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Isomorphous free-base, Ni(ll)- and Cu(ll)-5,10,15,20-
tetra(4-hydroxyphenyl)porphyrin nitrobenzene
hexasolvates with tetragonal 3D hydrogen-bonded
network structures

Rudiger W. Seidel" Richard Goddard® and Iris M. Oppel™
The crystal structures of 5,10,15,20-tetra(4-hydroxyphenyl)-21,23H-porphyrin nitrobenzene

5,10,15,20-tetra(4-hydroxyphenyl)porphyrinatonickel(II)
hexasolvate (2) and 5,10,15,20-tetra(4-hydroxyphenyl)porphyrinatocopper(Il) nitrobenzene

hexasolvate (1), nitrobenzene
hexasolvate (3) are described. Compounds 1-3 crystallise isomorphously in the non-
space with Z = 8.
crystallographically distinct porphyrin molecules, two of which contain fourfold axes

centrosymmetric tetragonal group Pdcc There are three
perpendicular to the porphyrin plane. The remaining one contains twofold axis perpendicular
to the porphyrin ring system. The porphyrin building blocks are joined into a three-
dimensional network through self-complementary O—H:--O hydrogen bonding interactions
between 4-hydroxyphenyl groups of adjacent molecules. The space occupied by the

nitrobenzene solvent molecules is remarkably large at ca. 61.5 % of the unit cell volume in

1-3.

Introduction

Supramolecular porphyrin solids have received much attention
in the past two decades.'™ The porphyrin macrocycle is an
attractive scaffold for tailored building blocks for crystal
engineering due to some unique features. The relatively rigid
planar porphyrin ring system exhibits idealised Dy, symmetry, a
point group rarely encountered in organic compounds. It can be
readily functionalised for supramolecular self-assembly through
bonds, hydrogen
Furthermore, insertion of metal ions into the cavity of the

coordinate and halogen bonding.®
porphyrin ring system enables tuning of redox properties and

binding affinity for axial ligands, depending on the
coordination preferences of the central metal.'®"!

5,10,15,20-Tetra(4-hydroxyphenyl)porphyrin  (H,TOHPP,
Scheme 1) and its metalloderivatives are ideally suited as
building blocks for hydrogen-bonded solids,® since the four
groups provide self-

complementary hydrogen bonding sites. That means they can

peripheral 4-hydroxyphenyl
act as hydrogen bond donors and acceptors capable of forming
hydrogen bonds to one another. Early investigations include
of CuTOHPP and ZnTOHPP.">"  Since d"
metalloporphyrins exhibit high binding affinity for one or two

those

axial ligands, solvent molecules with oxygen donor atoms have

frequently been found in axial coordination sites of

This journal is © The Royal Society of Chemistry 2013

ZnTOHPP.'>™'* Adducts of ZnTOHPP and axial nitrogen donor
ligands have also been studied.'”™7 Interestingly, the hydroxyl
groups of ZnTOHPP approach axial coordination sites of
adjacent molecules in the dimethylformamide solvate
dihydrate, although competing oxygen donor solvent molecules
are present.'® Attempts to prepare extended networks of
H,TOHPP peripherally linked by Gd(III) ions led to structural
investigations of solvated discrete porphyrin-solvent assemblies
of H,TOHPP." Very recently, a number of solid-state
hydrogen-bonded assemblies of H,TOHPP and nitrogen bases

as hydrogen bond acceptors have been presented.”

HO, OH

H,TOHPP: M = 2H
NiTOHPP: M = Ni

CuTOHPP: M = Cu
ZnTOHPP: M = Zn

HO OH

Scheme 1 Chemical diagram of free-base 5,10,15,20-tetra(4-
hydroxyphenyl)porphyrin and its Ni(ll), Cu(ll) and Zn(ll) complexes.
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The toluene trisolvate of ZnTOHPP [refcode in the
Cambridge Structural Database (CSD):*' TEFRUR] is an
example of an MTOHPP-based open hydrogen-bonded network
propagated solely by self-complementary hydrogen bonding
interactions between the 4-hydroxyphenyl groups, without
disruption by hydrogen-bonded solvent molecules.'> Motivated
by these results, we investigated the seclf-assembly of
H,TOHPP, NiTOHPP and CuTOHPP in the presence of
nitrobenzene as a crystallisation template. We chose d® and d°
metalloporphyrins as building blocks in addition to the free-
base porphyrin, since their low binding affinity for axial
ligands'" should help prevent undesired axial coordination by
solvents molecules or 4-hydroxyphenyl groups of adjacent
MTOHPP molecules. In this contribution, we report a structural
study on nitrobenzene hexasolvates of H,TOHPP, NiTOHPP
and CuTOHPP.

Experimental

General

Starting materials were of reagent grade and used as received.
H,TOHPP was purchased from Porphyrin Systems (Appen,
Germany). Solvents were of analytical grade and used without
further purification. The metallation reactions of the free-base
porphyrin monitored by visible spectroscopy.
Disappearance of the absorption bands of the free-base
porphyrin indicated completion.’*** NMR spectra of NiTOHPP
(Figures S1 and S2, ESI) were recorded on a Bruker DRX 400
spectrometer, using dimethylsulfoxide-d6 as solvent, and
chemical shifts are reported relative to the residual solvent
signals (g = 2.50 ppm, oc = 39.51 ppm). Abbreviations: s
(singlet), d (doublet). Fast atom bombardment (FAB) mass
spectra (MS) were measured on a Fisons VG Autospec mass
spectrometer, using 3-nitrobenzyl alcohol as a matrix.

were

Synthesis

NiTOHPP: H, TOHPP (30 mg, 0.044 mmol) was dissolved
in 5 mL of methanol and nickel(I) acetate tetrahydrate (110
mg, 0.440 mmol) was added. The reaction mixture was refluxed
for 24 h. Subsequently, the mixture was poured into
ethylacetate (30 mL) and washed three-times with deionised
water. After drying on magnesium sulfate, the solvents were
removed using a rotary evaporator. The product was dried over
calcium chloride in vacuum. Yield: 29 mg (0.040 mmol, 91 %).
MS(FAB): m/z 734 [M]" (caled. for CuH,sN,NiO,). 'H
NMR(400.13 MHz): 6 9.87 (s, 4H; hydroxyl), 8.75 (s, 8H; B-
pyrrole), 7.79 (d, J = 8.4 Hz, 8H; 2,6-phenyl), 7.13 (d, J = 8.4
Hz, 8H; 3,5-phenyl) ppm. *C{'H} NMR(100.62 MHz): 157.33
(4-phenyl), 142.29 (a-pyrrole), 134.56 (B-pyrrole), 132.01 (2,6-
phenyl), 130.57 (1-phenyl), 118.88 (3,5-phenyl), 114.03 (meso)
ppm.

CuTOHPP: H,TOHPP (50 mg, 0.074 mmol) was dissolved
in 5 mL of methanol and copper(Il) acetate dihydrate (148 mg,
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0.740 mmol) was added. The reaction mixture was stirred for 2
h at room temperature and worked up similarly to NiTOHPP.
MS(FAB): m/z 739 [M]" (caled. for C44H,3CuN,Oy).

Crystallisation of 1-3: 10 mg (0.015 mmol) of H,TOHPP
were dissolved in 2 mL of methanol and 0.5 mL of
nitrobenzene were added. The mixture was left at room
temperature, while the solvent was allowed to evaporate slowly.
A few red crystals of 1 were found after a couple of weeks.
Reddish brown crystals of 2 were obtained from a solution of
NiTOHPP in a mixture of acetonitrile, methanol and
ethylacetate containing a few drops of nitrobenzene by slow
evaporation of the solvent at room temperature. Red crystals of
3 were obtained from a solution of CuTOHPP in
tetrahydrofuran containing a few drops of nitrobenzene by slow
evaporation of the solvent at room temperature.

Single-crystal X-ray analysis

The X-ray intensity data for 1 were collected on a Bruker AXS
Proteum X8 diffractometer, using Cu-K, radiation from a
FR591 rotating anode with multilayer X-ray optics. The data
collections for 2 and 3 were performed on an Oxford
Diffraction Xcalibur2 diffractometer with a Sapphire2 CCD,
using graphite-monochromated Mo-K, radiation. The data for 1
were integrated with SAINT?* and corrected for absorption
effects based on face-indexed Gaussian numerical integration
and scaled with SADABS.” The data for 2 and 3 were
processed with CrysAlisPro.?® Absorption corrections based on
multiple-scanned reflections were carried out with ABSPACK

in CrysAlisPro.

The crystal structures were solved by direct methods with
SHELXS-97 and refined with SHELXL-2014.”” In order to
increase the data/parameter ratio, the nitrobenzene solvent
molecules were refined with isotropic atomic displacement
parameters in 1-3. Pairs of nitrobenzene molecules are
disordered around fourfold axes in 1-3. The benzene rings of
these molecules were fitted as regular hexagons and standard
similar distance restraints were applied to the nitro groups.
Hydrogen atoms were placed at geometrically calculated
positions and refined with the appropriate riding model and
Uiso(H) = 1.2 U(C, N, O). The positions of the hydroxyl and
pyrrole hydrogen atoms were visible in difference Fourier
maps, which were calculated with PLATON.?® Nevertheless,
disorder of the hydroxyl hydrogen atoms in 1-3 along the polar
c axis direction cannot be ruled out in view of the rather limited
precision of the structure analyses. In 1, the core hydrogen
atoms of the H,TOHPP molecules containing fourfold rotation
axes (Wyckoff positions 2a and 2b) are disordered by
symmetry. Inspection of the difference Fourier map (Figure S3,
ESI) indicated also disorder of the core hydrogen atoms of the
H,TOHPP molecules containing a twofold rotation axis
(Wyckoff position 4c). Refinement of the ratio of occupancies
of the two wunique sites resulted in 0.7(1):0.3(1). Post-
refinement calculation of the Flack parameter for 1 by
Parsons’s Q method” yielded a value of 0.3(1), which indicates
that the crystal studied was an inversion twin. In the absence of
a large anomalous signal, no twin refinement was carried out
for 1. The structures of 2 and 3 were refined as two-component
inversion twins (using TWIN and BASF instructions), affording
Flack parameters®® of 0.42(4) and 0.45(5), respectively. Void
estimations were performed with the SOLV routine in
PLATON, using default options (grid step = 0.20 A, probe
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radius = 1.20 A). Deviations from exact molecular point group
symmetry were calculated with MOLSYM in PLATON.
Representations of the crystal and molecular structures were
drawn with MERCURY.*' Crystal data and refinement details
are listed in Table 1.

Table 1 Crystal data and refinement details for 1-3.

(Place Table 1 here)

Results and discussion

H,TOHPP was successfully metallated with Ni(Il) and Cu(II),
by applying the ‘acetate method’.>> The experimental procedure
was adapted from the synthesis of ZnTOHPP, reported by
Smeets et al>* Cu(ll) could be readily inserted into the
porphyrin core of H,TOHPP at ambient conditions, similar to
Zn(Il). In contrast, insertion of Ni(I) required forced
conditions, i. e. prolonged heating, since incorporation of Ni(II)
into free-base porphyrins is kinetically hindered.'® Crystals of
the nitrobenzene hexasolvates 1-3 were obtained by slow
evaporation from solutions of H,TOHPP, NiTOHPP and
CuTOHPP in various solvents containing small amounts of
nitrobenzene.

Single-crystal X-ray analysis revealed that 1-3 crystallise
isomorphously in the tetragonal space group P4cc. In each case,
the unit cell contains eight formula units (Z = 8). The porphyrin
building blocks are located in special positions along the
fourfold axes at (0,0,z), (0,0,z+1/2), Wyckoff position 2a, and
(1/2,1/2,z), (1/2,1/2,z+1/2), Wyckoff position 2b, and the
twofold axes at (0,1/2,z), (1/2,0,z), (0,1/2,z+1/2), (1/2,0,z+1/2),
Wyckoff position 4c. The mean planes through the porphyrin
moieties lie perpendicular to the symmetry axes, which are
parallel to the polar ¢ axis direction. Figure 1 shows a
projection of the unit cell of 1 along the ¢ axis and a diagram of
symmetry operators of the space group P4cc. The asymmetric
unit contains two distinct quarters and one half of a porphyrin
unit and thus in sum one formula unit (Z° = 1), illustrating the
limitation of the Z" notation for crystal structures in which the
molecules occupy distinct special positions.*

Fig 1 Left: The tetragonal unit cell of 1, viewed along the [001] direction.
H,TOHPP molecules with flat porphyrin core are shown in black (Wyckoff
positions 2a and 2b) and those with ruffled core in red (Wyckoff position 4c). For
sake of clarity, hydrogen atoms and nitrobenzene solvent molecules have been
omitted. Right: Diagram of symmetry operators of the space group P4cc,
projected along the same direction.

Figure 2 shows the structures of the MTOHPP molecules in

Wyckoff positions 2a, 2b and 4c for 1-3 for the example of
NiTOHPP in 2. Displacement ellipsoid plots of all distinct

This journal is © The Royal Society of Chemistry 2012
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MTOHPP molecules in 1-3 can be found in the Supporting
Information (Figure S4, ESI). Table 2 lists selected geometric
parameters in the porphyrins for 1-3. The 24-membered
porphyrin macrocycles of the molecules in Wyckoff positions
2a and 2b are virtually flat with r.m.s. deviations in the range of
0.010-0.022 A. In these molecules, the Ni atoms in 2 and the
Cu atoms 3 are displaced from the porphyrin planes by no more
than 0.020(5) A. In contrast, the porphyrin macrocycles of the
molecules that lie on the crystallographic twofold axes
(Wyckoff position 4c) are D,y ruffled (ruf deformation). In the
core conformation termed ruf, opposite pyrrole rings are
twisted so that the methine carbon atoms are alternately
displaced above and below the mean plane through the
porphyrin ring system.>** The extent of the ruf deformation
can be characterised by the C,—N--N—C, torsion angle*
(Scheme 2) or by the bisecting C,---M:--C,, angle for
metalloporphyrins.*® The 4-hydroxyphenyl substituents in the
meso positions of the porphyrin rings adopt a propeller-like
arrangement, regardless of whether the porphyrin is planar or
ruffled. The dihedral angles between the mean planes of the
phenyl rings and those of the porphyrins occur within the range
of 62.8(2)—70.7(2)°. Bearing in mind that we cannot definitely
rule out disorder of the hydroxyl hydrogen atoms (see
Experimental Section), the hydroxyl groups all exhibit an
aooo orientation,” i. e. the hydrogen atoms lie all above the
porphyrin planes, as shown in Figure 2, along the polar ¢ axis
direction. The non-hydrogen atoms of the MTOHPP molecules
in Wyckoff positions 2a and 2b exhibit r.m.s. deviations of
0.063—0.087 A from exact D, point group symmetry in 1-3.

Fig 2 Molecular conformations of NiTOHPP in 2: flat (left) and D,4 ruffled (right)
porphyrin core (ruf deformation). The Ni atoms are emphasised by a sphere.
Carbon-bound hydrogen atoms are omitted for clarity.

Table 2 Selected geometric parameters (A, °) in porphyrins for 1—3.

(Place Table 2 here)

Scheme 2 Definition of the C,—N--:N—C, ruffling angle in the ruf conformation of
the porphyrin macrocycle.36

In 1, the NH hydrogen atoms of the H,TOHPP molecules in
Wyckoff positions 2a and 2b are necessarily disordered because
of the site symmetry. For 5,10,15,20-tetraphenylporphyrin, it
has been reasoned that the provision in a crystalline phase of
sites that require or permit the molecules to observe statistically
effective fourfold symmetry should be thermodynamically
conducive to the dynamic type of disorder associated with the
NH tautomerism.'" The ruf conformer of H,TOHPP in Wyckoff
position 4c exhibits two crystallographically distinct pyrrole

J. Name., 2012, 00, 1-3 | 3
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rings. Inspection of the difference Fourier map (Figure S3, ESI)
provided evidence for disorder of the NH hydrogen atoms
between the two sites as well, but both the difference Fourier
map and the unequal C,—N—-C, angles (Table 2, an increase is
expected upon protonation) suggest that the two distinct NH
sites are not equally occupied. The Ni(Il) ions in 2 and the
Cu(Il) ions 3 are in a genuine square-planar coordination by the
four pyrrole nitrogen atoms with X(N-M—N) being close to the
theoretical value of 720° for an ideal square-planar geometry,
irrespective of the conformation of the porphyrin macrocycle.
The M-N bond lengths are as expected for Ni(II) and Cu(II)
porphyrins.'!

The coexistence of planar and ruf distorted cores each of
H,TOHPP, NiTOHPP and CuTOHPP in 1-3 raises the question
as to whether the planar or ruf core conformation of H,TOHPP,
NiTOHPP and CuTOHPP is an intrinsic characteristic of the
molecules or is a result of intermolecular interactions and close
packing in the crystals. At the molecular level, a non-planar
conformation generally disfavours 7 electron delocalisation in
the porphyrin ring system, but some features of the planar
conformation are nearly retained in the ruf conformation, viz.
planarity of the pyrrole rings and a trigonal-planar structure at
the a-pyrrole and meso carbon atoms. It is well documented
that peripheral substituents in the meso and B-pyrrole positions
and the metal ion in the cavity can cause a non-planar
conformation.!' An influence of the peripheral substituents can
be ruled out in the case of 1-3, since the coexisting planar and
ruf conformers are chemically indistinguishable. Incorporation
of metal ions that are too small for the porphyrin cavity can
cause ruffled core conformations, as a result of shortened M—N
bonds. It has been reported that a metal ion size of 2.035 A
ensures the best-fit in a planar porphyrin macrocycle.®® For
Ni(II) and Cu(II) porphyrins, the difference in energy for planar
and ruf conformations is small; the planar conformer of
2,3,7,8,12,13,17,18,-octacthylporphyrinatonickel(II) is
marginally more stable than the ruf conformer by 1-1.5 kcal
mol™'.* Therefore, and because of the coexisting ruf conformer
of the metal-free H,OHTTP in 1, we assume the ruf
conformation observed for the MTOHPP molecules in Wyckoff
position 4¢ in 1-3 is mainly a result of crystal forces. It is worth
noting, however, that the extent of the ruf deformation is larger
for NiTOHPP in 2 than for H,TOHPP in 1 and CuTOHPP in 3,
as measured by the C,—N---N—C,, torsion angles (Table 2). This
could be associated with the smaller covalent radius of Ni
[1.24(4) A] with respect to Cu [1.32(4) A]*® and thus shorter
Ni—-N than Cu—N bonds. Flat and saddle-shaped core
conformations of H,TOHPP' and ZnTOHPP with four-
coordinated Zn(IT)"® have been observed in various solvates. In
tetrasolvate (CSD TEFREB),
CuTOHPP adopts a flat core conformation.'> The porphyrin

the acetophenone refcode:

macrocycles in 1-3 are thus expected to exhibit some intrinsic

flexibility.
The dominant intermolecular interactions in 1-3 are self-
complementary O-H---O hydrogen bonds between the

hydroxyphenyl groups of adjacent MTOHPP molecules,

consistent with Etter’s general hydrogen bond rules for organic

4| J. Name., 2012, 00, 1-3

compounds.” Hydrogen bonds between MTOHPP molecules
and nitrobenzene solvent molecules are not observed. Indeed,
the O---O distances in 1-3 are remarkably similar, irrespective
of whether they link planar to planar, planar to ruffled or ruffled
to ruffled MTOHPP molecules and are close to the idealised
distance in hexagonal ice (2.76 A).** Columns of MTOHPP
building blocks
molecules are interlinked along the symmetry axes parallel to

and edge-to-face stacked nitrobenzene
the ¢ axis direction by means of O—H---O hydrogen bonds
between the peripheral hydroxy-phenyl groups of the MTOHPP
building blocks, thereby generating Cj(8) hydrogen-bonded
chains*! at (1/4,1/4/z), (1/4,3/4,z), (3/4,1/4,z) and (3/4,3/4,7),
which extend by translational symmetry in the polar ¢ axis
direction (Figure 4). The positions of the ruffled porphyrin
cores lie in alternate columns (Figure la), suggesting that the
ruf deformation occurs in order to accommodate the hydrogen
bonds. The interstitial spaces between the porphyrin units,
which are each displaced by ¢/2 (ca. 9.1 A) along the ¢ axis
direction, are each occupied by six nitrobenze molecules, which
are sandwiched between, as shown in Figure 3. Since the
seminal work by Robson and co-workers,* nitrobenzene has
been recognised to be particularly suited as a template to
stabilise crystalline porphyrin assemblies with large solvent
accessible voids.'® *** Exact knowledge of the arrangement of
the nitrobenzene solvent molecules occupying these voids is
often hampered by severe disorder. In 1-3, the locations of the
nitrobenzene molecules were established via difference Fourier
syntheses and could be satisfactorily modelled. As shown in
Figure 3, the nitrobenzene molecules are edge-to-face stacked
with the aromatic porphyrin ring systems. Along the fourfold
axes, the inner pairs of nitrobenzene molecules are disordered
by symmetry, otherwise the pattern is repeated. To our
knowledge and based on a search of the CSD, a similar
arrangement of nitrobenzene and porphyrins in the solid-state to
that observed in 1-3 is hitherto unknown. The resulting void
occupied nitrobenzene solvent molecules is remarkably large at
ca. 61.5 % per unit cell volume in 1-3. By way of comparison,
in the aforementioned ZnTOHPP toluene trisolvate (CSD
refcode: TEFRUR), four-coordinate ZnTOHPP molecules form
a centrosymmetric hydrogen-bonded network,'® and the crystal
has a solvent occupied void of ca. 47.6 % of the unit cell
volume. The porphyrin moieties are parallel and are separated
by ca. 6.5 A and accommodate face-to-face m---m stacked
toluene solvent molecules.

This journal is © The Royal Society of Chemistry 2012
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Fig 3 Lateral view (left) and top view (right), along the twofold axis, of an
assembly of six nitrobenzene molecules sandwiched by two H,TOHPP molecules
(Wyckoff position 4c) in 1. Nitrobenzene molecules are shown in space-filling
representation. Hydrogen atoms of H,TOHPP attached to carbon and nitrogen
have been omitted for clarity.

F
%
il
&

b Mo

Fig 4 Section of the crystal structure of 1, showing the linkage of four adjacent
H,TOHPP molecules via O—H---O hydrogen bonds (dashed lines). Hydroxyl groups
forming a cj(g) chain at (1/4,1/4,z) are highlighted by spheres. For the sake of
clarity, only hydroxyl hydrogen atoms are shown and nitrobenzene solvent
molecules have been omitted.

As described in the Experimental Section, the crystals of
1-3 studied were partial inversion twins, as is frequently
observed for non-centrosymmetric crystals that are formed
from building blocks without inherent chirality. Here, the twin
operation changes the orientation of the structure and, thus, the
arrangement of molecules and consequently the direction of the
O-H:--O hydrogen bonds with respect to the polar axis
direction.*® Fortuitously, the orientation of the major twin
component in 1 and 2 corresponds to the minor component in 3.

Conclusions

We have explored self-assembly of H,TOHPP, NiTPPOH and
CuTOHPP via hydrogen bonding interactions in the solid-state
in the presence of nitrobenzene as a crystallisation template.
Structural characterisation of the isomorphous nitrobenzene
hexasolvates of H,TOHPP, NiTPPOH and CaTOHPP (1-3) has
been achieved. The results show that meso tetra(4-
hydroxyphenyl)-substituted porphyrin building blocks are well
suited for the construction of open three-dimensional hydrogen-
bonded networks with polar if inversion twinned structures,
under appropriate conditions. The nitrobenzene guest molecules
adopt a unique structural arrangement in 1-3 and occupy a
remarkable 61.5 % of the unit cell volumes, with distances
between parallel porphyrin planes of ca. 9.1 A. In accord with
previous studies, coexisting MTOHPP molecules with flat and
ruffled porphyrin cores in 1-3 reveal some intrinsic
conformational flexibility.
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Table 1 Crystal data and refinement details for 1-3.

1 2 3
Empirical formula C80H60N10016 CgoHsgN]oNiOm CgoH5gCllN10016
M, 1417.38 1474.07 1478.90
A(R) 1.54178 0.71073 0.71073

Crystal size (mm®)
Crystal system
Space group
T(K)

a(h)

c(A)

V(A%

z

Peate (g cm™)
p(mm™)
F(000)

6 range (°)

Reflections collected / unique

R int

Observed reflections [/ > 20(/)]
Goodness-of-fit on F*

Parameters / restraints

R [I>20(])]
WR, (all data)
Residuals (eA™)

0.49 x 0.08 x 0.05
tetragonal
Pdcc

100(2)
27.452(1)
18.2099(8)
13723(1)

8

1.372

0.806

5904

1.609 — 55.262
180455/ 8581
0.0629

7944

1.036

698/9

0.0776

0.2099

0.754 /-0.430

0.33x0.27 x 0.18
tetragonal
P4cc

108(2)
27.3385(7)
18.3255(8)
13696.4(9)

8

1.430

0.365

6112

3.513 -26.368
80726/ 13993
0.1661

7301

1.020

709 /9

0.0781

0.2180
1.497/-0.484

0.34 x 0.14 x 0.07
tetragonal
Picc

108(2)
27.3921(7)
18.3185(9)
13745(1)

8

1.429

0.399

6120

3.484 — 23.256
99874 / 9857
0.2216

5969

1.024

709/9

0.0769

0.2131

1.403 /-0.456
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Table 2 Selected geometric parameters (A, ©) in porphyrins for 1-3.
1 2 3
Porphyrin® H,TOHPP (2a) H,TOHPP (2b) H,TOHPP (4c) | NiTOHPP (2a) NiTOHPP (2b) NiTOHPP (4c) | CuTOHPP (2a) CuTOHPP (2b) CuTOHPP (4c)
Site symmetry | C, Cy C, Cy Cy C, Cy Cy C,
M-N - - _ 1.958(8) 1.953(8) 1.956(8) 2.01(1) 2.00(1) 2.00(1)
1.944(7) 2.00(1)
N-M-N - - - 90.0 90.0 90.1(3) 90.0 90.0 89.5(4)
179.8(6) 179.9(6) 89.9(3) 179.5(8) 179.4(8) 90.4(4)
178.0(6) 177.9(8)
179.4(6) 178.4(8)
C,—N-C, 107.8(6) 107.6(6) 106.2(6) 103.4(8) 104.5(8) 104.6(8) 105(1) 106(1) 105(1)
109.0(6) 104.8(8) 107(1)
Cp-M--Cyy - - - 179.9(3) 179.3(3) 171.1(2) 179.9(4) 178.8(4) 172.1(3)
171.1(2) 173.5(3)
C,—N-N-C, | -0.509) 0.109) 12.2(9) ~1(1) 1(1) 16(1) 0(2) 0(2) ~13(2)
~12.4(9) ~17(1) 142)




