,20-tris(3,5-di-tert-butyl-
phenyl)porphyrin (5H2) was obtained as a purple solid (14 mg, 68%).
UV/Vis (toluene): l (e)=424 (400000), 519 (17800), 555 (9500), 592
(6000), 647 nm (3900m

�1 cm�1); 1H NMR (CDCl3, 300 MHz, 298 K): d=

�2.65 (s, 2H; NH), 0.77 (t, J=6.8 Hz, 3H; CH2CH3), 1.15 (br s, 10H;
CH2), 1.51 (s, 18H; tBu), 1.54 (s, 36H; tBu), 1.63–1.69 (m, 1H;
SCH2CH2), 1.87–1.93 (m, 1H; SCH2CH2), 3.52–3.58 (m, 1H; SCH2),
4.03–4.09 (m, 1H; SCH2), 7.79 (s, 1H; p-Ar), 7.82 (s, 2H; p-Ar), 8.03–
8.08 (m, 6H; o-Ar), 8.84–8.88 (m, 4H; 12,13,17,18-b), 9.01 (d, J=4.4 Hz,
2H; 2,8-b), 10.18 ppm (br s, 2H; 3,7-b); MS (MALDI-TOF): m/z=1036
[M]+ , 1020 [M�O]+ , 923 [M�C8H17]+ .

Optical Resolution of Zinc Sulfinylporphyrins

Optical resolution of the racemates of 4Zn and 5Zn was performed on a
Shimadzu Proinence GPC system equipped with a preparative chiral
HPLC column (DAICEL Chiralpak IA; 250L10 mm) with hexane/2-
propanol (100:1) as eluent. The flow rate and temperature were kept at
1.0 mLmin�1 and 25 8C, respectively. The enantiomeric excess was deter-
mined by comparison of the peak areas of two fractions. Although the
reason is unclear at present, 5Zn could not be resolved completely.

Determination of Ka of Zinc Sulfinylporphyrins

The Ka values of the optically active 4Zn homodimer (listed in [Eq. (1)])
were determined by the competitive-titration method with UV/Vis spec-
troscopy at 25 8C. The observed spectral changes in the titration experi-
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ments (for a representative result, see Supporting Information, Fig-
ure S12) were analyzed by using SPECFIT[35] according to Equations (3)–
(6), in which [M], [D], [M–L], and [L] refer to the concentrations of the

(S)-4Zn monomer, the (S)-4Zn homodimer, the (S)-4Zn–OSPh2 adduct,
and diphenyl sulfoxide, respectively. In these analyses, the association
constants between the 4Zn monomer and diphenyl sulfoxide (Ka’’) in tol-
uene and dichloromethane were also determined as 49 and 17m

�1, respec-
tively. The association constants between 10 and diorganyl sulfoxides
(Ka’) listed in Equation (2) were also determined by the titration meas-
urements according to Equations (7) and (8), in which [L] refers to the

concentration of diorganyl sulfoxides (OS(R)Ph; R=Ph, n-C8H17). The
self-association constants of the 4Zn heterodimers were calculated on the
basis of the hetero-/homodimer ratios of the 4Zn racemate and the Ka

values of the 4Zn homodimer. The approximate Ka values of the 5Zn
homodimer were determined by spectral-shape analysis at several con-
centrations by using ORIGIN. It was found that the Ka value of the 5Zn
homodimer is around 10 times larger than that of the 4Zn homodimer.

Determination of Oxidation Potentials of Zinc Sulfinylporphyrins

Electrochemical measurements were performed on a CH Instruments
model 660A electrochemical workstation with a glassy carbon working
electrode, a platinum wire counterelectrode, and an Ag/Ag+ (0.01m

AgNO3, 0.1m nBu4NPF6 in MeCN) reference electrode. The potentials
were calibrated with Fc/Fc+ (Emid=++0.20 V vs. Ag/Ag+). The number of
electrons for the oxidation processes was approximated by comparison of
the peak areas for both CV and DPV, although an unavoidable error is
involved due to an overlap between the second and third peaks. As no
further oxidation step was observed with a wider sweep, we concluded
that the electrochemical oxidation of zinc sulfinylporphyrins occurs
through 1e/1e/2e processes as was observed for zinc phosphorylporphy-
ACHTUNGTRENNUNGrins.[9]

DFT Calculations on Model Compounds

The structures of 5-phenylsulfinyl-10,15,20-triphenylporphyrinatozinc(II)
6 were optimized by using DFT calculations. The basis set used was 6-
31G ACHTUNGTRENNUNG(d,p).[36] The DFT functionals were the Becke 1988 exchange and the
Lee–Yang–Parr correlation functionals (B3LYP).[37] The optimized struc-
tures are depicted in Figure 5, and the bond lengths of the optimized
structures are shown in Table 2. All calculations were carried out with
the Gaussian 03 suite of programs.[38]
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