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Introduction

Subporphyrin is a genuine ring-contracted porphyrin that
has C3v molecular symmetry and a 14p-electronic-conjugated
network.[1] This macrocycle has been long elusive despite its
key position in porphyrin chemistry, however, since our first
synthesis in 2006[2] it has emerged as a promising functional
pigment owing to its intense Soret-like absorption band,
bright-green fluorescence, and aromaticity along the unique
bent-bowl-shaped structure. The chemistry of subporphyrins
contrasts sharply with that of subphthalocyanines, which has
been continuously and extensively studied since their seren-
dipitous synthesis by Meller and Ossko in 1972.[3,4]

Although the attractive features of subporphyrins suggests
they have promising potential,[5–7] the chemistry of subpor-
phyrin still remains largely unexplored, due mainly to
poorly developed synthetic methodology able to produce

subporphyrins or to fabricate their peripheries. Herein we
report the effective perbromination and subsequent cou-
pling reactions of subporphyrins as the first peripheral fabri-
cations of subporphyrins. Similar synthetic protocols have
been extensively explored for porphyrins.[8–11]

In the chemistry of subphthalocyanine and subporphyra-
zine, peripheral fabrications have been widely used for chro-
mophore tuning or attachment of synthetic handles. Taking
advantage of versatile phthalonitrile precursors, peripherally
halogenated,[12a,b] arylated, thioalkylated,[12c,13] nitrated,[12d]

and ethynylated[14] subphthalocyanines with diverse elec-
tronic properties have been synthesized. In contrast, such
synthetic procedures are unknown for subporphyrins, and
hence the peripheral fabrication reactions reported here are
significant and should provide a useful synthetic platform
for further functionalizations of subporphyrins.

Results and Discussion

Synthesis : meso-Triaryl-substituted subporphyrins 1 a and 1 b
were prepared by our synthetic protocol,[6a] which was based
on the condensation of pyridine-tri-N-tripyrrolylborane
(PPB)[15] and aromatic aldehyde. In the initial paper,[15a]

PPB was synthesized from tri-N-pyrrolylborane (PB). Al-
though the yield was acceptable, it was quite troublesome to
scale-up the synthesis, due mainly to the instability of PB,
especially towards moisture. Therefore, tedious sublimation
was required for purification of PB, which had to be per-
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formed in a glove-box. We found that the reaction of pyr-
role and borane-triethylamine according to the procedure
reported by Kçster et al.[15b] afforded almost pure PB that
can be used for the preparation of PPB without further pu-
rification. Namely, a mixture of borane-triethylamine and
3 equiv of freshly distilled pyrrole was heated to 100 8C
under N2 atmosphere for 2.5 h; subsequent removal of trie-
thylamine by heating at 160 8C left crude PB as a pale-
yellow cake. This crude product was dissolved in pyridine at
100 8C and then cooled to room temperature to provide
pure PPB as a colorless crystalline solid in 64 % yield. This
improved procedure allowed us to prepare PPB on a 50–60-
g scale from commercially available borane-triethylamine
complex. Regarding the characterization of PPB, only the
elemental analysis was reported in the literature,[15a] so we
have completed characterization by 1H, 11B, and 13C NMR
spectroscopy and X-ray crystallographic analysis. This im-
proved synthesis of PPB is useful as it helps provide a sub-
stantial amount of subporphyrins (1–2-g scale) in a few steps
from the commercially available compounds.

In the solid state, PPB exhibits B–N ACHTUNGTRENNUNG(pyrrole) distances in
the range of 1.52–1.53 �, and a B–N ACHTUNGTRENNUNG(pyridine) distance of
1.63 �, suggesting covalent- and coordination-bond charac-
ters, respectively (Figure 1). PPB is a robust molecule under

aerobic and wet conditions, much superior to PB. Usually,
PPB can be handled easily, although being exposed to air
over a week caused dark brown coloration. Subporphyrins
1 a and 1 b were prepared from PPB by our modified Adler
protocol involving an additional oxidation step with activat-
ed MnO2.

[6c] As an initial attempt, bromination of 1 a with
N-bromosuccinimide (NBS) was examined under various
conditions. A solution of 1 a in bromobenzene was refluxed
in the presence of 60 equiv NBS and the progress of reac-
tion was monitored by MALDI-TOF mass spectroscopy.
Mono-, di-, and tribrominated products formed quickly, but
further brominations were found to be rather sluggish. After
refluxing for five days, the bromination was almost complet-
ed, giving hexabrominated subporphyrin 2 a in more than
90 % yield. Although the 1H NMR spectrum of the reaction
mixture was almost pure, showing disappearance of b-
proton signals around d= 8.1 ppm, the high-resolution elec-
trospray-ionization time-of-flight (HR ESI-TOF) mass spec-
trometry revealed the contamination of incomplete bromi-

nation products that turned out to be very difficult to sepa-
rate. As a more reliable and effective method, we found
that bromination of 1 a with bromine at room temperature
for 2 h afforded 2 a quantitatively after usual work-up with-
out tedious separation (Scheme 1). HR ESI-TOF mass spec-

trometry revealed a parent molecular-ion peak of 2 a at m/z
943.6395 (calcd for C33H15N3Br6B1 =943.6402, [M�OMe]+).
In the 1H NMR spectrum of 2 a, the b-proton signal com-
pletely disappeared and only a single signal set of meso-aryl
groups was observed in the aromatic region. This indicates
that bromination occurred selectively at the periphery pre-
serving C3 molecular symmetry. The 1H NMR spectrum of
2 a also shows restricted rotation of the meso-phenyl sub-
stituents by exhibiting broad but clearly split signals due to
the ortho protons at d=8.03 and 7.34 ppm and the meta pro-

Figure 1. X-ray crystal structure of pyridine-tri-N-pyrrolylborane (PPB).

Scheme 1. Synthesis of peripherally subsitituted subporphyrins 2–5.
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tons at d=7.70 and 7.50 ppm at room temperature
(Figure 2). Similarly, perbrominated subporphyrin 2 b was
prepared in 88 % from the reaction of 1 b with bromine
(Scheme 1).

In next step, we examined the coupling reactions of 2 a
and 2 b at the periphery. Suzuki–Miyaura coupling reaction
of 2 a with phenyl boronic acid under the standard condi-
tions ([PdACHTUNGTRENNUNG(PPh3)4], K2CO3 (60 equiv), toluene, 110 8C,
5 days) provided hexaphenylated product 3 a. 1H NMR anal-
ysis of the reaction mixture indicated the formation of a
hexaphenylated product as a major product, however, the
presence of a small amount of a pentaphenylated product
hampered the isolation of pure 3 a due to separation difficul-
ty. Actually, the isolation yield of pure 3 a in this run was
low (ca. 17 %) after repeated silica-gel column chromatogra-
phy. To complete the phenyl coupling, the above reaction
mixture was once again subjected to the same bromination
and Suzuki–Miyaura coupling reaction under similar condi-
tions. After this treatment, 3 a was isolated in 55 % yield
after usual work-up (Scheme 1). Following the same proce-

dure, hexaphenylated subpor-
phyrin 3 b was obtained in
73 % yield. Although 3 a exhib-
its poor solubility in common
organic solvents such as
CH2Cl2, CHCl3, and THF, 3 b
displays much better solubility.
In the HR ESI-TOF mass
spectra, the parent-ion peaks
of 3 a and 3 b were observed at
m/z 926.3710 and 1262.7470,
which matched the expected
values, 926.3712 for
C69H45N3B1 [M�OMe]+ , and
1262.7471 for C93H93N3B1

[M�OMe]+ . As seen for 2, 3 a,
and 3 b exhibit a single signal
set of meso- and b-aryl groups
in their 1H NMR spectra, thus
suggesting the preservation of
C3v molecular symmetry.

Next, Stille coupling reac-
tions of 2 a and 2 b were exam-
ined using ethynes 6 and 7.
Under typical reaction condi-
tions ([Pd ACHTUNGTRENNUNG(PPh3)4] (0.6 equiv),
THF), Stille reactions of 2 a
with both 6 and 7 proceeded
smoothly at 70 8C, yielding 4 a
and 5 a in 89 and 85 % yields,
respectively (Scheme 1). On
the other hand, the Stille reac-
tions of 2 b with 6 and 7 pro-
ceeded only at higher tempera-
ture, 110 8C, to provide subpor-
phyrins 4 b and 5 b in 63 and
74 % yields, respectively

(Scheme 1). Note that Sonogashira coupling reaction of 2 a
with trimethylsilylacetylene afforded an intractable mixture
containing nona-, deca-, undeca-, and dodeca-substituted
products,[16] as revealed by MALDI-TOF analysis. The bore-
nium cation peaks were detected by HR ESI-TOF mass
spectrometry at 1046.4206 for 4 a (calcd for C63H69N3B1Si6 =

1046.4206 [M�OMe]+), 1389.7987 for 4 b (calcd for
C97H117N3B1Si6 =1383.7982 [M�OMe]+), 1070.3705 for 5 a
(calcd for C81H45N3B1 =1070.3714 [M�OMe]+), and
1407.7499 for 5 b (calcd for C105H93N3B1 = 1407.7499
[M�OMe]+).

X-ray diffraction analysis : The solid-state structure of 2 b
was revealed by single-crystal X-ray diffraction analysis to
be bowl-shaped (Figure 3 and Table 1). The structural data
of 1 b is also listed for comparison. Bowl depth, defined as
the distance between the boron atom to the mean plane of
the six b carbons, is 1.24 � for 2 b, which is slightly shorter
than that of 1 b (1.29 �). Bond lengths of B�N and B�O in
2 b are 1.491(6), 1.507(7), 1.489(6), and 1.452(6) �, which

Figure 2. Temperature-variable 600 1H NMR spectra of 2 a in CDCl3.
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are similar to those in 1 b. Dihedral angles of the meso-aryl
substituents of 2 b are considerably larger (72.2–76.38) than
those of 1 b (38–488), reflecting the sterically more congest-
ed situation for the former. Interestingly, these structural in-
fluences of perbromination are much smaller for meso-aryl-
substituted subporphyrins than for meso-aryl-substituted
porphyrins, because octabrominated tetraphenylporphyrins
are known to exhibit highly nonplanar, considerably distort-
ed saddle structures.[8–11]

Similarly, the crystal structures of 3 b, 4 b, and 5 a were de-
termined to be all bowl-shaped structures with bowl depths
of 1.22, 1.24, and 1.28 �, respectively. Notably, there is no
significant structural difference in the subporphyrin core
among 2 b, 3 b, 4 b, and 5 a. B�O and B�N distances sum-
marized in Table 1 are 1.43–1.45 and 1.47–1.51 �, respec-
tively, which are quite similar to those of 1. The dihedral
angles between the subporphyrin plane and the meso-aryl
plane in 2 b, 3 b, 4 b, and 5 a are above 658, thus notably
larger than those of 1. In addition, the dihedral angles of b-
phenyl substituents of 3 b are also large, lying in the range
of 65–828. Such large dihedral angles were observed for
meso-(2,4,6-trimethoxyphenyl)-substituted subporphyrin
that exhibits restricted rotation of meso-aryl substituents at
room temperature.[6a] Similar restricted rotations of meso-
and b-aryl groups with large dihedral angles will be dis-
cussed later.

Variable-temperature NMR spectroscopy : One of the most
attractive characteristics of meso-aryl-substituted subpor-
phyrins is a remarkably large substituent effect of the meso-
aryl group, which stems from its low rotational barrier rela-
tive to that of meso-tetraaryl-substituted porphyrins. In our
recent publication,[6a] we revealed that ortho-unsubstituted
meso-aryl substituents of subporphyrin undergo free rota-
tion even at �90 8C in CD2Cl2. As described above, hexabro-
minated subporphyrin 2 a displays broad but split signals for
the ortho- and meta protons of meso-phenyl substituents at
d= 8.10 and 7.30 ppm (ortho), d= 7.71 and 7.50 ppm (meta)
at room temperature, indicating their restricted rotation
(Figure 2). At �40 8C, these broad signals became a couple
of sharp doublets at d=8.14 and 7.23 ppm (ortho) and a
couple of triplets at d= 7.74 and 7.49 ppm (meta) with J=

7.80 Hz. On the other hand, as the temperature increased,
the signals became broader and finally coalesced at 60�2 8C
in CDCl3. The 1H NMR spectrum of 2 b also showed broad
and split meso-aryl-ortho peaks at d= 7.83 and 7.14 ppm, re-
flecting the restricted rotations of meso-aryl substituents.
These peaks became sharp singlets at �50 8C, whereas the
coalescence temperature was 115�5 8C in C2D2Cl4. The
higher coalescence temperature of 2 b may be ascribed to
the bulkier 3,5-di-tert-butylphenyl substituent. The activa-
tion barrier (DGROT) of the rotation of meso-aryl substitu-
ents in 2 b was estimated to be 67 kJ mol�1 by simulating
temperature-dependent spectral changes of the signal due to
the ortho protons (see Supporting Information).

In the 1H NMR spectrum of 3 b at room temperature, the
ortho protons of both the meso-3,5-di-tert-butylphenyl

Figure 3. X-ray crystal structures of a) 2b, b) 3b, c) 4b, d) 5a at 50%
probability of thermal ellipsoids. Solvent molecules and protons are omit-
ted for clarity. tBu substituents are also omitted for clarity.

Table 1. Selected structural data of subporphyrins 1 b, 2b, 3b, 4b, and
5a.

N–B
[�]

B–O
[�]

a[a]

[8]
Bowl depth[b]

[�]

1b 1.490(4), 1.500(4), 1.507(4) 1.438(4) 38.3, 45.7, 48.1 1.29
2b 1.491(6), 1.507(7), 1.489(6) 1.451(6) 75.4, 72.2, 76.3 1.24
3b 1.494(5), 1.476(6), 1.486(5) 1.453(5) 64.6, 81.9, 67.6 1.22
4b 1.509(8), 1.467(9), 1.478(9) 1.438(9) 79.5, 69.9, 71.8 1.24
5 a 1.502(3), 1.502(3), 1.482(3) 1.426(3) 76.6, 76.5, 68.9 1.28

[a] Dihedral angles between meso-aryl ring and the plane defined by
neighboring Ca-Cmeso Ca atoms. [b] Distance from central boron atom to
the mean plane of six b carbons.
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groups and the b-phenyl groups were observed as split
broad signals at d= 7.53 and 6.33 ppm, and d=7.15 and
6.38 ppm, respectively, indicating the restricted rotations.
Following the same procedure, the activation barrier of the
rotation of the b-phenyl groups was estimated to be
69 kJ mol�1. Similarly, the coalescence temperatures and
DGROT values of hexaethynylated subporphyrins 4 and 5
were also determined and are summarized in Table 2.

Optical properties : Figure 4 shows the absorption and fluo-
rescence spectra of subporphyrins 1 a–5 a in CH2Cl2. As re-
ported previously,[5,6a] subporphyrin 1 a shows a Soret-like
band at 373 nm and Q-like bands at 464 and 492 nm
(Table 3). Peripherally persubstituted subporphyrins 2 a and
3 a also show sharp and intense Soret-like bands at 374 and
380 nm, but the shapes of the Q-like bands are significantly
altered from that of 1 a. Namely, the QACHTUNGTRENNUNG(0,0) bands are weak-
ened and the QACHTUNGTRENNUNG(0,1) bands are intensified, similar to those
of the meso-tris(2,4,6-trimethoxyphenyl)subporphyrin. These
spectral features may suggest that the electronic interaction
with the meso-aryl substituent is important for the shape of
the Q-like bands. In line with Gouterman�s four-orbital
theory,[17] Time-dependent DFT calculations at the B3 LYP/
6–31G* levels show that the QACHTUNGTRENNUNG(0,0) band of the subporphyr-
in core macrocycle is a forbidden transition, whereas the Q-ACHTUNGTRENNUNG(0,0) band of 1 a is permitted slightly through the electronic
interaction with meso-phenyl substituents. The altered Q-
like bands of 2 a and 3 a can be thus accounted for in terms
of large dihedral angles of the meso-aryl substituents, which
minimize the electronic interactions with the meso-aryl sub-
stituents. The Soret-like bands are considerably red-shifted
for b-ethynylated subporphyrins 4 a (424 nm) and 5 a
(443 nm) (Table 3). The Q-like bands are also red-shifted;
426, 506, and 533 nm for 4 a and 443, 521, and 551 nm for
5 a, but the extents of the red-shift are modest relative to
those of the Soret-like bands. These red-shifts possibly origi-
nate from the effective p conjugation with b-ethynyl sub-
stituents. Notably, these conjugative interactions lead to en-
hancement of Q-like bands for 4 a and 5 a, similar to the
trends reported for porphyrins.[9]

In contrast to the broad fluorescence spectrum of 1 a, 2 a
displays the fluorescence spectrum of a vibronic structure
with a low quantum yield (FF<0.01, Table 3). The struc-

Table 2. Coalescence temperatures and activation energies of rotation of
meso-aryl substituents (DGROT; kJ mol�1) obtained from variable-temper-
ature 600 1H NMR studies in CDCl3.

Coalescence temperature [8C] DGROT [kJ mol�1]

2a 60�2
2b 115�5[a] 67
3a 0�5
3b 85�5[a] 69
4a �5�2
4b 55�5[a] 61
5a �12�2
5b 90�2[a] 71

[a] Measured in C2D2Cl4.

Figure 4. UV/Vis absorption (c) and emission (a) spectra of 1a, 2a,
3a, 4a, and 5a in CH2Cl2.
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tured fluorescence can be considered also to arise from the
restricted meso-phenyl substituent and the low fluorescence
quantum yield can be ascribed to effective intramolecular
heavy-atom effect. The fluorescence spectrum of 3 a also
shows a vibronic structure, but with a long tail reaching over
700 nm. The fluorescence excitation spectrum of 3 a moni-
tored at 680 nm is almost the same as its absorption spec-
trum (see the Supporting Information), indicating that this
low-energy fluorescence is coming from the subporphyrin
chromophore. The subporphyrins 4 a and 5 a exhibit distinct-
ly red-shifted fluorescence spectra with clear vibronic struc-
tures.

The absolute fluorescence quantum yields were measured
by using a closed-sphere photon-counting apparatus record-
ed on a Hamamatsu Photonics C9920-02 spectrometer and
the observed results are summarized in Table 3. Whereas
the fluorescence quantum yields of 3 a and 5 a (both cases;
FF =0.12) are similar to that of 1 a (FF =0.14), those of 2 a
and 4 a are significantly smaller; FF<0.01 and 0.05, respec-
tively. The observed low fluorescence quantum yield of 2 a is
apparently due to the efficient intramolecular heavy-atom
effect, whereas the reason for the low quantum yield of 4 a
is unclear. The fluorescence lifetimes were measured by the
single-photon counting system, by exciting at 424 nm. The
fluorescence lifetimes of 3 a (2.58 ns) and 5 a (2.32 ns) are
very close to that of 1 a (2.39 ns), whereas that of 4 a is
slightly shorter (1.68 ns).

The electronic effects of peripheral substituents on the
subporphyrin ring is examined further from two-photon-ab-
sorption (TPA) cross-section (s(2)) values, which are largely
proportional to the electron-delocalization strength of the
molecule.[18] The TPA cross-section values were obtained
from the open aperture Z-scan traces, as shown in Figure 5,
by exciting the molecule at 800 nm with 130 fs optical
pulses.[19,20] The TPA cross-section values of 1 a, 3 a, 4 a, and
5 a were measured to be 88,[9d] 700, 1800, and 280 GM
(1 GM=10�50 cm4 s/photon/molecule), respectively
(Table 3). These results indicate that b-ethynyl substituents
in 4 a and 5 a are quite effective for the enhancement of
TPA values by virtue of enhanced electron delocalization.
Notably, the TPA cross-section value of 5 a is about four
times larger than that of its meso (meso-tris(4-phenylacetyle-
ne)subporphyrin)-substituted counterpart (660 GM),[9d] due

to the direct ethyne linkage to
the subporphyrin core, whereas
the phenyl ring acts as a bridge
for the latter. Although direct
ethyne linkage ensures effi-
cient electron delocalization,
the phenyl group, which re-
mains nearly orthogonal with
the subporphyrin ring, pre-
cludes the effective p conjuga-
tion. In addition, as the
number of p-electron-commu-
nicated branches is one of the

crucial factors for the TPA properties of molecules,[21] it is
significant that six aryl substituents at b positions contrast
with three at meso positions. Another important contribu-
ting aspect for the observed larger TPA cross-section value
could be the octupolar structure of subporphyrin with three-
fold symmetry.[9d,22] The octupolar compounds are known to
exhibit larger first-order hyperpolarizabilities than their di-
polar counterparts. These hyperpolarizabilities were found
to show approximately a linear relationship with two-
photon-absorption capabilities, and both values increase mo-
notonically as the p-conjugation length increases.[22a] Thus,
the enhanced TPA properties of subporphyrins are account-
ed for in terms of both electron-delocalization strength and
octupolar effect. Indeed, the octupolar effect contributed by
the increased p-conjugation pathway seems to be larger
than the actual p-conjugation effect, as demonstrated by the
considerably higher TPA cross-section values of 5 a relative
to 4 a.

Electrochemical properties and DFT calculations : The oxi-
dation and reduction potentials of substituted subporphyrins
1 b–5 b were measured by cyclic voltammetry in CH2Cl2

versus the ferrocene/ferrocenium ion couple to examine the

Table 3. Optical properties of 1–5 in CH2Cl2.

Absorption
l [nm] (e [104

m
�1 cm�1])

Fluorescence
lem [nm][a]

FF tF
[b]

[ns]
s[c]

[GM]

1a 373 (16.6), 461 (1.3), 484 (0.9) 516 0.14 2.39 88
1b 373 (18.0), 464 (1.3), 492 (1.4) 524 0.11 2.83
2a 374 (18.9), 460 (2.4) 522 <0.01 <0.01
2b 377 (19.8), 434 (0.7), 461 (2.5) 524 <0.01
3a 380 (20.0), 464 (2.6) 499, 528 0.12 2.58 700
3b 382 (19.9), 464 (2.7) 497, 527 0.12
4a 424 (21.6), 506 (3.4), 533 (2.0) 540, 533 0.05 1.68 1800
4b 426 (24.2), 471 (1.2), 507 (3.8), 534 (1.8) 543 (sh), 584 0.05
5a 443 (26.8), 521 (6.3), 551 (4.4) 558, 600 0.12 2.32 2800
5b 445 (24.1), 521 ACHTUNGTRENNUNG(5.9), 551 ACHTUNGTRENNUNG(3.9) 561, 603 0.12

[a] Excited at the Soret-like band. [b] Fluorescence lifetime. [c] Two-photon-absorption cross section.

Figure 5. The open aperture Z-scan traces of 3a (top), 4 a (middle), and
5a (bottom). The solid lines are the best-fitted curves of experimental
data.
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influence of b substituents on the electronic property of sub-
porphyrins (Table 4). Subporphyrins 1 b, 2 b, and 3 b exhibit
the first-oxidation and -reduction potentials as reversible
waves at 0.78 and �1.82 V, 1.10 and �1.71 V, and 0.64 and

�2.12 V, respectively, hence allowing the estimation of the
electrochemical HOMO–LUMO gap to be 2.60, 2.81, and
2.76 eV, respectively. The observed b-substituent effects are
analogous to those of NiII-TPP[10] with respect to potential
shift (higher for bromo and lower for phenyl; Table 4), but
differ substantially with respect to the electrochemical
HOMO–LUMO gap. For NiII-TPP, the HOMO–LUMO gap
distinctly decreases in the order of unsubstituted>octaphe-
nylated>octabrominated, whereas the order of subporphyr-
ins is just the opposite. The trend for observed NiII-TPP can
be explained as follows: the electrochemical potentials are
shifted linearly to intrinsic substituent effect, however, con-
formations of octabrominated and octaphenylated porphyr-
ins are significantly distorted, which lifts up the HOMO
level depending upon steric congestion due to b substituents.
On the other hand, such steric congesting effects are not se-
rious for subporphyrin macrocycles, as indicated by the simi-
lar solid-state structures for 1 b, 2 b, 3 b, 4 b, and 5 a. There-
fore, the inductive effects of b substituents are dominant for
the electrochemical potentials of b-substituted subporphyr-
ins. This minor influence of the steric effects for subporphyr-
ins stems apparently from more spatial room for b substitu-
ents.

Hexaethynylated analogues 4 b and 5 b exhibit the first-re-
duction and -oxidation potentials at �1.65 and 0.87 V, and
�1.58 and 0.83 V, respectively, which correspond to de-
creased electrochemical HOMO–LUMO gaps of 2.52 and
2.41 V, respectively, probably as a consequence of the exten-
sion of p-conjugation networks. These data are nicely in line
with the optical HOMO–LUMO gaps, 2.32 and 2.25 eV for
4 b and 5 b in CH2Cl2, respectively.

Molecular orbital (MO) calculations were performed at
the B3 LYP/6–31G* levels with the Gaussian 03 package[23]

(Figure 6 and Table 4). We have previously reported that
meso-aryl-substituted subporphyrins possess quite porphy-
rin-like four orbitals, HOMO-1 (a2), HOMO (a1), LUMO

(e), and LUMO +1 (e), and that their HOMO, LUMO, and
LUMO + 1 characteristically show large electronic coeffi-
cients on meso-aryl substituents, explaining the large influ-
ences of meso-aryl rings on their electronic properties. As
shown in Figure 6, MO diagrams of b-substituted subpor-
phyrins 2 a and 3 a exhibit similar porphyrin-like four orbi-
tals, but small electronic coefficients on meso-aryl rings due
to their large dihedral angles, similar to meso-2,4,6-trime-
thoxyphenyl-substituted subporphyrin.[6a] Calculated MO di-
agrams also show stabilized HOMO and LUMO of 2 a, de-
stabilized HOMO and LUMO of 3 a, and increments of
HOMO–LUMO gaps of 2 a and 3 a, which are all consistent
with the experimental results.

The MO diagrams of 5 a exhibit significantly stabilized
LUMO and slightly destabilized HOMO, leading to the de-
crease of the HOMO–LUMO gap. In addition, anti-phase
hybridization of ethynes at b positions resulted in the re-
markable destabilization of a2 orbital, which causes the de-
crease in the energy gap between a1 and a2 orbitals. These
interactions gave rise to the substantial bathochromic shift
of the Soret-like band. Briefly, these b-substituted subpor-
phyrins are still explainable within Gouterman�s four-orbital
theory. The four orbitals of 5 a show large coefficients on
their terminal phenyl rings through ethyne bonds, which in-
dicates the possibility for further introductions of substitu-
ents to the terminal phenyl rings.

Conclusion

Suzuki–Miyaura and Stille coupling reactions were effective-
ly performed for b-perbrominated subporphyrin substrates
as the first fabrication reactions at the periphery. These re-
sults demonstrate that the peripheral-substitution reactions
of porphyrins are similarly useful for subporphyrins, which
will allow further functionalizations of subporphyrins. Inter-
estingly, however, the influences of these per-fabrications at
the periphery are quite different between porphyrin and
subporphyrin. Whereas the structural distortions are domi-
nant for the former, such effects are only small or modest
for the latter. The substituent effects at the b position of
subporphyrins on the optical and electronic properties are
explained in terms of Gourterman�s four-orbital theory, de-
spite their C3 symmetry. Furthermore, nonlinear optical
properties of these subporphyrins are predominantly due to
the octupolar effect instead of increased p-conjugation
length. Synthetic studies along this line are worthy of further
investigation, and are actively in progress in our laboratory.

Experimental Section

General : Dry pyrrole was distilled from CaH2. Pyridine used for the
preparation of PPB was dried over activated molecular sieves 4A.
Borane-triethylamine complex was purchased from Aldrich and used as
received. Dry THF and toluene were obtained from Wako Inc., and
other reagents and solvents were of commercial-reagent grade and were
used without further purification. 1H, 11B, and 13C NMR spectra were re-

Table 4. Oxidation and reduction potentials [V vs ferrocene/ferrocenium
ion pair].[a]

E1
1/2,ox E1

1/2,red HOMO–LUMO gap

1b 0.78 �1.82 2.60
2b 1.10 �1.71 2.81
3b 0.64 �2.12 2.76
4b 0.87 �1.65 2.52
5b 0.83 �1.58 2.41
Ni ACHTUNGTRENNUNG(TPP)[b] 1.05 �1.28 2.33
Ni ACHTUNGTRENNUNG(Br8TPP)[b] 1.20 �0.80 2.00
Ni ACHTUNGTRENNUNG(DPP)[b] 0.75 �1.37 2.12

[a] Measured by cyclic voltammetry using a glassy-carbon working elec-
trode, a platinum-wire counter electrode, and Ag/0.01 m AgClO4 refer-
ence electrode. The measurements were recorded in CH2Cl2 solutions
containing 0.10 m Bu4NPF6 as a supporting electrolyte. [b] See ref. [10];
TPP = tetraphenylporphyrin, DPP = dodecaphenylporphyrin.
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corded by using a JEOL delta-600 spectrometer, and chemical shifts
were reported as the delta scale in ppm relative to internal standards
(CHCl3 (d =7.26 ppm for 1H, 77.16 ppm for 13C), C2H2Cl4 (d=5.98 ppm
for 1H), and an external standard, BF3·OEt2 in CDCl3 (d =0.00 ppm for
11B). Spectroscopic-grade solvents were used for all spectroscopic studies

without further purification. UV/Vis
absorption spectra were recorded by
using a Shimadzu UV-3100 spectrom-
eter. Fluorescence spectra were re-
corded by using a Hamamatsu Pho-
tonics C9920–02 spectrometer, and
absolute fluorescence quantum yields
were measured by the photon-count-
ing method using the same model
with an integration sphere. ESI-TOF
mass spectra were recorded by using
a Bruker Dalronics micro TOF LC
using positive-ion mode. MALDI-
TOF mass spectra were recorded by
using a Shimadzu/Kratos Kompact
MALDI 4 spectrometer using the
positive-MALDI ionization method.
Redox potentials were measured by
cyclic voltammetry using an ALS
electrochemical analyzer model 660.
Preparative separations were ach-
ieved by performing silica-gel chro-
matography (GPC) (Bio-Rad Bio-
Beads S-X1, packed with THF in a
4� 80-cm gravity column).

Pyridine-tri-N-pyrrolylborane (PPB):
Borane-triethylamine complex
(42.7 mL, 0.288 mol) and freshly dis-
tilled pyrrole (60 mL, 0.865 mol) were
added by using a syringe to a careful-
ly dried 300-mL round-bottomed
flask equipped with N2 inlet–outlet
and distillation head. The mixture
was heated to 100 8C for 2.5 h in an
oil bath under N2, and then the bath
temperature was elevated to 160 8C.
The triethylamine generated was dis-
tilled off to leave a pale yellow cake.
Once the solidification was con-
firmed, the flask was removed imme-
diately from the oil bath. The crude
tri-N-pyrrolylborane thus obtained
was dried in vacuo below 100 8C, then
the flask was refilled with dry N2. Dry
pyridine (225 mL) was added to the
solid and heated to 100 8C, and the re-
sulting suspension was vigorously
stirred. When the solid material was
completely dissolved, heating was
stopped and the clear solution was
slowly cooled to 0 8C to leave color-
less crystals. The precipitation was fil-
tered and washed with a minimal
amount of cold hexane, then dried in
vacuo to give 53 g of pyridine-N-tri-
pyrrolylborane (PPB) in 64% yield as
a colorless, crystalline solid. 1H NMR
(600 MHz, CDCl3): d =8.14 (t, J=

7.3 Hz, 1H; pyridine-p-H), 8.10 (br,
2H; pyridine-o-H), 7.63 (t, J =6.9 Hz,
2H; pyridine-m-H), 6.63 (dd, J =2.3,
1.9 Hz, 6 H; pyrrole), 6.27 ppm (dd,
J =2.3, 1.9 Hz, 6 H; pyrrole);
11B NMR (193 MHz, CDCl3): d=

4.1 ppm (s, 1B); 13C NMR (150 MHz, CDCl3): d =146.2 (pyridine-o),
142.7 (pyridine-p), 125.9 (pyridine-m), 124.2 (pyrrole), 109.8 ppm (pyr-
role).

Methoxo(2,3,7,8,12,13-hexabromo-5,10,15-triphenylsubpor-ACHTUNGTRENNUNGphyrinate)boronACHTUNGTRENNUNG(III) (2 a): Bromine (0.1 mL) was added to a solution of

Figure 6. Molecular orbital diagrams of 1 a (top, left), 2 a (top, right), 3 a (bottom, left), and 5 a (bottom, right)
calculated at the B3LYP/6-31G* levels.
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1a (24.3 mg, 48.4 mmol) in deoxygenated CHCl3 (20 mL) in a 50-mL
round-bottomed flask, and the resulting solution was stirred at room tem-
perature for 2 h under N2 atmosphere. The reaction was quenched by the
addition of saturated Na2S2O3 solution (10 mL) and then the organic
layer was separated and washed with water twice and brine, dried over
anhydrous Na2SO4, and concentrated in vacuo. A mixture of CH2Cl2/
MeOH (1:1, 20 ml) was added to the residue, and heated at 50 8C for
10 min followed by concentration in vacuo. The crude material was puri-
fied by short path on silica with CH2Cl2/hexane/ether= 1:4:1 as an eluent
and recrystallization from CH2Cl2/MeOH gave pure subporphyrin 2 a
(46.4 mg, quant.) as a yellow solid. 1H NMR (600 MHz, CDCl3, �40 8C):
d=8.12 (d, J= 7.80 Hz, 3H; meso-Ph-ortho), 7.74 (t, J=7.80 Hz, 3H;
meso-Ph-meta), 7.69 (t, J=7.80 Hz, 3 H; meso-Ph-para), 7.49 (t, J=

7.80 Hz, 3H; meso-Ph-meta), 7.23 (d, J= 7.80 Hz, 3H; meso-Ph-ortho),
0.84 ppm (s, 3 H; axial-OMe); 11B NMR (193 MHz, CDCl3, �40 8C): d=

�16.2 ppm (s); 13C NMR (150 MHz, CDCl3, RT): d=135.1, 133.3, 132.6,
132.3, 129.4, 127.9, 120.1, 118.1, 47.4 ppm; UV/Vis (CH2Cl2): lmax (e)=

374 (189 000), 460 nm (24 000 m
�1 cm�1); fluorescence (CH2Cl2, lex =

374 nm): lmax =522 nm; FF<0.01; HR-ESI TOF-MS (positive mode):
m/z : calcd for C33H15N3B1Br6: 943.6402 [M�OMe]+ ; found: 943.6395.

Methoxo(2,3,7,8,12,13-hexabromo-5,10,15-tri(3,5-di-tert-butylphenyl)-ACHTUNGTRENNUNGsubporphyrinate)boron ACHTUNGTRENNUNG(III) (2 b): The subporphyrin 2b was prepared
from 1 b (18.6 mg, 22.2 mmol) by the same procedure used for the prepa-
ration of 2a. Yield was 24.9 mg (88 %). A single crystal suitable for X-ray
diffraction analysis was prepared by slow recrystallization from CH2Cl2/
MeOH. 1H NMR (600 MHz, CDCl3, RT): d=7.83 (s, 3H; meso-Ar-
ortho), 7.62 (s, 3H; meso-Ar-para), 7.14 (s, 3 H; meso-Ar-ortho), 1.47 (s,
27H; meso-Ar-tert-butyl), 1.29 (s, 27H; meso-Ar-tert-butyl), 0.86 ppm (s,
3H; axial-methoxy); 11B NMR (193 MHz, CDCl3, RT): d =�16.1 ppm;
13C NMR (151 MHz, CDCl3, RT): d =150.4, 149.5, 134.5, 131.1, 128.3,
127.4, 122.3, 121.1, 118.0, 47.5, 35.3, 35.2, 31.8, 31.6 ppm; UV/Vis
(CH2Cl2): lmax (e)=377 (198 000), 434 (7000), 461 nm (25 000 m

�1 cm�1);
fluorescence (CH2Cl2, lex =374 nm): lmax =524 nm; FF<0.01; HR-ESI
TOF-MS (positive mode): m/z : calcd. for C57H63N3B1Br6: 1280.0179
[M�OMe]+ ; found: 1280.0181.

Methoxo(2,3,5,7,8,10,12,13,15-nonaphenylsubporphyrinate)boron ACHTUNGTRENNUNG(III)
(3 a): A sample test tube containing 2a (28.3 mg, 30.2 mmol), dihydroxy-
phenylboron (110.0 mg, 898 mmol), and CsCO3 (675.4 mg, 2.07 mmol) was
purged with N2, and then charged with dehydrated toluene (6 mL). [Pd-ACHTUNGTRENNUNG(PPh3)4] (20.1 mg, 17.5 mmol) was added to the mixture and stirred at
110 8C for four days under N2 conditions. The resulting solution was
cooled to room temperature, diluted with 10 mL of CH2Cl2, washed with
water twice, dried over anhydrous Na2SO4, and then concentrated in
vacuo. A mixture of CH2Cl2/MeOH (1:1, 20 mL) was added to the resi-
due and heated at 50 8C for 10 min followed by concentration in vacuo.
The resulting mixture was concentrated in vacuo and then purified by
column chromatography on silica with CH2Cl2/hexane/diethyl ether =

1:4:1 as an eluent. The 1H NMR spectrum of the mixture indicated the
presence of b-pentaphenylated product. Repeated silica-gel column chro-
matography and recrystallization from CH2Cl2/MeOH gave pure 3a as a
yellow solid. As a more convenient method, one more cycle of bromina-
tion with bromine and subsequent Suzuki–Miyaura coupling reaction of
the mixture of b-pentaphenylated product and 3a gave pure 3a in 55%
yield without difficult separation. 1H NMR (600 MHz, CDCl3, �50 8C):
d=7.29 (d, J =7.32 Hz, 3 H; meso-Ph-ortho), 6.89 (d, J= 7.32 Hz, 6H; b-
Ph-ortho), 6.80 (t, J =7.74 Hz, 3H; meso-Ph-para), 6.78 (t, J =6.90 Hz,
6H; b-Ph-para), 6.72 (t, J =7.32 Hz, 6H; b-Ph-meta), 6.59 (t, J =8.22 Hz,
3H; meso-Ph-meta), 6.27 (br, 6 H; b-Ph-meta), 6.24 (t, 8.22 Hz, 3H;
meso-Ph-meta), 6.09 (d, J= 6.90 Hz, 3H; meso-Ph-ortho), 6.05 (d, J=

6.00 Hz, 6H; b-Ph-ortho), 0.70 ppm (s, 3H; axial-OMe); 11B- and
13C NMR spectra were not recorded because of poor solubility. UV/Vis
(CH2Cl2): lmax (e) =380 (200 000), 464 nm (26 000 m

�1 cm�1); fluorescence
(CH2Cl2, lex =374 nm): lmax =499, 528 nm; FF =0.12; HR-ESI TOF-MS
(positive mode): m/z : calcd for C69H45N3B1: 926.3712 [M�OMe]+ ; found:
926.3710.

Methoxo(2,3,7,8,12,13-hexaphenyl-5,10,15-tri(3,5-di-tert-butylphenyl)-ACHTUNGTRENNUNGsubporphyrinate)boron ACHTUNGTRENNUNG(III) (3 b): The subporphyrin 3b was prepared
from 2a (25.1 mg, 19.6 mmol) by the same procedure used for the prepa-

ration of 3a. Yield was 18.4 mg (73 %). A single crystal suitable for X-ray
diffraction analysis was prepared by slow recrystallization from CH2Cl2/
methanol. 1H NMR (600 MHz, CDCl3, �50 8C): d=7.53 (s, 3 H; meso-Ar-
ortho), 7.15 (d, J =7.32 Hz, 6 H; b-Ph-ortho), 6.8–6.9 (m, 9H; meso-Ar-
para, b-Ph-para), 6.80 (t, J =7.32 Hz, 6H; b-Ph-meta), 6.63 (t, J =7.32 Hz,
6H; b-Ph-meta), 7.53 (d, J=7.32 Hz, 6 H; b-Ph-ortho), 6.33 (s, 3H; meso-
Ar-ortho), 1.09 (s, 27H; meso-Ar-tert-butyl), 0.83 (s, 27H; meso-Ar-tert-
butyl), 0.81 ppm (s, 3H; axial-OMe); 11B NMR (193 MHz, CDCl3,
�50 8C): d=�15.5 ppm; 13C NMR (150 MHz, CDCl3, �50 8C): d=147.8,
147.3, 138.3, 136.6, 134.7, 133.6, 132.0, 130.3, 127.7, 126.7, 126.4, 126.3,
125.5, 122.3, 121.7, 47.5, 34.4, 34.1, 31.4, 31.1 ppm; UV/Vis (CH2Cl2): lmax

(e)=382 (199 000), 464 nm (27 000 m
�1 cm�1); fluorescence (CH2Cl2, lex =

374 nm): lmax =497, 522 nm; FF = 0.12; HR-ESI TOF-MS (positive
mode): m/z : calcd for C93H93N3B1: 1262.7471 [M�OMe]+; found:
1262.7470.

Methoxo(2,3,7,8,12,13-hexa(trimethylsilylethynyl)-5,10,15-phenyl)-ACHTUNGTRENNUNGsubporphyrinate)boron ACHTUNGTRENNUNG(III) (4 a): A sample test tube containing 2 a
(47.3 mg, 50.4 mmol) was purged with N2, and then charged with dry THF
(10 mL). [Pd ACHTUNGTRENNUNG(PPh3)4] (37.0 mg, 32.1 mmol) and
tributyl(trimethylsilylethynyl)tin ACHTUNGTRENNUNG(III) (189.5 mg, 489.3 mmol) was added
to the mixture and the resulting solution was stirred at 70 8C for 24 h
under N2 atmosphere. The resulting mixture was cooled to room room
temperature, washed with water twice, dried over anhydrous Na2SO4, and
then concentrated in vacuo. A mixture of CH2Cl2/MeOH (1:1) was added
to the residue and heated at 50 8C for 10 min followed by concentration
in vacuo. The crude material was purified by a short silica-gel column
using a mixture of CH2Cl2/hexane/diethyl ether =1:4:1 as an eluent. Re-
crystallization from CH2Cl2/MeOH gave pure subporphyrin 4a (46.1 mg,
85%) as a red solid. 1H NMR (600 MHz, CDCl3, RT): d =7.72 (br, 6H;
meso-Ph-ortho), 7.59 (t, 3 H; J =7.80 Hz, meso-Ph-para), 7.49 (t, J=

7.32 Hz, 6H; meso-Ph-meta), 0.90 (s, 3H; axial-OMe), 0.11 ppm (s, 54 H;
b-TMS); 11B NMR (193 MHz, CDCl3, RT): d=�15.4 ppm; 13C NMR
(150 MHz, CDCl3, RT): d=138.6, 133.8, 133.2, 129.0, 127.3, 123.9, 120.2,
108.2, 97.3, 47.2, 0.23 ppm; UV/Vis (CH2Cl2): lmax (e)=424 (216 000), 506
(34 000), 533 nm (20 000 m

�1 cm�1); fluorescence (CH2Cl2, lex = 424 nm):
lmax =540, 583 nm; FF =0.05; HR-ESI TOF-MS (positive mode): m/z :
calcd for C63H69N3B1Si6: 1046.4206 [M�OMe]+ ; found: 1046.4206.

Methoxo(2,3,7,8,12,13-hexa(trimethylsilylethynyl)-5,10,15-tri(3,5-di-tert-
butylphenyl)subporphyrinate)boron ACHTUNGTRENNUNG(III) (4 b): The subporphyrin 4b was
prepared from 2b (37.5 mg, 29.3 mmol) by the same procedure used for
the preparation of 4a except the reaction temperature was 110 8C. Yield
was 18.5 mg (63 %). A single crystal suitable for X-ray diffraction analy-
sis was prepared by slow recrystallization from CH2Cl2/methanol.
1H NMR (600 MHz, CDCl3, �50 8C): d =7.93 (s, 3H; meso-Ar-ortho),
7.54 (s, 3H; meso-Ar-para), 6.96 (s, 3H; meso-Ar-ortho), 1.46 (s, 27 H;
meso-Ar-tert-butyl), 1.27 (s, 27H; meso-Ar-tert-butyl), 0.92 ppm (s, 3 H;
axial-OMe); 11B NMR (193 MHz, CDCl3, RT): d=�15.6 ppm (s);
13C NMR (150 MHz, C2D2Cl4, 100 8C): d=148.8, 137.2, 133.5, 127.7,
125.7, 121.8, 120.6, 108.3, 98.3, 47.6, 35.0, 32.0, 0.9 ppm; UV/Vis
(CH2Cl2): lmax (e)=426 (242 000), 471 (12 000), 507 (38 000), 534 nm
(18 000 m

�1 cm�1); fluorescence (CH2Cl2, lex =426 nm): lmax =543 (sh),
584 nm; FF =0.05; HR-ESI TOF-MS (positive mode): m/z : calcd for
C87H117N3B1Si6: 1383.7982 [M�OMe]+ ; found: 1383.7987.

Methoxo(2,3,7,8,12,13-hexa(phenylethynyl)-5,10,15-phenyl)subpor-ACHTUNGTRENNUNGphyrinate)boronACHTUNGTRENNUNG(III) (5 a): A sample test tube containing 2 a (27.8 mg,
29.6 mmol) and trimethyl(phenylethynyl)tin ACHTUNGTRENNUNG(III) (60.0 mg, 240 mmol) was
purged with N2, and then charged with dehydrated THF (6 mL). [Pd-ACHTUNGTRENNUNG(PPh3)4] (23.1 mg, 20.1 mmol) was added to the mixture and the resulting
solution was stirred at 70 8C for 24 h under N2 atmosphere. The resulting
mixture was cooled to RT, washed with water twice, dried over anhy-
drous Na2SO4, and then concentrated in vacuo. A mixture of CH2Cl2/
MeOH (1:1) was added to the residue and heated at 50 8C for 10 min fol-
lowed by concentration in vacuo. The crude material was purified with a
short silica-gel column using a mixture of CH2Cl2/hexane/diethyl ether =

1:4:1 as an eluent. Recrystallization from CH2Cl2/MeOH gave pure sub-
porphyrin 5a (26.4 mg, 89 % yield) as a red solid. A single crystal suitable
for X-ray diffraction analysis was prepared by slow recrystallization from
CH2Cl2/methanol. 1H NMR (600 MHz, CDCl3, �60 8C): d=8.43 (br, 3H;
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meso-Ar-ortho), 7.87 (br, 3H; meso-Ar-meta), 7.78 (t, J=7.56 Hz, 3H;
meso-Ar-para), 7.55 (br, 3H; meso-Ar-ortho), 7.51 (br, 3H; meso-Ar-
meta), 7.37–7.31 (m, 18 H; b-Ph-meta, b-Ph-para), 7.25 (br, 12H; b-Ph-
ortho), 1.19 ppm (s, 3 H; axial-methoxy); 11B NMR (193 MHz, CDCl3,
�60 8C): d=�15.3 ppm (s); 13C NMR (151 MHz, CDCl3, �60 8C): d=

137.9, 133.4, 133.3, 131.9, 129.1, 128.6, 128.2, 127.7, 127.4, 122.8, 122.7,
119.5, 102.0, 95.9, 83.7, 51.3 ppm; UV/Vis (CH2Cl2): lmax (e) =443
(268 000), 521 (63 000), 551 nm (44 000 m

�1 cm�1); fluorescence (CH2Cl2,
lex =445 nm): lmax =561 nm; FF =0.11; HR-ESI TOF-MS (positive
mode): m/z : calcd for C93H93N3B1: 1262.7471 [M�OMe]+; found:
1262.7470.

Methoxo(2,3,7,8,12,13-hexa(phenylethynyl)-5,10,15-tri(3,5-di-tert-butyl-ACHTUNGTRENNUNGphenyl)subporphyrinate)boron ACHTUNGTRENNUNG(III) (5 b): The subporphyrin 5 b was pre-
pared from 2b (25.1 mg, 19.6 mmol) by the same procedure used for the
preparation of 5a except the reaction temperature was 110 8C. Yield was
21.0 mg (74 %). 1H NMR (600 MHz, CDCl3, �40 8C): d=8.27 (s, 3H;
meso-Ar-ortho), 7.74 (s, 3H; meso-Ar-para), 7.32–7.26 (m, 18H; b-Ph-
meta, b-Ph-para), 7.21 (s, 3 H; meso-Ar-ortho), 7.16 (d, J =6.42 Hz, 12H;
b-Ph-ortho), 1.19 ppm (s, 3H; axial-methoxy); 11B NMR (193 MHz,
CDCl3, �60 8C): d =�14.9 ppm (s); 13C NMR (125 MHz, CDCl3, �60 8C):
d=148.6, 148.5, 138.7, 133.0, 128.5, 128.3, 127.9, 127.2, 122.7, 122.5, 120.8,
102.0, 95.9, 83.6, 47.4, 35.1, 34.6, 31.7, 31.1 ppm; UV/Vis (CH2Cl2): lmax

(e)=445 (241 000), 521 (59 000), 551 nm (39 000 m
�1 cm�1); fluorescence

(CH2Cl2, lex =445 nm): lmax =561, 603 nm; FF =0.10; HR-ESI TOF-MS
(positive mode): m/z : calcd for C105H93N3B1: 1407.7499 [M�OMe]+ ;
found: 1407.7499.

Crystallographic data : X-ray data were recorded by using a Rigaku–
Raxis imaging-plate system. The structures were solved by direct meth-
ods (Sir 97[24] or SHELXS-97[25]). Structure refinement was carried out by
using SHELXL97.[25] Table 5 lists crystallographic details.

CCDC-699898 (2 b), CCDC-699899 (3b), CCDC-699900 (4 b), CCDC-
699901 (5a), and CCDC-699902 (PPB) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif
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