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Abstract: The reaction between organic azides and alkyne derivatives via the Cu(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) is an efficient strategy to combine phthalocyanines and
analogues with different materials. As examples of such materials, it can be considered the following
ones: graphene oxide, carbon nanotubes, silica nanoparticles, gold nanoparticles, and quantum
dots. This approach is also being relevant to conjugate phthalocyanines with carbohydrates and to
obtain new sophisticated molecules; in such way, new systems with significant potential applications
become available. This review highlights recent developments on the synthesis of phthalocyanine,
subphthalocyanine, and porphyrazine derivatives where CuAAC reactions are the key synthetic step.

Keywords: azides; phthalocyanines; subphthalocyanines; porphyrazines; click chemistry;
photodynamic therapy; photoinactivation

1. Introduction

This is Part 2 of a comprehensive review on “Azides and Porphyrinoids” [1]. Here, it will be
presented the most relevant information about the chemistry of azides involving macrocycles such as
phthalocyanines, subphthalocyanines, and porphyrazines (Figure 1) published in recent years, mainly
since 2015.

Phthalocyanines (Pcs) are aromatic macrocycles that exhibit particularly interesting photophysical,
photochemical, semiconducting, and photoconducting properties. Such compounds find applications in
different fields, mainly in photodynamic therapy (PDT) of tumors, in electrocatalysis, as semiconducting
and non-linear optical devices, as chemosensors, and as dyes in solar cells [2-7]. The other two types of
heterocycles considered in this review, the subphthalocyanines and the porphyrazines, although less
studied than Pcs, are also important targets in organic synthesis. Subphthalocyanines are homologues
of phthalocyanines, being constituted by three isoindole subunits with a 14 m-electron aromatic core.
These compounds are being explored in different fields of applications (e.g., chemical sensors, electronic
molecular devices). Porphyrazines (or tetraazaporphyrins) also merit a special attention from the
scientific community due to their potential role as PDT photosensitizers, as chemical sensors and in
the development of molecular electronic devices, Langmuir-Blodgett films, ladder polymers and in
biomimetic chemistry [8].
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Figure 1. General structures of phthalocyanine (Pc), subphthalocyanine (SubPc) and porphyrazine
(Pz).

Most of the publications discussed in this review involve the formation of phthalocyanine,
subphthalocyanine and porphyrazine derivatives bearing 1,2,3-triazolyl groups generated from Cu(l)
catalyzed azide-alkyne cycloaddition (CuAAC) reactions, one of the most used and useful type of
click reactions.

2. Phthalocyanines in CuAAC Reactions

The CuAAC approach is a versatile and efficient strategy to synthesize new phthalocyanine
derivatives and to incorporate phthalocyanine units on the surface of several nanomaterials, such as
carbon materials (e.g., graphene oxide, carbon nanotubes), silica nanoparticles, gold nanoparticles, and
quantum dots (e.g., CdSe/ZnS), as well as in polymers, biomolecules, and electrodes [9,10]. As discussed
in the following sections, this approach has led to the development of improved and multifunctional
systems based on Pcs with electrical and optical properties adequate for photovoltaic applications,
sensing, photodynamic therapy, etc.

2.1. Phthalocyanines and New Carbon Nanomaterials

Innovative phthalocyanine carbon nanomaterials with improved electronic, chemical and
mechanical properties have been obtained in recent decades. In this context, in 2016, Kadem et al.
described the covalent attachment of the asymmetrical zinc(II) phthalocyanine ZnPc1, functionalized
with a terminal alkyne unit, to the surface of azido-substituted single-walled carbon nanotubes
(SWCNTs) and to azido-substituted reduced graphene oxide (rGO), using CuSO4-5H,0O as catalyst and
sodium ascorbate (Na Asc) as reducing agent (Scheme 1) [11].

The obtained hybrids were characterized by using adequate techniques (e.g., FTIR, Raman
spectroscopy, UV-Vis absorption). From absorption spectra and cyclic voltammetry studies it was
found that the covalent attachment of ZnPc1 to SWCNTs or to rGO resulted in band gaps’ values
lower than the ones found in free ZnPc1 (1.62 eV versus 1.77 eV) or in the hybrids obtained from
its non-covalently attachment to SWCNTs or rGO (ca. 1.68 eV). The electron transfer process across
the substituted ZnPc to the SWCNTs or rGO is favored by the presence of the triazole lone pair
electrons. The studies have also shown an improvement in the electrical conductivity for both types
of hybrids (covalently and non-covalently linked) when compared with the pure phthalocyanine
film, being particularly relevant to the increase observed for the hybrid covalently linked to SWCNTs
(218.6 mS/cm versus 11.4 mS/cm). The results obtained are contributions for the relevant area of
photovoltaic applications.
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Scheme 1. Synthetic strategy used to immobilize ZnPc1 on single-walled carbon nanotubes (SWCNTs)
and on reduced graphene oxide (rGO).

In 2018, Yang and co-workers [12], having in mind the synthesis of novel organic-inorganic
hybrid materials with a high content of grafted phthalocyanine derivative on the surface of
multi-walled carbon nanotubes (MWCNT), reported the synthesis of ZnPc-MWCNT assemblies
as illustrated in Scheme 2. The hybrid was prepared in two steps that started with the reaction of
an acetylene-functionalized MWCNT with 4-azidophthalonitrile in the presence of copper(l) iodide,
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and I-methyl-2-pyrrolidone (NMP). The second step consisted
in the reaction of the formed phthalonitrile-modified MWCNT with 4-nitro-5-(m-tolyloxy)phthalonitrile.
The covalent conjugation of the phthalocyanine to the MWCNT was confirmed by FTIR, TEM, SEM,
AFM, UV-Vis and fluorescence spectra. It was verified that the solubility of ZnPc-MWCNT in
tetrahydrofuran (THF) was significantly improved when compared with the one of the MWCNT.
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Scheme 2. Synthetic strategy used to obtain the hybrid ZnPc-MWCNT.

In 2019, Mpeta and Nyokong reported that the reaction of reduced graphene oxide nanosheets
bearing azido groups (GONS) with alkynyl-substituted cobalt(Il) phthalocyanine derivatives
(CoPc2 and CoPc3) allowed to obtain CoPc2-GONS and CoPc3-GONS assemblies (Scheme 3) [13].
The cycloaddition reaction was performed in N,N-dimethylformamide (DMF) in the presence of
Cu(PPhs)3Br and trimethylamine. The electrocatalytic activity of the resulting triazole hybrids was
evaluated in the oxidation of 2-mercaptoethanol, a compound with an important role in the metabolism
and cellular homeostasis and used in corrosion inhibition processes. The study showed that the
electrode obtained with CoPc3-GONS (the alkyne group is separated from the phthalocyanine ring by
an aliphatic group and a benzene ring) is a promising electrochemical sensor for 2-mercaptoethanol,
showing the best catalytic activity when compared with the one with CoPc2-GONS. Additionally, the
same hybrid exhibited the highest sensitivity and a lower limit of detection than other sensors reported
in the literature.
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Scheme 3. Synthetic methodology used to prepare CoPc2-GONS and CoPc3-GONS assemblies.

2.2. Phthalocyanine-Silica Nanoparticles

Inrecent years, silica nanoparticles (5iNPs) have received significant attention due to their chemical
inertness, non-toxicity, optical transparency, and excellent thermal stability. SiNPs have been widely
used in catalysis, chemical processes in industry, removal of metal ions, encapsulation of organic
light-emitting diodes and also as nanocarriers for photosensitizers [14].

The CuAAC reaction has been used for the modification of silica nanoparticles and in their
subsequent conjugation with organic molecules, namely with Pcs. For example, Nyokong and
co-workers described the synthesis of the mono-substituted zinc(II) phthalocyanines ZnPc4a—c bearing
terminal alkynyl units and their conjugation with silica nanoparticles functionalized with azido
groups (Scheme 4) [15]. The alkynyl-substituted phthalocyanines were prepared by reacting the
adequate carboxyphenoxyphthalocyanines with hex-5-yn-1-ol in the presence of the coupling agents
N,N’-dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP); the conjugation with
the azido-nanoparticles was performed in THF/H,O, at room temperature, in the CuAAC conditions
(Scheme 4).
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Scheme 4. Synthesis and conjugation of ZnPc4a-c with azide-functionalized silica nanoparticles.

From the photophysical properties of the hybrids and of the starting materials, it was observed that
the esterification of the zinc(II) phthalocyanines with hex-5-yn-1-ol increases the fluorescence quantum
yields and the fluorescence is maintained after the grafting process. The triplet quantum yields of
ZnP4a—c (ca. 0.65) increased significantly when compared to those of the precursor phthalocyanine
complexes (0.45), but decreased after the grafting to the SiNPs. On the other hand, the triplet lifetimes
of all hybrids increased in comparison to the lifetimes of the non-immobilized ZnPcs and this behavior
was justified by considering a possible protection provided by the polymeric silica nanoparticles to the
phthalocyanines in the triplet state [15].

In 2017, Wong and co-workers selected the CuAAC approach in different steps of the synthetic
strategy to develop the triazole photoactive nanoparticles ZnPc5¢c@MSN (Scheme 5) [16]. The approach
involved the conjugation of mesoporous silica nanoparticles (MSN), functionalized with alkyne units,
with the phthalocyanine dimer ZnPc5¢ containing an azido terminal group. This dimer was obtained
by reacting the previously described [17] alkynyl ZnPc5a with the acetal linker (obtained from
4-(2-bromoethoxy)benzaldehyde and 3-azidopropan-1-ol) under CuAAC conditions, followed by the
reaction of the obtained ZnPc5b with sodium azide. The alkyne-silica nanoparticles were prepared by
reacting the amino mesoporous silica nanoparticles (obtained according with literature data [18]) with
3-bromopropyne (Scheme 5). The conjugation of ZnPc5¢ with the alkyne-functionalized MSN was
performed in DMF in the presence of Cul and EtzN. The study showed that the fluorescence and the
photosensitizing efficiency strongly quenched in the native triazole ZnPc5¢@MSN form was restored in
acidic PBS (pH 5.5) or after its internalization in human colon adenocarcinoma HT29 cells. The release of
ZnPc units from the acetal linker under the acidic conditions justified the high intracellular fluorescence
and the photocytotoxicity observed even in the in vivo studies. This behavior was not observed in
analogue systems with a non-cleavable dimer, and that suggested that this nanosystem was a promising
photosensitizing agent for PDT.
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Scheme 5. Synthetic strategy used to prepare the triazole ZnPc5¢@MSN, the precursors ZnPc5a—-c and

the alkyne-silica nanoparticles.

2.3. Phthalocyanine-Gold Nanoparticles

Gold nanoparticles (AuNPs) are one of the most significant and stable groups of metal nanoparticles
with potential application in non-linear optical devices for protecting light-sensitive materials,
amongst other applications [19]. With the aim of improving the non-linear optics of Pcs, in
2017, Bankole and Nyokong selected the CuAAC approach to obtain conjugates of AuNPs with
phthalocyanines [20]. The nanocomposites AuNPs-ZnPc6 and AuNPs-InPc6 (Scheme 6) were obtained
using azide derivatized gold nanoparticles and the indium(IIl) and zinc(II) phthalocyanine complexes
InPc6 and ZnPc6 bearing alkynyl units. The azide derivatized gold nanoparticles were obtained by
partial ligand exchange of tetraoctylammonium bromide moieties with 3-azidopropylamine via N-Au
bonds and the coupling of both components was performed in the presence of CuSO,-5H,0 and
sodium ascorbate (Scheme 6) [20]. Photophysical studies showed that the obtained nanocomposites
had lower fluorescence quantum yields and lifetime values than those obtained for the unconjugated
phthalocyanines; the quenching of the excited singlet states was justified as being due to the heavy
atom effect.

Another gold nanomaterial that has been conjugated with phthalocyanines via the CuAAC
reaction is the nanoporous gold (npAu). Recently, it has been shown that npAu can be used as a
support for biomolecules in biosensors development studies, also as a catalyst for the oxidation of
small molecules and as a material with plasmonic properties useful for optical sensing. This monolithic
nanomaterial is known to exhibit a high surface area and so it can be easily functionalized with a thiol
or disulfide groups in the context of self-assembled monolayers (SAMs) [21].
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In 2014, Wittstock and co-workers [22] reported the development of a npAu composite
(npAu-ZnPc7) which demonstrated to have photocatalytic features; the synthesis was performed
by coupling the Zn(II) complex of tetrakis(hex-5-ynyloxy)phthalocyanine (ZnPc7) with the
nanoporous gold material functionalized with azide units (npAu-N3) (Scheme 7). In the formation
of the self-assembled monolayer (SAM) on the nanoporous gold material, the authors used
11-azidoundecane-1-thiol as the azide linker and octane-1-thiol as a shorter ‘spacer’ in order to
avoid mutual steric hindrances between the active molecules. The cycloaddition reaction between
both components was performed in a mixture of THF and water in the presence of Cu[TBTA]PFg
and hydroquinone. The photocatalytic efficacy of the nanocomposite was evaluated in the oxidation
of (S)-(—)-citronellol. A conversion of 40% was reached while no reactivity was detected when the
same photocatalyst was immobilized on the planar gold surface or when it was dissolved in the
reaction solution. The authors have commented that this better performance is probably associated to
the material nanoporosity and consequently to an increase in the surface area and also to the npAu
electronic and optical properties namely the plasmonic effect.
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Scheme 7. Synthetic strategy used for the preparation of npAu-N3 and npAu-ZnPc7.

In 2019, the same group used a similar SAM approach to immobilize ZnPc7 on npAu functionalized
with a short azide linker (azidohexylthiolate groups) aiming to improve the interaction between the
ZnPc and the npAu surface [23]. The catalytic efficacy of the resulting hybrid system was evaluated in
the photooxidation of 1,3-diphenylisobenzofuran (DPBF), a well-known 10, quencher, at different
irradiation wavelength; the highest photocatalytic activity was observed at 700 nm. The hybrid
showed higher photocatalytic activity than the separated components (ZnPc7 in solution or the npAu).
The synergism between the npAu surface plasmons and the ZnPc during the DPBF photooxidation
was confirmed by the improvement of nearly an order of magnitude in the photooxidation activity
only when both absorption sites were irradiated simultaneously.
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2.4. Phthalocyanine-Quantum Dots Hybrids

Quantum dots (QDs) are semiconductor nanocrystals that alone or after being adequately
functionalized can be used in the electrocatalytic analysis of several analytes. Under this context, Nxele
and Nyokong reported the access to the hybrid FePc7-CdSe/ZnS QDs through the conjugation of the
azide-functionalized CdSe/ZnS QDs with the Fe(II) tetrakis(hex-5-ynyloxy)phthalocyanine (FePc7)
using CuSO4-5H,0 and sodium ascorbate in the cycloaddition process (Scheme 8) [24]. The resultant
hybrid was used in the electrocatalytic detection of the pesticide paraquat; the latter is well-known
by its toxicity and resistance to biodegradation. The electrocatalytic behavior of the clicked sensor
(FePc7-CdSe/ZnS) was studied using various voltammetry techniques and scanning electrochemical
microscopy; a lower limit of detection (LOD = 5.9 mmol mL~!) compared to the action of other sensors
for paraquat was found.
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% \/\/\\\ % %
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/ /
N HzC o DMF, it, ™ N/ \
A JVN 48 A
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FePc7 B M
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Scheme 8. Schematic representation of the synthesis of FePc7-CdSe/ZnS quantum dots (QDs).
2.5. Phthalocyanine-Carbohydrate Conjugates

Phthalocyanines (Pcs) are potential near infra-red photosensitizers to be used to treat bacterial
infections and cancers. However, their clinical application is hindered by their poor solubility in
biological fluids. In fact, the poor water solubility and aggregation of Pcs in that medium are typically
high and recent research has been focused on the development of water-soluble phthalocyanines [25].
In such way, carbohydrates are an attractive type of biomolecules that can be conjugated with
phthalocyanines to improve their water solubility. Several examples based on the attachment of
phthalocyanines to carbohydrates are known.

In 2014, Yilmaz and co-workers reported the synthesis of the glycosylated copper(Il)
phthalocyanine derivative CuPc9. This compound was obtained from the CuAAC reaction
of the alkynyl-substituted phthalocyanine CuPc8 with 2-acetamido-2-deoxy-p-p-glucopyranosyl
azide 2 (Scheme 9) [26]. Phthalocyanine CuPc8 was obtained by cyclotetramerization of dimethyl
(3,4-dicyanophenyl)propargylmalonate, in pentan-1-ol and in the presence of DBU [27]. The 1,3-dipolar
cycloaddition took place in THF, at room temperature, in the presence of CuSO4-5H,O and
sodium ascorbate. The photophysical characterization of CuPc9 showed that the coordination
of the phthalocyanine inner core with copper(Il) was responsible for a drastic decrease in the
photoluminescence intensity and in the quantum yield; the increase in the non-radiative processes and
decreasing the fluorescence emission was justified by considering the energy transfer from the excited
state of the ligand to the metal ion.

CuS0,.5H,0, Na Asc,
THF/H,0 (1:1), 1t, 76%

" in situ metalation |
' and click reaction |

Scheme 9. Synthesis of the glycosylated CuPc9.
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In the same year, Bachle and co-workers, aiming to obtain “third generation PSs” with adequate
amphiphilicity and specific uptake by tumor cells due to sugar moieties, prepared the AB3-saccharide
zinc(II) phthalocyanines ZnPc10b and ZnPc11lb using phthalonitrile and the glycoconjugated
phthalonitriles 6 and 7; the latter ones were obtained from adequate alkyne-substituted phthalonitriles
4 and 5 and the protected 6-azido-glucopyranoside 3 (Scheme 10) [28]. The co-tetramerization of the
glycoconjugated phthalonitrile precursors 6 and 7 with phthalonitrile in pentan-1-ol in the presence of
zinc(II) chloride, afforded ZnPc10a and ZnPc11a, which after deprotection of the sugar units gave rise
to ZnPc10b and ZnPc11b. The authors commented on the significance of the 2-methoxyethoxymethyl
(MEM) group as the protecting group of the sugar units. That was due to the stability under harsh basic
cyclotetramerization conditions and to the facile removal under mild acidic conditions. The conjugates
exhibited well-defined UV-Vis spectra in DMSO (emax > 10° M1 em™! and absorption maxima
A > 680 nm) but broadened and diminished Q-bands were observed in water and that was probably due
to aggregation. Interestingly, the formation of J-type aggregated forms seems to occur with ZnPc10b
since an unexpected bathochromic shifted in the Q band was observed.
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7 40 h, rt, 96%

ZnPc11b, R=H

Scheme 10. Synthetic strategy used in the preparation of ZnPc10a/10b and ZnPc11a/11b.

Park and co-workers also reported the synthesis of the more hydrophilic As;B-type
azaphthalocyanine zinc(Il) complexes ZnPcl4a and ZnPcl14b. These Pcs contain three bulky
three-dimensional bornane groups and one or two 3-p-glucosyl or (3-p-galactosyl moieties [29].
The authors have envisaged that the presence of the bornane groups could prevent the axial or peripheral
approach between photosensitizers (PSs) without altering their optical properties. The coupling of
the azaphthalocyanine complexes bearing one or two alkyne units (obtained from ZnPc12a and
ZnPc12b after deprotection with TBAF) with the adequate azide carbohydrates was performed in the
presence of Cul and PMDTA (Scheme 11). The structures of the expected compounds were confirmed
using adequate spectroscopic techniques and the photophysical studies confirmed that in DMSO all
compounds were monomeric, but aggregation was detected in DMSO/water.
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Liu and co-workers also used azide-substituted glucose derivatives to prepare the acetylated
glucosyl phthalocyanines ZnPc16a and ZnPc16b and the glucosyl ones ZnPc17a and ZnPc17b using
the propargylated phthalocyanine ZnPc15 (Scheme 12) [30]. The cycloaddition reaction was done in
both cases in the presence of CuSO4-5H,0 and sodium ascorbate, at room temperature, affording the
expected conjugates ZnPc16 and ZnPc17.

OAc

CuS0,.5H,0, Na Asc OAc
o}
AcO N, CHCI/CoHsOHH,0 Pc
ACM\E{O/\%‘ o .24 h A owN\?\/o\/\o/\/O\Ao
- OAc!
0\/\0/\/0\/\0/\ n :; ZnPc16a (56%), n =1
\ § n= ZnPc16b (63%), n = 3
\ N\
/
N / \ OH CuS0, 5H,0, Na Asc
v HOZ 0 OA%NS CHCly/C,HsOH/H,0 OH N=N .
=
n=1 OH /\%

ZnPc15

n=3 ZnPc17a (56%), n =1
ZnPc17b (59%), n=3

Scheme 12. Synthetic strategy used to prepare the glycosylated phthalocyanines ZnPc16 and ZnPc17.

The biological studies showed that compounds ZnPc17a and ZnPc17b have a specific affinity to
MCE-7 breast cancer cells when compared with HELF normal cells; furthermore, both compounds are
localized in the lysosome and exhibit high photocytotoxicity towards MCF-7 cells.

A silicon(IV) phthalocyanine bearing two axial sugar units SiPc20 was synthesized as
illustrated in Scheme 13. Using a base-catalyzed ligand exchange approach, the silicon(IV)
phthalocyanine dichloride SiPc18 in the presence of hex-5-yn-1-ol afforded the silicon dialkyne
SiPc19 (Scheme 13) [31]. The last step involved the CuAAC reaction of the dialkynyl SiPc19 and
azido-2,3,4,6-tetra-O-acetyl-3-p-glucopyranose (GlcN3). This reaction was performed in DMF in the
presence of copper(l) iodide and N,N-diisopropylethylamine (DIPEA) affording the SiPc20 in 31%
yield. Other sugar-azide derivatives, including those with galactosyl, xylosyl and mannosyl units,
have also been used by the same group.

N=N, oAc

SiPc18 SiPc19 (85%) SiPc20 (31%)

Scheme 13. Synthetic strategy used to prepare axial carbohydrates ZnPc20.
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In 2019, Ziegler and co-workers reported the synthetic access to the four galactoconjugated zinc(II)
phthalocyanines ZnPc21-24 (Figure 2) using phthalonitrile and the adequate galactophthalonitrile
derivative or just the galactophthalonitrile derivatives [32]. In the access to the galactophthalonitriles
the approach was similar to the one previously reported by the same group but now using the
6-azido-1,2:3,4-di-O-isopropylidene-o-p-galactopyranose and the adequate bis-alkynyl phthalonitriles
6 and 7 (see Scheme 10). These glycoconjugated zinc(Il) phthalocyanines in DMSO showed Q bands
in the red visible light region (679-737 nm) with molar absorption coefficients (emax) higher than
10° M~ em™!. From the spectroscopic behavior in solution it was concluded that the synthesized
phthalocyanines form J-aggregates.

ZnPc22 (40%) ZnPc24 (31%)

Figure 2. Structures of the galactoconjugated ZnPc21-24.

Also in 2019, Uruma and co-workers reported the synthesis of the glucosylated phthalocyanine
ZnPc27 and its photodynamic action towards QR-32 and QRsP-11 cell lines (Scheme 14) [33]. The authors
selected glucose functionalized with a propargyl unit and the zinc(II) phthalocyanine ZnPc¢25 bearing
an azido alkoxy group as reagents. ZnPc26 has been obtained and after deprotection with sodium
methoxide in methanol gave rise to ZnPc27. In the photocytotoxicity assays, ZnPc27 caused apoptosis
in QR-32 and QRsP-11 cell lines of rodent; a stronger photocytotoxicity against QR-32 cells than to
QRsP-11 cells has been observed.
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Scheme 14. Synthetic strategy used to prepare ZnPc27.

2.6. CuAAC Reactions Involving Phthalocyanines and Polymers

As previously mentioned, the solubility of phthalocyanines in various solvents is critical for their
application in different fields. In recent years the possibility to organize phthalocyanines by using
polymeric systems appeared to be an effective approach.

Torres and co-workers described the immobilization of a Pc on a polymer by using the CuAAC
reaction (Scheme 15) [34]. The authors used the helical rigid rod alkynyl-terminated polyisocyanide
L,L.-PIAAPE and the azide phthalocyanine ZnPc28; the reaction was performed in dichloromethane
in the presence of copper(I) bromide and an excess of PMDETA at room temperature. The expected
polymer r,L-PIAAPE-ZnPc28 was obtained in 84% yield. From UV-Vis, fluorescence, and circular
dichroism studies, it was confirmed that the phthalocyanine attachment did not affect the rod-like
helical arrangement of the starting polymer.

\ ~ = /
CuBr, PMDETA o= N N% /-(
H CH,CI
N 2 2,
EC:N +
o
LL-PIAAPE

ZnPc28
L,L.-PIAAPE-ZnPc28 (84%)

Scheme 15. Synthetic strategy used for the immobilization of ZnPc28 in r,.-PIAAPE.

Haddleton and co-workers combined the Mitsunobu reaction and the CuAAC approach to
prepare the octasubstituted copper(Il) phthalocyanines CuPc30 with two different chain lengths of
monomethyl ether polyethylene glycol (mPEG, 750-2000 Da) (Scheme 16) [35]. The alkyne-terminated
phthalonitrile 9 was prepared from 4,5-bis(4-hydroxyphenoxy)phthalonitrile 8 using commercially
available hex-5-yn-1-ol, triphenyl phosphine and diisopropyl azodicarboxylate (DIAD) according to
the Mitsunobu conditions, giving rise to the “clickable” metal free Pc29 after the cyclotetramerization
step. Its conjugation with the two different azido monomethyl ether polyethylene glycol chains was
performed in the presence of Cul and DIPEA affording CuPc30.
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Scheme 16. Synthesis of CuPc30 with different chain lengths of monomethyl ether polyethylene glycol
(mPEG).

The PEGylated copper phthalocyanine polymers obtained proved to be highly soluble in a range
of organic solvents (e.g., chloroform, dichloromethane, THF) with no evidence of aggregation. In water,
the presence of dimeric species was detected by UV-Vis spectra with a minor contribution of monomeric
species. From the DSC studies it was observed that the PEGylated CuPc30 with the shorter chain
(n = 16) exhibited a significant difference in thermal behavior when compared with commercial mPEGs
and the authors have suggested that tunable thermal properties can be achieved with these systems by
incorporating other mPEGs with different chain lengths.

In 2014, Sen and co-workers reported that the conjugation of the unsymmetrically substituted
zinc(II) phthalocyanine ZnPc31, with three tert-butyl groups and a terminal alkynyl moiety with the
azido-terminated polystyrene PS-N3 and poly(tert-butyl acrylate) PtBA-N3 afforded the polymers
PS-ZnPc31 and PtBA-ZnPc31 (Scheme 17) [36]. ZnPc31 was obtained through the statistical
condensation of 4-tert-butylphthalonitrile and 4-(pent-4-ynyloxy)phthalonitrile in the presence of
zinc(I) acetate and the polymers were obtained using the atom transfer radical polymerization
(ATRP) approach in the presence of PMDETA/CuBr, followed by the reaction of the obtained bromo
end-functionalized polymers with NaN3.
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Scheme 17. Synthesis of polymers PS-ZnPc31 and PtBA-ZnPc31 and of the required precursors

ZnPc31, PS-N3, and PtBA-N3.

The electrochemical studies allowed to conclude that conjugation of the ZnPc31 to the polymers
increased the chemical stability of the complex but decreased the electrochemical reversibility during
redox reactions. However, the presence of polymer did not affect the spectroelectrochemical and

electrocolorimetric responses of ZnPc31.

A double click reaction was used to incorporate phthalocyanine ZnPc31 and 4-ethynyl-N,N-
dimethylaniline in the azido-functional poly(methyl methacrylate-co-2-(2-bromoisobutyryloxy)ethyl
methacrylate) copolymer (PMMEM) (Scheme 18) [37]. The obtained copolymer PMMEM-ZnPc31-
EDMA was crosslinked in the presence of the liquid crystal mesogen 4’-(octyloxy)-4-biphenylcarbonitrile
by ultraviolet irradiation using benzophenone as initiator and ethylene glycol dimethacrylate as
difunctional crosslinker. The resulting polymer-dispersed liquid crystal film was characterized using

differential scanning calorimetry and polarized optical microscopy.

W
W ZnPc31 + o

H ° ZnPc_f\/\/\Qr\@
\ o oo o

o o CUAAC /T\
PMMEM /T\ N
N3

N—
PMMEM-ZnPc31-EDMA (70%)

Scheme 18. Synthesis of PMMEM-ZnPc31-EDMA.

Feateey

Aimi and co-workers selected ZnPc32 to be assembled to the azide-terminated poly(methyl
methacrylate) (N3-PMMA) and to the azide-terminated block copolymer (N3-BCP) to afford
the hybrid systems PMMA-ZnPc33 and BCP-ZnPc33 (Scheme 19) with potential applications in
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optoelectronic devices [38]. Phthalocyanine ZnPc33 was obtained from the reaction of 6-chlorohex-1-yne
with the hydroxyphthalocyanine ZnPc32; this template resulted from the tetracyclization of
4,5-bis(dodecyloxy)phthalonitrile with 4-benzyloxyphthalonitrile in the presence of ZnCl,, followed
by cleavage of the benzyl group with H,/Pd/C. The final CuAAC reaction was performed in the
presence of Cul and DIPEA in THFE. The resulting Pc-containing polymer films exhibited a cylindrical
morphology in which the Pc units showed 7-7t interactions inside the confined PMMA cylinders.
The authors commented that these results can be explored in the development of organic photovoltaic
(OPV) devices and organic field effect transistors (OFETs).

O,
1. ZnCl, DMAE \Qf @/ ol \Q/ \,\@/ \/\/\\\
W\ N /N

:@: 08" 2 HpPdIC
T kcos

DMF

7 \ PN
R = CyoHas § N/ N
RO OR RO OR
RO znPc32 (17%) OR RO znpe33 (83%) OR
ZnPc33
g ATRP cul o
Ny SO _MMA_ Na/\/\/o o _DIPEA _ NN or
o o o©
NyPMMA | oo
3- A |
PMMA-ZnPc33 (83%)

ATRP
Styrene

Br znPc33
SO A m
Ny cul o
o 0 o _DIPEA _
! THF
N3-BCP /&k )b\
BCP-ZnPc33 (20%)

Scheme 19. Synthesis of polymers PMMA-ZnPc33 and BCP-ZnPc33 and of their precursors.

McGrath and co-workers described the synthesis and the antimicrobial activity of the two dendritic
water-soluble zinc(Il) phthalocyanines ZnPc34a,b where the triethylene glycol (TEG) moieties where
introduced by coupling the azide 10 bearing three TEG [39] units with the adequate alkynyl-substituted
zinc phthalocyanines in the presence of Cul and DIPEA (Figure 3) [40].

The aggregation studies performed with ZnPc34b have shown thatitis significantly less aggregated
in aqueous media than the peripherally substituted isomer ZnPc34a and its Q band is about 80 nm
red-shifted when compared with that of ZnPc34a. Both ZnPcs showed no dark toxicity against
bacteria and yeast, at 10 uM concentration, but upon irradiation (400-850 nm) both demonstrated to be
phototoxic to Acinetobacter baumannii (99.9999% cell inactivation with ZnPc34b) and to Pseudomonas
aeruginosa (90% cell inactivation).
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Figure 3. Structures of the dendritic zinc(II) Pcs ZnPc34a and ZnPc34b, and of the azide 10 used in
their preparation.

The azide functional methoxypoly(ethyleneglycol) (mPEG-N3) (PEG average M, = 25700)
was selected by Dincer and co-workers to prepare the symmetrical and asymmetrical PEGylated
zinc(Il) phthalocyanines ZnPc35 and ZnPc36 (Figure 4) using the adequate tetra and mono terminal
alkynyl substituted ZnPc [41]. The coupling between both components was performed using
CuBr and PMDETA. The results showed that the introduction of the four PEG units improved
the photophysicochemical properties of ZnPc35 when compared with those of its precursor and with
ZnPc36, namely in terms of water solubility, ability to generate 'O, and stability. As a result of such
properties they can be considered as potential PDT candidates.

N N=N
PEG— / \\ \ N ~-PEG OM/N‘PEG
\
\ \
/ /
& % 6* % T
— ~ < mPEG-N
PEG— N Pt o = N -PEG ~ 3

ZnPc35 (75%) ZnPc36 (75%)
Figure 4. Structures ZnPc35 and ZnPc36 and of the azide mPEG-Nj3 used in their preparation.

In 2017, Zapotoczny and co-workers reported the synthesis of a novel azide-functionalized silicon
phthalocyanine SiPc39 (Scheme 20) [42]. This Pc was then grafted with polymer brushes containing
acetylene pendant groups via the CuAAC approach, using CuBr and PMDETA. The synthetic
methodology to SiPc39 was similar to the one mentioned in Scheme 13, but it involved the
base-catalyzed ligand exchange of the chlorine atoms in silicon(IV) phthalocyanine dichloride SiPc37
with 3-chloropropyldimethylmethoxysilane and then reaction with NaN3. The polymer brushes with
acetylene side groups were obtained by surface-initiated photoiniferter-mediated polymerization.
FTIR, quartz crystal microbalance, and atomic force microscopy were used to confirm the coupling
of SiPc39 with the brushes. The photophysical properties of the phthalocyanine SiPc39 were not
affected after the mentioned conjugation taking place, as evidenced by UV-Vis absorption and
emission spectroscopy.
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Scheme 20. Synthesis of the azide-functionalized silicon phthalocyanine SiPc39 used to graft polymer

brushes containing acetylene pendant groups.

In 2017, Giil and co-workers selected the zinc phthalocyanine ZnPc40 with three tert-butylphenoxy
groups and one 4-ethynylbenzyloxy moiety to be coupled to azido polystyrene PS-N3 under CuAAC
conditions (CuBr/PMDETA) (Scheme 21) [43]. The A3B-type Pc ZnPc40 was obtained through
the condensation of 4-(4-ethynylbenzyloxy)phthalonitrile and 4-(4-tert-butylphenoxy)phthalonitrile
in 2-dimethylaminoethanol (DMAE) and the polymer was obtained from the azidation of the
bromo-terminated polystyrene (PS-Br).

= Br
+ >(@ N >4Q
CuBr ‘
PMDETA \\ \\
HsC
" Naly _ CuBr PMDETA \
a \
N N
PS-Br
PS-N; (92%) // \\ // \\
(92%) i j Z:z ) j Z i[
ZnPc40 (11%) PSN3-ZnPc40

Scheme 21. Synthetic strategy used to immobilize ZnPc40 in the azido polystyrene PS-N3.

2.7. Phthalocyanines for the Development of New Electrodes

In the last decades, different methods and materials have been used to develop novel
electrochemical sensors. According to the literature data, the modification of electrodes and their
conjugation with metallophthalocyanines via the CuAAC approach did improve the stability of the
sensors. In this section, it will be presented some examples of electrodes containing phthalocyanines
able to recognize different analytes, such as metal ions (Hg(II), Pb(II), Cu(Il)), hydrazine and hydrogen
peroxide. In general, the approaches used Pcs with alkynyl units that were grafted into electrodes
bearing the azido component (Scheme 22).

In 2016, Nyokong and co-workers reported the immobilization of MnPc41 bearing terminal
alkynyl units (hex-5-ynyloxy) [44] in glassy carbon electrodes (GCE) modified with the required
azidobenzene component (Scheme 22B) [45]. The graft of the azido component in GCE was performed
by electrodeposition of the azidobenzene diazonium salt (scanning from +0.5 V to —1 V for five cycles)
(Scheme 22A) and the click reaction was performed by immersing the grafted electrode into a solution
of DMF containing MnPc41, Cu(PPh3)3;Br and triethylamine. The authors observed that the novel
electrode was an efficient and robust sensor for hydrazine, showing a sensitivity of 27.38 pA mM ™!
and a LOD of 15.4 x 1072 mol dm~3.
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Scheme 22. Schematic representation of the grafting of the azidobenzene diazonium salt in GCE (A)
and of the click reactions with MPc41 (B).

Soon afterwards, the same group extended the study to electrodes prepared with the same Pc
but coordinated with Co(II) and Ni(II) ions (Scheme 22) and in the case of hydrazine they found LOD
values of 6.09 uM and 8.69 uM for CoPc41-GCE and NiPc41-GCE respectively, while the sensitivity
was 51.32 pA mM~! and 111.2 pA mM~! [46].

In the same year, the group selected Pc42 with (propargyloxy)phenoxy units and its Co(Il) and
Mn(III) complexes to anchor in gold electrodes functionalized with the phenylazide component for
the electrocatalytic detection of hydrogen peroxide (Figure 5) [47]. From the electrocatalytic studies
a sensitivity value of 0.134 pA mM~! cm~2 was obtained for the electrode clicked with MnPc42 and
0.242 A mM~lem™2 for the electrode clicked with CoPc42.

OB 0, T
oo Mé 3

Pc42, M = 2H
MnPc42, M = MnOAc CoPc44

/

CoPc42, M = Co

Figure 5. Structures of Pc42, MPc42, CoPc43, and CoPc44.

In another contribution, the authors reported the immobilization of CoPc43 with
4-ethynylbenzyloxy units (Figure 5) in glassy carbon electrodes modified with azide molecules
and found that the platform is a good probe for hydrazine, with good catalytic rate constant
(8.45 x 103 M1 s71) and low LOD (3.28 uM) [48].

The same group also reported that the asymmetrical alkyne cobalt(Il) phthalocyanine CoPc44
after being immobilized in glassy carbon electrode (GCE) modified with the azido component, showed
favorable sensitivity and lower LOD for Hg(Il), Cu(Il), Pb(Il), and Cd(II) ions [49]. Detection limits of
81.94, 327.71, 55.87 and 347.06 nM and sensitivity of 866.23 + 5.48, 215.82 + 2.16, 1979.48 + 11.47 and
204.50 + 1.10 pA/mM were found for Hg(II), Cu(Il), Pb(Il), and Cd(II), respectively.
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2.8. Click Chemistry as a Tool for New Architectures Based on Phthalocyanines

Nyokong and co-workers have studied the non-linear optical (NLO) properties of Pcs combining
the effects of NO, and triazole linkers in their peripheral positions [50]. The synthetic access
to the 4-nitrophenyl-1,2,3-triazole Pc ZnPc45 involved the cyclotetramerization of the clickable
phthalonitrile 13 which was obtained from 4-nitrophenylazide (11) and 4-(prop-2-ynyloxy)phthalonitrile
(12) (Scheme 23). The click reaction was carried out in THF/H,O using CuSO4-5H;0 as a catalyst and
sodium ascorbate as the reducing agent; the cyclotetramerization of the phthalonitrile was performed in
the presence of zinc acetate and DMAE. The NLO studies showed that ZnPc45 presented better optical
limiting behavior than the tetra-substituted alkynyl zinc(Il) phthalocyanine selected as a potential
precursor of ZnPc45; an improvement in triplet quantum yields and lifetimes was also observed.

O,N NO,
N
0N N ~\ 0 N
2 O 3 _N N\\D\/ N O\/(i,\‘
~ S5 [N\ N
1 Zn(OAc), oy =
CuS0,.5H,0, Na Asc N DMAE N
+ e L W fo S —_— 2 N
N THF/H,0, tt, 48 h N

2 } N 180 °C N N n\N 4
s Sy p .
12 O,N 13 (79%) F(‘
N. -N Sé\
ot -
O,N ZnPc45 (75%) N NO,

Scheme 23. Synthetic procedures used in the preparation of ZnPc45.

Campidelli and co-workers explored the CuAAC approach to obtain the fullerene-phthalocyanine
Ce0-(ZnPc46); and fullerene-porphyrin-phthalocyanine triads Ceo-ZnP-ZnPc46 (Figure 6) and
evaluated their self-assembly properties [51,52]. The azide dendron (ZnPc46),-N3 was also obtained
using the CuAAC approach and was coupled to the alkynyl fullerene 14 after its deprotection with
tetrabutylammonium fluoride with Cu(MeCN)4PFg and 2,6-lutidine (Scheme 24). The study showed
that only weak interactions were detected for this system and the electrochemical assays suggested
a better interaction of the Cgy moiety with the ZnP-ZnPc dendron. Additionally, the AFM and
SEM analysis showed that these conjugates, when deposited on Si/SiO, surfaces, were organized in
nanofibrils of ca. 4 to 8 nm of diameter.

tBu

N:N‘N Q O tBu
ot~/

~ Bu
N=
¥ N N
N/
Zn— 7~
| / N )
NN
7 tBu
| Y, N
Ceo-ZnP-ZnPc46 (78%)

tBu

Figure 6. Structure of Cg-ZnP-ZnPc46 triad.
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Scheme 24. Synthetic strategy used for the preparation of the Cgo-(ZnPc46), triad.

Giirol and co-workers prepared the asymmetric zinc(Il) phthalocyanines ZnPc47a,b with six
hexylthia chains on peripheral positions and one 6-azido-hexylthia chain either on peripheral (a) or
non-peripheral (b) positions to be assembled to the alkyne-functionalized triphenylene core 15 in the
presence of Cul (Figure 7) [53]. The obtained triazole derivatives ZnPc48a,b were tested to detect
volatile organic compounds after being deposited on the surface of acoustic wave transducers via the
electrospraying method. The sensorial response for acetone, ethanol, hexane, isoprene, chloroform
and toluene, which can be used as biomarkers of lung cancer, was determined. Compound ZnPc48a
showed a higher sensitivity for toluene and ethanol vapors. The obtained results confirmed the
possibility to use Pc-based surface acoustic wave sensors for medical diagnosis.

Recently, Makhseed and co-workers described the synthesis of the zinc(Il) phthalocyanine ZnPc49a
and of its azaphthalocyanine analogue ZnPc49b with multivalent propargyl moieties as new building
blocks that prevent the macrocyclic planar cores from self-associating in solution or in the solid
state [54]. The authors investigated the utility of these platforms in the CuAAC reaction with benzyl
azide, using Cul and DIPEA in refluxing chloroform (Scheme 25). The photophysical characterization
of the adducts ZnPc50 in DMF allowed to conclude that they were exclusively in the monomeric form
and the photophysical parameters were not affected by the formation of aggregates.
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Figure 7. Structures of the compounds used in the preparation of the Pc derivatives ZnPc48a,b.

3. Subphthalocyanines

Chloroboronsubphthalocyanines have structural analogy to phthalocyanines and are also being
explored in different fields, namely as chemical sensors and in electronic molecular devices. Durmus
and co-workers used the monomeric subphthalocyanines SubPc2 (bearing an azido group) and SubPc3
(bearing a propargyl group) to afford the dimer SubPc4 via the CuAAC approach (Scheme 26) [55].
The precursors were prepared by a ligand exchange reaction using azidoethanol or propargyl alcohol
and the commercially available chlorosubphthalocyanine SubPc1. The synthesized subphthalocyanine
dimer showed quite good solubility in most common organic solvents; the decrease in the fluorescence
quantum yield and singlet oxygen generation observed after dimerization was justified as being due to
the self-quenching between both subphthalocyanine units.
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Scheme 25. Synthetic access to ZnPc50 from ZnPc49.
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Scheme 26. The synthetic strategy used in the preparation of subphthalocyanine SubPc4.

4. Porphyrazines

As already stated, porphyrazines (tetraazaporphyrins) have already been studied by many
scientists interested in looking for synthetic methods leading to such compounds and for their potential
applications. In general, such compounds are obtained from the cyclotetramerization of adequate
dinitrile derivatives.

Eichhorn and co-workers [56] reported that azide-substituted porphyrazines with trimethylene
and hexamethylene spacers and acetylene derivatives with trimethylene spacers displayed columnar
mesophases (temperatures ranging from 30 °C to 110 °C) suffered an efficient cross-linking after
being thermally activated. The authors found that the structure of the mesophase was not affected by
the process.

In 2016, GOk and co-workers reported the synthesis of magnesium(II) and zinc(Il) porphyrazine
complexes (MPz) containing galactose moieties by the cyclotetramerization reaction of the adequate
galactose dinitrile 17 (Scheme 27) [57]. Two CuAAC reactions were used to construct this dinitrile
and the most straightforward one involved the conjugation of the alkynyl component 16 with
6-azido-6-deoxy-1,2:3,4-di-O-isopropylidene-x-p-galactose in ethanol, in the presence of Cu/CuSO;.
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The authors verified that the deprotection of the sugar units in MgPz with aqueous TFA led to a
water-soluble porphyrazine.

, ﬁ LA

N3 N ]\/ \\ R 00
o s N _Culcuso, M, | NGNS
o, P I . TN
"o s o EtOH, reflux, N BuOH, 120G, N NN
00 Z 64% /Y\ N Tsszan o 0 D

)< 16 0710 NN STN N” 78 N.
< 17 koﬁ"{y s s \\&‘N
0

MPz, M = Zn(l) or Mg(ll)
Scheme 27. The synthesis of porphyrazines MPz.

5. Final Remarks

The significance of the CuAAC reaction to afford new systems based on phthalocyanines and
related compounds like subphthalocyanines and porphyrazines is highly demonstrated in recent
literature data. Most of the efforts have been related to phthalocyanines; that is probably due to the
more facile strategies to obtain the adequate azide or alkynyl components and also to their already
known potentiality for being used in important fields like electrocatalysis and as optical devices and
chemosensors. The significance of the products obtained from the conjugation of porphyrinoids with
different systems, like graphene oxide, carbon nanotubes, silica nanoparticles, gold nanoparticles,
quantum dots or carbohydrates, is clearly demonstrated in this review.
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ATRP—atom transfer radical polymerization
AuNPs—gold nanoparticles

CNT—carbon nanotubes
CuAAC—copper(I)-catalyzed alkyne-azide cycloaddition
DBU—1,8-diazabicyclo(5.4.0)undec-7-ene
DCC—N,N’-dicyclohexylcarbodiimide
DIAD—djiisopropyl azodicarboxylate
DIPEA—N,N-diisopropylethylamine
DMAE—2-dimethylaminoethanol
DMAP—4-(dimethylamino)pyridine
DMF—N,N-dimethylformamide
DMSO—dimethyl sulfoxide

GCE—glassy carbon electrodes
HT29—human colon adenocarcinoma cells
LOD—Ilimit of detection
mPEG—methoxypoly(ethylene glycol)
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MSN—mesoporous silica nanoparticles
MWCNT—multiwalled carbon nanotube
npAu—nanoporous gold

OFET—organic field effect transistors

OPV—organic photovoltaic

Pc—phthalocyanine

PDI—photodynamic inactivation of microorganisms
PDT—photodynamic therapy

PEG—polyethylene glycol
PMDETA—N,N,N’,N’,N”-pentamethyldiethylenetriamine
PMMA—poly(methyl methacrylate)
PMMEM—poly(methyl methacrylate-co-2-(2-bromoisobutyryloxy)ethyl methacrylate) copolymer
Pz—porphyrazine

QD—quantum dot

rt—room temperature

rGO—reduced graphene oxide

SAM—self-assembled monolayer

SiNP—silica nanoparticle

SubPc—subphthalocyanine

SWCNT—single wall carbon nanotube
TBAF—tetrabutylammonium fluoride
TBTA—tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]Fuamine
TEA—triethylamine

TEG—triethylene glycol

TFA—trifluoroacetic acid

THF—tetrahydrofuran

TMS—trimethylsilyl

UV-Vis—ultraviolet-visible

References
1. Aratdjo, ARL.,; Tomé, A.C; Santos, CIM.; Faustino, M.AF; Neves, M.G.PM.S.; Simoes, M.M.Q.;

10.

11.

Moura, NM.M.; Abu-Orabi, 5.T.; Cavaleiro, J.A.S. Azides and Porphyrinoids: Synthetic Approaches
and Applications. Part 1—Azides, Porphyrins and Corroles. Molecules 2020, 25, 1662.

Yu, Z.; Hagfeldt, A.; Sun, L. The application of transition metal complexes in hole-transporting layers
for perovskite solar cells: Recent progress and future perspectives. Coord. Chem. Rev. 2020, 406, 213143.
[CrossRef]

Urbani, M.; Ragoussi, M.-E.; Nazeeruddin, M.K,; Torres, T. Phthalocyanines for dye-sensitized solar cells.
Coord. Chem. Rev. 2019, 381, 1-64. [CrossRef]

Sorokin, A.B. Recent progress on exploring p-oxo bridged binuclear porphyrinoid complexes in catalysis
and material science. Coord. Chem. Rev. 2019, 389, 141-160. [CrossRef]

Sk, R.; Deshpande, A. Unveiling the emergence of functional materials with STM: Metal phthalocyanine on
surface architectures. Mol. Syst. Des. Eng. 2019, 4, 471-483. [CrossRef]

Feng, X,; Liu, C.; Wang, X,; Jiang, Y.; Yang, G.; Wang, R.; Zheng, K.; Zhang, W.; Wang, T.; Jiang, J. Functional
Supramolecular Gels Based on the Hierarchical Assembly of Porphyrins and Phthalocyanines. Front. Chem.
2019, 7, 336. [CrossRef]

Almeida-Marrero, V.; van de Winckel, E.; Anaya-Plaza, E.; Torres, T.; de la Escosura, A. Porphyrinoid
biohybrid materials as an emerging toolbox for biomedical light management. Chem. Soc. Rev. 2018,
47,7369-7400. [CrossRef]

Rodriguez-Morgade, M.S.; Stuzhin, PA. The chemistry of porphyrazines: An overview. J. Porphyrins Phthalocyanines
2004, 8, 1129-1165. [CrossRef]

Yi, G.; Son, J.; Yoo, J.; Park, C.; Koo, H. Application of click chemistry in nanoparticle modification and its
targeted delivery. Biomaterials Res. 2018, 22, 13. [CrossRef]

Takayama, Y.; Kusamori, K.; Nishikawa, M. Click Chemistry as a Tool for Cell Engineering and Drug Delivery.
Molecules 2019, 24, 172. [CrossRef]

Kadem, B.; Goksel, M.; Senocak, A.; Demirbas, E.; Atilla, D.; Durmus, M.; Basova, T.; Shanmugasundaram, K,;
Hassan, A. Effect of covalent and non-covalent linking on the structure, optical and electrical properties of
novel zinc(Il) phthalocyanine functionalized carbon nanomaterials. Polyhedron 2016, 110, 37-45. [CrossRef]


http://dx.doi.org/10.1016/j.ccr.2019.213143
http://dx.doi.org/10.1016/j.ccr.2018.10.007
http://dx.doi.org/10.1016/j.ccr.2019.03.016
http://dx.doi.org/10.1039/C9ME00014C
http://dx.doi.org/10.3389/fchem.2019.00336
http://dx.doi.org/10.1039/C7CS00554G
http://dx.doi.org/10.1142/S1088424604000490
http://dx.doi.org/10.1186/s40824-018-0123-0
http://dx.doi.org/10.3390/molecules24010172
http://dx.doi.org/10.1016/j.poly.2016.01.053

Molecules 2020, 25, 1745 26 of 28

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yang, Z.; Yu, J.; Fu, K; Tang, F. Facile preparation of asymmetric phthalocyanine/multi-walled carbon
nanotube hybrid material by in situ click chemistry. J. Mater. Sci. Mater. Electron. 2018, 29, 21078-21087.
[CrossRef]

Mpeta, L.S.; Nyokong, T. Enhanced electrocatalytic activity of cobalt phthalocyanines when “clicked” to
graphene oxide nanosheets. J. Porphyrins Phthalocyanines 2019, 23, 828-840. [CrossRef]

Mohammadi Ziarani, G.; Hassanzadeh, Z.; Gholamzadeh, P.; Asadi, S.; Badiei, A. Advances in click chemistry
for silica-based material construction. RSC Adv. 2016, 6, 21979-22006. [CrossRef]

Fashina, A.; Amuhaya, E.; Nyokong, T. Photophysical studies of newly derivatized mono substituted
phthalocyanines grafted onto silica nanoparticles via click chemistry. Spectrochim. Acta Part A 2015,
140, 256-264. [CrossRef]

Wong, R.C.H.; Chow, S.Y.S.; Zhao, S.; Fong, W.-P.; Ng, D.K.P,; Lo, P.-C. pH-Responsive Dimeric Zinc(II)
Phthalocyanine in Mesoporous Silica Nanoparticles as an Activatable Nanophotosensitizing System for
Photodynamic Therapy. ACS Appl. Mater. Interfaces 2017, 9, 23487-23496. [CrossRef]

Ke, M.-R;; Yeung, S.-L.; Fong, W.-P.; Ng, D.K.P; Lo, P.-C. A Phthalocyanine-Peptide Conjugate with High
In Vitro Photodynamic Activity and Enhanced In Vivo Tumor-Retention Property. Chem. Eur. ]. 2012,
18, 4225-4233. [CrossRef]

Kao, K.-C.; Mou, C.-Y. Pore-expanded mesoporous silica nanoparticles with alkanes/ethanol as pore
expanding agent. Microporous Mesoporous Mater. 2013, 169, 7-15. [CrossRef]

Elahi, N.; Kamali, M.; Baghersad, M.H. Recent biomedical applications of gold nanoparticles: A review.
Talanta 2018, 184, 537-556. [CrossRef]

Bankole, O.M.; Nyokong, T. Azide-derivatized gold nanosphere “clicked” to indium and zinc phthalocyanines
for improved nonlinear optical limiting. J. Mol. Struct. 2017, 1136, 309-320. [CrossRef]

Stine, K.J. Nanoporous Gold and Other Related Materials. Nanomater. 2019, 9, 1080. [CrossRef] [PubMed]
Wichmann, A.; Schnurpfeil, G.; Backenkohler, J.; Kolke, L.; Azov, V.A.; Wohrle, D.; Biumer, M.; Wittstock, A.
A versatile synthetic strategy for nanoporous gold-organic hybrid materials for electrochemistry and
photocatalysis. Tetrahedron 2014, 70, 6127-6133. [CrossRef]

Steinebrunner, D.; Schnurpfeil, G.; Wichmann, A.; Woéhrle, D.; Wittstock, A. Synergistic Effect in Zinc
Phthalocyanine—Nanoporous Gold Hybrid Materials for Enhanced Photocatalytic Oxidations. Catalysts
2019, 9, 555. [CrossRef]

Nxele, S.R; Nyokong, T. Conjugation of Azide-functionalised CdSe/ZnS Quantum Dots with
Tetrakis(5-hexyn-oxy) Fe(II) phthalocyanine via Click Chemistry for Electrocatalysis. Electrochim. Acta 2016,
194, 26-39. [CrossRef]

Singh, S.; Aggarwal, A.; Bhupathiraju, N.V.S.D.K,; Arianna, G.; Tiwari, K.; Drain, C.M. Glycosylated
Porphyrins, Phthalocyanines, and Other Porphyrinoids for Diagnostics and Therapeutics. Chem. Rev. 2015,
115, 10261-10306. [CrossRef]

Yilmaz, Y.; Zengin, H.; Sénmez, M. Synthesis and Photoluminescence Properties of Saccharide Conjugated
Copper Phthalocyanine via Click Reaction. Synth. React. Inorg. Met. Org. Chem. 2015, 45, 337-341. [CrossRef]
Yilmaz, Y.; Kasim Sener, M.; Erden, 1.; Avciata, U. Derivatization and in situ metallation of phthalocyanines
using click chemistry. Polyhedron 2009, 28, 3419-3424. [CrossRef]

Béchle, F.; Hanack, M.; Ziegler, T. Synthesis and Spectroscopic Evaluation of Two Novel Glycosylated
Zinc(I)-Phthalocyanines. Molecules 2015, 20, 18367-18386. [CrossRef]

Park, J.M.; Song, CJ.; Yao, W, Jung, CY.,; Hyun, LH. Seong, D.H. Jaung, ]J.Y. Synthesis of
carbohydrate-conjugated azaphthalocyanine complexes for PDT. Tetrahedron Lett. 2015, 56, 4967—-4970.
[CrossRef]

Liu, J.-Y,; Wang, C.; Zhu, C.-H.; Zhang, Z.-H.; Xue, ].-P. Preparation and In Vitro Photodynamic Activity of
Glucosylated Zinc(II) Phthalocyanines as Underlying Targeting Photosensitizers. Molecules 2017, 22, 845.
[CrossRef]

Cooper, S.A.L.; Graepel, KW.; Steffens, R.C.; Dennis, D.G.; Cambroneo, G.A.; Wiggins, R.Q.; Ruppel, ].V.;
Snyder, N.L. Modular synthesis of silicon (IV) phthalocyanine conjugates bearing glycosylated axial ligands.
J. Porphyrins Phthalocyanines 2019, 23, 850-855. [CrossRef]

Béchle, F; Maichle-Mossmer, C.; Ziegler, T. Helical Self-Assembly of Optically Active Glycoconjugated
Phthalocyanine J-Aggregates. ChemPlusChem 2019, 84, 1081-1093. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s10854-018-0255-y
http://dx.doi.org/10.1142/S1088424619500688
http://dx.doi.org/10.1039/C5RA26034E
http://dx.doi.org/10.1016/j.saa.2014.12.070
http://dx.doi.org/10.1021/acsami.7b06353
http://dx.doi.org/10.1002/chem.201103516
http://dx.doi.org/10.1016/j.micromeso.2012.09.030
http://dx.doi.org/10.1016/j.talanta.2018.02.088
http://dx.doi.org/10.1016/j.molstruc.2017.01.088
http://dx.doi.org/10.3390/nano9081080
http://www.ncbi.nlm.nih.gov/pubmed/31357629
http://dx.doi.org/10.1016/j.tet.2014.03.091
http://dx.doi.org/10.3390/catal9060555
http://dx.doi.org/10.1016/j.electacta.2016.01.234
http://dx.doi.org/10.1021/acs.chemrev.5b00244
http://dx.doi.org/10.1080/15533174.2013.831891
http://dx.doi.org/10.1016/j.poly.2009.07.033
http://dx.doi.org/10.3390/molecules201018367
http://dx.doi.org/10.1016/j.tetlet.2015.05.065
http://dx.doi.org/10.3390/molecules22050845
http://dx.doi.org/10.1142/S1088424619500597
http://dx.doi.org/10.1002/cplu.201900381
http://www.ncbi.nlm.nih.gov/pubmed/31943966

Molecules 2020, 25, 1745 27 of 28

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Uruma, Y.; Sivasamy, L.; Yoong, PM.Y.; Onuma, K.; Omura, Y.; Doe, M.; Osaki, M.; Okada, F. Synthesis
and biological evaluation of glucose conjugated phthalocyanine as a second-generation photosensitizer.
Bioorg. Med. Chem. 2019, 27, 3279-3284. [CrossRef] [PubMed]

Lopez-Duarte, I.; Martinez-Diaz, M.V,; Schwartz, E.; Koepf, M.; Kouwer, PH.J.; Rowan, A.E.; Nolte, R.J.M.;
Torres, T. Postfunctionalization of Helical Polyisocyanopeptides with Phthalocyanine Chromophores by
“Click Chemistry”. ChemPlusChem 2012, 77, 700-706. [CrossRef]

Li, M.; Khoshdel, E.; Haddleton, D.M. Synthesis of water soluble PEGylated (copper) phthalocyanines via
Mitsunobu reaction and Cu(i)-catalysed azide-alkyne cycloaddition (CuAAC) “click” chemistry. Polym. Chem.
2013, 4, 4405-4411. [CrossRef]

Sen, B.N.; Mert, H.; Dinger, H.; Koca, A. Synthesis and characterization of terminalalkynyl-substituted
unsymmetrical zinc phthalocyanine conjugated with well-defined polymers. Dyes Pigments 2014, 100, 1-10.
[CrossRef]

Mert, H.; Dinger, H.; Caliskan, E.; Sen, B.N.; Giirsel, Y.H. Preparation of a new polymer-dispersed liquid
crystal film by using phthalocyanine-functional photocurable copolymer. J. Appl. Polym. Sci. 2015, 132.
[CrossRef]

Aimi, J.; Komura, M.; Iyoda, T.; Saeki, A.; Seki, S.; Takeuchi, M.; Nakanishi, T. Synthesis and self-assembly of
phthalocyanine-tethered block copolymers. . Mater. Chem. C 2015, 3, 2484-2490. [CrossRef]

Mayukh, M.; Lu, C.-W.; Hernandez, E.; McGrath, D.V. Peripheral Substitution of a Near-IR-Absorbing
Soluble Phthalocyanine Using “Click” Chemistry. Chem. Eur. J. 2011, 17, 8472-8478. [CrossRef]

Muli, D.K,; Carpenter, B.L.; Mayukh, M.; Ghiladi, R.A.; McGrath, D.V. Dendritic near-IR absorbing zinc
phthalocyanines for antimicrobial photodynamic therapy. Tetrahedron Lett. 2015, 56, 3541-3545. [CrossRef]
Dinger, H.; Mert, H.; Caliskan, E.; Atmaca, G.Y.; Erdogmus, A. Synthesis and photophysicochemical studies
of poly(ethylene glycol) conjugated symmetrical and asymmetrical zinc phthalocyanines. J. Mol. Struct.
2015, 1102, 190-196. [CrossRef]

Szuwarzynski, M.; Wolski, K.; Pomorska, A.; Uchacz, T.; Gut, A.; Lapok, L.; Zapotoczny, S. Photoactive
Surface-Grafted Polymer Brushes with Phthalocyanine Bridging Groups as an Advanced Architecture for
Light-Harvesting. Chem. Eur. ]. 2017, 23, 11239-11243. [CrossRef] [PubMed]

Siitctiler, Y.A.; Sevim, A.M.; Canak, T.C.; Serhatli, L.E.; Giil, A. A novel polystyrene with non-symmetrical
zinc phthalocyanines as terminal group. Dyes Pigments 2017, 144, 58—68. [CrossRef]

Quinton, D.; Antunes, E.; Griveau, S; Nyokong, T, Bedioui, F Cyclic voltammetry and
spectroelectrochemistry of a novel manganese phthalocyanine substituted with hexynyl groups.
Inorg. Chem. Commun. 2011, 14, 330-332. [CrossRef]

O’Donoghue, C.SJ.N.; Fomo, G.; Nyokong, T. Electrode Modification Using Alkyne Manganese
Phthalocyanine and Click Chemistry for Electrocatalysis. Electroanalysis 2016, 28, 3019-3027. [CrossRef]
O’Donoghue, C.S.J.N.; Shumba, M.; Nyokong, T. Electrode Modification through Click Chemistry Using
Ni and Co Alkyne Phthalocyanines for Electrocatalytic Detection of Hydrazine. Electroanalysis 2017,
29,1731-1740. [CrossRef]

Mwanza, D.; Mvango, S.; Khene, S.; Nyokong, T.; Mashazi, P. Exploiting Click Chemistry for the Covalent
Immobilization of Tetra (4-Propargyloxyphenoxy) Metallophthalocyanines onto Phenylazide-Grafted Gold
Surfaces. Electrochim. Acta 2017, 254, 89-100. [CrossRef]

Mpeta, L.S.; Fomo, G.; Nyokong, T. Click chemistry electrode modification using 4-ethynylbenzyl substituted
cobalt phthalocyanine for applications in electrocatalysis. J. Coord. Chem. 2018, 71, 1623-1638. [CrossRef]
Fomo, G.; Nwaji, N.; Nyokong, T. Low symmetric metallophthalocyanine modified electrode via click
chemistry for simultaneous detection of heavy metals. ]. Electroanal. Chem. 2018, 813, 58—66. [CrossRef]
Bankole, O.M.; Nyokong, T. Photophysical and nonlinear optical studies of tetraakynyl zincphthalocyanine
and its “clicked” analogue. J. Mol. Struct. 2015, 1089, 107-115. [CrossRef]

Ho, KH.L.; Jousselme, B.; Campidelli S. Synthesis and self-assembly properties of
fullerene/porphyrin-phthalocyanine and fullerene/bis-phthalocyanine triads. J. Porphyrins Phthalocyanines
2016, 20, 1142-1147. [CrossRef]

Le Ho, K.H.; Rivier, L.; Jousselme, B.; Jégou, P; Filoramo, A.; Campidelli, S. Zn-porphyrin/Zn-phthalocyanine
dendron for SWNT functionalisation. Chem. Commun. 2010, 46, 8731-8733. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.bmc.2019.06.005
http://www.ncbi.nlm.nih.gov/pubmed/31221608
http://dx.doi.org/10.1002/cplu.201200087
http://dx.doi.org/10.1039/c3py00609c
http://dx.doi.org/10.1016/j.dyepig.2013.07.018
http://dx.doi.org/10.1002/app.41574
http://dx.doi.org/10.1039/C4TC02778G
http://dx.doi.org/10.1002/chem.201001427
http://dx.doi.org/10.1016/j.tetlet.2015.01.076
http://dx.doi.org/10.1016/j.molstruc.2015.08.067
http://dx.doi.org/10.1002/chem.201702737
http://www.ncbi.nlm.nih.gov/pubmed/28644908
http://dx.doi.org/10.1016/j.dyepig.2017.05.013
http://dx.doi.org/10.1016/j.inoche.2010.11.029
http://dx.doi.org/10.1002/elan.201600379
http://dx.doi.org/10.1002/elan.201700084
http://dx.doi.org/10.1016/j.electacta.2017.09.115
http://dx.doi.org/10.1080/00958972.2018.1466118
http://dx.doi.org/10.1016/j.jelechem.2018.02.016
http://dx.doi.org/10.1016/j.molstruc.2015.01.048
http://dx.doi.org/10.1142/S1088424616500772
http://dx.doi.org/10.1039/c0cc02704a
http://www.ncbi.nlm.nih.gov/pubmed/20967386

Molecules 2020, 25, 1745 28 of 28

53.

54.

55.

56.

57.

Kus, E; Tasaltin, C.; Albakour, M.; Giirek, A.G.; Giirol, I. Macromolecular hexa-asymmetric zinc(Il)
phthalocyanines bearing triazole-modified triphenylene core: Synthesis, spectroscopy and analysis towards
volatile organic compounds on Surface Acoustic Wave devices. |. Porphyrins Phthalocyanines 2019, 23, 477-488.
[CrossRef]

Husain, A.; Ganesan, A.; Ghazal, B.; Durmus, M.; Zhang, X.-F; Makhseed, S. Dual-directional
alkyne-terminated macrocycles: Enroute to non-aggregating molecular platforms. Org. Chem. Front.
2019, 6, 3192-3204. [CrossRef]

Goktug, 0O.; Gol, C; Durmus, M. Synthesis of novel dimeric subphthalocyanines via azide-alkyne
Huisgen 1,3-dipolar cycloaddition and palladiumcatalyzed Glaser-Hay coupling reactions. J. Porphyrins
Phthalocyanines 2017, 21, 539-546. [CrossRef]

Kayal, H.; Ahmida, M.M.; Dufour, S.; Taing, H.; Eichhorn, S.H. Cross-linking of discotic tetraazaporphyrin
dyes in 2 and 3 dimensions by “click” chemistry. J. Mater. Chem. C 2013, 1, 7064-7072. [CrossRef]

Baygu, Y.; Yildiz, B.; Kabay, N.; Gok, Y. Novel magnesium and zinc porphyrazines containing galactose
moieties: Synthesis via click reaction and characterization. Inorg. Chem. Commun. 2016, 71, 35-40. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1142/S1088424619500342
http://dx.doi.org/10.1039/C9QO00695H
http://dx.doi.org/10.1142/S108842461750050X
http://dx.doi.org/10.1039/c3tc31588f
http://dx.doi.org/10.1016/j.inoche.2016.07.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Phthalocyanines in CuAAC Reactions 
	Phthalocyanines and New Carbon Nanomaterials 
	Phthalocyanine-Silica Nanoparticles 
	Phthalocyanine-Gold Nanoparticles 
	Phthalocyanine-Quantum Dots Hybrids 
	Phthalocyanine-Carbohydrate Conjugates 
	CuAAC Reactions Involving Phthalocyanines and Polymers 
	Phthalocyanines for the Development of New Electrodes 
	Click Chemistry as a Tool for New Architectures Based on Phthalocyanines 

	Subphthalocyanines 
	Porphyrazines 
	Final Remarks 
	References

