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ABSTRACT: By a mixed condensation of 1,3-bis(3',4'-dicyanophenoxy)-2-ethyl-2-methylpropane with a
large amount of 4,5-bis(3,3-dimethyl-1-butynyl)phthalonitrile, 1,3-bis-2'-(9',10',16',17',23',z|'-hexakis
(3",3"-dimethyl-1"-butynyl)phthalocyaninoxyl)-2-ethyl-2-methylpropane, was synthesized as a binuclear
phthalocyanine having a single isomer. NMR studies at various temperatures and concentrations suggested
that the interactions between the phthalocyanine macrocycles were dominated by intermolecular
aggregation at lower temperatures or high concentrations whereas intramolecular aggregation was
predominant at higher temperatures or lower concentrations. O 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Aggregation is a well-known phenomenon in phtha-
locyanine (Pc) chemistry [1]. Interactions can occur
between adjacent phthalocyanine macrocycles in
media, resulting in coupling between the electronic
states of more than one phthalocyanine nucleus.
Binuclear phthalocyanines have attracted much
attention as a probe for examining the degree of
intramolecular interaction and the extent of elec-
tronic coupling between the two macrocycles of the
binuclear molecule. Binuclear phthalocyanines may
be important in designing multi-electron redox
catalysts for electrocatalytic [2] and photocatalytic
processes and studying energy transfer in biological
systems.

Although a number of binuclear phthalocyanines,
linked by bridges of different length, have been
reported so far [3], they were mixtures of regioi-
somers, the presence of which have made the
interpretations of the observed physical or phys-
icochemical properties more difficult [4]. Known
binuclear phthalocyanines that were prepared have
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only one substituent on each peripheral benzene ring
to improve their solubility in organic solvents, useful
for physical or physicochemical measurements.

In this paper, we wish to report the synthesis of a
binuclear phthalocyanine which is highly soluble in
common organic solvents and forms only one iso-
mer. Isolation of a single isomer binuclear Pc
enabled us to study in more detail the NMR
spectroscopy of the binuclear phthalocyanine for the
first time. Monitoring of inter- and intramolecular
interactions between phthalocyanine macromole-
cules by NMR spectroscopy is reported,

RESUTTS AND DISCUSSION

Mixed condensation of 1,3-bis(3,4'-dicyanophe-
noxy)-2-ethyl-2-methylpropane, (1), with a Z0-fold
excess of 4, S-bis (3',3' -dimethyl- l' -butynyl) phthalo-
nitrile, (2) [5] with lithium l-pentoxide in l-pentanol
at 100"C gave the binuclear metal-free phthalocya-
nine, 1,3-bis-2'- (9',I 0' ,16' .17' ,23' ,24-hexakis(3 ",3 " -
dimethyl- 1 " -butynyl) phthalocyaninoxy) -Z-ethyl-
Z-methylpropane (3) in 3.5o/o yield (Scheme 1).

Mononuclear metal-free 2,3,9, 10, I 6, 17,23,Z4-octa-
kis(3',3'-dimethyl-1'-butynyl)phthalocyanine (4)
(hereafter referred to as mononuclear phthalocya-
nine), which formed as a by-product, had to be



removed to purify the desired binuclear
phthalocyanine.

As 4 is less soluble in tetrahydrofuran (THF) than
3, the desired binuclear phthalocyanine was effec-
tively concentrated into THF solution from the
reaction mixture. Attempts to separate the phthalo-
cyanines from each other by gel permeation
chromatography (GPC) were unsuccessful because
of poor resolution, maybe due to aggregation phe-
nomena. The best separation was achieved by flash
chromatography when it was performed on a small
scale (less than 200 mg). The chromatographic
separation on a large scale ( > 500 mg) was unsuc-
cessful because of the relatively low solubility of 4 in
the solvent system (toluene/hexane l:1) used as an
eluent. As expected, the binuclear phthalocyanine
obtained in this way was pure and composed of only

one isomer, as was shown by its NMR spectrum. The
NMR spectrum of 3 is characteristic of a heptasub-
stituted Pc.

The electronic absorption spectrum of the binu-
clear phthalocyanine 3 in benzene is shown in Fig. 1.

A quite broad absorption band was observed in the
600-700 nm region with an absorption maximum at
698 nm. Dilution of the solution did not exhibit any
changes in its spectral patterns. Although the known
mononuclear metal-free phthalocyanines show a
pair of sharp Q-bands in the same region [4, 6], this
is not the case for 3. However, it is understandable if
a closed clam-shell conformation is assumed within a
molecule because of a strong exciton coupling
between the two chromophores of the Pc nucleii [4].
An alternative possibility that the binuclear phthalo-
cyanine molecules aggregate to each other even in
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binuclear phthalocyanlne 3 in benzene solution,

this concentration range (10-s mol l-1) is successfully
eliminated by the NMR studies described below

Typical NMR spectra of binuclear metal-free
phthalocyanine 3 in benzene-d6 are shown in Fig. 2,

Although the spectra observed varied regularly
depending on the temperature and concentration of
the solutions used for the measurements (better
resolution was obtained either at a higher tem-
perature or with a lower concentration of the
solution used), their spectral aspects were essentially
the same: six singlets, two doublets and one multiplet
were observed in the aromatic region (some signals
overlapped with each other under some conditions)
(Fig. 2a): and six singlets (attributable to /erf-butyl
protons), one singlet (methyl protons of the methyl
group in the bridge) and one triplet (methyl protons
of the ethyl group in the bridge) in an aliphatic
region (some signals overlapped with each other in
some conditions) (Fig. 2b); and one AA'BB' pattern
multiplet attributable to -OCH2- prochiral protons
in the 4.0-4.5 ppm region (Fig. 2c); and one singlet
attributable to the inner protons in the -2.0 to -3.5
ppm range (Fig. 2d). These data are consistent with
the desired structure of the binuclear metal-free
phthalocyanine because the six protons on the
benzene rings and the six ferl-butyl groups in the
three, 4,5-dialkynylbenzo moieties are all different in
the binuclear phthalocyanine 3 because of the
presence of the seventh bridging group. Although no
signal ofthe methylene protons ofthe ethyl group of
the bridging group was observed, its COESY spec-
trum clearly showed the presence of strong coupling
between the triplet signals and some signals hidden
by one of the intense ferr-butyl protons. The COESY

spectrum also showed the presence of coupling
between the doublet at around 7.5 ppm and the
multiplet at around 8.0 ppm in the aromatic
region.

As stated above, the NMR spectra showed both
temperature and concentration dependence. Figure
3a and b show the concentration dependence of the
chemical shifts of the inner imino protons and some
of the aromatic protons of the binuclear phthalocya-
nine in benzene-d6 solutions. Although the signal
shifted downfleld in the high concentration region
(10-2-t0-a mol 1-1) as the concentration was lowered,
it remained unchanged in the low concentration
region (10-a-10-6 mol l-r). In the previous paper [5],
it was reported that the chemical shifts of both the
inner and aromatic protons of mononuclear octaalk-
ynyl-substituted phthalocyanines shifted downfield
as their concentration was lowered. These shifts have
been successfully explained in terms of aggregation
phenomena of phthalocyanine macrocycles [1,5].
However, no such saturation phenomena against
varied concentration was observed for any mono-
nuclear phthalocyanines. Therefore, the saturation
phenomenon is attributed to some preferred cofacial
conformation of the binuclear phthalocyanine in
solution.

A similar saturation phenomenon was observed
when a nitrobenzene-d5 solution containing the
binuclear phthalocyanine was heated up to 420 K
(Fig.  ). Although the inner protons did not show a
clear saturation up to 420 K, the chemical shift seems
close to saturation around -2 ppm, the value of
which is much lower than those of the known
mononuclear phthalocyanines [5].

Thus, both the concentration- and temperature-
dependence studies showed that the chemical shifts
of the protons in binuclear phthalocyanine 3 reach
constant chemical shift values much earlier than the
known related mononuclear phthalocyanines. These
phenomena are rationalized by assuming two types
of interaction between the phthalocyanine macro-
cycles; one is an intermolecular interaction between
a phthalocyanine macrocycle in a molecule and that
in other molecules, and another is an intramolecular
interaction between the two macrocycles within a
molecule. In a highly concentrated solution, binu-
clear phthalocyanine molecules are close to each
other and hence columns of aggregated phthalocya-
nine macrocycles would be present in such a solution
[5]. Dilution of such a solution will lengthen the
distance between phthalocyanines and hence reduce
the length of columns. Raising the temperature



would yield the same effects on the aggregated
phthalocyanines because thermal motion of the
phthalocyanines would break such columns and
hence shorten their length. The effects of both
dilution and raising the temperature on the NMR
spectra of monomeric phthalocyanines are discussed
in detail elsewhere. [5]. The shifts observed in the
NMR spectra of the binuclear phthalocyanine 3 in
this study either in highly concentrated solutions or
at lower temperatures is explained in the same way.
On the other hand, neither the inner imino protons
nor the aromatic protons showed any shift in dilute
solutions. This suggests that each binuclear phthalo-
cyanine molecule is free from any interaction with
the other molecules. Nevertheless, the chemical

shifts of the inner protons of 3 plateau more upfield
by I ppm than that ofthe mononuclear phthalocya-
nine 4 under the same conditions [5], indicating that
a phthalocyanine macrocycle is still under some type
of interaction, which is attributable to intramo-
lecular aggregation of the two phthalocyanine
macrocycles in the molecule.

EXPERIMENTAL

The FAB-mass spectrum of the binuclear phthalo-
cyanine 3 was measured by Dr B. Khouw (York
University, NorthYork, Ontario, Canada). NMR and
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Fig. 2. Typical NMR spectra of the binuclear phthalocyanine in benzene-d6: (a) aromatic region, 330 K,

[phthalocyanine] = 9.44 x 10 4 mol l-r; (b) aliphatic region, 330 K, 2.36 x 10 4 mol l-r; (c) prochiral protons, 340
K, 6.15 x 10 3 and mol l-1; (d) inner imino protons, 330 K, 9.44 x 10 a mol l-1.
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Fig. 3. Plots of chemical shifts of (a) inner imino protons of the binuclear phthalocyanine 3 and (b) some
aromatic protons of the binuclear phthalocyanine 3 in benzene-du against concentration on a logarithmic
scate.
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Fig. 4. Plot of chemical shifts of the inner imino
protons of the binuclear phthalocyanine 3 in nitro-
benzene-du against temperature.

COESY spectra were measured using a Bruker
ARX 400 high field Fourier transform instrument.

1, 3-Bis-2'- (9',1 0',1 6',17',23',24'-hexa kis(3",
3"-dimethyl-1 -butynyl) phthalocyaninoxy) -
2-ethyl-2-methylpropane (3)

The starting phthalonitriles f [7] and 2 [5] were
prepared according to the literature [5, 7]. To a
suspension of 0.1 mol of lithium l-pentoxide in 10 mi

of l-pentanol was added a mixture of 1.6 g (5.6

mmol) of 2 and 100 mg (0.30 mmol) of I which had
been previously well-ground altogether. The mixture
was stirred at 100'C for 4 h under an argon
atmosphere. After the mixture was cooled down to
room temperature, the reaction was quenched by the
addition of methanol, concentrated hydrochloric
acid and ethanol (1:1:1). The blue precipitate
obtained in this way was collected by filtration under
suction and was successively washed with acetoni-
trile until the washings turned almost colourless. The
remaining solids (1.5 g) were dissolved in toluene
and then chromatographed over silica gel (toluene)
to remove impurities which adhered to the silica gel.
This procedure was repeated twice. After the solvent
was evaporated, the desired binuclear phthalocya-
nine 3 was extracted from the solids with four l0 ml
portions of THF. The residue (1.3 g) was almost pure
mononuclear phthalocyanine 4. Removal of the
solvent of the extract under reduced pressure gave
100 mg of solids. This solid was dissolved in THF and
chromatographed over SX-4 GPC gel using THF as

an eluent. Polynuclear phthalocyanines, the desired
binuclear Pc 3, and then mononuclear phthalocya-
nine 4 were eluted in this order. The fractions
containing the second band were collected and the
solvent was evaporated under reduced pressure. The
remaining solids (50 mg) were further purified by
flash chromatography to remove a small persistent
residue of 4. A small amount of 4 was eluted with
hexane/toluene (1:1) and then 3 was eluted with
hexane/toluene (1:3). The fractions containins the
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second band were collected and the solvent was REFERENCES AND NOTES
evaporated under reduced pressure. The solids
obtained in this way were first recrystallized from
chloroform/acetonitrile and then from THF/ethanol,
washed with ethanol and dried in vacuum at 80'C. A
20 mg sample of a blue powder 3 was obtained in
3.5% yield. FAB-MS nlz 2104 (M*) (the exact
molecular weight is 2104.8); UV/vis (benzene) ).,,,o"

in nm (1og (e/mol-t I t cm-l)): 310 (4.S4), 364 (4.91),
400 (sh) (c.4.6),698 (4.98). Anal. calc. for
Cr4zHr4zN16O, : C,81.03, H, 6.80, N, 10.65; found: C,
81.15, H, 6.78, N, 10.53.
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