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SYNTHESIS OF BORON CONTAINING PHTHALOCYANINES

SUMMARY

Phthalocyanines, which is a kind of tetrapyrrole derivatives, constitute one of the
important topics for both basic science and applied studies in recent years. 2-
dimensional m-electron delocalization on phthalocyanines causes a large increase in
their rare physical properties, resulting in many different applications from industry
(batteries, inks) to medicine (BNCT, PDT). In recent years, the use of asymmetric or
low-symmetry phthalocyanines, which are named in this way due to the difference of
the substituted groups in the peripheral and non- peripheral position, in areas such as
nonlinear optics (NLO), PDT, BNCT has led to intense research on this subject.

The lack of solubility of Pcs without substituents in common solvents prevents the
investigation of the properties of them and their use for different applications.
Therefore, the most important goal of research has been to obtain soluble products.

Phthalocyanines (Pc) and their metal complexes (MPc) can be readily modified by
adding metal atoms to the central space and various groups on the peripheral and
nonperipheral positions. Thus, they offer a wide range of uses from molecular science
to medicine. The low solubility of phthalocyanine derivatives in water makes the
purification and characterization stages difficult and provides disadvantages in
biological applications. The inability of phthalacyanins to show high affinity to tumor
cells due to their lipophilic properties necessitates the synthesis of their water-soluble
derivatives.

Although many procedures were discovered for the preparation of symmetric
substituted Pcs, a few procedures can be used to synthesize asymmetric Pcs. These
methods also differ according to the type of product targeted for synthesis. For the
synthesis of AsB type asymmetric phthalocyanine containing two different
substituents, the most applicable method is the cyclotetramerization of the starting
materials containing these substituents. The most important problem in this procedure
Is the difficulty in separating the targeted Pcs from the isomer mixture that has exactly
similar physicochemical properties. Although the widely used statistical condensation
method is not a selective synthesis method for the target Pc, the yield of the desired
asymmetric compound can be increased with the proportional change of the starting
materials.

BNCT, developed by taking advantage of boron properties, is a two parts cancer
treatment method. The first of these parts is the stable boron isotope (‘°B)
accumulating in tumor cells and the second is the low-energy neutron source. In this
treatment method, non-radioactive 1°B atoms are bombarded with thermal neutrons to
form a high-energy a particle and an B isotope that breaks down into lithium ion.
Research on BNCT has shown that high boron-containing compounds selectively
accumulate in tumor cells, so the focus has been on the synthesis of these agents.
Carboranes are rich in boron atoms as well as their characteristic features, which
allows them to be used in BNCT applications.
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Compounds in which polyhedral boron structures are covalently bonded to metal
phthalocyanines are potential products that can be used in areas such as PDT and
BNCT. While examples of porphyrins containing polyhedral boron are frequently
encountered in the literature, phthalocyanine derivatives are limited to a small number
of examples. Generally, two methods are used in the preparation of carborane
containing phthalocyanines. In the first method, after the phthalocyanine synthesis is
completed, the carborane unit is attached to the structure, while in the second method,
phthalocyanine synthesis is carried out based on the phthalonitrile derivative
containing carborane.

Within the scope of this thesis, it is aimed to investigate the synthesis, characterization,
and properties of carborane groups that have the potential to be used in BNCT and
asymmetrical phthalocyanines substituted with groups that provide solubility and
interaction with target cells.

The studies consist of four parts. The first part covers the synthesis of phthalonitrile
derivatives and carborane derivatives as starting materials, while the second part
covers the synthesis of new unsymmetrical metal-free and metallophthalocyanines
with an AsB-type structure as a result of cyclotetramerization of dinitrile derivatives
by statistical condensation method. The third part includes the preparation of
phthalocyanine derivatives functionalized with carborane and metallocarborane
groups and in the last part, electrochemical studies of some selected compounds are
displayed.

In the first part, phthalonitriles which are starting molecules in the synthesis of the
targeted phthalocyanine compounds are 4,5 di(hexylthio) phthalonitrile (1), 4 - [(2-
hydroxyethyl) thio] phthalonitrile (2), 4- [3- (diethylamino) phenoxy] phthalonitrile
(3) and cobaltocarborane compound which is a metallocarborane derivative with
oxonium functional group was synthesized, and their structures were defined by
spectrometric techniques and elemental analysis.

In the second part, for the synthesis of unsymmetrical metal-free and metallo
phthalocyanine derivatives, it was firstly started with the synthesis of two AsB type
hexylthio-hydroxyethylthio  (7) and  diethylaminophenoxy-hydroxyethylthio
substituted (10) unsymmetrical metal-free phthalocyanines, continued with multi-step
reaction sequences and the structures were elucidated with spectroscopic methods. In
the preparation of unsymmetrical metal-free Pc 7, primarily dilithium phthalocyanine
was prepared by lithium template cyclotetramerization of hexylthio and
hydroxyethylthio substituted phthalonitriles. After that, dilithium phthalocyanine was
acidified with acetic acid to transform into metal-free phthalocyanine Pc 7. Column
chromatography was used for the isolation of the product in 26% yield. Metallo
phthalocyanine Pc 8 was prepared by refluxing Pc 7 in 1-pentanol with zinc(I1) acetate
under N2 atmosphere (94% yield). Newly synthesized phthalocyanine derivatives Pc 7
and Pc 8 were characterized by their spectral data and elemental analysis. Also,
aggregation behavior of Pc 7 and Pc 8 was analyzed at different concentrations in
chloroform. According to these results, Pc 7 and Pc 8 have monomeric structure and
obey the Beer-Lambert law in this concentration range.

Similarly, Pc 10 was prepared by cyclotetramerization of diethylaminophenoxy
substituted phthalonitrile and hydroxyethylthio substituted phthalonitrile in 1-
pentanol. Pc 11 was obtained by refluxing Pc 10 in dry pentanol with Zinc(ll) acetate
under N2 atmosphere. As a result, Pc 10 and Pc 11 were obtained in 21% and 89%
yield, respectively.
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Steglich esterification is a general method of preparation of ester functional group
under very mild conditions. By using this method, esterification of Pc 9 and Pc 13 was
achieved by reacting the 4-pentynoic acid with Pc 8 and Pc 11 in the presence of DCC
and DMAP. The urea derivatives formed during the reaction were easily removed by
precipitation and column chromatography. Pc 9 and Pc 13 were obtained in 60% and
67% yield, respectively.

Different methodologies to synthesize carborane containing phthalocyanines have
been reported. One of them is the decaborane insertion to alkynyl units of the
phthalocyanine derivatives. Therefore, Pc 12 including terminal alkynyl group was
obtained from the reaction of propargyl bromide and Pc 11 with NaH in toluene. The
purity of the Pc 12 was verified by spectroscopic and elemental analyses.

In the third part, phthalocyanine derivatives 14 and 15 were synthesized by covalently
linking the carborane units to unsymmetrically alkynyl substituted phthalocyanine
complexes. Decaborane insertion to Pc 14 was carried out by reaction of Pc 9 and
decaborane in a mixture of dry C>HsN and dry C7Hs. By using the same method, Pc
15 containing mono o-carboranyl unit was prepared in 68% yield. Characterization of
the products was carried out by elemental and spectral analysis, and mass
spectroscopy. Spectral analyses for novel phthalocyanines were compatible with the
targeted structures.

One of the most important necessity for BNCT agents is the water solubility of the
synthesized compounds. For this purpose, tricationic water soluble Pc 16 was obtained
by quaternarization of diethylamino substituted Pc 15. The reaction was carried out by
heating Pc 15 with methyl iodide for 2 days in chloroform at 50 ° C in 84% yield. The
characterization and purity of the resulting water-soluble compound has been
demonstrated by techniques including *H NMR, B NMR and UV-Vis.

In addition, in this part, molecules bearing the "cobaltocarborane” group, which have
similar properties to carborane but allow more boron atoms to be loaded in a single
molecule, were also  synthesized. Cobaltacarborane  functionalized
metallophthalocyanine complexes Pc 17 and Pc 18 were prepared from Pc 8 and Pc
11. In these reactions, hydroxyl groups in Pc 8 and Pc 11 attacked to the oxonium units
of cobalt bis(dicarbollide). AsB-type Pc 17 and Pc 18 were purified by using DCM as
mobile phase with 52% and 73% yields, respectively.

Electrochemistry provides important information on the redox behavior of
phthalocyanine and carborane compounds. Lastly, the electrochemical properties of
newly synthesized unsymmetrical phthalocyanine 8, 9, 14 and 17 were reported. The
reduction and oxidation potentials of phthalocyanine complexes were studied by CV
and SWV in dichloromethane using TBAP as supporting electrolyte system and
platinum working electrode.

Consequently, within the scope of this doctoral thesis, the synthesis, characterization
and research of the electrochemical features of phthalocyanine derivatives containing
the substituent groups that provide both interaction with target cells and solubility in
organic solvents and water and carborane units required for BNCT were carried out.
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BOR ICEREN FTALOSIYANINLERIN SENTEZi

OZET

Bir ¢esit tetrapirol tiirevi olan ftalosiyaninler, son yillarda hem temel bilimler hem de
uygulamali ¢alismalar i¢in 6nemli konulardan birini olusturmaktadir. Ftalosiyaninler
tizerindeki 2-boyutlu =w-elektron delokalizasyonu ve ender fiziksel ozellikleri
sayesinde endiistriden (piller, boyalar) tibba (BNCT, PDT) kadar bir ¢ok farkl
uygulama ile karsimiza c¢ikmaktadir. Son yillarda periferik ve non-periferik
konumlarda stibstitiie edilmis gruplarin farkliligindan dolay1 asimetrik veya diisiik
simetrili ftalosiyaninler olarak isimlendirilen ftalosiyanin tiirevlerinin lineer olmayan
optik (NLO), PDT, BNCT gibi alanlarda yogun arastirmalara yol agmustir.

Siibstitiient icermeyen ftalosiyaninlerin yaygin olarak kullanilan ¢6ziiciilerde
¢Oziiniirligliniin diisiik olmasi, bu bilesiklerin 6zelliklerinin incelenmesini ve farkli
uygulama alanlarinda kullanilmalarini engellemektedir. Bu nedenle arastirmalarin en
Oonemli hedefi ¢Oziiniir tirlinler elde etmek olmustur.

Ftalosiyaninler (Pc) ve bunlarin metal kompleksleri (MPc), merkez bosluga farkli
metal iyonlarinin, periferal ve non-periferal pozisyonlara ise gesitli siibstitiientlerin
eklenmesiyle kolayca modifiye edilebilirler. Boylece, molekiiler bilimden tibba kadar
genis bir kullanim alan1 sunmaktadirlar. Ftalosiyanin tiirevlerinin sudaki
¢oOziiniirliiklerinin  diisiik olmas1 saflastirma ve karakterizasyon agsamalarini
zorlastirirken biyolojik uygulamalarda da dezavantaj saglamaktadir. Lipofilik
oOzellikleri nedeniyle ftalasiyaninlerin tiimorlii hiicreye yliksek afinite gdsterememesi
suda ¢Oziiniir tiirevlerinin sentezini zorunlu kilmaktadir.

Simetrik siibstitiie ftalosiyaninlerin hazirlanmasi igin bir ¢ok prosediir kesfedilmis
olmasma ragmen, asimetrik ftalosiyaninlerin sentezi ic¢in bir ka¢ yoOntem
uygulanabilmektedir. Bu sentez metotlar1 Ssentezi amaglanan iriin tiirline gore de
farklilasmaktadir. AsB tipi diisiik simetrili ftalosiyanin eldesi i¢cin en uygulanabilir
metot bu siibstitiientleri igeren baslangi¢ molekiillerinin siklotetramerisasyonudur. Bu
metottaki en Onemli sorun, hedeflenen ftalosiyaninlerin tamamen benzer
fizikokimyasal ozelliklere sahip izomer karigimindan ayrilmasindaki zorluktur.
Yaygin olarak kullanilan istatistiksel kondenzasyon yontemi hedef ftalosiyanin icin
seciCl bir sentez yontemi olmamasina ragmen, istenen asimetrik bilesigin verimi
baslangi¢ maddelerinin orantili degisimi ile arttirilabilir.

Borun 6zelliklerinden yararlanilarak gelistirilen bor nétron yakalama terapisi (BNCT)
iki bilesenli bir kanser tedavi yontemidir. Bu bilesenlerden birincisi timor
hiicrelerinde biriken kararli bor izotopu (‘°B) ikincisi ise diisiik enerjili nétron
kaynagidir. Bu tedavi yonteminde radyoaktif 6zellik gdstermeyen °B atomu termal
ndtron ile bombardiman edilerek yiiksek enerjili o parcacigi ve lityum iyonuna
pargalanan B izotopu olusturulmaktadir. BNCT hakkinda yapilan ¢alismalar fazla
miktarda bor igeren molekiillerin kanser hiicrelerinde secici olarak biriktigini
gosterdiginden bu 6zellikteki ajanlarin sentezi {izerinde odaklanmistir. Karboranlar,
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BNCT uygulamalarinda kullanilmalarina olanak saglayan yiiksek termal ve kimyasal
kararliliklarinin yani sira bor atomlar1 bakimindan da zengindir.

Polihedral bor kafes yapilarinin metalli ftalosiyaninlere kovalent baglarla bagli oldugu
bilesikler fotodinamik terapi (PDT) ve bor noétron yakalama terapisi (BNCT) gibi
alanlarda kullanilabilecek potansiyel iirlinlerdir. Polihedral bor igeren porfirin
orneklerine literatiirde siklikla rastlanirken ftalosiyanin tiirevleri az sayida ornekle
smirhidir.  Karboran siibstitiie ftalosiyanin sentezinde genellikle iki ydntem
kullanilmaktadir. Birinci yOntemde ftalosiyanin sentezi tamamlandiktan sonra
karboran iinitesi yapiya baglanirken, ikinci yontemde ise karboran igeren ftalonitril
tiirevinden yola ¢ikilarak ftalosiyanin sentezi gergeklestirilmektedir.

Bu tez kapsaminda BNCT’de kullanilma potansiyeline sahip karboran gruplar ile
¢Ozlinlirligli ve hedef hiicrelerle etkilesimi saglayan gruplarla siibstitiie edilmis
simetrik olmayan ftalosiyaninlerin sentezi, karakterizasyonu ve o0zelliklerinin
incelenmesi amag¢lanmustir.

Yapilan caligmalar dort kisimdan olusmaktadir. Birinci kisim baslangic maddeleri
olarak kullanilacak ftalonitril tiirevleri ve karboran tiirevlerinin sentezini, ikinci kisim
dinitril tiirevlerinin istatistiksel kondenzasyon yontemi ile siklotetramerizasyonu
sonucu AsB yapisindaki simetrik olmayan yeni metalli ve metalsiz ftalosiyaninlerin
sentezini igermektedir. Uciincii kistm da, karboran ve metallokarboran gruplari ile
fonksiyonlastirilmis tiirevlerinin hazirlanmasi son asamada ise se¢ilen bazi bilesiklerin
elektrokimyasal ¢alismalari gosterilmistir.

[k kistmda hedeflenen ftalosiyanin bilesiklerinin sentezinde baslangi¢ maddesi olarak
kullanilacak olan 4,5 di(hekziltiyo) ftalonitril (1), 4-[(2-hidroksietil) tiyo] ftalonitril
(2) ve 4-[3-(dietilamino) fenoksi] ftalonitril (3) tiirevleri ile 0-karborandan baslayarak
bir metallokarboran tiirevi olan oksonyum fonksiyonel grubuna sahip kobaltokarboran
bilesigi sentezlenmis, tiim yapilar spektroskopik tekniklerle ve elementel analizi ile
tanimlanmaistir.

Ikinci kistmda, simetrik olmayan metalsiz ve metalli ftalosiyanin tiirevlerinin sentezi
icin Oncelikle hekziltiyo-hidroksietiltiyo siibstitie (7) ve dietilaminofenoksi-
hidroksietiltiyo siibstitiie (10) olmak {izere iki A3B tipi asimetrik metalsiz ftalosiyanin
sentezi ile baslanmis, c¢ok asamali reaksiyon dizileri ile devam edilmis ve
spektroskopik yontemlerle yapilar aydinlatilmistir. Asimetrik metal igermeyen
ftalosiyanin tiirevi 7 nolu bilesigin sentezinde, Oncelikle dilityum ftalosiyanin,
heksiltiyo ~ ve  hidroksietiltiyo  siibstitiie  ftalonitrillerin  lityum  etkili
siklotetramerizasyonu ile hazirlandi. Daha sonra, dilityum ftalosiyanin asetik asit ile
asitlendirilerek metal icermeyen ftalosiyanin 7'ye déniistiiriildii. Uriiniin %26 verimle
izolasyonu i¢in kolon kromatografisi kullanildi. Pc 7'nin 1-pentanol i¢inde ¢inko (II)
asetat varhiginda N> atmosferi altinda reflux edilmesiyle %94 verimle metalli
ftalosiyanin Pc 8 hazirlandi. Yeni sentezlenen ftalosiyanin tiirevleri 7 ve 8, spektral
veriler ve element analiz ile karakterize edildi. Ayrica 7 ve 8'in agregasyon davranisi
kloroformda farkli konsantrasyonlarda incelenmistir. Bu sonuclara goére, 7 ve 8
monomerik yapidadir ve bu konsantrasyon araliginda Beer-Lambert yasasina
uymaktadir.

Benzer sekilde 10 nolu bilesik dietilaminofenoksi ve hidroksietiltiyo siibstitiie
ftalonitrillerin  1-pentanol i¢inde siklotetramerizasyonu ile hazirlanmistir. Pc 10'un
azot atmosferi altinda Zn(CH3COQ), varliginda kuru pentanol iginde reflux
edilmesiyle Pc 11 elde edildi. Sonugta, Pc 10 ve Pc 11 sirastyla %21 ve %89 verimle
elde edildi.
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Steglich esterifikasyon, yumusak kosullar altinda ester fonksiyonel grubun
hazirlanmasina yonelik genel bir yontemdir. Bu yontem kullanilarak Pc 9 ve Pc 13
esterlesmesi, disikloheksilkarbodiimid (DCC) / N, N dimetilaminopiridin (DMAP)
varliginda 4-pentinoik asidin Pc 8 ve Pc 11 ile reaksiyona sokulmasiyla saglanmustir.
Reaksiyon sirasinda olusan tire tiirevleri, ¢oktiirme ve kolon kromatografisi yontemleri
ile kolayca uzaklastirildi. Pc 9 ve Pc 13 sirasiyla %60 ve %67 verimle elde edildi.

Karboran siibstitiie ftalosiyaninleri sentezlemek i¢in farkli stratejiler bildirilmistir ve
bunlardan biri de ftalosiyanin tiirevlerinin alkinil birimlerine dekaboran eklemesidir.
Bu nedenle, propargil bromiir ve Pc 11'in toluen igerisinde sodyum hidriir varliginda
reaksiyonundan terminal alkinil grubu igeren Pc 12 %80 verimle elde edilmistir. Yeni
sentezlenen Pc 12’nin safligi, elementel ve spektroskopik analizlerle dogrulanmstir.

Calismanin ticilincii kisimda, karboran birimleri, asimetrik olarak siibstitiie edilmis
ftalosiyanin komplekslerine kovalent olarak baglanarak 14 ve 15 nolu ftalosiyanin
turevleri sentezlendi. Pc 14'e dekaboran eklenmesi, Pc 9 ve dekaboranin kuru
asetonitril ve kuru toluen karigimi i¢inde reaksiyonuyla gerceklestirildi. Ayn1 yontem
kullanilarak mono 0-karboranil iinitesi iceren Pc 15 %68 verimle hazirlandi. Uriinlerin
karakterizasyonu, elementel analiz, spektroskopik yontemler ve kiitle spektroskopisi
ile yapilmaktadir. Tiim yeni iriinler igin spektral aragtirmalar, hedeflenen yapilarla
tutarlidir.

BNCT ajanlar1 i¢in 6nemli gerekliliklerden biri de sentezlenen bilesiklerin suda
¢ozintrlikleridir. Bu amagla, dietilamino siibstitiie Pc 15’in kuaternerizasyonu ile
trikatyonik suda ¢oziiniir Pc 16 elde edildi. Reaksiyon Pc 15’in metil iyodiir ile 2 giin
boyunca karanlik ortamda kloroform igerisinde 50 °C’ye 1sitilmasiyla %84 verimle
gerceklestirildi. Elde edilen suda ¢oziiniir bilesigin karakterizasyonu ve safligi *H NMR,
1B NMR ve UV-Vis gibi ¢esitli karakterizasyon teknikleri ile dogrulanmustir.

Ayrica ¢aligmanin bu asamasinda karborana benzer 6zellikler gdsteren ancak tek bir
molekiilde daha fazla bor atomu yiiklenmesine imkan veren “kobaltokarboran” grubu
tastyan molekiiller de sentezlenmistir. Kobaltakarboran ile fonksiyonellestirilmis
metaloftalosiyanin kompleksleri Pc 17 ve Pc 18, kobalt bis (dikarbollid) oksonyum
tirevinin halka agma reaksiyonu yoluyla ftalosiyanindeki hidroksil grubunun
niikleofilik saldirisi ile Pc 8 ve Pc 11 'den hazirlanmistir. A3B tipi Pc 17 ve Pc 18
yiiriitiicli olarak DCM kullanilarak saflastirilmis ve sirasiyla %52 ve %73 verimle elde
edilmistir.

Elektrokimya ftalosiyanin ve karboran bilesiklerinin redoks davranist hakkinda 6nemli
bilgiler vermektedir. Calismanin son asamasinda, yeni sentezlenen asimetrik
ftalosiyanin tiirevlerinden 8, 9, 14 ve 17’nin elektrokimyasal ozellikleri rapor
edilmistir. Ftalosiyanin komplekslerinin indirgenme ve oksidasyon potansiyelleri,
diklorometan i¢inde destekleyici elektrolit sistemi olarak tetrabutilamonyum perklorat
(TBAP) ve calisma elektrotu olarak platin kullanilarak dongiisel voltametri (CV) ve
kare dalga voltametri (SWV) ile caligilmistir.

Sonug olarak bu doktora tezi kapsaminda, hem hedef hiicrelerle etkilesmeyi hem de
organik ¢oziiciilerde ve suda ¢oziinilirliigli saglayacak siibstitiient gruplar1 ile BNCT
icin gereken karboran birimlerini birlikte iceren ftalosiyanin tiirevlerinin sentezi,
karakterizasyonu ve elektrokimyasal 6zelliklerinin incelenmesi gerceklestirilmistir.
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1. INTRODUCTION

1.1 History and Structure of Phthalocyanines

First time, the term ‘phthalocyanine’ was used in 1933 by Professor P. Linstead
(Figure 1.1) (Linstead, 1934). The word ‘phthalocyanine’ is derived from naphta (rock
oil) and cyanine (dark blue).
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Figure 1.1 : Phthalocyanine.

The phthalocyanine class compounds are separated into two groups, namely metallo
and metal-free phthalocyanines. Several thousands of different phthalocyanines have
been synthesized by changing the two atoms of the phthalocyanine derivative with

many metal atoms of the Periodic Table.

Phthalocyanines, which are an important class of organic materials, were discovered
by accident. In the beginning of 1900s, Braun and Tscherniac serendipitously obtained
first metal free phthalocyanine from o-cyanobenzamide as unidentified blue
compound (Figure 1.2) (Braun et al., 1907).

0]

NH, A
4 — > Phthalocyanine + 4H,0
CN

Figure 1.2 : Accidental discovery of metal free phthalocyanine from o-
cyanobenzamide.



In a similar way, de Diesbach and von der Weid tried to synthesize dicyanobenzene
by the reaction of CeH4Br> with CuCN in CsHsN. After the reaction, instead of dinitrile
derivative, a blue product was obtained in 23% yield with C26H1sNsCu formula (Figure
1.3) (Diesbach et al., 1927).

Br 200 °C
+ 2CuUCN @ —— 3
Br 8h

in pyridine

Figure 1.3 : Accidental discovery of metallophthalocyanine from o-
dibromobenzene.

In 1928, a blue impurity was attained from phthalimide which reacted with the iron
lining in the glass-lined iron kettle by accident (Dandridge et al., 1929). The obtained
compound was treated with H2SO4 in an attempt to examine the stability and it was
seen that iron metal was not taken out. When the crude compound was examined,
results indicated that it involved C, 62; H, 3; N, 19; and Fe, 13 per cent. So it meant
that the ratio of carbon to nitrogen was 4 to 1 and two nitrogen atoms were boned with
a phthalic residue. As to these experimental results, it was seen that blue sample had
an isoindole unit (CgH7N) (Linstead, 1934). In 1934, a bright blue compound was
prepared in 40% yield from o-cyanobenzamide and magnesium at 240-250 °C with
C32H2002NsMg or (CsHaN2)a Mg.2H,0 formulas (Figure 1.4) (Dent et al., 1934).

O

NH,
©\)Ct T Mg —=  (CgHyNp;Mg.2H,0 + 2H,0

Figure 1.4 : Synthesis of magnesium phthalocyanine from o-cyanobenzamide.

When the blue solid was treated with cold concentrated H.SO4 or hot concentrated
HCI, contrary to iron compound, magnesium metal was isolated from the structure.
Magnesium and iron compounds undoubtedly were phthalocyanine but differed in

their stability against to acids.

Prior to the end of the 1930s, the structure of these substances could not be clarified

by researchers. In 1929, Imperial Chemical Industries (ICI) granted Reginald P.



Linstead to elucidate the formation of these substances. Linstead and his students
prepared a range of papers that identified the structure of them and described the
synthesis of novel metal compounds (Byrne et al., 1934; Dent et al., 1934; Linstead et
al., 1934).

For the first time, Linstead used the name phthalocyanine in 1933, to identify totally
synthetic compounds which resemble the naturally occurring porphyrins. Elemental
analysis, ebullioscopy and oxidative degradation was used to clarify the molecular
structure of phthalocyanine. Afterwards, in addition to chemical analysis, Robertson

affirmed the exact structure via X-ray analysis (Robertson, 1935-1937; Fox, 1987).

Since the accidental discovery in the early 1900s, phthalocyanines widely used as
coloring material due to their high stability, good color properties, and relatively low
cost. In 1935, copper phthalocyanine that was named Monastral fast blue was started
to produce as colorant at the Imperial Chemical Industries. Moreover, in 1936 1. G.
Farbenindustrie and in the end of 1930's the DuPont Company started to manufacture
copper phthalocyanine. Preliminary production method of phthalocyanines was
improved by Wyler and it is still the most common process for industrial-scale
manufacture of phthalocyanine dyes and pigments. In this method, phthalic anhydride
and metal salt are heated in molten urea using ammonium molybdate as catalyst (Fox,
1987). In the 1950s and 1960s, sulfonated water-soluble phthalocyanine dyes and

reactive dyes were widely used in textile industry as colorants.

The results of comparative experiments proved that unlike o-phthalonitrile,
terephthalonitrile (1), homophthalonitrile (1), o-xylylene dicyanide (IlI), o-
cyanocinnamonitrile (1V), and 2,2'- diphenonitrile (V) reagents did not give the same
phthalocyanine products under the similar reaction conditions (Figure 1.5) (Robertson,
1935).
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Figure 1.5 : Other dinitrile derivatives.



According to these experiments, the two -C=N groups forming the skeleton of
phthalocyanine should be attached to adjacent carbon atoms in aromatic structure and
no other saturated atom or aromatic unit should be placed between the nitrile groups
and the aromatic core. The available evidence is strongly in favor of the isoindole
formula. Monoiminophthalimide (VI), and 1, 3-diiminoisoindoline (VII) which are

contain the isoindole units, are the phthalocyanine precursors (Figure 1.6).

0 NH
NH NH
(VD VIl

Figure 1.6 : Isoindole derivatives.

It is clear that only one isoindole unit cannot provide the intense color of
phthalocyanines. The further investigations which are made for both free and metallic
phthalocyanines, prove that they have four C unit formula. The attachment of these
isoindole units to one another in order to obtain strong colors will be through extra
cyclic nitrogen atoms. These four Cg components can be organized into a chain
structure (V1) or ring structures (IX) and (X) with (CgHsN2)s, (CsHaN2)sH2 and

Cz2H1sNg formulas, respectively (Figure 1.7).
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Figure 1.7 : Chain structure (VI11I) and ring structures (1X), (X).

Z=

Structure (X) does not have imino-hydrogen and all the aromatic rings are benzenoid
structure; structure (1X) are slightly different in concerning with the attachment of the
metal on the derivatives. Copper atom, in the structure (XI) which is the form of a
metallo derivative of structure (IX) displaced two hydrogen atoms and bonds by

covalencies to the nitrogen atoms of the two isoindole units and also is coordinated



with the other two nitrogen atoms. In addition, in the structure (XII), the metal is
attached to the nitrogen atoms by coordination bonds (Figure 1.8).
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Figure 1.8 : Copper phthalocyanines.

Some experiments have proved that the formulas (XIV) and (XVI) are preferred
structures for phthalocyanines. The stability of copper phthalocyanine in the vapor
phase at around 600 °C cannot be achieved if the metal atom was held only by co-
ordinate bonds. Besides, the presence of oxidizable hydrogen atoms in the metal free
phthalocyanines and its absence in the metallophthalocyanines shows that bivalent
metal atom replaces with hydrogen atoms and bond by covalent bonds (Robertson,
1935).

Fully synthetic phthalocyanines can be prepared from phthalonitriles and metal atoms.
Especially 90% of copper phthalocyanines produced are used as pigments. Around
8x10’ kg of phthalocyanines are produced every year around the world. 40% of them
are used as printing inks, 30% are paints, 20% coloring plastics and 10% are color
filters for LCD and TFT (Erk et al., 2003). In addition to them, phthalocyanine
derivatives are used as catalysts, as organic semiconductors, as organic LED, as
photovoltaics, as liquid crystalline, as photo active element in photo copiers, as photo
sensitizers and for photo dynamic cancer therapy (Sorokin, 2013; Blochwitz et al.,
1998; Bottari et al., 2010; Ayhan et al., 2009; Gregory, 2000).



1.2 Properties of Phthalocyanines

1.2.1 Physical and chemical properties

Phthalocyanine derivatives are widely utilized materials in various applications
(Figure 1.9). Their widespread usage derives from their unique chemical and physical
properties. Phthalocyanine macrocycle has a central cavity which can accommodate
more than 60 different metal ions (metal-phthalocyanine (M-Pc)) and hydrogen atoms
(metal-free phthalocyanine (H2Pc)) (Sakamoto et al., 2009).

In terms of surface chemistry, phthalocyanines are more remarkable than other organic
molecules. The planar structure of the phthalocyanines, ligand functionality, stability
and reactivity are some of the important properties.

Photodynamic therapy Optical disks

Photovoltalic

Phot{:conductivityﬁ_ Conductivity

Figure 1.9 : Various applications of phthalocyanine derivatives.

Reactivity, electronic and magnetic properties of phthalocyanines can be different
from according to metal atoms. Structural changes in the phthalocyanine macrocycle
and different substituents in the peripheral substituents give them various features.
When a wide variety of metal complexes come together with different substituents,
supramolecular adjustments, and axial ligands, a tremendous diversity arises. The
coordination chemistry of phthalocyanine derivatives is derived from the ability of
phthalocyanines to complex with various elements in the periodic table (Figure 1.10)
(Buchler, 1975).
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Figure 1.10 : The elements that form complexes with phthalocyanines.

Similar to porphyrins, the phthalocyanine derivatives are also completely conjugated
planar sysytems and exhibit the same -NH- tautomerism (Figure 1.11) (Woéhrle et al.,
1989).

Figure 1.11 : Porphin (2HP).

Figure 1.11 also shows that, 18 & electron pathway on the cyclic polyene ring and
tautomerism results in intramolecular double-proton transfer. According to IUPAC
nomenclature, 2,3,7,8,12,13,17 and 18 positions are B-positions; 1,4,6,9,11,14,16 and
19 are a-positions and 5,10,15 and 20 are meso-positions on the Porphin ring.
Phthalocyanines contain extended conjugated z system that gives them strong light
absorption properties in the UV-Vis area. Phthalocyanine derivatives with high photo
stability and easy availability, are the most important organic colorants (Dini et al.,
2003). Phthalocyanines, which are thermally stable, undergo sublimation at 500-800
K.



The most important reactions seen in phthalocyanines with such a balanced electronic
configuration are the redox reactions that hydrogen atoms carry out with suitable
reducing / oxidizing agents.

The diversity of shapes and sizes of PCs depends on three different effects: (1) disk
shaped macrocyclic structure, (2) size of central metal atom and, (3) valence state
thereof. The geometry of the unsubstituted Pc ring is Ds» and many metal atoms with
ion radii ranging from 50 to 150 pm can be coordinated by the Pc ring inside the central
cavity. This diversity results in various different geometries in the metallo
phthalocyanine complexes. Oxidation state of Pc is -2. However, when the
phthalocyanine is coordinated with the metal atom having a different oxidation state
from +2, atomic aggregate MX, is occured. From Figure 2.2 it can be seen that the
oxidation state of the central atom ranges from + 1 (H, Li, Na, K) to + 5 (Mo, Ta, W,
Re). The richness of the molecular structures of the complexes of general formula
PcMmXn is partially shown in Figure 1.12.




Figure 1.12 : PcMmXn molecules having M in various possible oxidation states [+1
in (9); +21in (), (b); +3in (c), (h); +4in (c), (d), (e), (f), (i); +5in (c) and (I)].

In the PcM2 structure, which contains monovalent metal atoms in the center, such as
PcLi2 and PcHa, the metal atoms are coordinated by 4 pyrroline rings (Figure 1.12 (a)).
In the PcTI2 structure, one metal atom is located above the phthalocyanine ring and
other one is located under the ring (Figure 1.12 (g)). The PcM complexes are found in
structure a or b in Figure 1.12, based on the magnitude of the divalent metal atom.
While divalent central atoms like Beryllium, Magnesium, Chromium, Manganese,
Iron, Cobalt, Nickel, Copper, Zinc give PcM complexes while larger divalent central
atoms like Pb or Pt can give complexes with quasi-pyramidal geometry (Fielding et
al., 1965). Trivalent metal atoms are coordinated with the ligand X to form Pc
complexes with pyramidal geometry. PCAIF, PcGaCl and PcInCl are the most common
examples with such a pyramidal geometry. Sandwiched type phthalocyanines are
obtained with trivalent metal atoms and in the absence of ligand X (Figure 1.12 (h))
(Janczak et al., 1999).

First time, the crystal structures of Pc’s were listed by Moser and Thomas in 1983
(Moser et al., 1983). These structures were named as a-, -, y-, 6-, &-, u-, X-, and R-
forms. Later, n-, p-, t-, and Y-forms were also defined.

The phthalocyanine molecules shown in Figure 1.12 are usually found in monoclinic,
triclinic and orthorhombic crystal structures in space. In the following examples

attempted to explain the crystal structures that might be interesting.



The orientations of Pc molecules in the monoclinic crystals of PcHz, PcPb and PcTiO
and their different forms are shown respectively in Figures 1.13-1.15.

It was observed that in both monoclinic p-form and X-form, adjacent PcH>
macrocycles slightly slipped eachother and directed perpendicular to the macrocyclic

plane (Hammond et al., 1996).

(a) 6 < (b)

Figure 1.13 : Monoclinic (a) g-form and (b) X-form of PcHo.

In the X-form of PcH> the inter-ring distance is higher than g-form. In that case, it is
expected that electronic transport will be more efficient in s-form.
In monoclinic PcPb, macrocycles are oriented parallel to ring plane like a stacked

structure (Figure 1.14).

v
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Figure 1.14 : Monoclinic PcPb viewed (a) through a section parallel to the c-axis
and (b) along the c-axis.

The concave shape of PcPb forms by reason of the fact that Pb atoms are positioned
outside the plane instead of the macrocyclic plane. This structure gives anisotropic
character of the electroconductive properties to PcPb (Ukei, 1976).

PcTiO has a monoclinic structure by having the coordinated central metal with an axial
substituent (Figure 1.15). The existence of the axial substituent on the central metal

prevents adjacent PcTiO molecules to arrange in a stacked structure.
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Figure 1.15 : Spatial arrangement of PcTiO molecules.

PcTiO molecule has square pyramidal structure and in the monoclinic structure, Pc
rings observed parallel to the crystallographic ab plane. The pyramid vertices
constituted by the O atoms are perpendicularly to the macrocycle rings. The Ti=O
bonds are approximately parallel to the c direction. The ensemble of parallel Ti=O
bonds belonging to side-sharing Pc rings form a layer which is upward and downward.
By structure, PcTiO can resemble the structure of a Langmuir-Blodgett film whose

chemical-physical properties are periodically stratified (Cook, 1999).

Many Pc-based materials such as PC3zBi2, PcSn, PcTiCly, PcTiO in phase 11, PcGaOH,
PcAICI, PcTaCl crystallize with triclinic symmetry. The orientations of Pc molecules
in the triclinic crystals of PcPb, PcTiO (Il phase) and PC3Bi. are shown respectively
in Figures 1.16-18. In contrast to monoclinic PcPb, triclinic PcPb shows a complex

%@;ﬁ

Z
\

arrangement (Figure 1.16).

NIz

Figure 1.16 : Triclinic lead phthalocyanine structure.
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This structure leads to the disruption of the column arrangement which aids electronic
intermolecular hopping. Therefore, photoconductivity is effected by negatively in
triclinic PcPb phase 1.

In Figure 1.17, adjacent slipped PcTiO molecules which have axial O ligands oriented

in opposite directions with alternating downward and upward.

Figure 1.17 : PcTiO molecules in the triclinic structure.

Figure 1.18 shows a sandwiched type arrangement of PcsBi> molecules. The
minimization of the repulsive electrostatic energy originated by the high positive
charge of Bi is a direct consequence of the distances between related elements of the
structure (Janczak et al., 1999).

Figure 1.18 : Molecular packing of PcsBi: in the triclinic crystal structure.

The molecular geometries of Pcs whose crystal structures have a orthorombic

symmetry include the types depicted in Figure 1.19 PcTl> and in Figure 1.20 Pczln.
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Figure 1.20 : Spatial arrangement of Pcz2In molecules in the orthorhombic structure.
1.2.2 Photochemical and photophysical properties

Photochemical analyzes involve quantitative measurement of the efficiency of
photosensitizers and alteration of materials by light. Photophysical analyzes involve
the time a fluorophore spends in the excited state before emitting a photon and
returning to the ground state, and triplet quantum vyields and lifetimes. &t of the
photosensitizer is expected to correlated with the @, values. Therefore, the tendency
in changing of & should be parallel to changes of @&t values. @1, @r and @, of

complexes can be found from photochemical and photophysical data.

In recent years, application areas of metallophthalocyanines have spread to fields such
as electrocatalysts, photosensitizers in PDT, and photoconducting agents used in

printers. MPc complexes comprising of non-transitional metal atoms are used as

13



photosensitizers. The existence of diamagnetic metals Zn, Al or Si e.g. into the Pc
derivatives gives them higher &t and longer triplet lifetimes (Nyokong, 2007). So, in
this part, photophysical and photochemical features of MPc derivatives bearing

diamagnetic central metal atoms wil be explained.

During photosensitization, at the first step metallophthalocyanine is excited to triplet
state and then the energy is transferred to ground state oxygen, (3%g), in order to
generate excited state oxygen, (*Ag). This mechanism is named as Type 1l (Bonnett,
2000; Patterson et al., 1990; Maree et al., 2002). On the other hand, triplet state oxygen
interacts with triplet state MPc* and singlet oxygen is generated. In this way, ®a can
be compared with MPc triplet state quantum yields. The excited triplet state MPc can
interact with ground state O, or substrates producing superoxide and hydroperoxyl

molecules by Type | mechanism (Bonnett, 2000; Rosenthal et al., 1995).

Phthalocyanines are the second generation photosensitizers for photodynamic
theraphy (PDT). Over the last few decades, especially silicon, zinc, and aluminum
phthalocyanine derivatives have been synthesized. Also, their high @t and long
lifetimes of the excited triplet state have been investigated. Giil A. and his research
group prepared a new ZnPc containing four borinic ester units (Figure 1.21).
Furthermore, the effects of substituents are examined (Giil et al., 2014).
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Figure 1.21 : Zinc phthalocyanine substituted with four borinic acid esters.

In this study, tr is equal to the mean time of a particle stays in excited state before
fluorescence. High fluorescence quantum vyield with short fluorescence lifetime (tr
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=0.15 ns) and singlet oxygen quantum yield (@a= 0.36) allow the useage of the new
ZnPc asaPSinPDT.

The groups of Nagao Kobayashi and Tebello Nyokong synthesized water soluble
unsymmetrical phthalocyanine derivative which conjugated with folic acid and

investigated their physicochemical properties (Figure 1.22) (Matlou et al., 2017).
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Figure 1.22 : Amide binding of unsymmetrical ZnPc complexes.

This work reported that photophysical and photochemical experiments of low
symmetrical ZnPcs linked with folic acid (FA). By reason of the fact that the presence
of FAs increased the water solubility and single oxygen quantum yields in the water
could be studied for conjugates. It has been found that chemically bonded conjugates
have better photosensitizing properties than physical mixtures. The 1-FA and 2-FA
phthalocyanine derivatives have been shown to be effective singlet oxygen generators.
@, values of 1-FA and 2-FA are 0.61 and 0.47, and oxygen quantum yields are 0.17
and 0.12 in water solutions, respectively. Such a result is a direct consequence of the

photosensitizing abilities of phthalocyanines.

In contrast to unmetallated phthalocyanine complexes, ZnPc complexes and their
derivatives show efficient PDT effect and they are well known for their

photosensitizing abilities. David A. Russell and coworkers investigated that gold
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nanoparticles were functionalized with ZnPc and a lactose analogues (Figure 1.23)
(Calavia et al., 2018).

Figure 1.23 : Structure of the lactose-C3Pc-AuNPs.

In this study, the ability of lactose-phthalocyanine functionalized with gold
nanoparticles to target the receptors overexpressed on some breast cancer cells was
studied. In vitro PDT studies were carried out with lactose-C3Pc-AuNPs in both
MDA-MB-231 and SK-BR-3 cells which receptors on the surface of breast cancer
cells. It was determined that SK-BR-3 cells were killed more efficiently by lactose-
C3Pc-AuNPs (97%). In conclusion, hydrophobic phthalocyanine photosensitizer on

the gold nanoparticles has clear advantages for targeted photodynamic therapy.

M.A. Idowu et al. prepared unsymmetrical Mg(l1) or Al(Ill) Pc derivatives which
substituted with a carboxyl unit and 3 pyridylsulfanyl gropus was linked with a
magnetic nanoparticle (Figure 1.24). The photophysical and photochemical behavior
of the both Pc—AIMN conjugates and a mixture of phthalocyanine and AIMNs without

a linkage were investigated (Idowu et al., 2018).
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Figure 1.24 : Synthesis of the conjugation of the MgPc-AIMN.

The measured fluorescence quantum yields for MgPcs and AlPcs are 0.20 and 0.10
respectively. Due to the properties of the magnesium atom, MgPc derivatives had high
fluorescence quantum yield values. Generally, it is observed that the &r values are
higher in the linked complexes than in mixed samples. It is known that aluminum
complexes exhibit long triplet lifetimes. As expected that linked or mixed AlPc-
AIMNSs had longer triplet lifetimes than MgPc-AIMN complexes.

Silicon phthalocyanines show lower tendency to aggregation in solution than zinc
phthalocyanines. Owing to their anticonvulsant and antimicrobial activities thiadiazole
derivatives play an important role in medicinal chemistry. Especially, 1,3,4-
thiadiazoles have antibacterial, pharmacological and antifungal properties. Recently,
silicon phthalocyanine axially disubstituted with 1,3,4-thiadiazole group is prepared
and its photophysical and photochemical parameters are also presented (Figure 1.25)
(Giizel et al., 2017).
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Figure 1.25 : Synthetic pathway of SiPc.

In this paper, fluorescence property of the SiPc was investigated in DMSO and the &«
value is found as 0.12 as expected (Figure 1.26 (a)). Besides, @a was specified by
quenching of DPBF chemically. In this study, SiPc showed very good @a value (®a =
0.86) (Figure 1.26 (b)).
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Figure 1.26 : a) Absorption, excitation and emission spectra of SiPc; b) ®a of SiPc
in DMSO.

These results show that axially disubstituted silicon phthalocyanine can be a potential

photosensitizer for photodynamic theraphy.

Substituents and central metal atoms significantly affect the triplet state, singlet
oxygen, fluorescence quantum yields, and triplet lifetimes of MPc complexes. While
the triplet quantum yields of phthalocyanines containing heavy central metal increases,

their triplet lifetime is shortened.
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1.2.3 Absorption spectra of phthalocyanines

Most of the organic coloring materials have been extracted from natural products. On
the other hand, artificially designed dyes for various purposes have been synthesized
(Kim, 2006). Phthalocyanines are aromatic macrocycles and they have symmetrical
18n electrons. Therefore, they are very similar to naturally occurring porphyrins
(Figure 1.27(a)).

The molecular and electronic structure of the compounds is very effective on the
spectral shape of the absorption spectrum. Therefore, UV-vis absorption is the
foremost property of phthalocyanines. Figure 1.27(b) displays a characteristic UV
absorption spectrum of metallo phthalocyanine.
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Figure 1.27 : (a) Structure of phthalocyanine. (b) Absorption spectrum of a
metallated Pc.

On the other side, H2Pc gives split Q band components. The decrease in molecular
symmetry from D4h to D2h by diagonally positioning two protons on pyrrolic

nitrogens causes this splitting. (Figure 1.28).

19



0,8

0,6

0,4 H

Absorbance

0,2 4

0,0

T T
600 800

Wavelength (nm)

T
400

Figure 1.28 : Absorption spectra of a metal free Pc.

Typical metallo Pc which has D4h symmetry show an energy band in the 650—-700 hm
area (Q band) and B band in the 300-500 nm area (Soret band). The sharp and intense

Q band is derived from n—n* transition.

Recently, 1. Ozgesmeci et al synthesized metal-free Pcs substituted with 2,3-
dihydroxyropoxy and [2,3,5,6- tetrafluoro-4-(2,3-dihydroxyropoxy)]benzyloxy units
and carried out their electronic absortion studies (Figure 1.29) (Ozgesmeci et al.,
2016).
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Figure 1.29 : Synthesis of metal-fre
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In this paper, metal-free phthalocyanine derivatives show characteristic UV-vis
spectrum with two strong absorptions. One of them is B or Soret band is based on =
levels — LUMO transition at around 300—400 nm. Other absorption is Q band arising
from the n-n* transition from HOMO — LUMO of the Pc? ring (Figure 1.30).
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Figure 1.30 : Absorption spectra of (7-8) in CoHsOH and (9-10) in CH2Clo.

The differences between the optical properties of 7-8 in ethanol and 9-10 in
dichloromethane indicates the formation of aggregation. Pc 7 and Pc 8 displayed
strong Q bands at 600-700 nm in C2HsOH without shoulder. According to this article,
the presence of fluorinated groups and boron groups greatly reduces the aggregation

of phthalocyanines, and boron groups cause batchromic shift.

Pcs which are used in organic solar cells, PDT, heat absorber, and near IR imaging
absorb light in the near infrared area. The unique optical (especially Q band) features

of phthalocyanines is gaining importance in these applications.

Basically, three approaches have been developed for phthalocyanines absorbing in the

near IR area.

1. In order to decrease the separation between HOMO and LUMO energy stages,
7 conjugation could be extended by expansion of the macrocycle. In this way, spectra
is red-shifted (Kobayashi et al., 2004; Furuyama et al., 2012).

2. As Fukuda’s research group reported recently, in Pc oligomers electronic

conjugation can be extended with orbital interactions between monomeric molecules.
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In their work, they showed that the Q band of the oxidized units of a sandwich-type
phthalocyanine shifted to the infrared area (Fukuda et al., 2012).

3. Q band can be splitted by lowering the molecular symmetry.

In addition to their useful properties, ‘w electron conjugation modifications’ have some
negative effects. For instance, benzoannulated phthalocyanines tend to oxidation and
become air-sensitive (Muranaka et al., 2010). Purification and separation of low
symmetrical Pcs are rough processes and yield is very low. To overcome this problem,
Nagao Kobayashi and coworkers suggested main-group elements as substituents
(Furuyama et al., 2014). Due to their remarkable properties, for example influential
orbital interplays, large electronegativity, and variety of coordination, it is expected
that these groups can change the absorption spectra of Pcs dramatically. In this work,
the synthesis and specialities of group 16 atoms (Sulfur, Selenium, and Tellurium)
containing phthalocyanines were discused and phthalocyanines substituted with group
15 atoms (Phosphorus, Arsenic, and Antimony) in the central core were described
(Figure 1.31,32).

TePh

SPh
N MoBr . S~ ON
0 - w L
) -
OTs ~ 6N CN
cN TePh ag
ﬁj SPh 2a XFh an?___\
CN h{“} EEPhCN © f j-'i Qixi’h
OTs 1 ‘w.x‘ = Ja—o -
- CN rnx N HN
SePh \ Sa(K g)
ePh 2p m o= 3b (X = Se)
3c (X =Ta)

SePh TePh

@@g&u

Figure 1.31 : Synthesis of group 16 substituted Pcs.
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Figure 1.32 : Pcs containing group 15 elements.

As announced for the spectrum of phthalocyanine complexes absorbing in the near
infrared area and Q bands of 3a—c Pcs were observed at 809, 811, and 835 nm in
chloroform, respectively. It has been determined that the condition of the Q bands is
connected with electronegativity of the chalcogenic elements. The m-conjugation
structure of phthalocyanines was not be affected by group 16 elements. However, Q
bands shifted to the red because of the electron-donating affect of the group 16
elements.

The absorption and MCD spectrum of Pc 7 - 9 are shown in Figure 1.33. The effect of
P, As, and Sb atoms on the electronic features will be similar, because their
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electronegativity is identical. Q bands of 7-9 Pcs were observed at 1032, 1018, and
1056 nm in CH2ClIz, respectively.
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Figure 1.33 : UV-vis-NIR absorption (bottom) and MCD (top) spectra of 7 (red), 8
(blue), and 9 (green) in CH2Clo.

Achieving emission beyond 1000 nm is only possible if the chromophore groups have
strong absorption bands close to 1000 nm. In this context, 7-9 phthalocyanine
derivatives which show absorption bands beyond 1000 nm were prepared. Synergistic
effect of central group 15 atoms, peripheral group 16 atoms, and their positions was
used to shift the Q band beyond 1000 nm.

Recently, the effect of substituents and density of the Q bands has been analyzed. It is
observed that electron-donating groups at peripheral position transfers the Q band to
longer wavelength as regards non-peripheral position analogues (Kobayashi et al.,
1995-2003).

S. Yamamoto et al. synthesized two asymmetrical phthalocyanines substituted with
thiophene groups and investigated their optical properties (Figure 1.34) (Yamamoto et
al., 2016). The insertion of thiophene units at both peripheral and non-peripheral

positions of metallo-Pc ring influences the electronic structure of = conjugation. Figure
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1.34b shows absorption spectrum of peripheral substituted phthalocyanine 1 and non-
peripheral substituted phthalocyanine 2 in tetrahyrofuran.
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Figure 1.34 : a) ZnPc(tBu)4; b) Absorption spectra of 1 (solid-dotted lines) and 2
(dashed-dashed dotted line); c) MCD spectra of 1 (solid line) and 2 (dashed line).

According to received information from Supporting Information, absorption spectra
of ZnPc(tBu)s without thiophene groups gived intense Q band at around 670 nm. On
the other side, Q bands of low-symmetry 1 and 2 shifted about 20 nm to red region
compared to ZnPc(tBu)s. Additionally, the molar extinction ¢ of 1 was significantly
lower than that of 2 and differently from the previously reported literature, splitting of
the Q band was observed.

25



1.2.4 Electrochemical properties of phthalocyanines

Electrochemistry is closely related with molecular orbital energy levels of the
molecules and their capacity to accept or give electrons. Sulfonated phthalocyanines
due to their solubility were the first phthalocyanine macrocycles studied by
electrochemistry. In recent years, more soluble phthalocyanines were obtained by the

development of synthesis of macrocyclic compounds.
Generally, redox state of the phthalocyanine has been represented as Pc?, for the
common macrocyclic ligand; Pc”™ and Pc® for the oxidized phthalocyanines and Pc®,

Pc* for the reduced forms.

On the basis of the reported literature, electrochemical data on phthalocyanines have
been classified in three groups. In the first group, metallophthalocyanines have redox
inert metal centers and all redox processes originated from phthalocyanine rings. This
group contains metal atoms as Aluminium, Barium, Bismuth, Cadmium, Copper,
Gallium, Germanium, Hydrogen, Mercury, Indium, Lithium, Magnesium, Nickel,
Phosphorus, Lead , Palladium, Platinum, Ruthenium, Antimony, Silicon, Tin,
Titanium, Vanadium, and Zinc . The second group consists of sandwich complexes
composed of lanthanides and actinides, Yttrium, Hafnium, Zirconium. In that group,
macrocyclic ligands exchange electrons. In the last group, both the metal center and
the macrocycle show redox properties and Silver, Cobalt, Chromium, Iridium , Iron,
Manganese, Molybdenum, Osmium, Rhenium, Rhodium, Ruthenium, and Thallium

complexes can be shown as example.

More recently, a series of new metal-free (2), Zinc(l1) (3), Cobalt(ll) (4), Copper(Il)
(5) and Manganese(lll) (6) Pcs containing 2,6-dimethyl-4-(4-tert  butyl-
phenyazo)phenoxy units have been prepared. Also, their electrochemical properties
were researched by CV and SWV by our research group (Garip et al., 2018). For this

phthalocyanines, redox potentials are summarized in Table 1.1.
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Table 1.1 : The electrochemical half wave potentials (E1/2, V vs. SCE) of 2-6.

Comp. R3 R> R1 Ox1 Ox> Ox3 Rs3 R>
2 -1.34 -1.04 -0.58 0.64 1.12 -1.34 -1.04
3 -1.30 -0.76 -0.44 0.59 0.90 -1.30 -0.76
4 - -1.35 -0.76 0.64 1.02 1.16 - -1.35
5 -1.42 -1.18 -0.70 0.61 1.07 -1.42 -1.18
6 -1.32 -0.89 -0.03 0.63 -1.32 -0.89

Figure 1.35 shows the CV and SWV voltammograms of Pc2, Pc3, Pc4, Pc5 and Pc6

in the mixture of tetrahydrofuran and tetrabutylammonium perchlorate. According to

these voltammograms, one-electron oxidations and three reductions were obtained for

phthalocyanine 2, 3 and 5. In contrast to phthalocyanine 2, reduction potentials of Pc3

and Pc5 were observed at negative area. It is a direct consequence of the effective

nuclear charge differences between the with and without central metal of the Pc core.
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Figure 1.35: CV and SWV of 2-6 in THF.
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Cobalt Pc shows two reductions and three one electron oxidations. The first reduction
peak derives from the reduction of the cobalt and the second peak derives from the
reduction of the Pc ring. MnPc exhibits three reductions and one oxidation. The first
and second reduction peaks are designated to be the reduction of the Mn and the third
peak is designated to be the reduction of the Pc. In addition to them, the last reductions
of Pc2, Pc3, Pc4, Pc5 and Pc6 are a multiple electron reduction of the Pc and four

azobenzene units.

Koca A. and his co-workers reported electrochemical, spectroelectrochemical, and
electrocolorimetric properties of double-decker Lu(l11) Pc which conjugated with 3,4-
ethylenedioxythiophene (EDOT) groups at B positions (Karadag et al., 2014). In their
study, five phthalocyanine ring reductions, three phthalocyanine ring oxidation, one
EDOT group oxidation, and one electropolymerized EDOT-LuPc; based redox couple

were observed (Figure 1.36).
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Figure 1.36 : a) CVs of EDOT-LuPc,, b) SWV of EDOT-LuPCc;.

Electrochemical behavior and redox responses of EDOT-LuPc, was studied by CV
and SWV in dicholoromethane/ tetrabutylammonium perchlorate electrolyte system
with platinum working electrode. EDOT-LuPc, shows one redox couple Ry at -0.08 V
due to the reduction of the phthalocyanine structure and four reversible reduction
processes, assignated to Rz at -0.99 V, Rz at -1.26 V, Rs at -1.54 V, and Rsat -1.75 V
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respectively. Additionally, EDOT-LuPc2 shows three reversible oxidations, O at 0.20
V, O2 at 0.49 V and Os at 0.79 V. The electrochemical results and ten redox couples
indicate that EDOT-LuPc, enhance its potential usage in various areas of

electrochemical applications.

1.3 Synthetic Approaches to Phthalocyanine Compounds

It is obvious that tetrapyrrolic macrocycles are very important in nature and they play
vital roles in biological systems. The increased stability, enhanced spectroscopic
properties, various coordination features and structural flexibility of phthalocyanines
have made them one of the most studied compounds for various applications. Various
utilizations, such as those recommended for phthalocyanines, require that these
molecules have different physicochemical and electronic properties and that these
properties are well defined. This requires synthetic methods with regioselectivity
control and access to various types of substituents. This chapter will describe the
various methods used for the preparation of substituted phthalocyanines, symmetrical

and low-symmetric phthalocyanines and water soluble phthalocyanine derivatives.

1.3.1 Synthesis of substituted phthalocyanines

Almost all early phthalocyanine complexes do not contain any substituent in their
peripheral and nonperipheral positions and the solubility of them is very low (less than
10%-107 M) (Moser et al., 1963). On the basis of the reported literature, the most
suitable solvent for unsubstituted Pcs is H2SO4 and it can be used for purification of
them. However, H,SO4 can not be used for lots of Pc derivatives, as it causes the

demetalation and it protonates nitrogens at meso positions in the Pc ring.

Generally, the Pcs can be diversified by altering the central and the meso-atom or
modifying the peripheral positions of the Pc core (Sharman et al., 2003; Ozcesmeci et
al., 2018-2020). Peripheral substituents can be added to Pc core by modifiying the
existing Pc ring with electrophilic substitution reactions and tetramerizaton of already
functionalized Pc starting molecules. Functionalized ortho-phthalic molecules such as

anhydrides, imides, amides, and nitriles are the most common precursors (Figure 1.37).
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Figure 1.37 : Typical precursors for preparation of substituted phthalocyanines.

A fluorescent compound can absorb photon energy at one wavelength and then emit
energy at another wavelength. More specifically, fluorescent probes absorbs the
energy in the blue-green area and emitting in the green/red. In the literature, the
synthesis of fluorescent probes which contain well-known classes of fluorophores
were reported and they were suggested for cell imaging for the first time (Figure 1.38)
(Bizet et al., 2018).

Pyrene-BODIPY (3a) Pe-Pyrene, (1a) Pc-BODIPY, (2a)
ol ) Oacesmed et of) (Osot/ et ol )

Gove ef

Pc-BODIPY, (2b) Pc-BODIPY, (2¢)
G et o fthis work)

Figure 1.38 : Synthetic dyads/triads/pentads.
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The preperation of Pc-pyrene (1) was carried out by cyclotetramerisation of
pyrenyldicyanobenzene, though Pc-BODIPY (2c) was prepared by Sonogashira
coupling reaction. Synthesis of pyrene including probes 1 and 3 are very easy to
accomplish. In the synthesis of Pyrene-Pc 1, firstly pyrene carboxaldehyde are reduced
with NaBHjs. In the second step, pyrenyl carbinol, which is achieved in the fisrt step,
reacts with nitrodicyanobenzene to afford pyrenyloxydicyanonobenzene by SnAr
nucleophilic aromatic substitution mechanism. Target prob is synthesized with
cyclotetramerized with zinc salt and 1,8-diazabicyclo[5.4.0]undec-7-ene. BODIPY
substituted pyrene (3) was obtained in three stages. In this method, firstly pyrenyl-
carbinol and dimethylpyrrole condensated by catalyzed of trifluoroacetic acid, then, p-
chloranil was oxidated, deprotonated with triethylamine and lastly, borylated with

boron trifluoride etherate.

Pc-BODIPY was prepared from BODIPY and tetraiodophthalocyanine ZnPcls
(Scheme 3.1). Dipyrromethane formed by condensation of dimethylpyrrole and
trimethylsilyl propyl and then is oxidized, deprotonated and borylated to form
compound 8. The tetrametilsilan (-TMS) protection was disassembled to obtain
alkynyl-BODIPY 6 (Figure 1.39A).

In the synthesis of tetraiodophthalocyanine 7 was occured as follows:
aminodicyanobenzene was reacted with NaNO> to form diazonium salt and then the
salt reacted with iodide to prepare iododicyanobenzene 9. In the next step, 1,8-
Diazabicyclo(5.4.0)undec-7-ene catalyzed cyclotetramerization in refluxing CsH11OH
obtained ZnPcls 7 (Figure 1.39B).
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Figure 1.39 : Synthesis of BODIPY 6 and ZnPcl4 7.

BODIPY-Pc conjugate 2c was synthesized by Copper(l)-Palladium(0) catalyzed
Sonogashira coupling reactions with Pc 7 and alkynyl-BODIPY 6.

The Li/ SOCI> battery, which has attracted great interest of late years, is seen as a new
energy source. Li/ SOCI; battery has many advantages over other energy sources like
high significant energy and power, high voltage, and low temperature performance.
The Li/ SOCI; cell is comprise of carbon anode, lithium cathode and electrolyte
solution of SOCI2/ LiAICls (Szpak et al., 1984). At the present, in order to solve the
voltage problems of battery, a lot of researches have been done. Jun Li et al. found that
metalloporphyrins have potential application in Lithium/thionyl chloride battery and
they used Li/ SOCI; battery as the catalyst to enhance the performance of battery
(Zhang et al., 2014). In the other research, Y. Gao et al. synthesized a series of
metalloPcs, conjugated with macrocylic aromatic systems by using microwave method
and researched the effect of Pcs to Li/SOCI; battery (Figure 1.40).
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Figure 1.40 : Synthesis of MPcOc.

In order to prepare MPcOc, perylene-3,4,9,10-tetracarboxylic dianhydride, CH4NO,
(NH4)2M0207, NH4CIl, M (OAc)2-nH20 were mixed. The mixture was exposed to
microwave radiation with 400 watt for 3 minutes (w1) and 640 watt for 5 minutes (w>).
The octacarboxyphthalocyanines with different central metals (manganese, iron,
cobalt, nickel, copper, zinc) were achieved with same procedure with several metal
derivatives. This paper proved that all of the catalysts improved the capacity by 19.34—
55.64%, with the FePcOc increased the capacity by 55.64%.

In recent years, organic photovoltaics have attracted great interest as alternative energy
sources. In particular, Bulk Heterojunction (BHJ) devices, which are seen as an
alternative to silicon-based photovoltaics, show an increasing trend (Duan et al., 2016).
BHJ solar cell consists of poly(3-hexylthiophen-2,5-diyl) as electron donor and
fullerene derivatives as acceptor. Although significant advances of BHJ cells, limited
absorption wavelenght of P3HT is a drawback for these high performance devices.
Therefore, it is of paramount importance to develop new donors with broad absorption

in the longer wavelength region.

1.3.2 Synthesis of low-symmetry phthalocyanines

Although the use of unsubstituted phthalocyanines is limited as a result of the
excessive insolubility of them, phthalocyanines substituted with various functions
have been prepared to increase solubility and enhance their capability in most of these
potential applications. Asymmetrically substituted phthalocyanines display more
sophisticated properties compared to unsubstituted or symmetrically substituted

derivatives.
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Recently, the development of low symmetrical phthalocyanines has attracted
particular attention. Up to now, four types of unsymmetrical phthalocyanines have
been identified such as A3B, ABAC, ABAB and AABB (Figure 1.41) (Wang et al.,
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Figure 1.41 : Types of unsymmetrical phthalocyanines.

AszB-type Pcs are mostly prepared by using the statistical condensation method. In that
method, a mixture is obtained which every phthalocyanine molecule has three identical
and one different isoindole units. In order to prepare AsB type phthalocyanine, A and
B subunits are employed from 3:1 to 9:1 ratio, rarely can this ratio be raised to 10:1
and even higher by reason of substituents. Difficulty in separating similar chemical

structures in that mixture is the most common disadvantage.

Phthalocyanines and their analogs are seen as potential nonlinear optical materials,
therefore especially unsymmetrical phthalocyanines are subject to many researches.
Semiconductor quantum dots have been drawn interest in the field of photonics and
optoelectronics. However, covalently bonded QDs and phthalocyanines that could
tender developed nonlinear optical response are new reseach area. N. Nwaji et al.
reported the synthesis of asymmetric benzothiazole substituted phthalocyanines and
their binding to glutathione (GSH) substituted QDs (Figure 1.42) (Nwaji et al., 2018).
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Figure 1.42 : Illustration of the Pc complexes to CdTe quantum dots.

In this work, primarily metal Pc complexes were obtained by using a trace amount of
1,8-diazabicyclo(5.4.0)undec-7-ene and CsH120 as solvent. Later, carboxylic acid
functional group of phthalocyanines were activated with DCC and CdTe nanoparticles
were added covalently at room temperature. NLO features of Pc derivatives were
searched by using open apeture Z-scan method at around 530 nm and 10 ns pulse
duration. Z-scan experiments has showed that QDs contributed the NLO behavior of

Pcs.

Due to the increasing need for advanced technological applications, multifunctional
organic materials have attracted great concern. Organic field-effect transistors
(OFETs) are promising constituents for organic electronic appliances which
containing an organic semiconductor layer. An organic semiconductor used in the
active layer of an organic field-effect transistor requires high capacitance and field-
effect mobility. Recently, numerous studies showed that the expansion and extension

of m-conjugation improved the charge carrier mobility and phthalocyanine derivatives
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having m conjugated macro rings. In 2018, a ferrocenyl carborane containing
unsymmetrical Zn phthalocyanine was synthesized for OFET (Nar et al., 2018). In that
paper, OFET properties of a novel Pc—carborane derivative, which contain an low-
symmetrical ZnPc attached to a ferrocenylcarborane cluster were investigated. The
synthetic route to the target phthalocyanine-carborane-ferrocene triad system were
shown in Figure 1.43.

Figure 1.43 : Synthesis of phthalocyanine-carborane-ferrocene triad system.

Target phthalocyanine derivative was synthesized in three steps via
ferrocenylcarborane subunit and unsymmetrical substituted zinc phthalocyanine
intermediate. Ferrocenylcarborane was prepared by the reaction of ethynyl ferrocene
with 1,4-diiodobenzene with bis(triphenylphosphine)palladium(l1) dichloride as the
actual and Cul as the cocatalyst and then reacted with decaborane in the presence of
C2HsN and C7Hs. Unsymmetrical substituted zinc phthalocyanine was synthesized
from 4-  (3-hydroxy-3-methyl-1-butynyl) phthalonitrile and 4,5-bis  (3-
dietylaminophenoxy) phthalonitrile with ZnCl,. Then, ethynyl function was removed
by reaction with NaOH. In the last step, the targeted triad system was prepared by the

reaction between ethynyl-functionalized unsymmetrical phthalocyanine and
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ferrocenylcarborane. Also, semiconductor properties of these phthalocyanine

derivatives for use as an active side in the devices.

Electronic delocalization of phthalocyanines gives them a great number of exclusive
properties and makes them beneficial in different applied fields. The ability to
synthesize unsymmetrical phthalocyanines with the substituents in the predetermined
positions allows for the fine-tuning of various physical features, thereby increasing the

implementations of phthalocyanine compunds.

1.4 Medical Applications of Phthalocyanines and PDT

Besides all these individual electronic, optical and structural behaviors of
phthalocyanine derivatives that have become increasingly important; antifungal,
antibacterial and antioxidant properties were also researched. In recent years, by the
reason of widespread usage of antimicrobial medications which is indicated to
infectious diseases, multiresistance has been developed in human microorganisms.
Therefore, researchers have been interested in researching new antimicrobial agents.
Especially cationic phthalocyanines are distinguished by their antimicrobial

properties.

In 2018, the synthesis and characterization of  tetra-substituted
phthalocyaninatochlorogallium (111) tetraiodide and phthalocyaninatochloroindium
(1) tetraiodide were described and their antioxidant and antimicrobial efficiencies
were compared with priorly prepared metallo and metal-free Pcs by Makbule Burkut
Kocak’s research group (Figure 1.44) (Saki et al., 2018).
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Figure 1.44 : Metallo and metal-free phthalocyanine derivatives.
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In that research, different test methods were used in order to determine the antioxidant
efficiencies and antimicrobial properties of phthalocyanines.

In the 1,1-diphenyl-2-picrylhydrazyl -free radical scavenging activity method, Pc4 has
the highest scavenging activity (58.37 + 0.14%) and Pc6 has the lowest scavenging
activity (38.02 = 1.07%) at 600 mg/mL concentration. Redox activity of the central
atoms influences positively antioxidant property of Pcs, so Pc4 showed highest DPHH
activity as 50.32 + 0.17% at 400 mg/mL concentration. The interaction of carotenoids
with free linoleic acid radicals determines the antioxidant activity of carotenoids. The
highest antioxidant activity was demonstrated by Pc5 phthalocyanine as 71.83 +1.62%
at 500 mg/mL. Also, Pc5 showed the highest reducing power as 0.391 nm. Among all
the tested phthalocyanine derivatives, only quaternized Pc derivatives, Ga (Gallium)
metal containing Pc complex Pc6 and In (Indium) metal containing phthalocyanine

complex Pc7 displayed antimicrobial activity on all tests.

Phthalocyanines are highly suitable molecules for cellular imaging and phototherapies
due to their high extinction coefficients and absorption characteristics in the near-IR
area. Biomedical imaging methods provide considerable datas for early detection and
therapy of diseases. In addition to them, phthalocyanine derivatives have been used in
imaging methods involving photoacoustic imaging, PET, MRI, and fluorescence
imaging. Also, Pcs have been seen potential theranostic molecules for fluorescence

guided drug targeting systems and curation of tumors by PDT. Theranostic agents
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comprise both the imaging agent and the therapeutic agent in the same structure, and
both agents participate to treatment at the same time and with the same biodistribution.
Despite the unique photophysical properties of phthalocyanine and its derivatives,
their low solubility in water and limited selectivity for tumor tissues limit the use of
phthalocyanines in clinical applications. In 2013, to solve these problems Taratula et
al. synthesized a new theranostic for tumor-targeted delivery of dendrimer Pcs
(Taratula et al., 2013). The synthesis of Pc—LHRH involves a two-step process as
shown in Figure 1.45. In the first step, substituted Pc was encapsulated in PPI
dendrimer. In the second step, the dendrimer surface was modified with PEG and LH-
RH peptide.
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Figure 1.45 : Schematic representation of two-step process of Pc-loaded dendrimer.

The major challenge in developing an effective therapeutic agent for photodynamic
therapy and fluorescent imaging is the transport of tumor-targeted carrier to cancer
cells. To indicate the efficacy of the improved theranostic agent with in vivo study,
theranostic agent was injected to mice carrying ovarian cancer and NIR fluorescence
studies were noted at regular intervals (Figure 1.46). In the figure organs; 1, liver; 2,
spleen; 3, kidneys; 4, heart; 5, lungs; 6, tumor. Blue color is expressing the lowest
intensity of fluorescence, and red color is expressing the highest intensity of

fluorescence.
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Figure 1.46 : In vivo images of mouse carrying ovarian cancer.

Tendency of accumulation of Pc—LHRH theranostic agent mostly in the cancer cell
and liver shows that effective targated-transfer of Pc was improved. Consequently,
Pc—LHRH complex is a promising NIR theranostic agent owning to outstanding

phototherapeutic effect and effective subcellular accumulation.

Photodynamic Therapy is a new therapeutic procedure that combines a molecule used
as a light-sensitive drug and visible light at appropriate wavelength. This treatment
method, which has a long history dating back to 1985, is still used in cancer treatment.
Traditional cancer treatments such as surgery, radiotherapy and chemotherapy can
cause serious advers reactions, such as damage to healthy tissues as well as tumor
tissues. Therefore, more selectivity for diseased tissues has been the priority in the
development of new treatment methods. However, PDT allows selective treatment by
restriction of the radiation to specific regions by selective photosensitizer.

PDT usually consists of three stages; first, administration of the photosensitizer,
second, waiting for drug biodistribution, and at last, administration of red or near
infrared radiation to the target area. The photochemical and photophysical rules of
PDT have been comprehensively investigated. At the first stage, the PS is excited from

the ground state to the first excited single state by absorbing light of a specific
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wavelength. In the second stage, S1 is converted to the triple state (T1), and this triple
state enables the excited PS to interact with the neighboring particles. It is agreed that
cytotoxic species which are the key agents of cellular damage are produced in this
stage. The T1 state then relaxes to ground state with two mechanisms, defined as Type
I or Type Il. In the Type | mechanism, T1 state molecule transfers to a surrounding
substrate to produce radicals. In the Type Il mechanism, energy from T1 state molecule

transfers to ground state oxygen (Figure 1.47) (Liu, 2010).
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Figure 1.47 : Type | and Il mechanisms of Photodynamic Teraphy.

Singlet oxygen which is a more active form of oxygen reacts with biomolecules and

Kill cancer cells directly.

An ideal photosensitizer for photodynamic therapy should satisfy requirements
described below; chemically pure drug, selective tumor accumulation and excellent
targeting, possession of low dark toxicity and high photocytotoxicity, strong

absorption capability in the 680-800 nm of the visible spectrum.

Hematoporphyrin derivatives (HpD) such as Photofrin were used as first generation
photosensitizers in early clinical trials of PDT (Allison et al., 2010). Excellent results
have been achieved for the medication of lung cancer, oesophageal cancer, bladder
cancer, gastric cancers, cervical cancer and cervical dysplasia with Photofrin

photodynamic therapy (Figure 1.48) (Sharman et al., 1999).
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First generation photosensitizers
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Figure 1.48 : First-generation photosensitizers.

Although the success of hematoporphyrin derivatives is proven, they have two major
disadvantages. First one is about the accumulation of hematoporphyrin derivatives on
tumor tissues and it takes ten weeks. This situation causes the skin photosensitivity
and requires protection from bright sunlight. Secondly, Photofrin has a weak
absorption band at aorund 600 nm is used mostly to excite the photosensitizer. These
disadvantages have necessistated to the development of second-generation
photosensitizers. The composition and structure of the second-generation
photosensitizer are clear, and they are more photosensitive, absorbs more strongly, and
more selective for tissue than first generation photosensitizers. Most of the second-
generation photosensitizers are porphyrin derivatives such as benzoporphyrins,
purpurines, texaphyrins, phthalocyanines, naphthalocyanines and protoporphyrin 1X
(PpIX) (Figure 1.49).
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Second generation photosensitizers
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Figure 1.49 : Second-generation photosensitizers.

One of the promising groups of photosensitizers is Pc derivatives showing very good
chemical homogenity, strong absorption at 675-700 nm of spectrum, high extinction
coefficient, and high quantum yield of singlet oxygen. Lately, a lot of anionic and
cationic Pcs, such as Photosens, Holosens, and Phthalosens, were proposed as PDT
sensitizer. Photosens is a sulfated AlIPc which has higher degree of hydrophilicity and
the lowest photodynamic activity. Holosens is a cationic ZnPc which efficiently enters
the cells. Phthalosens is a metal-free analog of Photosens which has highest
photodynamic activity. One study performed a comperative tests of Photosens,
Holosens, and Phthalosens for their cellular uptake dynamics, intracellular

distribution, and dark and photo-induced toxicities (Brilkina et al., 2019).

All the compounds under study displayed intense absorption at 650-700 nm and
maximum absorption of Photosens, Holosens and Phthalosens are recorded at 678, 685
and 675 nm, respectively (Figure 1.50).
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Figure 1.50 : Absorption and emission spectra of Photosens, Holosens and
Phthalosens.

The cellular uptake of them into urinary bladder and human hepatic adenocarcinoma
cells was examined and it was observed that they reached saturation after 4-8 hours.
While the ratio of intake to the cells is maximum in Phthalosens, it is minimum in
Photosens. Fluorescent LSM images show that the Photosens and Holosens are
dispersed into the cell, and the Phthalosens accumulate in the plasma membrane of

cell.

The phthalocyanine based photosensitizers were found to have different dark toxicity
according to their localisation. Accordingly, Phthalosens and Holosens deposited in
the Golgi complex and plasma membrane and Photosens accumulating only in
lysosomes. Phthalosens and Holosens are more toxic than Photosens. As a result,
Photosens has the most slowly cellular uptake, accumulates in lysosomes and has a
less photodynamic effect. Cationic Holosens localize in the Golgi complex and has a
remarkable photodynamic impact. Amphiphilic phthalocenes penetrate cells the fastest
wherethrough the outer cell membrane into the cell plasma and bring about the

maximum decrease in cell viability.

Despite PDT provides an effective and safe treatment on cancerous cells and tissues,
its clinical applications are limited. Most of the photosensitizer (PS) drugs have low
solubility in water due to their hydrophobic character, so their quantum yield is low

and they are easily aggregated. In some cases, although PS drugs are modified to
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increase their solubility in water, selective accumulation in target cells / tissues
remains insufficient for clinical practice. In this context, targeting of PS drugs
improves both specificity and effectivity of PDT and surpasses some of the present
challenges of untargeted photodynamic therapy. It is thought that the combination of
hydrophilic nanoparticles with PS drugs will help increase the solubility of PS drugs
in water and thereby facilitate their uptake into the cell. Furthermore, the nanoparticles
provide surface area for the binding of targeting moieties which will confer cell
specificity to PS drugs. This also increases the bioavailability of PS drugs and prevents

damage to healthy tissues.

Until today, various organic and inorganic nanomaterials have been researched for
effective and targeted photosensitizer delivery. For example, liposomes and polymeric
nanoparticles, have enabled PS drugs to be used as biocompatible and biodegradable
materials and also delivered in a safe and controlled manner. Inorganic nanomaterials
can provide additional functions such as diagnosis and imaging to PS drugs for PDT
because of the adjustable optoelectronic properties. Both types of materials provide an
effective solution to eliminate the drawbacks of existing PS drugs and to selectively
deliver to target areas with greater surface functionality. Eun Ji Hong et al. have
summarized PS drug formulations combined with various organic and inorganic
nanomaterials that exhibit effective PDT in both in vitro and preclinical animal studies
(Hong et al., 2016). To enhance the water solubility and selective accumulation in
target tissues/cells of PS drugs need polymeric or lipid-based nanocarriers. In this
context, the use of liposomes, polymeric micelles and polymeric nanoparticles as PS
carriers in PDT was investigated. In a study, magnetoliposomes (MLS) containing
ZnPc with cucurbituril were synthesized and the in-vitro cytotoxicity of photodynamic
therapy was analyzed on B16-F10 cells incubated with CB: ZnPc-ML (Bolfarini et al.,
2012). A remarkable reduction in cell viability was observed after irradiation and AC
magnetic field application of melanoma cells incubated with CB: ZnPc-MLs.
Accordingly, it has been shown that although both treatments are administered
separately, co-administration may be more effective. Furthermore, the liposomal
preparations prepared have enabled the use of synergistically combined PDT and
Magnetohyperthermia (MHT) treatment.
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The work on zinc monocarboxyphenoxy phthalocyanine conjugated with spermine as
a targeting complex shows that improved the photodynamic therapy (PDT) effect on
MCEF-7 breast cancer cells (Figure 1.51) (Ogbodu et al., 2015).
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Figure 1.51 : Synthesis of ZnMCPPc-spermine (I) and ZnMCPPc-spermine-
SWCNT (11).

R. O. Ogbodu et al. investigated the photophysical specialities of SWCNTs on
ZnMCPPc-spermine complex and their efficiency on MCF-7 for the first time. PDT
tests of ZnMCPPc, ZnMCPPc-spermine, and ZnMCPPc-spermine-SWCNT were
carried out by treating the phthalocyanine derivatives with MCF-7 cancer cells. Then
they were irradiated with photons. As a result of photodynamic therapy, only 64%
reduction in cell viability was observed in ZnMCPPc complex, while the presence of
sperm in ZnMCPPc-spermine improved the photodynamic therapy efficiency of
ZnMCPPc molucule, leading to a 97% reduction in cell viability. In the presence of
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SWCNT in ZnMCPPc-spermine-SWCNT complex decreased the PDT activity and

resulted in 95% cell viability.

Since their discovery, numerous phthalocyanine derivatives which have types of
photophysical and photochemical properties have been developed for medicinal
applications. Solubility, therapeutic efficacy, targeting ability, and side effects are the
main topics examined in phthalocyanine research, and these remain the main

challenges for the future design of new medical phthalocyanines.

1.5 Boron Neutron Capture Theraphy (BNCT)

BNCT is a kind of radiotherapy bearing non-radioactive boron compounds which is
administered by intravenous injection into the patient, and then irradiated with a
suitable neutron beam. 10B isotope absorbs a neutron and converting excited 11B
nucleus, and this nucleus produces highly cyototoxic %He* and “sLi* particles and
2.4 meV of kinetic energy (Figure 1.52). When the reaction happens in a cell, two ionic
molecules can cross the nucleus and induce irreversible damage to DNA.

+,He +7,Li +2.79 MeV (6%)

WB+inm — B

N He +5Li +y0.48 MeV +2.31 MeV (94%)

Figure 1.52 : Nuclear reaction of '°B isotope with a neutron.

The potential effectiveness of BNCT is based on its selectivity, in fact, tumor tissues
can be filled with a higher concentration of boron as regards healthy tissues using

appropriate borate compounds.

The destructive effects of high energy “He*? and ’Li*3 particles are limited to tissues
having boron. Theoretically, BNCT cannot selectively destroy malignant cells and

adjacent healthy tissues, since these particles (5-9 um) have very short path lengths.

Clinical trials for BNCT were primarily conducted for patients with gliomas and head

and neck tumors, in which traditional treatment failed.
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About 50 years ago, the development of boron-conjugated molucules for BNCT was

started by evaluating small boron compounds as first-generation agents.

A BNCT delivery agent must have the following characteristics: 1) low toxicity and
normal tissue uptake, with a tumor: normal tissue and tumor: blood (T: B1) boron
concentration rates of ~3; 2) tumor boron concentration of ~20 pg 10B/ g tumor; 3)
relatively fast clearance from blood and normal tissues and persistence in the tumor

during neutron irradiation.

1.5.1 History and current status of BNCT

After the discovery of the neutron, first, in 1936 the idea of using boron neutron capture
emerged for therapeutic application. The first clinical practice of BNCT, which is
defendeed as a modernist therapy with the potential to be the suitable cure for various

types of cancer, was carried out in the USA in the early 1950s (Farr et al., 1954).

Boron containing delivery agents are grouped into three generations. The first one
comprises water-soluble inorganic borates, the second agents are the polyhedral
boranes, and the third agents are biomolecular analogs that may be located in

subcellular structures.

Sodium borates are named as first-generation BNCT agents. fact that the method was
not selective, the persistence of tumor cells was short, and the boron: tumor

concentration ratio was low.

Then, in 1961, about 40 patients received 3 series of treatments using simple inorganic
boron compounds. During these treatments, untreated radio dermatoses were observed
in some patients (Archambeau, 1970). In 1961, after having disappointing results in
the United States, in 1968, H. Hatanaka started to implement BNCT into clinics in
Japan by using disodium mercaptoundecahydro-closo-dodecaborate (Hatanaka, 1991).
The exciting results which was reported by Hatanaka on patients have grade Il and
grade IV malignant glioma, have been led to the attention of clinical applications of
BNCT in both the US and Europe. Also, in 1987, p-borophenylalanine (BPA) was

introduced to treat superficial malignant melanoma (Mishima et al., 1989).
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In 1994, epithermal neutrons were used for irradiation for the first time at the BNL,
USA. This innovation improved the penetration, and provided to reach higher boron

concentration in the tumour owing to neutron thermalization (Coderre, et al., 1997).

In 1997, a research programme was started for the cure of cerebral tumors in
Netherland and Germany in university hospitals and then in 1999 and 2000 in Sweden
and Finland (Moss, 1990; Capala et al., 2003; Joensuu et al., 2003).

In 2001, a patient has liver with multiple metastasis influenced by primary colon

carcinoma was cured by using a new treatment (Pinelli et al., 2002).

The BNCT method using thermal neutron beams can be used to treat other tumors
outside the central nervous system, such as skin melanoma. Currently, sodium
borocaptate and p-borophenylalanine are the only two medications used in clinics
(Figure 1.53). Despite more than 60 years, BNCT is still hindered by some technical
problems. The lack of suitable clinical studies, the necessity of clinical irradiation in
nuclear reactors, and the use of the same °B complexes for 60 years are the most
important of these barriers. Contrary to the aforementioned statements, there have been
some developments in recent years that have led to optimism about the future of the
BNCT.

HsN COsH
HII.I
oB or BH
®C or CH
B(OH),
2: BPA

Figure 1.53 : BSH and BPA boron delivery agents.

Thanks to the importance attached to the synthesis of boronated derivatives of
biological molecules, the design of therapeutic complexes that have the ability to

accumulate in subcellular structures have accelerated.
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1.5.2 Phthalocynines as BNCT agents

Carboranes are very good sources of boron atoms that electron-delocalized clusters
composed of boron, carbon, and hydrogen atoms that have wide variety of potential
applications in medicinal chemistry. Carboranes and other polyhedral boranes are
considered as a suitable boron sources for BNCT. Compared to most anti-cancer drugs,
carboranes are not classified as chemotherapeutic agents due to some disadvantages
such as low water solubility, rapid blood purification, and low tumor selectivity.
Accomplished medication of cancer cells with BNCT requires selective accumulation
of the 1°B fragment in cancer cells. One way to overcome this challenge is to bind the
198 complex to different biomolecules, i.e. tumor-specific molecules. The challenge
for chemists is the synthesis of boron containing molecules that overcomes all these

problems described above.

Polyhedral closo- and nido-carboranes and closo-dodecaborate anions are used as

boron containing fragments for boron neutron capture teraphy (Figure 1.54).

O-BH @-CH

nido-Carborane
CaByoHy2 1,7-C2ByaHy2 [7,8-CaBoHya]

closo-Dodecaborate o-Carborane m-Carborane
2- 1.2
[By2H, 2] yés

Figure 1.54 : Structure of dodecaborate and carboranes.

The boron groups mentioned have different solubility character in water. Closo-
carboranes are hydrophobic, nido-carboranes and closo-dodecaborate are very soluble

in water owing to their anionic structure.

Some phthalocyanines (Pcs) have been proved to be localized and persisted in various
solid tumors. Thereby, using a phthalocyanine to deliver boron atoms to cancer cells
may be a suitable strategy to solve the accumulation problem. The low solubility of

phthalocyanines is an obstacle in the purification and characterization stages.
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Therefore, the main problem is the synthesis of a boron containing Pc with both
lipophilic and hydrophilic units in therapeutic solutions.As the first sample of
carborane-containing phthalocyanine was synthesized in 1989 (Figure 1.55) (Alam et
al., 1989).
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Figure 1.55 : First sample of carborane-containing phthalocyanine.

BNCT is arise from the interaction of two innocuous particles, the 1°B and the thermal
neutron. The °B nucleus has the ability to effectively capture low-energy thermal
neutrons. The excited 1B nucleus that formed by the *°B nucleus capturing the thermal
neutron forms the highly energetic “He and ’Li particles. The effective range of each
of these highly energetic particles in the tissue is approximately 10 um. The area of

influence of cellular damage is approximately the diameter of the cell.

The molecule with the highest boron content is a supramolecular cuboctahedron
containing 240 boron atoms. The cuboctahedron was synthesized from Cu2+ paddle-
wheel nodes and carborane—isophthalic acids with easily with high yield (Clingerman
et al., 2013). Its nanostructure was characterized in the solid state via X-ray diffraction
method. Its structure is illustrated in Figure 1.56. (a) crystallographic ¢ axis and this
axis correspond to a molecular Cs symmetry axis. (b) molecular C4 symmetry axis.
Color key for (a) and (b): pink icosahedra = carborane cages; blue squares = biscopper
paddlewheel nodes; grey hexagons = benzene rings. (c) part is the space-filling
illustration of cuboctahedron. Color key: pink = B; red = O; blue = Cu; grey = carbon;

white = hydrogen.
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Figure 1.56 : Molecular structure of cuboctahedron.

In this article, it is stated that the preparation of 1°B-rich supramolecular structures that

may be useful for BNCT is continued.

In 2013, B. Birsoz et al. reported a paper that described a ZnPc comprising 96 boron
atoms per molecule (Birs6z et al., 2013). In this study, the synthesis of
metallophthalocyanine substituted with eight hydroxy units at peripheral positions was
explained, and by in vitro studies, it was proven that high boron concentrations in the
cell can be maintained with this molecule. The synthetic route of novel
phthalocyanines containing eight dodecaborate groups with diethyleneoxyphenoxy

fragments at a-positions was shown in Figure 1.57 and Figure 1.58.
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Figure 1.57 : Synthetic route for phthalocyanine 3.
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. 16BN

Figure 1.58 : Synthetic route for phthalocyanine 5.

All the new compounds have been analyzed by spectroscopic methods like elemental

analysis, NMR, FT-IR, UV-Vis and confirmed the targated structures.

As part of in vitro studies, the interactions of new phthalocyanine derivative
(phthalocyanine 5) with some nucleic acids, some proteins have been studied and
fluorescence spectra of phthalocyanine 5 in aqueous and membrane mimetic
environment was recorded. The results showed that phthalocyanine 5 forms conjugates
with human globulins and attach to CrEL droplets easily.

It has been demonstrated by using laser scanning confocal microscopy that during the
interaction of phthalocyanine 5 with A549 human lung adenocarcinoma cells,
phthalocyanine 5 penetrates A549 cells and distributed in the cytoplasm. The average
cytoplasmic concentration (ACC) of phthalocyanine 5 increased nearly with

extracellular conjugate concentration (Fig. 1.57a). Complex has a fast uptake (50%
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uptake of phthalocyanine 5 in cells is 4145 min) and relatively long retention (50%
efflux of phthalocyanine 5 from cells is 9.1+0.4 h) in A549 cells (Fig. 1.57b).
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Figure 1.59 : Accumulation and retention of compound 5 in A529 cells.

Generally, phthalocyanines with extremely high negative charge and a relatively low
intracelular molar concentration are not considered suitable agents for BNCT.
However, the high accumulation of phthalocyanine 5 in tumor tissues can be described

as a auspicious procedure for the preparation of novel Pcs involving 1°B atoms.

Polyhedral boron hydrides have three-centered two-electron bonds or multicentered
bonds. William Lipscomb was awarded the Nobel Prize in 1976 for his work on the
structure of boranes that illuminate chemical bonding problems (Lipscomb, 1993).

Until recently, these moieties have not been used in the synthesis of boron-containing
biomolecules because there was not a suitable way for functionalizing them. The
nucleophilic ring-opening reaction of the cyclic oxonium derivatives of the closo-
dodecaborate anion [Bi2Hi12]> can be seen as a new synhesis method for the
functionalization of polyhedral boron hydrides. Monosubstituted derivatives of cobalt
bis (dicarbollide) [3,3’-Co(1,2-C2BgH11)2]” were synthesized by nucleophilic opening
of 1,4-dioxane oxonium group with the same methodology.

Since the cobalt bis (dicarbollide) anion [3,3’-Co(1,2-C2BgH11)2]" shows remarkable
chemical-, thermal- and photo-stability, it has attracted great attention among other
boron clusters and it has been used in the functionalization of phthalocyanine
compounds. | Nar et al. reported new Pc—cobaltacarborane derivatives (Figure 1.60)
(Nar et al., 2015).
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Figure 1.60 : Synthesis of novel phthalocyanine—cobaltacarborane conjugates.

In this study, firstly 4-hydroxyphenoxyphthalonitrile was synthesized by nucleophilic
substitution of  4-nitrophthalonitrile and hydroquinone. Later, dilithium
phthalocyanine intermediate was synthesized by cyclotetramerisation of phthalonitrile
1 with lithium in 1-pentanol. In the next stage, PcLi2> was converted to metal-free Pc
derivative by treating with CH;:COOH. Metal-free phthalocyanine was reacted with
metal salts in C3H7NO under reflux to synthesize metallophthalocyanines. The highly
boronated new Pc derivatives were obtained by the nucleophilic attack of hydroxyl

group to the oxonium unit of cobalt bis(dicarbollide).

This paper also includes the study about how redox properties of phthalocyanines are
changing with substituents and metal core and affecting the spectral and
electrochemical properties of the molecule. Studies have proven that cobaltacarborane
units increase the redox properties of metallophthalocyanines. In Co-and Mn- metals

containing phthalocyanines which conjugated with cobaltacarborane units, ring-based
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reduction and metal-based reductions were observed in both Pc ring and
cobaltacarborane groups.

To contribute to developing boronated molecular systems for BNCT application, hexa-
cationic, low-symmetry Pc complexes, were prepared by Prof. Dr. Esin Hamuryudan’s
research group (Nar et al., 2019). Also, the cytotoxicity of phthalocyanine 6 was
investigated and the boron uptake by the MR-106 (UMR) cells of rat osteosarcoma

was analyzed by quantitative neutron autoradiography methods.

The fact that the o-carborane units are hydrophobic causes the Pcs containing o-
carborane to be insoluble in water. Two strategies can be followed to solve this
problem: adding water-soluble substituents or converting the o-carborane clusters to
the anionic nido-carborane units. In this paper, positively charged quaternary
ammonium groups were used to enhance the solubility of novel

carboranylphthalocyanine (Figure 1.61).

Figure 1.61 : Synthetic pathway of low-symmetrical phthalocyanine derivative.
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In the study conducted to understand whether phthalocyanine 6 is a suitable agent for
BNCT, UMR-106 rat osteosarcoma cells were subjected to phthalocyanine 6 for 4
hours with different concentration. Cytotoxicity was controlled with the standard
clonogenic assay. Results showed that cell survival is depending on the 10-B

concentration.

Boron concentration measurements were carried out by quantitative neuton
autoradiography of UMR cells (Table 1.1).

Table 1.2 : °B concentration in the cell samples.

Protocol Boron concentration in ppm
(ug of 10-B per g of cells)
UMR CTR 0+1
UMR 1 ppm (4 h) 17+4
UMR 5 ppm (4 h) 34+9

Consequently, when the UMR cells are loaded with phthalocyanine 6 at an
exceptionally low polycationic complex, cell survival is reasonable, and the boron
uptake is high in these cells. Considering this data, phthalociyanine 6 can be
considered as an interesting example for the boron neutron capture teraphy/

photodynamic teraphy agents.

Research on targeting deposition into tumor cells has led to increased interest in BNCT
nowadays. All work done to date seeks to explore different methodolgies to prepare
Pc-based agents. Some promising results have been obtained and indicated that these

molecules are potentially useful for BNCT.
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2. PURPOSE OF THESIS

Boron neutron capture therapy contributed greatly to radiotherapy research in the 20th
century, with its effectiveness proven in many X-ray resistant cancers. BNCT is the
most widely used type of therapy to cure for malignant brain tumor and head and neck
cancer, and its effectiveness has been proven in both types of cancer. The selectivity
of accumulation of B compounds in tumors is a cricial factor in the effectiveness of
BNCT. Currently, only BPA (p-borophenylalanine) is used clinically in BNCT and
BSH (undecahydrodode-caborate disodium) can find limited use. Although the
usefulness of some newly developed compounds has been experimentally confirmed,
whether they can be used clinically is still being investigated. In all studies, the aim is
to prepare a new boron compound that shows a higher tumor: normal tissue rate than
existing boron based compounds and accumulates in a high concentration in the tumor.
Additionally, the homogeneous distribution of boron based drugs in the tumor is one
of the most important requirements. Non uniform distribution causes excessive

inhomogeneities in the dose and treatment failure.

Phthalocyanines are among the interesting subjects of coordination chemistry with
their applications increasing every day in parallel with the developing technology. Pcs
have superior photophysical and photochemical features and these features could be
changed with different substituents at peripheral and non-peripheral positions attached
to the macrocycle or around the metal center. Phthalocyanines generally exhibit low
solubility which impedes sufficient purification and characterization. In most of
potential applications, phthalocyanines have been substituted with various functional

groups to improve their solubility and increase their effectiveness.

Studies have shown that compounds containing both polyhedral boron derivatives and
phthalocyanine macrocycles can be considered potential drugs for BNCT. The aim of

the studies carried out in this thesis is to synthesise new water-soluble phthalocyanine

59



derivatives with high boron contents that can give therapeutic boron dose to cancer
cells specifically for application in BNCT.

In the first part of this study, the synthesis of the starting materials is emphasized. For
this purpose, firstly, the synthesis of phthalonitrile derivative and carborane derivative
starting materials was achieved and then they were characterized by spectroscopic
methods and elemental analysis.

In the second part, unsymmetrical novel metal free and metallo Pc complexes were
synthesized in multistep reaction sequences. Column chromatography was used for the

isolation of the targeted AzB type products.

In the third part, AsB type phthalocyanines and decaborane (BioH14) and oxonium
derivative of cobalt bis(dicarbollide) were reacted to give the o-carborane and
cobaltacarborane functionalized phthalocyanines. Also, carbonyl phthalocyanine
derivative that is soluble in aqueous media was prepared by quaternized amino groups
on peripheral positions. Characterization of the newly synthesized phthalocyanine
derivatives was achieved by elemental analysis and spectral methods. These data prove

the successful syntheses of the proposed structures.

In the last part, we reported spectroscopic characterization, aggregation tendency and
electrochemical features of these novel unsymmetrical phthalocyanine derivatives.
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3. EXPERIMENTAL PART

3.1 Materials

4,5-Dichloro-1,2-dicyanobenzene (Wohrle et al., 2013) and 4-nitrophthalonitrile (J.G.
Young et al., 1990), were synthesized as reported by literature. All reagents and
solvents were purchased from commercial manufacturers as reagent grade quality.

Anhydrous K>CO3z and Na,CO3 were ground very thin and dried at 100 °C.

3.2 Instruments

FT-IR spectra were recorded on a Bruker Optics ALPHA-E spectrophotometer in the
650-4000 cm™* area. Absorption spectra in the UV-Vis region were taken on a Scinco
S-3100 spectrophotometer. 'H NMR and !B NMR spectra were recorded using
Agilent VNMRS 500 MHz at 25 °C. Mass spectra were measured on a Bruker
Microflex MALDI-TOF/MS mass spectrometers. The elemental analysis was

performed on a Costech ECS 4010 CHNS elemental analyzer.

3.3 Synthesis of Phthalonitrile Derivatives

3.3.1 4,5 Di(hexylthio) phthalonitrile (1)

1-Hexanethiol (7.0 g, 60.0 mmol) was dissolved in 35 mL of DMF under nitrogen.
4,5-dichloro-1,2-dicyanobenzene (6.0 g, 30.0 mmol) was added and reaction was
stirred for 15 minutes. Dry potassium carbonate (15.0 g, 110.0 mmol) was added
portionwise within 2 hours. The mixture was stirred at room temperature for 12 hours.
Then the mixture was poured into 300 mL of ice-water, and precipitate was filtered
off. The residue was crystallized from CoHsOH (Giirek et al., 1994). Yield: 8 g (74%);
m.p. 70 °C. IR v (cm™): 3073 (Ar-H), 2955-2858 (alkyl-CH), 2228 (-C=N); 'H NMR
(CDCl3): 7.40 (s, 2H, Ar-H), 2.99 (t, 4H, SCH), 1.73 (g, 4H, SCCH>), 1.49 (m, 4H,
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CCH:C), 1.33 (m, 8H, CCH2C), 0.89 (t, 6H, CH3); anal. calcd. for C2oH2sN2S2; C,
66.62; H, 7.83; N, 7.77; found: C, 66.51; H, 7.99; N, 7.56%;

Na
S Cl K,CO; NC S
L e, KT Ny
N7 Cl DMF  NC ST
1
Figure 3.1 : 4,5-Di(hexylthio) phthalonitrile (1).
Table 3.1 : Elemental analysis of 1.
C H N
Calculated 66.62 7.83 7.77
Found 66.51 7.99 7.56

3.3.2 4-[(2-Hydroxyethyl)thio] phthalonitrile (2)

1.0 g of 4-nitrophthalonitrile (0.6 mmol) and 1 mL of 2-hydroxyethylmercaptan (1.0
g, 1.2 mmol) were stirred in 20 mL of dry dimethyl sulfoxide. After 10 min, anhydrous
3.0 g of Na2CO3 (2.8 mmol) was added portionwise over 2 hours and stirred at room
temperature for a further 6 hours. The mass was then poured into 200 mL of iced-water
and the precipitate was filtered off, washed with H2O and crystallized from C7Hs. It
was washed first with cold CsHi4 and then with (C2Hs)20 (Ozgesmeci et al., 2007).
Yield: 1.49 g (76%); m.p. 92 °C. IR v (cm™): 3332 (-OH), 3094 (Ar-H), 2932, 2881
(alkyl-CH), 2226 (-C=N); 'H NMR (CDCls): 7.59 (d, 1H, Ar-H), 7.52 (d, 1H, Ar-H),
7.49 (d, 1H, Ar-H), 3.83 (t, 2H, OCH>), 3.16 (t, 2H, SCH2), 2.04 (s, 1H, OH); anal.
calcd. for C10HsN20S; C, 58.80; H, 3.95; N, 13.72; found: C, 58.92; H, 3.86; N,
13.55%; MS: m/z 205 [M+1]*, 206 [M+2]".

N N
N N02 N32CO3 \\ S
>©/ T > " oH
>z DMSO

Figure 3.2 : 4-(2-Hydroxyethylthio) phthalonitrile (2).

62



Table 3.2 : Elemental analysis of 2.

C H N
Calculated 58.80 3.95 13.72
Found 58.92 3.86 13.55

3.3.3 4-[3-(Diethylamino)phenoxy] phthalonitrile (3)

Dry sodium carbonate (1.3 g, 11.56 mmol) was added to a solution of 3-
(diethylamino)phenol (1.15 g, 6.94 mmol) and 4-nitrophthalonitrile (1.0 g, 5.78 mmol)
in dry dimethylformamide (20 mL) within 2 h. The solution was stirred for 48 hours
under nitrogen. Then it was poured into 200 mL of distilled water. The product was
extracted with ethylacetate from the water phase and dried from Na>SOs. Ethylacetate
was evaporated and the sticky brownish product was crystallized from n-hexane (Dei
et al., 2006). Yield: 1.64 g (98%); IR v (cm™): 3083 (Ar-H), 2966-2924 (alkyl-CH),
2234 (-C=N); 'H NMR (CDClz): 7.69 (1H, d), 7.30 (1H, d), 7.22 (2H, dd), 6.57 (1H,
t), 6.32 (1H, dd), 6.26 (1H, m), 3.35 (4H, q), 1.18 (6H, t); anal. calcd. for C1sH17N30;
C, 74.20; H, 5.88; N, 14.42; found: C, 74.39; H, 5.54; N, 14.55%.

N OH N
S NO, K,CO N o N
T O e PR S
> NN DMF >
N 3
Figure 3.3 : 4-[3-(Diethylamino) phenoxy] phthalonitrile (3).

Table 3.3 : Elemental analysis of 3.

C H N
Calculated 74.20 5.88 14.42
Found 74.39 5.54 14.55

3.4 Synthesis of Carborane Derivatives

3.4.1 7,8-Dicarba-nido-undecarborate (4)

O-carborane (10.0 g, 69.0 mmol) and KOH (7.74 g, 138.0 mmol) were refluxed in
ethanol for 48 hours. Ethanolic phase was filtered off and then C;HsOH was
evaporated. Distilled water was put into to the product and CsHgN.HCI was dropped

into water phase in order to precipitate the trimethylammonium salt. Pure white
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compound was filtered off and dried under vacum (Wiesboeck et al., 1964). Yield: 13
g (98%); 'H NMR (d6-acetone) ¢, ppm: -0.5-2.0 (b, 10H, BH), 3.12 (s, 9H, -
NH(CHs)s); *B NMR (d6-acetone) d, ppm: -10.9 (s, 2B), -16.8- (-17.6) (d, 4B), -22.3
(s, 2B), -33.2 (s, 1B), -37.8 (s, 1B).

H H

KOH H,0 +
[ NH(CH3);
C,HsOH C3HgN.HCI

4

Figure 3.4 : 7,8-Dicarba-nido-undecarborate (4).
3.4.2 [3,3°-Co(1,2-C2B9H11)2] (5)

9.415 g of 7,8-dicarba-nido-undecaborate (4) (65.0 mmol) was put into a solution of
10.0 g NaOH in water. After dissociation of salt, 15.415 g of CoCl,.6H20 (65.0 mmol)
was added and it was stirred for a further 30 minutes. The orange product that formed
was extracted with ether. Sodium salt of cobaltocarborane was dissolved in H>O, CsCl
solution was slowly added into solution. Light orange precipate was filtered off and
dried in vacuo (Sivaev et al., 1999). Yield: 20.3 g (72%); 1'B NMR (DMSO) §, ppm:
5.19 (s, 2B), 0.27 (s, 2B), -7.0 (s, 8B), -18.1 (s, 4B), -23.7 (s, 2B).

H @
2 @ + CoCl,.6H,0 —»» Co Na* + CsCl —» Co Cs*

Figure 3.5 : [3,3°-C0(1,2-C2BoH11)2]” (5).

3.4.3 [3,3’-Co(8-C4Hs02-1,2-C2BoH10)(1°,2°-C2B9HA11)] (6)

2 mL (16.0 mmol) of boron trifluoride etherate was added into a solution of 0.90 g (2.0
mmol) Cs[3,3'-Co(1,2-C2BgH11)2] (5) in 100 mL of 1,4-dioxane under nitrogen and
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reaction mixture was refluxed for 5h. After product was cooled to ambient
temperature, it was filtered off and dried. The rest was purified by column
chromatography on silica gel with DCM (Teixidor et al., 2003). Yield: 0.76 g (94%);
'H NMR (d6-acetone) &, ppm: 4.72 (t, 4H, -OCH2CH>). !B NMR (d6-acetone): 24.7
(1B, s), 8.6 (1B, s), 5.8 (1B,s), -2.31 (1B, d), -3.8 (4B, d), -8.06 (2B, d), -9.78 (2B, d),
-14.83 (2B, d), -18.57 (2B, d), -21.04 (1B, d), -27.05 (1B, d).

I - I
Cs

Co + 0O O > Co __/
L . - .

Figure 3.6 : [3,3’-Co(8-C4Hg02-1,2-C2BgH10) (1°,2’-C2BgH11)] (6).
3.5 Synthesis of Unsymmetrical Phthalocyanine Derivatives

3.5.1 2,3,9,10,16,17-Hexakis(hexylthio)-23-hydroxyethylthiophthalocyanine (7)

A mixture containing 0.432 g (1.2 mmol) of 4,5-di(hexylthio) phthalonitrile (1) and
0.08 g (0.4 mmol) of 4- (2-hydroxyethylthio) phthalonitrile (2) in 3 mL CsH120 was
heated and stirred at 140 °C under nitrogen in a sealed tube. After 15 min, 0.015 g (2.0
mmol) lithium metal was added to the mixture and refluxed for 4 hours. The reaction
mixture was cooled to ambient temperature and then poured into 25 mL methanol and
acidified with CH3COOH until the crude product precipitated. Therefore, Li2Pc
derivatives were converted into metal free phthalocyanines. The precipitate was
centrifuged and washed several times with hot CH3OH. Finally, the green residue was
chromatographed on silica gel using dichloromethane: methanol as the eluent,
changing from 150:1 to 75:1 (v/v), to afford in Pc 7 as a green solid on the second
fraction. Yield: 0.13 g (26%); m.p. > 200 °C; IR v (cm™): 3300 (-OH), 3290 (-NH),
2950-2850 (alkyl -CH); *H NMR (CDCls) & ppm: 8.42-7.57 (m, 9H, Ar-H), 4.71 (s,
H, OH), 4.19 (m, 2H, OCHy>), 3.68 (m, 2H, SCH>), 3.56-3.24 (m, 12H, SCH), 2.03-
1.26 (m, 48H, -CH), 1.05 (m, 18H, CHz), -4.3 (br, 2H, N-H); UV-Vis Amax (nm) in
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THF: 342, 694, 725; MALDI-TOF MS (matrix DHB) m/z: 1287.85 [M]*; anal. calcd.
for C70HeaNgOSy7; C, 65.28; H, 7.36; N, 8.70; found: C, 65.17; H, 7.45; N, 8.78%.

\/\/\/ \/\
Ny s N
O Sy
+
Z

_ 1pentanol / NH N=

«/\/\ /\/\/\

%75

Figure 3.7 : 2,3,9,10,16,17-Hexakis(hexylthio)-23-hydroxyethylthiophthalocyanine

().
Table 3.4 : Elemental analysis of 7.
& H N
Calculated 65.28 7.36 8.70
Found 65.17 7.45 8.78

3.5.2 [2,3,9,10,16,17-Hexakis(hexylthio)-23-hydroxyethylthiophthalocyaninato]
zinc(I1) (8)

A solution of 0.1 g (0.08 mmol) of Pc 7 and 0.044 g (0.24 mmol) of Zn(CH3COO0),
was refluxed in 2 mL of 1-pentanol with stirring for 4 hours under N2. The resulting
suspension was cooled to ambient temperature and then poured into 20 mL of
methanol. The precipitate was filtered off, washed successively with water, hot
methanol, hot acetone and hot n-hexane. The purification was carried out by column
chromatography on silica gel using dichloromethane: methanol (50:1) as the eluent to
result in Pc 8 as a green solid. Yield: 0.10 g (94.4%); m.p.> 200 °C; IR v (cm™): 3360
(-OH), 2950-2850 (alkyl -CH); *H NMR (CDClIs + 1 drop of pyridine d5) § ppm: 9.10-
8.82 (br, 5H, Ar-H), 8.55 (s, 1H, Ar-H), 8.03 (m, 2H, Ar-H), 7.62 (s, 1H, Ar-H), 4.64
(s, H, OH), 4.15 (m, 2H, OCH), 3.84 (m, 2H, SCH>), 3.44-2.86 (m, 12H, SCH>), 2.02-
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1.72 (m, 24H, CH2),1.44-1.22 (m, 24H, CH>), 0.96 (m, 18H, CH3); UV-Vis Amax (nm)
in THF: 361, 629, 699; MALDI-TOF MS (matrix DHB) m/z: 1352.52 [M+H]"; anal.
calcd. for C70Hs2ZnNsOS7; C, 62.21; H, 6.86; N, 8.29; found: C, 62.25; H, 6.77; N,

s §
G e
e N et

k / P

Figure 3.8 : [2,3,9,10, 16,17-Hexakis(hexylthio)-23-
hydroxyethylthiophthalocyaninato] zinc(l1) (8).

Table 3.5 : Elemental analysis of 8.

C H N
Calculated 62.21 6.86 8.29
Found 62.25 6.77 8.35

3.5.3[2,3,9,10,16,17-Hexakis(hexylthio)-23-1-pentynyloxyethylthio
phthalocyaninato] zinc(I1) (9)

0.01 g of 4-pentynoic acid (0.12 mmol) and 20 mL of anhydrous dichloromethane were
added to a three-necked 50 mL flask. After the 4-pentynoic acid was dissolved, 0.15 g
(0.11 mmol) of Pc 8 and 0.024 g (0.12 mmol) of dicyclohexylcarbodiimide (DCC)
were added. Then 0.007 g (0.055 mmol) of N,N-dimethylaminopyridine (DMAP),
dissolved in 1.5 mL of anhydrous dichloromethane, was added. The mixture was
stirred for 48 hours at room temperature under N2 atmosphere. The solution was
filtered and the filtrate was placed in the freezer for 30 min and then filtered again.
Following the evaporation of the solvent, purification of the solid crude product 9 was
accomplished by column chromatography with CH.Cl2:CH30H (50:1) as eluents to
give a dark green solid. Yield: 95 mg (59.8%); m.p.> 200 °C; IR v (cm™): 3310
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(alkynyl -CH), 2950-2850 (alkyl -CH), 2202 (-C=CH), 1720 (-C=0); UV-Vis Amax
(nm) in THF: 360, 630, 698; MALDI-TOF MS (matrix: DHB) m/z: 1432.47 [M + H];
anal. calcd. for C7sHesZnNg02S7; C, 62.93; H, 6.76; N, 7.83; found: C, 63.01; H, 6.71;

N, 7.88%.
s @/S\/\w )J\/\ \/\/\/ \Q/n
/\/\/\ DMAP, DCC ~— /&:

Figure 3.9 : [2,3,9,10, 16,17-Hexakis(hexylthio)-23-1-
pentynyloxyethylthiophthalocyaninato] zinc(11) (9).

\/\/\/s

Y \\
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Table 3.6 : Elemental analysis of 9.

C H N
Calculated 62.93 6.76 7.83
Found 63.01 6.71 7.88

3.5.4 Tris-9(10),16(17),23(24)[3-(diethylamino)phenoxy]-2-hydroxyethylthio
phthalocyanine (10)

0.14 g (0.68 mmol) of 4-(2-hydroxyethylthio) phthalonitrile (2) and 0.6 g (2.04 mmol)
of 4-[3-(diethylamino) phenoxy] phthalonitrile (3) were dissolved in 3 mL of CsH120
at 80°C. After stirring 15 min, 0.007 g (1.03 mmol) of lithium was added and heated
at 140°C. The reaction mixture was stirred for 4 h more under nitrogen. The green
suspension which was prepared via cyclotetramerization by using 3:1 of 3 and 2 was
diluted in methanol and 0.5 mL of acetic acid was added in order to convert Li2Pc to
metal free Pc. The precipitate form was filtered off and washed with CH30H until the
washing CH3OH was clear. The resultant solid was subjected to alumina column

chromatography with CH>Cl>: MeOH as eluent system changing from 75:1 to 50:1
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(v/v). The second band contained the desired AsB type Pc 10 was collected. Yield: 150
mg (21%); IR v (cm™): 3285 (N-H), 3040(0-H), 2966 (alkyl-CH), 1272 (C-O-C); H
NMR (pyridine d5) 6, ppm: 9.60— 9.27 (m, Har), 8.25-8.07 (m, Har), 7.41(m, Har),
6.99-6.66 (m, Har), 4.37 (m, CH-0), 3.87-3.76 (m, CH-0), 1.26-1.21 (CHz3); UV-
Vis Amax (nm) in DCM: 343, 672, 702; MALDI MS m/z: 1080 [M]"; anal. calcd. for
CeaHs1N1104S; C, 71.15; H, 5.69; N, 14.26; found: C, 71.55; H, 5.63; N, 14.56%.

—
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Figure 3.10 : Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-
hydroxyethylthio phthalocyanine (10).

Table 3.7 : Elemental analysis of 10.

C H N
Calculated 71.15 5.69 14.26
Found 71.55 5.63 14.56

3.5.5 {Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-hydroxyethylthio
phthalocyaninato} zinc(11) (11)

0.68 g (0.63 mmol) of Pc 10 was reacted with 0.12 g (0.63 mmol) of anhydrous zinc
acetate in 3 mL of dry CsH120 at 140 °C under nitrogen for 4 h. After cooling to room
temperature, the reaction was quenched with distilled water and green precipitate was
filtered off. Solid product was washed with hot C.HsOH, acetone and hexane and then
dried in vacuo. Yield: 0.68 g (89 %); IR v (cm™): 3040(0-H), 2925 (alkyl-CH), 1272
(C-0-C). UV-Vis Amax (nm) in DCM: 358, 617, 683; anal. calcd. for
CeaHs9N1104SZn; C, 67.21; H, 5.20; N, 13.47; found: C, 66.98; H, 5.23; N, 13.65.
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Figure 3.11 : {Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-
hydroxyethylthio phthalocyaninato} zinc(I1) (11).

Table 3.8 : Elemental analysis of 11.

C H N
Calculated 67.21 5.20 13.47
Found 66.98 5.23 13.65

3.5.6 {Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-1-
propynloxyethylthio phthalocyaninato} zinc(I1) (12)

0.50 g (0.43 mmol) of Pc 11 was dissolved in 20 mL of toluene and cooled to 0° C.
0.021 g (0.86 mmol) of sodium hydride was added to the solution under N2
atmosphere. The obtained solution was stirred for 1 h, followed by the addition of the
solution of 0.102 g (0.86 mmol) propargyl bromide in toluene via a syringe. After
addition, mixture was stirred for another 4 h, and then the suspension was filtered off
and extracted with distilled water repeatedly. After removal of the solvent under
reduced pressure, the product was dried in vacuo. Yield: 0.46 g (80%); IR v (cm™):
3289 (alkynyl -CH), 2925 (alkyl-CH), 2160 (C=C), 1272 (C-O-C); *H NMR (dDMSO)
o, ppm: 8.94 (b, Har), 8.54 (b, Har), 7.67 (b, Har), 7.37 (b, Har), 6.69 (b, Har), 4.45
(b, CH-0), 3.44 (m, CH-0), 1.26-1.19 (CH3), UV-Vis Amax (nm) in DCM: 353, 619,
684; anal. calcd. for Ce7He1N1104SZn; C, 68.10; H, 5.20; N, 13.04; found: C, 68.45;
H, 5.13; N, 13.27.
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Figure 3.12 : {Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-1-
propynloxyethylthio phthalocyaninato} zinc(ll) (12).

Table 3.9 : Elemental analysis of 12.

C H N
Calculated 68.10 5.20 13.04
Found 68.45 5.13 13.27

3.5.7 {Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-1-
pentynyloxyethylthio phthalocyaninato} zinc(l1) (13)

To an ice bath cooled a solution of compound 11 (0.12 g, 0.11 mmol) and 4-pentynoic
acid (0.01 g, 0.12 mmol) in DCM (20 mL) was added DMAP (0.007 g, 0.055 mmol)
and the mixture was stirred for 30 minutes under nitrogen. A solution of DCC (0.024
g, 0.12 mmol) in DCM (2 mL) was added to the reaction mixture at 0°C. After the
addition, the mixture was left at room temperature for 24 hours. The solvent was
removed under reduced pressure. The crude product was dissolved in CHCl, and
placed in cold for 30 minutes, then filtered through a crucible in order to remove 1,3-
dicyclohexyl urea (DCU). The solvent was evaporated in vacuum and product was
washed with hot ethanol. Yield: 86 mg (67 %); IR v (cm™): 3285 (alkynyl -CH), 2926
(alkyl -CH), 2273 (-C=CH), 1737 (-C=0); UV-Vis Amax (nm) in DCM: 358, 617, 683;
anal calcd. for CeoHesN1105SZn; C, 67.72; H, 5.19; N, 12.59; found: C, 67.64; H, 5.33;
N, 12.62.
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Figure 3.13 : {Tris-9(10), 16(17), 23(24)[3-(diethylamino)phenoxy]-2-1-
pentynyloxyethylthio phthalocyaninato} zinc(ll) (13).

Table 3.10 : Elemental analysis of 13.

C H N
Calculated 67.72 5.19 12.59
Found 67.64 5.33 12.62

3.6 Synthesis of Carborane Containing Phthalocyanines

3.6.1[2,3,9,10,16,17-Hexakis(hexylthio)-23-1-(o-carboranyl) propanoxyethylthio
phthalocyaninato] zinc(I1) (14)

0.019 g (0.154 mmol) of decaborane (B1oH14) was dissolved in a mixture of 10 mL dry
toluene and 6 mL dry acetonitrile. The reaction mixture was heated to 90 °C. After 2
h, 0.20 g (0.140 mmol) Pc 9 was added. This mixture was heated to reflux for 48 h.
After the reaction mixture was cooled to room temperature, it was filtered, and all
solvents were evaporated. Purification of the solid crude product 14 was carried out
by column chromatography with THF as eluent to give a green solid. Yield: 0.086 g
(40.0%); m.p. > 200 °C. IR v (cm™): 2950-2850 (alkyl -CH), 2571 (-BH); *H NMR
(pyridine d5): 9.73-9.45 (m, 6H, Ar-H), 8.97-8.38 (m, 3H, Ar-H), 4.74 (m, 2H, CH>),
4.41 (s, H, CH), 3.92 (m, 2H, OCH>), 3.80 (m, 2H, SCH>), 3.56 (m, 12H, SCH>), 3.22-
1.10 (b, 10H, BH), 2.84 (m, 2H, CH.OC=0), 2.13 (m, 2H, CCHy), 2.03 (m, 12H,
SCCCHy), 1.70-1.30 (m, 24H, CCHy), 0.93 (m, 18H, CHz3); !B NMR (pyridine d5):
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S, ppm -2.34 (b, 1B); -5.34 (b, 1B), -9.18 (b, 3B), -11.21 (b, 5B).; UV-Vis Amax (nm)
in THF: 361, 632, 700; MALDI-TOF MS (matrix DHB) m/z: 1551.72 [M]*, 1352.090
[M-CsH17B100]"; anal. calcd. for C7sH108B10ZnNsO2S7; C, 58.05; H, 7.02; N, 7.22;
found: C, 57.96; H, 6.93; N, 7.28%.
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Figure 3.14 : [2, 3, 9, 10, 16, 17-Hexakis(hexylthio)-23-1-(o-
carboranyl)propanoxyethylthiophthalocyaninato] zinc(l1) (14).

Table 3.11 : Elemental analysis of 14.

C H N
Calculated 58.05 7.02 7.22
Found 57.96 6.93 7.28

3.6.2 {Tris-9(10),16(17),23(24)[3-(diethylamino)phenoxy]-2-1-(o-carboranyl)
propanoxyethylthio phthalocyaninato} zinc(l1) (15)

0.01 g (0.085 mmol) of BioH14 was heated in the mixture of dry acetonitrile (15 mL)
and toluene (15 mL) under reflux. After 1 h the solution turned to yellow. After cooling
to room temperature, 0.08 g (0.07 mmol) of Pc 13 was added and refluxing continued
for 48 hours under nitrogen atmosphere. Acetonitrile and toluene were evaporated and
the solid was washed with hot CoHsOH and CeH14. The crude product was purified by
column chromatography with THF to give compound 15. Yield: 62.5 mg (68%); IR v
(cm™): 2968-2928 (alkyl-CH), 2511 (B-H), 1732 (C=0); UV-Vis Amax (nm) in THF:
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349, 620, 679; anal. calcd. for CegH75B10N1105SZn; C, 70.76; H, 4.82; N, 11.35; found:
C, 70.53; H, 4.48; N, 11.53.
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Figure 3.15 : {Tris-9(10),16(17),23(24)[3-(diethylamino)phenoxy]-2-1-(o-
carboranyl)propanoxyethylthio phthalocyaninato} zinc(l1) (15).

Table 3.12 : Elemental analysis of 15.

C H N
Calculated 70.76 4.82 11.35
Found 70.53 4.48 11.53

3.6.3 {Tris-9(10),16(17),23(24)[3-(N, N, N diethylmethylammonium)phenoxy]-2-
1-(o-carboranyl) propanoxyethylthio phthalocyaninato} zinc(l1) triiodide (16)

A mixture of Pc 15 (0.027 g, 0.02 mmol) and CHal (0.014 g, 100.0 mmol) in 5 mL
CHClI3 was heated and stirred at 50° C for 2 days in the dark. After cooling to ambient
temperature, the resultant suspension was filtered off and washed with hot CHCls.
Then, water soluble ionic Pc 16 was dried in vacuo. Yield: 30 mg (84%); *H NMR (ds-
DMSO) 3, ppm: 9.46-9.34 (m, 4H, Ar-H), 8.93-8.87 (m, 4H, Ar-H), 8.07-7.60 (m,
16H, Ar-H), 4.15 (m, 6H, N-CH>), 4.02 (m, 2H, OCHy), 3.93 (m, 6H, N-CH>), 3.81
(m, 2H, SCH>), 3.60 (m, 9H, N-CHj3), 2.63 (b, 2H, CH,0C=0), 1.90 (m, 2H, CCH>),
1.22 (m, 18H, CHs); !B NMR (dDMSO): §, ppm -3.29 (b); -9.25-(-13.94) (b), -9.49
(b); UV-Vis Amax (nm) in (H2O+triton X): 352, 615, 681.
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Figure 3.16 : {Tris-9(10),16(17),23(24) [ 3-(N, N, N diethylmethylammonium)
phenoxy]-2-1-(o-carboranyl)propanoxyethylthiophthalocyaninato}zinc(ll) triiodide
(16).

3.7 Synthesis of Cobalt Bis(dicarbollide) Substituted Phthalocyanine Derivatives

3.7.1 Synthesis of phthalocyanine 17

0.08 g (0.06 mmol) of Pc 8, 0.06 mg (0.07 mmol) of 3,3'-Co(8-CsHgO-1, 2-
C2B9H10)(1',2"-C2BgH10) 6 and 0.007 g (177.6 mmol, %60) of NaH were refluxed in 5
mL of toluene for 12 h. After the reaction mixture was cooled to room temperature, it
was filtered, and solvent was evaporated. Purification of the solid crude product 17
was accomplished by column chromatography with DCM. Yield: 0.072 g (52%); FT-
IR v (cm™): 2956-2855 (alkyl-CH), 2558 (-BH); !B NMR (CDCls): 24.17 (1B, s), 6.0
(1B, d), 1.26 (1B, d), -1.79 (1B, d), -2.6 (1B, d), -6.8 (8B,b), -16.85 (5B, b), -28.3 (1B,
d); UV-Vis Amax (nm) in DMSO: 312, 369, 635, 704.

/ !
ﬁ@@“ @Céﬁ@@m -
57 §7

Figure 3.17 : Synthesis of Phthalocyanine 17.
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3.7.2 Synthesis of phthalocyanine 18

0.1 g (0.09 mmol) of Pc 11, 0.043 g (0.105 mmol) of 3,3'-Co(8-CsHgO>-1, 2-
C2B9H10)(1',2"-C2BgH10) (6) and 0.01 g (0.262 mmol, %60) of NaH were refluxed in 5
mL of C7Hg for 12 hours. After the reaction mixture was cooled to room temperature,
it was filtered, and solvent was evaporated. Purification of the solid crude product 18
was accomplished by column chromatography with DCM. Yield: 0.095 g (73%); H
NMR (acetone-d6, ppm): &, ppm: 9.01-8.79 (b, Har), 8.58-8.40 (b, Har), 7.73-7.61(b,
Har), 7.37(b, Har), 6.78-6.68 (b, Har), 4.45 (m, CH-0), 3.95-3.33 (m, CH>) 3.43 (m,
CH-0), 1.25-1.19 (CHs), B NMR (acetone-d6, ppm): 24.33 (1B, s), 6.01 (1B, d),
0.37 (1B, d), -2.59 (1B, d), -4.29 (2B, d), -7.35 (2B, d), -8.2 (4B, d), -17.23 (2B, d), -
20.42 (2B, d), -21.9 (1B, d), -28.31 (1B, d)., UV-Vis Amax (nm) in DMSO: 313, 358,
617, 685.
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Figure 3.18 : Synthesis of Phthalocyanine 18.
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4. CONCLUSION

This thesis study consists of four sections. In section 4.1, synthesis and
characterization of starting materials consisting of phthalonitrile and carborane were
described. In section 4.2, the synthesis steps of novel unsymmetrical phthalocyanine
derivatives were explained and the methods used to elucidate their structures were
mentioned. In section 4.3 shows synthesis methods for the preparation of carborane
and metallocarborane-substituted phthalocyanines that can be used for BNCT. It also
includes the characterization of complexes using different spectroscopic techniques.
In Section 4.2 and 4.3, special emphasis has been placed on increasing the solubility
of phthalocyanine derivatives for BNCT. In the last section, electrochemical properties

of newly synthesized unsymmetrical phthalocyanine derivatives were investigated.

4.1 Synthesis and Characterization of Phthalonitrile and Carborane Derivatives

The structures of phthalonitrile derivatives and boron-containing units, which are the
phthalocyanine starting materials required for the synthesis of the new phthalocyanine

complexes targeted in this work, are shown in Figure 4.1.

NC ji:j: S e T
H
NC 5T "NH(CH3)s
4,5-Di(hexylthio) phthalonitrile (1)
7,8-Dicarba-nido-undecarborate (4) @—O o]
N s Co /
Beaa. =
NF 7
4-(2-Hydroxyethylthio) phthalonitrile (2) @ [3.3’-Co(8-C4HgO2-1,2-C3BsH )
Co Cs* (1°.2°-C2BgH11)] (6)

B eaea &

[3.37-Co(1,2-C:BeH11)2] (5)
4-[3 (Dlerhvlalmno) phenoxy] phthalonitrile (3)

Figure 4.1 : Phthalonitrile and carborane precursors.
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The advantageous phthalocyanine precursors are phthalonitriles, which give good
yields of phthalocyanine complexes with most metals. Phthalocyanine synthesis is
generally easily accomplished by reacting the phthalonitrile with a metal atom in a
suitable solvent. However, the syntheses which using precursors such as phthalic
anhydrides or phthalimides require a nitrogen supplier like CH4N2O and a catalyst like
(NH4)sM07024 or H3BO3.

Our primary aim has been the synthesis of phthalonitrile derivatives bearing long-

chain alkylthioether (1), thioether (2) and dialkylaminophenoxy (3) substituents.

4,5 Di(hexylthio) phthalonitrile (1) was obtained from 4,5-dichloro-1,2-
dicyanobenzene through base-catalyzed nucleophilic aromatic displacement by using
the method already described with some changes (Giirek et al., 1994). The reaction
was done at ambient temperature with 74% yields. Spectroscopic data (FT-IR and *H

NMR) and elemental analysis confirmed the assigned structure for phthalonitrile 1.

4-[(2-Hydroxyethyl) thio] phthalonitrile (2) was synthesized by the aromatic nitro-
displacement between 4-nitrophthalonitrile and 2- hydroxyethylmercaptan with
Na2CO3 in DMSO (Ozg¢esmeci et al., 2007). In this reaction, Na,CO3 was used as the
base and dry DMSO as the solvent. FT-IR, *H NMR and MALDI-TOFF spectral data
and elemental analysis were consequent with the targeted structures of phthalonitrile
2.

4-[3-(Diethylamino) phenoxy] phthalonitrile (3) was accomplished in 98% vyield from
4-nitrophthalonitrile and 3- (diethylamino)phenol in dry DMF and Na>COs was used
as base (Dei et al., 2006). This reaction is commonly used in the synthesis of various
ether or thioether containing phthalonitrile. Characterization of the phthalonitrile 3 was
carried out with elemental analysis and spectroscopic data (FT-IR and *H NMR).

Spectral studies for the phthalonitrile 3 proved the determined structure.

In the FT-IR spectra of phthalonitrile 1, 2, and 3 indicated CN group with intense bands
at 2228 cm?, 2226 cm™ and 2234 cmt, respectively.

In the *H NMR spectrum of phthalonitrile 1, the aromatic protons were appeared at
7.40 ppm (s, 2H) and aliphatic protons were appeared at 2.99 (t, 4H), 1.73 (q, 4H),
1.49 (m, 4H), 1.33 (m, 8H) and 0.89 (t, 6H) ppm.
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In the *H NMR spectrum of phthalonitrile 2, the aromatic protons were appeared at
7.59 (d, 1H), 7.52 (d, 1H) and 7.49 (d, 1H) ppm; -OCH>, .SCH> and -OH protons were
appeared at 3.83 (t, 2H), 3.16 (t, 2H) and 2.04 (s, 1H) ppm, respectively.

In the *H NMR spectrum of phthalonitrile 3, the aromatic protons were present around
7.69 —7.22, 6.57 — 6.26 ppm.

Carborane derivatives attract attention with their extraordinary properties such as high
boron content and low toxicity as 1°B carrier agents for boron neutron capture teraphy.
The polyhedral closo- and nido-carboranes and closo-dodecaborate unit are the
primary 1°B compounds suggested for boron neutron capture therapy. Cyclic oxonium
derivatives of polyhedral boron hydrides are compounds with great potential for cancer
treatment. Also, cobaltacarborane containing Pc derivatives show the strongest near-
IR absorptions, which can use light with deeper penetrating power into most human
tissues (Kennedy et al., 1996). The cobalt bis (dicarbollide) anion has three different
rotamers with the gradual conformation of the two dicarbollide fragments separated
by three retained transition states (Figure 4.2). With the transoid arrangement of the
two dicarbollide groups, the minimum energy is preferred for cobalt bis (dicarbollide)

over the cisoid conformation (Sivaev et al., 1999; Dash et al., 2017).

[3,3'-(30{1.2-CEBQH11]2]2‘ [3.3-Co(1.2-C,B4H, )57 [2,2"-Co(1,7-C;BgH ;)51
transoid conformation cisoid conformation

oBH ecH @ co
Figure 4.2 : Structure of cobalt bis (dicarbollide) anions.

The preparation of oxonium derivative of cobalt bis(dicarbollide) 6 was carried out in
three steps. First, o-carborane was degraded by potassium hydroxide and 7,8-dicarba-
nido-undecarborate anion (4) was obtained with 98% vyields (Wiesboeck et al., 1964).
In the second step, 7,8-dicarba-nido-undecaborate is deprotonated to the dianion and
followed by reacted with CoCl». In this reaction is 7,8-dicarba-nido-undecaborate was
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treated with NaOH in aquous solution to obtain the cesium salt of cobaltocarborane
anion 5 (Sivaev et al., 1999). In the last step, the reaction of cobaltocarborane cesium
salt with BF3.OEt2 in 1,4-dioxane results in the corresponding oxonium functionalized
cobalt bis(dicarbollide) 6. This synthesis procedure was carried out as represented in
the paper with high yield (Teixidor et al., 2003).

In the 'H NMR spectrum of cobalt bis(dicarbollide) 6, CH protons of cobalt
bis(dicarbollide) unit was appeared at 4.72 ppm.

The B NMR spectra of cobalt bis(dicarbollide) 6 show typical eleven signals in the
range of 24.7 to -27.05 ppm.

4.2 Synthesis and Characterization of Unsymmetrical Phthalocyanine

Derivatives

More recently, the focus is on the the development of non-symmetrical Pcs which have
superior properties in various fields such as second order NLO, PDT of cancer, liquid
crystals, and Langmuir-Blodgett film formation. In the present work, novel Pcs
involving one different (B) and three identical (A) isoindole subunits (A3B type) have
been synthesized. Statistical condenzation is the most common method to synthesis
AszB-type phthalocyanines. This is a nonselective synthesis procedure and generally
provides a mixture of six derivatives with similar physicochemical characteristics. In
this method, unit A and unit B are generally used in ratios varying between 3: 1 and 9:
1. However, this ratio increases up to 10: 1 or even 40: 1 due to the different effects of
the substituents (Nemykin et al., 2014; Tolbin et al., 2007; Kudrik et al., 2000; de la
Torre et al., 2000).

After the synthesis of starting materials, AsB type metal free and metallo Pc derivatives
were synthesized and they were characterized by elemental analysis, NMR, FT-IR,
UV-Vis and mass spectral data. Aggregation behavior and electrochemical features of

some of them were also reported.

AsB type metal free phthalocyanine derivative 7 was synthesized in two steps. In the
first step, dilithium phthalocyanine was prepared with the lithium templated
cyclotetramerization of long-chain alkylthioether (1) and thioether (2) substituted
phthalonitriles in a solvent (1-pentanol). In the second step, dilithium phthalocyanine
was converted to metal-free Pc 7 by acidification with CH3COOH. Column
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chromatography was used for the isolation of the AsB type product with 26% yield.
After that, Pc 7 was reacted with Zn(CH3COO). in CsH120 to give the targated zinc
(I1) Pc 8 in 94.4% vyield following purification by column chromatography using
CH2CI2:CH3OH (50:1) as the eluent. Characterization of the newly synthesized
phthalocyanine derivatives Pc 7 and Pc 8 was achieved by FT-IR, UV-vis, 'H NMR,
and MALDI-TOF spectral data and elemental analysis. The data were conform with

the targeted structures.

The IR spectra of metal-free Pc 7 and metallated Pc 8 were very similar. The IR
spectrum of Pc 8 confirmed the targeted structure by the disappearance of the -NH
stretching vibrations of the inner phthalocyanine core in the metal-free complex, which
are present in Pc 7 around 3290 cm™. Aliphatic C-H of hexylthio and ethylthio side

chains induced intense stretching bands at around 2950 -2850 cm™.

The *H NMR spectrum of Pc 8 is similar to that of Pc 7 in deuterated chloroform and
one drop of deuterated pyridine. The ordinary shielding of the inner core protons
leading to a chemical shift in negative ppm region which was observed at the -4.3 ppm
pertains to metal-free phthalocyanine. *H NMR spectrum of Pc 7 indicated the
aromatic protons as multiplets at around 8.42-7.57 ppm; the SCH» protons as
multiplets at 3.68 and 3.56-3.24 ppm; the aliphatic protons -CHz and -CH> protons
adjacent to them appeared at around 1.05 and 2.03-1.26 ppm. *H NMR spectrum of Pc
8 exhibited the aromatic protons at around d 9.10-7.62 ppm as multiplets; the SCH>
protons at 3.84 and 3.44-2.86 ppm as multiplets; the aliphatic protons -CH3z and -CH>
protons adjacent to them appeared at around 0.96 and 2.02-1.22 ppm as multiplets.
Also, OH protons of Pc 7 and Pc 8 were observed at 4.71 and 4.64, respectively.

The successful formation of the desired molecules was further confirmed by
MALDI/TOF MS measurements. In case, the molecular peak of Pc 7 was recorded at
m/z= 1287.85 [M]*, whereas for Pc 8, the molecular peaks were observed at m/z=
1352.52 [M+H]".

The electronic absorption spectra of Pc 7 exhibit a Q bands absorptions at 694 and 725
nm bands in THF. Q band absorption for Pc 8 was observed at 699 nm as an intense
sharp band with a weaker absorption peak at 629 nm in THF. Also, B bands of these
Pcs appeared in the UV area at 342 and 361 nm, respectively.
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Aggregation is a common problem for photosensitizing applications of Pc and Pc-like
compounds. The aggregation decreases the solubility and excited state lifetime and
complicates the characterization and purification of Pc complexes due to the dimers,
trimers and higher oligomers formed (Maya et al., 2003; Kostka et al., 2006; Kobak et
al., 2015). The formation of aggregation can be prevented by adding long alkyl chains
or large substituents around the phthalocyanine macrocycle.

From this point of view, the aggregation behavior of Pc 7 and Pc 8 was observed at
different concentrations in CHCls. No aggregation tendencies were discovered in the
absorption spectra of Pc 7 and Pc 8, as the appearance of the Q-band absorption
maxima remained unchanged as the concentration increased. Considering these
results, Pc 7 and Pc 8 have monomeric structures and obeyed Beer-Lambert law in that

concentration range (Figure 4.3).
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Figure 4.3 : UV-Vis Spectra of Pc 7 and Pc 8.

By using the same method, conversion of phthalonitrile 2 and phthalonitrile 3 into
metal free Pc derivative 10 was accomplished. In addition, Pc 10 was separated from
other isomers by multiple column chromatography by using CH2Cl> and CH3OH as
eluents. Metallation of Pc 10 was carried out by refluxing in pentanol with
Zn(CH3COO0)2 under N2 atmosphere. This procedure provided the pure Pc 10 and Pc
11 in 21% and 89% yield, respectively. Pc 10 and Pc 11 were fully characterized with
various spectroscopic methods like FT-IR, *H NMR, UV-vis, mass spectroscopy, and

elemental analysis.

In the FT-IR spectrum of Pc 10, sharp C=N vibrations was seen at around 2200 cm™.
The FT-IR spectrum of Pc 10 and Pc 11 are very similar, with the exception of the
metal-free Pc 10 showing an NH stretching band at 3285 cm™.
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'H NMR investigations of Pc 10 have provided the characteristic chemical shifts for

the expected structures.

The electronic absorption spectrum of the Pc 10 and Pc 11 recorded in DCM. The
absorption bands of Pc 10 were recorded B band at 343 and Q bands at 672 and 702
nm. Zinc phthalocyanine derivative Pc 11 exhibits a strong Q band around 683 nm
with a weaker absorption peak at 617 nm and B band at 358 nm.

Mass (MALDI-TOF) spectrum showed the molecular ion peak at m/z= 1080 [M]" for
Pc 10.

Steglich esterification is a general method of preparation of ester functional group
under very mild conditions (Akkurt et al., 2008). Steglich esterification was achieved
with dicyclohexylcarbodiimide (DCC)/ N, N dimethylaminopyridine (DMAP) by
reacting the 4-pentynoic acid with Pc 8 and Pc 11 in the presence of anhydrous
dichloromethane. Ester functionalized Pc 9 and Pc 13 were obtained in 59.8% and 67%
respectively. During the reactions, only small amounts of urea derivatives were
formed, and they were removed by routine techniques including precipitation and

column chromatography.

In FT-IR spectrum of Pc 9, stretching band of =C-H (3310 cm't), -C=C-H group (2202

cm™), and -C=0 (1720 cm™) appeared at expected frequencies.

Pc 9 exhibited typical electronic spectra with two strong absorption areas. The Q band
of this complex was observed at 698 nm with no split and weaker absorption at 630

nm and the B band was observed at around 360 nm in THF.

In the mass spectrum of Pc 9, the presence of molecular ion peaks at m/z = 1432.47

[M + H]* confirmed the targeted structure.

In the IR spectra of Pc 13, absorption bands at 3285 cm™ associated with =C-H.
Characteristic signals around at 2273 cm™ and 1737 cm™, due to the -C=C-H and -

C=0 groups respectively, are present in the spectra of the Pc 13.

The absorption bands of metallo Pc 13 were observed B band at 358 nm and Q bands
at 617 and 683 nm.

In this thesis, monocarborane containing phthalocyanines were prepared from the

reactions between alkynyl units of the Pcs and decaborane. Therefore, Pc 11 was

83



reacted with propargyl bromide to give Pc 12 including terminal alkynyl group in a
yield of 80%.

In the FT-IR spectrum of phthalocyanine Pc 12 the disappearance of O-H band at
around 3040 cm™* and observation of -C=CH unit absorption band at 2160 cm™ are

immedidiate indication of substitution.

In the H NMR spectrum of Pc 12, the aromatic protons appeared as broad peaks at
8.94, 8.54, 7.67, 7.37 and 6.69, CH-O protons as broad and multiplets at 4.45 and 3.44
ppm, CH3 protons at 1.26 — 1.19 ppm. It is likely that broadness is due to both chemical

changes caused by probable aggregation at the concentration for NMR measurements.

UV-Vis spectrum of Pc 12 in DCM shows absorption at 684 nm with a shoulder at 619
nm is due to the Q band. The band at 353 nm is attributed to the phthalocyanine Soret
band.

4.3 Synthesis and Characterization of Carborane Containing Phthalocyanine

Derivatives

The fact that phthalocyanines used for photodynamic therapy show a selective
accumulation in cancer cells and their long-term retention there has increased interest
in the synthesis of phthalocyanines containing °B complexes as BNCT agents. Two
approaches have been used for the synthesis of boron-containing phthalocyanines;
phthalonitrile route and phthalocyanine route. In the first one, carborane containing
phthalonitriles are synthesized and then phthalocyanine derivative is prepared by
cyclotetramerization and in the phthalocyanine route carborane unit were covalently
bound to substituted phthalocyanine complex (Tsaryova et al., 2004; Wahrle et al.,
2013). In this thesis, phthalocyanine route was preferred to synthesis of carborane
containing phthalocyanines. Highly hydrophobic character of the closo-carborane
cages decreases the solubility of phthalocyanines in water (Renner et al., 2006). To
give the carboranylphthalocyanines partial water solubility, either water solubilizing
groups (such as amino, hydroxyl or carboxylate) are added to phthalocyanine
derivatives or the o-carborane lattices are deboronized to anionic nidocarboranes (Kahl
et al., 1996; Pietrangeli et al., 2015).
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A monocarborane including Pc 14 was synthesized by reaction of Pc 9 and B1gHi4 in
a mixture of dry CoHsN and dry C7Hs. At this stage, boron was added by condensation

of B1oHa4 with the alkynyl group of Pc 9.

In the FT-IR spectra of phthalocyanine Pc 14, -BH stretching vibration was detected
at 2571 cm™ with disappearance of the alkynyl -CH bands at 3310 cm™ and -C=CH
bands at 2202 cm™ was significant evidence of the formation of carborane cluster on
Pc 14.

The *H NMR spectrum of Pc 14 showed a singlet signal of the CCH proton on o-
carborane at 4.41 ppm and broad signal of BH protons at 3.22-1.10 ppm.

The B-NMR spectra of Pc 14 showed four broad signals. This pattern is typical of

the expected o-carborane system.

The successful synthesis of the targeted complexes was confirmed by MALDI/TOF
MS measurements. In the MALDI-TOF MS spectrum, molecular ion peak was
observed the at 1551.72 as [M]" and at 1352.090 as [M-CsH17B10O]" for o-carborane

containing Pc 14.

The UV-Vis spectra of Pc 9 and Pc 14 were recorded in THF. In case, Q band
absorptions were observed at 698 and 700 nm without splitting with weaker
absorptions at 630 and 632 nm respectively. Furthermore, B bands of Pc 9 and Pc 14

were observed at 360, 361 respectively.

Aggregation properties of Pc 14 was investigated by recording UV-Vis absorptions at
different solvents and at different concentrations in THF (Figure 4.4).
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Figure 4.4 : UV-Vis Spectra of Pc 14 in different solvents (Concentration: 10° M)
(a), at different concentrations in THF (b).

As shown in Fig. 4.4 a), The Q-band positions and intensities of Pc 14 were changed
by the refractive index of the solvents. Intensity of absorption of the Q-band for Pc 14
was increased in parallel with increasing concentration without any new absorption
band adjacent to Q band (Fig. 4.4 b)). Considering these results, Pc 14 has monomeric
structure and obeyed Beer-Lambert law in that concentration range.

Using the same procedure described for Pc 14, alkynyl-substituted Pc 13 and
decaborane were reacted in a mixture of CoHsN and C7Hsg to obtain the carborane
containing Pc 15. B1oH14 insertion to Pc 15 gave the mono-o-carborane substituted Pc
derivative in 68% yield. After that, Pc 16 which has positively charged quaternary
ammonium groups was synthesized by quaternization of Pc 15 with CHzsl in
chloroform at 50° C in 2 days by protecting from light. The purity of the newly
synthesized phthalocyanine derivatives was verified by elemental analysis, infrared
(FT-IR), UV-Vis and NMR spectroscopies.

The infrared spectra of Pc 15 exhibit strong B-H absorption band at 2511 and 2590

and a strong carbonyl absorption band at 1732 cm™.

The UV-Vis spectrum of Pc 15 displays the B band at 349 nm in the UV area and the
Q band at 679 nm in the visible part.

The *H NMR spectra of compound Pc 16 in deuterated dimethyl sulfoxide show the
Pc ring protons between 9.46 and 7.60 ppm area. The N-CH> group protons were
observed at 4.15 and 3.93 ppm and N—-CHs group protons were observed at 3.60 ppm.
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The *B NMR chemical shifts of Pc 16 had broad signals at -3.25 ppm, -9.25 — (-13.94)
and — 9.49 ppm, which indicate the carborane cluster.

Pc 16 showed appreciable solubility in water. In the electronic spectra of quaternized
compound, the Q-band absorption presented as a shoulder around 615 nm is the main

peak at 681 nm and the B band appeared at around 352 nm.

Effective tumor cell killing can only be achieved with a high concentration of °B
nuclei (~ 20 ug of 10B / g tumor) in BNCT (Li et al., 2008). Several porphyrin and
phthalocyanines substituted with cobaltacarboranes have been prepared and evaluated
as 1°B containing agents for BNCT (Hao et al., 2008; Li et al., 2009; Shmal’ko et al.,
2014).

Cobaltacarborane functionalized metallophthalocyanine complexes Pc 17 and Pc 18
were prepared from Pc 8 and Pc 11, respectively. The synthetic way to these
cobaltacarborane containing Pcs contains the nucleophilic attack of -OH unit in Pc to
the oxonium derivative of cobalt bis(dicarbollide). Cobaltacarborane containing AsB-
type Pc 17 and Pc 18 were separated by column chromatography using DCM as eluent

with 52% and 73% yields, respectively.

The B NMR spectra of Pc 17 and Pc 18 characteristically show the cobalt
bis(dicarbollide) structures boron signals (Nar et al, 2015-2018).

In the absorption spectrum of Pc 17 and Pc 18, typical Pc strong Q-bands at 704 nm
and 685 nm, with weak vibronic shoulders at 635 nm and 617 nm were observed,
respectively. Besides, novel Pc derivatives showed Soret bands at 369 nm and 358 nm
with additional bands for the cobalt bis(dicarbollide) unit at 312 nm and 313 nm.

4.4 Electrochemistry of Carborane Containing Phthalocyanine Derivatives

Electrochemical properties of newly synthesized unsymmetrical phthalocyanine
derivatives were reported. To examine the reduction and oxidation potentials of
unsymmetrical phthalocyanine complexes Pc 8, Pc 9 and Pc 14, electrochemical
studies were carried out by means of CV and SWV in dichloromethane using TBAP

as supporting electrolyte system on a platinum working electrode.

CV and SWV voltammograms of Pc 8 are shown in Fig. 4.5. It displayed two one

electron reductions and an oxidation versus SCE. The Ei» (AE/mV) values were
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determined as -0.97 V and -1.32 V for the first and the second reduction waves and
0.70 V for oxidation at 0.1 V s? scan rate. In Fig. 4.6 o-carborane containing
phthalocyanine complex Pc 14 showed very similar responses with phthalocyanine
complexes Pc 8 and Pc 9. It displayed two one electron reduction process at -0.89 V
and -1.21 V and one oxidation process at 0.68 V versus SCE at 0.1 V s™. The results
we obtained are tabulated on Table 4.1 and the electrochemical behavior of
phthalocyanines Pc 8, Pc 9 and Pc 14 were compared with zinc phthalocyanine with

similar substituents other than o-carborane.

T T T T T 1
1.5 1.0 0.5 00 05 10 15 -20

Potential (V) vs. SCE
Figure 4.5 : Cyclic and square wave voltamograms of Pc 8 in DCM/TBAP .
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Figure 4.6 : Cyclic and square wave voltamograms of Pc 14 in DCM/TBAP .

88



Table 4.1 : The electrochemical potentials of Pc 8, Pc 9 and Pc 14.

Compound  Solvent Ox2 Ox1 RR: RR: Ref.
Pc8 DCM 0.70 -0.97 -1.32 tw.
Pc9 DCM 0.71 -0.87 -1.22 tw.

Pc 14 DCM 0.68 -0.89 -1.21 tw.
0.60 -0.79 -1.10 (Ozkaya
ZnPc DCM 0.805 etal.,
1997)
0.14 -1.37 -1.76 (Topal et
ZnPc THF 0.36 al., 2014)
0.633 -0.78 -1.027 (Kalkan
ZnPc DCM 0.814 et al.,
2004)

tw.: This work, RR: Ring Reduction, Ox: Oxidation.

Spectroelectrochemical measurements were executed to enlighten the nature of the
redox processes. It is known that the oxidation state of the central zinc ion with
completely full d-orbitals does not change (Sen et al., 2014; Birsoz et al., 2014;
Karaoglu et al., 2013; Ozcesmeci et al., 2013; Ozkaya et al., 1997; Topal et al., 2014).
Thus, all reduction and oxidation processes of the complexes should be referred to
phthalocyanine ring or to the connected group. Pc 14 indicated only phthalocyanine
ring-based reduction or oxidation during spectroelectrochemical measurements. The
spectral changes of Pc 14 are shown in Fig. 4.7. Fig. 4.7a shows the in situ UV-Vis
spectral changes during controlled potential reduction of Pc 14 at -0.90 V. The
intensity of the Q band at 705 nm increases with a shift to 699 nm while the intensity
of B band at 359 nm increases with a shift to 375 nm during the reduction of Pc 14 at
-0.9 V potential application. In the spectrum, there are clear isosbestic points at 360,
407, 668, and 712 nm. All of these data support that the reduction is a phthalocyanine
ring reduction. Decrease in the Q band intensity at 698 nm without shift and decrease
in the B band intensity with a shift to 382 nm indicate the second ring reduction process
during the potential application at -1.3 V (Fig. 4.7b). During the oxidation process of
Pc 14, the decrease in the absorption of the Q band and B band in intensity without

shift shows ring based oxidation.
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Figure 4.7 : Absorption spectral changes in the electrolysis at (a) -0.90 V and (b) -
1.3 V vs. SCE for the first and second reduction of 6 in deaerated DCM containing
TBAF. The arrows show the direction of the changes.

Also, in this thesis the electrochemical behavior of Pc 17 was accomplished. A redox
inactive metal ion (Zn?*) was preferred in the inner core to distinguish
cobaltacarborane and ring-based oxidation-reduction reactions. To determine the
reduction and oxidation potentials of low symmetrical Pc derivatives Pc 17, we
undertook electrochemical studies with CV and SWV in CH2Cl; using C16H3sCINO4
electrode.

CV and SWV voltammograms of Pc 17 are shown in Figure 4. 8 undergo three
reduction couples, two of which are Pc based and one is characterized by reduction of
cobalt ion versus SCE. The E12 (AE/mV) values were determined as —0.88 V and
—1.25 V for the first and the second reduction waves and -1.60 V for third reduction at
0.1 V st scan rate. The reversible reduction potential at E12 = —1.25 V is clearly
assigned to the reduction processes of the cobalt bis(dicarbollide) unit. Upon scanning
to positive potentials, two clear reversible waves are observed at 0.9 V and 1.3 versus
SCE, which are associated with redox at the Pc sites.
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Figure 4.8 : Cyclic and square wave voltamograms of Pc 17 in DCM/TBAP .
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Figure A.1 : FT-IR spectrum of 4,5 Di(hexylthio) phthalonitrile (1).
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Figure A.2 : *H NMR spectrum of 4,5 Di(hexylthio) phthalonitrile ().

104




%T

55

50

451
40000 3600 3200 2800 2400

2000 1800 1600 1400 1200 1000

800 6500
cm-1
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Figure A.4 : *H NMR spectrum of 4-[(2-hydroxyethyl)thio] phthalonitrile (2).
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Figure A.6 : FT-IR spectrum of 4-[3-(diethylamino)phenoxy] phthalonitrile (3).
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Figure A.9 : 1'B NMR spectrum of 7,8-dicarba-nido-undecaborate (4).

M
|
/I \
|
|
| |
[ |
[ |
AR
./ W/ P A __;f'_“"’_/? i I R

(ppm)

Figure A.10 : 1B NMR spectrum of [3,3’-Co(1,2-C2BgH11)2] (5).
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Figure A.11 : *H NMR spectrum of [3,3'-Co(8-C4Hs02-1,2-C2BgH10)(1",2'-
C2BgH11)] (6).
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Figure A.12 : 1'B NMR spectrum of [3,3'-Co(8-C4HsO2-1,2-C2BgH10)(1',2'-
C2BoH11)] (6).
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Figure A.13 : FT-IR spectrum of 2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyanine (7).

Figure A.14 : *H NMR spectrum of 2,3,9,10,16,17-hexakis(hexyIthio)-23-
hydroxyethylthiophthalocyanine (7).
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Figure A.15 : UV-vis spectrum of 2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyanine (7).
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Figure A.16 : MALDI-TOF spectrum of 2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyanine (7).
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Figure A.17 : FT-IR spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyaninato] zinc(l1) (8).
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Figure A.18 : *H NMR spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyaninato] zinc(l1) (8).
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Figure A.19 : UV-vis spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyaninato] zinc(l1) (8).
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Figure A.20 : MALDI-TOF spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-
hydroxyethylthiophthalocyaninato] zinc(ll) (8).
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Figure A.21 : FT-IR spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-1-
pentynyloxyethylthiophthalocyaninato] zinc(ll) (9).
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Figure A.22 : UV-vis spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-1-
pentynyloxyethylthiophthalocyaninato] zinc(l1) (9).
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Figure A.23 : MALDI-TOF spectrum of [2,3,9,10,16,17-hexakis(hexylthio)-23-1-
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Figure A.24 : FT-IR spectrum of tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-hydroxyethylthio phthalocyanine (10).
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Figure A.25 : 'H NMR spectrum of tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-hydroxyethylthio phthalocyanine (10).
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Figure A.26 : UV-vis spectrum of tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-hydroxyethylthio phthalocyanine (10).
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Figure A.27 : MALDI-TOF spectrum of tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-hydroxyethylthiophthalocyanine (10).
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Figure A.28 : FT-IR spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-hydroxyethylthio phthalocyaninato} zinc (I1) (11).
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Figure A.29 : UV-vis spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-hydroxyethylthio phthalocyaninato} zinc (I1) (11).
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Figure A.30 : FT-IR spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-1-propynloxyethylthio phthalocyaninato} zinc(Il) (12).
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Figure A.31 : 'H NMR spectrum of {tris-9(10),16(17),23(24)[3-

(diethylamino)phenoxy]-2-1-propynloxyethylthio phthalocyaninato} zinc(Il) (12).
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Figure A.32 : UV-vis spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-1-propynloxyethylthio phthalocyaninato} zinc(1l) (12).

119



768
&

70

65

60

55

%T 50

45

k)

0 146725

160147

266

40000 3600 3200 2800 2400 2000 1800 1600 1400
om-1

Figure A.33 : FT-IR spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-1- pentynyloxyethylthio phthalocyaninato} zinc(I1) (13).
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Figure A.34 : UV-vis spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-1- pentynyloxyethylthio phthalocyaninato} zinc(I1) (13).

120



80.8

40

357 T T T T T T T T T T T 1
4000,0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 6500

em-1

Figure A.35 : FT-IR spectrum of [2,3,9,10,16,17-Hexakis(hexylthio)-23-1-(o-
carboranyl) propanoxyethylthio phthalocyaninato] (14).
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Figure A.36 : *H NMR spectrum of [2,3,9,10,16,17-Hexakis(hexylthio)-23-1-(o-
carboranyl) propanoxyethylthio phthalocyaninato] (14).
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Figure A.37 : 1B NMR spectrum of [2,3,9,10,16,17-Hexakis(hexylthio)-23-1-(o-
carboranyl) propanoxyethylthio phthalocyaninato] (14).
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Figure A.38 : UV-vis spectrum of [2,3,9,10,16,17-Hexakis(hexylthio)-23-1-(o-
carboranyl) propanoxyethylthio phthalocyaninato] (14).
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Figure A.39 : MALDI-TOF spectrum of [2,3,9,10,16,17-Hexakis(hexylthio)-23-1-
(o-carboranyl) propanoxyethylthio phthalocyaninato] (14).

4000.0 3500 3200 2800 2400 2000 1204 1500 1400 1300 1000

al

Figure A.40 : FT-IR spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-1-(o-carboranyl) propanoxyethylthio phthalocyaninato}
zinc(11) (15).
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Figure A.41 : UV-vis spectrum of {tris-9(10),16(17),23(24)[3-
(diethylamino)phenoxy]-2-1-(o-carboranyl) propanoxyethylthio phthalocyaninato}
zinc(11) (15).
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Figure A.42 : 'H NMR spectrum of {tris-9(10),16(17),23(24)[3-(N, N, N
diethylmethylammonium)phenoxy]-2-1-(o-carboranyl) propanoxyethylthio
phthalocyaninato} zinc(ll) triiodide (16).
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Figure A.43 : 1'B NMR spectrum of {tris-9(10),16(17),23(24)[3-(N, N, N
diethylmethylammonium)phenoxy]-2-1-(o-carboranyl) propanoxyethylthio
phthalocyaninato} zinc(ll) triiodide (16).
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Figure A.44 : UV-vis spectrum of {tris-9(10),16(17),23(24)[3-(N, N, N

diethylmethylammonium)phenoxy]-2-1-(o-carboranyl) propanoxyethylthio
phthalocyaninato} zinc(l1) triiodide (16).
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Figure A.46 : 1B NMR spectrum of phthalocyanine (17).
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Figure A.47 : UV-vis spectrum of phthalocyanine (17).
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Figure A.48 : 'H NMR spectrum of phthalocyanine (18).
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Figure A.49 : 1B NMR spectrum of phthalocyanine (18).
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Figure A.50 : UV-vis spectrum of phthalocyanine (18).
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