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Abstract 

This thesis describes my synthetic studies on several series of functional zinc(II) 
phthalocyanines and boron dipyrromethenes (BODIPYs). Their applications as 
efficient photosensitizers in photodynamic therapy and light harvesting systems have 
also been explored. 

Chapter 1 presents an overview of phthalocyanines including their general 
synthesis, properties, and applications. Special attention has been placed on the 
unsymmetrical analogues, and those which are efficient photosensitizers in 
photodynamic therapy. A brief account on BODIPYs as another versatile class of 
functional dyes is also given. 

Chapter 2 describes the synthesis, spectroscopic characterization, photophysical 
properties, and in vitro photodynamic activities of three novel amphiphilic zinc(II) 
phthalocyanines substituted with one or two 3,4,5-tris(3,6,9-trioxadecoxy)benzoxy 
group(s). These compounds exhibit significantly higher photodynamic activities 
toward HepG2 and HT29 cell lines. The a-substituted analogue is particularly potent 
with IC50 values as low as 0.02 fiM. The higher photodynamic activity of this 
compound can be attributed to its lower aggregation tendency in the culture media as 
shown by absorption spectroscopy and higher cellular uptake as suggested by the 
stronger intracellular fluorescence’ resulting in a higher efficiency to generate reactive 
oxygen species inside the cells. 



The related studies of a series of novel di-a-substituted zinc(II) phthalocyanines 
having two biocompatible triethylene glycol methyl ether chains or glycerol moieties 
are described in Chapter 3. Compared with the unsubstituted analogue, these 
compounds have a red-shifted Q band, and exhibit a relatively weaker fluorescence 
emission and higher efficiency to generate singlet oxygen. As a result, these 
compounds are promising candidates for photodynamic therapy. In vitro studies on 
HepG2 and HT29 cells have shown that they are highly photocytotoxic with IC50 

values as low as 0.06 |j.M. 

Chapter 4 focuses on a related series of 1,4-di substituted zinc(ll) 
phthalocyanines. These compounds possess two oligoethylene glycol methyl ether 
chains with various length at the 1,4-di-a-positions. The effects of the chain length on 
their aggregation, photophysical properties, cellular uptake, and in vitro 
photodynamic activities have been explored. 

« 

Chapter 5 presents the synthesis, characterization, and photophysical properties 
of another series of zinc(II) phthalocyanines conjugated with one, two or four 
isopropylidene protected glucofuranose unit(s) through a tetraethylene glycol linker. 
With these hydrophilic substituents, these macrocycles are highly soluble in common 
organic solvents and biological media. Their in vitro photodynamic activities toward 
HT29 and HepG2 cells have also been evaluated. Compared with the tetra-
glucosylated phthalocyanines, which are almost nonphotocytotoxic, the mono- and di-
glucosylated analogues exhibit a higher photodynamic activity. The di-a-substituted 
analogue is particularly potent with IC50 values as low as 0.03 fiM. 



Chapter 6 reports the synthesis, characterization, and photophysical properties of 
two novel conjugates of subphthalocyanine substituted axially with a BODIPY or 
distyryl-BODIPY moiety. Both systems absorb over a broad range in the visible 
region. They also exhibit a highly efficient photo-induced energy transfer process 
either from the excited BODIPY to the subphthalocyanine core or from the excited 
subphthalocyanine to the distyryl-BODIPY unit. The energy transfer quantum yields 
are close to unity for both of these conjugates. 

Chapter 7 describes the preparation and photophysical properties of another two 
BODIPY and monostyryl-BODIPY conjugates which are linked to a silicon(IV) 
phthalocyanine core. These conjugates serve as excellent artificial photosynlhetic 
models for the study of energy and electron transfer processes. Depending on the axial 
substituents, these conjugates exhibit predominantly a photo-induced energy or 
electron transfer process in toluene. 

^H and NMR spectra of all the new compounds and crystallographic data are 
given in the Appendix. 

I l l 



摘要 

本論文報導了一些功能辟酞普和氣硼二批略染料的合成研究。這些化合物 

作為有效光敏劑在光動力治療和光捕獲系統中的應用也被探索。 

第一章概述了敢菁，特別是不對稱駄寄的合成、性質和應用。這些酞菁化 

V . 

合物作為有效光敏劑在光動力治療上的應用也被討論。此外，本章也簡單介紹 

了另一類多功能發光染料一氣硼二批咯。 

第二章報導了三個 “ 3 + 1 ”不對稱兩親性粹献菁的合成、光譜表徵和光 

物理性質。這些化合物對人類肝癌細胞 n e p G 2和腸腺癌細胞 H T 2 9的光毒作用也 

被探討。這些新型欧菁，尤其是 a取代駄菁顯示了很高的體外光動力活性，它們 

的ICso值可低至0.02 ^ i M � � 

第三章報導了一系列二 a取代辟敌菁。這些駄菁在 1 , 4 二 a位賈上包含有 

兩條生物相容的三（乙二醇）鏈或甘油單位。相比無取代转駄菁，這些化合物具 

有紅移的 Q 帶吸收，相對更弱的蜜光發光和更高的單線態氧量子產率。相應 

地，它們對 H e p G 2 和 H T 2 9 細胞顯示了很高光動力活性，其 I C s „ 值可低至 0 . 0 6 

|iMo 
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作為第三章的延總，第四章描述了一系列 1 , 4-二取代聚乙二醇粹败齊。 

乙二醇鏈的長度對酞菁聚集、光物理性質、細胞吸收和體外光動力活性的影密 

也被硏究。 

第五章鬧述了一系列糖連辟酞菁的合成、光譜表徵和光物理性質。這些酞 

菁含有一、二或四個丙酮保護的呋喃葡萄糖單位，在一般有機溶劑和生物介 

質中具有很高的溶解性。此外，這些化合物對HepG2和HT29細胞的光動力活性 

也被探討。相比無光毒作用的四取代糖連酞蒂。一、二取代糖連酞寄顯示 r 高 

的光動力活性，特別是 5 . 9 ,其ICso值低至0.03 ^iM� 

第六章合成並表徵了兩個通過共價鏈相連的亞酞菁一截硼二啦略共辆物。 

這兩個化合物在可見光區具有非常寬廣的吸收。它們也展現 r 一個非常髙效的 

光誘導能量轉移過程，要麼從激發態的箫硼二 n比略到亞駄菁，要麼從激發態的 

亞酞菁到二苯乙炼基取代的氣硼二 n比咯。 

第七章報導了兩個通過共價鐽相連的硅駄菁一氟硼二 n比略共辆物，包括他 

們的合成、表徵和光物理性質。取決於軸上取代的観硼二批略，這兩個化合物 

在甲苯中展現了一個主要的光誘導能量或電子轉移過程。 

附錄 A列出所有新化合物的核磁氣譜和碳譜， X衍射晶體結構測定資料詳 

見附錄B� 
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Chapter 1 
Introduction 

1.1 Phthalocyanines 
1.1.1 General 

Phthalocyanines - were derived from the Greek terms naphtha (rock oil) and 
cyanine (dark blue). The metal-free unsubstituted derivative was discovered 
accidentally by Braun and Tcherniac in 1907 as a byproduct in the reaction of 
phthalamide and acetic anhydride.‘ This class of pigments exhibit unusual stability 
toward alkaline, acid，and heat. Their structures remained unknown until Linstead et 
al.，who used the technique of elemental analysis, molecular mass determination, and 
oxidative degradation to show that phthalocyanines are symmetrical macrocycles 
containing a highly conjugated n system with four imino-isoindoline units (Figure 
1.1 ).2 Similar to porphyrins, phthalocyanines exhibit an aromatic behavior due to the 
directly conjugated 18 n electrons. With the additional fused benzene rings, they 
absorb strongly in the red visible region (at ca. 670 nm) and in the near-ultraviolet 
region (at ca. 340 nrnj^^giving an intense characteristic greenish blue color. Due to 
their intense color，and high thermal and chemical stability, phthalocyanines were first 
employed as green and blue colorants in the photographic, printing, plastics, and 
textile industries.^ Their intriguing optical and electrical properties also enable them 
to be used in various technological avenues such as photoconductors, optical 
recording materials, chemical sensors, and catalysts for oxidative degradation of 
pollutants.'* I 
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metallophthalocyanine metalloporphyrin 

Figure 1.1. General structures of metallophthalocyanines and metalloporphyrins. 

Apart from these applications, phthalocyanines are also promising 
photosensitizing agents for pholodynamic therapy (PDT). In contrast to porphyrins, 
they have stronger absorptions in the red visible region which allows a deeper light 
penetration into tissues. They also possess favorable photo-physical and chemical 
properties which can be altered through incorporation of appropriate substituents 
either on the periphery of the macrocycle or at the axial positions linked to the metal 
center. However，phthalocyanines tend to aggregate which will shorten the excited 
state lifetimes and decrease the singlet oxygen quantum yield by dissipating the 
energy through internal conversion.^ This problem can be overcome by incorporating 
large and bulky substituents or using emulsifying detergents such as Cremophor EL 
and poly(ethylene glycol), serum or plasma proteins. The pholophysical properties of 
phthalocyanines are also strongly influenced by the central metal ion. Complexation 
of phthalocyanines with an open shell or paramagnetic metal ion such as Cu^^, Co^^, 
Fe2+，Ni2+, V02+’ Cr3+’ and P d � . results in shortening of the excited state lifetimes due 
to the effects of the unpaired electron(s), which in turn makes the compounds 
photoinactive.7 Phthalocyanines containing a closed d shell or diamagnetic metal ion 
such as Zn^^, Al̂ "̂ , and Ga). have high triplet state quantum yields ( O j > 0.4) and 
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long triplet lifetimes ( t t > 200 us).^ The triplet state of these metallophthalocyanines 
varies in energy from 110 to 126 kJ mol'', which is sufficient to trigger the formation 
of singlet oxygen (94 kJ mol]). As a consequence，these metallophthalocyanines 
usually also have high singlet oxygen quantum yields (Oa = ca. 0.3 - 0.5),^ and are 
therefore desirable photosensitizers. 

1.1.2 Synthesis of Unsymmetrical Phthalocyanines 
Among the various functional phthalocyanines, unsymmetrical analogues are of 

particular interest. Some unsymmetrical phthalocyanines can be used as building 
Q 

blocks for artificial photosynthetic systems. The dyads 1.3 and 1.4 are two of the 
recent examples. Push-pull unsymmetrical phthalocyanines substituted with electron 
donating and accepting groups can exhibit large second-order nonlinear optical 
responses，and are therefore potentially useful for various optoelectronic devices.'^ 
Compounds 1 .5-1 .8 are some of the examples which have been reported recently. 
Amphiphilic unsymmetrical phthalocyanines such as 1 .9-1 .11 are excellent candidates 
for the formation of well-ordered films by the Langmuir-Blodgett (LB) technique.� 
These phthalocyanines are also promising photosensitizers for photodynamic therapy 
as a result of their enhanced cellular uptake." An additional remarkable feature of 
unsymmetrical phthalocyanines is their ability to form a wide range of condensed 
phases with controlled molecular architectures, such as liquid crystals and other self-
organized supramolecules . i2 ." Compounds 1 .12-1 .14 are some of the examples that 
can form these supramolecular structures. 
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Figure 1.2. Selected examples of unsymmetrically substituted phlhalocyanines. 
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Owing to the unique properties and great potential of unsymmetrical 
phthalocyanines, these compounds have been extensively studied over the last decade. 
I have also focused on this class of compounds and studied their use as efficient 
photosensitizers for PDT. In the following sub-sections, different synthetic pathways 
to unsymmetrical phthalocyanines with different substitution patterns will be 
discussed. The properties of some of these unsymmetrical phthalocyanines will also 
be described briefly. 

1.1,2,1 Synthesis of A jB-type Phthalocyanines 
(i) Statistical C&ndensation 

Being a straightforward procedure, statistical condensation is widely used to 
synthesize this class of compounds. A nonselective mixed cyclization of two different 
phthalonitriles or 1,3-diiminoisoindolines (A and B) generally affords six compounds 
as shown in Scheme 1.1. An extensive and tedious chromatographic separation 
procedure is usually required to isolate the desired AsB-type macrocycle from the 
statistical mixture." Due to the high aggregation tendency of phthalocyanine 
molecules, the separation can become very difficult. Introduction of bulky groups on 
the periphery of phthalocyanines may facilitate the separation and purification 
processes. 

a ,CN 

、CN 

.'CN MX, 
B 二 - • -- — 

Scheme 1.1. Statistical condensation of two different phthalonitriles affords a 
mixture of six phthalocyanines. 
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The stoic biometry of the two phthalonitriles used is also critical in these mixed 
cyclization reactions. Normally, one of the reaclants is employed in excess, / o r 
example in a 3:1 molar ratio to promote the formation of the A:}B-type product. Under 
this condition, the theoretical yields of the products are as follows: A4 (33%), A3B 

(44%), and the other condensation products (23%)” However, the experimental 
isolable yields of the desired products are usually lower and in the range of 10 to 20%. 

Scheme 1.2 shows one of the examples of these mixed cyclization reactions. 
Treatment of 1,2-dicyanofullerene 1.15 with 4,5-dibutoxy- or 4,5-bis(butylsulfonyl) 
phlhalonitrile (1.16) in a 1:2 ratio in the presence of NiCl2-2H20 yielded the C(,Q-
letraazachlorin conjugates 1.17,'^ which could be purified by repeated silica gel and 
size exclusion chromatography. The butyloxy or butylsulfonyl groups were 
introduced at the peripheral positions to increase the solubility of the complexes. 

CN NiClj 2H,0 
CN (NH4)»M070,4 4H,0 

SO7BU 

Scheme 1.2. Synthesis of fullerene-fused phthalocyanines 1.17. 
� 

As another example, the AjB-type phthalocyanine 1.19 was prepared by cross 
condensation of 3-nitrophthalonitrile and 4-(4-carboxyphenoxy)phthalonilrile (1.18) 
(Scheme 1.3).'^ Having three hydrophilic carboxyl groups，this dye is soluble in water. 
The nitro group can be readily converted to the reactive isothiocyanate group, which 
can then be further coupled with an amine-containing oligonucleotide (Scheme 1.3). 
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Scheme 1.3. Synthesis of an unsymmetrical water-soluble phthalocyanine for 
covalent labeling of an oligonucleotide. 

The distribution of products will also depend on the reactivity of the 
phlhalonitrile precursors. For this reason, the ratio of the reactants used should be 
altered by considering their relative reactivity. A lower molar ratio of A:B should be 
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used if A is more reactive than B，while the opposite is applied if B is more reactive 
I g 

than A. For example, Leznoff et al. performed the mixed cyclization of 4-
(diphenylmethoxy) phthalonitrile (1.22) with unsubstitutcd phthalonitrile in 1:1 ratio 
to give a mixture of all the statistical products. By changing the ratio to 10:1，the A3B-

� type phthalocyanine 1.23 was isolated as the main product in 50% yield (Scheme 
1.4). lb 

n 
/ ^ ^ ^ C N / - ^ ^ C N n-butanol/Zn(ll) 

CN DBU 

•22 

Scheme 1.4. Synthesis of phthalocyanine 1.23 by statistical condensation. 

Steric interactions also affect the composition of products. By using 
phthalonitriles bearing bulk groups at the 3,6-positions, fewer cyclized products will 
be formed because the steric hindrance prevents these groups coming in adjacent 
position. Cook et al. employed a ratio of 1:9 for the condensation of 3,6-disubstituted 
phthalonitriles (B) with other phthalonitriles ( A ) , Although this ratio led to an 
increase in the amount of A4-type product and a decrease in the amount of the desired 
AjB-type product, the formation of other side products was less readily. So the target 
A3B-type product could be isolated readily from the reaction mixture. 

Purification of unsymmetrical phthalocyanines usually requires tedioUs 
chromatographic separation procedures. By using phthalonitriles with different 
solubility properties, it may facilitate the separation process. For example, McKeown 
et al. demonstrated that an efficient chromatographic separation could be achieved 
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when alkylated phthalonitriles were treated with oligo(oxyethyIene)-substiluted 
phthalonitriles.2° The presence of large dendritic substituents could also facilitate the 
separation of the desired AsB-type phthalocyanines.^' 

Despite the low selectivity of this statistical condensation, it is still the most 
commonly used method for preparing A3B-type phthalocyanines. Satisfactory results 
can be achieved by a careful control of the reaction conditions. However, the A2B2-
type derivatives are hardly prepared by this method because the separation of the two 
isomers (AABB-adjacent and ABAB-opposite) is very difficult by general 
chromatographic methods. 

(ii) The Ring Expansion Approach from Subphthalocyanines 
Apart from the statistical approach,八3B-type phthalocyanine can also be 

prepared by the ring expansion reactions of subphthalocyanines (SubPcs). This 
method was developed in the late 1980s by Kobayashi and others.^^ 
Subphthalocyanines are lower homologues of phthalocyanines composed of three 
isoindole subunits containing boron as the central atom. These macrocyles contain an 
aromatic delocalized 14 n-electron system and a Cjv cone-shaped structure. They can 
be synthesized by treating the corresponding phthalonitriles with BCI3 or other boron 
derivatives.23 The ring expansion reactions of SubPc are believed to be caused by the 
formation of stable phthalocyanines. Upon elimination of the axial ligand of SubPc 
(i.e., SubPc — SubPc+ + X"), the structure changes from a shuttlecock-shape to a 
more planar form which leads to stabilization of the n system. Scheme 1.5 shows a 
typical example for the preparation of AaB-type phthalocyanine using this approach.24 

J 
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Schemel.S. Synthesis of an AiB-type phthalocyanine via the ring expansion 
approach. 

The efficiency of this synthetic method depends greatly on the reaction 
conditions and the characteristics of the starting materials.^^ For example, addition of 
a metal template to the reaction mixture can increase the yield of the A^jB-type 
product .25a Subphthalocyanines react with less reactivc phlhalonitrile derivatives in 
the presence of a strong base such as l,8-diazabicyclo[5.4.0|undec-7-ene (DBU) also 
give predominantly the AaB-lype phthalocyanines.^^^ The reactions between less 
reactive subphthalocyanines, which have no substituent or electron-withdrawing 
groups, and diiminoisoindoline derivatives having electron-donating substituents 
usually give the best results, both in terms of the yield and the selectivity. Hence, for 
some A^B-type phthalocyanines, the subphthalocyanine expansion m e t h o d is a unique 
and efficient approach. 

(iii) Polymer Supported Method 
Another approach for the selective preparation of AjB-type phthalocyanines 

involves a solid phase support.^^ In this method, a 1,3-diiminoisoindoline or 
phlhalonitrile is first attached to a polymer support. This insoluble polymer-bound 
precursor then reacts with a large excess of another unbound phlhalonitrile or 1,3-
diiminoisoindoline to give a polymer-bound AsB-type phthalocyanine. The soluble 

1 0 
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B4-type phthalocyanine can be removed readily by simply washing with an organic 
solvent. After treatment with acid，the AiB-type phthalocyanine is released from the 
polymer. Scheme 1.6 shows a typical example of the preparation of an A^B-typc 
phthalocyanine by this methodology 26d 

I A B
 

一
 

.27 Zn(0Ac)2 

丨B/ 
DBU, n-butanol 

N — Z n — N , 

NC 
.28 © 

B
 

A
v
x
 

B N—Zn—N. 

N � ¥ 
1.30 

Scheme 1.6. Preparation of the AjB-type phthalocyanine 1.30 by a polymer 
supported method. 

Apart from this polymer-bound method, Wohrle et al. introduced a modified 
silica gel as another kind of support for these solid-phase reactions.^^ As shown in 
Scheme 1.7，the phthalonitrile 1.31 linked to a modified silica gel reacts with 4-(4-
/err-butylphenoxy)phthalonitrile to give phthalocyanine 1.32. The insoluble crude 
product was filtered and washed with acetone and water in a Soxhlet apparatus. The 
desired AsB-type phthalocyanine 1.33 was released by alkaline hydrolysis of 1.32 in 
THF/H2O. 

I I 
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Scheme 1.7. A silica gel support was used to prepare the AsB-type phthalocyanine 
1.33. 

This approach is restricted to phthalonitriles and diiminoisoindolines which can 
be linked to a solid support and the phthalocyanines formed can be subsequently 
released. This method has not been commonly used so far. It is envisaged that with 
the development of solid-phase technology, this may become an effective route to 
prepare AiB-type phthalocyanines in future. 

7.1.2.2 Synthesis of A 2BHype Phthalocyanines 
The A2B2-type phthalocyanines have special applications. For example, the 

ABAB-type (opposite) analogues are good building blocks to prepare ladder-type 
structures/® while the AABB-type (adjacent) counterparts can be used as second-
order nonlinear optical chromophores.^^ In addition, these compounds are also 
promising candidates as photosensitizers for photodynamic therapy as a result of their 

1 2 
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amphiphilic nature. However, as mentioned above, it is very difficult lo separate these 
two isomers because they have similar solubility and arc frequently eluted out in the 
same fraction. Hence, some unusual synthetic approaches have been developed for the 
controlled preparation of these isomers. 

(i) Preparation of “Opposite" Phthalocyanines (ABAB-type) 
Based on a patented method,扣 Young et al. reported a rather general approach to 

prepare "opposite" or crosswise-substituted phthalocyanines.^' In this procedure, 
1,3,3-trichloroisoindoline 1.34 was treated with 1，3-diiminoisoindoline 1.35 in the 
presence of a base and a reducing agent. The ABAB-type phthalocyanine 1.36 was 
formed via reductive coupling of these precursors (Scheme 1 B y considering the 
experimental conditions and the stepwise nature of the synthetic procedure, the 
authors concluded that six of the nitrogen atoms in the phthalocyanine ring came from 
the diimino starting material without cleavage, while the remaining two nitrogen 
atoms were derived from the trichloro-compound. 

CI ？Bu NH 

I O 1 NH 

NH 

.35 

OBu N
 

1

 
I

 
f
 

N
 

OBu 

N(C2H5)3, THF 

NaOCHs, hydroquinone NH HN I O 
OBu OBu 

Pi 
/ K Y ^ 

.xc
 

Scheme l.R. Synthesis of the ABAB-type phthalocyanine 1.36 using 1,3,3-
trichloroisoindoline 1.34 as a precursor. 
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Beside this approach, another synthetic strategy was reported by Leznoff et al. to 
prepare this kind of compounds.^^ As shown in Scheme 1.9，condensation 5-
neopentoxy-1 //-isoindole-1,3(2//)-dithione ( 1 . 3 7 ) with 1,3-diiminoisoindoline ( 1 . 2 5 ) 

in a 1:1 molar ratio in N,N-dimethylaminoethanol (DMAE) affords the unsymmetrical 
ABAB-type phthalocyanine 1.38 together with trace amounts of the other cyclized 
products. 

S NH 
. DMAE 

N
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Scheme 1.9. Preparation of the ABAB-type phthalocyanine 1.38 using 5-neopentoxy-
1 f/-isoindole-1,3(2//)-dithionc (1.37) aS a precursor. 

Although statistical condensation usually gives inseparable AABB and ABAB-
type isomers，the formation of ABAB-type product may be promoted by using 
phthalonitriles with bulky substituents at the 3 and 6 positions. For example, 
Sakamoto et al. employed 3,6-didecylphthalonitriIe ( 1 . 3 9 ) as a bulky precursor to 
condense with phthalonitrile 1.40 to give the ABAB-type product 1.41 in 17% yield 
(Scheme 1.10) 33 
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Scheme 1.10. Preparation of the ABAB-type phthalocyanine 1.41 by statistical 
condensation. 

(ii) Preparation of “Adjacent" Phthalocyanines (AAUB-type) 
In 1997, Leznoff ct al. reported a "half-Pc" approach lo prepare this class of 

c o m p o u n d s . I n this method, a “half-Pc” intermediate was isolated and subsequently 
treated with another phthalonitrile under mild conditions. The preparation of “half-Pc” 
intermediates had been reported previously by Oliver and S m i t h , � � b u t they proposed 
that only phthalonitriles bearing strongly electron-withdrawing groups could produce 
such stable intermediates. However, in the work reported by Leznoff et al.’ 
phthalonitrile 1.42, which does not have strong electron acceptors, can react with 
lithium methoxide in refluxing methanol to give the half-Pc intermediate, which can 
further react with the unsubstiluted phthalonitrile in the presence of zmc(Il) acetate to 
afford the AABB-type phthalocyanine 1.43 in 28% yield. 

I 
N - 2 n - r 

I 

“Aî  r \ k . 
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reflux. 5 h a 
Scheme 1.12. Synthesis of the "side-strapped" phthalocyanine 1.45. 

1.1.3 Phthalocyairines as Efficient Photosensitizers for Photodynamic Therapy 
The use of light and dyes to treat medical conditions can be dated back to three 

thousand years ago，but it was only in the last century that photodynamic therapy 
(PDT) was developed.37 八 German medical student Rabb reported the killing of the 
microorganism paramecia with the combination of acridine and light in the end of 

century.^® A few years later, von Tappeiner and Jesionek treated skin tumors with 
topically applied eosin and white light.^^ This marked the beginning of PDT. PDT is 
an innovative approach for the treatment of a range of cancers and wet age-related 
macular degeneration.*� The. treatment involves a combined action of a 
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An alternative synthetic pathway to AABB-type phthalocyanine was established 
by Kobayashi et al. in 1993.^^ It involves the use of /^/^(phthalonitrile) linked by an 
appropriate bridging group, such as 2,2'-diphenyI (compound 1.44). The steric 
constraint prevents the formation of opposite isomer during the cyclization. 
Additionally，the distance between the two phenoxy groups is close enough to 
facilitate intramolecular cyclization, avoiding the formation of oligomeric 
phthalocyanines. Treatment of these bis(phthalonitrile)s with other phthalonitriles can 
also give “adjacent" phthalocyanines in reasonably good yields. A typical example is 
shown in Scheme 1.12. 
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photosensitize!"，light, and oxygen. Each component is harmless by itself, but when 
combined they can lead to the generation of reactive oxygen species (ROS) causing 
cellular and tissue damage. Photosensitizers are photosensitive compounds which can 
be preferentially retained in malignant cells or tissues. After a cancer has been 
identified，a photosensitizer can be administered into body by various means, such as 
intravenous injection or topical application to the skin. Upon illumination with light, 
the photosensitizer is activated, and then the energy is transferred to molecular oxygen 
to generate ROS，resulting in biochemical attack on the cancer cells. Because of the 
high reactivity and short lifetime of ROS, their biochemical reactions take place only 
in the immediate locale of the photosensitizer. So the preferential uptake of the 
photosensitizer by the diseased tissues and the ability to confine the activation of the 
photosensitizer by restricting the illumination to a specific region with modem fiber 
optics and endoscopy are the dual selectivity of PDT. 

PDT has several potential advantages over traditional cancer treatment 
methods.40f Firstly of all，it is comparatively non-invasive and can be targeted 
accurately, mainly through the precise application of light. In addition, repeated doses 
can be given to patients without the total-dose limitations associated with radiotherapy. 
It also does not have multidrug resistant problem which is the main drawback of 
chemotherapy.41 The healing process usually results in little or no scarring. 
Furthermore, PDT can usually be done in an outpatient or day-care setting, which is 
convenient to patients. Finally, this method does not have significant and long-term 
side-effects. 

The photophysical mechanism of PDT is shown in Figure 1.3. Upon illumination, 
the photosensitizer at its singlet state is excited to the excited singlet state. This 
excited state interacts with surroundings leading to photobleaching and a rapid lose of 
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its energy via intersystem crossing (ISC) to populate the much longer-lived triplet 
state. The excited triplet state then interacts with tissue oxygen in ether a Type I or 
Type II mechanism. In Type I mechanism，an electron transfer reaction occurs leading 
to the generation of oxygen radical anions as the reactive oxygen species. 
Alternatively, the triplet state can undergo an energy transfer with oxygen to form 
singlet oxygen and this process is classified as the Type II mechanism. Singlet oxygen 
is a highly reactive oxygen species that can react rapidly with numerous biologically 
important substrates, resulting in oxidative damage and ultimately cell death. It is 
generally agreed that the Type II mechanism predominates during PDT and singlet 
oxygen is the most important cytotoxic species produced. 

Photosensitizer ground state 

Figure 1.3. The photophysical mechanism of photodynamic therapy. 

Porphyrin derivatives are traditional photosensitizers. These compounds, 
however, are not considered to be ideal for the use in PDT. Among the limitations, the 
slow clearance and weak absorption in the body's therapeutic window (650 - 800 nm) 
are the two major drawbacks.''^ Therefore, there is an impetus for the development of 
non-porphyrin photosensitizers which have stronger absorption in the red visible 
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region，and improved photophysical and photobiological properties.''^ Among the 
various classes of macrocyclic compounds being evaluated as second-generation 
photosensitizers，5b .浙ph tha locyan ines are of particular interest because of their 
strong absorptions in the red visible region, high efficiency to generate reactive 
oxygen species, and ease of chemical modification and f o r m u l a t i o n . S o m e of these 
compounds, such as the silicon(IV) phthalocyanine Pc4 (1.46), a liposomal 
preparation of zinc(II) phthalocyanine (CGP55847), and a mixture of sulfonated 
aluminum(III) phthalocyanines (Photosense) are presently in clinical t r ia ls ,^ 

These three potential drugs represent three major classes of phthalocyanines 
which can be used for PDT, namely silicon(IV), alLiminum(III), and zinc(II) 
phthalocyanines. A brief overview of these three classes of phthalocyanines is given 
in the following sections, focusing on the unsymmetrical analogues. 

O \ I 
Si 

1.46 (Pc4) 

Figure 1.4. Structure of Pc4. 

I, J.3.1 Silicon(IV) Phthalocyanines 
Phthalocyanines with a Group IV metal center can be modified via the 

attachment of axial substituents. These phthalocyanines have advantages over other 
peripherally substituted phthalocyanines because they do not exhibit isomerism. The 



Ph. D. Thesis - Jian- Yong Liu 

axial ligands not only can increase the solubility, but also can prevent aggregation of 
the phthalocyanines. 

Among the silicon(IV) phthalocyanines, Pc4 (1.46)，which contains an 
aminosiloxy group and a hydroxy 1 group, has received much attention. In a structure-
activity relationship study, the in vitro photoactivity of Pc4 has been compared with 
those of other analogues.'*^ It has been found that the axial hydroxyl ligand is not 
essential for efficient photosensitization, and an elongated diaminosiloxy axial ligand 
generally is less desirable than the short analogue. While there is no significant 
difference in cellular uptake between Pc4 and the aluminum analogues，the former is 
about 3-fold more active toward V-79 Chinese hamster lung fibroblasl.'^^ This can be 
attributed to the difference in the intracellular distribution and the aggregation state of 
the phthalocyanines.47 

In in vivo studies, Pc4 shows a high activity in causing the regression of the RIF-
1 tumor at low drug dosage with little cutaneous photosensitivity" Pc4 is also 
effective in killing HIV and other envelope viruses as well as blood borne parasites, 
rendering this compound to be used in the photosensitization of red blood cells and 
platelet concentrates.'^^ Recently the photoactivity of Pc4 has been studied in a human 
tumor model, namely the ovarian epithelial carcinoma OVCAR-3 transplanted SC in 
athymic nude mice.^° The results are also very encouraging. 

Recently, a comparable study of the photodynamic activities of phthalocyanines 
1.47 and 1.48 toward two cell variants of Bi6 melanoma has been performed.^' Upon 
excitation with 776 nm diode laser light, the unsymmetrical analogue 1.48 appears to 
be a markedly more efficient photosensitizer, likely reflecting its higher cellular 
uptake and less intracellular aggregation. 
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1.50 

Figure 1.6. A series of silicon(IV) phthalocyanines substituted axially with one or 
two l,3-bis(dimethylammo)-2-propoxy group(s). 
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1.47 Ri = R2 = OSi(AC4H9)2/>CiBH37 
1 . 4 8 R, = 0SKCH2)2(CH2)3N(CH3)2 Rj = OSi(n~CioH22)3 

Figure 1.5. Structures of silicon(IV) phthalocyanines 1.47 and 1.48. 

Ng et al. have recently prepared a series of silicon(IV) phthalocyanines 
substituted axially with one or two l,3-bis(dimethylamino)-2-propoxy group(s) 
(Figure 1.6).'"^ Among these compounds, the unsymmetrical amphiphilic analogues 
1.50 exhibit a high photocytotoxicity against human hepatocellular carcinoma HepG2 
and murine macrophage J774 cells. This can be attributed to the high cellular uptake 
and/or efficiency to generate singlet oxygen. 
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L 1.3.2 Aluminum(IJI) Phthalocyanines 
Aluminum(III) phthalocyanines have one axial ligand instead of two in 

silicon(IV) phthalocyanines. These compounds are generally soluble in organic 
solvents. Axial substitutents such as polyethylene glycol (Mwt 2000) and poly(vinyl 
alcohol) (Mwt 13000-23000) have been used to render water solubility to the 
c o m p o u n d s . T h e s e compounds can induce regression in EMT-6 and Colo-26 tumor. 

i 

Apart from these polymeric systems, unsymmetrical water-soluble sulfonated 
aluminum(III) phthalocyanines 1.51-1.55 have also received much attention. The 
relationships of the structures and photodynamic efficiency of these compounds, both 
in vitro and in vivo, have also been examined. The amphiphilic c/5-disulfonated 
aluminum(III) phthalocyanine 1.53 is the most active one among the various 
derivatives because of its highest cellular uptake properties.^^ The subcellular 
localization of differently sulfonated aluminum(III) phthalocyanines against human 
melanoma cells has also been studied by confocal laser scanning microscopy. It shows 
that the mono-sulfonaled phthalocyanine 1.55 and the di-sulfonated analogues 1.53 
and 1.54 localize diffusely in the cytoplasm, while the tri- and letra-sulfonated 
compounds 1.52 and 1.51 are found in association with lyososomes. However, 
translocation from the lysosomes to the cytoplasm has been observed at high 
concentration of the dyes and low laser light exposure.54 Also, the correlation of 
subcellular and intratumoral localization of these sulfonated aluminum(III) 
phthalocyanines has been reported.^^ 
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Figure 1.7. Some examples of sulfonated aluminum(III) phthalocyanines. 

In in vivo studies，it has been found that the disulfonated aluminum(III) 
phthalocyanine 1.53 and the tetrasulfonated derivative 1.51 (to a lesser extent) 
accumulate preferentially in tumor associated macrophages rather than in malignant 
or other tumor associated cells.^^ The disulfonated phthalocyanines 1.53 has been 
shown to induce tumor regression via direct tumor cell killing rather than damage to 
the tumor microvasculature, which is in contrast to the action of Photofrin.^^ A 
mixture of chloro aluminum(III) phthalocyanines bearing 2 to 4 sulfonate groups, 
called Photosense, is presently used in Russia for PDT in clinic. 

As aluminum congeners, gallium(III) phthalocyanines with different sulfonate 
r Q  

groups have also been studied for their in vitro photodynamic activities. The 
photocytotoxicities of these complexes against V-79 Chinese hamster lung fibroblast 
are slightly lower than those of the aluminum analogues, which may reflect the effects 
of the central metal ion on the yield and lifetime of the excited dye. 
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1.1.3.3 Zinc(Ii) Phthaiocyanines 
The unsubstituted zinc(II) phthalocyanine is poorly soluble in common organic 

solvents and aqueous media. Hence, to allow it to be used in PD I , it needs to be 
formulated as an emulsion or conjugated with proteins, such as unilamellar 
liposomal,59a low density l i p o p r o t e i n ^ and bovine serum albumin (BSA).，^。 

Water-soluble sulfonated zinc(II) phthalocyanines have received much attention 
as PDT agents since they do not require any other additional vehicles for drug 
delivery. These compounds can simply be prepared by direct sulfonation of the 
unsubstituted zinc(II) phthalocyanine with fuming sulfuric This reaction gives 
a complex mixture of many isomeric and differently sulfonated phthalocyanines, even 
though the reaction is carefully controlled. The direct sulfonation leads to substitution 
at both the 3- and 4-positions of the phthalic subunit. The complexity of the reaction 
mixture renders a very tedious purification procedure which requires reverse-phase 
high performance liquid chromatography (HPLC) with a mixture of phosphate-
buffered water and methanol as the mobile phase. 

Two improved strategies for the preparation of sulfonated phthalocyanines were 
reported by Busch et al. and Leznoff et al., respectively，'," Mixed condensation of 1-
(3,4-dicyanophenylsulfonyl) pyrrole (1.56) with unsubstituted phthalonitrile led to the 
formation of the corresponding monosulfonated phthalocyanine.^^ ITie product, 
however, was highly insoluble and difficult to be separated by chromatography. To 
increase the solubility, 1.56 was condensed with 4,5-diheptylphthalonitrile (1.57) to 
give compound 1.58 in 10% overall yield (Scheme 1.13). The monosulfonated 
phthalocyanine 1.60 was prepared by substitution of the monoamino phthalocyanine 
1.59 using the Meerwein procedure (Scheme 1.14)" 
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Scheme 1.13. Synthesis of the mono-sulfonated zinc(II) phthalocyanine 1.58. 
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Scheme 1.14. An alternative synthetic route for the mono-sulfonated zinc(II) 
phthalocyanine 1.60. 

In addition to these mono-sulfonated phthalocyanines, some tri-sulfonated 
phthalocyanines have also been prepared by van Lier et al. via the subphthalocyanine 
approach.64 

Similar to the aluminum(III) phthalocyanine series, the degree of sulfonation 
greatly affects the in vitro and in vivo photocytotoxicity and the photochemical 
properties of the zinc d e r i v a t i v e s . I t has been found that decreasing the degree of 
sulfonation increases the degree of hydrophobicity of the phthalocyanine and leads to 
a higher photodynamic activity both in vitro and in vivo against V-79 Chinese 
hamster cells and EMT-6 mouse mammary tumor.^^'^^ The higher pholoactivity is a 
result of better cellular uptake properties.^^ Hence the isomeric mixture of sulfonated 
zinc(II) phthalocyanines obtained through direct sulfonation of zinc(ll) 
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phthalocyanine was found to be 10-fold more active than the homogeneous tetra-
sulfonated analogue prepared via the condensation of 4-sulfophthalic acid.^^ 

Leznoff et al. have prepared the hydroxy phthalocyanines 1.61-1.65 and studied 
the relationships between the sites of substitution and the photodynamic activity.丨丨" 
Compared with the tetrahydroxy analogue 1.61, compounds 1.62-1.65 exhibit higher 
photodynamic activities against the Chinese hamster V-79 fibroblasts in the order: 2-
hydroxy (1.62) > 2,3-dihydroxy (1.63) > 2,9-dihydroxy (1.64) > 2,9,16-trihydroxy 
(1.65). The trend parallels with the decrease in hydrophobicity of the compounds. An 
in vivo study against EMT-6 mouse mammary tumor shows that the 2,9-dihydroxy 
isomer 1.64 exhibits the highest photodynamic activity. The monohydroxy derivative 
1.62 and the 2,3~dihydroxy isomer 1.63 show a lower potency, while the tetrahydroxy 
analogue 1.61 fails to induce tumor cure. 
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Figure 1.8. Some examples of hydroxy zinc(II) phthalocyanines. 
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Two amphiphilic carboxy zinc(II) phlhalocyanines 1.66 and 1.67 were also 
synthesized. Their photodynamic efficiencies toward HeLa cells were compared 
with those of hydrophobic hexadecafluorophthalocyanine 1.68 and hydrophilic 

z a 

octacarboxyphthalocyanine 1.69. The unsymmetrical analogues had a remarkably 
higher photodynamic effect among the phthalocyanines used. The effect is apparently 
caused by the fact that these two unsymmetrical phthalocyanines are mainly 
accumulated in the hydrophobic lipid membrane and are in the photoactive monomer 
form in HeLa cells. 

COOH HOOC F C p HOOC COOH 

COOH F - A ^ h o o c A ^ W ^ C O O H 

COOH F厂 F F F HOOC COOH 

Figure 1.9. Selected examples of carboxy zinc(II) phthalocyanines. 
t . � 

Recently, a series of unsymmetrically substituted fluorinated phthalocyanines 
1.70 have been synthesized via the ring expansion approach. Study on their 
photodynamic activities has shown that the unsymmetrically substituted 
dodecafluorinated phthalocyanines are more potent toward MRT-6 mouse mammary 
tumor cells than the symmetrical hexadeca-substituted derivative 1.68.^^ 
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1.70: R , = R3 = H. R2 = r-butyl. NO2, I. H 

Figure 1.10. Structures of substituted fluorinated phthalocyanines 1.70. 

1.1.4 Glycosylated Photosensitizers 
In addition to the photophysical properties, the cellular uptake and selectivity 

are other important issues in the design of photosensitizers. Over the past two decades, 
some common biomolecules have been conjugated to photosensitizers with a view to 
enhancing their photodynamic activity and targeting property. Among these carriers, 
low-density lipoproteins (LDLs) are one of the examples giving promising results.^^ 
Viral proteins，which are widely used as vectors in gene therapy, have also been 
conjugated to phthalocyanines/' Recently, glycosylated photosensitizers have gained 
considerable attention due to their potential targeting property toward the glucose 
transporters which are overexpressed in cancer cells. 

Malignant cells are known to have accelerated metabolism which requires a 
high glucose uptake. Transport of glucose across the plasma membrane of mammalian 
cells is the first rate-limiting step for glucose metabolism and is mediated by 
facilitative glucose transporter (GLUT) proteins. Increased glucose transport in 
malignant cells has been associated with increased and deregulated expression of 
glucose transporter proteins. Hence overexpression of GLUTl and/or GLUT3 is a 
characteristic identified in many cancerous cells.^^ For example, elevated GLUTl 
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expression has been described in many cancers, including (hepatic, breast, 
endometrial, and cervical carcinoma).^^ Owing to this feature, it is believed that 
glycoconjugatiorrmay enhance the selectivity and efficacy of photosensilizers. 

In 1997, Carre et al. used a mejo-arylglycosylporphyrin to inhibit the growth 
of the yeast Saccharomyces cerevisice. Later, other glycoconjugated photosensitizers 

75 76 77 78 

including porphyrins, • hypocrelli, and chlorins were also reported. Zheng et al. 
used near-infrared confocal microscopy to show that glycosylated pyropheophorbide 
1.71 was selectively takei^ up by 9L gljoma cells7^ In the presence of 50 mM a-D-
glucose, the fluorescence of 1.71 was drastically decreased. This competitive 
experiment showed that the glycosylated species 1.71 is taken up via GLUT. 

Besides the common monosaccharides, glycosamine moieties can also be 
introduced to increase the uptake. Barberi-Heyob et al. prepared a series of 
glucosylated chlorins and porphyrins substituted with an O-acetylated glucosamine 

r 0 
group. It was found that the mono-glucosylated porphyrin 1.72 has the highest 
uptake by HT29 human adenocarcinoma cells, which is 11.5-fold higher than 
tetraphenylporphyrin. The subcellular localization studied by confocal fluorescence 
microscopy showed that compound 1.72 is accumulated mainly inside the 
endoplasmic reticulum, not in the mitochondria or lysosome. Endoplasmic reticulum 
is known to play a central role in the biosynthesis, segregation, and transport of 

81 
proteins and lipids，as well as in the release of intracellular stores of calcium. 
Therefore the destruction of endoplasmic reticulum is fatal to the tumor cells, and this 
mechanism is different form the photochemical damage of mitochondria by 
photosensitizers，which can cause the release of cytochrome c and eventually lead to 
apoptosis of the cancerous cells. 



Ph. D Thesis — Jian- Yong Liu 

Besides the porphyrinoid compounds, expanded porphyrins such as sapphyrins 
were also conjugated with sugars. Sessler's group prepared the glycoconjugated 
sapphyrin 1.73, of which the uptake was studied by comparing the intensities of the 
Raman bands of the free and bound states. They found that 1.73 has a higher uptake 
compared with related photosensitizers based on porphyrins and texaphyrins. 

Figure 1.11. Structures of glycosylated pyropheophorbide 1.71, mono-glucosylated 
porphyrin 1.72，and glycoconjugated sapphyrin 1.73. 

In addition to in vitro studies, the in vivo distribution of some glycosylated 
photosensitizers was also reported. Volka et al. investigated the photochemical 
properties and biolocalization of the porphyrin-guanine 1.74 and the sapphyrin-sugar 
conjugate 1.73.^^ It was found that 1.73 has a high selectivity and is localized in 
xenographic tumor tissues over other normal mouse tissues. While the distribution 
kinetics of the porphyrin-gjuanine 1.74 conjugate was different, it was rapidly released 

U 

from most of the tissues including tumor in several days after injection. By contrast, 
the sapphyrin-sugar analogue showed a much slower clearance from the tissues and 
greater tumor retention. This showed that glycosylation may improve the in vivo 
tumor affinity as well as the cellular uptake. 
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Recently, a series of tetrapyrrolic macrocycles with different sugar 
substituents and substitution pattern have been reported. These include 
tetraphenylporphyrins substituted with sugars such as xylose and aribinose.®'' To 
further enhance the selectivity and efficacy, some photosensitizers have been 
incorporated with more than one target groups. For example, the thio-glycosylated 
cationic perfluorophorphyrin 1.75 incorporates both sugar and cationic moieties. The 
latter is believed to have a higher specificity toward the mitochondria and can enhance 
the solubility of the photosensitizer in aqueous medium. Although the compound 
has a little dark toxicity, it is rather potent toward HT29 cells with an LD90 value of 5 
HM. 

NH,CI 

Figure 1.12. Structures of porphyrin-guanine conjugate 1.74 and thio-glycosylated 
perfluoroporphyrin 1.75. 

/ . 1.4.1 Glycosylated Phthalocyanines 
Although a substantial number of glycosylated photosensitizers have been 

prepared, glycoconjugated phthalocyanines are extremely rare. To my knowledge, 
only a few sugar-containing phthalocyanines have been reported so.far. Compounds 
1.76 and 1.77 were firstly prepared, but they were only briefly characterized and their 
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photodynamic activities were not evaluated.®^ Recently, our group has prepared 
silicon(IV) phthalocyanines 1.78 and 1.79 with one or two galactose substituent(s) by 
typical substitution reactions.®^ These compounds exhibit a high photodynamic 
activity against HepG2 cells with IC50 values down to 0.1 fiM. 

oY 

nwOH O H I 

o 

起。<x;-Kxx 
o 

o 

？ ̂ O H 

N ..SI： 

MO 

Figure 1.13. Some examples of glycosylated phthalocyanines. 

In addition, two glucoconjugated silicon(IV) phthalocyanines 1.80 and 1.81 
have also been prepared and examined for their photo-physical and biological 
properties. ̂ ^ With two axial 1,2:5,6-di-0-isopropylidene-a-D-glucofuranose 
substituents linked to the silicon center through the tetraethylene glycol chain, both 
compounds are highly photocytotoxic against HT29 and HepG2 cells, particularly the 
non-chlorinated phthalocyanine 1.80，of which the IC50 values are as low as 5.5 nM. 
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The lower pholodynamic activity of the chlorinated derivative (IC50 = 17.2-21.3 nM) 
can be attributed to its higher aggregation tendency in the biological media, leading to 
a lower efficiency to generate reactive oxygen species (ROS) inside the cells. 
Fluorescence microscopic studies have also revealed that compound 1.80 has a high 
and selective affinity to the lysosomes, but not the mitochondria, of HT29 cells. 
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Figure 1.14. Structures of glucoconjugated silicon(IV) phthalocyanines 1.80 and 
1.81. 

An unsymmetrical glycosylated zinc(II) phthalocyanine has also been prepared 
89 . 

recently via a statistical cross-condensation method. Phlhalonitrile 1.82, which can 
be obtained by aromatic nucleophilic substitution of the four fluoro groups of 
tetrafluorophthalonitrile by four l,2:3,4-di-0-isopropylidene-a-D-galactopyranose 
units, reacts with an excess of unsubstituted phlhalonitrile in the presence of zinc 
chloride in DMAE to give phthalocyanine 1.83. Removal of the carbohydrate 
protecting groups in compound 1.83 with aqueous TFA at room temperature leads to 
the formation of phthalocyanine 1.84. Again, the photobiological properties of these 
compounds were not studied. 
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Scheme 1.15. Synthesis of the unsymmetrical glycosylated zinc(II) phthalocyanine 
1.84. 

1.2 Boron Dipyrromethenes (BODIPYs) 
1.2.1 General 

Boron dipyrromethenes (BODIPYs) (Figure 1.15) have gained special attention 
as one of the most versatile classes of fluorophores, and these dyes have steadily 
increased in popularity over the past two decades.卯 They were firstly discovered by 
Treibs and Kreuzer in 1968.9' although people paid little attention to the discovery 
until the end of Then, the potential use of these dyes for biological labeling 
was recognized^^ and several new BODIPY-based dyes '̂* were designed and 
commercialized as labeling reagents for biomolecules. As a consequence, BODIPYs 
came to be known as photostable substitutes for fluorescein by the biochemists and 
biologists. In parallel, more fundamental studies on the chemical reactivity and the 
photophysical properties of these dyes began to e m e r g e .卯 BODIPYs have many 
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attractive spectral characteristics, such as large absorption coefficient，high 
fluorescence quantum yield, and long-wavelength emiss ion，Other useful properties 
of BODIPYs include their low rates of intersystem crossing, good solubility, high 
chemical robustness, excellent thermal and photochemical stability, and insensitivity 
to changes in environment, such as the polarity, pH, and oxygen content of the 
media 卯 

More importantly, the absorption and emission properties of these dyes can be 
tuned through rational modification of the BODIPY core.卯 The parent dye absorbs 
near 480 nm and emits around 490 nm. Alkylalion or arylation at the meso position 
has almost no effect on the absorption and emission wavelengths even though this 
substitution position is structurally unique. While, generally, introduction of 
substituents on the pyrrole ring can slightly shift the absorption and emission position 
of BODIPY. When substituents that can extend the conjugation of the parent molecule 
are added, both the absorption and emission positions are shifted to longer wavelength. 
These properties make them excellent candidates in labeling of biomolecules,^^'''^^ ion 
sensing’9°a,96 photodynamic therapy,^^ and light-harvesting systems,^®''^^ etc. 

meso 
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A 
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Figure 1.15. General structure of BODIPYs. 
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1.2.2 Light Harvesting Systems Based on BODIPYs 
Light harvesting systems, which absorb light and funnel energy to the reaction 

center, play a very important role in natural p h o t o s y n t h e s i s . B O D I P Y dyes are 

wel l -known fluorophores having remarkable photophysical properties, which are ideal 

components o f l ight harvesting systems. To date, many light harvesting molecules 

Ofi 

have been developed including BODIPYs as the core entity and/or part o f the 

antenna.''•‘ 

1.2.2,1 BODIPYs as the Core 
Similar to many other organic fluorophores, BODIPY dyes possess small Stokes' 

shift, which hampers their opt imum use in f low cytometry and fluorescence 

microscopy.90b Synthetic strategies have been developed to circumvent this problem 

by covalent attachment o f an ancillary pigment to the B O D I P Y core to form a cassette. 

In this way, all the photons absorbed by the secondary chromophore, which is usually 

an aromatic polycycle，can be channeled to the BODIPY emitter. As a consequence, 

there is a large position disparity in excitation and emission spectra and the full 

benefits o f the BODIPY emitter are retamed.^®^ 

Recently, the BODIPY-antracene conjugates 1.85-1.89 have been prepared by 

Burgess et al. via palladium-catalyzed cross-coupling reactions.卯® In these cassettes, 

Highly eff icient photo-induced energy transfer occurred from antracene to BODIPY. 

The energy transfer efficiencies depend on the relative orientation o f the two 

components and the structure o f the linkers attaching them. A l l systems in which the 

donor is coupled to the long axis o f the BODIPY acceptor (as in 1.87) exhibit a 

significantly faster energy transfer than those wi th the donors attached to the short 

axis (as in 1.89). 
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Figure 1.16. Structures o f BODIPY-antracenc conjugates 1.85-1.89. 

Highly fluorescent and soluble dual-dye probes 1.90-1.92 have also been 

QQU 

synthesized. The absorption spectra o f these compounds indicate that the BODIPY 

and pyrene chromophores are spectrally isolated, thereby inducing a large "v i r tua l " 

Stokes shift. The latter is realized by efficient intramolecular excitation energy 

transfer by the Forster dipole-dipole mechanism. For all the three systems, they 

exhibit efficient intramolecular excitation energy transfer from pyrene to BODIPY. 

The rate o f energy transfer depends on the structure o f the dual dye system and 

、 

decreases as the center-to-center separation increases. The energy transfer eff iciency, 

however, exceeds 90% in all systems. L ink ing the two pyrene residues by an ethyne 

group leads to a decrease in the energy-transfer eff iciency, wi th the two polycycles 

acting as a single chromophore. The directly l inked BODIPY-pyrene dyad 1.90 binds 

to D N A and functions as an efficient solar concentrator when dispersed in plastic. 
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Figure 1.17. Structures o f BODIPY-pyrene conjugates 1.90-1.92, 

Apart f rom these compounds, three related triads 193-1.95, comprising a 

BODIPY core l inked to two aromatic polycycles via the boron center, have also been 

prepared.98c The polycycl ic compounds are either pyrene or perylene, or a mixture o f 

both. Whereas the absorption spectral profiles contain important contributions from 

each o f the subunits, fluorescence occurs exclusively f rom the BODIPY fragment. 

Intramolecular excitation energy transfer is extremely eff icient in each case, even 

though the spectral overlap integrals for the pyrene-based system are modest. The 

asymmetric derivative 1.94 is the most attractive dye since its absorption covers most 

o f the accessible spectral rang^. This compound fluoresces strongly when dispersed in 

polymeric media and acts as a highly efficient solar concentrator. It also induces a 

large “v i r tua l ” Stokes' shift and displays several clear absorption peaks that are useful 

as markers for chemical sensors. 
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Figure 1.18. Structures of BODIPY-polycyc le triads 1.93-1.95 

1.2.2.2 BODIPYs as the Antenna 
Porphyrin-based systems featuring BODIPY donors have been widely developed 

as models for natural photosynthesis to study the electron transfer and energy transfer 

processes. They are also promising energy cassettes for molecular photonic devices. 

For example, the pentad 1.96 was designed as a "l inear molecular photonic wi re" by 

Lindsey，99a in which a BODIPY dye provides an optical input at one end, a linear 

array o f three zinc(I I) porphyrins as a signal transmission element, and a free base 

porphyrin serving as an optical output at the other end (Figure 1.19). This donor-

acceptor pair is separated by 90 A. When excited at 485 nm, highly eff icient through 

bond energy transfer took place from the BODIPY to zinc(I I) porphyrin (ZnP), and 

then to metal free porphyrin (H2P). The overall signal transmission eff iciency from 

input to output was found to be 76%. Systems 1.97 and 1.98 were described as 

"molecular optoelectronic linear- and T-gates”，respectively (Figure 1.19),99b in these 

two systems, a magnesium(II) porphyrin was employed as a switcher which can turn 

on or o f f the emission o f the acceptor. The oxidized state o f this porphyrin quenched 

the fluorescence via intramolecular charge transfer ( ICT). 
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Figure 1.19. Molecular photonic wire 1.96 and molecular optoelectronic gales 1.97 

and 1.98. 

The porphyrins 1.99-1.102 which are substituted wi th one, two, or eight 

BODIPY unit(s) have also been synthesized as light-harvesting a r r a y s . T h e blue-

green BODIPY absorption complements the spectral coverage o f the porphyrin 

chromophorc, enhancing the light harvesting properties o f the arrays and facil i tating 

selective excitation o f the accessory pigment for other applications. A n efficient 

energy transfer (>85%) f rom the BODIPY pigment(s) to porphyrin has been observed 

for these conjugates. 
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Figure 1.20. Structures o f BODIPY-porphyr in conjugates 1.99-1.102, 

For the cassettes 1.103 and 1.104, the emission f rom the B O D I P Y moieties 

virtual ly cannot be seen upon excitation o f the B O D I P Y part at 485 nm. Instead, an 

emission corresponding to the thia or oxaporphyrin unit appears, suggesting the 

presence o f an ef f ic ient energy transfer.^^'^'^^^ It is d i f f i cu l t to direct ly compare the 

eff iciency o f energy transfer o f these systems because the donor and acceptor 

fragments have di f ferent separation and orientations. Interestingly, the dithia 

analogous system 1.105^^^ gives a much lower energy transfer quantum yield (by ca. 

11%) than 1.106’99c which has a normal porphyr in core (Oent 二 97%). 
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Figure 1.21. Structures o f light harvesting arrays 1.103-1.106. 

The supramolecular triad 1.107 was constructed by Weiss et al. It undergoes a 

stepwise energy transfer f rom the excited B O D I P Y to ZnP, and then to The 

efficiencies o f these two energy transfer steps were calculated to be 80% and 85%, 

respectively. 
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E n e r g y T r a n s f e r 

Figure 1.22. A stepwise energy transfer in the supramolecular tr iad 1.107. 

Energy transfer f rom the excited B O D I P Y axial l igands to the porphyr in core 

was also observed in 1 . 1 0 8 - 1 . 1 1 1 in non-polar s o l v e n t s . ^ The ef f ic iencies o f energy 

transfer wh ich are in the range o f 13-40% increase as the length o f the methylene 

bridge decreases. On the other hand, the emission o f Sn(TPP) chromophores was 

g Q __ j 

quenched by B O D I P Y chromophores at rate constants o f 10 - 1 0 s_，wh ich are 

independent on the solvent polar i ty. Upon excitat ion o f the B O D I P Y chromophore o f 

1.110，the excited singlet state o f the Sn(TPP) chromophore, generated by the energy 

transfer f rom the excited B O D I P Y chromophore, was quenched by the phenoxy 

l igand via a non-radiat ive electron transfer process. However，a rapid back electron-

transfer may also occur because the absorption o f the radical anion o f Sn(TPP) was 

not observed by nanosec »nd laser photolysis. 
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Figure 1.23. Structures o f some t in ( IV) porphyrins axial ly substituted BODIPY 

fluorophores. 

Cl ick chemistry was employed to prepare the l ight harvesting system 1.112 in 

which a perylenedi imide (PDI) acceptor is l inked to four B O D I P Y d o n o r s T丨 The 

electronic absorption spectrum o f this conjugate is the same as the sum o f the spectra 

o f the donor and acceptor components, which indicates that the chromophoric 

components in this system do not have signif icant ground-state interactions. Upon 

excitation at 526 nm, very l itt le residual emission corresponding to peripheral 

BODIPY was observed. Addi t ional ly , a very strong emission f rom PDI core evolved 

at 618 nm. This is due to a highly eff icient energy transfer (99%) f rom the donor 

B O D I P Y to acceptor PDI. 
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Figure 1.24. Structure o f pentad 1.112 containing four BODIPY donors and a 

perylenediimide (PDI) acceptor. 

A supramolecular approach was also employed to construct the art i f icial 

ph0t03ynthetic model 1.113.99」Upon selective excitation o f the B O D I P Y unit in the 

dyad BODIPY-ZnP, an eff icient energy transfer occurred f rom BODIPY to ZnP. 

Upon forming the supramolecular triad wi th C6o derivative by axial coordination, the 

excited ZnP promoted electron transfer to the coordinated fullerene, resulting in a 

charge-separated state. The observed energy transfer fo l lowed by electron transfer in 

the present supramolecular triad mimics the events o f natural photosynthesis. Here, 

the BODIPY acts as antenna chlorophyl l that absorbs l ight energy and transports 

spatially to the photosynthetic reaction center, whi le the electron transfer f rom the 

excited zinc porphyrin to fullerene mimics the primary events o f the reaction center 

where conversion o f the electronic excitation energy to chemical energy in the form o f 

charge separation takes place. The important feature o f the present model system is its 

relative “simplicity，’ because o f the use o f supramolecular approach to mimic the 

rather complex "combined antenna-reaction center" events o f photosynthesis. 
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EnafBY Transfer 

1.113 

Figure 1.25. Energy transfer fo l lowed by electron transfer in the supramolecular triad 

1.113. 

1.2.2.3 BODIPYs as Both the Core and Antenna 
Fluorescence resonance energy transfer (FRET) cassettes 1.114 have also been 

p r e p a r e d , looa These cassettes are composed o f two B O D I P Y chromophores wh ich are 

l inked via an acetylenic l inker. Fluorescence spectroscopic studies o f these 

compounds in very di lute CHCI3 solut ion have showed that the FRET eff ic iency 

signif icantly decreased w i th increasing the length o f the r ig id spacer f rom about 98% 

( n = 1), to ^ 8 5 % (n = 3), and to ^ 3 5 % (n = 6). 

Despite l im i ted spectral overlap (1.3 x 10'''^ m m o r ' c m ^ ) and quite wide spatial 

separation distance (17.9 A ) , an essentially quantitat ive exci tat ion energy transfer 

occurs f rom the peripheral B O D I P Y units to the expanded B O D I P Y core in 1 . 1 1 5 . ' 瞧 

The small degree o f residual fluorescence f rom the normal B O D I P Y component is 

useful for rat iometr ic fluorescence spectroscopy. 
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Figure 1.27. Structure o f energy cassette 1.116 containing three kinds o f BODIPY 

fluorophores. 
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Figure 1.26. Structures o f FRET cassettes 1.114 and 1.115 composed o f two kinds o f 

BODIPY fluorophores. 

The energy transfer cassette 1.116, which contains three kinds o f BODIPY 

fluorophores has also been synthesized recently by Qian et al.'^*^ It exhibits a very 

strong absorption in the region from 300 to 700 nm covering most o f the solar 

spectrum. Upon photoexcitation o f this compound at 490 or 560 nm, a strong 

fluorescence emission o f the central purple B O D I P Y dye at 660 nm has been 

observed. The emission is very weak for the yellow-green BODIPY at 520 nm and the 

pink BODIPY at 586 nm. These results suggest that a highly eff icient energy transfer 

takes place f rom each donor to the acceptor in this system. 
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Compound 1.117 was designed as a molecular s w i t c h . ⑴ 。 ® its U V - V i s spectrum 

displays three strong absorption bands assigned to the spacer (322 nm), the donor 

(529 nm), and the acceptor dyes (619 nm), respectively. It exits in a contracted 

conformation at room temperature. The donor-acceptor distance is separated by 7 人. 

Upon excitation at 490 nm, intramolecular energy transfer occurred f rom the donor to 

acceptor. As a result, a strong emission at 630 nm from acceptor dye was observed. 

Addi t ion o f T F A or lower ing the temperature to -60 °C switched the molecule to the 

expanded conformation, in which the donor-acceptor distance is enlarged by 70 人.As 

a consequence, the emission f rom the acceptor disappeared completely, whereas 

fluorescence intensity o f the donor doubles. These results indicated that no energy 

transfer occurred between the donor and acceptor in this case. 

Energy Accep to r 

.117 

Figure 1.28. Structure o f the molecular switch 1.117. 
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Chapter 2 

Synthesis，Characterization, and in vitro Photodynamic 
Activities of Novel Amphiphilic Zinc(II) Phthalocyanines 
Bearing Oxyethylene-Rich Substituents 

2. 1 Introduction 
Photodynamic therapy (PDT) has emerged as a promis ing modal i ty for the 

、treatment o f malignant tumors and wet age-related macular degeneration.' It is a 

binary therapy that involves the combinat ion o f v is ible l ight and a photosensilizer. 

Each component is harmless by itself, but in combinat ion w i t h molecular oxygen, 

^ they result in the generation o f reactive oxygen species (ROS) causing oxidat ive 

、cel lu lar and tissue damage. This treatment has several potential advantages inc lud ing 

its m in ima l l y invasive nature, tolerance o f repeated doses，and h igh specif ic i ty that 

can be achieved through precise appl icat ion o f the l ight w i t h m o d e m f iber-opt ic : 

、 

systems and various types o f e n d o s c o p y . Currently, on ly a few porphyr in derivatives i 

inc luding por f imer sodium, temopor fm, and verteporf in are c l in ica l ly approved for V ) 

systemic administrat ion. These compounds, though g iv ing a posit ive response in a 

high percentage o f patients, st i l l have various deficiencies that demand a further 

development o f better candidates? O w i n g to the desirable electron absorption and 

photophysical properties，phthalocyanines are one o f the most promis ing classes o f 

candidates for this application.^ Over the last few years, our group has been interested 
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in rational modi f ica t ion o f this class o f functional dyes w i th the goal o f enhancing 

their PDT eff ic iency. Several new series o f s i l i con( IV) and z inc( I I ) phthalocyanines 

have been synthesized and evaluated for their photophysical and biological 

properties.4 As the amphiph i l i c i ty o f photosensitizers is believed to have a beneficial 

effect on their photodynamic activity,^ amphiphi l ic phthalocyanines have been my 

targets. In this Chapter，I report the synthesis, photophysical properties, and in v i t ro 

photodynamic act iv i ty o f three novel z inc( I I ) phthalocyanines bearing one or two 

3，4’5-tris(3’6，9-trioxadecoxy)benzoxy substituent(s). Hav ing three or six triethylene 

glycol methyl ether chains, these macrocycles are amphiph i l ic in nature, exhib i t ing a 

high in v i t ro photocytotoxic i ty. 

2.2 Results and Discussion 
2.2.1 Molecular Design and Chemical Synthesis 

Z inc ( I I ) phthalocyanines are good candidates for P D T applicat ion. In 

addit ion to their relat ively high stabil i ty, the closed-shell z inc( I I ) center imparts 

desirable photophysical characteristics to the macrocycles.^ Introduct ion o f 

substituents at the peripheral posit ions can also tai lor the properties o f the 

macrocycles such as their so lubi l i ty in biological media, aggregation behavior, and 

targeting properties. As a result, z inc( I I ) pl^thalocyanines have received considerable 

attention as ef f ic ient photosensit izers? I describe herein three novel z inc( I I ) 

phthalocyanines (compounds 2.7’ 2.8, and 2 . 1 1 ) wh ich contain the bu lky - and 

hydrophi l ic 3，4’5-tris(3，6，9-trioxadecoxy)benzoxy moiety. Hav ing one or two o f these 
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substituents, the t t - t t stacking tendency is reduced and the macrocycles become 

amphiphi l ic in nature. These properties should be advantageous for singlet oxygen 

generation and cellular uptake, by which the photodynamic act iv i ty can be enhanced. 

The relatively rare 1,4-disubstituted phthalocyanine 2.11 also has a longer Q-band 

max imum compared w i th the a - and P-monosubstituted counterparts, wh ich is also an 

advantage that can increase the light penetration depth.? 

Scheme 2.1 shows the synthetic route used to prepare the monosubstituted 

phthalocyanines 2.7 and 2.8. Treatment o f methyl 3,4,5-tr ihydroxybenzoate (2.1) w i th 

triethylene g lycol methyl ether tosylate (2.2) and K2CO3 led to tr isubstitut ion g iv ing 

2.3, wh ich was then reduced w i th L i A l H i to af ford benzyl alcohol 2.4. This 

compound was then treated w i th 3- or 4-ni trophthalonitr i le in the presence o f K2CO3 

in N,N-d imethy l formamide ( D M F ) to give the substituted phthalonitr i le 2.5 or 2.6, 

respectively. These compounds then underwent a mixed cycl izat ion w i th an excess o f 

unsubstituted phthalonitr i le (10 equiv.) in the presence o f Zn(0Ac)2-2H20 and 

I,8-diazabicyclo[5.4.0]undec-7-ene ( D B U ) in /7-pentanol to af ford the corresponding 

“ 3 + 1 ” products 2.7 and 2.8. These reactions also produced the unsubstituted zinc 

phthalocyanine (ZnPc) as a major side-product，which could be separated readily by 

f i l t rat ion and chromatography as a result o f its lower solubi l i ty and slower mobi l i ty in 

a sil ica gel column. Dur ing the chromatographic puri f icat ion, a trace amount o f some 

m 

Other blue products was also separated, but no attempt was made to characterize these 

minor side-products. 

Similar ly, treatment o f 2,3-dicyanohydroquinone w i th benzyl chloride 2.9, 
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prepared by chlor inat ion o f 2.4 w i th SOCI2, and K2CO3 af forded d in i t r i le 2.10，which 

was then cycl ized w i t h the unsubslituted phthaloni tr i le in the presence o f 

Zn(OAc)2.2H20 and D B U to give 2.11 in 8% yie ld (Scheme 2.2). A l l o f these z inc( I I ) 

phthalocyanines were soluble in common organic solvents and possessed high 

stability, wh ich faci l i tated the pur i f icat ion by sil ica gel co lumn chromatography, size 

exclusion chromatography, fo l lowed by recrystal l ization. 

( 

H O 

H O - < \ V - C O , C H , 

H O 

CH3(0CH2CH2)30TS 
2.2 

K 2 C O 3 . D M F 

9 0 ° C 

CH3(0CH2CH2)30 

CH3(0CH2CH2)30^ ^COZCH. 

CH3(0CH2CH2)30 

2 . 3 ( 7 8 % ) 

L1AIH4, T H F 

re f lux 

CH3(0CH2CH2)30 

CH3(0CH2CH2)30—^^^^CHjOH 

CH3(0CH2CH2)30 
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C N 

0,N 

f Y 
y ^ C N CH3(OCH2CH2)3q 

K 2 C O 3 . D M F 

8 0 � C 

CH3(0CH2CH2)30 巧 

CH3(〇CH2CH2)30 

C N 

-CH2O > < ^ C N 

2 . 5 a - S u b s t i t u t e d ( 3 9 % ) 
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/ W C N 
I 
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1 4 0 - 1 5 0 ° C 

CH3(0CH2CH2)30 
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、 
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t 

Q 
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Scheme 2.1. Synthesis o f phthalocyanines 2.7 and 2.8. 
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Scheme 2.2. Synthesis o f phlhalocyanine 2.11. 

2.2.2 Spectroscopic Characterization and Photophysical Properties 

A l l the new compounds were fu l ly characterized w i th various spectroscopic 

methods and the data are given in the Experimental Section. The N M R signals for the 

phthalocyanine ring protons of 2.7，2.8, and 2.11 are very distinct in CDCI3 (with a 

trace amount o f pyridine-ds for the former two complexes to reduce their aggregation), 

which provide a useful means for characterization. As shown in Figure 2.1, the ' H 

N M R spectrum o f a-substi tuted phthalocyanine 2.7 shows a mul t ip let at 6 9.41-9.46 

(5 H) and two doublets at 5 9.16 (1 H) and 9.13 (1 H) for the 7 phthalocyanine a 

protons. The 8 p protons resonate as a multiple at 5 8.07-8.15 (7 H) and a doublet at 6 

7.69 (1 H). For the p-analogue 2.8, a multiplet at 6 9.20-9.35 (6 H), a doublet at 6 

9.05 (1 H), and a singlet at 8 8.66 (1 H) are seen for the 8 phthalocyanine a prontons, 

while the signals for the 7 P protons appear as a multiplet at 5 8.06-8.12 (6 H) and a 

doublet at 8 7.62 (1 H). Phthalocyanine 2.11 has a C2v symmetry. The doublet at 5 
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9.20 can be assigned to the two phthalocyanine a protons close to the benzoxy groups, 

while the mult iplet at 6 9.43-9.47 is due to the remaining four a protons. The singlet 

at 5 7.68 can be readily assigned to the two p protons adjacent to the benzoxy groups, 

while the mult iplet at 5 8.03-8.15 is attributed to the remaining six P protons. 

The '^C N M R data o f these compounds were also in accord wi th the structures 

though some o f the phthalocyanine ring,carbon signals (for 2.7 and 2.8) and the chain 

CH2 signals were overlapped. For compound 2.11, a total o f 20 signals were observed 

m the aromatic region (8 107.0-153.6) for the 16 phthalocyanine and 4 benzene ring 

carbons, which is consistent wi th the Cjv symmetry. 

The ESI mass spectra o f these phthalocyanines were also recorded. The 

molecular ion [ M + NaJ+ isotopic cluster could be detected in all the cases. The 

isotopic distribution was in good agreement wi th the corresponding simulated pattern. 

The identity o f these species was also confirmed by accurate mass measurements. 
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Figure 2.1 
CDCI3； • 

complexes. 

Chemical shift 

. T h e aromatic region of the 'H N M R spectra o f 2.7, 2.8, and 2.11 in 

indicates the trace amount o f pyridine-ds added for the former two 

The electronic absorption and basic photophysical data o f phthalocyanines 2.7, 

2 . 8 , and 2 . 1 1 were measured in D M F and are summarized in Table 2.1. A l l the three 

compounds gave very similar UV-Vis spectra, which are typical for nonaggregated 

phthalocyanines. The spectrum of compound 2.8, for example, showed a B-band at 

344 nm, a vibronic band at 606 nm, and an intense and sharp Q-band at 672 nm, 

which strictly fol lowed the Lambert Beer's law (Figure 2.2). Upon excitation at 610 
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Figure 2.2. Electronic absorption spectra of 2.8 at different concentrations in D M K 

The inset plots the Q-band absorbance versus the concentration o f 2.8. 

Table 2.1. Electronic absorption and photophysical data for 2.7, 2.8, and 2.11 in 

DMF. 

Compound ？ w (nm) (log e) (nm)' (Df 

2.7 

2.8 

.11 

334 (4.69)’ 611 (4.58), 677 (5.40) 681 

344 (4.79), 606 (4.62), 672 (5.39) 677 

337 (4.73), 621 (4.55), 690 (5.31) 696 

0.20 

0.19 

0.14 

0.60 

0.62 

0.84 

。Excited at 610 nm. Using unsubstituted zinc(II) phthalocyanine (ZnPc) in DMF as 

the reference (Op = 0.28). ( Using ZnPc as the reference (Oa = 0.56 in DMF). 
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nm, the compound emitted at 677 nm with a fluorescence quantum yield of 0.19. 

Substitution at the a position (compound 2.7) slightly shifted the Q-band and 

fluorescence emission to the red by 4-5 nm. Introduction o f an addition a-substituent 

(compound 2.11) further shifted the Q-band to 690 nm and the fluorescence emission 

to 696 nm. 

2.5 

5 

0 

o
u
u
e
c
l
j
o
s
q
v
 



Z n P c 
2.7 

2 8 
2 11 

• 
s
 

6 

0 50 100 150 200 

Time (s) 
250 300 

Figure 2.3. Comparison of the rates of decay o f DPBF in D M F as monitored 

spectroscopicaliy at 411 nm, using 2.7，2.8, and 2.11 as the pholosensilizers and ZnPc 

as the reference. 
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The singlet oxygen quantum yields (C>a) of these compounds were also 

determined using 1,3-diphenylisobenzofuran (DPBF) as the scavenger. The 

concentration o f the quencher was monitored spectroscopicaliy at 411 nm along with 

time, from which the values of could be determined by the method described 

previously. These data are also summarized in Table 2.1. Figure 2.3 compares the 

rates o f decay o f DPBF using these compounds and ZnPc as the photosensitizers. It 

can be seen that all these phthalocyanines are efficienl singlet oxygen generators, 

particularly the 1,4-disubstiluted analogue 2.11, o f which the value o f (t)A (0.84) is 

significantly higher than that of ZnPc (0.56), which was used as the reference. 
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IPhotosensitizerl (^IM) 

Figure 2.4. Effects o f 2.7 (triangles), 2.8 (stars), and 2.11 (squares) on HT29 (left) 

and HepG2 (right) cells in the absence (closed symbols) and presence (open symbols) 

o f light (A. > 610 nm, 40 m W cm'^, 48 J cm"^). Data are expressed as mean values 士 

S.E.M. o f three independent experiments, each performed in quadruplicate.-
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2.2.3 In vitro Photodynamic Activities 

The in vitro photodynamic activity of photoscnsitizers 2.7, 2.8, and 2 . 1 1 in 

Cremophor EL emulsions was investigated against two different cell lines, namely 

HT29 human colorectal carcinoma and HepG2 human hepatocarcinoma cells. As 

shown in Figure 2.4, the three compounds are essentially noncytotoxic in the absence 

o f light, but exhibit a very high photocytotoxicity. The corresponding IC50 values are 

summarized in Table 2.2. It can be seen that all these compounds are highly potent 

and the effects on HT29 are greater than those on HepG2. Phthalocyaninc 2 .7 is 

particularly potent wi th the ICso values down to 0.02 About 1 f.iM o f the dye is 

sufTicient to k i l l 90% of the cells. 
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Table 2.2. Comparison o f the IC50 values" o f phthalocyanincs 2.7, 2.8, and 2.11 
against HT29 and HepG2 cells. 

Compound 1C5o(hM) 

For H r29( |aM) 

2.7 0.02 

2.8 0.36 

2.11 0.15 

For HepG2 (|.tM) 

0.03 

0.39 

0.49 

a Defined as the dye concentration required to k i l l 50% ot the cells. 

It is worth noting that although phlhalocyanine 2.7 exhibits a relatively lower 

singlet oxygen quantum yield than the other two photosensitizcrs in D M F (Table 2.1), 

its photocytotoxicity is the highest among the three photosensitizcrs ( Table 2.2). To 

account for the results, the absorption spectra o f these compounds in the culture 

medium were recorded. As shown in Figure 2.5, the Q-band for compound 2.7 in the 

Dulbecco's modif ied Fagle's medium ( I ) M H M ) (for H 129) remains very sharp and 

intense, while those for 2.8 and 2.11 are weaker and broadened. Very similar results 

were obtained in the RPMI medium (for HepG2) (Figure 2.6). This is a strong 

indication that compound 2.7 is significantly less aggregated in these culture media, 

which should lead to a higher photosensitizing ctTiciency. 
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Figure 2.5. Electronic absorption spcctra o f 2.7 (- ), 2.8 (---) ’ and 2.11 

formulated wi th Cremophor EL, in the D M E M culture medium (all at 8 f iM) . 
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Figure 2.6. Electronic absorption spectra o f 2.7 (—) ’ 2.8 (---) ’ and 2.11 

formulated wi th Cremophor EL, in thq^RPMI culture medium (all at 8 } iM) . 
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(a) (lb) (c) 

IFfigMire X.7. Fluorescence microscopic images o f HT29 tumor cells being incubated 

with (a) 1:1、(b) and (c) I l l at a concentration o f 8 f^M for 2 h. 

2o3 CoiinclliuisDOini 

In conclusion, I have prepared and characterized three novel “ 3 + 1 ” z inc (n) 

phthalocyanines substituted wi th one or two 3,4,5-tris(3,6,9-trioxadecoxy)benzoxy 

group(s). These compounds exhibit a high photocytotoxici ty against HT29 and 

HepG2 cells w i th IC50 values down to 0.02 f iM. The mono-a-substituled 
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To further explain the photocytotoxicity results, fluorescencc microscopic studies 

were also carried out to shed light on the cellular uptake of、photosensil/crs '1:1�7.. 

and 2 A I . After incubation wi th these compounds (formulated wi th Crcmophor HL) for 

2 hours and upon excitation at 630 nm, the H179 cells showed intracellular 

fluorescence throughout the cytoplasm as shown in Figure 2.7、indicating that there 

was a substantial uptake o f the dyes. The qualitative fluorescence intensity fol lows the 

order 7..7 > > 2.11. Hcncc, the highest photocytotoxicity o f 7..7 may be attributed 

to its lowest aggregation tendency in the biological media and/or highest cellular 
A, 

uptake. 
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phthalocyanine 2.7 is more potent than the other two analogues, which can be partly 

explained by its lower aggregation tendency in the culture media and higher ccllular 

uptake as shown by absorption spectroscopy and fluorescence microscopy, 

respectively. 

2.4 Experimental Section 
2.4.1 General 

Al l the reactions were performed under an atmosphere o f nitrogen. 

I'etrahydrofuran (THF), toluene and A7-pentanol, dichloromethane, pyridine, and I ) M F 

were disti l led f rom sodium benzophenone ketyl, sodium, calcium hydride, potassium 

hydroxide, and barium oxide, respectively. Chromatographic purif ications were 

performed on silica gel (Macherey-Nagel, 70-230 mesh) columns wi th the indicated 

eluents. Size exclusion chromatography was carried out on Bio-Rad Bio-Beads S - X l 

beads (200-400 mesh). A l l other solvents and reagents were o f reagent grade and used 

as received. Compound 2.2 was prepared as described.*^ 

'H and N M R spectra were recorded on a Bruker DPX 300 300; '"^C, 

75.4 M H z ) or A V A N C E II 400 ( 'H , 400; '^C, 100.6 M H z ) spectrometer in C D C h or 

DMSO-db. Spectra were referenced internally using the residual solvent [ 'H : CDCI3 (5 

7.26); D M S 0 - d 6 (8 2.50)] or solvent [ " C : CDCI3 (6 77.0); DMSO-d^ (6 39.7)1 

resonances relative to SiMca. Electrospray ionization (ESI) mass spectra, were 

measured on a Thermo Finnigan M A T 95 X L mass spectrometer. Matr ix assisted laser 

desoption/ionization t ime-of- f l ight ( M A L D I - T O F ) mass spectra were taken on a 

7 0 
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Bruker Daltonics Autof lex M A L D I - T O F mass spectrometer. Elemental analyses were 

performed by the Shanghai Institute o f Organic Chemistry, Chinese Academy o f 

Sciences. 

2.4.2 Photophysical Studies 

UV-Vis and steady-stale fluorescence spectra were taken on a Cary 5G 

UV-Vis-NIR spectrophotometer and a Hitachi F-4500 spectrofluoromcter, respectively. 

The fluorescence quantum yields were determined by the equation: Oh(sanipie> 二 

(尸sample/厂refXAeP^乂sampi(:)(«sampic2/«ref2)OF(ref)>io wherc F , A’ and n are the measured 

fluorescence (area under the emission peak), the absorbance at the excitat ion position 

(610 nm), and the refractive index o f the solvent, respectively. The unsubstituted 

zinc(I I) phthalocyanine (ZnPc) in D M F was used as the reference [OfqcD = 0.28|." ' To 

minimize re-absorption o f radiation by the ground-state species, the emission spectra 

were obtained in very di lute solutions where the absorbance at 610 nm was less than 

0.03. 

Singlet oxygen quantum yields (Oa) were measured by the method described by 

Wohrle et al. w i th some modif ications. A mixture o f DPBF (370 f^M, 1 m L ) and the 

photosensitizer (absorbance o f the Q band ~ 1.0, 1 mL) in D M F was i l luminated wi th 

red light coming f rom a 100 W halogen lamp after passing through a water tank for 

cool ing and a color glass f i l ter (Newport , cu-on 610 nm). The decay o f the DPBF 

absorption at 411 nm was monitored along w i th time. The quantum yie ld o f the 

photoreaction O o p b f was defined as: O o p b f = - ( V R / I a b s ) (C|-co)/t, where V r is the 

7 1 
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reaction volume and labs is related to the l ight intensity, wh ich was not determined, co • * 

and C| are the DPBF concentrations prior to and after irradiation, respectively, and t is 

the irradiation t ime in second. The value o f (labs/VjO.cDoPBF was determined for each 

irradiation cycle using the ext inct ion coefficient for DPBF (e = 23,000 dm^mor ' cm ' ' 

at 411 nm). The singlet oxygen quantum yield O^ is related to Odpbf according to the 

equation: 1/ODPBF = I /O A + (1 /0^){kd/ka){ 1 / [DPBF] ) , where k^ is the decay rate 

constant o f singlet oxygen and ka is the rate constant o f the reaction o f DPBF w i th 

singlet oxygen. By comparing the slope or y-intercept o f the plot (VR/Iabs) (l/^DPBF) 

versus 1/ [DPBF] w i th those derived f rom the experiment using the reference ZnPc as 

the sensitizer (Oa = 0.56 in D M F ) under the same condit ions, the Oa value o f the 

sensitizer could be determined. The ratio o f the slope or y-intercept should inversely 

proportional to their ratio o f <1)̂ . 

2.4.3 Synthesis 

3,4,5-Tris(2-(2-(2-inethoxyethoxy)ethoxy)ethoxy)benzoate (2.3).'^ A mixture 

o f methyl 3,4,5-tr ihydroxybenzoate ( 2 . 1 ) (2.96 g, 16 mmol ) , monotosylated 

triethylene glycol (2.2) (15.33 g, 48 mmol) , and anhydrous potassium carbonate 

(19.95 g, 145 mmol ) in D M F (30 m L ) was stirred at 90 ^C for 24 hours under a N2 

atmosphere. Then the volati les were removed under vacul im. The resulting brown 

residue was mixed w i th water (100 mL) ’ and extracted w i th CH2CI2 (100 m L x 3). 

The organic extracts were collected, dried over anhydrous MgS04 , f i l tered and 

evaporated to dryness under reduced pressure. The crude product was puri f ied by 

12 
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sil ica gel co lumn chromatography using CHCI3/CH3OH (100:1 v /v ) as the eluent. 

Compound 2 . 3 was obtained as a slight ye l low l iqu id (7.82 g , 78%). ' H N M R (300 

M H z , DMSO-d6): 8 7.23 (s, 2 H, A rH ) , 4.09-4.18 (m，6 H, CH2), 3.83 (s, 3 H, 

COOCH3), 3.75 (t, J = 4 . 5 Hz, 4 H ’ CH2), 3.67 (t, J = 4.5 Hz, 2 H, CFb), 3.45-3.62 (m, 

18 H, CH2), 3.38-3.45 (m, 6 H, CH2), 3.22 (s, 9 H，OCH3); ' ^ C { ' H } N M R (75.4 M H z , 

CDCI3)： 5 166.4，152.2, 142.4, 124.8, 108.8，72,3, 71.8, 70.7，70.6，70.4, 69.5, 68.7， 

58.9，52.0 (some o f the CH2 signals are overlapped). 

(3,4,5-Tris(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)methanol (2.4). ‘ ̂  To 

a wel l-st i rred suspension o f L i A l H i (1.16 g, 30.5 mmo l ) in T H F (60 m L ) , a solut ion 

o f compound 2.3 (12.63 g, 20.3 mmol ) in T H F (40 m L ) was added dropwise using a 

dropping funnel at 0 under a N2 atmosphere. The mixture was a l lowed to heat to 

ref lux and stirred for overnight. The reaction was then quenched by dropwise addit ion 

o f water (5 mL) . The granular salts were separated using suction filtration, and rinsed 

thoroughly w i th T H R . The fi l trate was dried over anhydrous MgS04 , f i l tered, and 

evaporated to af ford a pale ye l low l iqu id (10.99 g, 91%). ^H N M R (300 M H z , CDCI3)： 

5 6.63 (s, 2 H，ArH ) , 4.58 (d, •/二 5.4 Hz, 2 H, A r C H j ) ’ 4.10-4.19 (m, 6 H, CH2), 3.84 

(t, J = 5.1 Hz, 4 H，CH2), 3.78 (t, J = 5.1 Hz, 2 H, CH2), 3.69-3.76 (m, 6 H, C H j ) , 

3.59-3.69 (m, 12 H, CH2)，3.52-3.59 (m, 6 H, CH2), 3.37 (s, 9 H, CPU)’ 2.09 (t, J = 5.4 

Hz, 1 H ’ OH) ; i 3c {1H} N M R (75.4 M H z , CDCI3)： 6 152.5, 137.4, 136.7，106.3, 72,1, 

參 

71.8，70.6, 70.5, 70.3, 69.7’ 68.6, 64.9, 58.9 (some o f the CH2 signals are overlapped). 

3-[3,4,5-Tris(3,6,9-trioxadecoxy)benzoxylphthalonitrile (2.5). To a mixture o f 

3-ni t rophthaloni tr i le (1.73 g, 10 mmo l ) and compound 2.4 (2.97 g, 5 mmo l ) in D M F 
n ^ o i 
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(30 mL) was added anhydrous potassium carbonate (6.90 g, 50 mmol). The resulting 

mixture was stirred at 80 "C for 4 days. The solvent was then evaporated under 

reduced pressure and the residue was mixed wi th CHCI3 (60 mL) and water (60 mL). 

The aqueous layer was separated and extracted wi th CHCI3 (60 mL x 3). The 

combined organic fractions were dried over anhydrous MgS04, then filtered. The 

filtrate was collected and evaporated to dryness. The residue was purif ied by silica gel 

column chromatography using CHCh/MeOH (60:1 v/v) as the eluent to give 

compound 2.5 as a colorless l iquid (1.41 g, 39%). 'H N M R (300 MHz , CDCI3)： 6 7.61 

(t, J = 8.7 Hz，1 H, ArH) , 7.37 (d, J = 7.5 Hz, 1 H, ArH) , 7.25 (d, J= 7.5 Hz, 1 H, 

ArH), 6.66 (s, 2 H, ArH) , 5.17 (s’ 2 H, ArCH?), 4.13-4.18 (m, 6 H, CHj ) , 3.85 (t, J = 

4.8 Hz, 4 H，CH2), 3.79 (t, J = 5.1 Hz, 2 H, CH2), 3.70-3.74 (m, 6 H, CH2), 3.62-3.68 

(m, 1 2 H，CH2), 3.53-3.57 (m, 6 H，CH2), 3.37 (two partially overlapping s, 9 H, CH3), 

' ^C{ 'H } N M R (75.4 MHz, DMS0-d6): 6 160.9, 152.4, 137.7, 136.0, 130.7, 126.2, 

119.3, 116.0, 115.6, 113.9’ 107.1, 103.6’ 72.0, 71.5, 71.2, 70.2, 70.0，69.9, 69.8, 69.1’ 

68.5, 58.2 (some o f the CH2 signals are overlapped); MS (ESI): isotopic clusters 

peaking at m/z 743 {100%, [ M + Naj+}; HRMS (ESI): m/z calcd for C^bHssN^NaOi】 

[ M + N a f : 743.3362, found 743.3365. 

4-[3,4,5-Tris(3,6,9-trioxadecoxy)benzoxy)phthalonitrile (2.6). According to 

the above procedure using 4- instead o f 3-nitrophthalonitri le as a starting material, 

C I 

compound 2 . 6 was obtained as a colorless>^jiquid (1.71 g, 47%). H N M R (300 MHz, 

CDCI3)： 6 7.73 (d, J = 8 . 7 H z , 1 H, ArH) , 7.34 (d, " j = 2.4 Hz, 1 H ’ ArH)，7.25 (dd, J = 

2.4, 8.7 Hz, 1 H, ArH) ’ 6.63 (s, 2 H, ArH) , 5.05 (s, 2 H, ArCHz), 4.16 (t, J = 4 . 8 Hz, 6 
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H，CH2), 3.85 (t ’ J = 4.8 Hz, 4 H ’ CH2), 3.79 ( t , J = 5 . 1 Hz, 2 H, CH2), 3.68-3.75 (m, 6 

H ’ CH2), 3.59-3.68 (m, 12 H，CH2), 3.51-3.59 (m，6 H, CH2)，3.37 (s, 9 H, CH】)； 

' ^ C { ' H } N M R (75.4 M H z , CDCI3): 6 161.5, 152.9，138.7, 135.2, 129.7, 120.0, 119.6， 

117.3, 115.5, 115.1, 107.5, 107.2, 72.2，71.8, 71.0, 70.7, 70.6’ 70.4, 69.6, 68.9, 58.9 

(some o f the CH2 signals are overlapped); M S (ESI): isotopic clusters peaking at m/z 

743 {100%, [ M + Na]’； H R M S (ESI): m/z calcd for C^bHs iN iNaO, ] [ M + N a f : 

743.3362, found 743.3361. 

Phthalocyanine 2.7. A mixture o f phthaloni tr i le 2.5 (0.26 g, 0.36 mmol ) , 

unsubstituted phthaloni t r i le (0.46 g, 3.59 mmol ) , and Z n ( 0 A c ) r 2 H 2 0 (0.22 g, 1.00 

mmol ) in Ai-pentanol (15 m L ) was heated to 100。C，then a small amount o f D B U (0.5 

m L ) was added. The mixture stirred at 140-150 for 24 hours. Af ter a br ief cool ing, 

the volati les were removed under reduced pressure. The residue was dissolved in 

CHCI3 (120 mL ) , then fi l tered to remove part o f the unsubstituted z inc( I l ) 

phthalocyanine formed. The fi l trate was collected and evaporated to dryness in vacuo. 

The residue was pur i f ied by sil ica gel co lumn chromatography using CHCI3/CH3OH 

(30:1 v /v) as the eluent, fo l lowed by size exclusion chromatography using T H F as the 

eluent. The crude product was further pur i f ied by recrystal l izat ion f rom a mixture o f 

T H F and hexane (0.11 g, 26%). ' H N M R (300 M H z , CDCI3 w i th a trace amount o f 

pyridine-ds): 6 9.41-9.46 (m, 5 H, Pc-H。)’ 9.16 (d, 7 = 7.5 Hz, 1 H, Pc-Ha), 9.13 (d’ J 

= 6 . 9 Hz’ 1 H , Pc-Ha), 8.07-8.15 (m, 7 H, Pc-Hp), 7.70 (d, J = 7.8 Hz, 1 H, Pc-Hp), 

7.32 (s, 2 H ’ A r H ) , 5.81 (s, 2 H, A r C H j ) , 4.32 (t, J = 5.1 Hz, 2 H, CH2), 4.20 (t, J = 

5.1 Hz，4 H , CHz), 3.92 (t, 5.1 Hz, 2 H ’ CH2), 3.78-3.82 (m, 2 H ’ CH2)，3.66-3.75 
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(m, 8 H’ CH2), 3.55-3.59 (m, 6 H, CH2), 3.47-3.51 (m, 8 H，CH2), 3.38-3.41 (m, 7 H, 

CH2 and CH3)，3.26 (s, 6 H, CH3)； N M R (75.4 MHz , DMSO-dft)： 5 155.6, 

152.7, 152.6’ 152.3, 152.2, 140.3, 138.4, 137.9, 137.7, 137.6, 133.5, 130.6’ 129.1, 

125.3, 122.5, 122.4, 122.1, 115.3，114.0, 107.8，72.3, 71.6, 71.5, 71.0, 70.2, 70.0, 69.9, 

69.8’ 69.3, 68.8, 58.3, 58.2 (some o f signals are overlapped); MS (ESI): isotopic 

clusters peaking at w/z 1191 {100%, [ M + N a | ' } ; HRMS (ESI): m/z calcd for 

C6oH64N8NaO,3Zn [ M + Na ] ' : 1191.3777, found 1191.3783. 

Phthalocyanine 2.8. According to the above procedure, phthalonitri le 2.6 (0.26 

g, 0.36 mmol) was treated with unsubstituted phthalonitrile (0.46 g, 3.59 mmol) and 

Zn(0Ac)2.2H20 (0.22 g, 1.00 mmol) to give phthalocyanine 2.8 as a blue solid (0.09 

g, 21%). ' H N M R (300 MHz，CDCI3 wi th a trace amount o f pyridine-ds): 5 9.20-9.35 

(m, 6 H, Pc-Ha), 9.05 (d, 7.8 Hz，1 H, Pc-Ha), 8.66 (s, 1 H’ Pc-Ha), 8.06-8.12 (m, 

6 H, Pc-Hp), 7.62 (d, 8.4 Hz, 1 H, Pc-Hp), 6.99 (s, 2 H, ArH) , 5.46 (s, 2 H, A rCHj ) , 

4.33 (t, J = 4.8 Hz, 4 H，CH2), 4.24 ( t , J = 5 . 1 Hz, 2 H, CH2), 3.94 (t, J = 4.8 Hz, 4 H, 

CH2)，3.86 (t, J = 4.8 Hz, 2 H, CH2), 3.76-3.80 (m, 6 H, CH2), 3.62-3.71 (m, 12 H, 

CH2), 3.53-3.57 (m, 6 H，CH2), 3.38 (s, 3 H’ CH3), 3.37 (s, 6 H, CH3); ' ^C { 'H } N M R 

(75.4 MHz, DMSO-dft): 5 159.9, 152.6, 152.4, 152.3, 152.2, 152.0, 151.7, 151.6, 

139.5, 137.8, 137.5, 132.7，130.7，129.0，128.9, 123.0’ 122.2, 117.8，107.2’ 105.6, 

72.1, 71.5，70.3, 70.1, 70.0，69.9, 69.4, 68.8’ 58.3, 55.1 (some o f signals are 

overlapped); MS (ESI): isotopic clusters peaking at m/z 1191 {100%, [ M 十 Na】'}; 

HRMS (ESI): m / z calcd for CboHMNsNaOijZn [ M + Na]十：1191.3777, found 

1191.3771. 
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S-(Chloroniethyl)-1^3-tris(2-(2-(2-inethoxyethoxy)ethoxy)ethoxy)benzene 
( 2 . 9 ) . i 2 T o a solution o f compound 2 . 4 (2.00 g, 3.37 mmol ) in dry CH2CI2 (10 mL) 

and a small amount of D M F (0.2 mL), SOCI2 (0.37 mL, 5.04 mmol) was added 

dropwise wi th vigorous stirring. After addition o f SOCI2 for 30 minutes, the reaction 

was essentially complete as indicated by TLC. The volatiles were evaporated in 

vacum. The residue was mixed wi th water (20 mL) , and extracted wi th CH2CI2 (20 

mL X 3). The combined organic fractions were collected, dried over anhydrous 

MgS04, filtered and evaporated in vacuo to give a pale yel low l iquid (2.06 g, 100%). 

'H N M R (300 MHz , CDCI3)： 5 6.63 (s, 2 H, ArH) , 4.49 (s, 2 H, A rCH j ) , 4.11-4.19 

(m, 6 H，CH2), 3.85 (t, J = 4.8 Hz, 4 H, CH2), 3.78 ( t , J = 5.1 Hz, 2 H, CH2)，3.69-3.76 

(m, 6 H, CH2), 3.60-3.69 (m, 12 H, CH2)，3.51-3.59 (m, 6 H, CH2), 3.38 (s, 9 H, 

OCH3); ' ^ C { ' H } N M R (75.4 MHz , CDCI3): 6 152.6, 138.5, 132.7，108.3，72,3, 71.9, 

70.8，70.6’ 70.5, 70.5, 69.7, 68.9, 59.0’ 46.6 (some o f the CH2 signals are overlapped). 

3,6-Bis[3,4,5-tris(3,6,9-tnoxadecoxy)benzoxylphthalonitrile (2.10). A mixture 

o f compound 2 . 9 (2.06 g, 3.36 mmol), 2,3-dicyanohydroquinone (0.27 g , 1.69 mmol), 

and potassium carbonate (1.17 g, 8.47 mmol) in D M F (10 m L ) was stirred at 100。C 

for 24 hours. The volatiles were then removed under reduced pressure. The residue 

was mixed wi th water (50 mL) and the mixture was extracted wi th CHCI3 (50 mL x 3). 

The combined organic extracts were dried over anhydrous MgSO^ and evaporated 

under reduced pressure. The residue was then purif ied by silica gel column 

chromatography using C H C h / M e O H (20:1 v/v) as the eluent to give the product as a 

pale yel low transparent l iquid (1.95 g, 88%). ' H N M R (300 M H z , CDCI3)： 6 7.15 (s, 2 
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H, A rH ) , 6.65 (s, 4 H，ArH) , 5.08 (s, 4 H, A r C H j ) , 4.12-4,20 (m, 12 H, C H j ) , 3.85 (t, J 

= 4 . 8 Hz, 8 H, CH2), 3.79 (t, J 二 5.1 Hz, 4 H, C lh ) , 3.69-3.76 (m, 12 H’ CH2), 

3.62-3.69 (m, 24 H, CHz), 3.51-3.59 (m, 1 2 H，CH2), 3.37 ( two partially over lapping s, 

18 H, CH3); "C{IH} NMR (75.4 MHz, CDCI3): 5 154.7’ 152.8, 138.2, 130.3, 119.4, 

112.9, 106.4，105.7’ 72.2, 71.7，71.6’ 70.6, 70.5, 70.3, 69.5, 68.7’ 58.8 (some of the 

CH2 signals are overlapped); MS (ESI): isotopic clusters peaking at m/z 1336 {100%, 

[ M + Na】.}; H R M S (ESI): miz calcd for CMHiooNjNaOjf i [ M + Na] + : 1335.6457, 

found 1335.6462. 

Phtha locyan ine 2.11. Accord ing to the procedure for 2.7 described above, 

phthalonitr i le 2.10 (0.50 g, 0.38 mmol ) was treated wi th unsubstituted phthalonitr i le 

(0.49 g, 3.82 mmol ) and Zn(0Ac)2 .2H20 (0.23 g, 1.05 mmol ) to give phthalocyanine 

2.11 as a blue sol id (54 mg’ 8%). ' H N M R (300 M H z , CDCI3)： 6 9.43-9.47 (m, 4 H, 

Pc-Ma), 9.20 (d，J 二 7.5 Hz，2 H, Pa-Ha), 8.03-8.15 (m，6 H, Pc- Hp), 7.68 (s, 2 H, Pc-

Hp), 7.37 (s, 4 H, A rH ) , 5.90 (s, 4 H, A r C H j ) , 4.05 (t, J = 5 . 1 Hz，4 H, CH2), 3.80 (t, J 

= 5 . 1 Hz, 8 H，CHz), 3.70 (t, J = 5.1 Hz, 4 H, CH2), 3.61-3.66 (m, 4 H，CH2), 

3.55-3.58 (m, 8 H, CH2), 3.43-3.50 (m, 12 H, CH2), 3.34-3.37 (m, 12 H, CH2)，3.30 (s, 

6 H, CH3)，3.16-3.24 (m，8 H，CH2)’ 3.12 (s, 12 H, CH2), 2.90 (s, 12 H, CH3); 

N M R (75.4 M H z , CDCI3): 153.6, 153.4, 153.3, 152.5, 152.2, 150.2, 138.6，138.3, 

138.1, 137.5, 133.6, 129.0’ 128.8, 128.6, 128.5, 122.6, 122.3，122.1’ 116.5, 107.0， 

72.3，72.2, 71.8, 71.3, 70.5, 70.4，69.9, 69.7，69.2, 68.1，58.8，58.4 (some o f the C H j 

signals are overlapped); M S (ESI): isotopic clusters peaking at m/z 1784 {100%, [ M + 

Na]+}; H R M S (ESI): m / z calcd for CsgHnsNUNaChGZn [ M + N a f : 1783.6871, found 
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1783.6862. 

2.4.4 In vitro Studies 

2.4.4.1 Cell lines and Culture Conditions 
The HT29 human colorectal carcinoma cells ( f rom ATCC, no. HTB-38) were 

maintained in D M E M (Invitrogen, cat no. 10313-021) supplemented w i th fetal calf 

serum (10%), penici l l in-streptomycin (100 units mL ' ' and 100 mg m l / ' , respectively), 

L-glutamine (2 m M ) , and transferrin (10 mg rnL"'). The HepG2 human 

hepatocarcinoma cells ( f rom ATCC, no. HB-8065) were maintained in RPMI medium 

1640 (Invitrogen，cat no. 23400-021) supplemented wi th fetal cal f serum (10%) and 

penici l l in-streptomycin (100 units mL ' ' and 100 mg m L ' ' , respectively). 

Approximately 3 x lO^ (for HT29) or 4 x (for I IepG2) cells per wel l in these 

media were inoculated in 96-mul t iwel l plates and incubated overnight at 37°C in a 

humidi f ied 5% CO2 atmosphere. 

2.4.4.2 Photocytotoxicity Assay 
Phthalocyanines 2.7，2.8，and 2 . 1 1 were first dissolved in D M F to give 1.5 m M 

solutions, which were di luted to 80 f iM wi th an aqueous solut ion o f Cremophor EL 

(Sigma, 4.7 g in 100 m L o f water). The solutions were f i l tered w i th a 0.2 | im filter, 

then diluted w i th the culture medium to appropriate concentrations ( four- fo ld 

dilutions f rom 0.5 f iM) . The cells，after being rinsed w i th PBS, were incubated wi th 

100 \iL o f these phthalocyanine solutions for 2 h at 37 °C under 5% CO2. The cells 
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were then rinsed again w i th PBS and re-fed wi th 100 | iL o f the culture medium before 

being i l iuminated at ambient temperature. The light source consisted o f a 300 W 

halogen lamp, a water tank for cooling, and a color glass filter (Newport) cut-on 610 

nm. The fluence rate (X > 610 nm) was 40 m W cm"^. An i l luminat ion o f 20 min led to 

a total fluence o f 48 J cm"^. 

Cell viabi l i ty was determined by means o f the colorimetric M T T assay' \ After 

i l lumination, the cells were incubated at 37°C under 5% CO2 overnight. An M T T 

(Sigma) solution in PBS (3 mg m l / ' , 50 f iL) was added to each well fol lowed by 

incubation for 2 hours under the same environment. A solution o f sodium dodecyl 

sulfate (SDS, Sigma) (10% by weight, 50 f iL) was then added to each well. The plate 

was incubated in an oven at 60 °C for 30 min, then 80 j i L o f /50-propanol was added 

to each well. The plate was agitated on a Bio-Rad micropiate reader at ambient 

temperature for 10 sec before the absorbance at 540 nm at each well was taken. The 

average absorbance o f the blank wells, which did not contain the cells, was subtracted 

from the readings o f the other wells. The cell viabi l i ty was then determined by the 

equation: % Viabi l i ty = [I(A,/AcontmixlOO)] I n , where A, is the absorbance o f the /th 

data (/• = 1,2，...，n), Acomroi is the average absorbance o f the control wells, in which 

the phthalocyanine was absent, and n (= 4) is the number o f the data points. 

2.4.4.3 Fluorescence Microscopic Studies 
For the detection o f the intracellular fluorescence intensity o f compounds 2.7, 2.8， 

A ' 

and 2.11, approximately 1.2 x 10^ HT29 cells in the culture medium (2 mL) were 
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seeded on a coversl ip and incubated overnight at 37°C under 5% CO2. The medium 

was removed, then the cells were incubated w i th 2 m L o f an 8 } i M phthalocyanine 

di lut ion in the medium for 2 h under the same condit ions. The cells were then rinsed 

• -

with PBS and v iewed w i th an Olympus .IX 70 inverted microscope. The exci t ion light 

source (at 630 nm) was provided by a mult i -wavelength i l luminator (Polychrome IV, 

T I L L Photonics). The emitted fluorescence (> 660 nm) was col lected using a digital 

cooled C C D camera (Quant ix, Photometries). Images were dig i t ized and analyzed 

using MetaFluor V.4.6 (Universal Imaging). 
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Chapter 3 

Synthesis, Characterization，and in vitro Photodynamic 
Activities of Di-a-Substituted Zinc(n) Phthalocyanine 
Derivatives 

3.1 Introduction 
Phthalocyanines are promising second-generation photosensitizers wh ich have 

* 

received considerable attention over the last decade. ‘ Various chemical modi f icat ions 

have been performed on the macrocycl ic core w i th a v iew to improv ing their 

photophysical properties and enhancing their therapeutic o u t c o m e . I n fact, it has 

been found that the posit ion o f substitution is also very important. For example, the Q 

bands for the a-subst i tuled z inc( I I ) phthalocyanines are s igni f icant ly red-shifted 

compared w i th those for the P-substituted counterparts. a-Subst i tu t ion also leads to a 

weakening o f fluorescence emission and enhancement o f singlet oxygen generation 

ability.2d,4 In Chapter 2，I have reported that introduct ion o f an addit ion a-substituent 

further shifts the Q-band to the red. In addit ion, the di-a-subst i tuted analogue also 

exhibits a much higher singlet oxygen generation ef f ic iency than the 

mono-a-substi tuted derivative. On this basis，in this Chapter, I describe a novel series 

o f di-a-substi tuted z inc( I I ) phthalocyanine derivatives. The two substituents adding to 

the a positions o f the macrocycles not only shift their Q band absorption further to the 

red (ca. 700 nm), a l lowing a deeper l ight penetration into tissues, but also reduce their 
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aggregation, thereby promot ing the generation o f singlet oxygen. To my knowledge, 

this class o f disubstituted phthalocyanines remains relatively rare.^^'^ I report herein 

the synthesis，spectroscopic and photophysical characteristics, as wel l as the in vitro 

photodynamic activities o f these c o m p o u n d s . , 

3.2 Results and Discussion 
3.2.1 Synthesis and Characterization 

Scheme 3.1 shows the synthetic route used to prepare the 1,4-di-a-substituted 

phthalocyanines 3.4a-3.4c. Firstly, the alcohols 3.1a-3.1c were converted to the 

corresponding tosylates 3.2a, 2.2, and 3.2c, which then underwent nucleophil ic 

substitution w i th 2,3-dicyanohydroquinone to give the disubstituted phthalonitri les 

3.3a-3.3c. M ixed cycl izat ion o f these compounds w i th an excess o f unsubstituted 

phthalonitri le (9 equiv.) in the presence o f Zn(0Ac)2 .2H20 and D B U in «-pentanol 

afforded the corresponding ‘‘3+1’，cyclized products 3.4a-3.4c as a blue solid. These 

oxygen-rich substituents were used to enhance the solubi l i ty and reduce the 

aggregation o f these macrocydes, faci l i tat ing their separation f rom the other cycl ized 

side products, particularly the insoluble unsubstituted ZnPc. Hence, these, 

1,4-di-a-substituted phthalocyanines 3.4a-3.4c could be isolated readily by silica gel 

column chromatography fo l lowed by size exclusion chromatography in 12-18%. 

Polyethylene glycols are also known to be excellent pharmaceutical vehicles which 

、 

can prolong circulat ing half- l i fe, minimize nonspecific uptake, and enable specific 

tumor-targeting through the enhanced permeabil ity and retention (EPR) e f f ec t . In 
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Scheme 3.2. Synthesis o f tetrahydroxy z inc( I I ) phthalocyanine 3.4d. 
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addit ion, these hydrophi l ic moieties adding to the hydrophobic core w i l l make the 

molecules amphiph i l ic in character, wh ich is a desirable characteristic for ef f ic ient 

photQsensitizers.7 

- CN Q 
CN OR ( T ^ N 乂 M人 N OR L • 丄 • 、 一 ’N— I、 T’. 

TsCI. NaOH. THF OH ^A^CN - ^ C K I V ^ r - ^ 
N—Zn—N KjCOj. DMF Zn(OAc)2 2H2O 

90"C OR DBU. fvCsHiiOH 
140-150 C 

N
 x

c
 

N
 

.1扁 R-~tCH2CH20hH 3.2« R = -(CH^CHjOjH 3.3a R = -(CHjCHjOhH (79%) 3.4a R = - fCHjCHjOjjH (18%) 
• lb Rs-fCWjCHjOhCHj 2.2 R = -(CHjCHjOjCHj 3.3b R =-tCH^CHjOhCHj (84%) 3.4b R = -(CHjCH^OjjCHj (12%) 

1.1c R=—HjC-^? 3.2c R= —HjC-X^?^ 3.3c R = - H 2 C — ( 8 6 % ) 3.4c R ="H2C (16%) Q)-\ 

Scheme 3.1. Synthesis o f 1,4-disubstituted zinc(II) phthalocyanines 3.4a-3.4c. 

The two isopropyl idene groups o f 3 . 4 c could be removed readily upon treatment 

w i th a mixture o f tr i f luoroacet ic acid (TFA) and H2O (9:1 v /v ) g iv ing the tetrahydroxy 

phthalocyanine 3 . 4 d in 85% yie ld (Scheme 3.2). This compound has a very h igh 

polari ty and could not be pur i f ied by co lumn chromatography. It was s imply isolated 

by precipitat ion. The sample was found to be essentially pure. 
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To further extend the Q-band absorption to the red, I also prepared the 

benzo-fused analogues 3.7a and 3.7b according to Scheme 3.3. The tosylates 3.2a and 

2.2 were treated w i th l，4-dihyciroxy-2，3-naphthalonitrUe (3.5) and K2CO3 to give the 

disubstituted products 3.6a and 3.6b, respectively. Simi lar ly，mixed cycl izat ion o f 

these naphthalonitr i les w i t h unsubstituted phthalonitr i le (9 equiv.) in the presence o f 

Zn(0Ac)2 ,2H20 and D B U led to the formation o f 3.7a and 3.7b as a green solid in 

13-15% yield. 

CN 
N
 

A
v
x
.
 

I
 

、
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N
 CN 

CN Zn(OAc)2 2H2O 
DBU. n-CsHnOH 
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N
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i
 

N
 

R = —(CH2CH20)3H 

R =——(CHsCHjOhMe 

Scheme 3.3. Synthesis o f benzo-fused z inc( I I ) phthalocyanines 3.7a and 3.7b. 

A l l o f the zinc(II) phthalocyanines are soluble in common organic solvents and 

possess a h igh general stability. They were fu l ly characterized w i th various 

spectroscopic methods and elemental analysis. The N M R spectra were recorded in 

CDCI3 w i t h a trace amount o f pyridine-ds, wh ich can reduce the aggregation o f these 

compounds. The only exception is the tetrahydroxy analogue 3 . 4 d , o f wh ich the 

spectra were recorded in DMSO-d^. Figure 3.1 shows the C O S Y spectrum o f 
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3 . 4 d to i l lustrate the general spectral features o f these compounds. The signals for the 

six phthalocyanine a r ing protons overlap as a mul t ip le t at 5 9.32-9.41. For 

compounds 3 . 4 a and 3 . 4 c , a mul t ip let and a doublet ( in 2:1 integrat ion ratio) were 

observed instead for these protons. The phthalocyanine (3 r ing protons o f 3 . 4 d 

resonate as a mul t ip let (at 6 8.19-8.26, 6 H ) and a singlet (at 6 7.77，2 H). The doublet 

at 6 5.56 and tr iplet at 6 4.96 can easily be assigned to the secondary and pr imary 

hydroxy groups，respectively. The other signals can also be unambiguously assigned 

as shown in the Figure 3.1 w i th the aid o f the connect iv i ty revealed by the COSY 

experiment. 

Pc-H, 

Pc-
Pc- O H . O H , 

J 
I H. H, H^ 
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• 

• 
§ C 1 f 

J 8 鍾, 

o •o i 
• 命 • 

• 

• < 

o 
• • 

% 
» 0 

4 

« i » 

t 

1 • 

.令 • 1 • 

•窃 令 
1 

1 » 

Figure 3.1. COSY spectrum of 3.4d in DMSO-d6. 
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For 3 . 7 a and 3 . 7 b , the signals for the naphthyl a and p r ing protons were also 

seen adjacent to the respective phthalocyanine r ing protons' signals. In the spectrum 

of 3 . 7 b (Figure 3.2), four well-resolved doublets o f doublets (at 8 9.41, 9.37, 9.29, and 

9.08) were observed for the four different sets o f a r ing protons. The remaining four 

different sets o f P ring protons resonated as two overlapping doublets o f doublets (at 5 
f 

8.09-8.15) and another two doublets o f doublets (at 6 8.04 and 7.91). Six 

well-separated virtual triplets or multiplets ( in the region 8 3.6r5.7) and a singlet (at 5 

3.41) were also seen for the six sets o f methylene protons and the methyl groups, 

respectively, o f the chains. 

The N M R spectra o f these phthalocyanines showed clearly the expected 

number o f signals for the substituents, but for the phthalocyanine ring, some o f the 

signals were overlapped. A l l o f these compounds were further characterized wi th ESI 

mass spectrometry. The isotopic distr ibution as wel l as the exact mass for the [ M + 

H]+ or [ M + Na]+ species were in good agreement w i th the calculated ones. 
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Figure 3.2. H N M R spectrum o f 3.7b in CDCI3 w i th a trace amount o f pyridine-ds. 

Signals for the residual solvents are marked w i th asterisks. 

3.2.2 Electronic Absorption and Photophysical Properties 

The electronic absorption spectra o f phlhalocyanines 3.4a-3.4d in D M F are very 

similar and are typical for nonaggregated phlhalocyanines. Taking the spectrum o f 

3 . 4 b (Figure 3.3) as an example, it shows a broad Soret band peaking at 342 nm, an 

intense and sharp Q band at 689 nm，together w i t h a v ibronic band at 621 nm. The Q 

band strictly fo l lows the Lambert Beer's law suggesting that aggregation o f this 

compound is not signif icant. Compared w i th ZnPc, the mono-a-a lkoxy analogues 

have a red-shifted Q band ( f rom 670 to 672-679 nm).^'*'^ The di-a-subst i tut ion in 
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Figure 3 3 . Electronic absorption spectra o f 3.4b in D M F at different concentrations. 

The inset plots the Q-band absorbance versus the concentration o f 3.4b. 
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3.4a-3.4d further shifts the Q band to the red (689-692 nm), but the positions are stil l 

not as far as those o f the tetra- (696 nm) and ocla-a-butoxy analogues (758 nm).*^ It 

has been shown that attachment o f an electron-releasing alkoxy group at the a 

position destabilizes the H O M O level more than the L U M O level.4 As a result, the 

H O M O - L U M O gap is reduced upon a-substi lution, which can explain the red shift in 

this series o f compounds. Introduction o f an additional fused benzene ring in 

3.7a-3.7b extends the 7i-conjugated system, leading to a further red-shift o f the Q 

band to 701 nm. These data are summarized in Table 3.1. 
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Table 3.1. Electronic absorption and fluorescence data for 3.4a-3.4d and 3.7a-3.7b 
in DMF. 

Compound Kxax (nm) ( log E) 、m (nm) ' 

3.4a 

3.4b 

3.4c 

3.4d 

3.7a 

3.7b 

341 (4.71), 621 (4.51), 689 (5.27) 698 

342 (4.69), 621 (4.47), 689 (5.24) 

341 (4.78), 621 (4.58), 689 (5.34) 697 

344 (4.77), 623 (4.57), 692 (5.32) 699 

343 (4.76), 632 (4.59), 701 (5.24) 720 

343 (4.78), 632 (4.60), 701 (5.25) 720 

0. 

0. 

9 

4 

。Excited at 621 (for 3.4a-3.4d) or 632 nm (for 3.7a-3.7b). * Using ZnPc in D M F as 

the reference (Op = 0.28). 

The fluorescence emission spectra o f these compounds were also recorded in 

DMF. Upon excitat ion at 621 nm, compounds 3.4a-3.4d showed a fluorescence 

emission at 697-699 nm wi th a quantum yield (O r ) o f 0.17-0.19, which is 

substantially lower than that o f ZnPc (O f = 0.28). For the benzo-fused analogues 

3.7a-3.7b, upon excitation at 632 nm, their fluorescence emission was red-shifted to 

720 nm wi th an even lower O f value (0.12-0.14) (Table 3.1). This is in accord w i th 

the general observation that the lower the energy o f the Q band, the smaller the O f 

value.4 It has been suggested that the excited state becomes unstable as the 

H O M O - L U M O gap decreases，probably due to the ease o f electron transfer. 

The eff ic iency o f these compounds in generating singlet oxygen, as reflected by 

the rate o f decay o f the singlet oxygen quencher l ’3-cl iphenyl isobenzofuran (DPBF) , 

was also compared. As shown in Figure 3.4，all o f these phthalocyanines can induce 

9 1 
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the photo-bleaching o f DPBF and the eff iciency fo l lows the order 3.7a-3.7b > 

3.4a-3.4d > ZnPc. This suggests that as the H O M O - L U M O gap becomes smaller, the 

singlet excited state has a higher tendency to undergo intersystem crossing to generate 

singlet oxygen. This can also explain the opposite trend observed for the Op values. 
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Figure 3.4. Comparison o f the rates o f decay o f DPBF in DMF, as monitored 

spectroscopically at 411 nm, using phthalocyanines 3.4a-3.4d and 3.7a-3.7b as the 

photosensitizers and ZnPc as the reference. 

3.2.3 In vitro Photodynamic Activities 

The in vi tro photodynamic activities o f compounds 3.4a-3.4d and 3.7a-3.7b in 

Cremophor EL emulsions were investigated against HT29 and HepG2 cells. Figure 

3.5 shows the dose-dependent survival curves for 3 . 4 a and 3 . 7 a toward these two cell 

lines. It can be seen that both compounds are essentially noncytotoxic in the absence 

o f l ight (up to 4 and 8 | i M , respectively). However，they become cytotoxic upon 

i l luminat ion w i th red l ight (A, > 610 run). Compound 3 . 4 a is signif icant ly more potent 

9 2 



[Photosensitizer] (^Kf) 【Photosensitizerl (^M) 

Figure 3.5. Effects o f 3.4a (squares) and 3.7a (triangles) on HT29 (left) and HepG2 

(right) cells in the absence (closed symbols) and presence (open symbols) o f light {X > 

610 nm, 40 m W cm"^, 48 J cm"^);Data are expressdd as mean values 士 S.E.M. o f three 

independent experiments, each performed in qua4niplicate. 
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with an IC50 value o f 0.41 or 0.16 ^iM (vs. 2.93 or 2.76 ^iM for 3.7a). Only ca. 1 ^iM 

of dye is required to essentially k i l l all the cells (vs. > 8 |j.M for 3.7a). The 

photocytotoxicity o f 3.4b-3.4d is comparable with thai o f 3.4a, which is significantly 

higher than that o f 3.7a-3.7b. The corresponding IC50 values ore compiled in Table 

3.2. Among these compounds, 3.4b exhibits the highest photocytotoxicity wi th IC50 

values down to 0.06 | iM. This compound is among the most potent zinc(II) 

phthalocyanines prepared in our laboratory so Its in vitro photocytotoxicity 

almost reaches the level attained by some o f the very potent s i l icon(IV) 

analogues.2a.2e,⑴ As shown by the IC50 values for 3.4c and 3.4d (Table 3.2), removing 

the isopropylidene protecting groups o f 3 . 4 c does not exert a significant effect on the 

photocytotoxicity. 
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Table 3.2. IC50 values o f 3.4a-3.4d and 3.7a-3.7b against HT29 and HepG2 cells. 

Compound IC50 (kiM) 

For HT29 For HepG2 

3.4a 

3.4b 

3.4c 

3.4d 

3.7a 

3.7b 

0.41 

0.13 

0.40 

0.38 

2.93 

5.18 

0.16 

0.06 

0.40 

0.17 

2.76 

5.84 

It is worth noting that although the benzo-fused phthalocyanines 3.7a-3.7b 

exhibit a higher efficiency in generating singlet oxygen in DMF, their 

photocytotoxicity is signif icantly lower than that o f 3.4a-3.4d. To account for these 

»» 

results, the absorption spectra o f these compounds in the culture media were 

examined. Figure 3.6 shows the spectra o f 3 . 4 a and 3 . 7 a in the D M E M medium (used 

for HT29), which are typical for these two groups o f compounds. It can be seen that 

the Q band for 3 . 4 a remains sharp and intense, whi le that for 3 . 7 a is significantly 

weaker and broadened. Similar results were observed in the R P M I medium (used for 

HepG2) (Figure 3.7). The results indicate that compound 3 . 7 a (as wel l as 3.7b), 

having a larger 7c-conjugated system, is more aggregated than 3 . 4 a (as well as 

3.4b-3.4d) in the culture media, thereby reducing its photosensitizing efficiency. 

9 4 
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Figure 3.7. Electronic absorption spectra o f 3.4a ( — ) and 3.7a (---), formulated 

wi th Cremophor EL, in the RPMI culture medium (both at 8 f iM) . 

0 0 

400 500 600 ‘ 7 0 0 

Wavelength (nm) 
800 

Figure 3.6. Electronic absorption spectra o f 3.4a (——)and 3.7a (---), formulated 

with Cremophor EL, in the D M E M culture medium (both at 8 f iM) . 
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The cellular uptake o f these phthalocyanines was also investigated by 

fluorescence microscopy. Af ter being incubated wi th the dyes 3.4a-3.4d for 2 h and 

upon excitation, the HT29 cells showed a strong intracellular fluorescence image 

throughout the cytoplasm wi th similar brightness (I-igure 3.8), indicat ing that there 

were substantial uptakes o f these dyes. However, the intensity was much weaker when 

the dyes 3.7a-3.7b were used. Hence，the lower photocytotoxic i ty o f 3.7a-3.7b may 

be attributed to their higher aggregation tendency in the biological media and/or lower 

cellular uptake. 

(e) (f) 

• H 
Figure 3.8. Visual izat ion o f intracellular fluorescences o f HT29 after incubation 

w i th (a) 3.4a，(b) 3.4b，(c) 3.4c，（d) 3.4d, (e) 3.7a, and ( f ) 3.7b for 2 h. 
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3.3 Conclusion 
In summary, I have prepared and characterized a new series o f di-a-substituted 

zinc(II) phthalocyanine derivatives. These relatively rare substituted phthalocyanines 

possess a high solubi l i ty, low aggregation tendency, and high efTiciency in generating 

singlet oxygen, rendering them to be useful as photosensitizers. The two substituents 

adding at the a positions also shift the Q-band absorption to the red, which is 

desirable for PDT application. Addi t ion o f a fused benzene ring, however, promotes 

aggregation o f the macrocycles in biological media, result ing in a lower 

photocytotoxicity. 

3.4 Experimental Section 
3.4.1 General 

Experimental details regarding the puri f icat ion o f solvents, instrumentation and 

in vitro studies were described in Section 2.4. The tosylates 3.2a," 2.2,'^ and 3.2c, 

and l，4-dihydroxy-2，3-naphthalonitrile (3.5)" were prepared as described. 

3.4.2 Synthesis 

3,6-Bis(8-hydroxy-3,6-dioxaoctoxy)phthalonitrile (3.3a). A mixture o f 

2,3-ciicyanohydroquinone (2.40 g, 15.0 mmol) , tosylate 3 . 2 a (9.12 g, 30.0 mmol) , and 

K2CO3 (4.14 g, 30.0 mmol ) in D M F (20 m L ) was stirred at 90。C under an 

atmosphere o f nitrogen for 24 h. The volatiles were removed in vacuo. The residue 

was mixed w i th water (100 mL) , then extracted w i th CH2CI2 (80 m L x 3). The 
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combined organic extracts were dried over anhydrous MgSO* and then evaporated to. 

dryness under reduced pressure. The residue was chromatographed on a silica gel 

column using CHCI3/CH3OH (100:1 v/v) as the eluent. The product was obtained as a 

white solid (5.02 g, 79%). M.p. 78.4-79.0�C. 'H NMR (300 MHz, DMSO-c^): 5 7.64 
m 

(s, 2 H, ArH), 4.58 (t, J = 5.4 Hz, 2 H, OH), 4.30 (vt, J = 4.5 Hz, 4 H, CH2), 3.77 (vt, 

J =4 .5 Hz, 4 H, CH2)，3.59-3.62 (m, 4 H, CH2), 3.51-3.54 (m, 4 H’ CH2), 3.46 (t, J = 

4.8 Hz, 4 H, CH2), 3.39-3.42 (m, 4 H, CH2)； '^C{'H} NMR (75.4 MHz, CDCI3)： 5 

155.4, 119.4, 113.0’ 105.4，72.4，71.1，70.3’ 70.1，69.4，61.6; MS (ESI): m/z 447 

(100%, [M + Na]^); HRMS (ESI) calcd for C2oH28N2NaOg [M + Na�+ 447.1738, found: 

447.1745. Anal. Calcd for C21H32N2O9 ( S J a CHjOH): C, 55.25; H, 7.07; N, 6.14. 

Found: C, 55.33; H, 6.73; N, 6.30. 

3,6-Bis(3,6,9-trioxadecoxy)phthaloiiitnIe (3.3b). According to the above 

procedure, 2,3-dicyanohydroquinone (1.60 g, 10.0 mmol) was treated with tosylate 

2.2 (6.36 g，20.0 mmol) and K2CO3 (2.76 g，20.0 mmol) to give phthalonitrile 3.3b as 

a white solid (3.81 g，84%). M.p. 49.6-50.2 'H NMR (300 MHz, CDCI3)： 8 7.25 (s, , 

2 H，ArH)’ 4.24 ( t ， 4 . 8 Hz, 4 H, CH2), 3.90 (t, J = 4.8 Hz, 4 H, CH2)’ 3.74-3.77 (m, 

4 H, CH2)，3.64-3.69 (m, 8 H, CH2)，3.54-3.57 (m, 4 .H, CH2), 3.38 (s，6 H, CH3); 

'^C{'H} NMR (75.4 MHz, CDCI3): 5 155.3, 119.2, 112.9，105.5, 71.9’ 71.0, 70.6’ 

70.5, 70.1, 69.4, 59.0; MS (ESI): m/z 475 (100%, [M + Na]^); HRMS (ESI) calcd for 

C22H32N2Na08 [M + Na]+ 475.2051, found: 475.2046. Anal. Calcd for C22H32N2O8： C, 

58.40; H, 7.13; N, 6.19. Found: C, 58.60; H, 7.06; N, 6.15. 
% 

3’6-Bis(2，2-dimethyl-13-dioxol^4>ylpiethoxy>phthalonitrile (3.3c). According 

V � 
98 
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to the above procedure, 2，3-dicyanohydroquinone (4.27 g, 26.7 mmol) was treated 

with tosylate 3.2c (15.28 g, 53.4 mmol) and K2CO3 (7.45 g, 53.9 mmol) to give 3.3c 

as a white solid (8.97 g, 86%). M.p. 174.5-175.4。(：：. 'H NMR (300 MHz, CDCI3)： 6 

7.24 (s, 2 H, ArH)，4.44-4.53 (m, 2 H, CH), 4.13-4.22 (m, 4 H, CH), 4.05-4.10 (m，2 

H，CH)’ 3.97-4.02 (m, 2 H, CH), 1.44 (s, 6 H，CH〕)，1.39 (s, 6 H, CH3); '^C{'H} 

NMR (75.4 MHz, CDCI3)： 6 155.0, 118.9, 112.6，110.0’ 105.8, 73.5, 70.2, 66.4’ 26.7， 

25.2; MS (ESI): m/z 411 (100%, [M + Na�+); HRMS (ESI) calcd for C2oH24N2Na06 

[M + Nal+ 411.1527, found: 411.1532. Anal. Calcd for C20H24N2O6： C，61.85; H, 6.23; 

N, 7.21. Found: C, 61.80; H, 6.33; N, 6.96. 

[l,4-Bis(8-hydroxy-3,6-dioxaoctoxy)phthalocyaninato]zinc(II) (3.4a). A 

mixture of phthalonitrile 3.3a (0.50 g，1.2 mmol), unsubstituted phthalonitrile (1.36 g, 

10.6 mmol), and Zn(0Ac)2-2H20 (0.65 g, 3.0 mmol) in «-penlanol (15 mL) was 

heated to 100 °C：，then DBU (1 mL) was added. The mixture was stirred at 140-150 

for 24 h. After a brief cooling, the volatiles were removed under reduced pressure. 

The residue was dissolved in CHCI3 (150 mL), then filtered to remove the 

unsubstituted ziRc(ll) -phthalocyanine formed. The filtrate was collected and 

evaporated to dryness in vacuo. The residue was purified by silica gel column 

chromatography using CHCls/MeOH (30:1 v/v) as the eluent, followed by size 

exclusion chromatography using THF as the eluent. The crude product was further 

purified by recrystallization from a mixture of THF and hexane to give 

phthalocyanine 3.4a as a blue solid (0.19 g，18%). NMR (300 MHz, CDCI3 with a 

trace amount of pyridine-ds): 6 9.37-9.41 (m，4 H, Pc-Ha), 9.25 (d, J = 6.0 Hz’ 2 H， 

99 



. Ph. D Thesis - Man- Yong Liu 
« 

Pc-Ha), 8.06-8.15 (m, 6 H’ Pc-Hp), 7.39 (s, 2 H, Pc-Hp), 4.91 (t, J = 4 . 8 Hz, 4 H, CHj), 

4.49 (t，J = 4.8 Hz，4 H, CH2), 4.11-4.15 (m, 4 H, CH2), 3.85-3.88 (m, 4 H, CH2), 

3.68-3.71 (m’ 4 H, CH2), 3.63-3.66 (m, 4 H, CH2)； NMR (75.4 MHz, CDCI3 

with a trace amount of pyridine-ds): 6 153.8, 153.7, 153.5, 152.4, 150.2，138.7, 138.4, 

128.9, 128.8’ 127.2, 122.6, 122.4，114.9, 72.7’ 71.0，70.4’ 69.1, 61.3 (some of the Pc 

and chain signals are overlapped); MS (ESI): an isotopic cluster peaking at m/z 873 

(100%, [M + H]+); HRMS (ESI) calcd for CdiHiiNsOsZn [M + H]+ 873.2333, found: 

, 8 7 3 . 2 3 4 2 . Anal. Calcd for C44H4oN808Zn: C, 60.45; H，4.61; N, 12.82. Found: C, 

60.49; H, 4.24; N, 12.83. 

(l,4-Bis(3,6,9-tnoxadecoxy)phthalocyaiiinato|zinc(II) (3.4b). According to 

the above procedure, phthalonitrile 3.3b (0.50 g, 1.1 mmol) was treated with 

unsubstituted phthalonitrile (1.28 g，10.0 mmol) and Zn(0Ac)2-2H20 (0.61 g, 2.8 

mmol) to give 3.4b as a blue solid (0.12 g, 12%). NMR (300 MHz, CDCI3 with a 

, • trace amount of pyridine-ds): 6 9.41-9.49 (m, 6 H, Pc-Ha), (m, 6 H, 

Pc-Hp), 7.58 (s, 2 H, Pc-Hp), 4.98 ( t ’ � / = 5.1 Hz，4 H’ CH2), 4.56 (t, 5.1 Hz, 4 H， 

CH2), 4.15-4.18 (m, 4 H, CH2), 3.86-3.89 (m，4 H, CH2)，3.69-3.72 (m, 4 H, CH2), 

3.52-3.55 (m, 4 H, CH2), 3.35 (s, 6 H, CH3)； NMR (75.4 MHz, CDCI3 with a 
I 

- 、 trace amount of pyridine-ds): 6 153.5, 153.4, 153.3, 152.2, 150.0, 138.7, 138.3，138.2, 

128.7, 127.0, 122.5, 122.3, 114.6，71.8，71.0, 70.7, 70.5 70.4, 68.9，58.9 (some of the 
� � 

. Pc signals are overlapped); MS (ESI): an isotopic cluster peaking at m/z 901 (100%, 

[M + H].); HRMS (ESI) calcd for C46H45N«08Zn [M + H]+ 901.2646, found: 
0 ’. I ' • 

、：‘ 901.2645. Anal. Calcd for C46H44l^808Zn: C，61.23; H, 4.92; N, 12.42. Found: C, 
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61.21; H，5.02; N, 12.04. 

|l,4-Bis(2^-dimethyl-l,3-dioxol-4-ylinethoxy)phthalocyaninato|zinc(II) 

(3.4c). According to the above procedure, phthalonitrile 3.3c (0.50 g，1.3 mmol) was 

treated with unsubstituted phthalonitrile (1.49 g, 11.6 mmol) and Zn(0Ac)2.2H20 

(0.71 g, 3.2 mmol) to give phthalocyanine 3.4c as a blue solid (0.17 g, 16%). 'H NMR 

(300 MHz, CDCI3 with a trace amount of pyridine-ds): 8 9.32-9.37 (m，4 H, Pc-Ha), 

9.13 (d, J = 7.2 Hz, 2 H, Pc-Ha), 8.00-8.13 (m, 6 H, Pc-Hp), 7.22 (d, J = 8.1 Hz, 2 H, 

Pc-Hp)’ 5.14-5.24 (m, 2 H’ CH)’ 4.73-4.85 (m, 2 H, CH), 4.57-4.72 (m, 4 H, CH), 

4.45-4.51 (m, 2 H, CH)，1.72 (s, 6 H, CH3), 1.66 (s, 6 H, CH3); N M R (75.4 

MHz，CDCI3 with a trace amount of pyridine-ds): 5 153.5, 153.4, 153.0, 151.7, 149.7, 

138.7，138.3，128.7, 126.8, 122.4，122.3, 122.2, 114.0, 113.9, 109.8’ 74.8’ 70.3’ 67.3, 

27.0，25.6 (some of the Pc signals are overlapped); MS (ESI): an isotopic cluster 

peaking at m/z 837 (100%, [M + H]+); HRMS (ESI) calcd for C^nii^yNsOfiZn [M + 

H]+ 837.2122, found: 837.2133. Anal. Calcd for C44H36N806Zn: C, 63.05; H，4.33; N， 

13.37. Found: C’ 63.32; H，4.49; N, 13.05. 

|l,4-Bis(23-dihydroxypropoxy)phthalocyaninato|zinc(II) (3.4d). A 

solution of phthalocyanine 3.4c (60 mg, 0.07 mmol) in TFA/H2O (9:1 v/v) (4 mL) was 

stirred at room temperature for 30 min. The volatiles were then removed under 

reduced pressure. The residue was dissolved in a mixture of THF (2 mL) and 

methanol (4 mL), then hexane (8 mL) was added to induce precipitation. The mixture 

was filtered to give a blue solid which was dried in vacuo (46 mg, 85%). 'H NMR 

(300 MHz，DMSO-dfi): 6 9.32-9.41 (m, 6 H, Pc-Ha), 8.19-8.26 (m, 6 H，Pc-Hp), 7.77 
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(s, 2 H, Pc-Hp), 5.56 ( d ’ 4 . 5 Hz, 2 H, OH), 4.96 (t, J = 5.7 Hz, 2 H, OH), 4.66-4.77 

(m, 4 H，CH), 4.46-4.51 ( m ’ �2 H，CH), 4.16-4.24 (m, 2 H, CH), 4.00-4.08 (m, 2 H， 

CH); NMR (75.4 MHz’ DMSO-d^): 5 153.1, 152.9, 152.7, 150.6, 138.4’ 

138.1，138.0’ 129.5, 129.6，129.7, 126.7, 123.1, 122.6, 116.5’ 71.7, 70.9, 63.4 (some 

of the Pc signals are overlapped); MS (ESI): an isotopic cluster peaking at m/z 757 

(100%, [M + H].); HRMS (ESI) calcd for CssHzgNsOeZn [M + H]十 757.1496, found: 

757.1480. 

l,4-Bis(8-hydroxy-3,6-dioxaoctoxy)-2,3-naphthaIonitrile (3.6a). A mixture 

of l,4-dihydroxy-2,3-naphlhalonitrile (3.5) (1.26 g, 6.0 mmol)，tosylate 3.2a (3.65 g， 

12.0 mmol)，and anhydrous K2CO3 (1.66 g, 12.0 mmol) in DMF (12 mL) was stirred 

vigorously at 90 °C for 24 h. The volatiles were then removed under reduced pressure. 

The residue was mixed with water (60 mL) and the mixture was extracted with 

chloroform (60 mL x 3). The combined organic extracts were dried over anhydrous 

MgS04 and evaporated to dryness under reduced pressure. The residue was subject to 

silica gel column chromatography using CHCI3/CH3OH (60:1 v/v) as the eluenl. 

Compound 3.6a was obtained as a brown oil (2.53 g, 89%). 'H NMR (300 MHz, 

CDCI3): 8 8.38 (dd, J = 3.3，6.3 Hz, 2 H, ArH), 7.79 (dd, J = 3.3，6.3 Hz, 2 H, ArH), 

4.57-4.60 (m，4 H, CH2), 3.96-3.99 (m，4 H, CH2), 3.68-3.77 (m，12 H, CH2), 

3.58-3.61 (m，4 H, CH2), 2.49 (br s, 2 H, OH); NMR (75.4 MHz, CDCI3)： 

6 157.5, 130.7, 130.3, 123.9, 114.2，99.6’ 75.1，72.4, 70.7，70.2, 70.1’ 61.6; MS (ESI): 

m/z 497 (100%, [M + Na]+); HRMS (ESI) calcd for CzdHjoNaNaOg [M + Na]' 

497.1894, found: 497.1893. 
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l,4-Bis(3,6,9-trioxadecoxy)-23-naphthalonitnle (3.6b). According to the 

above procedure, l,4-dihydroxy-2,3-naphthalonitrile (3.5) (0.63 g, 3.0 mmol) was 

treated with tosylate 2.2 (1.91 g, 6.0 mmol) and K2CO3 (0.83 g, 6.0 mmol) to give 

3.6b as a brown oil (1.31 g, 87%). 'H NMR (300 MHz, CDCI3): 5 8.41 (dd, J = 3.3, 

6.3 Hz, 2 H, ArH)，7.78 (dd, J = 3.3, 6.3 Hz, 2 H, ArH), 4.58 (vt, J = 4.5 Hz, 4 H, 

CH2), 3.96 (vt, J = 4.5 Hz, 4 H，CHj), 3.74-3.77 (m, 4 H, CH2), 3.64-3.70 (m, 8 H, 

CH2), 3.53-3.57 (m, 4 H, CH2), 3.38 (s, 6 H, CH3); '^C{'H} NMR (75.4 MHz, CDCI3)： 

5 157.6，130.6’ 130.4, 124.1, 114.3, 99.6, 75.2, 71.9，70.8’ 70.6’ 70.5, 70.1, 59.0; MS 

(ESI): m/z 525 (100%, [M + NaJ+); HRMS (ESI) calcd for C26H34N2Na08 [M + Na)' 

525.2207, found: 525.2210. 

Benzo-fused phthalocyanine 3.7a. According to the procedure described for 

3.4a, naphthalonitrile 3.6a (0.60 g, 1.3 mmol) was treated with unsubstituted 

phthalonitrile (1.46 g, 11.4 mmol) and Zn(0Ac)2 2H20 (0.70 g，3.2 mmol) to give 

3.7a as a green solid (0.17 g, 15%). 'H NMR (300 MHz, CDCI3 with a trace amount 

ofpyridine-ds): 5 9.20-9.35 (m, 6 H, Pc-H„)’ 9.02-9.06 (m, 2 H, Np-Ha), 7.98-8.09 (m, 

6 H, Pc-Hp), 7.87-7.90 (m, 2 H, Np-Hp), 5.63 (vt, J = 4.5 Hz, 4 H, CHj), 4.45 (vt, J 二 

4.5 Hz，4 H, CH2), 4.02-4.05 (m，4 H, CH2)’ 3.90-3.94 (m, 4 H, CH2), 3.81-3.85 (m, 4 

H, CH2), 3.74-3.77 (m, 4 H, CH2)； NMR (75.4 MHz, CDCI3 with a trace 

amount of pyridine-ds): 5 154.1, 154.0, 152.6，152.3, 148.5, 138.3，138.2, 137.9, 

130.8，129.0, 128.8, 128.5, 127.3, 125.6, 124.3’ 122.5, 122.4, 122.2, 74.2, 72.8，71.4， 

71.0，70.6，61.6; MS (ESI): an isotopic cluster peaking at m/z 945 (100%, [M + Na广); 

HRMS (ESI) calcd for C48H42N8Na08Zn [M + Na]+ 945.2309, found: 945.2297. Anal. 
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Calcd for C49H46N809Zn (S.Ta CHjOH): C，61.54; H, 4.85; N, 11.72. Found: C, 61.66; 

H, 4.80; N, 11.67. 

Benzo-fused phthalocyanine 3.7b. According to the procedure described for 

3.4a, naphthalonitrile 3.6b (0.44 g，0.9 mmol) was treated with unsubstituted 

phthalonitrile (1.01 g，7.9 mmol) and Zn(0Ac)2-2H20 (0.48 g，2.2 mmol) to give 3.7b 

as a green solid (0.11 g，13%). 'H NMR (300 MHz, CDCI3 with a trace amount of 

pyridine-ds): 8 9.41 (dd’ J = 2.7, 5.7 Hz, 2 H, Pc-H«)，9.37 (dd, J = 2.7, 5.7 Hz, 2 H, 

Pc-Ha) 9.29 (dd, J = 3.0, 5.4 Hz, 2 H, Pc-H„)’ 9.08 (dd, J = 3.3, 6.3 Hz, 2 H, 

Np-Ha), 8.09-8.15 (m, 4 H, Pc-Hp), 8.04 (dd, J = 2.7, 5.7 Hz, 2 H, Pc-Hp), 7.91 (dd, J 

=3.3, 6.3 Hz, 2 H, Np-Hp), 5.64 (vt, J = 4 . 5 Hz, 4 H, CH2)，4.46 (vt, J = 4.5 Hz, 4 H， 

CH2), 4.04-4.07 (m, 4 H，CH2), 3.91-3.94 (m, 4 H, CH2)，3.79-3.82 (m, 4 H, CHj), 

3.61-3.65 (m, 4 H, CH2)，3.41 (s, 6 H, CH3); '^C{'H} NMR (75.4 MHz, CDCh with a 

trace amount of pyridine-ds)： 8 154.3, 154.2, 152.8，152.4’ 148.7，138.4, 138.3, 137.9’ 

130.9，129.0, 128.9，128.6，127.3, 125.7, 124.4, 122.6, 122.5, 122.2, 74.3, 71.9，71.3, 

71.0, 70.8’ 70.6，59.0; MS (ESI): an isotopic cluster peaking at m/z 951 (100%, [M + 

H]+); H R M S ( E S I ) calcd for C so H ay N s O s Z h [ M + H]+ 9 5 1 . 2 8 0 3 , found: 9 5 1 . 2 8 0 5 . 

Anal. Calcd for CsiHsoI^gOpZn (S.Tb CHjOH): C, 62.23; H, 5.12; N，11.38. Found: C, 

61.69; H, 4.90; N, 11.44. 
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Chapter 4 

Highly Photocytotoxic 1,4-Dipegylated Zinc(n) 
Phthalocyanines. Effects of the Chain Length on the in vitro 
Photodynamic Activities 

4.1 Introduction 

In Chapter 3，I describe the preparation and in vitro photodynamic activities of a 

novel series of di-a-substiluted zinc(II) phthalocyanines. Compared with the 

unsubstituted zinc(II) phthalocyanine, these di-a-substituted analogues exhibit a 

red-shifted Q band, a relatively weaker fluorescence emission, and a higher efficiency 

to generate singlet oxygen. Upon illumination, these compounds are highly cytotoxic 

toward HT29 and HepG2 cells. As a continuing effort in this endeavour, I report 

herein a new series of zinc(II) phthalocyanines having two diethylene glycol to 

polyethylene glycol methyl ether chains at the 1,4-di-a-positions, including their 

synthesis, spectroscopic and photophysical properties, as well as the in vitro 

photodynamic activities. The effects of the chain length on these properties have also 

been examined. 

4.2 Results and Discussion 

4.2.1 Molecular Design and Synthesis 

Although a vast number of phthalocyanines have been reported，to my 
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knowledge, these 1,4-disubstituted analogues remain relatively rare.' Compared with 

the unsubstituted ZnPc, they exhibit a red-shifted Q band (at ca. 690 vs. 670 nm for 

ZnPc), which allows a deeper light penetration into tissues.^ The two substituents 

added near the macrocyclic core can also effectively enhance the solubility and reduce 

the aggregation tendency of the macrocycles. This strategy is different from those 

reported in literatures such as the introduction of bulky substituents at the axial or 

peripheral positions,^ and the use of perfluorinated substituents.'^ All of these 

characteristics are beneficial for PDT application. Zinc(II) ion was selected as the 

metal center because of the general robustness and the desirable photophysical 

properties of these metallo-phthalocyanines.^ Polyethylene glycols are also excellent 

pharmaceutical carriers which can prolong the drugs' circulating half-life, minimize 

their nonspecific uptake and enable specific tumor-targeting through the enhanced 

permeability and retention (EPR) effect.^ Addition of these hydrophilic chains to the 

hydrophobic macrocyclic core also imparts a high amphiphilicity to the 

photosensitizers. Hence, I believed that these specially designed molecules, which-

fulfill most of the criteria for superior photosensitizers/ would behave ideally. 

Substituents having different numbers of oxyethylene units were introduced with a 

view to fine-tuning the photodynamic activities. It is worth noting that although 

various pegylated photosensitizers have been reported, the effects of the chain length 

on their photodynamic activities remain little studied. 

Scheme 4.1 shows the synthetic pathway used to prepare phthalocyanines 

ZnPc[0(CH2CH20)nMe]2 [n = 2 (4.3a), 4 (4.3b), ca. 12 (4.3c)】，which contain 
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diethylene glycol to polyethylene glycol methyl ether chains at the 1,4-positions. The 

synthesis first involves the nucleophilic substitution reaction of tosylates 4.1a-4.1c 

with 2,3-dicyanohyclroquinone to afford the disubstituted phthalonitriles 4.2a-4.2c. 

The tosylate 4.1c was prepared from the commercially available polyethylene glycol 

methyl ether having an average molecular weight of 550. These phthalonitriles then 

underwent mixed cyclization with an excess of unsubstituted phthalonilrile (9 equiv.) 

in the presence of Zn(0Ac)2.2H20 and DBU in «-pentanol to give the respective 

phthalocyanines 4.3a-4.3c in 12-15% yield. Although these reactions also afforded the 

other cyclized products，particularly ZnPc, the isolation of these disubstituted 

analogues by column chromatography followed by size exclusion chromatography 

was found to be readily as a result of their high solubility and low aggregation 

tendency in common organic solvents.‘ 

OH 
CN 

a : R O T，… f f V %  ^ C N — V h r S 
DMF.K,C03 k ^ c N Zn(0Ac),2H,0 f ^ V ^ 

90 C 〜D B U ^ a n o , N 女 N 。广。七F 
4.1a n = 2 R = CHj 4.2a n = 2 R = CHj (81%) 4 } 
4.1b n = 4 R = CHj 4.2b n = 4 R = CHj (84%) ^ “ ‘ 
4.1c rw12 R = CHi 4.2c n - 1 2 R = CHj (82%) 4.3a n = 2 R = CH, (15%) 
4.1d n = 4 R = H 4.2d n = 4 R = H (92%) 4.3b n = 4 R = CHj (12%) 

4.3c n - 1 2 R = CHj (13%) 
4.3d n = 4 R = H (14%) 

Scheme 4.1. Synthesis of phthalocyanines 4.3a-4.3d. 

This synthetic route can also be applied to prepare the non-methyl protected 

analogue 4.3d (Scheme 4.1). Starting from the tetraethylene glycol monotosylate 

(4.Id) and following this reaction sequence, the dihydroxy phthalocyanine 
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ZnPc[0(CH2CH20)4H]2 (4.3d) was obtained with comparable yield. The hydroxyl 

groups could tolerate the conditions for these substitution and cyclization reactions. 

This compound was found to be an excellent precursor for other 1,4-disubstituled 

analogues through transformations of the terminal hydroxyl groups. Thus treatment of 

4.3d with tosylate 4.1a or 4.1b in the presence of NaH led to chain elongation giving 

ZnPc[0(CH2CH20)nMe]2 [n = 6 (4.3e), 8 (4.3f)l in moderate yield (Scheme 4.2). 

With these two procedures, a series of 1,4-disubslituted zinc(II) phlhalocyanines 

having diethylene glycol to polyethylene glycol methyl ether chains were prepared. 

N
 

I

 f
 N

 / 7v 1 
I 4.1a or 4.1b 

N — 2 n - N I ‘ 
I NaH. THF 

N 、 ~ N O ^ q ^ H Reflux 

P 
f^^^V^ I K - S 

N——Zn—N I 
^ ^ I o 

4.3d 4.3e n = 6 (53%) 
4.3f n = 8 (51%) 

Scheme 4.2. Synthesis of phthalocyanines 4.3e and 4.3f. 

All of the new compounds were fully characterized with various spectroscopic 

methods. The 'H NMR spectra of phthalocyanines 4.3a-4.3f were recorded in CDCI3 

with a trace amount of pyridine-ds added to reduce the aggregation of these 

compounds. Generally, the spectra showed one to two multiplet(s) at the most 

downfield position (at ca. 8 9.4) for the phthalocyanine a ring protons, and one 

multiplet (at ca. 5 8.2，6 H) and a singlet (at ca. 6 7.6，2 H) for the phthalocyanine P 

ring protons. For the chains' methylene protons near the phthalocyanine ring, the 
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signals mostly in a triplet form were shifted downfield significantly (up to ca. 5 5.0) 

by the ring current. As expected, the length of the chains did not exert a significant 

influence on the positions of these signals. 

The FAB or ESI mass spectra of all of these compounds showed the molecular 
w 

ion signals. Accurate mass measurements were also performed to confirm the identity 

of these compounds. In the ESI mass spectrum of 4.3c, two major envelopes for the 

protonated [M + H]+ and sodiated [M + Na]' molecular ions were observed. For both 

of them, the clusters are separated by 44 mass units corresponding to the molecular 

mass of the repeating unit of polyethylene glycol. 

4.2.2 Electronic Absorption and Photophysical Properties 

The electronic absorption spectra of ZnPc(0(CH2CH20)nMe]2 (n = 2，4, 6, 8，ca. 

12) 4.3a-4.3c and 4.3e-4.3f were recorded in DMF. The spectra showed typical 

features of nonaggregated phthalocyanines. They displayed a S^^et band at 340 nm, 

an intense and sharp Q band at 689 nm, together with a vibronic band at 621-622 nm. 

The data are collected in Table 4.1. To briefly examine the aggregation behavior, the 

absorption spectra of these compounds in DMF were recorded in different 

concentrationf：. Figure 4.1 shows the spectra of 4.3a as an example. By plotting the 

Q-band absorbance versus the concentration, a straight line is obtained indicating that 

compound 4.3a is essentially free from aggregation under these conditions. 

For comparison, the absorption spectra of 4.3a and 4.3f in thin solid films were 

also recorded (Figure 4.2). The Q bands were significantly broadened with a shoulder 
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Figure 4.1. Electronic absorption spectra of 4.3a at different concentrations in DMF. 
The insert plots the Q-band absorbance at 689 nm versus the concentration of 4.3a. 
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at ca. 650.,|im. However’ the absorption maxima (at ca. 700 nm) were not significantly 

shifted compared with those in DMF (689 nm). It suggested that the two 

a-substituents can somewhat reduce the stacking tendency of these compounds even 

in the solid state. 

m 
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Upon excitation at 621 nm, these compounds showed a fluorescence emission at 

698 nm with a quantum yield of 0.18-0.19 in DMF. 

One of the key parameters relating to the photosensitizing efficiency is the singlet 

oxygen quantum yield. The values for these compounds were determined by 

steady-state method using 1,3-diphenylisobenzofuran (DPBF) as the scavenger. By 

plotting its concentration spectroscopically at 411 nm along with time, the values of 

Oa could be determined as described previously.^ Figure 4.3 compares the rates of 
•m 

decay of DPBF using 4.3a-4.3c, 4.3e-4.3f, and ZnPc as the photosensitizers. The 

values of Oa are also compiled in Table 4.1. It can be seen that all of these 

di-a-substituted phthalocyanines are highly efficient singlet oxygen generators having 

comparable quantum yields (Oa = 0.81-0.83). Their efficiency is significantly higher 

than that of ZnPc，which was used as the reference. 

As shown in Table 4.1，this series of compounds have very similar absorption 

maxima，Of, and 巾a showing that the length of the chains does not affect 

significantly the electronic absorption and photophysical properties of these 

marocyoles in DMF. 
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Figure 4.3. Comparison of the rates of decay of DPBF in DMF, as monitored 
spectroscopically at 411 nnii using, phthalocyanines 4.3a-4.3c and 4.3e-4.3f as the 

.photosensitizers and ZnPc as the reference. 
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Table 4.1. Electronic absorption and photophysical data for phthalocyanines 
4.3a-4.3c and 4.3e-4.3f 

Compound (nm) (log e) (nm广 Oa^ 

ZnPc[0(CH2CH20)2Mel2(4.3a) 340 (4.73), 621 (4.52), 689 (5.27) 698 0. 

ZnPc(0(CH2CH20)4Mel2(4.3b) 340 (4.77), 621 (4.58), 689(5.33) 698 0. 

ZnPc[0(CH2CH20)6Me]2(4.3e) 340 (4.77)，622 (4.57)，689 (5.31) 698 0. 

ZnPc(0(eH2CH20)8Me]2(4.3f) 340 (4.73), 621 (4.53), 689(5.28) 698 0. 
i 

ZnPc{0(CH2CH20)„Me]2 (n = 340(4.71 )，622 (4.48), 689 (5.23) 698 0. 

8 0.83 

8 0.83 

8 0.83 

8 0.82 

9 0.81 

12) (4.3c) 
Excited at 621 nm. ‘‘ Relative to ZnPc (Op = 0.28 in DMF). ( Relative to ZnPc ((D^ = 0.56 in 

DMF). ‘ 
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4.2.3 In vitro Photodynamic Activities 

The in vitro photodynamic activities of these phthalocyanines in Cremophor EL 

emulsions were investigated against HT29 and HepG2 cells. Figure 4.4 compares the 

effects of these compounds on the two cell lines both in the absence and presence of 

light. It can be seen that all of these compounds are essentially noncytotoxic in dark, 

but upon illumination，they exhibit a substantial cytotoxicity. The corresponding IC50 

values are summarized in Table 4.2. For both of the cell lines, the photocytotoxicity of 

these compounds depends on the length of the substituents. Figure 4.5 depicts the 

variation of the ICso^alues with the number of oxyethylene unit in the chains. For 

HepG2, the dyes with shorter chains (n = 2，4，6) are generally more potent than the 

analogues with longer substituents (n = 8，ca. 12). For HT29, compound 4.3e (with n 

= 6 ) shows the highest photocytotoxicity. A further increase in the chain length results 

in a substantial increase in the IC50 value. The in vitro photocytotoxicity attained by 

4.3e (IC50 = 0.02 \iM for HT29) is in fact very high compared with that of the 

classical photosensitizer porfimer sodium (IC50 二 7.5 |ig mL'' vs. 23.3 ng mL"' for 

4.3e),'° pheophorbide a (IC50 = 0.5 and other mono- and tetrasubstituted 

zinc(II) phthalocyanines prepared by us r e c e n t l y . ' ' ' I t is believed that the high 

potency of 4.3e is also related to its unique 1,4-di-a-subslitution pattern. 
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Figure 4.4. Effects of 4.3a (squares), 4.3b (triangles), 4.3c (stars), 4.3e (circles), 
and 4.3f (pentagons) on HT29 (left) and HepG2 (right) cells in the absence (closed 
symbols) and presence (open symbols) of light {X > 610 nm, 40 mW cm"^, 48 J cm'^). 
Data are expressed as mean values 士 S.E.M. of three independent experiments, each 
performed in quadruplicate. 

Table 4.2. Comparison of the IC50 values of phthalocyanines 4.3a-4.3c and 
4.3e-4.3f against HT29 and HepG2 cells. 
Photosensitizer ICJotHM) 

For HT29 (^M) 
\ 

H ^ G 2 (^iM) 
、 r, 

ZnPc[0(CH2CH20)2Me]2 (4.3a) 0.22 
t 

0.09 

ZnPc[0(CH2CH20)4Me]2 (4.3b) 0.05 0.09 

ZnPc[0(CH2CH20)6Me]2 (4.3e) 0.02 0.10 

ZnPc[0(CH2CH20)8Me]2 (4.3f) 0.11 1.24 

ZnPc[0(CH2CH20)nMe]2 (n = ca. 12) (4.3c) 0.92 2.98 
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Figure 4.5. The effects of chain length on the photocytotoxicity of phthalocyanines 
4.3a-4.3c and 4.3e-4.3f for HT29 (left) and HepG2 (right) cells. 

To account for the different photodynamic activities of these compounds, their 

aggregation behavior in the culture media was examined by absorption spectroscopy. 

Figure 4.6 shows the electronic absorption spectra of these compounds in the DMEM 

medium used for HT29 cells. It can be that the Q bands of 

ZnPc[0(CH2CH20)4Me]2 (4.3b) and ZnPc[0(CH2CH20)6Me]2 (4.3e) remain sharp 

and intense，indicating that these compounds are not significantly aggregated in the 

medium. The spectrum of ZnPc[0(CH2CH20)2Me]2 (4.3a) also has similar spectral 

features, but the intensity of the Q band is substantially weaker due to its lower 

solubility in this medium. In fact, precipitation occurred after leaving the solution for 

ca. 2 h. For ZnPc[0(CH2CH20)8Me]2 (4.3f) and ZnPc[0(CH2CH20)nMe]2 (n = ca. 12) 

(4.3c), in addition to the Q band at ca. 700 nm, the blue-shifted Q band at ca. 650 run 

attributable to the H-aggregates门 becomes more prominent. Hence, for this series of 

compounds, when the number of oxyethylene unit is larger than 6, the compounds 

tend to aggregate in the culture medium, probably due to the stronger dipole-dipole 
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Figure 4.6. Electronic absorption spectra of ZnPc[0(CH2CH20)nMe]2 [n = 2 (4.3a)， 

4 (4.3b), 6 (4.3e)，8 (4.3f), and ca. 12 (43c)], formulated with Cremophor EL, in the 
DMEM culture medium (all at 8 |iM). 
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interactions among the side chains. Aggregation provides an efficient nonradiative 

relaxation pathway thereby reducing the population of triplet state and the singlet 

oxygen generation efficiency.'"* The different solubility and aggregation tendency of 

this series of compounds in DMEM can well explain the observed trend of 

photocytotoxicity (Table 4.2 and Figure 4.5), despite these compounds have virtually 

the same singlet oxygen quantum yield in DMF (Table 4.1). Similar results were 

observed in the RPMI medium used for HepG2 (Figure 4.7). 

4 3b 
4 3e 
4 3f 
4 3c 
4 3a 



400 500 600 700 
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800 

Figure 4.7. Electronic absorption spectra of ZriPc[0(CH2CH20)nMe]2 fn = 2 (4.3a), 
4 (4.3b), 6 (4.3e)’ 8 (4.3f)，and ca. 12 (4.3c)], formulated with Cremophor EL, in the 
RPMI culture medium (all at 8 |iM). 

I 

In addition to the cell viability studies, I also employed confocal microscopy to 

investigate the uptake of these photosensitizers by HT29 cells. After incubation with 

these compounds (formulated with Cremophor EL) for 2 h and upon excitation at 630 

nm, the HT29 cells showed intracellular fluorescence throughout the cytoplasm as 

shown in Figure 4.8, indicating that there was a substantial uptake of the dyes. The 

intensity generally decreases as the length of the substituent increases, i.e. 4.3a > 4.3b 

> 4.3e > 4.3f > 4.3c. The results suggest that as the length of the substituent increases, 

the compounds show a lower cellular uptake and/or higher aggregation tendency，both 

of which are undesirable for photosensitization. This can also explain the trend of 

photocytotoxicity observed for this series of compounds (Table 4.2). 

119! 

Ph D. Thesis - Man- Yong Liu 

4 3b 
4 3e 
4 3f 
4 3c 
4 3a 

d
u
u
B
q
J
O
M
C
f
v
 



Ph. D. Thesis - Jian-Yong Liu 

‘ ‘ 、 . 一 》 - . . . - , . . . . • • 

Figure 4.8. Fluorescence microscopic images of HT29 cells after incubation with 
ZnPc[0(CH2CH20)nMe]2 (4.3a-4.3c and 4.3e-4.3f) at a concentration of 8 ^M for 2 h. 

4.3 Conclusion 

In summary, we have prepared and characterized a new series of zinc(II) 

phthalocyanines with two diethylene glycol to polyethylene glycol methyl ether 

chains at the 1,4-di-a-positions. This unique substitution pattern shifts the Q-band 

absorption to the red and reduces the aggregation of the macrocycles. All of these 

compounds are photocytotoxic against HT29 and HepG2 cells. The solubility and 

aggregation behavior in the culture media^ cellular uptake, and eventually the potency 

of these compounds greatly depend on the chain length. Optimal results can be 

achieved for compounds 4.3b and 4.3e, which respectively have two tetra- and 

hexaethylene glycol methyl ether chains. 
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4.4 Experimental Sei^ion 

4.4.1 General 

Experimental details regarding the purification of solvents, instrumentation and 

in vitro studies are described in Section 2.4. Tosylates 4 . 1 a , 4 . 1 c ' ^ a n d 

were prepared as described. 

4.4.2 Synthesis 

General procedure for the preparation of phthalonitriles 4.2a-4.2d 

A mixture of 2’3-dicyanohydroquinone (1 equiv.), tosylates 4.1a-4.1d (2 equiv.)， 

and K2CO3 (2 equiv.) in DMF (20-30 mL) was stirred at 90 °C under an atmosphere of 

nitrogen for 24 h. The volatiles were removed in vacuo, then the residue was mixed 

with water (100 mL) and extracted with CH2Cl2(80 mL x 3). The combined organic 

extracts were dried over anhydrous MgS04. After evaporation under reduced pressure, 

the residue was purified by silica gel column chromatography using CUCh/CH^OH 

(100:1 v/v) as the eluent. 

Phthalonitrile 4.2a. According to the general procedure, 

2,3-cIicyanohydroquinone (2.40 g, 15.0 mmol) was treated with tosylate 4.1a (8.22 g, 

30.0 mmol) and K2CO3 (4.14 g, 30.0 mmol) to give 4.2a as a pale white solid (4.42 g, 

81%). M.p. 84.4-85.2�C. NMR (300 MHz, CDCI3)： 5 7.23 (s，2 H, ArH)，4.25 (t, 

J = 4.8 Hz, 4 H, CH2), 3.90 (t, J = 4.8 Hz, 4 H, CH2), 3.73-3.76 (m, 4 H，CH2), 

3.55-3.58 (m’ 4 H, CHz), 3.39 (s’ 6 H, CH3); '^C{'H} NMR (75.4 MHz, CDCI3): 5 

155.4, 119.1，112.9，105.6’ 71.9，71.1, 70.1，69.4, 59.0； MS (ESI): m/z 387 {100%, [M 
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+ Na]+}; HRMS (ESf) calcd for CisH^tNjNaOfc [M + Na广 387.1527’ found: 387.1535; 
Anal. Calcd for C18H24N2O6： C, 59.33; H, 6.64; N, 7.69. Found: C, 59.50; H, 6.82; N, 

* 

7.55. 

Phthalonitrile 4.2b. According to the general procedure, 

2,3-dicyanohydroquinone (0.48 g, 3.0 mmol) was treated with tosylate 4.1b (2.17 g, 

6.0 mmol) and K2CO3 (0.83 g, 6.0 mmol) to give 4.2b as a pale white solid (1.36 g, 

84%). M.p. 83.3-83.9 'H NMR (300 MHz, CDCh): 5 7.27 (s, 2 H, ArH)，4.25 (t, 

J = 4.2 Hz, 4 H, CH2), 3.90 (t, J = 4.2 Hz, 4 H, CH2), 3.71-3.76 (m，4 H, CH2), 

3.63-3.68 (m, 16 H’ CH2), 3.53-3.58 (m, 4 H, CH2)，3.37 (s, 6 H, CH3)； NMR 

(75.4 MHz, CDCI3)：们 55.3，119.2, 112.9’ 105.3, 71.8，71.0’ 70.5 (three overlapping 

signals), 70.4，70.0’ 69.3, 58.9; MS (FAB): m/z 541 {100%, [M 十 H]'}; HRMS (FAB) 

calcd forC26H4|N20io [M + H]. 541.2756, found: 541.2742. 

Phthalonitrile 4.2c. According to the general procedure, 

2,3-ciicyanohydroquinone (2.00 g, 12.5 mmol) was treated with tosylate 4.1c (18.51 g’ 

26.3 mmol) and K2CO3 (3.63 g, 26.3 mmol) to give 4.2c as a pale yellow oil (12.57 g, 

82%). 'H N M R (300 MHz , CDCI3)： S 7.26 (s, 2 H，ArH), 4 .24 (t，J = 4.5 Hz, 4 H, 

CH2), 3.90 (t, J = 4.5 Hz, 4 H’ CH2), 3.61-3.76 (m’ ca. 84 H, CH2), 3.53-3.56 (m, 4 H, 

CH2), 3.38 (s’ 6 H，CH3)； MS (ESI): m/z 1267 {52%, [M + Na]" for n = 12}. 

Phthalonitrile 4.2d. According to the general procedure, 

2，3-dicyanohydroquinone (1.91 g, 11.9 mmol) was treated with tosylate 4.1d (8.28 g, 

23.8 mmol) and K2CO3 (3.28 g, 23.7 mmol) to afford 4.2d as a pale white solid (5.62 

g, 92%). M.p. 26.8-27.5 'H NMR (300 MHz, CDCI3)： S 7.29 (s, 2 H，ArH), 4.26 
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(t, J = 4.5 Hz, 4 H, CHz), 3.89 (t’ J = 4.5 Hz, 4 H, CH2), 3.73-3.77 (m，4 H, CH2), 

3.64-3.71 (m, 16 H，CH2), 3.59-3.62 (m, 4 H, CH2), 2.86 (br s, 2 H’ OH); 

NMR (75.4 MHz, CDCI3)： (5 丨 55.3，119.3, 113.0, 105.2’ 72.4’ 70.9’ 70.5, 70.4, 70.1， 

70.0，69.3, 61.5; MS (ESI): m/z 535 {100%, [M + Na]'}; HRMS (ESI) calcd for 

C24H36N2NaOio [M + Na�+ 535.2262, found: 535.2255. 

General procedure for the preparation of phthalocyanines 4.3a-4.3d 

A mixture of phthalonitriles 4.2a-4.2d (1 equiv.), unsubstituted phthalonitrile (9 

equiv.), and Zn(0Ac)2.2H20 (2.5 equiv.) in «-pentanol (25 mL) was heated to 100�C， 

then a small amount of DBU (1 mL) was added. The mixture was stirred at 140-150 

°C for 24 h. After a brief cooling, the volatiles were removed under reduced pressure. 

The residue was dissolved in CHCI3 (200 mL), then the solution was filtered to 

remove ZnPc formed. The filtrate was collected and evaporated to dryness in vacuo. 

The residue was purified by silica gel column chromatography using CHCI3/CH3OH 

(30:1 v/v) as the eluent, followed by size exclusion chromatography using 丁HF as the 

eluent. The crude product was further purified by recrystallization from a mixture of 

THF and hexane to give the product as a blue solid or oil. 

ZnPc(0(CH2CH20)2lVIe|2 (4.3a). According to the general procedure, 

phthalonitrile 4.2a (0.73 g，2.0 mmol) was treated with unsubstituted phthalonitrile 

(2.31 g, 18.0 mmol) and Zn(0Ac)2.2H20 (1.10 g, 5.0 mmol) to give 4.3a as a blue 

solid (0.24 g, 15%). 'H NMR (300 MHz, CDCI3 with a trace amount of pyridine-ds): 

5 9.41-9.49 (m, 6 H，Pc-Ha), 8.14-8.19 (m, 6 H, Pc-Hp), 7.57 (s, 2 H, Pc-Hp), 4.99 (t, 
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J= 5.1 Hz, 4 H，CH2), 4 .57 (t, J = 5.1 Hz，4 H, CH2), 4 .15 (t, J = 4.8 Hz, 4 H, CH2), 

3.76 (t’ J = 4.8 Hz, 4 H, CH2), 3.44 (s，6 H, CH3); NMR (75.4 MHz, 

DMSO-de): (5152.6, 152.5, 152.4，151.9，149.8, 13«.3, 138.0, 137.9, 129.3, 129.2, 

126.2’ 122.5, 122.3’ 115.4, 71.8’ 70.4’ 70.3，69.1, 58.4 (some of the Pc signals are 

overlapped); MS (ESI): an isotopic cluster peaking at m/z 813 {100%, [M + H�}； 

HRMS (ESI) calcd for CAzHjyNsOeZn [M + H]' 813.2122, found: 813.2121; Anal. 

Calcd for��zHBsNgOfiZn: C, 61.96; H, 4.46; N, 13.76. Found: C, 62.45; H, 4.83; N, 

13.47. 

ZnPc|0(CH2CH20)4Me|2 (4.3b). According to the general procedure, 

phthalonitrile 4.2b (0.54 g, l.O mmol) was treated with unsubstituted phthalonitrile • 
(1.15 g, 9.0 mmol) and Zn(0Ac)2.2H20 (0.55 g, 2.5 mmol) to give 4.3b as a blue 

solid (0.12 g, 12%). 'H NMR (300 MHz, CDCI3 with a trace amount of pyridine-ds): 

5 9.34-9.40 (m, 4 H, Pc-Ha)，9.25-9.27 (m, 2 H’ Pc-Ha), 8.07-8.15 (m, 6 H, Pc-Hp), 

7.42 (s, 2 H, Pc-Hp)，4.92 (t, J = 5.1 Hz, 4 H, CH2), 4.52 (t, J = 5.1 Hz, 4 H，CH2), 

4.15 (t，J 二 4.8 Hz, 4 H, CH2)，3.87 (t, J = 4 . 8 Hz, 4 H’ CH2), 3.72-3.75 (m, 4 H, CH2), 

3.60-3.67 (m, 8 H, CH2), 3.49-3.52 (m, 4 H’ CH2)，3.33 (s, 6 H, CH3); '^C{'H} NMR 

(75.4 MHz’ CDCI3 with a trace amount of pyridine-ds): <^153.9, 153.8, 153.6, 152.6, 

150.4 , 138.9，138.5, 129.0: 127.4，122.7, 122.5, 115 .0 , 7 1 . 8 , 7 1 . 1 , 70 .8 ’ 70 .6 , 7 0 . 5 

(two overlapping signals), 70.4, 69.2，58.9 (some of the Pc signals are overlapped); 

MS (FAB): an isotopic cluster peaking at m/z 989 {100%, [M + H]+}; HRMS (FAB) 

calcd for CsoHssNgOjoZn [M + H]+ 989.3171, found: 989.3149. 

ZnPc(0(CH2CH20)„Me|2 (n = ca. 12) (4.3c). According to the general 
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procedure, phthalonitrile 4.2c (0.57 g, 0.47 mmol) was treated with unsubstituted 

phthalonitrile (0.53 g, 4.14 mmol) and Zn(0Ac)2.2H20 (0.25 g, 1.14 mmol) to give 

4.3c as a blue oil (0.10 g, 13%). 'H NMR (300 MHz, CDChwith a trace amount of 

pyridine-ds): S 9.41-9.49 (m, 6 H, Pc-Ha), 8.15-8.18 (m, 6 H, Pc-Hp), 7.58 (s, 2 H, 

Pc-Hp)’ 4.97 (t, 5.1 Hz，4 H, CHz), 4：56 (t, 5.1 Hz, 4 H, CH2), 4.16 (I, J = 4.8 

Hz, 4 H, CH2), 3.87 (t, J = 4.8 Hz, 4 H, CH2), 3.69-3.72 (m, 4 H, CH2), 3.57-3.68 (m， 

ca. 72 H, CH2), 3.51-3.56 (m, 4 H, CH2), 3.35-3.38 (m, 6 H，CH3); MS (ESI): an 

isotopic cluster peaking at w/z 1715 {13%, [M + Na]+ for n = 12}. 

ZnPc(0(CH2CH20)4Hlf^ (4.3d). According to the general procedure, 

phthalonitrile 4.2d (0.50 g, 0.98 mmol) was treated with unsubstituted phthalonitrile 

(1.13 g, 8.82 mmol) and Zn(0Ac)2.2H20 (0.54 g, 2.46 mmol) to give 4.3d as a blue 

solid (0.13 g, 14%). 'H NMR (300 MHz, CDCI3 with a trace amount of pyridine-ds): 

5 9.43-9.49 (m, 4 H, Pc-H„), 9.39-9.41 (m, 2 H, Pc-Ha), 8.12-8.18 (m, 6 H, Pc-Hp), 

7.58 (s, 2 H, Pc-Hp), 4.97 (t, J 二 4.8 Hz, 4 H, CH2), 4.54 (I, J = 4.8 Hz，4 H, CH2), 

4.14 (t, J = 4.5 Hz, 4 H, CHz), 3.84 (t, J = 4.5 Hz，4 H, CH2), 3.58-3.68 (m, 12 H, 

CH2), 3.51 (t, J = 4.5 Hz, 4 H, CH2)； '^C{'H} NMR (75.4 MHz, CDCI3): ^153.0, 
I 

152.8, 152.7，150.9，148.4, 138.4’ 138.3, 138.2,丨28.5’ 128.3, 128.2, 125.1, 123.0, 

122.3, 121.9, 112.3, 70.8, 70.6，70.2 (two overlapping signals), 70.0, 69.1, 67.9, 59.4; 

UV-Vis (DMF) [Xmax (nm), (log e)]: 341 (4.72), 621 (4.53), 689 (5.28); MS (ESI): an 

isotopic cluster peaking at m/z 961 {100%, [M + H]+}; HRMS (ESI) calcd for 

C48H49N80iJZn [M + H f 961.2858, found: 961.2848; Anal. Calcd for CAsH-sNsOioZn: 
r 
t C, 59.91; H，5.03; N, 11.64. Found: C, 59.49; H,5 .17;N, 11.16. 
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ZnPc(0(CH2CH20)6Me|2 (4.3e). Phthalocyanine 4.3d (96 mg, 0.10 mmol) was 

added to a suspension of NaH (60% in mineral oil, 40 mg, 1.00 mmol) in THF (8 mL). 

After the evolution of gas bubbles had ceased, a solution of the monotosylate 4.1a 

(110 mg，0.40 mmol) in THF (2 mL) was added slowly. The resulting mixture was 
t. 

re fluxed overnight. A few drops of water were then added to quench the reaction. The 

volatiles were removed under reduced pressure. The residue was mixed with water 

(20 mL) and the mixture was extracted with CHCI3 (20 mL x 3), The combined 

organic extracts were dried over anhydrous MgS04 and evaporated under reduced 

pressure. The residue was chromatographed on a silica gel column using 

CHCI3/CH3OH (20:1 v/v) as the eluent. The product was obtained as a blue solid (62 

mg, 53%). 'H NMR (300 MHz, CDCI3 with a trace amount of pyridine-ds): S 

9.40-9.51 (m, 6 H, Pc-H„)’ 8.12-8.20 (m’ 6 H, Pc-Hp), 7.58 (s，2 H: Pc-Hp), 4.97 (t’ J 

=4 ,8 Hz, 4 H, CH2), 4.56 (t, J = 4.8 Hz, 4 H, CH2), 4.15 (t, J = 4.8 Hz, 4 H, CH2), 

3.87 (t，J = 4.8 Hz, 4 H, CH2), 3.69-3.73 (m, 4 H, CH2), 3.57-3.65 (m, 24 H, CH2), 

3.47-3.52 (m, 4 H’ CH2)’ 3.32 (s，6 H, CH3); '^C{'H} NMR (75.4 MHz, CDCh with a 

trace amount of pyridine-ds): (^154.0, 153.8, 153.7, 152.7, 150.4, 138.9, 138.5, 129,0， 

127.4, 122.7, 122.5’ 115.0, 71.8, 71.1，70.7，70.6, 70.5, 69.2, 58.9 (some of the signals 

are overlapped); MS (ESI): an isotopic cluster peaking at m/z 1165 {98%, [M 十 H]^}; 

HRMS (ESI) calcd for C58H69N80i4Zn [M + H]+ 1165.4219, found: 1165.4209. 

ZnPc[0(CH2CH20)8Me|2 (4.3f)« According to the above procedure, treatment 

of phthak)cyanine 4.3d (96 mg, 0.10 mmol) with tosylate 4.1b (145 mg, 0.40 mmol) 

and NaH (60% in mineral oil, 40 mg, 1.00 mmol) afforded 4.3f as a blue solid (68 mg, 
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51%). 'H NMR (300 MHz, CDCI3 with a trace amount of pyridine-ds):仍.43-9.47 (m, 

4 H, Pc-Ha), 9.37-9.40 (m, 2 H，Pc-H«)’ 8.11-8.16 (m, 6 H, Pc-Hp), 7.53 (s，2 H, 

Pc-Hp), 4.96 ( t , y = 5.1 Hz, 4 H, CH2), 4.55 (t, 5.1 Hz, 4 H，CH2), 4.16 (t, 4.8 

Hz，4 H, CH2), 3.87 (t, J = 4 . 8 Hz’ 4 H，CH2), 3.70-3.73 (m, 4 H，CH2), 3.59-3.66 (m, 

40 H, CH2), 3.50-3.53 (m, 4 H, CH2), 3.35 (s, 6 H’ CH3); '^C{'H} NMR (75.4 MHz, 

CDCI3 with a trace amount of pyridine-ds): S\53.5, 153.3, 153.2, 152.2，150.0, 138.7, 

138.3, 138.2, 1 2 8 . 7 , 1 2 6 . 9 , 122.5„122.3, 114.5, 71.8’ 71.0，70.7’ 70.5, 70.4，68.9，58.9 

(some of the signals are overlapped); MS (FAB): an isotopic cluster peaking at m/z 

1342 {100%, [M + H]+}. HRMS (FAB) calcd for CbbHssNsOisZn [M + H广 1341.5268, 

found: 1341.5282. 
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Chapter 5 

Effects of the Number and Position of the Substituents on 
the in vitro Photodynamic Activities of Glucosylated Zinc(II) 
Phthalocyanines 

5.1 Introduction 

Owing to the strong absorption in the red visible region, high efficiency at 

generating singlet oxygen, and extraordinary stability, phthalocyanines have emerged 

as a promising class of photosensitizers for photodynamic therapy (PDT).' In addition 

to some classical phthalocyanine-based photosensitizers such as liposomal zinc(II) 

phthalocyanine, sulfonated zinc(II) and aluminum(III) phthalocyanines, and the 

silicon(IV) phthalocyanine Pc4 developed by Kenney et al.，a substantial number of 

other phthalocyanine derivatives have been studied over the past few years with a 

view to improving the therapeutic outcomes and gaining insight about the 

structure-activity relationships.^ Recently, a considerable effort has been devoted to 

enhance their selectivity toward malignant tissues. To this end, various tumor-specific 

vectors such as antibodies’ synthetic peptides, epidermal growth factor, and 

adenoviruses have been conjugated to these photosensitizers.] Unfortunately, only a 

limited target specificity has been achieved so far. 

On the basis that cancer cells have increased levels of glucose uptake and 

glycolysis to provide sufficient metabolic energy to sustain their proliferation,'* 
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glucoconjligation may promote the uptake of photosensitizers through the glucose 

transporter proteins, which are over-expressed in a variety of human carcinomas.^ The 

hydrophilic glucose moieties connected to the hydrophobic core of the 

photosensitizers can also tune the amphiphilicity of the resulting conjugates, which is 

an important parameter for cellular uptake.^ This strategy has been employed for 
* • • 7 8 Q 

various photosensitizers such as porphyrins, chlorins， pyropheophorbides, and 
# 

h y p o c r e l H n s . i o Recently, our group has extended the studies to phthalocyanines. A 

series of glycosylated silicon(IV)" and zinc(II)'^ phthalocyanines have been 

synthesized and evaluated for their in vitro photodynamic activities. These 

compounds, particularly the�silicon(IV) analogues, are highly potent having IC50 

values as low as 6 nM. In this Chapter, I report the synthesis, characterization, 

photophysical properties, and in vitro photocytotoxicity of a new series of zinc(II) 

phthalocyanines substituted with 1, 2 or 4 tetraethylene-glycol-Iinked glucose unit(s) 

at the a - or p-position(s). By studying this series of structurally related compounds, I 

aim to reveal the effects of the number and position of this substituent on the 

photodynamic activities of this novel series of glycoconjugated photosensitizers. 

5.2 Results and Discussion 

5.2.1 Synthesis and Characterization 
� 

Scheme 5.1 shows the synthetic route for the tetra- p - gl uco sy 1 ated 

phthalocyanines 5.4 and 5.5. Reaction of 

l,2:5,6-di-0-isopropylidene-a-D-glucofuranose (5.1) with, tetraethylene glycol 
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TP 

mono(p-toluenesulfonate) (4.1d) and NaH gave product 5.2. Treatment of this 

compound with 4-nitrophthalonitrile in the presence of K2CO3 in DMF led to 

nucleophilic aromatic substitution giving the corresponding glucosylated 

phthalonitrile 5.3. This compound then underwent self-cyclization in the presence 

Zn(0Ac)2.2H20 and DBU to afford ZnPc(p-PGlu)4 (5.4) as a mixture of structural 

isomers. Upon treatment with trifluoroacetic acid (TFA) and water (9:1 v/v), the 

isopropylidene groups of 5.4 were removed giving the deprotected glucosylated 

analogue ZnPc(p-Glu)4 (5.5). 

NaH. THF 

(25%) 

>0-
、0%^0、 Co 

\J 

NC ^ ^ NO, NC 
DMF NC 

(39%) 

Zn(0Ac)2 2H2O 
DBU. n-CsHnOH 

140-150 "C 

/
v
^

 i
、

%
i
 

R
 

TFA/H2O (9 1) 

(77%) 

Scheme 5.1. Synthesis of tetra-p-glucosylated phthalocyanines 5.4 and 5.5. 
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To enhance the amphiphilicity of the molecules, which is generally believed to 

be an advantageous character of photosensitizers,^ I also prepared the mono- and 

di-glucosylated derivatives. As shown in Scheme 5.2, mixed cyclization of the 

glucose-appended phthalonitrile 5.3 with an excess of unsubstituted phthalonitrile (9 

equiv.) in the presence Zn(0Ac)2'2H20 and DBU afforded the mono-p-glucosylated 

phthalocyanine ZnPc(p-PGlu) (5.6). This compound could be isolated readily from 

the reaction mixture (in 15% yield) by silica gel column chromatography followed by 

size exclusion chromatography. 

. X X � � 0 。 ^ ： ^ O H - 拟 〜 。 、 〜 

NC 

NC 
S f 

Scheme 5.2. Synthesis of mono-P-glucosylated phthalocyanine 5.6. 

Scheme 5.3 shows the pathway used to prepare the di-a-substituted derivatives. 

Treatment of tosylate 5.7’ prepared from 5.2 in 86% yield, with 

2,3-dicyanohydroquinone and K2CO3 resulted in disubstitution giving phthalonitrile 

5.8. This compound then underwent a typical mixed cyclization reaction with 

unsubstituted phthalonitrile to afford the di-a-glucosylated phthalocyanine 

ZnPc(a-PGlu)2 (5.9) in 12% yield. This kind of 1,4-disubstitued phthalocyanines 

remains relatively r a r e ’ " but has recently been shown to possess desirable 

characteristics for PDT application.^®'''^ For this compound, deprotection was also 
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performed, again with TFA and water (9:1 v/v), to give the deprotected derivative 

ZnPc(a-Glu)2 (5.10) in excellent yield. 

: : 力 … 
TsCI. Pyndine OH O ^ 

5 . 2 八众八_ 11 I ^ 

to KjCOj. DMF NC^S^ O ^ 
。丫 二 X ^ �〜 。 乂 电 

58 

n
v
/
n
v
/
^
 

1
 
一

 

N
 z
I
N
 

i
 i

 i
 

N

 
2
 

c
 r
 a

 
Zn(0Ac>ĵH20 
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Scheme 5.3. Synthesis of di-a-glucosylated phthalocyanines 5.9 and 5.10. 

The di-p-glucosylated analogue ZnPc(p-PGlu)2 (5.16) was prepared according to 

Scheme 5.4. Firstly, 4,5-dibromocalechol (5.11) was treated with tetraethylene glycol 

mono(p-toIuenesulfonate) (4.Id) to afford the disubstituted product 5.12, which was 

then converted to the ditosylate 5.13. This compound then underwent nucleophilic 

substitution with l,2:5,6-di-0-isopropylidene-a-D-glucofuranose (5.1) to give 5.14. 

Reaction of this compound with CuCN led to the formation of phthalonitrile 5.15, 

which was then converted to 5.16 by typical mixed cyclization with unsubstituted 

phthalonitrile. 
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.12 X = OH {90%) 
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Scheme 5.4. Synthesis of di-p-glucosylated phthalocyanine 5.16. 

All of the new compounds were ^l ly characterized with various spectroscopic 

methods. For the tetra-p-glucosylated phthalocyanine ZnPc(p-PGlu)4 (5.4), although it 

exists as a mixture of structural isomers, the 'H NMR spectrum recorded in CDCli in 

the presence of a trace amount of pyridine-ds is simpler than expected. Three 

we 11-separated mulliplets in the region 5 7.7-9.3 were observed for the three sets of 

phthalocyanine ring protons. The signals for the sugar and tetraethylene glycol protons 

could also be partially assigned with the aid of 2D COSY spectroscopy. The spectra 

for the other substituted analogues also showed distinct 'H NMR patterns for the 

phthalocyanine ring protons, and the signals could be assigned unambiguously (see the 
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Experimental Section). 

For the two deprotected analogues ZnPc(p-Glu)4 (5.5) and ZnPc(a-Glu)2 (5.10), 

the spectra still showed downfield signals which could be assigned to the 

phthalocyanine ring protons. However, the signals for the sugar and tetraethylene 

glycol protons were significantly broadened and overlapped. Assignment of these 

signals was found to be difficult. It is likely that the deprotected sugar moieties 

promote the aggregation of the macrocycles through hydrogen bonding formation. 

This possible phenomenon, together with the anomerization of the sugar moieties, 

hinders the assignment of signals. Nevertheless, the purity of these compounds was 

confirmed by HPLC (Figure 5.1). The relatively broad signal for ZnPc(P-Glu)4 (5.5) 

can be attributed to the fact that it exists as a mixture of structural isomers. 

The ESI mass spectra of all these phthalocyanines were also recorded. The 

protonated [M 十 H]+ and/or sodiated (M + Na]+ molecular ion signal(s) could be 

detected in all the cases. The isotopic distribution was in good agreement with the 

corresponding simulated pattern. The identity of these species was also confirmed by 

accurate mass measurements. 
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mAU 

3 

2 5 

25 

(b) 
mAU 

12 

Figure 5.1. HPLC analysis of the purified (a) ZnPc(P-Glu)4 (5.5) and (b) 
ZnPc(a-Glu)2 (5.10). The mobile phase was CH3OH/H2O (4:1 v/v) and CH3OH/H2O 
(2:3 v/v) respectively. 

5.2.2 Electronic Absorption and Photophysical Properties 

The electronic absorption and basic photophysical data of all these 

phthalocyanines were measured in DMF and are summarized in Table 5.1. All of 

these compounds gave typical UV-Vis spectra for nonaggregated phthalocyanines, 

showing an intense and sharp Q band in the red visible region. Figure 5.2 shows the 
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Figure 5.2. Electronic absorption spectra of ZnPc(a-PGlu)2 (5.9) at different 
concentrations in DMF. 
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spectrum of ZnPc((X-PGlu)2 (5.9) as an example. The Q band for this 

di-a-substituted phthalocyanine was significantly red-shifted (by 19 nm) compared 

with that for the di-p-substituted counterpart 5.16 (Table 5.1). a-Glucosylation also 

led to weakening and red shift of the fluorescence emission. These results are in 

accord with the observations and theoretical calculations leported previously for a 

series of metal-free and zinc(II) phthalocyanines.'^ The effects of sugar moieties 

are insignificant both on the absorption and fluorescence emission properties. 

The singlet oxygen quantum yields (cD )̂ of these glucosylated phlhalocyanines 
* 

were also determined in DMF using l’3-diphenylisobenzofuran (DPBF) as the 

scavenger . 16 These data are also compiled in Table 5.1. It can be seen that all of these 

phlhalocyanines are efficient singlet oxygen generators, particularly the 

di-a-substituted zinc(II) analogues 5.9 and 5.10, of which the values of Oa (0.86 and 

0.78 respectively) are significantly higher than that of ZnPc (Oa 二 0.56)，which was 

used as the reference. 口 
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Table 5.1. Electronic absorption and photophysical data for all the glucosylated 
phthalocyanines in DMF. 
Compound /Imax(nm) (log £) < 
ZnPc(P-PGlu)4 (5.4) 355 (4.97), 611 (4.60)，679(5.31) 684 0.33 0.49 

ZnPc(P-Glu)4 (5.5) 353 (4.85)，612(4.49), 679 (5.16) • 686 0.23 0.58 

ZnPc(P-PGlu) (5.6) 346 (4.66), 606 (4.44), 672 (5.21) 676 0.32 0.43 

ZnPc(a-PGIu)2 (5.9) 334 (4.62), 621 (4.46), 689 (5.23) 698 0.15 0.86 

ZnPc(a-Glu)2(5.10) • 335 (4.47), 621 (4.36)，688 (5.13) 697 0.18 0.78 

ZnPc(P-PGIu)2 (5.16) 340 (4.73), 605 (4.54)，670 (5.35) 676 0.31 0.51 
a Excited at 610 nm. b Relative to ZnPc in DMF ((Dp = 0.28).'® ” Relative to ZnPc in 
DMF (Oa = 0.56). 

5.2.3 In vitro Photodynamic Activities 

The photodynamic activities of all these glucosylated zinc(II) phthalocyanines in 

Cremophor EL emulsions were investigated against HT29 and HepG2 cells. In the 

absence of light, all of these compounds were essentially nontoxic to the cells. Upon 

illumination，these compounds exhibited different degrees of photocytotoxicities. The 
t 

tetra-P-glucosylated phthalocyanines ZnPc(p-PGlu)4 (5.4) and ZnPc(P-Glu)4 (5.5) 

were least cytotoxic. The cell viability dropped by less than 20% upon incubation 

with up to 8 |iM of these dyes. Figure 5.3 shows the dose response curves for the 

other glucosylated phthalocyanines against the two cell lines. The corresponding IC50 

values are compiled in Table 5.2. It can be seen that the photocytotoxicity follows the 

order ZnPc(a-PGlu)2 (5.9) > ZnPc(P-PGlu)2 (5.16) > ZnPc(P-PGlu) (5.6) > 

ZnPc(a-Glu)2 (5.10). The di-a-substituted derivative 5.9 obviously has a much higher \ 
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potency，while the deprotected counterpart 5.10 shows the lowest photocytotoxicity. 

The potency of these compounds is significantly higher than that of the classical 

photosensitizer porfimer sodium, of which the IC50 values were found to be ca. 4.5 ^ig 

mL"' for both the cell lines under the same conditions {versus ca. 50 ng mL'' for the 

most potent 5.9). The mono-(5-substituted derivative ZnPc(P-PGlu) (5.6) is slightly 

more photocytotoxic compared with the non-tetraethylene-glycol-linked analogue 

(IC50 = 1.8-2.0 îM)，i2 which may be due to the advantageous properties of the linker 

such as the high hydrophilicity and ability to reduce aggregation of the 

phthalocyanine core. Compared with the non-glucosylated analogue 

ZnPc(a-0(CH2CH20)4Me]2 (IC50 = 0.05-0.09 ^iM)," the photocytotoxicity of the 

most potent compound ZnPc(a-PGlu)2 (5.9) is also marginally higher, but the small 

difference suggests that the sugar moieties do not play a functional role in the uptake 

process. 

Table 5.2. Comparison of the IC50 values of phthalocyanines 5.6，5.9，5.10, and 5.16 
against HT29 and HepG2 cells. 
Compound 

For HT29 
1C5O(^M) 

For HepG2 
ZnPc(P-PGlu) (5.6) 
ZnPc(a-PGIu)2 (5.9) 
ZnPc(a-Glu)2 (5.10) 
ZnPc(P-PGIu)2 (5.16) 

1.38 
0.03 
2.97 
0.26 

1.52 
0.04 
2 48 
0.28 
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Figure 5.3. Effects of 5.6 (circles), 5.9 (squares), 5.10 (stars), and 5.16 (triangles) 
on HT29 (left) and HepG2 (right) cells in the absence (closed symbols) and presence 
(open symbols) of light (A, > 610 nm, 40 mW cm'^, 48 J cm'^). Data are expressed as 
mean values ± standard error of the mean of three independent experiments, each 
performed in quadruplicate. 

To account for the different photodynamic activities of these compounds, their 

aggregation behavior in the culture media was examined by absorption and 

fluorescence spectroscopic methods. Figure 5.4 shows the UV-Vis spectra of all the 

glucosylated phthalocyanines in the DMEM used for HT29 cells. It can be seen that a 

Q band can be observed readily for the mono- and di-substituted analogues 5.6, 5.9, 

5.10, and 5.16. The Q band of 5.9 is relatively sharp and intense. These observations 

indicate that these compounds, particularly 5.9, are not extensively aggregated in the 

culture medium. By contrast, for the tetra-P^substituted analogues 5.4 and 5.5, the Q 

bands are much bro*adened and shifted to the blue，showing that these two compounds 

are highly aggregated in the medium. These conclusions were also supported by their 

different fluorescence spectra. As shown in Figure 5.5, a fluorescence emission can be 

observed for the mono- and di-substituted derivatives 5.6, 5.9, 5.10, and 5.16, while 
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Figure 5.4. Electronic absorption spectra of all the glucosylated phthalocyanines, 
formulated with Cremophor EL, in the DMEM culture medium. The concentrations of 
the phthalocyanines were fixed.at 8 }iM. 
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the tetra-p-substituted analogues 5.4 and 5.5 are not fluorescent in the medium. The 

weaker and red-shifted emission of 5.9 and 5.10 is related to their di-a-substitution 

pattern. 15 Similar results were obtained in the RPMI medium used for HepG2 cells 

(see the absorption and fluorescence spectra given in Figures 5.6 and 5.7). As 

molecular aggregation provides an efficient nonradiative relaxation pathway for the 

singlet excited state of the dyes, the fluorescence intensity as well as efficiency at 

generating singlet oxygen will be reducech*^—the aggregation tendency increases.^ 

Thus，these results can explain that even though 5.4 and 5.5 have a reasonably high 

singlet oxygen quantum yield in DMF (Table 5.1), they are virtually 

nonphotocytotoxic. The very high potency of 5.9 is related to its low aggregation 

tendency in the media. 
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Figure 5.6. Electronic absorption spectra of all the glucosylated phthalocyanines, 
formulated with Cremophor EL, in the RPMI culture medium. The concentrations of 
the phthalocyanines were fixed at 8 }iM. 
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Figure 5.5. Fluorescence spectra of all the glucosylated phthalocyanines, 
formulated with Cremophor EL，in the DMEM culture medium. The concentrations of 
the phthalocyanines were fixed at 8 [oM. 
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Figure 5.7. Fluorescence spectra of all the glucosylated phthalocyanines, 
formulated with Cremophor EL, in the RPMI culture medium. The concentrations of 
the phthalocyanines were fixed at 8 fiM. 

To further explain the photocytotoxicity results, fluorescence microscopic studies 

were also carried out to shed light on the cellular uptake of these compounds. HT29 

cells were incubated respectively with all of these glucosylated phthalocyanines (8 

jiM) for 2 h. Upon excitation at 630 nm, the fluorescence images of the cells were 

then taken (Figure 5.8). It was found that for the tetra-P-substituted analogues 5.4 and 

5.5，no fluorescence could be observed. This indicated that the cellular uptake is 

negligible for these compounds and/or they are highly aggregated within the cells, 

both of which disfavour the photodynamic action. Hence, these compounds are not 

photocytotoxic. By contrast, the mono- and di-substituted derivatives 5.6, 5.9, 5.10, 

and 5.16 showed intracellular fluorescence throughout the cytoplasm. The apparent 

intensity, which reflects the extent of cellular uptake and aggregation of the dyes, 

follows the order: 5.9 > 5.16 > 5.6 > 5.10, which is in good agreement with the trend 
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in photocytotoxicity. For the deprotected derivative 5.10, since it does not seem to 

have a high aggregation tendency in the media, the weak intracellular fluorescence 

intensity may be due to its low cellular uptake, which can explain its relatively low 

photocytotoxicity. 

(a) (b) 

Figure 5.8. Fluorescence microscopic images of HT29 cells after being incubated 
with (a) 5.6, (b) 5.9’ (c) 5.10’ and (d) 5.16 (all at 8 ^iM) for 2 h. 

5.3. Conclusion 

In summary, I have prepared and characterized a new series of 

tetraethylene-glycol-linked glucosylated zinc(II) phthalocyanines. Their in vitro 

photodynamic activities have also been evaluated and compared. It has been found 

that both the number and position of the substituents have a great influence on their in 

vitro photocytotoxicity, which follows the order: di-a-substituted > di-p-substituted > 

mono-a-substituted > tetra-P-substituted derivatives. Removal of the isopropylidene 

protecting groups leads to an adverse effect on the photocytotoxicity. The different 
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photodynamic activities of these compounds can be well explained by their different 

extent of cellular uptake and aggregation tendency. The di-a-substituted analogue 5.9 

is particularly potent having IC50 values as low as 0.03 ^M, and is thus a very 

promising photosensitizer. 

According to the results reported in Chapter 2 to 5, some insight can be gained 

about the structure-activity relationship of phthalocyanine-based photosensitizers. 

Generally, amphiphilic di-a-substituted analogues appear to be more efficient as a 
f 

result of their longer-wavelength absorption, lower aggregation behavior, higher 

singlet oxygen generation efficiency, and higher cellular uptake. Introduction of 

oligoethylene glycol chains usually further enhance the efficiency. Among these 

photosensitizers，the 1,4-di-pegylated analogues ZnPc[a-0(CH2CH20)nMe]2 (n = 3, 4， 

6) are among the most potent photosensitizers in vitro, and therefore can be used as 

the parent compounds for further modification. For example, the terminal of the 

chains can be linked up to some tumor specific moieties to enhance the selectivity of 

the photosensitizers. The resulting conjugates may be useful for targeted 

photodynamic therapy. 

5.4 Experimental Section 

5.4.1 General 

Experimental details regarding the purification of solvents, instrumentation and 

in vitro studies were described in Section 2.4. The protected glucose 5.1，� tosylate 

4.1d，" and 4,5-dibromocatechol 5.11*2 ^^^^ prepared as described. 
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5.4.2 Synthesis 

3-0-( 11 -Hydroxy-3,6,9-trioxaundecyi)-1，2:5,6-di-O-isopropylidene-flt-D-glu-

cofuranose (5.2). The protected glucose 5.1 (6.0 g, 23.1 mmol) was added to a 

suspension of NaH (60% in mineral oil, 0.92 g, 23.0 mmol) in THF (50 mL). After the 

evolution of gas bubbles had ceased, a solution of the monotosylate 4.Id (4.0 g, 11.5 

mmol) in THF (30 mL) was added slowly. The mixture was stirred vigorously at room 

temperature for 24 h. A few drops of water were then added to quench the reaction, 

then the volatiles were removed under reduced pressure. The residue was mixed in 

water (120 mL) and the mixture was extracted with chloroform (100 ml. x 3). The 

combined organic extracts were dried over anhydrous MgSOa and evaporated under 

reduced pressure. The residue was subjected to silica gel column chromatography 

using ethyl acetate as the eluent. The product was obtained as a colorless transparent 

liquid (1.25 g, 25% yield). 'H NMR (300 MHz, CDCI3)： 8 5.88 (d, J = 3.6 Hz, 1 H， 

HI), 4.58 (d’ = 3.6 Hz’ 1 H, H2), 4.28-4.36 (m, 1 H, H5), 4.07-4.15 (m, 2 H, H6), 

3.98-4.01 (m, 1 H, H4), 3.91 (d’J=3.0Hz，1 H, H3), 3.58-3.77 (m, 16 H, Clb), 2.88 

(t, J = 7 . 5 Hz, 1 H, OH), 1.48 (s, 3 H, Me), 1.41 (s, 3 H, Me), 1.34 (s, 3 H, Me), 1.30 

(s, 3 H, Me); NMR (300 MHz, CDCI3)： 5 111.7, 108.9，105.2, 82.6, 81.1, 

72.5, 70.6 (several overlapping signals), 70.4，70.3’ 70.1’ 67.1’ 61.7, 26.8 (two 

overlapping signals), 26.2，25.4; MS (ESI): an isotopic cluster peaking at miz 459 

{100%, [M + Na]+}; HRMS (ESI): m/z calcd for C2oH36NaO,o |M + Na | ' 459.2201, 

found 459.2204. 
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G里ucosylated phthalonitrile 5.3. To a solution of 5.2 (1.11 g, 2.54 mmol) and 

4-nitrophthalonitrile (0.66 g, 3.81 mmol) in DMF (8 mL) was added anhydrous 

K2CO3 (1.57 g, 11.36 mmol). The mixture was stirred at 80 "C for 48 h, then the 

volatiles were removed in vacuo. The residue was mixed with water (80 mL) and the 

mixture was extracted with CHCI3 (80 mL x 3). The combined organic fractions were 

dried over anhydrous MgSOq，then evaporated to dryness under reduced pressure. The 

crude product was purified by silica gel column chromatography using ethyl 

acetate/hexane (1:1 v/v) as the eluent. The product was obtained as a colorless liquid 

(0.56 g, 39%). 'HNMR(300 MHZ, CDCU)： S1.1\ (d, J = 8.7 IIz, 1 II, ArH), 7.32 (d, 

•7=2.7 Hz, 1 H, ArH), 7.23 (dd，J=2.7，8.7 Hz, 1 II，ArH), 5.87 (d，‘/二 3.6 Hz, 1 H， 

HI), 4.57(d, J = 3 . 6 Hz，1 H，H2), 4.28-4.34 (m，1 H, H5), 4.23 (virtual I, .7 = 4.5 Hz, 

2 H, ArOCH2)’ 4.06-4.14 (m, 2 H，H6)，3.96-4.02 (m，1 H，H4), 3.92 (d, 3.0 llz, 1 

H，H3), 3.89 %virtual t，…7=4.5 Hz, 2 H, CHj), 3.61-3.77 (m，12 H，CH2)，1.49 (s, 3 H, 

CH3), 1.42 (s，3 H, CH3), 1.35 (s, 3 H, CH3), 1.31 (s，3 H, C\H). NMR (75.4 

MHz, CDCI3)： 5 162.0’ 135.1, 119.8’ 119.5, 117.4，115.6, 115.2, 111.7, 108.9, 107.4, 

105.2’ 82.7, 82.6，81.1，72.5, 70.9’ 70.6 (three overlapping CH2 signals)，70.4, 70.1, 

69.2, 68.6, 67.1, 26.8, 26.7, 26.2, 25.4. MS (ESI): an isotopic cluster peaking at m/z 

585 W00%, [M + Na]'}. HRMS (RSI): m/z calcd for CzgHjgNjNaOio [M + Na]^ 

585.241\ found 585.2417. 

ZnPc(P-PGIu)4 (5.4). A mixture of phthalonitrile 5.3 (0.56 g, 1.0 mmol) and 

Zn(0Ac)2-2H20 (55 mg, 0.25 mmol) in A?-pentanol (10 mL) was heated to 100 "C, 

then a small amount of DBU (0.8 mL) was added. The mixture was stirred at 140-150 
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°C for 24 h. After a brief cooling, the volatiles were removed under reduced pressure. 

The residue was purified by silica gel column chromatography using THI-Vhexane (3:2 

v/v) as the eluent, followed by size exclusion chromatography using THF as the 

eluent. The crude product was further purified by recrystallization from a mixture of 

THF and hexane (0.14 g, 24%). 'H NMR (300 MHz, CDCh with a trace amouot of 

pyridine-ds): <59.21-9.28 (m, 4 H, Pc-Ha), 8.82 (virtual s, 4 H’ Pc-H„), 7.69-7.75 (m, 4 

II’ Pc-Hp)’ 5.89-5.90 (m，4 H, HI), 4.70 (br s, 8 H, PcOCPh), 4.59-4.61 (m，4 H, H2), 

4.32-4.39 (m, 4 H, H5), 3.98-4.21 (m, 20 H, CH2, H4 and H6), 3.92-3.96 (m, 12 H, 

CH2 and H3), 3.83 (virtual t, 4.5 Hz, 8 H, CH2), 3.69-3.78 (m, 24 H, CHj), 3.66 (t， 

J =4.2 Hz, 8 H, CH2), 1.47 (s, 12 H, CH3), 1.42 (s, 12 H, CH3), 1.36 (s, 12 H’ CH])， 

1.29 (s, 12 H, CH3). MS (ESI): an isotopic cluster peaking at m/z 2316 {100%, (M + 

H]+}. HRMS (ESI): m/z calcd for C,,2H,53N804oZn [M 斗 H f : 2314.9504, found 

2314.9502. 

ZnPc(p-Ghi>4 (5.5). A mixture of phthalocyanine 5.4 (70 mg, 0.03 mmol) in 

TFA/water (9:1 v/v) (2 mL) was stirred at room temperature for 30 min. The volatiles 

were then removed under reduced pressure. The residue was dissolved in water (2 

mL)，then CH3OH (ca. 10 mL) was added to induce precipitation. The product was 

collected by filtration as a blue solid which was then dried in vacuo (46 mg, 77%). 'H 

NMR (300 MHz, CDCI3 with a trace amount of pyridinc-ds): S9.25 (br s, 4 H, Pc-H„), 

8.84 (br s, 4 H, Pc-Ha), 7.71 (br s, 4 H, Pc-Hp), 3.6-5.9 (several multiplets). MS (ESI): 

an isotopic cluster peaking at m/z 1995 {100%, [M + H]+}. HRMS (ESI): m/z calcd 

forC88Hi2iN804oZn [M + H”： 1993.6966, found 1993.6934. 
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ZnPc(P-PGIu) (5.6). A mixture of phlhalonitrile 5.3 (0.56 g, 1.0 mmol), 

unsubstituted phthalonitrile (1.15 g, 9.0 mmol), and Zn(OAc)2-2H2() (0.55 g, 2.5 

.mmol) in «-pentanol (15 mL) was heated to 100 "C，then a small amount of DBU (1 

mL) was added. The mixture was stirred at 140-150 for 24 h. After a brief cooling, 

the volatiles were removed under reduced pressure. The residue was dissolved in 

CHCI3 (150 mL), then filtered to remove part of the unsubstituted zinc(Il) 

phthalocyanine formed. The filtrate was collected and evaporated to dryness in vacuo. 

The residue was purified by silica gel column chromatography using CHCI3/CH3OH 

(30:1 v/v) as the eluent，followed by size exclusion chromatography using THF as the 

eluent. The product was further purified by recrystallization from a mixture of' THF 

and hexane (0.15 g，15%). 'H NMR (300 MHz, CDCl： with a trace amount of 

pyridine-ds)： S 9.31-9.39 (m, 6 H, Pc-H„), 9.14 (d, , /= 8.4 Hz, 1 H, Pc-H„)，8.71 (s, 1 

H, Pc-Ha), 8.06-8.15 (m, 6 11, Pc-Hp), 7.62-7.69 (m，1 H，Pc-Hp), 5.89 (d,二 3.6 Hz, 

1 H, HI) , 4.68 (virtual t, J = 4.5 Hz, 2 H, PcOCH�)，4.60 (d, J = 3.6 Hz, 1 H，112), 

4.31-4.38 (m, 1 H, H5), 4.08-4.20 (m, 4 H, CH2 and H6), 3.92-4.03 (m, 4 H, CH2, H3 

and H4), 3.82-3.86 (m, 2 H, CU2), 3.72-3.79 (m, 6 H, CH2), 3.67 (I, J = 4.5 Hz, 2 H, 

CH2), 1.48 (s, 3 H, CH3), 1.43 (s, 3 M, CH3), 1.36 (s, 3 H, CH,), 1.30 (s, 3 H, CM3). 

NMR (100.6 MHz, CDCI3 with a trace amount of pyridine-ds): 

153.4, 153.3, 153.2, 153.0, 152.7, 152.6, 152.5, 140.1, 138.3, 138.2, 138.1，137.9， 

131.5, 128.8, 128.7, 128.6, 123.3, 122.4，122.2, 118.2, 111.6, 108.8, 105.2, 82.6’ 82.5, 

81.0’ 72.5, 71.0，70.7 (two overlapping signals), 70.6, 70.4’ 70.1, 69.9，68.0，67.1， 

26.7 (two overlapping signals), 26.2, 25.4 (some of the Pc signals are 
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overlapped). MS (ESI): an isotopic cluster peaking at m/z 1011 {100%, [M — H f } . 

HRMS (ESI): m/z calcd for CszHsiNgOioZn [M + H]': 1011.3014, found 1011.3023. 

Glucosylated tosylate 5.7. To a solution of /7-toluenesulfonyl chloride (345 mg, 

1.81 mmol) in pyridine (2 mL) was added the glucose-substituted tetraethylene glycol 

5.2 (280 mg, 0.64 mmol). The mixture was stirred at room temperature for 24 h, then 

water (5 ml.) was added to quench the reaction. The mixture was then extracted with 

CH2CI2 (20 mL X 3). The combined organic fractions were dried over anhydrous 

MgS04 and rotary-evaporated to dryness. The residue was chromatographed using 

ethyl acetate as the eluent to give the product as a colorless liquid (325 mg, 86%). 'H 

N M R (300 M H z , CDCI3)： SIM (d, 8.1 Hz, 2 H，ArH)，7.34 (d，J 二 8.1 Hz’ 2 II’ 

ArH), 5.86 (d, J = 3 . 6 Hz, 1 H, HI), 4.57 (d, 3.6 Hz, 1 H，H2), 4.26-4.32 (m, 1 H, 

H5), 4.05-4.18 (m, 4 H, CH2 and H6), 3.96-4.02 (m, 1 H，H4), 3.92 (d, J = 2.7 I Iz, 1 

H’ H3), 3,71-3.77 (m, 2 H，CH2)，3.69 (t, J = 4.8 Hz，2 H, CH2), 3.58-3.63 (m, 10 M, 

CH2), 2.45 (s，3 H，CH3), 1.49 (s, 3 H，CH3), 1.42 (s, 3 H，CH3), 1.34 (s, 3 H, CM3), 

1.31 (s，3 H, CH3). NMR (75.4 MHz, CDCIO： 5 144.8, 133.0, 129.8, 127.9’ 

111.7, 108.8, 105.2, 82.7, 82.6, 81.1, 72.5, 70.7, 70.6 (two overlapping signals), 70.5, 

70.4’ 70.1, 69,2，68.7’ 67.1’ 26.8, 26.7, 26.2, 25.4, 21.6. MS (ESI): an isotopic cluster 

peaking at m/z 613 {100%, (M + Na]'}. HRMS (ESI): m/z calcd for C^vhaNaOijS 

[M + Na]' 613.2289，found 613.2282. 

Bis(gluosylated) phthalonitrile 5.8. To a mixture of tosylate 5.7 (2.70 g, 4.57 

mmol) and 2，3-dicyanohydroquinone (0.37 g, 2.31 mmol) in DMF (10 mL) was added 

anhydrous K2CO3 (1.26 g, 9.12 mmol). The mixture was stirred at 110 "C for 24 h, 
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then the solvent was removed at ca. 60 °C in vacuo. The residue was mixed with 

water (100 mL) and the mixture was extracted with CH2CI2 (100 mL x 3). The 

combined organic fractions were dried over anhydrous MgS()4 and rotary-evaporated 

to dryness. The crude product was purified by silica gel column chromatography 

using ethyl acetate/CHC^ (1:5 v/v) as the eluent. The product was isolated as a 

colorless oil (2.10 g，92%). NMR (300 MHz, CDCI3): S7.23 (s, 2 H, Aril) , 5.87 (d, 

J = 3.6 Hz, 2 H, HI), 4.58 (d, J = 3.6 Hz, 2 H, H2), 4.28-4.33 (m，2 H, H5), 4.23 

(virtual t, J = 4 . 8 Hz, 4 H，ArOCH，)’ 4.06-4.14 (m’ 4 H, H6), 3.96-4.02 (m, 2 H, M4), 

3.88-3.93 (m, 6 H, CH2 and H3)，3.72-3.78 (m，8 H, CH2), 3.61-3.69 (m, 16 H, CHj) , 

1.49(s, 6H，CH3)，1.42 (s, 6 H, CH3), 1.35 (s, 6 H, CH3), 1.31 (s, 6 H, CMi). 

NMR (75.4 MHz, CDCI3)： (5155.3, 119.1, 112.9, 111.7, 108.8, 105.2, 82.6, 82.5, 81.0, 

72.5, 71.1, 70.6，70.4’ 70.1, 70.0, 69.3, 67.1, 26.8, 26.7’ 26.2, 25.4 (some of the 

signals are overlapped). MS (HSI): an isotopic cluster peaking at m/z 1020 {100%, [M 

十 Na]+}. HRMS (ESI): m/z calcd for C48H72N2NaO20 (M + Na) ' 1019.4572, found 

1019.4573. 

ZnPc(a-PGIu)2 (5.9). According to the procedure described for 5.6， 

phthalonitriie 5.8 (0.50 g, 0.50 mmol) was treated with unsubstituted phlhalonitrile 

(0.58 g, 4.51 mmol) and Zn(0Ac)2.2H20 (0.28 g, 1.25 mmol) to give 5.9 as a 

blue-green solid (87 mg, 12%). 'H NMR (300 MHz, CDCI3 with a trace amount of 

pyridine-ds): 59.37-9.43 (m, 4 H’ Pc-Ha), 9.30 (d, J = 6 . 0 Hz, 2 H, Pc-Ha), 8.08-8.17 

(m, 6 H, Pc-Hp), 7.45 (s, 2 H’ Pc-Hp)’ 5.87 (d, J = 3 . 6 Hz, 2 H, HI), 4.93 ( 1 , 7 - 5 . 1 Hz’ 

4 H, PcOCHz), 4.56 (d，7=3.6 Hz, 2 H, H2)，4.53 ( t , J = 5 . 1 Hz, 4 H, CHj), 4.28-4.35 
> 
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(m, 2 H, H5)，4.06-4.17 (m, 8 H, CHj and H6), 3.97-4.01 (m, 2 H, 114), 3.86-3.91 (m, 

6 H, C f h and H3)’ 3.58-3.75 (m，16 H, CHj), 1.47 (s, 6 H, CH3), 1.41 (s, 6 H，CH3), 

1.34 (s, 6 H, CH3), 1.28 (s, 6 II, CH3). NMR (75.4 MHz, CDCI3 with a trace 

amount of pyridine-ds): S 153.9, 153.8, 153.6, 152.6, 150.4, 138.9, 138.5, 129.0, 

127.4’ 122 .6 , 122.5, 115.0, 111.6, 108.8, 105.2, 82.6, 82.5, 81.0，72.5, 71.1, 70.8，70.7’ 

70.6, 70.5, 70.4, 70.0, 69.2, 67.1’ 26.7 (two overlapping signals), 26.2, 25.4 (some of 

the Pc signals are overlapped). MS (ESI): an isotopic cluster peaking at m/z 1468 

{100%, [M + Na]^}. URMS (FSI): m/z calcd for C72H84N8Na02oZn |M + Na)': 

1467.4986，found 1467.4976. 

ZnPc(a-Glu)2 (5.10). Phthalocyaninc 5.9 (60 mg, 0.04 mmol) was dissolved in 

TFA/water (9:1 v/v) (2 mL). The mixture was stirred at room temperature for 30 min, 

then the volatiles were removed in vacuo. The residue was dissolved in water (2 mL), 

then CH3OH (ca. 10 mL) was added to induce precipitation. The product was 

collected by filtration as a blue solid which was then dried in vacuo (47 mg, 89%). 'H 

NMR (300 MHz, CDCI3 with a trace amount of pyridinc-ds): 6 9.24 (br s, 4 H, Pc-Ha), 

9.15 (br s, 2 H, Pc-Ha), 7.90-8.00 (m, 6 H, Pc-Hp), 7.36 (s, 2 H, Pc-Hp)，3.1-5.4 

(several multiplets). MS (ESI): an isotopic cluster peaking at m/z 1307 {100%, [M + 

Na)'}. HRMS (ESI): m/z calcd for CftoHesNgNaOzoZn (M + Na广：1307.3734, found 

1307.3734. 

Diol 5.12. A mixture of 4,5-dibromocatechol (5.11) (3.1 g, 11.6 mmol), tosylate 

4.1d (16.0 g, 45.9 mmol), and K2CO3 (21.1 g, 0.15 mol) in DMF (80 mL) was stirred 

at 100 for ca. 60 h. The mixture was allowed to cool down to room temperature, 

* 
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then it was poured into water (160 mL). The organic layer was extracted with CH2CI2 

(120 mL X 3), washed with water (90 mL x 4), and dried over anhydrous MgS04. The 

crude product was purified by silica gel column chromatography using 

CH2CI2/CH3OH (8:1 v/v) as the eluent to give the product as a colorless liquid (6.4 g, 

90%). 'H NMR (300 MHz, CDCI3): Sl.U (s, 2 H, ArH)’ 4.13 (t, J = 4.8 Hz, 4 H, 

CH2), 3.85 (t, J = 4.8 Hz, 4 H, CH2), 3.65-3.75 (m, 20 H, CII2), 3.57-3.61 (m, 4 H, 

CH2), 3.07 (t, J = 5.4 Hz, 2 H, OH). '^C{'H} NMR (75.4 MHz, CDCI3)： S 148.5, 

118.5, 115.1, 72.5, 70.6, 70.4, 70.3, 70.0’ 69.3’ 69.0’ 61.4. MS (HSI): several isolopic 

clusters peaking at m/z 485 {100%, [M + Na - 2 Br]'}, 565 {29%, [M + Na - Br]'} 

and 643 {56%, [M + Nap}. HRMS (ESI): m/z calcd for CzzHjsBrjNaOio |M f Na广 

643.0547, found 643.0545. 

Ditosylate 5.13. A mixture of the diol 5.12 (4.80 g, 7.7 mmol), losyl chloride 

(5.72 g, 30.0 mmol) and triethylamine (2.6 mL, 18.6 mmol) in CH2CI2 (60 mL) was 

stirred at room temperature for 24 h. The mixture was poured into 2 N hydrochloric 

acid (60 mL), then extracted with CH2CI2 (180 mL). The organic layer was washed 

with water (100 mL x 3) and dried over anhydrous MgS04. After evaporation, the 

residue was chromatographed on a silica gel column using ethyl acetate/hexane (1:1 

v/v) followed by ethyl acetate as the eluents. The product was isolated as a colorless 

oil (4 .88 g，68%).丨H N M R (300 M H z , CDCI3)： S1J9 (d，J = 8.4 Hz , 4 H, A r H ) , 7 .34 

(d，J = 8.4 Hz, 4 H, ArH)’ 7.13 (s, 2 H, ArH), 4.10-4.17 (m，8 H, CH2), 3.83 (virtual t, 

5.1 Hz, 4 H, CH2), 3.58-3.71 (m, 20 H，CH.), 2.44 (s, 6 H, CH3). "C{ 'H} NMR 

(75.4 MHz, CDCI3)： 148.8, 144.7, 132.9，129.8, 127.9, 119.0, 115.2, 70.8，70.7, 70.6, 
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70.5, 69.5，69.2 (two overlapping signals), 68.6, 21.6. MS (ESI): several isotopic 

clusters peaking at M/z 793 {64%, [M + Na - 2 Br]'}, 873 {42%, [M + Na - BT\'} 

and 951 {100%, [M + Na]'}. HRMS (ESI): m/z calcd for QftHdsBrzNaOuSz (M + 

Na]': 951.0724, found 951.0723. 

Bis(gluosylated) dibromobenzene 5.14. Ditosylate 5.13 (5.85 g, 6.3 mmol) was 

added into a mixture of l’2:5，6-di-0-isopropyliciene-(x-D-glucofuranose (5.1) (3.28 g, 

12.6 mmol) and NaH.(60% in mineral oil, 0.50 g, 12.5 mmol) in THF (60 mL). The 

mixture was stirred at room temperature overnight, then evaporated in vacuo. The 

residue was mixed with water (120 mL) and the mixture was extracted with CH2CI2 

(120 mL X 3). The combined organic fractions were dried over anhydrous MgSCV 

After evaporation, the residue was chromatographed on a silica gel column using 

ethyl acetate as the eluent (6.05 g, 87%). 'H NMR (300 MHz, CDCI3)： (57.15 (s, 2 H, 

ArH), 5.87 (d, 3.6 Hz, 2 H, HI)’ 4.57 (d, 3.6 Hz, 2 H, H2), 4.27-4.33 (m, 2 H, 

H5), 4.05-4.15 (m，8 H, CHjand H6)，3.97-4.02 (m’ 2 H, H4), 3.92 (d, J - 3.0 Hz, 2 H, 

H3), 3.83 { U J = 5.1 Hz, 4 H，CH2), 3.60-3.76 (m, 24 H，CH2), 1.49 (s, 6 H, CH3), 1.42 

(s, 6 H，CH3), 1.34 (s, 6 H, CH3), 1.31 (s, 6 H, CH3). N M R (75.4 MHz, 

CDCI3)： S 148.8’ 119.1’ 115.3, 111 .7 , 108.9，105.2, 8 2 . 7 , 82.6, 81.1, 7 2 . 5 , 7 0 . 9 , 7 0 . 7 

(three overlapping signals), 70.4, 70.1, 69.6，69.2, 67.1, 26.8，26.7, 26.2, 25.4. MS 

(ESI): an isotopic cluster peaking at m/z 1127 {100%, [M + Na]^}. HRMS (ESI): m/z 

calcd for C46H72Br2NaO20 [M + Na]+: 1127.2855, found 1127.2857. 

Bis(glucosylated) phthalonitrile 5.15. A mixture of 5.14 (1.62 g, 1.47 mmol) 

and CuCN (0.39 g, 4.35 mmol) in DMF (15 mL) was refluxed for 12 h. The mixture 
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was allowed to cool down to room temperature, then poured into 30% aqueous 

ammonia (25 mL). The blue solution was bubbled with air for 2 h, then filtered. The 

filtrate was extracted with CH2CI2 (200 mL) and the organic portion was washed with 

water (90 mL x 3). After evaporation, the residue was chromatographed on a silica gel 

column using ethyl acetate as the eluent to give the product as a colorless oil (0.18 g, 

12%). 'H N M R (300 MHz, CDCI3): 5̂ 7.34 (s, 2 H, ArH)，5.87 (d, J = 3.6 Hz, 2 H, 

HI), 4.57 (d, 3.6 Hz, 2 H, H2), 4.20-4.33 (m, 6 H, CH2 and H5), 4.05-4.14 (m, 4 

H, H6), 3.97-4.02 (m, 2 H, H4), 3.87-3.92 (m’ 6 H, CH2 and H3)’ 3.60-3.77 (m, 24 H, 

CH2), 1.49 (s，6 H, CH3), 1.42 (s, 6 H，CH3), 1.35 (s, 6 H’ CH3), 1.31 (s, 6 H, CH3). 

'^C{'H} NMR (75.4 MHz, CDCI3)： (5152.3, 117.1，115.7’ 113.5, 111.7, 108.9, 105.2, 

82.7, 82.6’ 81.1，72.5, 70.6，70.4，70.1, 69.4, 69.3, 67.1, 26.8，26.7’ 26.2, 25.4 (some 

of the signals are overlapped). MS (ESI): an isotopic cluster peaking at ml7. 1019 # 
{100%, [M + Na�+}. HRMS (ESI): miz calcd for C48H72N2NaO20 [M + Na]': 

1019.4571, found 1019.4579. 

ZnPc(p-PGIu)2 (5.16). According to the procedure described for 5.6, 

phthalonitrile 5.15 (218 mg, 0.22 mmol) was treated with unsubstituted phthalonitrile 

(281 mg, 2.19 mmol) and Zn(0Ac)2.2H20 (132 mg, 0.60 mmol) to give 5.16 as a blue 

solid (45 mg, 14%). 'H NMR (300 MHz, CDCI3 with a trace amount of pyridine-ds)： 

(^9.23-9.35 (m，6 H, Pc-Ha), 8.58 (s, 2 H, Pc-Ha), 8.06-8.14 (m, 6 H, Pc-Hp), 5.88 (d, 

y = 3 . 6 Hz, 2 H, HI), 4.72 (t, J = 4 . 8 Hz, 4 H，PcOCH�)’ 4.59 (d, 7 = 3 . 6 Hz, 2 H, H2), 

4.30-4.37 (m，2 H，H5), 4.24 (virtual t，•/二 4.8 Hz, 4 H, CH2), 4.08-4.15 (m, 4 H，H6)’ 

3.98-4.02 (m, 6 H, CH2 and H4)’ 3.94 ( d , y = 3.0 Hz, 2 H, H3)，3.85-3.88 (m，4 H, 
aij 
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CH2), 3.72-3.82 (m, 12 H, CH2), 3.65-3.68 (m’ 4 H, CH2), 1.48 (s, 6 H, CH3), 1.42 (s, 

6 H, CH3), 1.35 (s’ 6 H, CH3), 1.30 (s, 6 H, CH3). NMR (75.4 MHz, CDCI3 

with a trace amount of pyridine-ds): <^153.1, 153.0, 152.8, 150.7, 138.3, 138.1’ 132.1, 

128.7，122.4’ 111.6，108.8’ 105.6，105.2, 82.6 (two overlapping signals), 81.0’ 72.5, 

71.0, 70.8, 70.7，70.6’ 70.4, 70.0，69.8, 68.9, 67.0，26.7 (two overlapping signals), 

26.1, 25.4 (some of the Pc signals are overlapped). MS (ESI): an isotopic cluster 

peaking at m/z 1468 {100%, [M + Na]+}. HRMS (ESI): m/z calcd for 

C72H84N8Na02oZn [M + Na]+: 1467.4986’ found 1467.4981. 
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Chapter 6 

Highly Efficient Energy Transfer in 
Subphthalocyanine-BODIPY Conjugates 

6.1 Introduction 
Excitation energy transfer (EET) is a vital process in nature. Photosynlhetic 

organisms, for example, make use of chromophore-rich antenna proteins to funnel the 

captured light energy to the reaction center where it initiates a multistep 

electron-transfer reaction, leading eventually to the oxidation of water to oxygen and 

the fixation of carbon dioxide.' Energy transfer also plays an important role in many 

artificial processes such as photochemical conversion of solar energy by artificial 

photosynlhetic systems,丨之 information processing with a variety of molecular devices 

and machines，] and detection of analytes with molecular based sensors / Numerous 

artificial antenna systems with different combinations of chromophores have been 

studied with a view to enhancing the energy transfer efficiency and facilitating their 

use in different f o r m s . A m o n g the different chromophores, boron dipyrromethene 

(BODIPY) dyes are of particular interest because of their large extinction coefficients， 

high fluorescence quantum yields，reasonably long excited singlet-state lifetimes, and 

good solubility and stability in many solvent systems.^ More importantly, the 

BODIPY core can be modified readily to tailor their absorption and emission 

properties. Light-harvesting BODIPY derivatives conjugated with energy donors such 
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\ 

as pyrenes and anthracenes, ' and energy acceptors such as porphyrins,^^"^ 

perylenediimides，9 and extended B O D I P Y ' � h a v e been reported. I report in this 

Chapter the preparation and energy transfer properties of the first BODIPY derivatives 

linked to a subphthalocyanine unit. Subphthalocyanines arc lower homologues of 

phthalocyanines, and they are also versatile functional dyes with remarkable 

photophysical and photochemical proper t ies" Several subphthalocyanine-C6o丨�and 

subphthalocyanine-phthalocyanine'^ dyads have been reported which exhibit an 

efficient singlet-singlet energy transfer process. The major absorption and 

fluorescence emission positions of subphthalocyanines (ca. 560-570 nm) are 

complementary with those of BODIPY (ca. 500-520 nm) and distyryl BODIPY (ca. 

630-680 nm). Therefore, the resulting conjugates should absorb over a broad range in 

the visible region and have a good spectral overlap between the donor emission and 

the acceptor absorption. Both of these features are desirable for efficient 

light-harvesting systems. 

In this Chapter, two novel subphthalocyanines substituted axially with a 

BODIPY or distyryl BODIPY moiety have been synthesized. Both systems exhibit a 

highly efficient photoinduced energy transfer process, either from the excited 

BODIPY to the subphthalocyanine core (for the former) or from the excited 

subphthalocyanine to the distyryl BODIPY unit (for the latter) as shown in Figure 6.1. 
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Figure 6.1. Energy transfer processes in subphthalocyanine-BODIPY conjugates. 

6.2 Results and Discussion 
6.2.1 Preparation and Characterization 

Two subphthalocyanine-BODIPY derivatives 6.4 and 6.5 were prepared 

according to Scheme 6.1. The phenol-containing BODIPY 6.1 was first prepared by 

treating 2,4-dimethyIpyrrole with 4-hydroxybenzaldehyde via sequential condensation, 

oxidation, and complexation reactions. The preparation of this compound had been 

reported previously,''^ but by following this procedure, only a liny amount of product 

could be obtained in our hands. After several attempts, we found that by changing the 

solvent from CH2CI2 to THF (which can better solublize the reagents) and using 

2,3-dichloro-5,6-dicyano-/7-benzoquinone (DDQ) instead of telrachlorobenzoquinone 

as the oxidizing agent, compound 6.1 could be obtained in 43% yield. This compound 

then underwent condensation reaction with 4-methoxybenzaldehyde in the presence of 

piperidine to give the distyryl BODIPY 6.2 in 28% yield. Both 6.1 and 6.2 were then 

treated with the commercially available boron(III) subphthalocyanine chloride (6.3) in 
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the presence of pyridine in toluene to afford the substituted products 6.4 and 6.5， 

respectively. The yields of these products are relatively low probably due to the low 

reactivity of the BODIPY-appended phenols 6.1 and 6.2. Both conjugates possess 

good solubility in common organic solvents and could be purified readily by column 

chromatography followed by size exclusion chromatography and recrystallization. 

Scheme 6.1. Synthesis of conjugates 6.4 and 6.5. 

All of the new BODIPY derivatives 6.2, 6.4, and 6.5 were characterized with 

various spectroscopic methods and X-ray diffraction analyses. The 'H NMR signals 

for the meso-p-phenylene protons of 6.4 and 6.5 are significantly upficld-shifted 

compared with those of their respective precursors 6.1 and 6.2 (both by 0.5 and 1.4 
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ppm for the two doublets), as a result of the shielding effect by the subphthalocyanine 

ring current. The high-resolution ESI mass spcclrum of 6.5 showed two major 

envelopes peaking at m/z 970 and 951, which are due to the ions ( M p and (M -

respectively. The isotopic distribution was in good agreement with the simulated 

pattern as shown in Figure 6.2. Accurate mass measurcmenis also gave very 

satisfactory results. 

八 - KJ k y K / A. 
•uo 

Figure 6.2. The enlarged high-resolution ESI mass spectrum of 6.5 showing the 
[M]^ ion peak. The inset shows the simulated isotopic pattern. 

Single crystals of all these compounds were grown by layering hexane onto their 

CH2CI2 solutions. The distyryl BODIPY 6.2 crystallizes in the monoclinic system 

with a Cc space group. Its molecular structure (Figure 6.3) shows typical structural 

features of BODIPYs'^ with two extended styryl groups. The 
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subphthalocyanine-BODIPY dyad 6.4 crystalli/.cs with a water molecule in the 

monoclinic system with a P2i/c space group, while the dyad 6.5 crystallizes in the 

triclinic system with a Pi(har) space group containing a CH2CI2 solvent molecule. Their 

molecular structures are shown in Figures 6.4 and 6.5, which clearly show that the 

cone-shaped subphthalocyanine unit is axially bound to BODIPY 6.1 or 6.2 via the 

phenoxy group. The B-O bond distances [1.435(5) and 1.440(8) A for 6.4 and 6.5, 

respectively] and the average B-N bond distances of the subphthalocyanine corc are 

very similar with those in the subphthalocyanine analogue having an axial 

4-(3,6-dioxaheptoxy)phenoxy g roup�1.440(4 ) and 1.496(5) A, respectively).'^ The 

structural parameters of 6.2 arc not significantly changed upon conjugation to the 

subphthalocyanine unit. 

Figure 6.3. Molecular structure of 6.2 showing the 30% probability thermal 
ellipsoids for all non-hydrogen atoms. 
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Figure 6.4. Molecular structure of 6.4 showing the 30% probability thermal 
ellipsoids for all non-hydrogen atoms. 

Figure 6.5. Molecular structure of 6.5 showing the 30% probability thermal 
ellipsoids for all non-hydrogen atoms. 
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6.2.2 Electronic Absorption and Photophysical Properties 
Figure 6.6 shows the normalized absorption spectra of the dyad 6.4, BODIPY 6.1’ 

and the subphthalocyanine with an axial 4-methanoylphcnoxy group (compound 6.6), 

which was prepared by the substitution reaction of 6.3 with 4-hydroxyben/aldchyde 

(Scheme 6.2).'^ The latter two compounds were used as the references. The dyad 6.4 

shows two major absorption bands at 502 and 563 nm, which arc virtually unshifted 

compared with those of 6.1 and 6.6. Similarly, the electronic absorption spectrum of 

the dyad 6.5 is essentially the same as the sum of the spccira of the two refcrcncc 

compounds 6.2 and 6.6 (Figure 6.7). These observations indicate that the two 

chromophores in 6.4 and 6.5 do not have significant ground-slate interactions. 
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Scheme 6.2. Synthesis of subphthalocyanine 6.6 as a reference compound. 
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Figure 6.6. Normalized absorption spectra of compounds 6.1, 6.4，and 6.6 in 
toluene. The spectra of 6.1 and 6.4 were normalized at 502 nm, while those of 6.4 and 
6.6 were normalized at 563 nm. 
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Figure 6.7. Normalized absorption spectra of compounds 6.2, 6.5，and 6.6 in 
toluene. The spectra of 6.5 and 6.6 were normalized at 563 nm, while those of 6.2 and 
6.5 were normalized at 647 nm. 
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Figure 6.8. Overlap between the fluorescence spectrum of BODIPY 6.1 (——)and 
the absorption spectrum of subphthalocyanine 6.6 (---) in toluene. 
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ElTicienl energy transfer via a I-orsler mechanism requires a good spectral 

overlap between the energy donor (D) emission and the energy acceptor (A) 
I R 

absorption. BODIPY-subphthalocyaninc and subphthalocyanine-distyryl BODIPY 

are excellent donor-acceptor pairs which fulfill this requirement. This can be clearly 

seen in Figure 6.8 showing the overlap between the fluorescence spectrum of 

BODIPY 6.1 and the absorption spectrum of subphthalocyanine 6.6, and Figure 6.9 

showing the fluorescencc spectrum of subphthalocyanine 6.6 and the absorption 

spectrum of dislyryl BODIPY 6.2. As a result, it is cxpected that both the dyads 6.4 

and 6.5 should exhibit an efficient through-space energy transfer. 
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Figure 6.9. Overlap between the fluorescence spectrum of subphthalocyanine 6.6 
(—)and the absorption spectrum of distyryl BODIPY 6.2 (---) in toluene. 

The energy transfer process of 6.4 and 6.5 in toluene was studied by steady-state 

'and time-resolved fluorescence spectroscopy. Table 6.1 compiles the fluorescence as 

well as the electronic absorption data of these dyads and the reference compounds in 

toluene. As shown in Figure 6.10, excitation of BODIPY 6.1 at 470 nm gives a strong 

fluorescence emission at 514 nm. However, this signal virtually cannot be seen upon 

excitation of the dyad 6.4 at the same position. Instead, an emission at 570 nm appears, 

which is due to the subphthalocyanine unit of 6.4. The intensity is stronger than that 

caused by 6.6 at a similar concentration (Figure 6.10). These observations indicate the 

presence of an efficient singlet-singlet energy transfer process in 6.4，from the excited 

BODIPY part to the subphthalocyanine unit. This was confirmed by the excitation 

spectrum monitored at 570 nm, which resembles the absorption spectrum of 6.4 
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(Figure 6.11). In toluene, both the reference compounds 6.1 and 6.6 revealed 

monoexponential decay. The calculated lifetimes were found to be 4.26 and 2.31 

respectively (Table 6.1). In the dyad 6.4, the monoexponential decay of the excited 

BODIPY moiety was very fast (xp < 50 ps). This decay is due to the energy transfer 

process. The fluorescence quantum yield ( O f ) of 6.1 in toluene is 0.94，while that of 

the BODIPY part of 6.4 is greatly reduced to 0.015 (Table 6.1). According to the 

equation: O e n t = 1 - ^F(dyad)/ ^F(donor),'^ where Oen t is the energy transfer quantum 

yield, OF(dyad) and (I>F(donor) are the fluorescence quantum yields of the dyad (the donor 

part) and the donor without connecting to the acceptor, respectively, the value of Oen t 

was estimated to be 0.98，showing that this is a very efficient process in 6.4. 

Table 6.1. Absorption and fluorescence data for the dyads 6.4 and 6.5，and the 
reference compounds 6.1, 6.2, and 6.6 in toluene. 
Compound A ,niax /nm(log E) ^cm/ nm t f / ns 
6.4 502 (5.06)’ 563 (4.96) 570b 0.015 ' 2 .4产 

6.5 562 (5.02)，645 (5.10) 6 5 3 f 0.013 ' 0.06' , 4.(Bd 
6.1 503 (4.99) 5 1 4 b 0.94 4.26 
6.2 647 (5.11) 6 5 3 ^ 0.73 3.90 
6.6 564 (4.99) 5 7 1 ^ 0.75 2.31 

Using N，A^-di-n-hexyl-1,7-bis(4-/m-butylphenoxy)-3,4,9,10-perylenetetracarboxylic 
diimide in CHCI3 as the reference (cI>f = 1). ^ Excited at 470 n m . � 
part, d Due to the acceptor part, e The lifetime for the donor part 
determined. ^ Excited at 515 nm. 

Due to the donor 
is too short to be 
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Figure 6.11. Normalized (at 563 nm) absorption (—) and excitation (---) (monitored 
at 570 nm) spectra of 6.4 in toluene. 
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Figure 6.10. Fluorescence spectra of 6.1, 6.4, and 6.6 (in toluene) at equal 
absorbance at 470 nm for 6.1 and 6.4, and at 563 nm for 6.4 and 6.6. All of the 
compounds were excited at 470 nm. 
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For the dyad 6.5, similar results were obtained, but the energy donor is now 

switched to the subphthalocyanine unit. As shown in Figure 6.12, excitation of 6.5 at 

515 nm only shows a very weak emission at ca. 570 nm assignable to the 

subphthalocyanine emission，together with a rather strong emission at 653 nm, which 

is due to the distyryl BODIPY moiety. The excitation spectrum of 6.5 monitored at 

653 nm also resembles its absorption spectrum (Figure 6.13). In toluene, the 

subphthalocyanine part in 6.5 revealed monoexponential decay, which is attributed to 

the energy transfer process. Its fluorescence lifetime (0.06 ns) is much shorter than 

that of 6.6 (2.31 ns), showing the presence of a very efTicient competition pathway. By 

the value of Oknt was also found to be 0.98. Hence, photo-induced singlet-singlet 

energy transfer is also a very efficient process for this dyad. 
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Figure 6.12. 
absorbance at 

Fluorescence spectra of 6.2，6.5, and 6.6 (in toluene) at equal 
515 nm for 6.5 and 6.6, and at 647 nm for 6.2 and 6.5. All of the 

compounds were excited at 515 nm. 
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Figure 6.13. Normalized (at 647 nm) absorption (—) and excitation (---) (monitored 
at 653 nm) spectra of 6.5 in toluene. 

6.3 Conclusion 
In conclusion，I have synthesized and characterized two novel conjugates of 

subphthalocyanines and BODIPY derivatives. Due to the good spectral overlap 

between the energy donor emission and the energy acceptor absorption, these dyads 

exhibit a highly efficient photoinduced energy transfer process with an energy transfer 

quantum yield of 98%. -

6.4 Experimental section 
6.4.1 General 

The general procedure for solvent purification and details for instrumental 

analysis have been described in Section 2.4.1. 
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6.4.2 Photophysical Studies 

The fluorescence quantum yields were determined by Using 

A^AT-Di-n-hexyl-1,7-bis(4-/er/-butylphenoxy)-3,4,9,10-perylenetetracarboxylic 

diimidc in CHCI3 as the reference [OF(rc0 二 l l^o ' rhe fluorescence lifetimes were 

measured with a multifrequency phase modulation method with a scattering sample as 

standard. 

6.4.3 Synthesis 

Phenol-containing BODIPY 6.1. To a solution of 4-hydroxybenzaldehyde (0.37 

g, 3.0 mmol) and 2,4-dimethylpyrrole (0.63 g, 6.6 mmol) in THF (90 mL) was added 

several drops of trifluoroacetic acid. The mixture was stirred at ambient temperature 

overnight，then a solution of 2,3-dichloro-5,6-dicyano-/7-benzoquinone (0.68 g, 3.0 

mmol) in THF (120 mL) was added. The mixture was stirred continuously for another 

4 h. After the addition of triethylamine (18 mL, 0.13 mol), B F r O E t ! (18 mL, 0.15 mol) 

was added dropwise to the mixture, which was cooled in an ice-water bath. The 

mixture was kept stirring at ambient temperature overnight, then filtered through a 

celite pad. The residue was washed with CH2CI2 (ca. 50 mL), then the combined 

filtrate was rotary evaporated to dryness. The residue was redissolved in CH2CI2 (100 

mL) and the solution was washed with 5% aqueous NaHCCh solution (100 mL) 

followed with water (100 mL x 2). The organic portion was dried over anhydrous 

MgS04, then evaporated in vacuo. The crude product was purified by silica gel 

column chromatography using CH2CI2 as the eluent to give 6.1 as an orange-yellow 
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solid (0.44 g，430/0). 'H N M R (300 MHz, CDCI3)： 8 7.13 (d, J = 8.4 Hz, 2 H, ArH), 

6.95 (d, J = 8.4 Hz，2 H, ArH), 5.98 (s, 2 H, pyrrole-H), 5.12 (s’ 1 H’ OH)’ 2.55 (s, 6 

H，CH3)，1.45 (s, 6 H , CH3)； ' ^ C { ' H } N M R ( 7 5 . 4 M H z , CDCl3) :5 156 .3 , 155 .3 , 143 .2 , 

141.8，131.8’ 129.4, 127.1, 121.1, 116.1, 14.5 (two overlapping signals). 

Distyryl B O D I P Y 6.2. A mixture of the phenol-containing BODIPY 6.1 (0.34 g, 

1 0 mmol), 4-methoxybenzaldehyde (0.33 g, 2.4 mmol), glacial acetic acid (2.0 mL, 

34.9 mmol), piperidine (2.4 mL, 24.3 mmol), and a small amount of Mg(C104)2 in 

toluene (60 mL) was refluxed for 24 h. The water formed during the reaction was 

removed azeotropically with a Dean-Stark apparatus. The mixture was concentrated 

under reduced pressure, then the residue was purified by silica gel column 

•-chromatography using ethyl acetate/hexane (1:2 v/v) as the eluent. The blue cotored 

fraction was collected and rotary evaporated to yield the desired product 6.2 (0.16 g, 

28%). 'H NMR (300 MHz, CDCI3)： 5 7.61 (d, J= 16.2 Hz, 2 H，CH=CH)’ 7.58 (d, J 

= 8 . 7 Hz, 4 H, ArH), 7.21 (d, 二 16.2 Hz, 2 H，CH=CH), 7.18 (d, J = 8.7 Hz, 2 H, 

ArH), 6.96 (d, J = 8.7 Hz, 2 H, ArH), 6.93 (d，J = 8.7 Hz, 4 H, ArH), 6.61 (s, 2 H, 

pyrrole-H), 5.14 (s, 1 H, OH), 3.86 (s, 6 H, OCH3), 1.51 (s, 6 H, CH3)； " C ^ H } NMR 

(75.4 MHz, CDCI3): 6 160.3’ 156.3’ 152.6’ 141.8, 138.1，135.6, 133.5, 129.9, 129.6， 

129.0, 127.4’ 117.4，117.2, 116.0，114.2, -55.4, 14.8; MS (ESI): isotopic clusters 

peaking at miz 542 {100%, [M - F - CH3I+}，557 {43%, [M - F]+}，and 599 {62%, 

[M + Na]+}; HRMS (ESI): m/z calcd for CBsHsiBFjNjNaOB [M + Na]+: 599.2288, 

found 599.2290. Anal. Calcd for C35H31BF2N2O3： C, 72.93; H, 5.42; N, 4.86. Found: • * 

C, 73.64; H, 5.51; N, 4.93. 
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Subphtha locyanine-BODIPY conjugate 6.4. A mixture of the phenol-containing 

BODIPY 6.1 (136 mg, 0.4 mmol), boron(III) subphthalocyanine chloride ( 6 3 ) (-90%, 

96 mg, 0‘2 mmol), and pyridine (0.5 mL, 6.2 mmol) in toluene (15 mL) was heated 

under reflux for 48 h. The mixture was then rotary evaporated to dryness. The residue 

was chromatographed on a silica gel column using CH2CI2 as the eluent until the 

orange band containing the unreacted compound 6.1 had been eluted out. The eluent 

was then changed to CFhClj/methanol (100:1 v/v) to develop a red band, which was 

collected and evaporated in vacuo. The crude product was further purified by size 

exclusion chromatography using THF as the eluent, followed by recrystallization from 

a mixture of CH2CI2 and hexanc to give dyad 6.4 as a red solid (35 mg, 24%). 'H 

NMR (300 MHz, CDCI3)： 5 8.85-8.88 (m, 6 H, SubPc-H„), 7.92-7.95 (m, 6 II， 

SubPc-Hp), 6.64 (d, J= 8.1 Hz, 2 H，ArH), 5.91 (s, 2 H, pyrrole-H), 5.55 (d, 7 = 8.1 

Hz, 2 H， ArH)’ 2.50 (s, 6 H， CH3), 1.18 (s, 6 H, CH3); '^C{'H} NMR 

(75.4 MHz, CDCI3)： 6 155.1, 153.5, 151.1, 143.1，141.6，131.5, 130.9, 129.9, 128.4， 

122.2, 121.0, 120.8, 14.5, 14.3 (two of the signals are overlapped); MS (ESI): isotopic 

clusters peaking at m/z 735 {100%, [M + H]^} and 715 {77%, [M - F] '}; HRMS 

(ESI): m/z calcd for C43H31B2F2N8O [M + H]' : 735.2770, found 735.2773. Anal. 

Calcd for C43H30B2F2N8O: C, 70.33; H, 4.12; N, 15.26. Found: C, 70.25; H, 4.75; N, 

15.05. 

Subphthalocyanine-BODIPY conjugate 6.5. According to the above procedure, 

subphthalocyanine 6.3 (90%, 68 mg, 0.14 mmol) was treated with the distyryl 

BODIPY 6.2 (161 mg, 0.28 mmol) to give conjugate 6.5 as a purple solid (30 mg, 
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22%). 'H NMR (300 MHz, CDCI3): 5 8.84-8.88 (m, 6 H, SubPc-H„), 7.91-7.95 (m, 6 

H，SubPc-Hp), 7.53-7.60 (m, 6 H, ArH + CH=CH)，7.17 (d, J = 16.2 Hz, 2 H, 

CH=CH), 6.91 (d , - J= 8.7 Hz, 4 H, ArH), 6.69 ( d , 7 = 8.4 Hz, 2 H, ArH), 6.55 (s, 2 H, 

pyrrole-H), 5.57 (d, J = 8.4 Hz, 2 H, ArH), 3.84 (s, 6 H, OCH3), 1.24 (s, 6 H, CH3); 

丨3C{丨H} NMR (75.4 MHz, CDCI3): 5 160.3, 153.5, 152.5，151.1, 141.8, 138.1, 135.5, 
I 

133.2, 131.0, 129.9, 129.6, 129.0，128.7, 122.3, 120.7，117.3，114.2, 55.4, 14.6 (some 

of the signals are overlapped); MS (ESI): isotopic clusters peaking at m/z 970 {100%, 

[M]'} and 951 {31%, [M — F]+}; HRMS (ESI): m/z calcd for C59H42B2F2N8O3 |M] ' : 

970.3529, found 970.3534. Anal. Calcd for C59 5H43B2CIF2N8O3 (I-O.SCHjCb)： C, 

70.54; H, 4.28; N, 11.06. Found: C, 70.33; H，4.59; N, 10.70. 

Subphthalocyanine 6.6. A mixture of subphthalocyanine 6.3 (90%, 144 mg, 0.3 

mmol) and 4-hydroxybenzaldehyde (184 mg, 1.5 mmol) in toluene (3 mL) was 

refluxed overnight. After a brief cooling, the mixture was evaporated. The residue was 

washed with methanol/water (4:1 v/v)，then chromatographed on a silica gel column 

using dichloromelhane/hexane (1:2 v/v) as eluent. The product was isolated as a red 

solid (139 mg, 90%). 'H NMR (300 MHz, CDCI3)： 5 9.62 (s, 1 H, CHO), 8.86-8.89 

(m，6 H, Pc-Ha), 7.92-7.95 (m, 6 H, Pc-Hp), 7.31 (d, 8.4 Hz, 2 H, ArH), 5.45 (d, J 

= 8 . 4 Hz, 2 H, ArH) ; ' ^C{ 'H} N M R (75.4 M H z , CDCI3)： 6 190.7, 158.6, 151.4，131.3， 

130.9’ 130.0, 122.3, 118.9; MS (ESI): isotopic clusters peaking at m/z 412 {100%, [M 

—PhCHO + H]+}’ 395 {44%，[M — OPhCHO]+}’ and 539 {21%, |M + Na] '} ; HRMS 

(ESI): miz calcd for Cj iHnBNftNaOj (M + Na] ' : 539.1398, found 539.1410. 
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6.4.4 X-ray Crystallographic Analysis of 6.2, 6.4 H2O, and 6.5 CH2CI2. 

Crystal data and details of data collection and structure refinement are given in 

Table 6.2. Data were collected on a Bruker SMART CCD difTractometer with an 

MoKa sealed tube (X = 0.71073 人）at 293 K, using a co scan mode with an increment 

of 0.3°. Preliminary unit cell parameters were obtained from 45 frames. Final unit cell 

parameters were obtained by global refinements of reflections obtained from 

integration of all the frame data. The collected frames were integrated using the 

preliminary cell-orientation matrix. SMART software was used for collecting frames 

of data, indexing reflections and determination of lattice constants; SAINT-PLUS for 

integration of intensity of reflections and scaling;^' SADABS for absorption 

and SHHLXL for space group and structure correct ion;�� determination, refinements, 

graphics and structure reporting.!� 
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Table 6.2. Crystallographic data for 6.2，6.4.H2O，and 6.5 CH2CI2. 
6.2 6.4.H2O 6.5CH2CI2 

formula C35H31BF2N2O3 C43H,2B2F2N802 Q0H44B2CI2F2N8O, 
Mr 576.43 752.39 1055.55 
crystal size [mm^J 0.40 X 0.30 X 0.20 0.30 X 0.20 X 0.20 0.50 乂 0.40 X 0.30 
crystal system monoclinic monoclinic triclinic 
space group Cc P2,/c P|(bar) 

a [A� 13.149(2) 23.538(3) 12.271(4) 

MA] 14.113(2) 12.339(1) 14.939(5) 
c lA] 16.121(3) 12.841(2) 16.667(6) 

90 90 65.534(6) 

m 94.354(3) 104.603(3) 70.060(6) 

rn 90 90 86.605(6) 

7 

2982.9(8) 
A 

3608.9(7) 
A 

2602.3(15) 
9 

厂（000) 1 2 0 8 1560 1092 

Pcaicd 丨 mg m 1.284 1.385 1.347 

fi [mm '] 0.090 0.094 0.188 

range [ � ] 2.12 to 28.05 0.89 to 28.03 1.43 to 25.00 

reflections collected 10051 24264 14197 

independent 5738 (R.n, = 0.0406) 8717 (R.„, = 0.0855) 9131 (R…,=0.0478) 
reflections 

parameters 388 514 694 

/?! [I>2a(I)] 0.0449 0.0592 0.1017 

vjR2[I>2a(I)] 0.1060 0.1500 0.2936 
goodness of fit 0.995 0.999 1.026 
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t Chapter 7 

Switching the Photo-induced Energy and Electron Transfer 
Processes in BODIPY-Phtharocyanine Conjugates 

7.1 Introduction 
Development of bioinspired artificial photosynthet ic systems is of much 

current interest. ' It involves careful selection of photo and redox-act ive building 

blocks arfknged in an appropriate manner to mimic the primary events of natural 

photosynthesis, including light harvesting, photo-induced multi-step electron 

transfer and catalysis. The studies are important not only for the photochemical 

conversion of solar energy into f u e l s / but also for the construct ion of various 

optoelectronic dev ices .� 

‘ Phthalocyanines"^ and boron dipyrromelhenes (BODIPYs)^ are two versatile 

classes of functional dyes. The former are structural analogues of natural 

porphyrins, showing strong absorptions in the UV-Vis region (at ca. 350 and 670 

nm), and desirable photochemical and photophysical properties. BODIPYs also 

exhibit large extinction coeff ic ients (at ca. 500 nm), high fluorescence quantum 

yields, reasonably long exci ted singlet-state l ifet imes, and good solubility and 

stability in many solvent systems. The absorption and emission properties of these 

compounds can also be tuned readily through chemical modif icat ion of the 

BODIPY core. As^ a result, these two classes of compounds are excellent 
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candidates for the aforement ioned applications.^ Conjugat ion of these compounds 

can extend the absorpt ion region well covering the solar spectrum, and combine 

the advantageous characterist ics of individual components . We therefore initiated a 

study on the mixed arrays of phthalocyanines and BODIPYs. In this Chapter , we 

report the preparat ion and photophysical properties of two novel si l icon(IV) 

phthalocyanines substituted axially with two BODIPY or mono-styryl BODIPY 

moieties. Depending on the axial substituents, these conjugates exhibit 

predominant ly a photo- induced energy or electron transfer process in toluene 

(Figure 7.1). While a substantial number of conjugates of these functional dyes 

with other photo and redox-act ive units such as porphyrins, ful lerenes, carotenoids， 

anthraquinones , perylenedi imides, and ruthenium polypyridine complexes have 

been studied ex tens ive ly / ' ^ to our knowledge, mixed BODIPY-phtha locyanine 

arrays have not been reported so far. 

-OM* 

Figure 7.1. Photo-induced energy 
BODIPY-phtha locyanine conjugates . 

184! 

electron transfer process in 



Ph. D. Thesis - Man- Yong Liu 

.2 Results and Disscusion 
Preparation and Characterization 

Scheme 7.1 shows the synthetic route to one of the target conjugates. 

Treatment of the BODIPY-appended phenol 6.1^ with the commercial ly available 

silicon(IV) phthalocyanine dichloride (SiPcCh) (7 .1) in the presence of pyridine 

gave the b is (BODIPY) substituted phthalocyanine in 34% yield. The 

mono-styryl BODIPY analogue 7.5 was synthesized in a similar manner using 

phenol 7 .4 as a starting material, which was prepared by Knoevenagel 

condensation of 6.1 with 3,4,5-tr imethoxybenzaldehyde (7.3) (Scheme 7.2) 
• , g 

according to a previously described procedure. 

6.1 

Scheme 7.1. Synthesis of bis(BODIPY) substituted phthalocyanine 7.2. 
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Scheme 2. Synthesis of bis(mono-styryl BODIPY) substituted phthalocyanine 7.5. 

All the new compounds were fully characterized with various spectroscopic 

methods. For BODIPY-phthalocyanine 7.2, the NMR signals for the /7-phenylene 

protons appeared as two doublets at 6 5.50 and 2.60, which are significantly shifted 

upfield compared with those of 6.1 (8 7.05 and 6.87)9 ^^^ the phthalocyanine ring 

current. A similar upfield shift was also observed for 7.5 [from 5 7.16 and 6.97 (for 

7.4) to 6 5.53 and 2.63 (for 7.5) respectively]. The results provided a strong evidence 

of axial coordination of phthalocyanine with these BODIPY moieties. The 

experimental details including full characterization data are given in Experimental 

Section. 
4： 
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Figure 7.2 shows the high resolution ESI mass spectrum of 7.5. The isotopic 

clusters peaking at m/z 1057 and 1598 are due to [M - (mono-styryl BODIPY)] ' and 

[M + Na]+ species, respectively. As shown in the inset, the isotopic pattern of these 

signals is in good agreement with the simulated pattern. 

ML i 43E4 

l(h ‘ "12 
1021 11086 ” 02 I5J9 
I , 上 1 , ' y i i � * i’ yTi 丄 

II 

, 1tl9 1B90 t9： 

Figure 7.2. ESI-Mass spectrum of compound 7.5. The insert shows the enlarged 
spectrum in the [M - (mono-styryl BODIPY)] and molecular ion region and the 
corresponding simulated isotopic pattern. 

7.2.2 Electronic Absorption and Photophysical Properties 

Figure 7.3 shows the normalized absorption spectra of the triad 7.2 together 

with the reference compounds 6.1 and S i P c C O Q H d C O a C H ) �( 7 . 7 ) , which was 

prepared by treating S iPcCb (7.1) with methyl 4-hydroxybenzoate (7.6) in the 

presence of pyridine (Scheme 7.3). In toluene, the triad 7.2 showed two major 

absorption bands at 502 and 683 nm, which were virtually unshifted compared 
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with those of 6.1 and 7.7. Similarly, the electronic absorption spectrum of the 

mono-styryl analogue 7.5 was essentially the same as the sum of the spectra of the 

two reference compounds 7.4 and 7.7 (Figure 7.4). These observations indicated 

that the chromophoric components in 7.2 and 7.5 do not have significant 

ground-state interactions. 

Scheme 7.3. Synthesis of phthalocyanine 7.7 as a reference compound. 

n o M •O 

0 0 

300 400 500 600 
Wavelength (nm) 

700 

Figure 7.3. Normalized absorption spectra of 6.1, 7.2, and 7.7 in toluene. The 
spectra of 6.1 and 7.2 were normalized at 502 nm, while those of 7.2 and 7.7 were 
normalized at 683 nm. 
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Figure 7.4. Normalized absorption spectra of 7.4, 7.5, and 7.7 in toluene. The 
spectra of 7.4 and 7.5 were normalized at 573 nm, while those of 7.5 and 7.7 were 
normalized at 683 nm. 

The steady-state fluorescence spectra of compounds 6. and 7.7 in 

toluene are shown in Figure 7.5. Upon excitation at 480 nm, where only the 

BODIPY moieties have an absorption, the triad 7.2 gave an emission band at 687 

nm due to the phthalocyanine core. The BODIPY emission at ca. 510 nm (as 

shown in the spectrum of 6.1) was not observed. Excitation of the reference 

compound 7.7 at the same position did not give the emission band at 687 nm. 

These observations clearly indicated the occurrence of an efficient photo-induced 

energy transfer from the excited BODIPY units to the phthalocyanine core in 7.2. 

This was corroborated with the much larger Forster radius Rq calculated (33 A) 

compared with the estimated center-to-center distance between the donor and 

acceptor (6 人，by HyperChem 5.0 programme package). 
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Figure 7.5. Fluorescence spectra of 6.1, 7.2, and 7.7 in toluene at equal absorbance 
at 480 nm for 6.1 and 7.2, and at 683 nm for 7.2 and 7.7. All of the compounds were 
excited at 480 nm. 

The excitation spectrum of 7.2 was also recorded by monitoring the 

phthalocyanine emission at 687 nm. As shown in Figure 7.6，the spectrum closely 

resembled the absorption spectrum. The corresponding spectra for 7.7 and an 

equimolar mixture of 6.1 and 7.7 showed only the band due to phthalocyanine at ca. 

680 nm, but not the band attributable to BODIPY at ca. 500 nm. These results 

provided further evidence for the energy transfer process in 7.2. By comparing the 

normalized absorption and excitation spectra at the BODIPY region (430-540 nm), 

the energy transfer quantum yield (Ohnt) was estimated to be 57%. 
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Figure 7.6. Normalized (at 613 nm) absorption (—) and excitation (—) (monitored 
at 687 nm) spectra of 7.2 in toluene. 

The energy transfer process was also studied by time-resolved fluorescence 

spectroscopy. In toluene, the singlet excited states of both the reference 

compounds 6.1 and 7.7 decayed mono-exponentially with a lifetime of 3.03 土 

0.01 and 5.07 土 0.01 ns respectively. For the triad 7.2，upon BODIPY-part 

excitation, the fluorescence decay of phthalocyanine was detected, which also 

followed a mono-exponential manner with a lifetime of 5.20 土 0.01 ns. The value 

is very close to that of 7.7. In fact, upon direct excitation of the phthalocyanine 

core of 7.2 at 615 nm, a strong emission band at 686 nm was also observed, of 

which the intensity (Figure I J ) and lifetime (5.20 土 0.01 ns) were virtually the 

same as those of 7.7. The results suggested that electron transfer was not taken 

place to quench the excited phthalocyanine in 7.2. However, it was noted that 
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Figure 7.7. Fluorescence spectra of 7.2 (—) and 7.7 (---) at equal absorbance at 615 
nm in toluene (入cx = 615 nm). 

Having two extended mono-styryl BODIPY substituenls, the triad 7.5 

behaved remarkably different. Table 7.1 summarizes the absorption and 

fluorescence data for 7.2，7.5, and all the reference compounds. It was found that 

upon excitation of the mono-styryl BODIPY moieties in 7.5 at 530 nm, the 

BODIPY emission at ca. 580 nm was greatly reduced compared with that for 7.4 

(Figure 7.8). The fluorescence quantum yield dropped from 0.78 (for 7.4) to 0.003 
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when the BODIPY moieties were excited, the fluorescence quantum yield (Op) of 

the phthalocyanine emission was significantly lower than that obtained by direct 
t 

excitation of the phthalocyanine core fOj. = 0.35 v.v. 0.60 with reference to 

me5o-tetraphenylporphyrin (H2TPP) in DMF (Op = 0.1 1 T h u s , in addition to 

energy transfer, electron transfer is also a plausible pathway to quench the excited 

BODIPY in 7.2. 

0 

0 

0 
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(for 7.5) [with reference to rhodamine 6G in elhanol (O = 0.95)].丨丨^ A very weak 

emission band at 686 nm due to the phthalocyanine core was also observed, which 

was stronger than that of 7.7 being excited at the same position. These results 

showed that excitation energy transfer occurred from the initially excited 

mono-styryl BODIPY moieties to the phthalocyanine core in 7.5, but the 

fluorescence emission was largely quenched probably by an efficient electron 

transfer process. 

Table 7.1. Absorp t ion and fluorescence data for the triads 7.2 and 7.5，and the reference compounds 
6.1, 7.4. and 7.7 in toluene. 
Compd ^ m « ( n m ) ( l o g e ) Km (nm) cV Compd ^ m « ( n m ) ( l o g e ) 

BODIPY-part 

excitation 

Pc-part 
excitation 

BODIPY-part 
excitation 

Pc-part 
excitation 

7.2 356 (5.00), 502 (5.31), 683 (5.44) 687" 687 0 .35 ' 0.60 

7.5 355 (5.05), 571 (5.40)，683 (5.37) 588 /686 ' ' 686 0 .003, ' 0.002" 0.003 

6.1 503 (4.99) 512 — 0.55 — 

7.4 573 (5.08) 583 — 0.78 

7.7 357 (4.87). 683 (5.37) — 688 — 0.60 

‘Wi th reference to rhodamine 110 in ethanol (Op = 0 .94)" ' ' (for BODIPY-part emission of 6.1 and 7.2), 
rhodamine 6G in ethanol ( 0 ^ = 0 . 9 5 ) " ' (for BODIPY-part emission of 7 .4 and 7.5) or H jTPP in DMF ( O p : 
0 1 ( f o r Pc-part emission) ^ Pc-part emission ’ BODIPY-part emission 
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Figure 7.8. Fluorescence spectra of 7.4, 7.5, and 7.7 in toluene at equal absorbance 
at 530 nm for 7.4 and 7.5，and at 683 nm for 7.5 and 7.7. All of the compounds were 
excited at 530 nm. The inset shows the enlarged spectra of 7.5 and 7.7. 

In fact，upon excitation of the phthalocyanine core in 7.5 at 615 nm, its 

fluorescence (at 686 nm) was also greatly reduced compared with that of 7.7 

(Figure 7.9)，and the fluorescence quantum yield decreased f rom 0.60 (for 7.7) to 

0.003 (for 7.5) (Table 7.1). Base on the absorption positions，the energies of S|—So 

transition for the phthalocyanine part and So—S! transition for the mono-styryl 

BODIPY part of 6 were est imated to be 1.81 and 2.16 eV respectively. So 

photo-induced excitation energy transfer f rom the initially excited phthalocyanine 

to the mono-styryl BODIPY unit is energetically unfavorable , the quenching 

should be mainly due to an electron t ransfer process. 
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Figure 7.9. Fluorescence spectra of 7.5 (—) and 7.7 (…）at equal absorbance at 
615 nm in toluene (Xcx = 615 nm). 

The transient absorption spectra of 7.5 in toluene were also recorded with 

excitation at 530 (for the BODIPY-part) and 615 nm (for the Pc-part) (Figure 7.10). 

Both spectra were very similar showing a strong ground-state bleaching of the 

phthalocyanine and mono-styryl BODIPY bands at ca. 680 and 570 nm 

respectively. In addition, a new band at ca. 580 nm appeared, which can be 

attributed to the phthalocyanine radical a n i o n . T h i s characteristic signal was not 

observed in the transient absorption spectra of the reference compounds 7.4 and 

7.7, These observations supported that the quenching of Pc-part fluorescence was 

due to a photo-induced electron-transfer process in which the phthalocyanine 

serves as an acceptor. 
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Figure 7.10. Transient absorption spectra of 7.5 in toluene at different delay times. 
The excitation was made at (a) 530 nm and (b) 615 nm. 
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The electrochemical properties of the reference compounds 6.1, 7.4, and 7.7 

were studied by cyclic vol tammetry and differential pulse vol tammetry in DMF. 

They exhibited the first (quasi-reversible) reduction at -1.21，-1.05, and -0.57 V 

and the first (irreversible) oxidation at 1.05, 0.88，and 1.06 V (all saturated 

calomel electrode) respectively. The conjugates 7.2 and 7.5 had limited solubility 

in DMF. Hence their electrochemical data were not measured. By using the 

electrochemical data and the Rehm-Weller equa t ion ' ^ 

二 )- EI^AA/A-)1 -
4 穴 eoE,尺 ox 87IE( e. 

the free energy change (AG°) of charge-separation in 7.5 was est imated to be -0.40 

eV for BODIPY-par t excitation and -0.05 eV for Pc-part excitation. The negative 

values showed that electron transfer is thermodynamical ly favorable when either 

the mono-styryl BODIPY or phthalocyanine part in 7.5 is excited. The l ifet ime of 

the charge-separated state was also determined to be 1.7 土 0.1 ns. 

7.3 Conclusion 

In conclusion, I have prepared two novel BODIPY-phtha locyanine triads 7.2 

and 7.5 and studied their photophysical properties. Upon BODIPY-par t excitation, 

both conjugates exhibit competi t ive energy and electron t ransfer processes. 

However, upon Pc-part excitation, an electron transfer process is switched off (for 

7.2) and on (for 7.5) depending on the axial substituents. 
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7.4 Experimental Section 
7.4.1 General 
‘ T h e general procedure for solvent purification and details for instrumental 

analysis have been described in Section 2.4.1. 

7.4.2 Photophysical Studies 

Steady-state fluorescence spectra were measured using a combination of a 

cw-xenon lamp (XBO 150) and a monochromator (Lot-Oriel, bandwidth 10 nm) for 

excitation and a polychromator with a cooled C C D matrix as the detector system 

(Lot-Oriel, Instaspec IV).''* Fluorescence quantum yields were determined by using 

meso-Tetraphenylporphyrin in A^,A^-dimelhylformamide (DMF) [OF(reo = 0.11]，� 

rhodamine 110 in ethanol [<I>F(rco 二 0 .94] '" ' and rhodamine 6G in ethanol [0「<比0 二 

0.95] "a as the references. Time-resolved fluorescence spectroscopic studies were 

carried out using the set-up described p r e v i o u s l y ” 

To measure transient absorption spectra, a White light continuum was generated 

as a test beam j n a cell with a D2O/H2O mixture using intense 25 ps pulses from a 

Nd3+:YAG laser (PL 2143A, Ekspla) at 1064 nm. Before passing through the sample， 

the continuum radiation was split to obtain a reference spectrum. The transmitted as 

well as the reference beams were . focused into two optical fibres and recorded 

simultaneously at different traces on a CCD-matrix (Lot-Oriel，Instaspec'lV). Tunable 

radiation from an OPG/OPA (Ekspla PG 401/SH, tuning range 200-2300 nm) pumped 

by third harmonic of the same laser was used as an excitation beam. The mechanical 
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delay line allowed the measurement of light-induced changes of the absorption 

spectrum at different delays up to 15 ns after excitation. The OD of all samples was 

1.0 at the maximum of the absorption band of lowest energy. The data were analysed 

using the compensation method.'^ 

7.4.3 Electrochemical Studies 

Electrochemical measurements were carried out with a BAS CV-50W 

voltammetric analyser. The cell comprised inlets for a platinum-sphere working 

electrode, a platinum-plate counter electrode and a silver-wire pseudo-reference 

electrode. Typically, a 0.1 M solution of [Bu4N][PF6] in DMF containing the sample 

was purged with nitrogen for 15 min, then the voltammograms were recorded at 

ambient temperature. Potentials were referenced to saturated calomel electrode (SCE) 

using ferrocene as an internal standard (E1/2 = + 0.38 V vs. SCE). 

7.4.4 Synthesis 

Bis(BODIPY) substituted phthalocyanine 7.2. A mixture of 

BODIPY-appended phenol 6.1 (102 mg, 0.30 mmol), silicon(IV) phthalocyanine 

dichloride (7.1) (92 mg, 0,15 mmol), and a small amount of pyridine (0.5 mL) in 

toluene (15 mL) was refluxed for 48 h. The mixture was evaporated to dryness under 

reduced pressure, then the residue was chromalographed using CHCI3 as the eluenl. 

The second green fraction was collected and rotary evaporated. The crude product 

was further purified by recrystallization from a mixture of CH2CI2 and hexane to give 
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a gray-green solid (62 mg, 34%). 'H N M R (300 MHz，CDCI3)： S 9.62-9.66 (m，8 H, 

Pc-Ha), 8.38-8.42 (m, 8 H, Pc-Hp), 5.70 (s, 4 H, pyrrole-H), 5.50 (d, J = 8.4 Hz，4 H, 

P-C6H4), 2.60 (d, J = 8.4 Hz, 4 H’ p-CfeMi)’ 2.34 (s, 12 H, CH3), 0.57 (s，12 H，CH3); 

"C{1H} NMR (75.4 MHz, CDCI3): S\54J, 150.1, 149.7, 142.8, 141.5，135.4, 131.5, 

131.0，127.0’ 125.6, 123.9, 120.6, 118.4’ 14.3, 14.2; MS (MALDI-TOF): several 

isotopic clusters peaking at m/z 1218 {8%, [M]+}’ 1200 {24%’ [M-F+H]^} and 880 

{100%, [M-BODIPY]^}; HRMS (MALDI-TOF): m/z calcd for C7oH52B2F4N,202Si 

[M]+: 1218.4243, found: 1218.4265. Anal. Calcd for C7oH52B2F4N,202Si: C, 68.97; H， 

4.30; N，13.79. Found: C, 68.69; H, 4.77; N’ 13.75. 

Mono-styryl BODIPY 7.4. A mixture of BODIPY-appended phenol 6.1 (0.34 g， 

1.0 mmol), 3,4,5-trimethoxybenzaldehyde (7.3) (0.20 g, 1.0 mmol) , glacial acetic acid 

(2.0 mL, 34.9 mmol), piperidine (2.4 mL, 24.3 mmol), and a small amount of 

Mg(C104)2 in toluene (60 mL) was re fluxed for 10 h. The water formed during the 

reaction was removed azeotropically with a Dean-Stark apparatus. The mixture was 

concentrated under reduced pressure, then the residue was purified by column 

chromatography using ethyl acetate/CHzCl? (1:25 v/v) as the eluent. The pink fraction 

was collected and rotary evaporated to yield the desired product 7.4 (0.12 g, 23 %). 'H 

NMR (300 MHz, CDCI3)： J 7 . 5 5 ( d , J = 16.2 Hz’ 1 H，CH=CH), 7.16 ( d , y = 8.4 Hz, 2 

H, P-C6H4), 7.15 (d, 16.2 Hz, 1 H, CH=CH), 6.97 (d, J = 8.4 Hz, 2 H, 

6.80 (s，2 H，ArH)，6.59 (s, 1 H, pyrrole-H), 6.02 (s, 1 H，pyrrole-H), 5.21 (s, 1 H, 

OH), 3.94 (s, 6 H, OCH3), 3.89 (s, 3 H，OCH3)，2.60 (s, 3 H, CH3), 1.50 (s, 3 H，CH3), 

I.47 (s，3 H’ CH3); N M R (100.6 MHz, CDCI3)： (5156.3, 155.4, 153.4’ 152.4, 
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143.0, 142.4, 140.4，139.1, 136.0, 133.2, 132.3, 129.6, 127.2,丨21.3，118.6, 117.5， 

116.1，104.6, 61.0，56.2, 14.8, 14.7, 14.6 (two of the aromatic signals are overlapped); 

HRMS (MALDI-TOF): m/z calcd for C29H29BF2N2Na04 [M+Na]": 541.2086, found: 

541.2104. 

Bis(inono-styryl B O D I P Y ) subst i tu ted ph tha locyan ine 7.5. According to the 

procedure for the preparation of 7.2, the mono-styryl BODIPY 7.4 (104 mg，0.20 

mmol) was treated with silicon(IV) phthalocyanine dichloride (7.1) (62 mg, 0.10 

mmol) to give 7.5 as a purple solid (33 mg, 21%). 'H NMR (300 MHz, CDCI3)： S 

9.64-9.67 (m，8 H, Pc-Ha), 8.39-8.43 (m, 8 H, Pc-Hp), 7.33 (d, J = 16.2 Hz, 2 H, 

CH=CH), 6.98 (d，J = 16.2 Hz, 2 H, CH=CH), 6.68 (s, 4 H, ArH), 6.31 (s, 2 H, 

pyrrole-H), 5.75 (s, 2 H, pyrrole-H), 5.53 (d, J = 8.4 Hz, 4 H, /7-C6H4), 3.87 (s, 12 H, 

OCH3), 3.84 (s，6 H, OCH3)，2.63 (d, J = 8.4 Hz，4 H, p-C^Ha), 2.39 (s, 6 H, CH3), 

0.61 (s, 6 H, CH3), 0.60 (s，6 H, CH3); '^C{'H} N M R (75.4 MHz): S 154.8, 153.3, 

151.9, 150.1，149.7, 142.6, 142.0, 140.2，139.0’ 135.6, 135.4, 132.4, 132.2, 131.5, 

127.2, 125.7, 123.9, 120.8，118.3, 116.9，104.5, 60.9, 56.2, 14.5，14.4, 14.2 (some of 

the signals are overlapped); MS (ESI): two isotopic clusters peaking at m/z 1598 

{42%, [M+Na]+} and 1057 {100%, [M- mono-styryl BODIPY]”； HRMS (ESI): m/z 

calcd for C9oH72B2F4Ni2Na08Si[M+Na]+: 1597.5380, found: 1597.5378. 

S iPc (0C6H4C02CH3)2 (7.7). According to the procedure for the preparation 

of 7.2, si l icon(IV) phthalocyanine dichloride (7.1) (61 mg, 0.10 mmol) was treated 

with methyl 4-hydroxybenzoate (7.6) (61 mg, 0.40 mmol) to give 7.7 as a blue 

solid (45 mg, 53%). 'H N M R (300 MHz，CDCI3)： ^^9.61-9.68 (m, 8 H, Pc-Ha), 
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8.37-8.42 (m，8 H，Pc-Hp), 6.30 (d, J = 7.8 Hz, 4 H, p-CeFM’ 3.43 (s, 6 H, OCH3)， 

2.45 (d, J = 7.8 Hz, 4 H, /7-C6H4)； '^C{ 'H} NMR (75.4 MHz, CDCI3): S 154.0, 

149.6, 135.3, 131.4，129.2, 123.9，120.9, 117.3’ 51.3 (the carbonyl signal was too 

weak to be observed); MS (MALDI-TOF): an isotopic cluster peaking at m/z 843 

{27%, [M+H]+}; H R M S (MALDI-TOF): miz calcd for CasHjiNgOfeSi [M+H广: 

843.2130, found: 843.2143. 
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Appendix A-1 'H NMR (CDCI3) and NMR (DMSO-d^) spectra of 
compound 2.5 
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Appendix A-2 'H NMR and '^C{'H} NMR spectra of compound 2.6 in CDCI 
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Appendix A-3 'H NMR (CDCI3 with a trace amount of pyridine-ds) and '^C{'H} 
NMR (DMSO-d6) spectra of compound 2.7 
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Appendix A-4 'H NMR (CDCI3 with a trace amount of pyridine-ds) and '^C{'H} 
NMR (DMSO-da) spectra of compound 2.8 
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Appendix A-5 'H NMR and '^C{'H} NMR spectra of compound 2.10 in C D C b 
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Appendix A-6 " H N M R and NMR spectra of compound 2.11 in CDCI3. 
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Appendix A-7 NMR (DMSO-dft) and NMR (CDCI3) spectra of 
compound 3.3a 
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Appendix A-8 'H NMR'and '^C{'H} NMR spectra of compound 3.3b in CDCI3 

SXj 
f> r^ 

V 

V ^ C N 

II H,0 TMS 

fU. 

f 
A# 

mA 

三
I
 

/
e
e
E
 



2!S S 
s
o
 9
/
 

STL 
\l 

100 

212 

PT 
Ph. D Thesis - Jian- Yong Liu 

Appendix A-9 ' H N M R and NMR spectra of compound 3.3c in CDCI3 
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Appendix A-10 'H N M R and NMR spectra of compound 3 .4a 
with a trace amount of pyridine-ds 
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Appendix A-11 NMR and NMR spectra of compound 3.4b in CDCl： 

with a trace amount of pyridine-ds 
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Appendix A-12 'H N M R and NMR spectra of compound 3.4c in CDCl： 

with a trace amount of pyridine-ds 
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Appendix A-13 'H- 'H COSY spectrum of 3.4c in CDCI3 with a trace amount of 
pyridine-ds 
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Appendix A-14 'H NMR and '^C{'H} NMR spectra of compo 
DMSO-d6 
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Appendix A-15 'H- 'H COSY spectrum of compound 3.4d in DMSO-cU 
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Appendix A-16 'H NMR and NMR spectra of compound 3.6a in CDCl： 
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Appendix A-17 NMR and '^C{'H} NMR spectra of compound 3.6b in CDCh 
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Appendix A-18 'H NMR and NMR spectra of compound 3.7a in CDCl 
with a trace amount of pyridine-ds 
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Appendix A-19 'H NMR and NMR spectra of compound 3.7b in CDCI3 
with a trace amount of pyridine-ds 
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Appendix A-20 H- H COSY spectrum of 3.7b in CDCI3 with a trace amount of 
pyridine-ds 
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Appendix A-21 'H N M R and NMR spectra of compound 4.2a in CDCI3 
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Appendix A-22 .'H N M R and '^C{'H} NMR spectra of compound 4.2b in CDCl； 
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Appendix A-23 'H N M R spectrum of compound 4.2c in 
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Appendix A-24 'H N M R and NMR spectra of compound 4.2d in CDCI3 
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Appendix A-25 'H NMR (CDCij with a trace amount of pyridine-ds) and '^C{'H} 
NMR (DMSO-d6)spectra of compound 4.3a 
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Appendix A-26 NMR and NMR spectra of compound 4.3b in CDCI3 

with a trace amount of pyridine-ds 
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Appendix A-27 H NMR spectrum of compound 4.3c in CDCI3 with a trace amount 
of pyridine-ds 
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Appendix A-28 ^H NMR (CDCI3 with a trace amount of pyridine-ds) and '^C{'H} 
NMR (CDCI3) spectra of compound 4.3d 
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Appendix A-29 'H NMR and NMR spectra of compound 4.3e in CDCI3 

with a trace amount of pyridine-ds 
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Appendix A-30 'H NMR and '^C{'H} NMR spectra of compound 4.3f in CDCl： 

with a trace amount of pyridine-ds 
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Appendix A-31 'H NMR and '^C{'H} NMR spectra of compound 5.3 in CDCI3 

N C ^ 卞0、 

S or 3 f̂. Z K S S •：： 

〜场 tf]��2B’,� 
• 1丨// 、 • ( 換 “ 一 … 

11 J'lJ 

234 

J
 

‘
 



k u j l i 

f 
尸/?. D‘ Thesis 一 Jian-Yong Liu 

Appendix A-32 'H NMR and 'H- 'H COSY spectra of compound 5.4 in CDCI3 with 
a trace amount of pyridine-ds 
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Appendix A-33 'H NMR and '^C{'H} NMR spectra of compound 5.6 in CDCh 
with a trace amount of pyridine-ds 
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Appendix A-34 H- 'H COSY spectrum of 5.6 in CDCI3 with a trace amount of 
pyridine-ds 
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Appendix A-35 NMR and '^C{'H} NMR spectra of compound 5.7 in C D C h 
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Appendix A-36 N M R and NMR spectra of compound 5.8 in CDCl； 
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Appendix A-37 'H N M R and NMR spectra of compound 5.9 in CDCI3 

with a trace amount of pyridine-ds 
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Appendix A-38 COSY spectrum of 5.9 in CDCI3 with a trace amount of 
pyridine-ds 
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Appendix A-39 ' H N M R and NMR spectra of compound 5.12 in CDCI3 
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Appendix A-40 'HNMR and '^C{'H} NMR spectra of compound 5.13 in CDCl； 
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Appendix A-41 'H NMR and '^C{'H} NMR spectra of compound 5.14 in CDCI3 
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Appendix A-42 NMR and NMR spectra of compound 5.16 in CDCI3 

with a trace amount of pyridine-ds 
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Appendix A-43 'H- 'H COSY spectrum of 5.16 in CDCI3 with a trace amount of 
pyridine-ds 
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Appendix A-44 'H NMR and '^C{'H} NMR spectra of compound 6.2 in CDCl 
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Appendix A-45 ' H N M R a n d '^C{'H} NMR spectra of compound 6.4 inCDCl 
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Appendix A-46 'H NMR and NMR spectra ot compound 6.5 in CDCl； 
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Appendix A-47 'H NMR and NMR spectra of compound 6.6 in CDCl： 
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Appendix A-48 'H NMR and '^C{'H} NMR spectra of compound 7.4 in CDCl： 
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Appendix A-49 ' H N M R and '^C{'H} NMR spectra of compound 7.2 in CDCI3 
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Appendix A-50 NMR and NMR spectra of compound 7.5 in C D C h 
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Appendix A-51 'H N M R and NMR spectra of compound 7.7 in CDCI3 

i J 

nj m CD r> u9 n s 5 5 
to tn V rw ru V 

C02CH3 

：？̂
水
 n
 

玄
0
 H3CO2C 

jj 

TMS 

/ 
“丄•••!“_• “ - I . “ “ ib^ J^ . |U|M^ihiiiwjfciJiJ^tf^^if wi^iM^im^iiWiNdAjMi IFTVW 

254 I 

Ph. D Thesis 一 Jian-Yong Liu 

C
K
 

s
o

 u
 

s
e
.
N
-

c
s
 
0
2
 

5
2
5

 
e
e
 

£
0
2
 en 

o 
m s 

m 
in 



尸/?. D‘ Thesis 一 Jian-Yong Liu 

Append ix B-1 Crystallographic details of compound 6.2 
Table 1. Crystal data and structure refinement for 6.2 (See Section 6.4.4 in Chapter 6). 

Table 2. Atomic coordinates (x lO") and equivalent isotropic displacement parameters (A^ 乂 10] 
for 6.2. U(eq) is defined as one third of the trace of the orthogonal ized U,. tensor. 

X y z U(eq) 

B(l) 4010(3) 3277(3) 2783(2) 56(1) 
N(I) 3891(2) 3968(2) 3491(2) 58(1) 
N(2) 3505(2) 2344(2) 2992( 1) 51(1) 
0 ( 1 ) 6893(2) 7836(2) 106(2) 80(1) 
0(2) 2025(2) 1595(2) 7509(2) 100(1) 
0(3) 5471(2) 502(2) -1901(2) 87(1) 
F � 3610(2) 3635(1) 2037(1) 88(1) 
F(2) 5057(2) 3098(2) 271 1(1) 86(1) 
C( l ) 6777(4) 7451(3) -701(3) 95(1) 
C(2) 6456(2) 7355(2) 732(2) 61(1) 
C(3) 6082(3) 6452(2) 668(2) 73(1) 
C(4) 5662(3) 6050(2) 1351(2) 74(1) 
C(5) 5610(3) 6538(2) 2096(2) 63(1) 
C(6) 5999(3) 7438(2) 2133(2) 64(1) 
C(7) 6415(2) 7845(2) 1474(2) 64(1) 
C(8) 5128(3) 6135(2) 2804(2) 70(1) 
C(9) 4703(3) 5305(3) 2840(2) 73(1) 
C(10) 4205(3) 4882(2) 3525(2) 68(1) 
C ( l l ) 3966(3) 5254(3) 4297(2) 75(1) 
C(12) 3518(3) 4570(2) 4747(2) 66(1) 
C(13) 3112(3) 4710(3) 5581(2) 83(1) 
C(14) 3465(2) 3744(2) 4237(2) 56(1) 
C(15) 3119(2) 2826(2) 4371(2) 54(1) • 
C(16) 2798(2) 2554(2) 5205(2) 57(1) 
C(17) 1800(3) 2576(3) 5401(2) 83(1) 
C(18) 1523(3) 2271(3) 6167(2) 89(1) 
C(I9) 2267(3) 1934(3) 6749(2) 70(1) 
C(20) 3260(2) 1927(2) 6570(2) 65(1) 
C(21) 3528(2) 2242(2) 5811(2) 61(1) 
C(22) 3125(2) 2133(2) 3760(2) 52(1) 
C(23) 2819(2) 1159(2) � 3736(2) 59(1) 
C(24) 2319(3) 587(2) 4372(2) 74(1) 
C(25) 3037(2) 809(2) 2972(2) 61(1) 

C(26) 3458(2) 1547(2) 2519(2) 55(1) 
C(27) 3813(2) 1525(2) 1693(2) 59(1) 
C(28) 4107(2) 740(2) 1317(2) 63(1) 
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C(29) 4467(2) 683(2) 484(2) 58(1) 
C(30) 5054(3) -76(2) 264(2) 69(1) 
C(31) 5421(3) -163(2) -509(2) 71(1) 
C(32) 5169(3) 526(2) -1107(2) 66(1) 
C(33) 4579(3) 1278(2) -910(2) 69(1) 
C(34) 4245(3) 13710) -125(2) 64(1) 
C(35) 6166(4) -229(3) -2108(2) 102(1) 

Table 3. Bond lengths [A] and angles [°] for 6.2. 
B(l)-F(l) 1.372(4) B(1)-F(2) 1.413(4) 
B(l)-N(l) 1.519(5) B(1)-N(2) 1.523(4) 
N �- C ( I O ) 1.354(4) N(l)-C(14) 1.401(4) 
N(2)-C(26) 1.358(4) N(2)-C(22) 1.403(4) 
0(I)-C(2) 1.377(4) 0(1)-C(1) 1.407(4) 
0(2)-C(19) 1.375(4) 0(3)-C(32) 1.370(4) 
0(3)-C(35) 1.434(5) C(2)-C(3) 1.368(5) 
C(2)-C(7) 1.386(4) C(3)-C � 1.389(5) 
C(4)-C(5) 1.391(5) C(5)-C(6) 1.369(4) 
C(5)-C(8) 1.462(5) C(6)-C(7) 1.358(5) 
C(8)-C(9) 1.300(5) C(9)-C(10) 1.455(5) 
C(10)-C(I1) 1.408(5) C(l l)-C(12) 1.369(5) 
C(12)-C(14) 1.425(4) C(12)-C(13) 1.497(5) 
C(14)-C(15) 1.396(4) C(15)-C(22) 1.388(4) 
C(15)-C(16) 1.489(4) C(16)-C(17) 1.374(5) 
C(16)-C(21) 1.388(4) C(17)-C(18) 1.383(5) 
C(18)-C(19) 1.387(5) C(19)-C(20) 1.358(4) 
C(20)-C(21) 1.373(4) C(22)-C(23) 1.433(4) 
C(23)-C(25) 1.376(5) C(23)-C(24) 1.496(4) 
C(25)-C(26) 1.410(4) C(26)-C(27) 1.444(4) 
C(27)-C(28) 1.334(4) C(28)-C(29) 1.459(4) 
C(29)-C(30) 1.383(4) C(29)-C(34) 1.395(4) 
C(30)-C(31) 1.375(4) C(31)-C(32) 1.391(5) 
C(32)-C(33) 1.366(5) C(33)-C(34) 1.378(5) 
F(l)-B(l)-F(2) 107.7(3) F(l)-B(l)-N(l) 111.6(3) 
F(2)-B(l)-N(l) 109.4(2) F(l)-B(l)-N(2) 111.6(3) 
F(2)-B(l)-N(2) 107.9(3) N(l)-B(l)-N(2) 108.5(3) 
C(10)-N(1)-C(I4) 108.7(3) C(10)-N(l)-B(l) 126.4(3) 
C(14)-N(l)-B � 124.8(3) C(26)-N(2)-C(22) 108.4(2) 
C(26)-N(2)-B(l) 126.4(3) C(22)-N(2)-B(l) 124.7(2) 
C(2)-0(1)-C(I) 117.8(3) C(32)-0(3)-C(35) 118.1(3) 
C(3)-C(2)-0(l) 124.9(3) C(3)-C(2)-C(7) 119.5(3) 
0(1)-C(2)-C(7) 115.7(3) C(2)-C(3)-C(4) 118.9(3) 
C(3K(4) -C(5) 122.0(3) C(6)-C(5)-C(4) 117.0(3) 
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C(6)-C(5)-C(8) 120.7(3) C(4)-C(5)-C(8) 122.2(3) 
C(7)-C(6)-C(5) 122.0(3) C(6)-C(7)-C(2) 120.6(3) 
C(9)-C(8)-C(5) 126.8(3) C(8)-C(9)-C(10) 128.6(4) 
N(l)-C(10)-C(l l) 107.7(3) N(l)-C(10)-C(9) 121.0(3) 
C(ll)-C(10)-C(9) 131.4(3) C(12)-C(I I)-C(IO) 109.8(3) 
C(ll)-C(12)-C(14) 106.0(3) C(ll)-C(12)-C(13) 125.5(3) 
C(14)-C(12)-C(13) 128.5(3) C(15)-C(I4)-N(1) 1 19.9(3) 
C(15)-C(14)-C(I2) 132.2(3) N(l)-C(14)-C(12) 107.8(3) 
C(22)-C(I5)-C(14) 121.6(3) C(22)-C(I5)-C(16) 1 18.5(3) 
'C(14)-C(15)-C(16) 119.8(3) C(I7)-C(16)-C(21) 117.9(3) 
C(17)-C(16)-C(15) 122.8(3) C(21)-C(16)-C(I5) 119.3(3) 
C(16)-C(17)-C(18) 121.3(3) C(17)-C(!8)-C(19) 119.4(3) 
C(20)-C(I9)-0(2) 118.5(3) C(20)-C(19)-C(18) 120.0(3) 
0(2)-C(19)-C(18) 121.5(3) C(19)-C(20)-C(2I) 120.1(3) 
C(20)-C(2I)-C(16) 121.3(3) C(15)-C(22)-N(2) 119.9(3) 
C(15K(22)-C(23) 132.8(3) N(2)-C(22)-C(23) 107.3(2) 
C(25)-C(23)-C(22) 107.0(3) C(25)-C(23)-C(24) 123.5(3) 
C(22)-C(23)-C(24) 129.5(3) C(23)-C(25)-C(26) 108.4(3) 
N(2)-C(26)-C(25) 108.9(3) N(2)-C(26)-C(27) 122.1(3) 
C(25)-C(26)-C(27) 129.0(3) C(28)-C(27)-C(26) 124.1(3) 
C(27)-C(28)-C(29) 126.1(3) C(30)-C(29)-C(34) 1 16.6(3) 
C(30)-C(29)-C(28) 120.4(3) C(34)-C(29)-C(28) 123.0(3) 
C(31)-C(30)-C(29) 122.9(3) C(30)-C(31)-C(32) 118.9(3) 
C(33)-C(32)-0(3) 116.5(3) C(33)-C(32)-C(31) 1 19.5(3) 
0(3)-C(32)-C(31) 124.0(3) C(32)-C(33)-C(34) 120.8(3) 
C(33)-C(34)-C(29) 121.2(3) 

Table 4. Anisotropic displacement parameters 
factor exponent takes the form: -2 7r^[(ha*)^Uii + 

10 ) for 6.2. The anisotropic displacement 
2hka*b*Ui2]. 

U l l U22 U33 U23 U13 U12 
B(l) 53(2) 64(2) 51(2) 3(2) 4(2) -11(2) 
N( l ) 57(2) 61(2) 57(2) 4(1) 10(1) -3(1) 
N(2) 52(2) 54(1) 48(2) 4(1) 7(1) 1(1) 
0(1) 88(2) 75(2) 78(2) 7(1) 11(1) -4(1) 
0(2) 81(2) 161(3) 60(2) 41(2) 20(1) 26(2) 
0(3) 111(2) 90(2) 62(2) 4(1) 15(1) 4(2) 
F � 124(2) 78(1) 58(1) 18(1) -19(1) -30(1) 
F(2) 65(1) 103(2) 94(2) -18(1) 34(1) -17(1) 
C( l ) 105(4) 100(3) 79(3) 9(2) 10(2) 11(2) 
C(2) 49(2) 60(2) 75(2) 5(2) 4(2) 3(1) 
C(3) 73(2) 64(2) 81(3) -11(2) 11(2) -2(2) 
C(4) 74(2) 53(2) 96(3) -5(2) 10(2) -12(2) 
C(5) 55(2) 58(2) 75(2) -1(2) 3(2) -1(2) 
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C(6) 62(2) 58(2) 72(2) -4(2) -5(2) -2(2) 
C(7) 56(2) 53(2) 83(3) -1(2) -2(2) -4(1) 
C(8) 70(2) 63(2) 77(2) -5(2) -1(2) 
C(9) 78(2) 66(2) 76(2) 5(2) 4(2) -10(2) 
C(10) 71(2) 65(2) 67(2) 4(2) 3(2) -4(2) 
C ( l l ) 88(3) 60(2) 78(3) -12(2) 1(2) 4(2) 
C(12) 65(2) 73(2) 59(2) -5(2) 3(2) 9(2) 
C(13) 92(3) 93(3) 64(2) -14(2) 14(2) 18(2) 
C(14) 51(2) 66(2) 52(2) 9(2) 8(1) 7(1) 
C(I5) 40(2) 71(2) 51(2) 11(2) 5(1) 8(1) 
C(16) 50(2) 74(2) 47(2) 9(1) 9(1) 10(2) 
C(I7) 49(2) 140(4) 61(2) 28(2) 11(2) 28(2) 
C(18) 49(2) 152(4) 69(2) 35(2) 22(2) 29(2) 
C(19) 61(2) 99(3) 51(2) 14(2) 13(2) 15(2) 
C(20) 49(2) 93(2) 53(2) 16(2) 5(1) 12(2) 
C(21) 41(2) 85(2) 59(2) 7(2) 8(1) 6(1) 
C(22) 45(2) 61(2) 51(2) 11(2) 5(1) 4(1) 
C(23) 50(2) 65(2) 61(2) 17(2) 4(2) - I d ) 
C(24) 64(2) 80(2) 78(2) 24(2) 11(2) -5(2) 
C(25) 62(2) 57(2) 65(2) 8(2) 1(2) 0(2) 
C(26) 55(2) 57(2) 55(2) 6(2) 4(1) 0(1) 
C(27) 58(2) 66(2) 54(2) 1(2) 2(2) -3(2) 
C(28) 68(2) 60(2) 59(2) 3(2) -1(2) -5(2) 
C(29) 59(2) 55(2) 58(2) -4(1) -2(2) -2(1) 
C(30) 83(3) 64(2) 59(2) 6(2) -1(2) 5(2) 
C(31) 80(3) 70(2) 64(2) 1(2) 5(2) 10(2) 
C(32) 77(2) 68(2) 51(2) -5(2) 3(2) -7(2) 
C(33) 84(3) 63(2) 57(2) 4(2) -6(2) 2(2) 
C(34) 71(2) 58(2) 62(2) 1(2) -2(2) 1(2) 
C(35) 116(4) 122(3) 71(3) -7(2) 22(2) 24(3) 
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Table 5. Hydrogen coordinates (x 10'') and isotropic displacement parameters (A^ x 1 0 �f o r 6.2. 
U(eq) 

H(2A) 2548 1424 7778 150 
H(1A) 7121 7846 -1075 142 
H(1B) 6065 7418 -881 142 
H(1C) 7065 6826 -697 142 
H(3A) 6108 6112 176 87 
H(4A) 5407 5436 1309 89 
H(6A) 5977 7782 2624 77 
H(7A) 6674 8457 1521 77 
H(8A) 5125 6510 3278 84 
H(9A) 4720 4934 2365 88 
H( l lA) 4093 5873 4474 90 
H(13A) 3272 5340 5776 124 
H(13B) 3419 4257 5968 124 
H(13C) 2386 4625 5535 124 
H(17A) 1301 2801 501 1 100 
H(18A) 844 2291 6291 107 
H(20A) 3759 1708 6963 \ 78 
H(21A) 4212 2247 5701 74 
H(24A) 2207 -47 41-70 1 1 1 
H(24B) 1677 870 4477 1 1 1 
H(24C) 2752 571 4879 1 1 1 
H(25A) 2926 191 2787 74 
H(27A) 3837 2095 1404 71 
H(28A) 4080 177 1614 75 
H(30A) 5208 -549 655 82 
H(31A) 5832 -674 -630 86 
H(33A) 4401 1734 -1312 82 
H(34A) 3866 1900 2 77 
H(35A) 6310 -166 -2681 154 
H(35B) 5866 -838 -2023 154 
H(35C) 6788 -171 -1760 154 
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Appendix B-2 Crystallographic details of compound 6.4-H20 
Table 1. Crystal data and structure refinement for 6.4.H2O (See Section 6.4.4 in Chapter 6). 

Table 2. Atomic coordinates (: 
for 6.4.H20. U(eq) is defined as 

1(34) and equivalent isotropic displacement parameters (A' 
ne third of the trace of the orthogonalized U,, tensor. 

10' 

X y z U(eq) 
o( i ) 8286(1) 7789(2) 3881(2) 54(1) 
F � 4229(1) 8033(2) 1150(2) 55(1) 
F(2) 4305(1) 9080(2) -242(2) 61(1) 
N(l) 8506(1) 6259(3) 2782(2) 55(1) 
N(2) 7701(2) 5061(3) 2677(3) 62(1) 
N(3) 8210(1) 5841(2) 4335(3) 49(1) 
N(4) 8924(1) 5825(3) 6018(2) 53(1) 
N(5) 9128(1) 6641(2) 4486(2) 49(1) 
N(6) 9520(2) 6625(3) 2951(3) 63(1) 
N(7) 4985(1) 9392(2) 1474(2) 42(1) 
N(8) 5060(1) 7747(2) 416(2) 42(1) 
B(l) 8504(2) 6705(4) 3862(4) 50(1) 
B(2) 4622(2) 8572(3) 672(3) 42(1) 
C(l ) 89820) 6318(3) 2359(3) 61(1) 
C(2) 8812(2) 5752(4) 1326(3) 70(1) 
C(3) 9126(3) 5535(4) 564(4) 89(2) 
C(4) 8840(4) 4864(5) -292(4) 109(2) 
C(5) 8279(3) 4436(5) -367(5) 114(2) 

'C(6) 7984(3) 4646(4) 380(4) 91(2) 
C(7) 8248(2) 5304(3) 1239(3) 67(1) 
C(8) 8084(2) 5558(3) 2225(3) 59(1) 
C(9) 7790(2) 5160(3) 3739(4) 57(1) 
C(10) 7618(2) 4454(3) 4513(4) 59(1) 
C ( l l ) 7198(2) 3630(4) 4391(4) 73(1) 
C(12) 7168(2) 3051(4) 5283(5) 91(2) 
C(13) 7550(2) 3229(4) 6273(5) 90(2) 
C(14) 7971(2) 4035(4) 6408(4) 75(1) 
C(15) 8000(2) 4656(3) 5526(3) 56(1) 
C(I6) 8399(2) 5519(3) 5387(3) 51(1) 
CO 7) 9295(2) 6329(3) 5541(3) 50(1) 
C(18) 9929(2) 6447(3) 5851(3) 54(1) 
C(19) 10336(2) 6348(3) 6844(4) 63(1) 
C(20) 10923(2) 6522(3) 6870(4) 73(1) 
C(21) 11104(2) 6753(3) 595iD(5) 75(1) 
C(22) 10708(2) 6820(3) 4961(4) 68(1) 
C(23) 10116(2) 6687(3) 4921(3) 56(1) 
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C(24) 9590(2) 6726(3) 4029(3) 56(1) 
C(25) 7706(2) 7975(3) 3356(3) 44(1) 
C(26) 7272(2) 7830(3) 3892(3) 46( 1) 
C(27) 6693(2) 8009(3) 3362(3) 41(1) 
C(28) 6538(1) 8339(3) 2301(3) 38(1) 
C(29) 6980(2) 8534(3) 1788(3) 50(1) 
C(30) 7561(2) 8354(3) 2309(3) 52(1) 
C(3l) 5908(2) 8456(3) 1728(3) 39(1) 
C(32) 5588(2) 9320(3) 1955(3) 40(1) 
C(33) 5750(2) 10271(3) 2595(3) 47(1) 
C(34) 5243(2) 10863(3) 2499(3) 52(1) 
C(35) 4782(2) 10312(3) 1812(3) 49(1) 
C(36) 6354(2) 10634(3) 3195(3) 66(1) 
C(37) 4163(2) 10657(3) 1458(3) 70(1) 
C(38) 5651(1) 7649(3) 983(3) 38(1) 
C(39) 5877(2) 6683(3) 645(3) 43(1) 
C(40) 5421(2) 6250(3) -141(3) 54(1) 
C(41) 4928(2) 6898(3) -274(3) 46(1) 
C(42) 6466(2) 6162(3) 1035(3) 55(1) 
C(43) 4333(2) 6725(3) -1008(3) 66(1) o(iw) 9457(2) 4275(4) -2257(4) 158(2) 

Table 3. Bond lengths [A] and angles [°] for 6.4.HzO. 
0 �- C ( 2 5 ) 1.381(4) 0(I)-B(1) 1.435(5) 
F(l)-B(2) 1.400(4) F(2)-B(2) 1.373(4) 
N(l)-C(l) 1.364(5) N(l)-C(8) 1.373(5) 
N(l)-B(l) 1.493(5) N(2)-C(9) 1.332(5) 
N(2)-C(8) 1.339(5) N(3)-C(16) 1.370(5) 
N(3)-C(9) 1.375(5) N(3)-B(l) 1.483(5) 
N(4)-C(17) 1.340(5) N(4)-C(I6) 1.348(4) 
N(5)-C(24) 1.361(5) N(5)-C(17) 1.367(4) 
N(5)-B(1) 1.487(5) N(6)-C(l) 1.356(5) 
N(6)-C(24) 1.359(5) N(7)-C(35) 1.345(4) 
N(7)-C(32) 1.401(4) N(7)-B(2) 1.540(5) 
N(8)-C(41) 1.356(4) N(8)-C(38) 1.404(4) 
N(8)-B(2) 1.542(5) C(丨)-C(2) 1.462(6) 
C(2)-C(3) 1.394(6) C(2)-C(7) 1.415(6) 
C(3)-C(4) 1.405(8) C(4)-C(5) 1.403(8) 
C(5)-C(6) 1.343(7) C(6)-C(7) 1.384(6) 
C(7)-C(8) 1.448(6) C(9)-C(10) 1.454(6) 
C(10)-C(ll) 1.398(6) C(10)-C(15) 1.405(5) 
C(11)-C(12) 1.367(6) C(12)-C(13) 1.377(7) 1 
C(13)-C(14) 1.384(6) C(14)-C(15) 1.384(6) 
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C(15)-C(16) 1.459(5) C(!7)-C(I8) 1.452(5) 
C(18)-C(19) 1.394(5) C(18)-C(23) 1.404(5) 
C(19)-C(20) 1.392(6) C(20)-C(21) 1.383(6) 
C(21)-C(22) 丨.375(6) C(22)-C(23) 1.391(5) 
C(23)-C(24) 1.460(5) CX25)-C(26) 1.380(5) 
C(25)-C(30) 1.382(5) C(26)-C(27) 1.379(4) 
C(27)-C(28) 1.379(4) C(28)-C(29) 1.385(5) 
C(28)-C(31) 1.488(4) C(29)-C(30) 1.381(5) 
C(31)-C(32) 1.378(4) C(31)-C(38) 1.408(4) 
C(32)-C(33) 1.428(5) C(33)-C(34) 1.380(5) 
C(33)-C(36) 1.504(5) C(34)-C(35) 1.391(5) 
C(35)-C(37) 1.475(5) C(38)-C(39) 1.417(4) 
C(39)-C(40) 1.383(5) C ( 3 9 ) - C ( 4 2 ) ‘ 1.494(5) 
C(40)-C(41) 1.384(5) C(41)-C(43) 1.493(5) 
C(25)-0(1)-B(l) 117.5(3) C(l)-N(l)-C(8) 1 12.6(4) 
C(l) -N(l)-B(l) 123.0(3) C(8)-N(l)-B(l) 123.0(4) 
C(9)-N(2)-C(8) 1 16.9(4) C(I6)-N(3)-C(9) 1 12.4(3) 
C(I6)-N(3)-B(1) 122.9(3) C(9)-N(3)-B(l) 123.8(3) 
C(17)-N(4)-C(16) I 17.4(3) C(24)-N(5)-C(I7) 1 12.8(3) 
C(24)-N(5)-B(l) 123.4(3) C(17)-N(5)-B(l) 123.1(3) 
C(l)-N(6)-C(24) 116.9(3) C(35)-N(7)-C(32) 108.3(3) 
C(35)-N(7)-B(2) 126.0(3) C(32)-N(7)-B(2) 125.6(3) 
C(41)-N(8)-C(38) 107.9(3) C(4I)-N(8)-B(2) 126.4(3) 
C(38)-N(8)-B(2) 125.1(3) 0(1)-B(1)-N(3) 117.1(3) 
0(I)-B(1)-N(5) 1 10.5(3) N(3)-B(l)-N(5) 104.0(3) 
C)(I)-B(1)-N(1) 116.4(3) N(3)-B(l)-N(l) 103.1(3) 
N(5)-B(l)-N(l) 104.3(3) F(2)-B(2)-F(I) 108.3(3) 
F(2)-B(2)-N(7) 111.2(3) F(l)-B(2)-N(7) 109.6(3) 
F(2)-B(2)-N(8) 111.6(3) F(l)-B(2)-N(8) 109.4(3) 
N(7)-B(2)-N(8) 106.8(3) N(6)-C(l)-N(l) 122.4(4) 
N(6)-C(l)-C(2) 130.1(4) N(l)-C(l)-C(2) 105.7(4) 
C(3)-C(2)-C(7) 121.5(5) C(3)-C(2)-C(l) 131.0(5) 
C(7)-C(2)-C(l) 107.2(4) C(2)-C(3)-C(4) 1 15.3(6) 
C(5)-C(4)-C(3) 122.1(6) C(6)-C(5)-C(4) 121.7(6) 
C(5)-C(6)-C(7) 118.2(6) C(6)-C(7)-C(2) 121.1(5) 
C(6)-C(7)-C(8) 131.2(5) C(2)-C(7)-C(8) 107.3(4) 
N(2)-C(8)-N(l) 122.7(4) N(2)-C(8)-C(7) 129.5(4) 
N(l)-C(8)-C(7) 106.0(4) N(2)-C(9)-N(3) 122.1(4) 
N(2)-C(9)-C(10) 130.3(4) N(3)-C(9)-C(10) 105.7(3) 
C(11)-C(10)-C(I5) 120.2(4) C(ll)-C(10)-C(9) 132.0(4) 
C(15)-C(10)-C(9) 107.6(4) C(12)-C(l I)-C(IO) 118.0(5) 
e(ll)-C(12)-C(I3) 122.1(5) C(I2)-C(13)-C(14) 120.7(5) 
C(13)-C(14)-C(15) 118.5(5) C(14)-C(15)-C(I0) 120.5(4) 
C(14)-C(15)-C(16) 132.1(4) • C(I0)-C(15)-C(16) 107.4(4) 
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N(4)-C(16)-N(3) 122.1(3) N(4)-C(16)-C(15) 130.6(4) 
N(3)-C(16)-C(15) 105.8(3) N(4)-C(17)-N(5) 121.8(3) 
N(4)-C(17)-C(18) 131.7(4) N(5)-C(17)-C(18) 105.1(3) 
C(19)-C(18)-C(23) 120.4(4) C(I9)-C(18)-C(17) 131.6(4) 
C(23)-C(18)-C(17) 108.0(3) C(20)-C(I9)-C(18) 1 17.3(4) 
C(21)-C(20)-C(19) 121.9(4) C(22)-C(2I)-C(20) 121.3(4) 
C(2I)-C(22)-C(23) I 17.8(4) C(22)-C(23)-C(18) 121.3(4) 
C(22)-C(23)-C(24) 132.0(4) C(18)-C(23)-C(24) 106.7(3) 
N(6)-C(24)-N(5) 121.8(4) N(6)-C(24)-C(23) 131.1(4) 
N(5)-C(24)-C(23) 105.7(3) C(26)-C(25)-0(l) 120.0(3) 
C(26)-C(25)-C(30) 1 19.8(3) 0(1)-C(25)-C(30) 120.1(3) 
C(27)-C(26)-C(25) 119.8(3) C(26)-C(27)-C(28) 121.1(3) 
C(27)-C(28)-C(29) 118.6(3) C(27)-C(28)-C(3I) 1 19.9(3) 
C(29)-C(28)-C(31) 121.4(3) C(30)-C(29)-C(28) 120.7(3) 
C(29)-C(30)-C(25) 119.9(3) C(32)-C(31)-C(38) 121.8(3) 
C(32)-C(3I)-C(28) 120.0(3) C(38)-C(3l)-C(28) 1 18.1(3) 
C(3I)-C(32)-N(7) 120.2(3) C(3I)-C(32)-C(33) 132.5(3) 
N(7)-C(32)-C(33) 107.2(3) C(34)-C(33)-C(32) 106.5(3) 
C(34)-C(33)-C(36) 124.9(3) C(32)-C(33)-C(36) 128.4(3) 
C(33)-C(34)-C(35) 108.5(3) N(7)-C(35)-C(34) 109.5(3) 
N(7)-C(35)-C(37) 123.2(3) C(34)-C(35)-C(37) 127.3(4) 
N(8)-C(38)-C(31) I 19.5(3) N(8)-C(38)-C(39) 108.3(3) 
C(3I)-C(38)-C(39) 132.3(3) C(40)-C(39)-C(38) 105.4(3) 
C(40)-e(39)-C(42) 124.2(3) C(38)-C(39)-C(42) 130.4(3) 
C(39)-C(40)-C(41) 109.9(3) N(8)-C(41)-C(40) 108.5(3) 
N(8)-C(41)-C(43) 123.2(3) C(40)-C(4I)-C(43) 128.3(3) 

Table 4. Anisotropic displacement parameters (A^ x 10^) for 6.4 H2O. The anisotropic 
displacement factor exponent takes the form: -2 7r^((ha*)^U|i + •“十 2hka*b*U|2j. 
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C(1) 66(3) 56(3) 61(3) 6(2) 13(2) 14(2) 
C(2) 99(4) 64(3) 44(2) 8(2) 15(3) 34(3) 
C(3) 121(4) 84(4) 65(3) 19(3) 29(3) 43(3) 
C(4) 188(7) 95(5) 47(3) 5(3) 35(4) 64(5) 
C(5) 170(7) 87(5) 71(4) -7(3) 8(5) 31(5) 
C(6) 133(5) 71(3) 54(3) -10(3) -4(3) 30(3) 
C(7) 82(3) 56(3) 54(3) 0(2) -3(2) 21(2) 
C(8) 60(3) 52(3) 54(3) -11(2) -5(2) 18(2) 
C(9) 41(2) 51(2) 71(3) -11(2) -3(2) 丨 0(2) 
C(10) 43(2) 50(3) 81(3) -6(2) 12(2) 3(2) 
C ( i l ) 42(2) 66(3) 106(4) -12(3) 10(2) -10(2) 
C(12) 58(3) 83(4) 130(5) -3(4) 20(3) -18(3) 
C(13) 78(4) 91(4) 111(4) 7(3) 42(3) -18(3) 
C(14) 67(3) 84(3) 80(3) -4(3) 32(3) -10(3) 
C(丨 5) 44(2) 56(3) 69(3) -9(2) 17(2) 0(2) 
C(I6) 40(2) 59(3) 55(3) -12(2) 12(2) 2(2) 
C(I7) 42(2) 56(2) 48(2) -4(2) 6(2) 4(2) 
C(18) 43(2) 49(2) 64(3) -1(2) 2(2) 3(2) 
C(I9) 52(3) 52(3) 74(3) 0(2) -5(2) -1(2) 
C(20) 44(3) 58(3) 99(4) -3(3) -13(3) 4(2) 
C(21) 40(3) 62(3) 116(4) -4(3) 9(3) 6(2) 
C(22) 43(3) 62(3) 101(4) 2(2) 20(3) 3(2) 
C(23) 40(2) 50(2) 75(3) 3(2) 12(2) 6(2) 
C(24) 46(2) 58(3) 65(3) 6(2) 15(2) 9(2) 
C(25) 33(2) 39(2) 55(2) -8(2) 2(2) 2(2) 
C(26) 49(2) 48(2) 41(2) 0(2) 11(2) 3(2) 
C(27) 39(2) 44(2) 42(2) 1(2) 13(2) -2(2) 
C(28) 37(2) 35(2) 41(2) -2(2) 10(2) -2(2) 
C(29) 45(2) 5 9 � 45(2) 10(2) 8(2) 2(2) 
C(30) 47(2) 57(3) 58(3) 7(2) 22(2) 0(2) 
C(3 丨） 41(2) 37(2) 38(2) 4(2) 10(2) -1(2) 
C(32) 43(2) 36(2) 39(2) 0(2) 8(2) 2(2) 
C(33) 57(3) 38(2) 42(2) 0(2) 7(2) -2(2) 
C(34) 62(3) 41(2) 54(2) -6(2) 15(2) 9(2) 
C(35) 51(2) 42(2) 53(2) 3(2) 15(2) 10(2) 
C(36) 64(3) 48(2) 77(3) -12(2) 5(2) -7(2) 
C(37) 64(3) 68(3) 76(3) 0(2) 16(2) 26(2) 
C(38) 38(2) 36(2) 40(2) -1(2) 10(2) -1(2) 
C(39) 43(2) 43(2) 45(2) -5(2) 14(2) 2(2) 
C(40) 56(3) 48(2) 60(3) -15(2) 20(2) 1(2) 
C(41) 51(2) 43(2) 45(2) -7(2) 丨 2(2) -8(2) 
C(42) 53(2) 48(2) 66(3) -5(2) 20(2) 9(2) 
C(43) 62(3) 65(3) 63(3) -13(2) 0(2) -14(2) 
0 ( I W ) 157(4) 180(5) 153(4) 30(3) 70(3) 31(3) 
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Table 5. 
6.4H2O. 

Hydrogen coordinates (x 10'') and isotropic displacement parameters (A^ x 10、）for 

U(eq) 
H(3A) 9499 5815 618 107 
H(4B) 9028 4698 -827 131 
M(5A) 8106 3996 -949 136 
H(6B) 7613 4356 322 109 
H(l lA) 6947 3481 3722 87 
H(I2A) 6881 2521 5220 109 
H(13A) 7525 2802 6857 108 
H(14A) 8229 4156 7077 89 
H(19A) 10219 6172 7463 76 
H(20A) 1 1203 6482 7526 87 
H(21A) 1 1 500 6864 6000 90 
H(22A) 10832 6950 4339 82 
H(26A) 7369 7612 4608 56 
H(27A) 6401 7905 3725 49 
H(29A) 6884 8790 1084 60 
H(30A) 7854 8486 1957 63 
H(34A) 5214 1 1520 2836 63 
H(36A) 6326 11310 3548 98 
H(36B) 6594 10726 2699 98 
H(36C) 6527 10098 3722 98 
H(37A) 3940 10118 989 105 
H(37B) 4139 11334 1081 105 
H(37C) 4006 10744 2075 105 
H(40A) 5442 5617 -523 65 
H(42A) 6479 5510 634 82 
H(42B) 6531 5989 1785 82 
H(42C) 6765 6652 937 82 
H(43A) 4077 7306 -920 100 
H(43B) 4176 6049 -837 100 
H(43C) 4362 6709 -1740 100 
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Appendix B-3 Crystallographic details of compound 6.5-CH2CI2 
Table 1. Crystal data and structure refinement for 6.5.CH2Cl2(See Section 6.4.4 In Chapter 6). 

Table 2. Atomic coordinates (x 
for 6.5 CH2Ch U(eq) is defined 

10'') and equivalent isotropic displacement parameters (A' 
IS one third of the trace of the orthogonalized U,, tensor. 

1 0 , 

X y z U(eq) 
F(l) 7206(4) 4420(4) 3512(4) 92(2) 
0 ( l ) 1788(4) 416(4) 3106(3) 68(1) 
0 (2) 6341(5) 9942(4) 4012(4) 86(2) 
0 (3 ) 14359(6) 5999(6) 598(6) 138(3) 
N( l ) 1580(5) -883(4) 2642(4) 60(2) 
N(2) -29(5) -437(4) 2115(4) 61(2) 
N(3) 1546(5) 760(4) 1578(4) 56(1) 
N(4) 3336(5) 1681(5) 465(4) 68(2) 
N(5) 3306(5) 203(5) 1786(4) 61(2) 
N(6) 3415(6) -1517(5) 2548(5) 78(2) 
N(7) 5310(4) 4424(4) 3393(4) 56(1) 
N(8) 6943(5) 3756(4) 2485(4) 62(2) 
F(2) 7000(4) 5469(3) 2154(4) 107(2) 
C( l ) 2267(7) -1646(5) 2804(5) 66(2) 
C(2) 1502(8) -2517(6) 3083(6) 78(2) 
C(3) 1659(1 1) -3517(6) 3414(6) 101(3) 
C(4) 797(12) -4163(7) 3593(7) 106(3) 
C(5) -271(10) •3856(6) 3451(6) 99(3) 
C(6) -434(8) -2848(6) 3110(5) 80(2) 
C(7) 452(7) -2183(5) 2948(5) 66(2) 
C(8) 562(6) -1116(5) 2588(5) 61(2) 
C(9) 514(6) 480(5) 1569(5) 58(2) 
C(10) 350(6) 1263(5) 747(5) 59(2) 
C ( l l ) -554(7) 1391(6) 396(6) 77(2) 
C(I2) -417(9) 2213(7) -447(7) 93(3) 
C(13) 603(10) 2857(7) -929(7) 104(3) 
C(14) 1520(7) 2709(6) -602(6) 82(2) 
C(15) 1372(6) 1915(5) 253(5) 64(2) 
C(16) 2181(6) 1528(5) 760(5) 62(2) 
C(17) 3883(6) 966(6) 950(6) 68(2) 
C(18) 5093(6) 709(7) 664(6) 76(2) 
C ( 1 9 ) . 6065(7) 1219(8) -120(7) 98(3) 
C(20) 7084(8) 750(11) -206(8) 105(4) 
C(2I) 7090(10) -167(12) 456(12) 丨23(5) 
C(22) 6126(9) -721(9) 1225(8) 102(3) 
C(23) 5111(7) -249(7) 1322(7) 78(2) 
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C(24) 3928(7) -591(7) 1991(6) 68(2) 
C(25) 2534(6) 1104(5) 3060(5) 6^(2) 
C(26) 3192(7) 7 6 4 ( 6 ) , 3647(6) 73(2) 
C(27) 3958(7) 1414(6) 3628(6) 73(2) 
C(28) 4069(6) 2422(5) 3043(5) 55(2) 
C(29) 3408(6) 2743(5) 2479(6) 70(2) 
C(30) 2626(6) 2096(5) 2491(6) 69(2) 
C(31) 4928(6) 3115(5) 2997(5) 58(2) 
C(32) 4533(6) 3724(5) 3476(5) 53(2) 
C(33) 3409(6) 3803(5) 4057(5) 56(2) 
C(34) 2303(6) 3185(6) 4400(6) 77(2) 
C(35) 3530(6) 4570(5) 4271(5) 61(2) 
C(36) 4706(6) - 4 9 7 1 ( 5 ) 3848(5) 56(2) 
C(37) 5243(6) 5831(5) 3802(5) 65(2) 
C(38) 4652(6) 6415(5) 4199(5) 64(2) 
C(39) 5151(6) 7325(5) 4129(5) 62(2) 
C(40) 6264(7) 7715(5) 3602(6) 73(2) 
C(4l) 6721(7) 8600(5) 3517(6) 77(2) 
C(42) 5996(7) 9083(5) 4027(5) 66(2) 
C(43) 4864(7) 8690(5) 4571(6) 73(2) 
C(44) 4445(7) 7842(5) 4615(6) 72(2) 
C(45) 7500(9) 10317(7) 3541(9) 122(4) 
C(46) 6108(6) 3146(5) 2497(5) 64(2) 
C(47) 6709(7) 2659(6) 1923(6) 82(2) 
C(48) 6205(8) 1947(8) 1668(8) 112(4) 
C(49) 7862(7) 2977(7) 1600(7) 89(3) 
C(50) 8002(7) 3655(6) 1946(6) 73(2) 
C(51) 9051(7) 4164(6) 1806(6) 78(2) 
C(52) 10104(7) 4166(6) 1210(6) 79(2) 
C(53) 11189(6) 4635(6) 1082(6) 7 2 ( 2 ) , 
C(54) 11312(7) 4963(7) 1699(7) 92(3) 
C(55) 12350(8) 5434(7) 1556(8) 99(3) 
C(56) 13296(8) 5537(7) 804(8) 99(3) 
C(57) 13233(9) 5217(9) 172(8) 123(4) 
C(58) 12183(8) 4736(8) 316(7) 111(3) 
C(59) 14599(11) 6083(10) 1340(1 1) 164(6) 
B(l) 2044(7) 145(6) 2331(6) 57(2) 
B(2) 6644(7) 4533(6) 2890(7) 63(2) 
Cl(l) 828(6) -3160(6) 5546(5) 271(3) 
Cl(2) 481(10) -1346(8) 5345(9) 434(6) 
C(60) 999(18) -2343(10) 6079(13) 410(30) 
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Table 3. Bond lengths [A] and angles [°] for 6.5 CH2CI2. 
F(l)-B(2) 1.382(10) 0(1)-C(25) 1.379(8) 
0 �- B ( l ) 1.440(8) 0(2)-CC42) 1.362(8) 
0(2)-C(45) 1.386(1 1) 0(3)-C(56) 1.378(11) 
0(3)-C(59) 1.421(15) N(1)-C(8) 1.358(8) 
N( l ) -C( l ) 1.367(8) N( l ) -B( l ) 1.480(9) 
N(2)-C(9) 1.345(8) N(2)-C(8) 1.348(8) 
N(3)-C(9) 1.365(8) " N ( 3 ) - C ( 1 6 ) 1.366(9) 
N(3)-B(I) 1.515(9) N(4).C(16) 1.332(9) 
N(4)-C(17) 1.346(9) N(5)-C(24) 1.357(9) 
N(5)-C(17) 1.360(9) N(5)-B(l) 1.490(9) 
N(6)-C(l) 1.326(10) N(6)-C(24) 1.346(10) 
N(7)-C(36) 1.360(8) N(7)-C(32) 1.388(8) 
N(7)-B(2) 1.547(10) N(8)-C(50) 1.346(9) 
N(8)-C(46) 1.400(8) N(8)-B(2) \ 1.538(9) 
F(2)-B(2) 1.392(9) C(l)-C(2) 乂 1.462( 1 1) 
C(2)-C(3) 1.390(11) C(2)-C(7) 1.409(10) 
C(3)-C(4) 1.344(13) C(4)-C(5) - 1.426(13) 
C(5)-C(6) 1.402(11) C(6)-C(7) 1.396(10) 
C(7)-C(8) 1.448(10) C(9)-C(10) • 1.455(10) 
C(10)-C(l 1) 1.390(9) C(10)-C(15) 1.406(9) 
c ( n ) - c ( i 2 ) 1.395(11) C(12)-C(13) 1.398(12) 
C(13)-C(14) 1.378(1 1) C(14)-C(15) 1.386(10) 
C(15)-C(16) 1.460(10) C(17)-C(18) 1.477(10) 
C(18)-C(19) 1.390(11) C(18)-C(23) 1.401(12) 
C(19)-C(20) 1.389(13) C(20).C(21) 1.359(15) 
C(21)-C(22) 1.389(16) C(22)-C(23) ’ 1.389(11) 
C(23)-C(24) 1.457(11) C(25)-C(30) 1.375(10) 
C(25)-C(26) 1.394(9) C(26)-C(27) 1.376(9) 
C(27)-C(28) 1.397(9) C(28)-C(29) 1.368(9) ‘ 
C(28)-C(31) 1.483(9) C(29)-C(30) 1.391(9) 
C(31)-C(46) 1.395(9) C(31)-C(32) 1.408(8) 
C|32)-C(33) 1.421(9) C(33)-C(35) 1.363(9) 
C(33)-C(34) 1.484(9) C(35)-C(36) 1.413(9) 
C(36)-C(37) 1.441(9) C(37)-C(38) 1.342(9) 
C(38)-C(39) 1.468(9) C(39)-C(40) 1.352(10) 
C(39)-C(44) 1.401(9) C(40)-C(41) 1.401(10) 
C(41)-C(42) 1.396(10) C(42)-C(43) 1.376(10) 
C(43)-C(44) 1.360(10) C(46)-C(47) 1.423(10) 
C(47)-C(49) 1.366(11) C(47)-C(48) 1.525(10) 
C(49)-C(50) 1.399(10) C(50)-C(51) 1.434(10) 
C(51)-C(52) 1.333(10) C(52)-C(53) 1.449(11) 
C(53)-C(54) 1.362(11) C(53)-C(58) 1.393(1 1) 
C(54)-C(55) 1.391(11) C(55)-C(56) 1.345(13) 
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C(56)-C(57) 1.350(14) 1.41 1(13) 
Cl(l)-C(60) 1.838(10) 1.739(9) 
C(25)-0(1)-B(l) 119.6(5) 1 18.9(6) 
C(56)-0(3)-C(59) 118.0(9) 113.9(6) 
C(8)-N(l)-B(l) 123.3(6) 121.3(6) 
C(9)-N(2)-C(8) 1 16.9(6) 1 13.3(6) 
C(9)-N(3)-B(l) 122.5(6) 123.0(6) 
C(16)-N(4)-C(17) 116.5(7) 1 13.0(6) 
C(24)-N(5)-B(l) 121.8(7) 124.0(6) 
C(l)-N(6)-C(24) 117.2(6) 108.7(5) 
C(36)-N(7)-B(2) 126.2(5) 125.1(5) 
C(50)-N(8)-C(46) 109.0(5) 126.4(6) 
C(46)-N(8)-B(2) 123.9(6) 123.4(7) 
N(6)-C(l)-C(2) 130.7(7) “ 104.4(7) 
C(3)-C(2)-C(7) 120.8(8) 131.9(9) 
C(7)-C(2)-C(l) 107.3(6) 1 18.8(10) 
C(3)-C(4).C(5) 122.3(9) 1 19.3(9) 
C(7)-C(6)-C(5) 118.1(9) 120.6(7) 
C(6)-C(7)-C(8) 131.6(7) 107.7(6) 
N(2)-C(8)-N(l) 123.0(6) 130.6(7) 
N(l)-C(8)-C(7) 105.1(6) 122.4(6) 
N(2)-C(9)-C(10) 130.8(6) 105.4(6) 
C(ll)-C(10)-C(15) 121.2(7) 131.3(7) 
C(15>C(10)-C(9) 107.3(6) 2) 1 17.0(8) 
C(ll)-C(12)-C(13) 121.1(8) 2) 122.0(8) 
C(13)-C(14)-C(15) 117.2(8) 0 ) , 121.4(7) 
C(14)-C(15)-C(I6) 130.7(7) 6) 107.6(6) 
N(4)-C(I6)-N(3) 123.0(6) 130.5(7) 
N(3)-C(16)-C(15) 104.9(6) 122.9(6) 
N(4)-C(17)-C(18) 130.6(8) 105.5(7) 
C(19)-C(18)-C(23) 122.3(8) 7) 130.9(9) 
C(23)-C(18)-C(I7) 106.6(7) 8) 116.8(10) 
C(21)-C(20)-C(19) 119.9(11) 2) 125.2(10) 
C(21K:(22)-C(23) 115.1(11) 8) 120.6(9) 
C(22)-C(23)-C(24) 131.6(10) 4) 107.6(7) 
N(6)-C(24)-N(5) 122.3(7) ) 130.0(7) 
N(5)-C(24).C(23) 105.9(8) ) 123.2(6) 
C(30)-C(25)-C(26) 119.5(6) ) 117.3(7) 
C(27)-C(26)-C(25) 120.0(7) 8) 120.9(7) 
C(29)-C(28)-C(27) 118.3(6) I) 120.9(6) 
C(27)-C(28)-C(3l) 120.7(6) 0) 121.6(7) 
C(^)-C(30)-C(29) 
g^6)-C(31)-C(28) 

119.7(7) 2) 121.1(6) C(^)-C(30)-C(29) 
g^6)-C(31)-C(28) 119.9(6) 8) 119.0(6) 

i^(7)-C(32)-C(31) 119.9(6) ) 108.1(5) 
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Table 4. Anisotropic displacement parameters (A^ x 10^) for b .S.CHjCh. The anisotropic 
displacement 1 exponent takes the form: -2 it • +2hka»b*U,2]. 

U22 U33 U23 U13 U12 
F(l) 134(4) 130(4) -94(4) -41(3) 17(3) 
0(1) 81(3) 67(3) -42(3) -14(2) -13(3) 
0(2) 68(3) 108(5) -52(3) -27(4) 6(3) 
0 (3 ) 173(7) 124(6) -19(5) -41(4) -23(5) 
N( l ) 66(4) 66(4) -37(3) -23(3) 6(3) 
N(2) 65(4) 65(4) -35(3) -10(3) 2(3) 
N(3) 61(3) 65(4) -32(3) -23(3) 2(3) 
N(4) 82(4) 67(4) -30(4) -17(3) -8(3) 
N(5) 80(4) 62(4) -39(4) -23(3) 9(3) 
N(6) 95(5) 85(5) -51(4) -51(4) 31(4) 

270 

Ph. D. Thesis - Jian- Yong Liu 

C(31)-C(32)-C(33) 132.0(6) C(35)-C(33)-C(32) 106.3(6) 
C(35)-C(33)-C(34) 124.9(6) C(32)-C(33)-C(34) 128.8(6) 
C(33)-C(35)-C(36) 109.5(6) N(7)-C(36)-C(35) 107.3(5) 
N(7)-C(36)-C(37)“ 122.3(6) C(35)-C(36)-C(37) 130.3(6) 
C(38)-C(37)-C(36) 123.3(7) C(37)-C(38)-C(39) 125.2(7) 
C(40)-C(39)-C(44) . . 117 .0 (7 ) 

ij 
C(40)-C(39)-C(38) 123.7(6) 

C(44)-C(39)-C(38) 119.3(7) C(39)-C(40)-C(41) 123.2(7) 
C(42)-C(41)-C(40) 118.0(8) 0(2)-C(42)-C(43) 1 17.1(6) 
0(2)-C(42)-C(41) 123.6(7) C(43)-C(42)-C(41) 1 19.3(7) 
C(44)-C(43)-C(42) 120.9(7) C(43)-C(44)-C(39) 121.6(7) 
C(31)-C(46)-N(8) 121.1(6) C(31)-C(46)-C(47) 131.8(6) 
N(8)-C(46)-C(47) 107.1(6) C(49)-C(47)-C(46) 106.4(6) 
C(49)-C(47)-C(48) 125.0(7) C(46)-C(47)-C(48) 128.5(7) 
C(47)-C(49)-C(50) 109.5(7) N(8K(50)-C(49) 108.0(6) 
N(8)-C(50)-C(51) 122.9(6) C(49)-C(50)-C(51) 129.1(7) 
C(52)-C(51)-C(50) / 125.3(7) C(51)-C(52)-C(53) 126.7(7) 
C(54)-C(53)-C(58) 116.6(8) C(54)-C(53)-C(52) 123.2(7) 
C(58)-C(53)-C(52) 120.1(8) C(53)-C(54)-C(55) 122.7(9) 
C ( 5 6 ) - C ( 5 5 ) - C ( 5 4 ) � 119.7(9) C(55)-C(56)-C(57) 120.4(9) 
C(55)-C(56)-0(3) 124.0(11) C(57)-C(56)-0(3) 1 15.5(10) 
C(56)-C(57)-C(58) 120.0(10) C(53)-C(58)-C(57) 120.4(10) 
0(1)-B(1)-N(1) 112.0(6) 0(1)-B(1)-N(5) 115.3(5) 
N(l)-B(l)-N(5) 105.3(5) 0(1)-B(1)-N(3) 115.6(6) 
N(l)-B(l)-N(3) 104.4(5) N(5)-B(l)-N(3) 103.0(6) 
F(l)-B(2)-F(2) 108.2(6) F(l)-B(2)-N(8) 111.6(6) 
F(2)-B(2)-N(8) 108.8(7) F(l)-B(2)-N(7) I 10.0(7) 
F(2)-B(2)-N(7) 109.9(6) N(8)-B(2)-N(7) 108.2(5) 
Cl(2)-C(60)-Cl(l) 93.9(8) 

i: 
I 

I I 
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N(7) 52(3) 58(3) 70(4) -38(3) -22(3) 
N(8) 55(4) 64(4) 75(4) -40(3) -18(3) 
F(2) 92(4) 65(3) 119(4) -30(3) 9(3) 
C(l ) 85(6) 68(5) 67(5) -35(4) -44(4) 
C(2) 67(5) 75(6) -34(4) -43(5) 
C(3) 170(10) 64(6) 96(7) -41(5) -71(7) 
C(4) 164(11) 63(6) 97(8) -34(5) -52(7) 
C(5) 66(6) 83(7) -36(5) -9(6) 
C(6) 71(5) 60(5) -33(4) -11(4) 
C(7) 81(5) 57(4) 60(5) -28(4) -18(4) 
C(8) 64(5) 68(5) 57(4) -34(4) -18(4) 
C(9) 51(4) 62(5) 67(5) -37(4) -16(4) 
C(10) 58(4) 67(5) -30(4) -19(4) 
C ( l l ) 69(5) 84(6) 98(7) -48(5) -42(5) 
C(12) _ 7 ) 92(6) 96(7) -27(6) -60(6) 
C(13) 85(6) 95(7) -15(6) -66(7) 
C(14) 87(6) 77(5) 74(6) - 2 0 ( 5 ) . -30(5) 
C(15) 62(5) 62(4) - 2 6 ( 4 ) ‘ -27(4) 
C(16) 59(5) 67(5) 61(5) -26(4) -17(4) 
C(17) 92(6) 67(5) -46(5) -18(4) 
C(18) 49(5) 125(7) 78(6) -68(6) -21(4) 
C(19) 169(9) 103(7) -92(7) -14(5) 
C(20) 185(12) 120(9) -113(9) -17(6) 
C(2I) 200(13) 190(14) -160(13) -73(10) 
C(22) 71(6) 167(10) 131(9) -109(8) -56(7) 
C(23) 121(7) 98(7) -76(6) -37(5) 
C(24) 69(5) 86(6) 73(5) -48(5) -36(5) 
C(25) 57(4) 72(5) 68(5) -45(4) -16(4) 
C(26) 82(5) 66(5) 89(6) -36(4) -47(5) 
C(27) 72(5) ‘ 9 3 ( 6 ) -37(5) ‘ -47(5) 
C(28) 57(4) 62(4) -30(4) -25(4) 
C(29) 59(4) 88(6) -36(4) -38(5) 
C(30) 67(5) 66(5) 87(6) -37(4) -39(4) 
C(31) 59(5) 59(4) 68(5) -33(4) -29(4) 
C(32) 52(4) 54(4) 62(4) -29(4) -22(3) 
C(33) 65(4) 66(5) -33(4) -22(3) 
C(34) 61(5) 89(5) 88(6) -51(5) -13(4) 
C(35) 66(4) 65(5) -33(4) -23(4) 
C(36) 59(4) 55(4) 63(4) -30(4) -26(4) 
COD 64(5) 62(4) 81(5) -36(4) -31(4) 
C(38) 68(5) 59(4) 76(5) -36(4) -31(4) 
C(39) 63(5) 67(4) 73(5) -39(4) -34(4) 
cm 71(5) 97(6) -54(5) -26(5) 
C(41) 72(5) 86(6) -45(5) -20(4) 

-lii 
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C(42) 78(5) 54(4) 77(5) -35(4) -29(4) 13(4) 
C(43) 79(6) 69(5) 96(6) -54(5) -40(5) 26(4) 
C(44) 60(5) 77(5) 101(6) • -57(5) -31(4) 20(4) 
C(45) 112(9) 96(7) 165(11) -79(8) -22(8) -13(6) 
C(46) 61(5) 70(5) 82(5) -47(4) -29(4) 8(4) 
C(47) 66(5) 98(6) 109(7) -71(6) -28(5) 7(4) 
C(48) 85(6) 152(9) 157(10) -123(8) -36(6) 8(6) 
C(49) 56(5) 111(7) 123(7) -82(6) -15(5) 11(5) 
C(50) 57(5) 83(5) 89(6) -53(5) -17(4) 8(4) 
C(51) 60(5) 83(5) 103(6) -56(5) -21(5) 8(4) 
C(52) 63(5) 104(6) 87(6) -57(5) -24(5) 丨 3(4) 
C(53) 51(5) 79(5) 83(6) -35(5) -19(4) 7(4) 
C(54) 52(5) 120(7) 111(7) -65(6) -13(5) -1(5) 
C(55) 73(6) 111(7) 125(9) -62(7) -31(6) 0(5) 
C(56) 65(6) 110(7) 96(8) -18(6) -27(6) -9(5) 
C(57) 72(7) 184(12) 88(8) -47(8) -8(6) -2(7) 
C(58) 70(6) 169(10) 87(7) -55(7) -15(5) -4(6) 
C(59) 121(10) 178(12) 193(14) -41(11) -97(10) -23(8) 
B(l) 52(5) 69(5) 63(5) -40(5) -18(4) 2(4) 
B(2) 50(5) 54(5) 83(6) -33(5) -14(4) -3(4) 
CI(1) 210(5) 347(7) 278(6) -140(5) -98(4) 19(5) 
Cl(2) 419(9) 348(8) 454(10) -156(7) -73(7) 37(7) 
C(60) 330(30) 300(30) 420(40) 190(30) -310(30) -150(20) 

Table 5. Hydrogen coordinates (x 1 0 �a n d isotropic displacement parameters (A) x 1 0 � 
6.5CH2CI2. 

X y z U(eq) 
H(3A) 2348 -3736 3510 121 
H(4B) 901 -4833 3817 128 
H(5A) -854 -4321 3584 1 19 
H(6A) -1114 -2628 2994 96 
H( l lA) -1219 948 710 92 
H(12A) -1014 2334 -692 1 12 
H(13A) 665 3402 -1487 125 
H(14A) 2209 3124 -941 98 
H(19A) 6036 1844 -566 1 17 
H(20A) 7759 1062 -717 126 
.H(21A) 7796 -445 390 147 
H(22A) 6158 -1361 1643 122 
H(26A) 3113 98 4050 88 
H(27A) 4408 1181 4010 87 
H(29A) 3482 3410 2079 84 
H(30A) 2169 2333 

i 
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H(34A) 
F -

1691 3415 4787 1 16 
H(34B) 2393 2510 4761 1 16 
H(34C) 2112 3231 3872 1 16 
H(35A) 2930 4796 4639 73 
H(37A) 6041 5990 3480 78 
H(38A) 3863 6228 4546 77 
H(40A) 6750 7379 3280 88 
H(4 丨 A) 7484 ‘ 8859 3133 92 ‘ 
H(43A) 4380 9007 4914 87 
H(44A) 3671 7600 4975 87 
H(45A) 7608 10925 3582 183 
H(45B) 7714 10435 2892 183 
H(45C) 7979 9849 3821 183 
H(48A) 6824 1751 1254 168 
H(48B) 5666 2267 1359 168 
H(48C) 5808 1373 2230 168 
H(49A) 8462 2774 1210 107 
H(51A) 8992 4522 2159 93 
H(52A) 10147 3832 839 95 
H(54A) 10677 4867 2239 1 1 1 
H(55A) 12390 5677 1978 1 19 
H(57A) 13882 5313 -358 148 
H(58A) 12154 4485 -103 133 
H(59A) 15350 6441 1098 246 
H(59B) 14597 5436 1811 246 
H(59C) 14014 6430 1614 246 
H(60A) 512 -2577 6736 495 

�H ( 6 0 B ) 1802 -2212 5999 495 
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