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Binaphthol-bridged phthalonitriles are common precursors for the preparation of chiral phthalocyanines
(Pcs). However, self-condensation of these phthalonitriles usually leads to the target Pcs in extremely low
yields. In this work, we report a smart approach to enhance the reactivity towards self-condensation of
binaphthol-bridged phthalonitriles, which relies on the addition of another highly reactive phthalonitrile
that initiates the macrocyclization process, but it is eventually released. After optimization of the reaction
conditions, ethynyl-containing binaphthyloxy-bridged Zn(i)Pc (AA),-2 has been obtained in remarkable

Received 5th October 2023,
Accepted 6th November 2023

DOI: 10.1039/d3qo01630g yields. This Pc synthon has been further endowed with hydrophilic cationic tails, giving the strongly

Open Access Article. Published on 09 November 2023. Downloaded on 6/19/2026 11:44:57 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/frontiers-organic

Introduction

Phthalocyanines'” are fascinating organic compounds with
high thermal and optical stability, strong absorption in the
visible region, remarkable photophysical properties, semicon-
ducting behaviour and organization abilities, which enable
them to be used as targets of choice for a variety of biomedical
applications,® as photocatalysts,* or as active molecules for a
variety of optoelectronic devices.’

Self-condensation of phthalonitriles is by far the most
widely used method for the synthesis of Pcs,®'° which in
many cases is initiated by a nucleophilic attack of a lithium
alkoxide (or another strong nucleophile) on the electrophilic
carbon of the nitrile, which generates nucleophilic nitrogen
that proceeds with the self-condensation process. Not less
important is the template method, which utilizes a transition
metal salt to coordinate to the nitrogen of the nitrile functions,
causing the necessary polarization that induces self-conden-
sation. The major drawback of this method is that it usually
requires high temperature, which shifts the different equilibria
towards the formation of a highly conjugated macrocycle, but
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amphiphilic Zn(n)Pc 1, which has shown the ability to form nanostructures in aqueous solutions.

does not allow the development of chemoselective conditions
that lead to the formation of Pc rings containing different
chemical functionalities at the constituent isoindoles in a con-
trolled fashion. Some approaches have been addressed to
control the cross-reactivity between different phthalonitrile
units, using steric constrictions,"'™*> by preorganization of
phthalonitrile units,**° by sequential assembly,>>® or even
using other types of precursors with complementary
reactivity.>’ ' However, controlling the reactivity of the phtha-
lonitriles on the basis of the different electronic characteristics
of the substituents that can modify the involved electrophili-
city/nucleophilicity is underdeveloped.** One of the outstand-
ing strategies to prepare Pcs with certain chemo- and regiocon-
trol is the use of bisphthalonitriles linked by constrained
binding groups.'®° In particular, the introduction of optically
active binaphthyl units as bridges deserves special mention
since they lead to optically active Pcs thanks to the intrinsic
atropisomerism of the binaphthol subunit,»772%33735
Binaphthyl-containing Pcs were formerly described by
Kobayashi and co-workers,** and, since then, several Pcs and
related compounds endowed with optically pure binaphthyl
cores have been prepared, most of them presenting an unsym-
metric functionalization of the Pc core in an AABB pattern (AA
coding for the binaphthol-linked diisoindole part) (Fig. 1)."”°
Surprisingly, the self-condensation of AA-bisphthalonitriles
leading to symmetrically substituted (AA),-Pc derivatives with
two bridging binaphthol units (Fig. 1) is rather unfavoured
and these types of compounds have been prepared in extre-
mely low yields.'”3%3

Recently we have reported efficient conditions for the prepa-
ration of binaphthol-bridged AABB Zn(u)Pcs in high yields."®

This journal is © the Partner Organisations 2024
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Fig. 1 B3LYP/6-31G(d,p)-optimized structures of non-functionalized
AABB and (AA), symmetry Zn(i)Pcs.

Using this methodology, we have been able to synthesize a
variety of derivatives with highly directional amphiphilicity,
holding both non-polar aromatic heads and hydrophilic tails
located either at the binaphthol or at the periphery of the Pc
core."®?° These molecules have demonstrated abilities to form
chiral nanoparticles in aqueous medium triggered by hydro-
phobic forces. In particular, the molecules functionalized with
cationic residues form homogeneously sized aggregates that
perform as nanostructured photosensitizers for the inacti-
vation of bacteria.'®?® On the basis of these results, we have
undertaken the preparation of other archetypal chiral amphi-
philic Pcs with self-organizing abilities, consisting of a sym-
metric bis(binaphthol)-(AA), Zn(um)Pc central core endowed
with hydrophilic cationic tails at the binaphthol units (1,
Fig. 2), which could lead to nanostructures differing in shape
or size with respect to those formed by unsymmetric AABB
Pcs. Towards this aim, we have envisioned the previous prepa-
ration of Zn(u)Pc synthons ((AA),-1 and (AA),-2 in Scheme 1),
holding either bromine or protected acetylene moieties,
respectively, which could be starting materials for further
Sonogashira reactions to introduce the targeted triply cationic
addenda. However, the synthesis of (AA),-1 and (AA),-2 is chal-
lenging due to the above-mentioned low reactivity towards self-
condensation previously found for these types of binaphthol-
linked bisphthalonitriles.

Herein we report an elegant approach to enhance the reac-
tivity of the required precursors AA-1 and AA-2 (Scheme 1),
which is based on experimental evidence compiled in previous
works.'® We had observed that cross-condensation between
these types of AA bisphthalonitriles and another phthalonitrile
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Fig. 2 Structure of symmetric Zn(i)Pc 1.
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(B) containing electron-withdrawing groups yielded the tar-
geted unsymmetric AABB Pcs accompanied by a considerable
amount of the symmetric (AA), Zn(u)Pc. Based on this
premise, we have explored the use of commercially available
4-nitrophthalonitrile as an “activating” agent for the nitrile
moieties of bisphthalonitriles AA-1 and AA-2 at an initial stage
of the macrocyclization process to facilitate their further self-
condensation. This strategy has allowed us to obtain the Pc
synthons (AA),-1 and (AA),-2 in good yields and subsequently
converted them into the targeted Pc 1, which has proved its
ability to form nanostructures in aqueous solutions.

Results and discussion

For the synthesis of the symmetric Zn(u)Pcs (AA),-1 and (AA),-
2, we first, indeed, tested the self-condensation of AA-1'® and
AA-2 '8 under the conditions previously applied for the prepa-
ration of unsymmetric binaphthyloxy AABB Zn(i)Pcs,"®° that
is, heating them in o-DCB/DMF (2:1) as a solvent in the pres-
ence of Zn(OAc),. The products (AA),-1 and (AA),-2 could be
isolated in low yields, 2% and 7%, respectively (Table 1,
entries 1 and 2). Changing either the solvent to dimethyl-
aminoethanol (DMAE), or the activation conditions (namely
MW instead of temperature), or even adding a base such as
1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) did not produce a
significant increase in the yield (Tables S1 and S2, ESIf).
However, in our previous work'® we had observed that (AA),-1
was obtained as a secondary product in 14% yield when AA-1
was cross-reacted with a phthalonitrile functionalized with two
electron-withdrawing ester moieties, in a 1:2 ratio, under the
conditions mentioned above. From this result it could be
inferred that the electron-deficient phthalonitrile someway
activates the self-condensation of AA-1. Therefore, we carried
out mixed condensation between one equivalent of bisphthalo-
nitrile AA-1 or AA-2 and two equivalents of the commercially
available, electron-deficient 4-nitrophthalonitrile B-2, under
the same conditions. The reaction gave (AA),-1 and (AA),-2 in
14% and 21% yield, respectively (Table 1, entries 3 and 4).
Note that the self-condensation of both AA-1 and AA-2 was
favoured to the point that the major isolated product was the
symmetric (AA), ZnPc derivative.

To assess if the presence of the electron-withdrawing group
is necessary to confer this “activation” ability to the phthaloni-
trile, we carried out mixed condensation of either AA-1 or AA-2
with non-functionalized phthalonitrile (B-1). In this case, the
formation of AABB-Zn(i)Pcs resulting from the cross-conden-
sation is strongly favoured. For AA-1, the symmetric ZnPc
(AA),-1 was isolated in only 1% yield, while AABB-1 was
obtained in 21% yield (entry 5). Similarly, bisphthalonitrile
AA-2 led to a mixture of (AA),-2 and the corresponding unsym-
metric Pc AABB-2 in 5% and 30% yields, respectively (entry 6).
As reactions with AA-2 always proceeded with better conver-
sions (probably due to its better solubility), our subsequent
efforts were focused on the reactions with this phthalonitrile.

Org. Chem. Front, 2024, 1, 60-66 | 61
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Dowex resin in Milli-Q water for 2 h.

Table 1 Optimization of the cross-condensation conditions between
AA and B towards Pcs (AA),-1 and (AA),-2. Reactions performed in
o-DCB/DMF (2:1), at 150 °C for 16 h

Entry AA (eq.) B (eq.) Zn(u) salt (eq.)  (AA), (%) AABB (%)
1 AA-1(1.0) — Zn(0Ac), (0.75) 2 —a
2 AA-2 (1.0) — Zn(OAc), (0.75) 7 —
3 AA-1(1.0) B-2(2.0) Zn(OAc),(1.5) 14 @
4 AA2 (1.0) B-2(2.0) Zn(OAc), (1.5) 21

5 AA-1(1.0) B-1(2.0) Zn(OAc),(1.5) 1 21
6 AA-2(1.0) B1(2.0) Zn(OAc), (1.5) 5 30
7 AA-2 (1.0) B-2(2.0) ZnCl, (1.5) — 5

8 AA-2 (1.0) B-2(2.0) Zn(OMe),(1.5) 4 —
9 AA-2 (1.0) B-2(0.5) Zn(OAc),(0.5) 16 —
10 AA-2(1.0) B2(0.5) Zn(OAc),(1.5) 4 —

“AABB Zn(u)Pc is not isolated from the reaction mixture, but its for-
mation was confirmed by MS analysis.

The above results indicate that, under these conditions,
electron-deficient phthalonitriles favourably give rise to cross-
reactions with binaphthyloxy phthalonitriles but show less
reactivity towards self-condensation when the two precursors
are present in the solution. To get more insights into the
mechanistic pathway and rationalize the outcomes of the reac-
tion, we turned to the cross-reaction between AA-2 and B-2, but
changed the Zn(u) salt to ZnCl, (entry 7) in order to assess if
the type of metallic salt has a role in the resulting ratio of Zn
(n)Pcs. Under these conditions, (AA),-2 was not formed, point-
ing to a plausible participation of the acetate ligands linked to
the zinc cation. Considering that alkoxides are commonly used
as catalysts for the macrocyclization reaction, we utilized Zn
(OMe), (entry 8), but (AA),-2 was isolated in only 4% yield.
Taken together, these results point to a plausible mechanism
(Scheme 2) in which both acetate anions and electron-deficient
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Scheme 2 Postulated cyclotetramerization mechanism of B-2 and
generic AA. The Zn(1) complex is omitted from the structures for
simplification.

4-nitrophthalonitrile are necessary to activate the self-conden-
sation of AA-2. Apparently, the favoured attack of Zn(OAc), on
the more reactive B-2 could result in the formation of an isoin-
dolenine derivative (Act-B-2, step 1 in Scheme 2) that would
attack on the bisphthalonitrile derivative AA-2 (or AA-1, step 2)
to generate an activated trimeric species (Act-AA) with a

This journal is © the Partner Organisations 2024
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strongly nucleophilic nitrogen. This intermediate could (i)
undergo addition to another AA bisphthalonitrile (step 3A),
generating an open species (Act-(AA), in Scheme 2) that would
undergo cyclotetramerization with the release of the Act-B-2
isoindolenine (step 4) or (ii) self-condensate to give (AA),-2 (or
(AA),-1, step 3B) with the extrusion of two units of Act-B-2 as
leaving groups. Noteworthily, this release is plausible since the
negative charge is stabilized due to the resonance effect of the
nitro group. Note that B-1 is plausibly less prone to react with
Zn(OAc), than B-2, and also the corresponding negatively
charged isoindolenine form would be less stable, which could
explain that, in this case, the exclusive reaction of Zn(OAc),
with B-1 is not the main pathway, and several activated and
non-activated B-1 derivatives are present in the solution, allow-
ing for the formation of Zn(u)Pcs with adjacent BB units
(Table 1, entries 5 and 6).

To confirm this hypothesis, we carried out an additional
reaction between AA-2 and a sub-stoichiometric amount of B-2
and Zn(OAc), (0.5 eq. each). Under these conditions, the reac-
tion afforded the target (AA),-2 in a remarkable 16% yield
(entry 9), while the reaction between AA-2, 0.5 eq. of B-2 and
an excess of Zn(OAc), (1.5 eq.) provided (AA),-2 in only 4%
yield (entry 10). These observations support the suggested
pathway: a stoichiometric ratio of Zn(OAc), and B-2 results in
the major conversion into Act-B-2, which preferably undergoes
addition to AA-2 rather than reacting with itself.}
Unfortunately, the reaction cannot be carried out using lower
amounts of B-2, since the minimum amount of Zn(OAc), to
have the necessary stoichiometric ratio of Zn** for the for-
mation of the Zn(u)Pcs must be 0.5 eq. with respect to AA-2.§

Once the synthesis of (AA),-2 was optimized, we proceeded
with the preparation of the target molecule 1 (Fig. 2). For this
purpose, the Boc-protected, triamine ligand 2 was synthesized
following reported procedures.”® On the other hand, the sym-
metric Pc (AA),-2 was deprotected using TBAF and, due to the
low stability of the resulting product (3), it was subsequently
reacted with 2 under optimized Sonogashira conditions
(Scheme 1).>° Zn(u)Pc 4 was isolated in 27% yield from a reac-
tion mixture containing other Zn(u)Pcs with a different degree
of functionalization of the terminal ethynyl groups. The lack of
solubility of 4, even in coordinating solvents such as DMSO,
complicated the characterization through 'H NMR, but the
structure was confirmed by MS. Then, 4 was subjected to a de-
protection step of the tert-butyloxycarbonyl using TFA, which
gave the corresponding trifluoroacetate salt of the multicatio-
nic Zn(u)Pc 5 in 55% yield. Quaternization of the terminal
amines with Mel in the presence of the voluminous base
1,2,2,6,6-pentamethylpiperidine (PMP) and subsequent coun-

i Note that when the reaction is carried out only with B-2 and 0.5 eq. of Zn
(OAc),, the formation of the B, tetranitro-Zn(m)Pc takes place with 60% yield.
Act-B-2 reacts easily with B-2 when they are the only two species in solution.

§In fact, when the reaction was carried out with 0.2 eq. of B-2 and 0.5 eq. of Zn
(OAc),, the yield of (AA),-2 dropped to 3% since all the possible activation path-
ways can take place, which is unfavourable for the formation of the desired
product.
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terion exchange (iodine was substituted with chlorine atoms)
afforded the final Zn(u)Pc 1 in 98% yield. Both products 5 and
1 showed solubility in DMSO-ds and could be characterized by
'"H NMR and MS. The '"H NMR of 1 was performed in DMSO-
de/D,O to obtain a better resolved spectrum (ESIf).

The next step was the spectroscopic characterization of 1.
First, ground-state absorption experiments were performed in
DMSO as a coordinating solvent that hampers the aggregation
of Zn(u)Pcs through coordination to the metal. The typical Q
band for monomeric species and the B-band transition were
observed at 691 nm and 323 nm respectively (ESIf). For the
verification of the Lambert-Beer law, an analysis of linear
regression between the intensity of the Q-band and the con-
centration of 1 showed R” values close to 1. Upon excitation at
650 nm, the fluorescence spectrum shows a weak emission
with 0.08 + 0.01 quantum yield.

Due to its pronounced amphiphilicity, 1 was expected to
aggregate in aqueous solution. To study the aggregation
process, we monitored the changes in UV-vis and fluorescence
spectra upon increasing the percentage of Milli-Q water (i.e., in
which aggregation is expected) in a solution of 1 in DMSO
(where the Pc is in a monomeric state). First, upon increasing
the ratio of water from 0% to 20%, an increase in the intensity
of the main absorption and emission bands was observed,
probably due to a change in the solvation sphere of the mole-
cule. Then, from 20% to 80% water content, a progressive
reduction in the intensity of the Q-band takes place, together
with a low decrease in the intensity of the fluorescence.
Eventually, at 100% water content (where 1 was perfectly
soluble), an abrupt reduction and broadening of the Q-band
was observed, together with the emergence of a new band at
640 nm which is typical of H-type aggregates. This behaviour
is concordant with the almost complete quenching of the
emission in fluorescence experiments over pure aqueous
solutions.

The presence of the two (R)-binaphthol units in 1 makes
the molecule chiral in nature, which allowed us to follow the
aggregation process by CD spectroscopy (Fig. 3c and d). In
DMSO solution, CD signals with a negative sign and low inten-
sity appear in the Soret and Q-band regions. Upon addition of
water, new bisignated CD curves arise with increased intensity,
associated with the formation of self-assembled species.

To obtain information about the morphology of the aggre-
gates in aqueous media, Milli-Q aqueous solutions were
studied by transmission electronic microscopy (TEM). 1 was
found to form small particles in the 11-25 nm range (Fig. 3e
and f). The formation of aggregates in aqueous solution can
be explained considering the non-directional hydrophobic
forces to have a stronger contribution than the ionic repulsion
between ammonium moieties. However, the growth of aggre-
gates is probably restricted by the steric hindrance originating
from the binaphthol units, which are almost perpendicular to
the Pc plane (Fig. 4), inhibiting the n—n stacking of the hydro-
phobic cores. Therefore, at the initial stages of the supramole-
cular polymerization, hydrophobic forces and n-n stacking
boost the formation of small nuclei, but when more Pc units
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Fig. 3 (a) Absorption and (b) fluorescence spectral changes upon increasing the water ratio in solutions of 1 (5 x 10~® M) in DMSO : water mixtures
(Aexcitation = 650 nm). CD spectra of 1 (c) in DMSO and water at 20 °C and (d) on heating the solution from 20 °C to 80 °C at 1 °C min~! ([1] = 15 x
107> M) for temperature stability studies in pure water. (e) and (f) TEM images of 1 prepared using a water solution in ([1] = 15 x 107> M).

Fig. 4 B3LYP/6-31G(d,p)-optimized 3D structure of 1. Distances in
nanometres between signalled oxygen atoms (in red) are shown: front
view (left) and side view (right).

are included in the supramolecular entity, steric and ionic
repulsions may cause the aggregate to stop growing, resulting
in the observed small nanoparticles.

Conclusions

In this work, we describe the chemically controlled and
efficient synthesis of bis(binaphthol)-(AA), Zn(u)Pcs. We have
demonstrated that the reactivity of phthalonitriles can be regu-
lated as a function of the electronic character provided by the
substituents in the ring and through a judicious selection of
conditions, which can boost the yield of the desired com-

64 | Org. Chem. Front., 2024, 11, 60-66

pounds. Specifically, we have used 4-nitrophthalonitrile as a
“catalytic species” that activates the difficult self-condensation
of binaphthyloxy-linked bisphthalonitriles. A careful selection
of experiments has allowed us to postulate a mechanistic
pathway that would explain the observed results. Under the
optimized conditions, we have achieved yields up to 21% in
the formation of the elusive bis(binaphthyloxy)-bridged Pc
(AA),-2. This Pc has been used as a starting material for the
preparation of a new type of amphiphilic Zn(u)Pc, namely, the
multicationic Zn(un)Pc 1, which has shown an interesting self-
assembly behaviour in aqueous media, giving rise to homo-
geneous nanoparticles. These interesting nanostructures are
the targets for biomedical applications, considering their size
and the photosensitizing abilities of the Pc components, and
therefore, studies in this regard are envisioned.
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