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A phthalonitrile derivative 1, functionalized with two pyridyl
groups, undergoes a cyclotetramerization reaction to afford
the symmetric metal-free phthalocyanine 2 with peripheral
metal-binding sites. In view of its insufficient solubility in or-
ganic solvents, a synthetic route to asymmetric peripherally
octasubstituted Pcs, which contain a combination of 2,3-di(2-
pyridyl)pyrazino and p-pentylphenoxy or p-(tert-butyl)phen-
oxy substituent groups, has been developed. The compounds

5-9 were synthesized by a statistical condensation reaction
between two different phthalonitriles, and remarkably, all of
them have been isolated and characterized as single com-
pounds. For structural characterization, an X-ray study of the
asymmetric Zn phthalocyanine 11 is given.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The use of phthalocyanines (Pcs) in functional molecular
assemblies is widespread.!'?l Pcs, also considered synthetic
porphyrin analogues, emerge as attractive molecular build-
ing blocks due to a variety of characteristic properties. On
the one hand, the electronic structure of the Pc>~ macro-
cycle represents a two-dimensional 18 n—electron system,
which gives rise to an intrinsic redox activity as well as to
intense 7-7* transitions in the visible region. The intense
absorption in the red/near-infrared spectral region which,
interestingly, contrasts with the absorption behavior of por-
phyrin analogues, makes Pcs attractive for incorporation
into donor-acceptor ensembles, where they function as an-
tennas.["-2 On the other hand, Pcs exhibit an architectural
flexibility that is well exemplified by a large number of met-
allic complexes and, importantly, a large variety of substitu-
ents can be attached to the macrocyclic core. Moreover,
they offer additional advantages such as thermal and chem-
ical stability.

Pcs have been incorporated into a number of molecular
and supramolecular systems including porphyrins,! tetra-
thiafulvalenes,*> crown ethers,®! and fullerenes, which all
show a variety of potential applications in materials science.
However, only a few examples of Pcs and their derivatives
with appended ligating groups for metal ions have been re-
ported so far,/l mainly due to synthetic difficulties. Never-
theless, they are gaining more interest, and some significant
achievements have been reported. For instance, it has been
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demonstrated that the direct linking of a terpyridine ligand
to ZnPc enables specific sensing for metal ions by monitor-
ing the fluorescence of ZnPc as a function of the added
metal ions.’d Another recent investigation has been fo-
cused on the study of intramolecular electronic interactions
between covalently linked ZnPc and [Ru'(bpy);]*>* units
with a variety of spacers.’? It is also worth noting that
ZnPcs, bearing two pyridyl substituents at the periphery of
the rigid Pc core, self-assemble edge-to-face to form a zig-
zag polymer in the solid state,l’"l although in general, Pcs
show a strong propensity to form cofacial or nearly cofacial
molecular assemblies.

Our interest in the use of peripherally functionalized
Pcst”-8 as ligands to form supramolecular systems with mul-
tiple functions has also led us to investigate the synthesis of
asymmetric peripherally substituted Pcs. Thereby, 2,3-di(2-
pyridyl)-6,7-dicyanoquinoxaline has been chosen as one key
precursor. Molecules of the 2,3-di(2-pyridyl)quinoxaline
type possess conformational flexibility, and thus, offer both
monodentate and chelating coordination sites. These struc-
tural features have been evidenced by X-ray analysis, which
shows that such types of diimine ligands bind metal ions
either by N atoms of the pyridine and the pyrazine rings,
forming five-membered rings, or only through N atoms of
the pyridine rings disposed in a cis conformation, forming
seven-membered rings.’] Consequently, these ligands have
been used for the construction of elaborate metal com-
plexes, which show interesting spectroscopic and redox
properties as well as intercalation interactions with DNA
duplexes.!']

In this paper, we report on the synthesis and characteri-
zation of i) a symmetric octasubstituted metal-free Pc
(H,Pc) bearing eight pyridyl groups and ii) asymmetric pe-
ripherally octasubstituted H,Pcs and a ZnPc, which contain
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a combination of 2,3-di(2-pyridyl)pyrazino and p-pentyl-
phenoxy or p-(tert-butyl)phenoxy substituent groups. Tak-
ing into account that exploitation of Pcs in materials science
demands good solubility and low aggregation, we note that
the p-pentylphenoxy and bulky p-(fert-butyl)phenoxy
groups provide these latter compounds with sufficient solu-
bility in organic solvents for that purpose. These asymmet-
ric Pc compounds were synthesized by a statistical conden-
sation reaction between two different phthalonitriles, and
the mixed products were finally separated and isolated by
chromatographic techniques.

Results and Discussion

Synthesis of a Symmetrical Octasubstituted H,Pc (2)

Previously, we reported a synthetic route to a symmetric,
fully conjugated, phenanthroline-appended Pc.[¥l However,
we observed that this planar extended Pc system exhibits a
high degree of insolubility in common organic solvents. As
a continuation of that work, Pc 2 (see Scheme 1), bearing
eight conformationally flexible pyridyl groups at the periph-
ery, has now been obtained by a direct cyclotetramerization
of 2,3-di(2-pyridyl)-6,7-dicyanoquinoxaline (1) in the pres-
ence of lithium pentoxide at 100 °C under N,, followed by
treatment with glacial acetic acid (Scheme 1). The
phthalonitrile derivative 1 was obtained via a Schiff’s base
condensation of 2,2'-pyridil and 4,5-diaminophthalonitrile;

the latter was prepared as described in the literature.™ Al-
though H,Pc 2 shows less n-m stacking and a slightly better
solubility in organic solvents than its phenanthroline-ap-
pended analogue,[®! it was still not possible to perform puri-
fication by chromatographic techniques or by recrystalli-
zation. Thus, the crude product had to be purified by thor-
oughly washing it with various solvents of different polarity
to afford the pure H,Pc 2 in 67% yield. The purity was
confirmed by elemental analysis, IR, mass spectrometry
(MALDI), and '"H NMR spectroscopy.

Following our aim to probe coordination reactions with
H,Pc 2 as a ligand system, we could not fail to notice that
its still-limited solubility prevented any success in such ex-
periments. Therefore and alternatively, in trying to test the
direct cyclotetramerization of a metal complex of a dinitrile
precursor, the Pd™ complex 3 with the phthalonitrile deriva-
tive 1 as a ligand, was prepared (Scheme 1). However, al-
though the reaction conditions have been varied to a large
extent with respect to different solvents, catalytic bases, and
different metal-ion templates, no Pc product from the Pd!
complex 3 could be characterized so far.

Synthesis of Asymmetrical Octasubstituted H,Pcs (5-9)

The interest in asymmetrically substituted Pcs (e.g. 3:1
Pcs, where three of the benzenoid rings are substituted with
solubilizing groups and the fourth one with ligating groups)
is primarily based on the gain of solubility of the Pcs and
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Scheme 1. Transformation of 1 into H,Pc 2 and Pd(II) complex 3.
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the availability of peripheral coordination sites for binding
metal ions. Additionally, the distinctly reduced aggregation
of the Pcs’ cores allows easier chromatographic separation
of the different condensation products, and most import-
antly even for the two isomers.

There are reports in the literaturel!'! describing the prep-
aration of asymmetrically substituted 3:1 Pcs, in which the
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most common strategy is a mixed cyclotetramerization re-
action between two differently substituted phthalonitriles or
diiminoisoindolines in a ratio, which is biased to give
mostly the target 3:1 compound at the expense of other
cross-condensation products. However, with this method, a
mixture of products is inherently formed, which makes the
separation and purification steps by means of chromato-
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Scheme 2. Pcs 5-9 of the statistical condensation reaction of phthalonitriles 1 and 4a (R = p-pentylphenoxy).
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graphic techniques quite difficult. Consequently, the isola-
tion of all Pc products from a mixed cyclotetramerization
reaction, including the different isomeric products, has ra-
rely been reported.l'?!

For the present work, we selected two reactants for prob-
ing a statistical condensation reaction, namely the
phthalonitrile derivative 1, which is functionalized with two
pyridyl groups, and 4,5-bis(p-pentylphenoxy)phthalonitrile
4a. As expected, this procedure leads mainly to the forma-
tion of a mixture of H,Pcs (5-9), as shown in Scheme 2 (the
formation of H,Pc 2 may also occur in a minor amount).
Obviously, the central theme and challenge of such a strat-
egy lies in the workup protocol for the mixed products. In
the actual case, separation of the H,Pcs 5 and 6 from the
reaction mixture was successfully achieved by column
chromatography. Pcs that have a larger number of the more
polar pyridyl groups elute distinctly slower through the sil-
ica column. The remaining H,Pc products 7-9 (except 2)
were isolated by preparative thin layer chromatography.
Take, for example, the case of H,Pc 8 with the four pyridyl
groups located on adjacent benzo positions. We noticed that
it is retained longer on alumina than its ¢rans isomeric form,
H,Pc 7. This illustrates what is still quite rare and, there-
fore, remarkable, namely the separation of isomeric Pcs by
preparative thin layer chromatography on alumina. Finally,
H,Pcs 5-9 have been purified by refluxing in and washing
with CH;CN.

In general, by varying the molar ratio of the two different
types of phthalonitrile precursors, it is, to some extent, pos-
sible to modify the relative amounts of the individual spe-
cies which are present within the reaction mixture.''l In our
study, we found that the 3:1 ratio of compounds 1 and 4a
optimizes the conditions for the formation of the asymmet-
rical H,Pc 6. The yields of H,Pcs 5 and 6 are 26% and
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21%, respectively, which are quite comparable to values re-
ported in the literature.!'!]

Synthesis of Asymmetrically Octasubstituted ZnPcs (10,
11)

A reaction of H,Pc 6 with Zn(II) acetate dihydrate in 1-
pentanol under mild conditions gives ZnPc 10 in a fairly
good yield (Scheme 3). The ZnPc 10 exhibits a solubility in
common organic solvents that is conducive to an investiga-
tion by '"H NMR and UV/Vis spectroscopy; however, the
crystals obtained were of rather poor quality for a single-
crystal X-ray study. Therefore, in order to elucidate the X-
ray structure of such an asymmetrically octasubstituted sys-
tem, the analogous 3:1 ZnPc 11 was prepared by the cyclo-
tetramerization reaction of 4,5-bis[p-(tert-butyl)phenoxy]
phthalonitrile!'3'4 4b and phthalonitrile derivative 1 with a
Zn(I1) template (Scheme 3). The exchange of the peripheral
substituents, namely p-pentylphenoxy with p-(zert-butyl)-
phenoxy, was expected to give rise to a different crystalli-
zation behavior. Clearly, the reaction afforded a mixture of
compounds from which, after several chromatographic pu-
rification steps, the 3:1 ZnPc 11 was isolated in 18% yield.
Indeed, suitable single crystals for an X-ray analysis were
obtained by slow evaporation from a pyridine solution.

X-ray Single-Crystal Structures

Crystal data for ligand 1, its Pd" complex 3, and the
ZnPc 11 are listed in Table 1. Compound 1, the 2,3-di(2-
pyridyl)-6,7-dicyanoquinoxaline ligand, crystallizes in the
triclinic space group P1 with one molecule per asymmetric
unit. The molecular structure, together with selected bond
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! N N N
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H — P
R'/RO \ ! N ~
No |
2 N N
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Scheme 3. Synthesis of ZnPcs 10 (R = p-pentylphenoxy) and 11 (R’ = p-(tert-butyl)phenoxy). Reaction conditions: i) Zn(OAc),-2H,0,
1-pentanol, 140 °C; ii) Zn(OAc),-2H,0, 2-(dimethylamino)ethanol, 110 °C.
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Table 1. Selected crystal data.

1 3 11
Chemical formula C20H10N6 Con]oClzN()Pd'CzHg,N C109H99N13OGZH'7.5C5H5N
Molecular weight [g/mol] 334.34 552.69 2345.63
Crystal size [mm] 0.50x0.15x0.10 0.25x0.20 X 0.15 0.50 % 0.40 X 0.40
Crystal color pale yellow yellow pink
Crystal shape rod block block
Crystal system triclinic triclinic monoclinic
Space group P1 P1 P2,/c
a[A] 7.582(1) 9.534(1) 27.097(1)
b [A] 9.461(1) 9.902(1) 25.106(1)
¢ [A] 12.205(2) 12.265(2) 19.666(1)
a [°] 102.74(2) 102.75(2) 90.00
AN 99.56(2) 97.34(1) 109.190(3)
7 [°] ) 104.69(2) 99.97(1) 90.00
Volume [A?] 802.8(2) 1095.6(2) 12635.3(9)
Z 2 2 4
Density (calculated) [gem ] 1.383 1.675 1.233
1 [mm] 0.088 1.116 0.260
F(000) 344 548 4948
Index ranges & -9-9 -10 — 10 -29 — 29
k -11 =11 -12 =12 -28 — 29
/ -14 — 14 -15—>15 -23 - 23
6 range for data collection [°] 2.49-26.00 2.16-26.01 1.14-25.00
Reflections: collected 6345 8532 97937
independent 2922 3964 20611
observed 1786 3196 12193
Parameters / restraints 23570 28970 1072 /27
R indices R, 0.0737 0.0539 0.1140
(all data) wR, 0.0903 0.1089 0.2098
Final R indices R, 0.0392 0.0428 0.0753
[I > 20(])] wR, 0.0815 0.1048 0.1949
Goodness-of-fit on F? 0.848 0.976 0.944
Min. p, [e:A3] -0.162 -1.061 -0.725
Max. p, [e-A] 0.207 1.008 near Pd1 0.959
Temperature [K] 153 153 153
Wavelength [A] (Mo-K,,) 0.71073 0.71073 0.71073
Diffractometer used Stoe IPDS 1 Stoe IPDS 1 Stoe IPDS II
Scan type ¢ oscillation ¢ oscillation w rotation
Solution SHELXS-97 SHELXS-97 SHELXS-97
Refinement SHELXL-97 SHELXL-97 SHELXL-97

lengths and bond angles, is shown in Figure 1. The struc-
tural parameters found for 1 are comparable to those found
for other di(2-pyridyl)quinoxaline ligands.">! The benzene
ring of the quinoxaline unit is nearly planar, whereas the
pyrazine ring shows a slight distortion; the largest torsion
angle is 6.8(3)° for N2-C3-C4-N1. Due to steric reasons,
the pyridine rings are not coplanar to the quinoxaline sys-
tem, and the torsion angles C3-C4-C5-N3 and C4-C3-
C10-N4 are 35.6(3)° and 47.7(2)°, respectively. The pyridine
N atoms are above and below the plane defined by the
quinoxaline system, and the dihedral angle between the pyr-
idine rings is 49.9(1)°. Figure 2 shows the crystal packing
of compound 1. C-H-N hydrogen bonds are present, re-
sulting in the formation of dimers [CI18-H--N6a
3.474(2) A]. In addition, the molecules exhibit a head-to-
tail arrangement, which is stabilized by n-n-stacking inter-
actions with the shortest C--C contact being 3.379(2) A.
Compound 3, the Pd™ complex of ligand 1, crystallizes
in the triclinic space group PI with one complex molecule
and one co-crystallized acetonitrile molecule per asymmet-
ric unit. The molecular structure, together with selected

Eur. J. Org. Chem. 2006, 5467-5478

Figure 1. ORTEP representation (ellipsoids at 30% probability) of
the molecular structure of 1. Selected bond lengths and angles: C3—
C10 1.491(2) A, C4-C5 1.491(2) A, C16-C19 1.442(3) A, C19-N5
1.137(2) A, C17-C20 1.447(2) A, and C20-N6 1.148(2) A; C3-
C4-C5 121.42(15)°, C4-C3-Cl10 121.41(15)°, C16-C17-C20
119.19(15)°, and C17-C16-C19 119.75(15)°.

bond lengths and bond angles, is shown in Figure 3. The
Pd" ion is coordinated through both pyridine N atoms dis-
posed in a cis conformation and through two terminal Cl

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjoc.org 5471
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Figure 2. Crystal packing of 1 showing the formation of hydrogen-
bonded dimers; C18-H-+N6a 3.474(2) A with symmetry operation
a2-x,-pl1-z

C17 C18p

TR C2 N2
N5 C19 C16

15 C1 Ny

Figure 3. ORTEP representation (ellipsoids at 30% probability) of
the molecular structure of 3. The co-crystallized CH;CN molecule
has been omitted for clarity. Selected bond lengths and angles:
Pd1-CI1 2.2834(10) A, Pd1-CI2 2.2863(12) A, PdI-N3 2.010(4) A,
and PdI-N4 2.028(3) A; Cl1-Pd1-CI2 93.92(4)°, Cl2-Pd1-N4
89.23(10)°, N4-Pd1-N3 86.95(13)°, and N3-Pd1-Cl1 89.95(9)°.

atoms. The metal ion adopts a square-planar coordination
geometry with a deviation of 0.008(4) A from the least-
squares plane defined by the four donor atoms. Conse-
quently, the pyrazine N atoms are non-coordinating, and
ligand 1 adopts a seven-membered boat conformation, or
equivalently, the pyridine rings are rotated with respect to
the quinoxaline plane to show a butterfly wings arrange-
ment.['31 The torsion angles C4-C3-C10-N4 and C3-C4—
C5-N3 are —55.3(6)° and 61.8(5)°, respectively, and the
plane defined by the quinoxaline group is nearly perpendic-
ular [81.9(5)°] to that of the square-planar Pd! coordina-
tion entity. Due to the coordination of both pyridine units,
both pyridine N atoms are above the plane defined by the
quinoxaline system, and dihedral angle between the pyri-
dine rings is 87.0(2)°. The Pd-Cl and the Pd-N bond
lengths are comparable to those of related compounds re-
ported in the literature.l'> Figure 4 shows the crystal pack-

Figure 4. Crystal packing of complex 3 showing the formation of
hydrogen-bonded/n-n-stacked dimers; C6-H-*N6a 3.368(6) A and
C11-H-+N5a 3.543(7) A with symmetry operation a: —x, 1 — y,
1 — z. CH3CN molecules have been omitted for -clarity.

Figure 5. ORTEP representation (ellipsoids at 30% probability) of the molecular structure of 11 with an axial pyridine ligand. Hydrogen
atoms have been omitted for clarity. Selected bond lengths and angles: Znl-N1 2.240(3) A, Zn1-N3 1.904(3) A, Znl-N5 2.197(3) A,
Zn1-N7 1.846(3) A, and Zn1-N13 2.068(3) A; N1-Zn1-N3 84.32(13)°, N3-ZnI-N5 89.84(13)°, N5-Znl-N7 86.91(12)°, N7-Znl-N1

90.64(13)°, and N1-Zn1-N13 105.38(12)°.
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ing of complex 3. The complexes exhibit a head-to-tail ar-
rangement stabilized by m-m-stacking interactions and hy-
drogen bonds, which results in the formation of dimers [C6-
H--Né6a 3.368(6) A and C11-H-+N5a 3.543(7) A; the short-
est C-C contact in the m-n-stacking is 3.460(6) Al].

Compound 11 crystallizes in the monoclinic space group
P2,/c with one ZnPc molecule axially ligated by a pyridine
molecule, and an additional 7.5 co-crystallized pyridine
molecules per asymmetric unit. Figure 5 shows the molecu-
lar structure of the ZnPc complex, together with selected
bond lengths and bond angles. The Zn(II) ion is coordi-
nated in a distorted square-pyramidal coordination geome-
try and situated out of the least-squares plane of the four
coordinating Pc N atoms (NI, N3, N5, and N7) by
0.388(2) A. The corresponding Zn—N bond lengths vary by
0.39 A, which reflects the distortion of the coordination ge-
ometry around the Zn" ion originating from the asymmet-
rical peripheral substitution of the Pc core. The bond length
of the axially coordinated pyridine N to the Zn atom is
2.068(3) A, which is similar to that of a previously reported
structure.’l The pyridine ring is slightly tilted from an or-
thogonal position with respect to the Pc plane with a dihe-
dral angle of 81.0(1)°.

The aromatic Pc skeleton is distorted from perfect plan-
arity by 0.063 A from its best least-squares plane. The pyri-
dine rings at the periphery of the Pc show the butterfly
wings arrangement; the torsion angles C6-C5-C11-N11
and C5-C6-C16-N12 are —-36.4(7)° and —49.1(7)°, respec-
tively, with the N atoms above and below the Pc plane. Fig-
ure 6 shows the formation of hydrogen-bonded dimers. Two
Pc complexes form a head-to-tail arrangement with respect
to the quinoxaline unit. The interplanar distance between
these two Pcs is 3.187(4) A and the Zn-+Zn distance is
5.458(5) A. The Pc dimers are arranged in a zigzag pattern,
exhibiting an angle of 57.50(1)°, as is shown in the crystal-
packing diagram in Figure 7. A similar example of an
asymmetric porphyrazine with bulky substituents that also
forms analogous dimers in the solid state is reported in the
literature.['6!

Figure 6. Hydrogen-bonded dimers of 11 with axial pyridine li-
gands. tert-Butyl groups have been omitted for clarity. Hydrogen-
bond lengths: C17-H-+03a 3.135(6) A, C58-H--Nlla 3.536(8) A,
and C100-H-+O2a 3.442(5) A with symmetry operation a: —1 — x,
-y, =1 —z.

Eur. J. Org. Chem. 2006, 5467-5478
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Figure 7. Crystal packing of compound 11 with an axial pyridine
ligand. Hydrogen atoms and tert-butyl groups have been omitted
for clarity.

Solution Properties of H,Pcs 5-9

The presence of the p-pentylphenoxy groups in the H,Pcs
59 leads to a fairly good solubility, which allows for 'H
NMR and UV/Vis spectroscopy in chloroform. From their
'"H NMR spectra, we can clearly show that all H,Pcs 5-9
are well separated and isolated and represent pure com-
pounds in accordance with their proposed molecular for-
mula. Particularly, the '"H NMR spectra are quite informa-
tive since they differentiate between the constitutional iso-
mers 7 and 8, which both show the same molecular ion
peaks in their MALDI-MS spectra. As depicted in Fig-
ure 8, isomer 7 exhibits only two doublets, attributed to the
two protons of the pyridyl groups (ortho to the N atom and
ortho to the C linked to the quinoxaline unit), designated by
c and d, respectively. Similarly, only one set of resonances is
observed for the methylene protons of the pentylphenoxy
chain closest to the Pc core (see the Experimental Section).
Additionally, there are only two singlets assigned to the
protons of the Pc core. Obviously, the spectrum of 7 indi-
cates magnetically equivalent environments for these sub-
stituents, which conforms to a structure exhibiting, in good
approximation, D,, symmetry. Accordingly, in case of the
less symmetrical isomer 8, approximated by C, symmetry,
two types of methylene protons (see the Experimental Sec-
tion) and two types of protons (c and d) of the pyridyl
groups lead to separate triplets and doublets, respectively.
Similarly, four types of Pc aromatic protons result in two
separate singlets (a and b) in case of isomer 7, whereas for
isomer 8, each one of them additionally splits into two sep-
arated singlets (a/a’ and b/b’).

The UV/Vis spectra within the Q band range of H,Pcs
5-9, in CHCl; solution, are shown in Figure 9. To recall, in
general, the Q band of Pc is assigned as the transition from
the HOMO to the LUMO, whereas for ring-expanded sys-
tems, the percentage of pure HOMO-LUMO character in-
creases with enlargement of the n—system; with the same
trend, due to the lowering of the LUMO, the Q band also
shifts to longer wavelength. Furthermore, substituted spe-
cies concomitantly split, which means that the degeneracy
5473
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Figure 8. The 'H NMR spectra (part of the resonance range of the aromatic protons) of H,Pc compounds 7 (above) and 8 (below).

of the LUMO depends on the symmetry of the macrocyclic
system, and this splitting becomes larger the larger the size
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Figure 9. Q band range of UV/Vis spectra of H,Pc compounds 5
(——=+, 6 (- - -), 7 (—), 8 (=), and 9 (=) in CHCl;,
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of the fused aromatic molecules. As expected, compound 5,
the symmetrically substituted H,Pc that shows approxi-
mately D,;, symmetry, exhibits a Q band with distinct split-
ting. In a recognizable manner, going from compounds 5 to
9, the Q bands show a pronounced increase of their red
shift and, from 5 to 7, also an increase in their splitting. In
contrast, compound 8 reveals only a small splitting. How-
ever, this observation is rationalized by MO calculations,
which show that the Q band splitting of adjacent ring-ex-
panded 2:2 Pcs is smaller, if occurring at all, than for the
opposite ring-expanded 2:2 Pcs.!'7]

Conclusion and Outlook

Our present work describes mainly the synthetic access
to asymmetrical octasubstituted Pcs with peripheral metal-
binding sites. At the beginning, the symmetrical octasubsti-
tuted Pc 2 with peripheral metal-binding sites was obtained
by a cyclotetramerization reaction of 2,3-di(2-pyridyl)-6,7-
dicyanoquinoxaline. However, due to its insufficient solubil-
ity in organic solvents, it was quite impossible to investigate
its coordination ability to different metal ions at the periph-
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ery. Furthermore, a direct cyclotetramerization of a corre-
sponding metal-diimine complex under a variety of condi-
tions was shown to be problematic. Consequently, an alter-
native strategy involving the synthesis of asymmetrical octa-
substituted Pcs has been adopted. As a result, Pcs 5-11,
containing combinations of 2,3-di(2-pyridyl)pyrazino and
p-pentylphenoxy or p-(tert-butyl)phenoxy substituent
groups, have been prepared by means of statistical conden-
sation reactions between two different types of phthaloni-
triles, and most importantly, have successfully been isolated
by chromatographic techniques. In practice, this protocol
provides not only a versatile and convenient pathway to
new Pc derivatives in reasonable yields and high purity but
also paves the way for the incorporation of different transi-
tion-metal ions into the cavity and the periphery of the Pc
core, respectively.

Within this context, we note that the construction of
multicomponent systems such as molecular dyads, triads,
and higher-ordered arrays has received considerable atten-
tion since such compounds are expected to exhibit fascinat-
ing properties and to play an important role in the develop-
ment of devices at the molecular level.['8] The investigation
of the binding abilities of the promising Pcs 6-11 to appro-
priate transition-metal ions is in progress in our laboratory.
Meanwhile, in order to probe the feasibility of the present
concept for the introduction of a variety of metal ions at
the periphery of Pc moieties, a rigid dipyrido[3,2-d:2',3"-f]-
quinoxaline-fused ZnPc system has been synthesized, which
in turn was successfully reacted with [Ru(bipy),Cl,]-2H,O
to afford a dyad system. The extent of electronic communi-
cation between the individual components (ZnPc and Ru'!
chromophore), for both the ground state and the excited
state, is currently under investigation. The same holds for a
study of the subsequent peripheral metallation of ZnPcs 10
and 11 by a variety of transition-metal ions.

Experimental Section

Measurements: Melting points were determined with a Biichi 510
apparatus and are uncorrected. 'H and '3C NMR spectra were
recorded with a Bruker AC 300, AC 400, or AC 500 spectrometer.
Chemical shifts (0) are reported in ppm and were calibrated against
TMS as an internal standard, unless stated otherwise. CHN analy-
ses were performed on a Carlo Erba EA 1110 CHNS apparatus.
Thermal gravimetric analyses (TGA) were performed with a Met-
tler STARe system. Infrared spectra were recorded with a Perkin—
Elmer Spectrum One FT-IR spectrometer. Mass Spectra were re-
corded with an AutoSpecQ spectrometer with EI and with an
FTMS 4.7T BioAPEX 11 for the ESI and MALDI ionization meth-
ods. UV/Vis absorption spectra were recorded with a Perkin—Elmer
Lambda 10 spectrometer.

Materials: 2,2'-Pyridil (Aldrich), 4,5-dichlorophthalonitrile (Ald-
rich), and 4-pentylphenol (Fluka) were used as supplied without
further purification; 4,5-diaminophthalonitrile,'® dichloro-bis(di-
methyl sulfoxide)palladium(II),'”) and 4,5-bis[p-(tert-butyl)phen-
oxy]phthalonitrile" (4b) were synthesized according to literature
procedures. All solvents were of commercial quality and dried,
where necessary, according to standard procedures. All reactions
were carried out, unless otherwise mentioned, under normal labo-

Eur. J. Org. Chem. 2006, 5467-5478

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ratory conditions in air. Silica gel 60 (40-63 pm, Fluka) and neutral
and basic aluminum oxide (CAMAG) and TLC plates (0.25 mm
aluminum oxide with fluorescent indicator UV254, 0.20 mm silica
gel with fluorescent indicator UV254, Macherey—Nagel) were used
for chromatography.

6,7-Dicyano-2,3-di(2-pyridyl)quinoxaline (1): To a mixture of 2,2'-
pyridil (1.00 g, 4.71 mmol) and 4,5-diaminophthalonitrile (689 mg,
4.36 mmol), ethanol (40 mL) and glacial acetic acid (6 mL) were
added. The reaction mixture was stirred at 85 °C for 4 h, and then
cooled to 0 °C. The precipitate was filtered and washed with plenty
of ice-cold ethanol. The product was collected and dried at 50 °C
to yield a brass crystalline solid (1.30 g, 89%). M.p. 243-244 °C.
'"H NMR (300 MHz, [Dg]DMSO): 6 = 9.12 (s, 2 H), 8.31 (d, J =
4.4 Hz, 2 H), 8.07-7.98 (m, 4 H), 7.44-7.40 (m, 2 H) ppm. 1*C
NMR (75.5 MHz, [Dg]DMSO): 6 = 114.06, 115.55, 124.04, 124.12,
137.10, 137.14, 141.03, 148.31, 155.59, 155.62 ppm. IR (KBr): v =
3435, 3055, 2239 (-CN), 1586, 1569, 1475, 1397, 1347, 1078, 1002,
922, 898, 795, 759, 748, 536 cm™'. MS (EI): m/z (%) = 333 (100)
[M — HJ*; elemental analysis calcd. (%) for C50HoNg (334.34) C
71.85, H 3.01, N 25.14; found C 71.77, H 2.97, N 25.29. Single
crystals suitable for an X-ray diffraction measurement were ob-
tained as pale yellow rods by slow evaporation from a DMSO solu-
tion.

2,3,9,10,16,17,23,24-Tetrakis|2,3-di(2'-pyridyl)pyrazino|phthalo-
cyanine (2): Lithium metal (36 mg, 5.19 mmol) was dissolved in 1-
pentanol (3 mL) at 80 °C under dry N,. To this lithium pentoxide
solution, 1 (100 mg, 0.30 mmol) was added, and the reaction mix-
ture was heated at 100 °C for 17 h. On cooling, the dark blue-green
solution was treated with glacial acetic acid (5 mL) and acetone
(70 mL). The resultant precipitate was collected by centrifugation,
washed thoroughly with water, methanol, THF, and Et,O, and then
dried at 50 °C to yield 2 as a dark blue-green powder (66 mg, 67%).
M.p. > 250 °C. 'H NMR: (500 MHz, D,SO,, TSPA as internal
standard set to 0 ppm): 6 = 10.87 (s, 8 H), 9.27 (d, J = 5.1 Hz, 8 H),
8.93-8.92 (m, 8 H), 8.57-8.54 (m, 8 H), 8.40 ppm (d, J = 6.2 Hz, 8
H) ppm. IR (KBr): ¥ = 3433, 1586, 1568, 1473, 1434, 1346, 1098,
1078, 1028, 999, 790, 743, 705 cm™'. UV/Vis (pyridine): Amay (loge)
= 377 (4.3), 765 nm (4.5 mol 'dm3cm ). MS (MALDI): m/z =
1339.40 [M + H]*; elemental analysis calcd. (%) for
CgoH45N»4:3H-0 (1393.40) C 68.96, H 3.47, N 24.12; found C
68.67, H 3.19, N 23.82. TGA shows an overall weight loss of 3.2%
(calcd. for three molecules of water: 3.9%).

Dichloro|6,7-dicyano-2,3-di(2-pyridyl)quinoxaline|palladium(II) (3):
A mixture of cis-dichloro-bis(dimethyl sulfoxide)palladium(II)
(201 mg, 0.60 mmol) and 1 (149 mg, 0.45 mmol) was refluxed for
2.5hin THF (20 mL). The resulting yellow suspension was filtered
hot, washed with THF, water, and Et,O and dried at 50 °C to yield
3 as a pale yellow solid (207 mg, 90%). Suitable crystals for X-
ray diffraction were obtained as yellow blocks by dissolving this
compound in hot acetonitrile followed by slow evaporation of the
solvent. M.p. > 250 °C. '"H NMR (300 MHz, [Dg]DMSO): § = 9.35
(s, 2 H), 9.09 (d, J = 5.5Hz, 2 H), 8.27 (t, J = 7.7 Hz, 2 H), 7.95
(d, J =7.7Hz, 2 H), 7.87-7.82 (m, 2 H) ppm. IR (KBr): ¥ = 3438,
2241 (-CN), 1601, 1488, 1351, 1084, 1061, 774, 762, 539 cm™!. MS
(ESI, CH;CN): m/z = 532.94 [M + Na]*, 1042.88 [2M + Na]*;
elemental analysis calcd. (%) for C,oH[oCl,NgPd-0.8CH3CN
(544.50) C 47.65, H 2.30, N 17.49; found C 47.38, H 2.16, N 17.17.
TGA shows an overall weight loss of 6.2% (calcd. for 0.8 molecules
of acetonitrile: 6.0%).

4,5-Bis(p-pentylphenoxy)phthalonitrile (4a): To a suspension of 4,5-
dichlorophthalonitrile (0.50 g, 2.54 mmol) and potassium carbon-
ate (2.00 g) in DMSO (10 mL), 4-pentylphenol (2.6 mL,
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15.2 mmol) was added. The mixture was heated to 85 °C under N,
for 15 min, followed by the addition of another portion of potas-
sium carbonate (2.00 g). The reaction mixture was stirred at 85 °C
for an additional 3 h and then cooled to room temp. and poured
into water (100 mL). The water phase was extracted with CH,Cl,
(3 X50mL). The combined organic phases were dried with
Na,S0O,. After removal of the solvent under reduced pressure,
chromatography of the residue on a neutral alumina column with
CH,Cl, as eluent afforded 4a as a turquoise viscous oil. This oily
compound was dried under high vacuum, during which it solidi-
fied. M.p. 74-75°C. 'H NMR (300 MHz, CD,Cl,): § = 7.18 (d, J
= 8.6 Hz, 4 H), 7.08 (s, 2 H), 6.92 (d, J = 8.6 Hz, 4 H), 2.55 (t, J
= 7.5Hz, 4 H), 1.60-1.51 (m, 4 H), 1.31-1.22 (m, 8 H), 0.82 (t, J
= 6.8 Hz, 6 H) ppm. '*C NMR (75.5 MHz, CDCls): § = 13.98,
22.47, 31.10, 31.44, 35.26, 109.91, 115.13, 119.84, 121.37, 130.33,
140.87, 151.86, 152.24 ppm. IR (KBr): ¥ = 3433, 2930, 2231 (-CN),
1587, 1501, 1292, 1223 cm™'. MS (EI): m/z (%) = 452 (68) [M*];
elemental analysis caled. (%) for C30H3,N,0, (452.59) C 79.61, H
7.13, N 6.19; found C 79.51, H 7.30, N 6.17.

H,Pcs (5-9): To a mixture of 1 (123 mg, 0.37 mmol) and 4a
(500 mg, 1.1 mmol) in 1-pentanol (9 mL), DBU (156 pL, 1.0 mmol)
was added. The reaction mixture was refluxed at 148 °C for 17 h
under N, and then poured into CH3;CN (100 mL). The green pre-
cipitate was filtered, washed with CH5;CN, and dried at 50 °C. The
product mixture was dissolved in a minimum of chloroform, and
the solution was subjected to column chromatography (SiO,), elut-
ing with a gradient of 1-10% CH3OH in CH,Cl,. The first fraction
(eluent: CH,Cl,/CH;0H, 100:1, R; = 1.0) was collected. After re-
moval of the solvent under reduced pressure, the green precipitate
was refluxed in CH;CN, filtered hot, washed with CH;CN, and
dried at 50 °C to afford 5. The second fraction (eluent: CH,Cl,/
CH;0H, 90:1, Ry = 0.7) was collected and purified by the same
procedure as for 5 to afford 6. The third fraction was eluted with
CH,Cl,/MeOH (10:1) as a mixture. After removal of the solvent,
this mixture was initially applied to a basic alumina column eluting
with chloroform to remove a trace amount of 6 and then separated
on an alumina preparative TLC plate with chloroform. Pcs 7 (R¢
=0.8), 8 (R;=10.5), and 9 (R; = 0.1) were extracted from the alumi-
num oxide with CHCIl3/MeOH (5:1); 9 was again subjected to an
alumina preparative TLC plate (CHCI;/MeOH, 400:1) and then
extracted from the aluminum oxide. After separation, all of these
compounds were further purified following the same procedure as
described for 5.

2,3,9,10,16,17,23,24-Octakis(p-pentylphenoxy)phthalocyanine (5):
Grass-green powder; yield 131 mg (26%). '"H NMR (400 MHz,
CDCly): 0 = 8.53 (s, 8 H), 7.15-7.10 (m, 32 H), 2.52 (t, J = 7.70 Hz,
16 H), 1.61-1.54 (m, 16 H), 1.34-1.27 (m, 32 H), 0.87 (t, J = 6.5 Hz,
24 H) ppm. IR (KBr): ¥ = 3437, 2926, 1607, 1506, 1440, 1399,
1275, 1219, 1166, 1086, 1016, 878, 751 cm™!. UV/Vis (CHCl3): Apax
(loge) = 291 (4.7), 347 (4.8), 606 (4.4), 640 (4.6), 668 (5.1), 703
nm (5.2 mol'dm3*cm™!). MS (MALDI): m/z = 1812.00 [M + H]*;
elemental analysis caled. (%) for C,0H 30NgOg (1812.37) C 79.53,
H 7.23, N 6.18; found C 79.58, H 7.37, N 6.12.

23,24-Bis|2,3-di(2’-pyridyl)pyrazino]-2,3,9,10,16,17-hexakis(p-
pentylphenoxy)phthalocyanine (6): Green powder; yield 133 mg
(21%). "H NMR (400 MHz, CDCls): 6 = 9.34 (br. s, 2 H), 8.59 (br.
s, 2 H), 8.47 (br. s, 2 H), 8.44 (s, 2 H), 8.41 (d, J = 4.52 Hz, 2 H),
8.25(d, J=17.80 Hz, 2 H), 7.85 (dt, J = 7.7 Hz, 1.7 Hz, 2 H), 7.31-
7.25 (m, 14 H), 7.19-7.17 (m, 4 H), 7.10-7.02 (m, 8 H), 2.66 (t, J
=7.7Hz, 4 H), 2.54 (t, J = 7.7 Hz, 8 H), 1.71-1.63 (m, 4 H), 1.63—
1.53 (m, 8 H), 1.37-1.30 (m, 24 H), 0.91-0.85 (m, 18 H) ppm. IR
(KBr): ¥ = 3435, 2926, 1605, 1506, 1472, 1400, 1273, 1205, 1167,
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1089, 1015, 880, 745 cm™!. UV/Vis (CHCl3): Amay (loge) = 348 (5.0),
618 (4.6), 663 (4.8), 684 (5.2), 723 nm (5.3 mol"'dm3cm™!). MS
(MALDI): m/z = 1693.86 [M + H]*; elemental analysis calcd. (%)
for C;1oH 0sN12,06 (1694.11) C 77.99, H 6.43, N 9.92; found C
77.88, H 6.53, N 9.80.

9,10,23,24-Tetrakis|2,3-di(2'-pyridyl)pyrazino]-2,3,16,17-tetrakis(p-
pentylphenoxy)phthalocyanine (7): Green powder. 'H NMR
(300 MHz, CDCls): 6 = 9.32 (br. s, 4 H), 8.49 (br. s, 4 H), 8.37 (d,
J=43Hz,4H),8.18 (d, J=7.7Hz, 4 H), 7.81 (dt, J = 7.7, 1.3 Hz,
4 H), 7.41-7.31 (m, 16 H), 7.28-7.24 (m, 4 H), 2.67 (t, J = 7.6 Hz,
8 H), 1.73-1.62 (m, 8 H), 1.37-1.33 (m, 16 H), 0.90 (t, / = 6.7 Hz,
12 H) ppm. IR (KBr): ¥ = 3436, 2924, 1587, 1505, 1473, 1404,
1356, 1273, 1206, 1168, 1096, 1014, 998, 880, 744 cm™'. UV/Vis
(CHCl3): Zmax (loge) = 349 (4.9), 630 (4.4), 678 (4.7), 699 (5.0), 742
nm (5.0 mol 'dm3cm ™). MS (MALDI): m/z = 1575.65 [M + H]*.

16,17,23,24-Tetrakis|2,3-di(2'-pyridyl)pyrazino|-2,3,9,10-tetrakis(p-
pentylphenoxy)phthalocyanine (8): Green powder. 'H NMR
(400 MHz, CDCl;): 6 = 9.40 (br. s, 2 H), 9.31 (br. s, 2 H), 8.49 (s,
2 H), 8.43 (d, J = 43 Hz, 2 H), 8.41 (d, / = 43 Hz, 2 H), 8.32 (d,
J=7.6Hz, 2 H), 827 (s,2 H), 8.24 (d, J = 7.8 Hz, 2 H), 7.84 (dt,
J=7.6Hz, 1.2 Hz, 4 H), 7.30-7.25 (m, 4 H), 7.23-7.13 (m, 16 H),
2.66 (t, J = 7.83 Hz, 4 H), 2.57 (t, J = 7.83 Hz, 4 H), 1.69-1.56 (m,
8 H), 1.36-1.30 (m, 16 H), 091-0.86 (m, 12 H) ppm. IR (KBr): ¥
= 3435, 2925, 1586, 1505, 1446, 1346, 1273, 1204, 1166, 1090, 1071,
1013, 880, 742 cm!. UV/Vis (CHCl3): Amax (loge) = 352 (5.0), 665
(4.6), 736 nm (5.3 mol 'dm*cm'). MS (MALDI): m/z = 1575.65
[M + H*.

2,3-Bis(p-pentylphenoxy)-9,10,16,17,23,24-hexakis[2,3-di(2'-
pyridyl)pyrazino|phthalocyanine (9): Green powder. '"H NMR
(400 MHz, CDCls): 6 = 9.41 (br. s, 2 H), 9.02 (br. s, 2 H), 8.98 (br.
s, 2 H), 8.40 (d, J = 4.0 Hz, 2 H), 8.36-8.26 (m, 8 H), 8.09-8.05
(m, 4 H), 7.82 (t, J = 7.2Hz, 2 H), 7.75 (t, J = 7.3 Hz, H), 7.28-
7.19 (m, 14 H), 2.68 (t, J = 7.4 Hz, 4 H), 1.70-1.63 (m, 4 H), 1.37—
1.33 (m, 8 H), 0.90 (t, / = 6.4 Hz, 6 H) ppm. IR (KBr): ¥ = 3436,
2926, 1729, 1631, 1587, 1505, 1469, 1346, 1273, 1204, 1097, 1071,
999, 891, 744 cm'. UV/Vis (CHCLs): Apax (loge) = 352 (4.9), 691
(4.5), 734 (4.9), 753 nm (5.0 mol 'dm3*cm ). MS (MALDI): m/z =
1457.56 [M + H]*.

{23,24-Bis|2,3-di(2'-pyridyl)pyrazino]-2,3,9,10,16,17-hexakis(p-
pentylphenoxy)phthalocyaninato}zinc(II) (10): A mixture of 6
(50 mg, 30 pmol) and Zn(II) acetate dihydrate (32 mg, 146 pumol)
in 1-pentanol was heated at 140 °C under N, overnight. Upon the
addition of CH3CN (50 mL), a precipitate, formed from the dark
reaction mixture, was filtered, washed with CH;CN, and dried at
50 °C. The crude product was dissolved in a minimum of CHCl;
and subjected to column chromatography (SiO,), eluting with
CH,Cl,/MeOH (10:1). After removal of the solvent by rotary evap-
oration, the solid was refluxed in CH;CN (30 mL), filtered hot,
and washed with boiling CH3CN. The product was dried at 50 °C
to yield a greenish blue solid (39 mg, 74 % yield). '"H NMR
(400 MHz, CD,Cl,): 6 = 9.36 (br. s, 2 H), 9.03 (s, 2 H), 8.92 (s, 2
H), 8.61 (br. s, 2 H), 7.30-7.06 (m, 28 H), 6.87 (br. s, 2 H), 6.51
(br. s, 2 H), 2.68-2.58 (m, 12 H), 1.67-1.58 (m, 12 H), 1.37-1.18
(m, 24 H), 0.90-0.86 (m, 12 H), 0.74 (t, J = 6.9 Hz, 6 H) ppm. IR
(KBr): ¥ = 3436, 2925, 1603, 1506, 1450, 1402, 1348, 1270, 1205,
1168, 1090, 1026, 887, 745 cm™!. MS (MALDI): m/z = 1755.77
[M + H]". UV/Vis (CHCl;3): Anax (loge) = 366 (5.0), 711 nm
(5.2mol 'dm3cm™'); elemental analysis caled. (%) for
Ci10H 06N 1206Zn-H,0 (1775.50) C 74.41, H 6.13, N 9.47, found
C 74.14, H 6.07, N 9.30. TGA shows an overall weight loss of 0.4%
(calcd. for one molecule of water: 1.0%).
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{23,24-Bis|2,3-di(2'-pyridyl)pyrazino]-2,3,9,10,16,17-hexakis|p-(tert-
butyl)phenoxy]|phthalocyaninato}zinc(II) (11): A mixture of 1
(17 mg, 51 pmol), 4b (63 mg, 148 pmol), and Zn(II) acetate dihy-
drate (15 mg, 68 pumol) was heated in 2-(dimethylamino)ethanol at
110 °C under N, overnight. To the reaction mixture, water and
methanol were added, and the resulting suspension was centri-
fuged. The blue solid was collected and dried at 50 °C. The crude
product was dissolved in a minimum of CH,Cl, and subjected to
column chromatography (SiO,), eluting with CH,Cl,/MeOH with a
gradient of 0.25-1% CH3OH in CH,Cl,. The greenish blue fraction
(eluent: CH,Cl,/CH;0H, 100:1) was proven to be the specific ZnPc
11. Solvent was removed by rotary evaporation, and the product
was dried at 50 °C to afford 11 as a greenish blue solid (15 mg,
18% yield). IR (KBr): ¥ = 3437, 2924, 1628, 1508, 1440, 1268, 1217,
1179, 1090, 1027, 890, 859 cm!. MS (MALDI): m/z = 1670.78
[M]*. UV/Vis (CH,Cly): Apax = 370, 646, 725 nm. Single crystals,
suitable for an X-ray diffraction measurement, were obtained as
pink blocks by slow evaporation from a pyridine solution.

X-ray Crystallography: Data for the crystals of compounds 1 and
3 were collected with a Stoe IPDS I instrument, and for compound
11, with a Stoe IPDS II instrument, with Mo-K,, graphite mono-
chromatic radiation. The structures were solved by direct methods
with the program SHELXS-97.2% The refinement with full-matrix
least-squares techniques and all further calculations were carried
out with SHELXL-97.2" All non-H atoms were refined with aniso-
tropic displacement parameters. For 1 and 3, the hydrogen atoms
could be located from Fourier difference maps, while for 11, the
hydrogen atoms were included in calculated positions. Finally, all
hydrogen atoms were treated as riding atoms with SHELXL default
parameters. An empirical absorption correction was applied to 3,
with the DELrefABS routine in PLATONO3 (7 i, = 0.299, Thax
=(.739).2%

Compound 11 contains a high number of co-crystallized pyridine
molecules. It was not possible to locate these molecules due to a
strong disorder and/or partial occupation. Therefore, the
SQUEEZE instruction in PLATONO3 was used to calculate the
potential solvent-accessible volume in the unit cell; 4736 A? were
calculated containing about 1248 electrons. 30 pyridine molecules
(30 X 42 electrons) per unit cell were included in all further calcula-
tions. In addition, in the ZnPc complex, four zert-butyl groups of
the Pc ligand are disordered over two positions and refined with
occupancies of 0.5 for the participating methyl groups and with the
thermal parameter constrained to be equal in each terz-butyl group.
The details of crystal and experimental data are given in Table 1.

CCDC-615083 to -615085 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data centre via
www.ccde.cam.ac.uk/data_request/cif.
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