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Abstract

This thesis describes my synthetic studies on several series of functional zinc(IT)
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 ICs0

values as low as 0.06 .M.

Chapter 4 focuses on a related series of 1,4-disubstituted 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(I) phthalocyanines conjugated with one, two or four
isopropylidene protected glucofuranose unit(s) through a tetracthylene 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.

111



RS

ARG SR E T — SR TR R R A SR LS SR Y S T g - B RS

T8 R A RO UL B J1 76 BERIDE I 2t T AV E R 9L PR -

FoBEM TEGE > R A BEMEEFNGK - MEMEM - EEEL

EYIE BAROCBBE 8 Ja R LA ER T e o AN AEMEE

T 5 AR S E AR — SR A -

B UEEE T =M 3+ 0 A EEE R MR ECE S R DR B
VIERMEE - B L&Y A B A A e o2 F1 RS BE 8 Al B u 20 BY S 35 1F F AL
WPRET - B AWE - LHZHUUBE R TR &SRR E 175 - B
f1csofB 0] [ 2 0.02 ~im[] O

FoBERET R LJHUREEGE - ERBEA. + IHEEEER
MREVHEEN = (L28%) #eH mEA - MEEEAUUEEE - EE(EaYA
AL B UL > HE FEMES LR N E SHHEGREAE TEXR - HIE
o B nepcaMur2o M E R TR S B J77EM > Hics EH A K ZEo. o6

[iMo



EREENEE  FHUBEML T —ZR501, 4- ZHACREZ BN -

LoMWENRENRERSE  CYHEMEE - AR IN B IR RT3

Ek}

AR ST -

I EM I T — Z 50 R BL BT & R~ e R B B E - B Sk

JJIH*

g~ U E P R R R Y ok R A A RE B > fE — A AR Y
B HARSHUSENE - 150 > B a2 Mnr2o I HHY SE B ST IE T
B PRES o AH Eb e 35 1F F AT VO HUACURE BB - — ~ ZHUUOBE Bk 3F BUR o=

(e 8 1 E B Es. 9, ELicso[H K £ 0.03 ML

57N EE o B R0 T (18] A A8 (R S A A Y o R R — A M S L

EMEEEET R e R A IEE TEARI - T MW ER— IR &Ry

ok
E‘;ﬁ
ik

W EE > EEH BRI PERS B oo B o B B RRHY

il

&t
~ A

o PR B A 2 R B A SR oEE

FU R T W A I g A A AV RE R — E oL LY > B
MEVGE R ~ RENDCEME - BUAR 8 EECAE i et > SEmELEEY

R R T — [ EEADLHEEENE T EHEBEE -

it g5k a 51] H BT 5 8 AL & W0 B R B SR R RO B > x 17 5 O A 45 1 O O R R B

EAGES SN



Acknowledgment

Firstly, I would like to express my deepest gratitude to my supervisor. Prof.
Dennis K. P. Ng, for his guidance, inspiration, patience, and support during my
postgraduate studies. Over the past three years, he has taught me a lot in various
aspects, including presentation of data and arguments effectively in a simple but yet
scientific way and composition and review of academic papers. He provided me the
opportunity to attend the 12"* International Symposium of Novel Aromatic
Compounds (ISNA12) held in Japan, which enriched my academic life and widened
my horizon. He also gave me great assistance during the preparation of my graduate
seminars and this thesis. To him, let me say "many thanks” again.

This research work was made possible only with the efforts of many people.
Prof. Wing-Ping Fong > Elaine Y. M. Chan, and Crystal M. H. Chan of the Department
of Biochemistry, CUHK, and Prof. Gigi P. C. Lo and Xiongjie Jiang of the
Department of Chemistry, CUHK performed the cytotoxicity and cellular uptake
experiments in Chapter 2 to 5. Prof. Xiyou Li of the Department of Chemistry,
Shandong University measured the fluorescence quantum yields and lifetimes of the
compounds reported in Chapter 6. Dr. Eugeny A. Ermilov of the Institut fur Physik,
Photobiophysik, Humboldt-Universitat zu Berlin performed the time-resolved
fluorescence and transient absorption spectroscopic studies of the compounds reported
in Chapter 7. Betty H. S. Yeung helped me to prepare some precursors during the

summer of 2007. To all these people, I give them my gratitude.
= A
, ..

Thanks ate also given to my lab-mates, past and present, including Dr.

Xuebin”® Leng, Dr. Bill C. F. Choi, Dr. Ming Bai, Prof. Wubiao Duan, Prof. Jiandong

VI



Huang, Dr Baozhong Zhao > Dr. Hu Xu, Hui He, Janet T. F. Lau, Qunling Fang, and
Venus Y. S. Huang for their friendship and helpful discussion.

Last but not the least, I would like to thank my parents, my wife, and my
friends for their continuous care, support, understanding, and encouragement during

these years.

vl



Table of Contents

Abstract
Abstract (in Chinese)
Acknowledgment
Table of Contents
List of Figures
List of Schemes
List of Tables
Abbreviations
Chapter 1 Introduction
1,1 Phthalocyanine
1.1.1  General
1.1.2  Synthesis of Unsymmetrical Phthalocyanines
1.1.2.1  Synthesis of AsB-type Phthalocyanines
1.1.2.2  Synthesis of A2B2-type Phthalocyanines
1.1.3  Phthalocyanines as Efficient Photosensitizers for
Photodynamic Therapy
1.1.3.1 Silicon(IV) Phthalocyanines
1.1.3.2  Aluminum(IIT) Phthalocyanines
1.1.3.3 Zinc(II) Phthalocyanines
1.1.4 Glycosylated Photosensitizers

1.1.4.1 Glycosylated Phthalocyanines °

VIII

vi

viii

Xiil

X1X

XX1

XXii



1.2 Boron Dipyrromethenes (BODIPY's)
1.2.1 General
1.2.2 Light Harvesting Systems Based on BODIPY's
1.2.2.1 BODIPYs as the Core
1.2.2.2 BODIPYs as the Antenna
1.2.2.3 BODIPYs as Both the Core and Antenna

1.3 References
)

Chapter 2 Synthesis, Characterization, and in vitro Photodynamic
Activities of Novel Amphiphilic Zjnc(II) Phthalocyanines Bearing
Oxyethylene-Rich Substituents
2.1 Introduction
2.2 Results and Discussion
2.2.1 Molecular Design and Chemical Synthesis
2.2.2 Spectroscopic Characterization and Photophysical Properties
2.2.3. In vitro Photodynamic Activities
2.3 Conclusion
2.4 Experimental Section
2.4.1 General
2.4.2 Photophysical Studies
2.4.3  Synthesis
2.4.4 In vitro Studies
2.4.4.1 Cell Lines and Culture Conditions

2.4.4.2 Photocytotoxicity Assay

34

34

36

36

39

46

48

57

57

58

58

61

66

69

70

70

71

72

79

79

79



2.4.4.3 Fluorescence Microscopic Studies

2.5 References
Chapter 3  Synthesis, Characterization, and in vitro Photodynamic
Activities of Di-a-Substituted Zinc(n) Phthalocyanine Derivatives
3.1 Introduction
3.2 Results and Discussion

3.2.1 Synthesis and Characterization

3.2.2 Electronic Absorption and Photophysical«Properties

3.2.3 In vitro Photodynamic Activities
3.3 Conclusion
3.4 Experimental Section

3.4.1 General

3.4.2  Synthesis

.5 References
Chapter Highly  Photocytotoxic 1,4-Dipegylatckl Zinc(IT)
Phthalocyanines. Effects of the Chain Length on the vitro
Photodynamic Activities

1 Introduction
4.2 Results and Discussion

.4.2.1 Molecular Design and Synthesis

4.2.2 Electronic Absorption and Photophysical Properties

4.2.3 In vitro Photodynamic Activities

4.3 Conclusion

81

83

83

84

84

89

92

97

97

97

97

104

107

107

107

107

11

115

120



4.4 Experimental Section
4.4.1 General
4.4.2 Synthesis ] [
4.5 xReferences
Chapter 5 Effects of the Number and Position of the Substituents on the
T
in vitro Photodynamic Activities of Glucosylated Zinc(II) Phthaiocyanines

5.1 Introduction

5.2 Results and Discusskm

5.2.1 Synthesis and Characterization
5.2.2 Electronic Absorption and Photophysical Properties
5.2.3 In vitro Photodynamic Activities

5.3 Conclusion .

5.4 Experimental Section

5.4.1 General -
5.4.2 Synthesis

5.5 References

Chapter 6 Highly Efficient Energy Transfer in
1

Subphthalocyanine-BODIPY Conjugates
6.1 Introduction
6.2 Results and Discussion
6.2.1 Preparation and Characterization
6.2.2 Electronic Absorption and Photophysical Properties

6.3 Conclusion

X1

121

121

121

127

130

130

131

131

137

139

145

146

146

147

157

160

160

162

162

167

174



6.4 Experimental Section

6.4.1 General
6.4.2  Photophysica Studies
6.4.3 Synthesis
6.4.4 X-ray Crystallographic Analysis of 6.2, 6.4 H20, and 6.5 CH2CI2
6.5 References
Chapter 7 Switching the Photo-induced Energy and Electron Transfer
Processes in BODIPY-Phthalocyanine Conjugates ,
7.1 Introduction
7.2 Results and Discussion
7.2.1 Preparation and Characterization
7.2.2  Electronic Absorption and Photophysical Properties
7.3 Conclusion
7.4 Experimental Section
7.4.1 General
7.4.2 Photophysical Studies
7.4.3  Electrochemical Studies
7.4.4 Synthesis
7.5 References
Appendix A NMR Spectra of New Compounds

Appendix B Crystallographic Details for 62 > 64 H20, and 6.5 CH2CI2

XII

174

174

175

175

179

181

183

183

185

185

187

197

198

198

198

199

199

202

204

255



Figure 1.1.

Figure 1.2.

Figure 1.3.
Figure 1.4.
Figure 1.5.

Figure 1.6.

Figure 1.7.
Figure 1.8.

Figure 1.9.

Figure 1.10.

Figure 1.11.

Figure 1.12.

Figure 1.13.

Figure 1.14.

Figure 1.15.

List of Figures

General structures of  metallophthalocyanines and
metalloporphyrins.

Selected examples “ of  unsymmetrically substituted
phthalocyanines.

The photophysical mechanism .of photodynamic therapy.
Structure of Pc4.

Structures of silicon(IV) phthalocyanines 1.47 and 1.48.

A series of silicon(IV) phthalocyanines substituted axially with
one or two 1’3-bis(dimethylamino)-2-propoxy group(s).

Some examples of sulfonated aluminum(III) phthalocyanines.
Some examples of hydroxy zinc(II) phthalocyanines.

Selected examples of carboxy zinc(n) phthalocyanines.
Structures of substituted fluorinated phthak)cyanines 1.70.
Structures of  glycosylated pyropheophorbide 1.71,
mono-glucosylaled porphyrin 1.72, and glycoconjugated
sapphyrin 1.73.

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

Some examples of glycosylated phthalocyanines.

Structures of glucoconjugated silicon(IV) phthalocyanines

1.80 and 1.81.

General structure of BODIPYs

xni

18

19

21

21

23

26

27

28

30

31

32

33

35



Figure 1.16.
Figure 1.17.
Figure 1.18.

Figure 1.19.

Figure 1.20.

Figure 1.21.

Figure 1.22.

Figure 1.23.

Figure 1.24.

Figure 1.25.

Figure 1.26.

Figure 1.27.

[]

Figure 1.28.

Figure 2.1.

Figure 2.2.

Structures of BODIPY-antracene conjugates 1.85-1.89,
Structures of BODIPY-pyrene conjugates 1.90-1.92.

Structures of BODIPY-polycycle triads 1.93-1.95.

Molecular photonic wire 1.96 and molecular optoelectronic
gates 1.97 and 1.98.

Structures of BODIPY-porphyrin conjugates 1.99-1.102.
Structures of light harvesting arrays 1.103-1.106.

A stepwise energy transfer in the supramolecular triad 1.107.
Structures of some tin(IV) porphyrins axially substituted
BODIPY fluorophores.

Structure of pentad 1.112 containing four BODIPY donors and
a perylenediimide (PDI) acceptor.

Energy transfer followed by electron transfer in the
supramolecular triad 1.113.

Structures of FRET cassettes 1.114 and 1.115 composed of two

kinds of BODIPY fluorophores.

Structure of energy cassette 1.116 containing three kinds of

BODIPY fluorophores.

Structure of the molecular switch 1.117.

The aromatic region of the 'H NMR spectra of 2.7, 2.8, and

2.11 in CDCI3.

Electronic absorption spectra of 2.8 at different concentrations

in DMF.

X1V

ISRV RV

N Y

45

46

47

47

48
63

64



Figure 2.3.

Figure 2.4.

Figure 2.5.

J\

Figure 2.6.

Figure 2.7.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Comparison of the rates of decay of DPBF in DMF using 27’
2.8, 2.11, and ZnPc as the photosensitizers.

Effects of 2.7, 2.8, and 2.11 on HT29 and HepG2 cells in the
absence and presence of light.

Electronic absorption spectra of 2.7, 2.8, and 2.11 in the
DMEM culture medium.

Electronic absorption spectra of 2.7, 2.8, and 2.11 in the RPMI
culture medium.

Fluorescence microscopic images of HT29 tumor cells being
incubated with 2.7’ 2.8, and 2.11 for 2 h.

'"H-'H COSY spectrum of 3.4d in DMSO-c”.

'H NMR spectrum of 3.7b in CDCI3 with a trace amount of
pyridine-ds.

Electronic absorption spectra of 3.4b in DMF at different
concentrations.

Comparison of the rates of decay of DPBF in DMF using
3.4a-3.4d, 3.7a-3.7b, and ZnPc as the photosensitizers.

Effects of 3.4a and 3.7a on HT29 and HepG2 cells in the
absence and presence of light.

Electronic absorption spectra of 3.4a and 3.7a in the DMEM
culture medium.

Electronic absorption spectra of 3.4a and 3.7a in the RPMI

culture medium.

XV

66

68

68

69

87

89

90

92

93

95

95



Figure 3.8.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Visualization of intracellular fluorescences of HT29 after
incubation with 3.4a-3.4d and 3.7a-3.7b for 2 h.
Electronic

absorption different

spectra of 4.3a at
concentrations in DMF.

Electronic absorption spectra of 4.3a and 4.3f in thin solid
films.

Comparison of the rates of decay of DPBF in DMF, using
4.3a-4.3c, 4.3e-4.3f, and ZnPc as the photosensitizers.

Effects of 4.3a-4.3c and 4.3e-4.3f on HT29 and HepG2 cells in
the absence and presence of light.

The effects of chain length on the photocytotoxicity of
4.3a-4.3c and 4.3e-4.3f for HT29 and HepG2 cells.

Electronic absorption spectra of 4.3a-4.3¢ and 4.3e-4.3f in the
DMEM culture medium.

Electronic absorption spectra of 4.3a-4.3¢ and 4.3e-4.3f in the

RPMI culture medium.

Fluorescence of HT?29

microscopic images cells after
incubation with 4.3a-4.3¢c and 4.3e-4.3f for 2 h.

HPLC analysis of the purified 5.5 and 5.10.

Electronic absorption spectra of ZnPc(a—PGlu)Z (5.9) at
different concentrations in DMF.

Effects of 5.6, 5.9, 5.10, and 5.16 on HT29 and HepG2 cells in

the absence and presence of light.

XVI

96

112

112

114

116

117

118

119

120

137

138

141



Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Figure 6.9.

Figure 6.10.

Electronic absorption spectra of 5.4-5.6, 5.9, 5.10, and 5.16 in
the DMEM culture medium.

Fluorescence spectra of 5.4-5.6, 5.9, 5.10 > and 5.16 in the
DMEM culture medium.

Electronic absorption spectra of 5.4-5.6, 5.9, 5.10, and 5.16 in
the RPMI culture medium.

Fluorescence spectra of 5.4-5.6, 5.9, 5.10, and 5.16 in the
RPMI culture medium.

Fluorescence microscopic images of HT29 cells after being
incubated with 5.6, 5.9’ 5.10, and 5.16 for 2 h.

Energy transfer processes in the subphthalocyanine-BODIPY
conjugates.

The enlarged high-resolution ESI mass spectrum of 6.5.
Molecular structure of 6.2.

Molecular structure of 6.4.

Molecular structure of 6.5.

Normalized absorption spectra of 6.1, 6.4, and 6.6 in toluene.
Normalized absorption spectra of 6.2, 6.5, and 6.6 in toluene.
Overlap between the fluorescence spectrum of 6.1 and the
absorption spectrum of 6.6 in toluene.

Overlap between the fluorescence spectrum of 6.6 and the

absorption spectrum of 6.2 in toluene.

Fluorescence spectra of 6.1, 6.4, and 6.6 in toluene (Xtx . 470

nm).

XVII

142

143

143

144

145

162

164

165

166

166

168

168

169

170

172



Figure 6.11. Normalized (at 563 nm) absorption and excitation (monitored 172
at 570 nm) spectra of 6.4 in toluene.

Figure 6.12.  Fluorescence spectra of 6.2, 6.5, and 6.6 in toluene X’x = 515 173
nm).

Figure 6.13. Normalized (at 647 nm) absorption and excitation (monitored 174
at 653 nm) spectra of 6.5 in toluene.

Figure 7.1. Photo-induced energy or electron transfer process in the 184

BODIPY-phthalocyanine conjugates.

Figure 7.2. ESI-Mass spectrum of compound 7.5. 187
Figure 7.3. Normalized absorption spectra of 6.1, 7.2, and 7.7 in toluene. 188
Figure 7.4. Normalized absorption spectra of 7.4, 75 ? and 7.7 in toluene. 189

Figure 7.5. Fluorescence spectra of 6.1, 72 > and 7.7 in toluene {Xx =480 190
nm).
Figure 7.6. Normalized absorption (at 613 nm) and excitation (monitored 191
at 687 nm) spectra of 7.2 in toluene.
Figure 7.7. Fluorescence spectra of 7.2 and 7.7 in toluene (X<x 615 nm). 192
Figure 7.8. Fluorescence spectra of 7.4, 75 > and 7.7 in toluene (X"x — 530 194
nm).
Figure 7.9. Fluorescence spectra of 7.5 and 7.7 in toluene (kcx = 615 nm). 195
Figure 7.10.  Transient absorption spectra of 7.5 in toluene at different delay 196

times.

XVII



Scheme 1.1.

Scheme 1.2.

Scheme 1.3.

Scheme 1.4.

Scheme 1.5.

Scheme 1.6.

Scheme 1,

Scheme 1.8.

Scheme

Scheme 1.10.

Scheme 1.11.

Scheme 1.12.

List of Schemes

Statistical condensation of two different phthalonitriles afibrds
a mixture of six phthalocyanines.

Synthesis of fullerene-fused phthalocyanines 1.17.

Synthesis of an unsymmetrical water-soluble phthalocyanine
for covalent labeling of an oligonucleotide.

Synthesis of phthalocyanine 1.23 by statistical condensation.
Synthesis of an AjB-type phthalocyanine via the ring
expansion approach.

Preparation of the AijB-type phthalocyanine 1.30 by a polymer
supported method.

A silica gel support was used to prepare the A”B-type
phthalocyanine 1.33.

Synthesis of the ABAB-type phthalocyanine 1.36 using
1’3’3-trichloroisoindoline 1.34 as a precursor.

Preparation of the ABAB-type phthalocyanine 1.38 using
5-neopentoxy-1//-isoindole-1,3(2//)-dithione  (1.37) as a
precursor.

Preparation of the ABAB-type phthalocyanine 1.41 by
statistical condensation.

Synthesis of the “adjacent" phthalocyanine 1.43 via the
"half-Pc" intermediate.

Synthesis of the "side-strapped" phthalocyanine 1.45.

XIX

10

12

13

14

15



Scheme 1.13. Synthesis of the mono-sulfonaled zinc(II) phthalocyanine 1.58. 2 5

Scheme 1.14. An alternative synthetic route for the mono-sulfonated zinc(Il) 25
phthalocyanine 1.60.

Scheme 1.15. Synthesis oOf the unsymmetrical glycosylated zinc(Il) 34
phthalocyanine 1.84.

Scheme 2.1. Synthesis of phthalocyanines 2.7 and 2.8. 60O

Scheme 2.2. Synthesis of phthalocyanine 2.11. 61

Scheme 3.1. Synthesis oOf 1,4-disubslituled zinc(I) phthalocyanines 85

3.4a-3.4c.
Scheme 3.2. Synthesis of tetrahydroxy zinc(II) phthalocyanine 3.4d. 8"S
Scheme 3.3. Synthesis of benzo-fused zinc(II) phthalocyanines 3.7a-3.7b. &S
Scheme 4.1. Synthesis of phthalocyanines 4.3a-4.3d. 1
Scheme 4.2. Synthesis of phthalocyanines 4.3e and 4.3f. 110
: : 132
Scheme 5.1. Synthesis of tetra-p-glucosylated phthalocyanines 5.4 and 5.5.
: : 133
Scheme 5.2. Synthesis of mono-p-glucosylated phthalocyanine 5.6.
. . : 131
Scheme 5.3. Synthesis of di-a-glucosylated phthalocyanines 5.9 and 5.10.
135
Scheme 5.4. Synthesis of di-P-glucosylated phthalocyanine 5.16.
163
Scheme 6.1. Synthesis of conjugates 6.4 and 6.5.
le/

Scheme 6.2.  Synthesis of subphthalocyanine 6.6 as a reference compound.
J 185
Scheme 7.1.  Synthesis of bis(BODIPY) substituted phthalocyanine 7.2.
Scheme 7.2, Synthesis O T bis(mono-styryl ~ BODIPY)  substituted 186
phthalocyanine 7.5.

Scheme 7.3. Synthesis of phthalocyanine 7.7 as a reference compound. 188

XX



Table 2.1.

Table 2.2.

Table 3.1.

Table 3.2.

Table 4.1.

Table 4.2.

Table 5.1.

Table 5.2.

Table 6.1.

Table 6.2.

Table 7.1.

List of Tables

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

Comparison of the ICs0 values of phthalocyanines 2.7, 2.8 > and
2.11 against HT29 and HepG2 cells.

Electronic absorption and fluorescence data for 3.4a-3.4d and
3.7a-3.7b in DMF.

IC50 values of 3.4a-3.4d and 3.7a-3.7b against HT29 and HepG2
cells.

Electronic absorption and photophysical data for
phthalocyanines 4.3a-4.3c and 4.3e-4.3f.

Comparison of the IC50 values of phthalocyanines 4.3a-4.3¢c and
4.3e-4.3f against HT29 and HepG2 cells.

Electronic absorption and photophysical data for all the
glucosylated phthalocyanines in DMF.

Comparison of the IC50 values of phthalocyanines 5.6 * 5.9, 5.10,
and 5.16 against HT29 and HepG2 cells.

Absorption and fluorescence data for the dyads 6.4 and 6.5, and
the reference compounds 61, 62, and 66 in toluene.
Crystallographic data for 6.2, 64 I‘m and 6.5 CH2CI2.
Absorption and fluorescence data for the triads 7.2 and 75 ’ and

the reference compounds 6.1, 7.4, and 7.7 in toluene.

XX1

64

67

91

94

114

116

139

140

171

180

193



Abbreviations

General:
e Molar absorptivity
Aom Emission Maximum
Amex Absorption maximum
Mia Singlet oxygen quantum yield
~ENT Energy transfer quantum yield

Fluorescence quantum yield
rm_‘ Triplet state quantum yield
= Fluorescence lifetime
It Triplet state lifetime
BODIPY Boron dipyrromethene
ca. Coarse approximation
Calcd. Calculated
DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
DDQ 2,3-Dichloro-5,6-dicyano-p-benzoquinone
DMAE N ? N-Dimethylaminoethanol
DMF N ? N-Dimethylformamide
DMSO Dimethyl sulformamide
DPBF 1 * 3-Diphenylisobenzofuran
EET Excitation energy transfer

M

equiv. Equivalent

eT Electron transfer

XXII



Hours

HzP Metal free porphyrin
HPLC High performance liquid chromatography
ICT Intramolecular charge transfer
ISC Intersystem crossing
lit. Literature value
PDI Perylenediimide ]
u]
PDT Photodynamic therapy
ROS ) .
Reactive oxygen species
r.t.
Room temperature
SubP
ubre subphthalocyanine
TFA
Trifluoroacetic acid
THF
Tetrahydrofuran
TLC .
Thin layer chromatography
uv .
Ultraviolet
Vis o
Visible
v/v )
Volume to volume ratio
ZnP . )
zinc(II) porphyrin
ZnPc

Unsubstituted zinc(II) phthalocyanine
Nuclear Magnetic Resonance (NMR) Data:

{'H} Proton decouple -
5 Chemical shift
J Coupling constant in Hz

COSY Correlation spectroscopy

XXI11



ppm

dd

m

br s

Mass Spectrometric (MS) Data:
T

ESI

FAB

HRMS

MALDI-TOF

Part per million
Singlet

Doublet

Triplet

Doublet of doublet
Multiplet

Broad signal

Molecular ion

Electrospray ionization

Fast atom bombardment

High resolution mass spectroscopy

Matrix assisted laser desorption/ionization

-time of flight

XXV



Ph. T) Thesis - Man- Yong Liu

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™,
F+ > N2+, V02+ Cr3+ and Pd Llresults 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™, A", and Ga). have high triplet state quantum yields (Oj > 0.4) and
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long triplet lifetimes (tt > 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.



Ph. D Thesis—Jian-Yong  Liu

o)
A
g =R
1 n
T gt;p ~N
NM
-l » ijdil H
. C N
- N&
NH
b
OCHCHOH 1 ¥ 0OCHXH, M =XN ocHoH
R Y YN GEIH OCHCHOH N ool
CHICHICHCHD CHXICHB QYaFH
1.10
/ GiHj
an NN " w,
- CI1>
NZmN
t 11/
UU
s
° Naq

Figure 1.2. Selected examples of unsymmetrically substituted phlhalocyanines.



Ph. D Thesis—Jian-Yong Liu

Owing to the wunique 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 AjB-type Phthalocyanines
(i) Statistical Cé&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.

Scheme 1.1. Statistical condensation of two different phthalonitriles affords a

mixture of six phthalocyanines.
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The stoicbiometry of the two phthalonitriles used is also critical in these mixed
cyclization reactions. Normally, one of the reaclants is employed in excess, /or
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%),ASB
(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.

N NG 2H)
N (NHHMIGH4HD

Scheme 1.2. Synthesis of fullerene-fused phthalocyanines 1.17.
0
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
Ig

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 A}B—

0
type phthalocyanine 1.23 was isolated as the main product in 50% yield (Scheme

1.4).

n

[ AAACN /-~"NCN n-butanol/Zn(11)

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 wusing 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(oxyethylene)-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, / \3B-type phthalocyanine can also be
prepared by the ring expansion reactions of subphthalocyanines (SubPcs). This
method was developed in the Ilate 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 approeach.24
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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 1,8-diazabicyclo[5.4.0lundec-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 method 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
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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 **

27 Zn(0Ac)2
N —Zn—N,
DBU, n-butanol

| B/

©

NC

¢
x B
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 17 ’ 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

tar/H20.
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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 A2BHype 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
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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,ij 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.

a
I
cl 2Bu NH OBu  y N OBu
N(C2Hs)s3, THF .
IO 1 NH . 10 NH f HN P
NaOCHs, hydroquinone [ K Y A
NH OBu & OBu

35

Scheme LR. 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 (1.37) with 1,3-diiminoisoindoline (1.25)
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 N N
) DMAE
I NH + | PNH j'"ANH HN
I S NH N N

.37 .25 ;}(’

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-didecylphthalonitrile (1.39) as a bulky precursor to
condense with phthalonitrile 1.40 to give the ABAB-type product 1.41 in 17% yield

(Scheme 1.10) 3
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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
compounds.In 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 Smith, [] Bhb}ﬂtproposed
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.

CHjoLi O-CN N |2
D Cg @I—iOH DMAE. Zn(OAc), ) | "

CAA

Scheme 1.11. Synthesis of the “adjacent” phthalocyanine 1.43 via the “half-Pc ’

intermediate.
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An alternative synthetic pathway to AABB-type phthalocyanine was established
by Kobayashi et al. in 1993/ 1t involves the use of /~/*(phthalonitrile) linked by an
appropriate bridging group, such as 2,2'-diphenyl (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.

f

O g N CoCl2. ethylene glycol
reflux. 5 h a
(3)

Scheme 1.12. Synthesis of the "side-strapped" phthalocyanine 1.45.

osoo

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 /\ 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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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.4l 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 Il 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.

Kcactive oxygen

k species

S, Free radicals
Inter-System (Type 1)
crossing
Cell death
oo
W
Y%
\
Singlet oxygen \
(Type 1D

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 » sb.f[phthalocyanines 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 formulation.Some of these
compounds, such as the silicon(IV) phthalocyanine Pc4 (1.46), a liposomal
preparation of zinc(I) phthalocyanine (CGP55847), and a mixture of sulfonated
aluminum(IIT) phthalocyanines (Photosense) are presently in clinical trials,”

These three potential drugs represent three major classes of phthalocyanines
which can be used for PDT, namely silicon(IV), alLiminum(IIl), 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,
Si

1.46 (Pc4)

Figure 1.4. Structure of Pc4.

1, J.3.1 Silicon(lV)  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
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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 hydroxyl 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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1.47 Ri = R2 = OS(AC4H92~CiBH37
.43 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 1,3-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.

rrr

*49 R = Me, Et. Hexyl
150

Figure 1.6. A series of silicon(IV) phthalocyanines substituted axially with one or

two 1,3-bis(dimethylammo)-2-propoxy group(s).

1-
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L1.3.2 Aluminum(lJI)  Phthalocyanines

Aluminum(IIT) 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

compounds.These 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.

22



Ph D Thesis - Jian-Yong IJu

o N X XN
HOjs- —N SOH
51 .52
- iP L NAMAN NANS N
AN 4 FSOIH o, N-AI-NAJASOjH °
o o . i
9
.53 .55

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(IIT) 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

rQ

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(li) Phthaiocyanines

The unsubstituted zinc(II) phthalocyanine is poorly soluble in common organic
solvents and aqueous media. Hence, to allow it to be used in PDI, it needs to be
formulated as an emulsion or conjugated with proteins, such as unilamellar
liposomal,59a low density lipoproteins and bovine serum albumin BsAa). > " ©

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(IT) 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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CN 1 NHVDMEA
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Scheme 1.13. Synthesis of the mono-sulfonated zinc(II) phthalocyanine 1.58.

1 NaNO,. HCI PARANA I
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Scheme 1.14. An alternative synthetic route for the mono-sulfonated zinc(Il)

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(IIT) phthalocyanine series, the degree of sulfonation
greatly affects the in vitro and in vivo photocytotoxicity and the photochemical
properties of the zinc derivatives.It 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(IT)  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 afmy. I [ "
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.

OH N T~ N N
J. OH
m™MNA T A v S | Kt~
OH OH
OH NN—ZAaN 1 NN 1 1
I I

o~1] H O

.61

N
9‘* R
N—Zn—N} O\ N—Zn—N |
fl N OH ANEVAY A A
~T N 1 y T oH

.64

Figure 1.8. Some examples of hydroxy zinc(IT) phthalocyanines.
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Two amphiphilic carboxy zinc(I) 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

Za

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 HelLa cells.

COOH HOOC F C p HOOC COOH
L F A
N
COOH F - AN hoocA®? WACOOH
COOH H F F F HOOC COOH

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

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 GLUTI and/or GLUT3 is a

characteristic identified in many cancerous cells.** For example, elevated GLUTI
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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
0r

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
8l

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 ¢ and eventually lead to

apoptosis of the cancerous cells.
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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 172 ? 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 o.1 fiM.

BYQH

FCo
0
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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 tetracthylene 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 (ICs0 = 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 1,2:3,4-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.

33



Ph. D Thesis — Jian- Yong Liu

R
F NaH. toluene RANMNAANCN AN-ANCN R A~V A A
| I N Zn—N,
n OH -AYAACN  ZnClj. DMAE Voo
R R N
.82

OHi
OH

Scheme 1.15. Synthesis of the unsymmetrical glycosylated zinc(I) 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.glj 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 emerge.ji BODIPYs have many

34



Ph. D. Thesis - Jian- Yong Liu

attractive spectral characteristics, such as large absorption coefficient > high
fluorescence quantum yield, and long-wavelength emission > 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 QI_J

More importantly, the absorption and emission properties of these dyes can be
tuned through rational modification of the BODIPY oore.glj 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
I n
A
F F

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 photosynthesis.BODIPY dyes are
well-known fluorophores having remarkable photophysical properties, which are ideal

components of light harvesting systems. To date, many light harvesting molecules

0 |

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

antenna.'e’

1.2.2,1 BODIPYs as the Core

Similar to many other organic fluorophores, BODIPY dyes possess small Stokes'
shift, which hampers their optimum use in flow cytometry and fluorescence
microscopy.90b Synthetic strategies have been developed to circumvent this problem
by covalent attachment of an ancillary pigment to the BODIPY 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 of the BODIPY emitter are retamed.A®"*

Recently, the BODIPY-antracene conjugates 1.85-1.89 have been prepared by
Burgess et al. via palladium-catalyzed cross-coupling reactions.gﬂ@) In these cassettes,
Highly efficient photo-induced energy transfer occurred from antracene to BODIPY.
The energy transfer efficiencies depend on the relative orientation of the two
components and the structure of the linkers attaching them. All systems in which the
donor is coupled to the long axis of the BODIPY acceptor (as in 1.87) exhibit a
significantly faster energy transfer than those with the donors attached to the short

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

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

QU

synthesized. The absorption spectra of these compounds indicate that the BODIPY
and pyrene chromophores are spectrally isolated, thereby inducing a large "virtual"
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 of energy transfer depends on thestructure of the dual dye system and

A

decreases as the center-to-center separation increases. The energy transfer efficiency,
however, exceeds 90% in all systems. Linking the two pyrene residues by an ethyne
group leads to a decrease in the energy-transfer efficiency, with the two polycycles
acting as a single chromophore. The directly linked BODIPY-pyrene dyad 1.90 binds

to DNA and functions as an efficient solar concentrator when dispersed in plastic.
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Figure 1.17. Structures of BoDIPY-PYIr€ne conjugates 1.90-1.92,

Apart from these compounds, three related triads 193-1.95, comprising a
BODIPY core linked to two aromatic polycycles via the boron center, have also been
prepared.98c The polycyclic compounds are either pyrene or perylene, or a mixture of
both. Whereas the absorption spectral profiles contain important contributions from
each of the subunits, fluorescence occurs exclusively from the BODIPY fragment.
Intramolecular excitation energy transfer is extremely efficient 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
of 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 “virtual” Stokes' shift and displays several clear absorption peaks that are useful

as markers for chemical sensors.
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Y

Figure 1.18. Structures of BODIPY-polycycle 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 "linear molecular photonic wire" by
Lindsey » 99a in which a BODIPY dye provides an optical input at one end, a linear
array of three zinc(ll) 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 efficient through
bond energy transfer took place from the BODIPY to zinc(ll) porphyrin (ZnP), and
then to metal free porphyrin (H2P). The overall signal transmission efficiency 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(ll) porphyrin was employed as a switcher which can turn
on or off the emission of the acceptor. The oxidized state of 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 with one, two, or eight
BODIPY unit(s) have also been synthesized as light-harvesting arrays.The blue-
green BODIPY absorption complements the spectral coverage of the porphyrin
chromophorc, enhancing the light harvesting properties of the arrays and facilitating
selective excitation of the accessory pigment for other applications. An efficient
energy transfer (>85%) from the BODIPY pigment(s) to porphyrin has been observed

for these conjugates.
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Figure 1.20. Structures of BODIPY-porphyrin conjugates 1.99-1.102,

For the cassettes 1.103 and 1.104, the emission from the BODIPY moieties
virtually cannot be seen upon excitation of the BODIPY part at 485 nm. Instead, an
emission corresponding to the thia or oxaporphyrin unit appears, suggesting the
presence of an efficient energy transferM'MAM |t js difficult to directly compare the
efficiency of energy transfer of these systems because the donor and acceptor
fragments have different separation and orientations. Interestingly, the dithia
analogous system 1.105”A gives a much lower energy transfer quantum yield (by ca.

11%) than 1.106'99c which has a normal porphyrin core (Oent — 97%).
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103

Figure 1.21. Structures of light harvesting arrays 1.103-1.106.

The supramolecular triad 1.107 was constructed by Weiss et al. It undergoes a
stepwise energy transfer from the excited BODIPY to ZnP, and then to The
efficiencies of these two energy transfer steps were calculated to be 80% and 85%,

respectively.
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Energy Transfer

Figure 1.22. A stepwise energy transfer in the supramolecular triad 1.107.

Energy transfer from the excited BODIPY axial ligands to the porphyrin core
was also observed in 1.108-1.111 in non-polar solvents.~ The efficiencies of energy
transfer which are in the range of 13-40% increase as the length of the methylene

bridge decreases. On the other hand, the emission of Sn(TPP) chromophores was
g Q _j

quenched by BODIPY chromophores at rate constants of 10 -10 s_ - which are
independent on the solvent polarity. Upon excitation of the BODIPY chromophore of
1.110, the excited singlet state of the Sn(TPP) chromophore, generated by the energy
transfer from the excited BODIPY chromophore, was quenched by the phenoxy
ligand via a non-radiative electron transfer process. However - a rapid back electron-
transfer may also occur because the absorption of the radical anion of Sn(TPP) was

not observed by nanosec »nd laser photolysis.



Ph"D  Thesis -Jian-Yijng  Liu

.108 n Me
.109 n Me

.110 n=1. R = Ph

non
N
XD
1 1

111

Figure 1.23. Structures of some tin(IV) porphyrins axially substituted BODIPY

fluorophores.

Click chemistry was employed to prepare the light harvesting system 1.112 in
which a perylenediimide (PDI) acceptor is linked to four BODIPY donorsT [ The
electronic absorption spectrum of this conjugate is the same as the sum of the spectra
of the donor and acceptor components, which indicates that the chromophoric
components in this system do not have significant ground-state interactions. Upon
excitation at 526 nm, very little residual emission corresponding to peripheral
BODIPY was observed. Additionally, a very strong emission from PDI core evolved
at 618 nm. This is due to a highly efficient energy transfer (99%) from the donor

BODIPY to acceptor PDI.

44



Ph. D Thesis - Man- Yong Liu

iLAN

112

Figure 1.24. Structure of pentad 1.112 containing four BODIPY donors and a

perylenediimide (PDI) acceptor.

A supramolecular approach was also employed to construct the artificial
ph0t03ynthetic model 1.113.99, Upon selective excitation of the BODIPY unit in the
dyad BODIPY-ZnP, an efficient energy transfer occurred from BODIPY to ZnP.
Upon forming the supramolecular triad with 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 followed by electron transfer in
the present supramolecular triad mimics the events of natural photosynthesis. Here,
the BODIPY acts as antenna chlorophyll that absorbs light energy and transports
spatially to the photosynthetic reaction center, while the electron transfer from the
excited zinc porphyrin to fullerene mimics the primary events of the reaction center
where conversion of the electronic excitation energy to chemical energy in the form of
charge separation takes place. The important feature of the present model system is its
relative “simplicity - ° because of the use of supramolecular approach to mimic the

rather complex "combined antenna-reaction center" events of photosynthesis.
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EnafBY Transfer
1.113

Figure 1.25. Energy transfer followed 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
prepared, lo0a These cassettes are composed of two BODIPY chromophores which are
linked via an acetylenic linker. Fluorescence spectroscopic studies of these
compounds in very dilute CHCI3 solution have showed that the FRET efficiency
significantly decreased with increasing the length of the rigid spacer from about 98%
(n= 1),to *85% (n=3),and to A*35% (n = 6).

Despite limited spectral overlap (1.3 x 10"™* mmor'cm”) and quite wide spatial
separation distance (17.9 A), an essentially quantitative excitation energy transfer
occurs from the peripheral BODIPY units to the expanded BODIPY core in . .5 &
The small degree of residual fluorescence from the normal BODIPY component is

useful for ratiometric fluorescence spectroscopy.
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Figure 1.26. Structures of FRET cassettes 1.114 and 1.115 composed of two kinds of
BODIPY fluorophores.

The energy transfer cassette 1.116, which contains three kinds of 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 of the solar
spectrum. Upon photoexcitation of this compound at 490 or 560 nm, a strong
fluorescence emission of the central purple BODIPY 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 efficient energy transfer

takes place from each donor to the acceptor in this system.

Figure 1.27. Structure of energy cassette 1.116 containing three kinds of BODIPY

fluorophores.
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Compound 1.117 was designed as a molecular switch.(, ® its UV-Vis 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 A.
Upon excitation at 490 nm, intramolecular energy transfer occurred from the donor to
acceptor. As a result, a strong emission at 630 nm from acceptor dye was observed.
Addition of TFA or lowering the temperature to -60 °C switched the molecule to the
expanded conformation, in which the donor-acceptor distance is enlarged by 70 A .As
a consequence, the emission from the acceptor disappeared completely, whereas
fluorescence intensity of the donor doubles. These results indicated that no energy

transfer occurred between the donor and acceptor in this case.

Energy Acceptor

117

Figure 1.28. Structure of 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 promising modality for the
treatment of malignant tumors and wet age-related macular degeneration.' It is a
binary therapy that involves the combination of visible light and a photosensilizer.
Each component is harmless by itself, but in combination with molecular oxygen,
they result in the generation of reactive oxygen species (ROS) causing oxidative
. cellular and tissue damage. This treatment has several potential advantages including
its minimally invasive nature, tolerance of repeated doses > and high specificity that

can be achieved through precise application of the light with modem fiber-optic

systems and various types of endoscopy. Currently, only a few porphyrin derivatives
including porfimer sodium, temoporfm, and verteporfin are clinically approved for
systemic administration. These compounds, though giving a positive response in a
high percentage of patients, still have various deficiencies that demand a further
development of better candidates? Owing to the desirable electron absorption and
photophysical properties - phthalocyanines are one of the most promising classes of

candidates for this application.? Over the last few years, our group has been interested
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in rational modification of this class of functional dyes with the goal of enhancing
their PDT efficiency. Several new series of silicon(IV) and zinc(ll) phthalocyanines
have been synthesized and evaluated for their photophysical and biological
properties.4 As the amphiphilicity of photosensitizers is believed to have a beneficial
effect on their photodynamic activity, amphiphilic phthalocyanines have been my
targets. In this Chapter - | report the synthesis, photophysical properties, and in vitro
photodynamic activity of three novel zinc(ll) phthalocyanines bearing one or two
3 > 4’5-tris(3’6 - 9-trioxadecoxy)benzoxy substituent(s). Having three or six triethylene
glycol methyl ether chains, these macrocycles are amphiphilic in nature, exhibiting a

high in vitro photocytotoxicity.

2.2 Results and Discussion
2.2.1 Molecular Design and Chemical Synthesis

Zinc(ll) phthalocyanines are good candidates for PDT application. In
addition to their relatively high stability, the closed-shell zinc(ll) center imparts
desirable photophysical characteristics to the macrocycles.”? Introduction of
substituents at the peripheral positions can also tailor the properties of the
macrocycles such as their solubility in biological media, aggregation behavior, and
targeting properties. As a result, zinc(ll) pl*thalocyanines have received considerable
attention as efficient photosensitizers? | describe herein three novel zinc(ll)
phthalocyanines (compounds 2.7 2.8, and 2.1:1) which contain the bulky -and

hydrophilic 3 - 4’5-tris(3 - 6 - 9-trioxadecoxy)benzoxy moiety. Having one or two of these
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substituents, the tt-tt stacking tendency is reduced and the macrocycles become
amphiphilic in nature. These properties should be advantageous for singlet oxygen
generation and cellular uptake, by which the photodynamic activity can be enhanced.
The relatively rare 1,4-disubstituted phthalocyanine 2.11 also has a longer Q-band
maximum compared with the a- and P-monosubstituted counterparts, which 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 of methyl 3,4,5-trihydroxybenzoate (2.1) with
triethylene glycol methyl ether tosylate (2.2) and K2CO3 led to trisubstitution giving
2.3, which was then reduced with LiAIHi to afford benzyl alcohol 2.4. This
compound was then treated with 3- or 4-nitrophthalonitrile in the presence of K2CO3
in N,N-dimethylformamide (DMF) to give the substituted phthalonitrile 2.5 or 2.6,
respectively. These compounds then underwent a mixed cyclization with an excess of
unsubstituted phthalonitrile (10 equiv.) in the presence of Zn(0Ac)2-2H20 and
|,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in /7-pentanol to afford 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
filtration and chromatography as a result of its lower solubility and slower mobility in

a silica gel column. During the chromatographic purification, a trace amount of some

m

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

minor side-products.

Similarly, treatment of 2,3-dicyanohydroquinone with benzyl chloride 2.9,
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prepared by chlorination of 2.4 with SOCI2, and K2CO3 afforded dinitrile 2.10 > which
was then cyclized with the unsubslituted phthalonitrile in the presence of
Zn(OAc)2.2H20 and DBU to give 2.11 in 8% yield (Scheme 2.2). All of these zinc(ll)
phthalocyanines were soluble in common organic solvents and possessed high
stability, which facilitated the purification by silica gel column chromatography, size

exclusion chromatography, followed by recrystallization.

HO CH3(0CH2CH2)30TS CH3(0CH2CH2)30
22 LiAIH4, THF
HO-<\ V-CO,CH, CH3(0CH2CH2)30* ACOZCH.
K2CO3. DMF reflux
Ho y CH3(0CH2CH2)30
90
2.3 (78%)
cN
fY cN
CH3(0CH2CH2)30 ON y ~ C N CH3(OCH2CH2)3q
CH3(0CH2CH2)30—AMMCHIOH cHaocHcH0 5 oreo” <" CN
K2CO3. DMF
CH3(0CH2CH2)30 on c CH3(OCH2CH2)30
(91%) 2.5 a-Substituted (39%)

2.6 p-Substituted (47%)

IWCN

N CH3(0CH2CH2)30 S |

I ,N—Zn—NO |

CH3(0CH2CH2)30~* ;;~~CH20 t

Q

Zn(oAc)2 2H20. DBU. n-CgHnOH

140-150 °C

CH3(0CH2CH2)30"

2.7 a-Substituted (26%)

2.8 Substituted (21%)

Scheme 2.1. Synthesis of phthaloc s 2.7 and 2.8.
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o
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Scheme 2.2. Synthesis of phlhalocyanine 2.11.

2.2.2 Spectroscopic Characterization and Photophysical Properties

All the new compounds were fully characterized with various spectroscopic
methods and the data are given in the Experimental Section. The NMR signals for the
phthalocyanine ring protons of 2.7 * 2.8, and 2.11 are very distinct in CDCI3 (with a
trace amount of 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
NMR spectrum of a-substituted phthalocyanine 2.7 shows a multiplet 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 multiplet 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 multiplet at 5 8.03-8.15 is attributed to the remaining six P protons.

The 'C NMR data of these compounds were also in accord with the structures
though some of the phthalocyanine ring,carbon signals (for 2.7 and 2.8) and the chain
CH2 signals were overlapped. For compound 2.11, a total of 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 with the Cjv symmetry.

The ESI mass spectra of 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 with the corresponding simulated pattern.

The identity of these species was also confirmed by accurate mass measurements.
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Figure 2.1. T he aromatic region of the '"H NMR spectra of 2.7, 2.8, and 2.11 in
CDCI3; -« indicates the trace amount of pyridine-ds added for the former two

complexes.

The electronic absorption and basic photophysical data of phthalocyanines 2.7,
2.8, and 2.11 were measured in DMF and are summarized in Table 2.1. All 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 followed the Lambert Beer's law (Figure 2.2). Upon excitation at 610
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nm, thecompound emitted at 677 nmwith a fluorescence quantum yield of 0.19.
Substitution at the a position (compound 2.7) slightly shifted the Q-band and
fluorescence emission tothe red by4-5 nm. Introduction ofan addition a-substituent
(compound 2.11) further shifted the Q-band to 690 nm and the fluorescence emission

to 696 nm.

2.5
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| |
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Figure 2.2. Electronic absorption spectra of 2.8 atdifferent concentrations in DMK

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

Table 2.1. Electronic absorption and photophysical data for 2.7, 2.8, and 211 in

DMF.
Compound 2 w (nm) (log e) (nm)’ (Df
2.7 334 (4.69)’ 611 (4.58), 677 (5.40) 681 0.20 0.60
2.8 344 (4.79), 606 (4.62), 672 (5.39) 677 0.19 0.62
A1 337 (4.73), 621 (4.55), 690 (5.31) 696 0.14 0.84

o Excited at610 nm. Using unsubstituted zinc(ll) phthalocyanine (ZnPc) in DMF as
the reference (Op = 0.28). ( Using ZnPc as the reference (Oa = 0.56 in DMF).
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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 of 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 of decay of 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, of which the value of (A (0.84) is

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

2o ZnPc
E 1 2.7
C 238
3= 2 11
u
e =
o= =
0
§ <X

6
0 50 100 150 200 250 300
Time (s)

Figure 2.3. Comparison of the rates of decay of DPBF in DMF 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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2.2.3 In vitro Photodynamic Activities

The in vitro photodynamic activity of photoscnsitizers 2.7, 2.8, and 2.i11 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
of 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 :.7 is
particularly potent with the ICso values down to 0.02 About 1 f.iM of the dye is

sufTicient to kill 90% of the cells.

2 0,
(&) 120!
59 &b
4 ?Pb [
o 40
0 2‘;
1 | i 2 4 6
IPhotosensitizerl (*M) IPhotosensitizerl (*IM)

Figure 2.4. Effects of 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)
of light (A. > 610 nm, 40 mW cm'?, 48 J cm"?). Data are expressed as mean values =

S.E.M. of three independent experiments, each performed in quadruplicate.-
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Table 2.2. Comparison of the IC50 values" of phthalocyanincs 2.7, 2.8, and 2.11

against HT29 and HepG2 cells.

Compound 1C50(hM)
For H r29(|aM) For HepG2 (].tM)
2.7 0.02 0.03
2.8 0.36 0.39
2.11 0.15 0.49

a Defined as the dye concentration required to kill 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 DMF (Table 2.1),
its photocytotoxicity is the highest among the three photosensitizers ( Table 2.2). To
account for the results, the absorption spectra of 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 modified Fagle's medium (I)MHM) (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 of2.7 (- ), 2.8 (---)’ and 2.11

formulated with Cremophor EL, in the DM EM culture medium (all at 8 fiM).
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Figure 2.6. Electronic absorption spectra of2.7 (—)' 2.8 (---)’ and 2.11

formulated with Cremophor EL, in thq*"RPMI culture medium (all at 8 }iM).
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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.
and 2> 4 /. After incubation with these compounds (formulated with 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 of the dyes. The qualitative fluorescence intensity follows the
order 7.7 > > 21 Hence, the highest photocytotoxicity of 7..7 may be attributed
to its lowest aggregation tendency in the biological media and/or highest cellular

A,

uptake.

(a) (Ib) (c)
IFfigMire X.7. Fluorescence microscopic images of HT29 tumor cells being incubated

with (a) 7:1, (b) and (c) Ill at a concentration of 8 fAM for 2 h.

203  CoiinclliuisDOini

In conclusion, | have prepared and characterized three novel “3+1” zinc(n)
phthalocyanines substituted with one or two 3,4,5-tris(3,6,9-trioxadecoxy)benzoxy
group(s). These compounds exhibit a high photocytotoxicity against HT29 and

HepG2 cells with ICso values down to 0.02 fiM. The mono-a-substituled
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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

All the reactions were performed under an atmosphere of nitrogen.
I'etrahydrofuran (THF), toluene and A7-pentanol, dichloromethane, pyridine, and I)MF
were distilled from sodium benzophenone ketyl, sodium, calcium hydride, potassium
hydroxide, and barium oxide, respectively. Chromatographic purifications were
performed on silica gel (Macherey-Nagel, 70-230 mesh) columns with the indicated
eluents. Size exclusion chromatography was carried out on Bio-Rad Bio-Beads S-XI
beads (200-400 mesh). All other solvents and reagents were of reagent grade and used
as received. Compound 2.2 was prepared as described.*?

'H and NMR spectra were recorded on a Bruker DPX 300 300; "AC,
75.4 MHz) or AVANCE Il 400 ('H, 400; '*C, 100.6 MHz) spectrometer in CDCh or
DMSO-db. Spectra were referenced internally using the residual solvent ['H: CDCI3 (5
7.26); DMS0-d6 (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 MAT 95 XL mass spectrometer. Matrix assisted laser

desoption/ionization time-of-flight (MALDI-TOF) mass spectra were taken on a
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Bruker Daltonics Autoflex MALDI-TOF mass spectrometer. Elemental analyses were

performed by the Shanghai Institute of Organic Chemistry, Chinese Academy of

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(sanipe> —
(J"'sample/] refXAeP? W sampi(;)(«sampic2/«ref2)OF(ref)>io wherc », 4+ and . are the measured
fluorescence (area under the emission peak), the absorbance at the excitation position
(610 nm), and the refractive index of the solvent, respectively. The unsubstituted
zinc(ll) phthalocyanine (ZnPc) in DMF was used as the reference [OfqcD = 0.28]."' To
minimize re-absorption of radiation by the ground-state species, the emission spectra

were obtained in very dilute 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. with some modifications. A mixture of DPBF (370 fAM, 1 mL) and the
photosensitizer (absorbance of the Q band ~ 1.0, 1 mL) in DMF was illuminated with
red light coming from a 100 W halogen lamp after passing through a water tank for
cooling and a color glass filter (Newport, cu-on 610 nm). The decay of the DPBF
absorption at 411 nm was monitored along with time. The quantum yield of the
photoreaction oopbf was defined as: ocopbf = -(VR/labs) (C|-co)/t, where vr is the
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reaction volume, and labs is related to the light intensity, which was not determined, co
and C| are the DPBF concentrations prior to and after irradiation, respectively, and t is
the irradiation time in second. The value of (labs/VjO.cDoPBF was determined for each
irradiation cycle using the extinction 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/OA + (1/0*){kd/ka){ 1/[DPBF]), where k* is the decay rate
constant of singlet oxygen and ka is the rate constant of the reaction of DPBF with
singlet oxygen. By comparing the slope or y-intercept of the plot (VR/Iabs) (I/"DPBF)
versus 1/[DPBF] with those derived from the experiment using the reference ZnPc as
the sensitizer (Oa = 0.56 in DMF) under the same conditions, the Oa value of the

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

proportional to their ratio of <1\

2.4.3 Synthesis

3,4,5-Tris(2-(2-(2-inethoxyethoxy)ethoxy)ethoxy)benzoate (2.3)." A mixture
of methyl 3,4,5-trihydroxybenzoate (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 DMF (30 mL) was stirred at 90 AC for 24 hours under a N2
atmosphere. Then the volatiles were removed under vaculim. The resulting brown
residue was mixed with water (100 mL)’ and extracted with CH2CI2 (100 mL x 3).

The organic extracts were collected, dried over anhydrous MgS04, filtered and

evaporated to dryness under reduced pressure. The crude product was purified by

12



/N/?. D Thesis - Jian- Yong Liu

silica gel column chromatography using CHCI3/CH30OH (100:1 v/v) as the eluent.
Compound 2.3 was obtained as a slight yellow liquid (7.82 ¢, 78%). 'H NMR (300
MHz, DMSO-d6): 8 7.23 (s, 2 H, ArH), 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,» = 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); 'AC{'H} NMR (75.4 MHz,
CDCI3) : 5 166.4°152.2, 142.4, 124.8, 1088 - 72,3, 71.8, 70.7>70.6 > 70.4, 69.5, 68.7
58.9 > 52.0 (some of the CH2 signals are overlapped).
(3,4,5-Tris(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phenyl)methanol (2.4). ‘A To
a well-stirred suspension of LiAIHi (1.16 g, 30.5 mmol) in THF (60 mL), a solution
of compound 2.3 (12.63 g, 20.3 mmol) in THF (40 mL) was added dropwise using a
dropping funnel at 0 under a N2 atmosphere. The mixture was allowed to heat to
reflux and stirred for overnight. The reaction was then quenched by dropwise addition
of water (6 mL). The granular salts were separated using suction filtration, and rinsed
thoroughly with THR. The filtrate was dried over anhydrous MgS04, filtered, and
evaporated to afford a pale yellow liquid (10.99 g, 91%). "H NMR (300 MHz, CDCI3) :
5 6.63 (s, 2 H:-> ArH), 4.58 (d, :/—5.4 Hz, 2 H, ArCHj)’ 4.10-4.19 (m, 6 H, CH2), 3.84
(t, /- 5.1 Hz, 4 H>- CH2), 3.78 (t, » - 5.1 Hz, 2 H, CH2), 3.69-3.76 (m, 6 H, CHj),
3.59-3.69 (m, 12 H, CH2) - 3.562-3.59 (m, 6 H, CH2), 3.37 (s, 9 H, CPU)' 2.09 (t,, - 5.4

Hz, 1H’ OH); i3c{1H} NMR (75.4 MHz, CDCI3) : 6 152.5, 137.4, 136.7 » 106.3, 72,1,

W

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

3-[3,4,5-Tris(3,6,9-trioxadecoxy)benzoxylphthalonitrile (2.5). To a mixture of
ntoi
3-nitrophthalonitrile (1.73 g, 10 mmol) and compound 2.4 (2.97 g, 5 mmol) in DMF

B
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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 with CHCI3 (60 mL) and water (60 mL).
The aqueous layer was separated and extracted with 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 purified by silica gel
column chromatography using CHCh/MeOH (60:1 v/v) as the eluent to give
compound 2.5 as a colorless liquid (1.41 g, 39%). 'H NMR (300 MHz, CDCI3) : 6 7.61
(t, J =87 Hz-1 H, ArH), 7.37 (d,J =75 Hz, 1H, ArH), 725 (d, /= 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, 12 H> CH2), 3.53-3.57 (m, 6 H - CH2), 3.37 (two partially overlapping s, 9 H, CH3),
'AC{'H} NMR (75.4 MHz, DMSO0-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 of the CH2 signals are overlapped); MS (ESI): isotopic clusters
peaking at m/z 743 {100%, [M + Naj+}; HRMS (ESI): m/z calcd for CAbHssN~NaOil
[M + Naf: 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 of 3-nitrophthalonitrile as a starting material,

C |

compound 2.6 was obtained as a colorless>%jiquid (1.71 g, 47%). H NMR (300 MHz,
CDCI3): 67.73 (d,J=8.7Hz, 1H, ArH), 7.34 (d, ;= 2.4 Hz, 1H’ ArH) - 7.25 (dd, J-

2.4, 8.7 Hz, 1H, 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's - 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]);
'AC{'H} NMR (75.4 MHz, 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 of the CH2 signals are overlapped); MS (ESI): isotopic clusters peaking at m/z
743 {100%, [M + Na]’ : HRMS (ESI): m/z calcd for CAbHsiNiNaO,] [M + Naf:
743.3362, found 743.3361.

Phthalocyanine 2.7. A mixture of phthalonitrile 2.5 (0.26 g, 0.36 mmol),
unsubstituted phthalonitrile (0.46 g, 3.59 mmol), and Zn(0Ac)r2H20 (0.22 g, 1.00
mmol) in Ai-pentanol (15 mL) was heated to 100, C - then a small amount of DBU (0.5
mL) was added. The mixture stirred at 140-150 for 24 hours. After a brief cooling,
the volatiles were removed under reduced pressure. The residue was dissolved in
CHCI3 (120 mL), then filtered to remove part of the unsubstituted zinc(ll)
phthalocyanine formed. The filtrate was collected and evaporated to dryness in vacuo.
The residue was purified by silica gel column chromatography using CHCI3/CH30H
(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 (0.11 g, 26%). 'H NMR (300 MHz, CDCI3 with a trace amount of
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’ »
=6.9 Hz' 1H, Pc-Ha), 8.07-8.15 (m, 7 H, Pc-Hp), 7.70 (d, v - 7.8 Hz, 1 H, Pc-Hp),
7.32 (s, 2 H’ ArH), 5.81 (s, 2 H, ArCHj), 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) ; NMR (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 of signals are overlapped); MS (ESI): isotopic
clusters peaking at w/z 1191 {100%, [M + Na]|'}; HRMS (ESI): m/z calcd for
C60H64N8Na0,3Zn [M + Na]': 1191.3777, found 1191.3783.

Phthalocyanine 2.8. According to the above procedure, phthalonitrile 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 NMR (300 MHz - CDCI3 with atrace amount of 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, 1H, Pc-Hp), 6.99 (s, 2 H, ArH), 5.46 (s, 2 H, ArCHj),
433 (t,» =4.8 Hz, 4 H> CH2), 4.24 (t,J=5.1 Hz, 2 H, CH2), 3.94 (t,, = 4.8 Hz, 4 H,
CH2) - 3.86 (t, - = 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); 'AC{'H} NMR
(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>130.7129.0-128.9, 123.0° 122.2, 117.8>107.2" 105.6,
721, 71.5>70.3, 70.1, 70.0-69.9, 69.4, 68.8° 58.3, 55.1 (some of signals are
overlapped); MS (ESI): isotopic clusters peaking at m/z 1191 {100%, [M - Nal] '};
HRMS (ESI): »/- caled for CboHMNsNaOijzn [M + Na]{ :1191.3777, found

1191.3771.
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S-(Chloroniethyl)-1"3-tris(2-(2-(2-inethoxyethoxy)ethoxy)ethoxy)benzene

(2.9).i2 To a solution of compound 2.4 (2.00 g, 3.37 mmol) in dry CH2CI2 (10 mL)
and a small amount of DMF (0.2 mL), SOCI> (0.37 mL, 5.04 mmol) was added
dropwise with vigorous stirring. After addition of SOCI> for 30 minutes, the reaction
was essentially complete as indicated by TLC. The volatiles were evaporated in
vacum. The residue was mixed with water (20 mL), and extracted with CH2CI2 (20
mL X 3). The combined organic fractions were collected, dried over anhydrous
MgS04, filtered and evaporated in vacuo to give a pale yellow liquid (2.06 g, 100%).
'H NMR (300 MHz, CDCI3) : 5 6.63 (s, 2 H, ArH), 4.49 (s, 2 H, ArCHj), 4.11-4.19
(m, 6 H- CH2), 3.85 (t,, = 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) - 3.51-3.69 (m, 6 H, CH2), 3.38 (s, 9 H,
OCH3); '""C{'H} NMR (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 of the CH2 signals are overlapped).

3,6-Bis[3,4,5-tris(3,6,9-tnoxadecoxy)benzoxylphthalonitrile (2.10). A mixture
of compound 2.9 (2.06 g, 3.36 mmol), 2,3-dicyanohydroquinone (0.27 ¢, 1.69 mmol),
and potassium carbonate (1.17 g, 8.47 mmol) in DMF (10 mL) was stirred at 100, C
for 24 hours. The volatiles were then removed under reduced pressure. The residue
was mixed with water (50 mL) and the mixture was extracted with CHCI3 (50 mL x 3).
The combined organic extracts were dried over anhydrous MgSO# and evaporated
under reduced pressure. The residue was then purified by silica gel column

chromatography using CHCh/MeOH (20:1 v/v) as the eluent to give the product as a

pale yellow transparent liquid (1.95 g, 88%). 'H NMR (300 MHz, CDCI3) : 6 7.15 (s, 2
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H, ArH), 6.65 (s, 4 H > ArH), 5.08 (s, 4 H, ArCHj), 4.12-4,20 (m, 12 H, CHj), 3.85 (t, J
—4.8 Hz, 8 H, (H2),3.79 (t, J . 5.1 Hz, 4 H, Clh), 3.69-3.76 (m, 12 0> (HD),
3.62-3.69 (m, 24 H, CHz), 3.51-3.59 (m, 12 u> CH2), 3.37 (two partially overlapping s,
18 H, CH3); "C{IH} NMR (75.4 MHz, CDCI3): 5 154.7> 152.8, 138.2, 130.3, 119.4,
112.9, 1064 > 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] .}; HRMS (ESI): »: calcd for CMHiooNjNaOjfi [M + Na]+: 1335.6457,
found 1335.6462.

Phthalocyanine 2.11. According to the procedure for 2.7 described above,
phthalonitrile 2.10 (0.50 g, 0.38 mmol) was treated with unsubstituted phthalonitrile
(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 solid (54 mg’ 8%). 'H NMR (300 MHz, CDCI3) : 6 9.43-9.47 (m, 4 H,
Pc-Ma), 9.20 (d>J — 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, ArH), 5.90 (s, 4 H, ArCHj), 4.05 (t, J=56.1 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);

NMR (75.4 MHz, 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 > 568.8 > 58.4 (some of the CHj
signals are overlapped); MS (ESI): isotopic clusters peaking at m/z 1784 {100%, [M +

Na]+}; HRMS (ESI): »/: calcd for CsgHnsNUNaChGzZn [M + Naf: 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 (from ATCC, no. HTB-38) were
maintained in DMEM (Invitrogen, cat no. 10313-021) supplemented with fetal calf
serum (10%), penicillin-streptomycin (100 units mL'" and 100 mg ml/', respectively),
L-glutamine (2 mM), and transferrin (10 mg rnL"). The HepG2 human
hepatocarcinoma cells (from ATCC, no. HB-8065) were maintained in RPMI medium
1640 (Invitrogen - cat no. 23400-021) supplemented with fetal calf serum (10%) and
penicillin-streptomycin (100 units mL' and 100 mg mL', respectively).
Approximately 3 x 107 (for HT29) or 4 x (for llepG2) cells per well in these
media were inoculated in 96-multiwell plates and incubated overnight at 37°C in a

humidified 5% CO2 atmosphere.

2.4.4.2 Photocytotoxicity Assay

Phthalocyanines 2.7 > 2.8 - and 2.11 were first dissolved in DMF to give 1.5 mM
solutions, which were diluted to 80 fiM with an aqueous solution of Cremophor EL
(Sigma, 4.7 g in 100 mL of water). The solutions were filtered with a 0.2 |im filter,
then diluted with the culture medium to appropriate concentrations (four-fold
dilutions from 0.5 fiM). The cells > after being rinsed with PBS, were incubated with

100 i« of these phthalocyanine solutions for 2 h at 37 °C under 5% COz2. The cells
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were then rinsed again with PBS and re-fed with 100 |iL of the culture medium before
being iliuminated at ambient temperature. The light source consisted of 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 mW cm"A. An illumination of 20 min led to
a total fluence of 48 J cm"A.

Cell viability was determined by means of the colorimetric MTT assay'\ After
illumination, the cells were incubated at 37°C under 5% CO2 overnight. An MTT
(Sigma) solution in PBS (3 mg ml/', 50 fiL) was added to each well followed by
incubation for 2 hours under the same environment. A solution of sodium dodecyl
sulfate (SDS, Sigma) (10% by weight, 50 fiL) was then added to each well. The plate
was incubated in an oven at 60 °C for 30 min, then 80 jiL of /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 of the blank wells, which did not contain the cells, was subtracted
from the readings of the other wells. The cell viability was then determined by the
equation: % Viability = [I(A,/AcontmixIOO)] /», where A, is the absorbance of the /th
data (» = 12> ... > n), Acomroi is the average absorbance of the control wells, in which

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

2.4.4.3 Fluorescence Microscopic Studies
For the detection of the intracellular fluorescence intensity of 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 coverslip and incubated overnight at 37°C under 5% CO2. The medium
was removed, then the cells were incubated with 2 mL of an 8 }iM phthalocyanine

dilution in the medium for 2 h under the same conditions. The cells were then rinsed

with PBS and viewed with an Olympus .IX 70 inverted microscope. The excition light
source (at 630 nm) was provided by a multi-wavelength illuminator (Polychrome 1V,
TILL Photonics). The emitted fluorescence (> 660 nm) was collected using a digital
cooled CCD camera (Quantix, Photometries). Images were digitized 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 which have

received considerable attention over the last decade.‘ Various chemical modifications
have been performed on the macrocyclic core with a view to improving their
photophysical properties and enhancing their therapeutic outcome.ln fact, it has
been found that the position of substitution is also very important. For example, the Q
bands for the a-substituled zinc(ll) phthalocyanines are significantly red-shifted
compared with those for the P-substituted counterparts. a-Substitution also leads to a
weakening of fluorescence emission and enhancement of singlet oxygen generation
ability.2d,4 In Chapter 2 - | have reported that introduction of an addition a-substituent
further shifts the Q-band to the red. In addition, the di-a-substituted analogue also
exhibits a much higher singlet oxygen generation efficiency than the
mono-a-substituted derivative. On this basis > in this Chapter, | describe a novel series
of di-a-substituted zinc(ll) phthalocyanine derivatives. The two substituents adding to
the a positions of the macrocycles not only shift their Q band absorption further to the

red (ca. 700 nm), allowing a deeper light penetration into tissues, but also reduce their
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aggregation, thereby promoting the generation of singlet oxygen. To my knowledge,
this class of disubstituted phthalocyanines remains relatively rare.A\A | report herein
the synthesis > spectroscopic and photophysical characteristics, as well « the in vitro

photodynamic activities of these compounds.,

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 nucleophilic
substitution with 2,3-dicyanohydroquinone to give the disubstituted phthalonitriles
3.3a-3.3c. Mixed cyclization of these compounds with an excess of unsubstituted
phthalonitrile (9 equiv.) in the presence of Zn(0Ac)2.2H20 and DBU 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 solubility and reduce the
aggregation of these macrocydes, facilitating their separation from the other cyclized
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 followed by size exclusion chromatography in 12-18%.

Polyethylene glycols are also known to be excellent pharmaceutical vehicles which

can prolong circulating half-life, minimize nonspecific uptake, and enable specific

tumor-targeting through the enhanced permeability and retention (EPR) effect. In
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addition, these hydrophilic moieties adding to the hydrophobic core will make the
molecules amphiphilic in character, which is a desirable characteristic for efficient

photQsensitizers.7

o Q

oN  oR (T NMAY, qw
TSCL NeOH THF H AAACN nck | VAr-A
KICOj. OVF Zn0AR HO N—Zn—N
aic R DBRU. fCsHiOH N N
1404150 C X

C

= R~MCH2CH20HH 32« R=+CH\CHOH 33a R=-{CHICHOhH (9% 34a R=-fCHCHOJH (18%)
«lb RsCW|CHONCH] 22 R =-CHCH/OICHj 33 R ={CH'CHIOhCHj ®4% 34b R =<CHICHAOjCH; (12%)

e R=—HjCQ-)"'\? 3% R=—HjC-XA?A 3% R=-H2C—(86%) 34c R="H2C (16%)

Scheme 3.1. Synthesis of 1,4-disubstituted ZINC(1) phthalocyanines 3.4a-3.4c.

The two isopropylidene groups of 3.4 could be removed readily upon treatment
with a mixture of trifluoroacetic acid (TFA) and H20 (9:1 v/v) giving the tetrahydroxy
phthalocyanine 3.44 in 85% yield (Scheme 3.2). This compound has a very high
polarity and could not be purified by column chromatography. It was simply isolated

by precipitation. The sample was found to be essentially pure.

(A Q N ooH
NAN N (@) H
TFA H,0 AjjSAVA | K-fAA
A N—Zn—N |

: ti ir/

34d
Scheme 3.2. Synthesis of tetrahydroxy zinc(Il) phthalocyanine 3.4d.
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To further extend the Q-band absorption to the red, | 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 with |- 4-dihyciroxy-2 - 3-naphthalonitrUe (3.5) and K2CO3 to give the
disubstituted products 3.6a and 3.6b, respectively. Similarly - mixed cyclization of

these naphthalonitriles with unsubstituted phthalonitrile (9 equiv.) in the presence of

Zn(0Ac)2,2H20 and DBU led to the formation of 3.7a and 3.7b as a green solid in

13-15% yield.

N N
CN X ;
N—Z—N |
CN ZnOACz2HO , . ‘ / kv
DBU. n-CsHnOH N N
140-150 .C X

R = —(CH2CH20)3H
R = (CHsCHjOhMe

Scheme 3.3. Synthesis of benzo-fused zinc(ll) phthalocyanines 3.7a and 3.7b.

All of the Zincan phthalocyanines are soluble in common organic solvents and
possess a high general stability. They were fully characterized with various
spectroscopic methods and elemental analysis. The NMR spectra were recorded in
CDCI3 with a trace amount of pyridine-ds, which can reduce the aggregation of these

compounds. The only exception is the tetrahydroxy analogue 3.44, of which the

spectra were recorded in DMSO-d”. Figure 3.1 shows the COSY spectrum of
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3.44 to illustrate the general spectral features of these compounds. The signals for the
six phthalocyanine a ring protons overlap as a multiplet at 5 9.32-9.41. For
compounds 3.4a and 3.4c, a multiplet and a doublet (in 2:1 integration ratio) were
observed instead for these protons. The phthalocyanine @ ring protons of 3.44
resonate as a multiplet (at 6 8.19-8.26, 6 H) and a singlet (at 6 7.77 > 2 H). The doublet
at 6 5.56 and triplet at 6 4.96 can easily be assigned to the secondary and primary
hydroxy groups ’ respectively. The other signals can also be unambiguously assigned

as shown in the Figure 3.1 with the aid of the connectivity revealed by the COSY

experiment.
Pc-H
Pe. pe- OH. OH,
I H. H,HA
iAA Ai
- J 84,
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Figure 3.1. COSY spectrum of 3.4d in DMSO-dé6.
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For 3.7a and 3.7p, the signals for the naphthyl a and p ring protons were also
seen adjacent to the respective phthalocyanine ring protons' signals. In the spectrum
of3.7v (Figure 3.2), four well-resolved doublets of doublets (at 8 9.41, 9.37, 9.29, and
9.08) were observed for the four different sets of a ring protons. The remaining four

diffefrent sets of P ring protons resonated as two overlapping doublets of doublets (at 5

8.09-8.15) and another two doublets of 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 of methylene protons and the methyl groups,
respectively, of the chains.

The NMR spectra of these phthalocyanines showed clearly the expected
number of signals for the substituents, but for the phthalocyanine ring, some of the
signals were overlapped. All of these compounds were further characterized with ESI
mass spectrometry. The isotopic distribution as well as the exact mass for the [M +

H]+ or [M + Na]+ species were in good agreement with the calculated ones.
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Figure 3.2. H NMR spectrum of 3.7b in CDCI3 with a trace amount of pyridine-ds.

Signals for the residual solvents are marked with asterisks.

3.2.2 Electronic Absorption and Photophysical Properties

The electronic absorption spectra of phlhalocyanines 3.4a-3.4d in DMF are very
similar and are typical for nonaggregated phlhalocyanines. Taking the spectrum of
3.4» (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 with a vibronic band at 621 nm. The Q
band strictly follows the Lambert Beer's law suggesting that aggregation of this
compound is not significant. Compared with ZnPc, the mono-a-alkoxy analogues

have a red-shifted Q band (from 670 to 672-679 nm).A"*'A The di-a-substitution in
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3.4a-3.4d further shifts the Q band to the red (689-692 nm), but the positions are still
not as far asthose of the tetra- (696 nm) and ocla-a-butoxy analogues (758 nm).* It
has been shown that attachment of an electron-releasing alkoxy group at the a
position destabilizes the HOMO level more than the LUMO level.4 As a result, the
HOMO-LUMO gap isreduced upon a-substilution, which can explain the red shift in
this series of compounds. Introduction of an additional fused benzene ring in
3.7a-3.7b extends the 7i-conjugated system, leading to a further red-shift of the Q

band to 701 nm. These data are summarized in Table 3.1.

N
H
Vv

<HNN0=HO0EE W

300 400 500 600 700 800
Wavelength (nm)

Figure 33. Electronic absorption spectra of3.4b in DMF atdifferent concentrations.

The inset plots the Q-band absorbance versus the concentration of 3.4b.
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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 341 (4.71), 621 (4.51), 689 (5.27) 698 0.
3.4b 342 (4.69), 621 (4.47), 689 (5.24) 9
3.4c 341 (4.78), 621 (4.58), 689 (5.34) 697

3.4d 344 (4.77), 623 (4.57), 692 (5.32) 699

3.7a 343 (4.76), 632 (4.59), 701 (5.24) 720

3.7b 343 (4.78), 632 (4.60), 701 (5.25) 720 0. 4

o Excited at 621 (for 3.4a-3.4d) or 632 nm (for 3.7a-3.7b). * Using ZnPc in DMF as

the reference (Op = 0.28).

The fluorescence emission spectra of these compounds were also recorded in

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

emission at 697-699 nm with a quantum yield (Or) of 0.17-0.19, which is

substantially lower than that of ZnPc (Of = 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 with an even lower Of value (0.12-0.14) (Table 3.1). This is in accord with

the general observation that the lower the energy of the Q band, the smaller the Of

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

HOMO-LUMO gap decreases > probably due to the ease of electron transfer.

The efficiency of these compounds in generating singlet oxygen, as reflected by

the rate of decay of the singlet oxygen quencher I’3-cliphenylisobenzofuran (DPBF),

was also compared. As shown in Figure 3.4 all of these phthalocyanines can induce
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the photo-bleaching of DPBF and the efficiency follows theorder 3.7a-3.7v >
3.4a-3.4d >ZnPc. This suggests that as the HOMO-LUMO 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.

3.0
e ZnPc
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~ 20
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c
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Figure 3.4. Comparison ofthe rates ofdecay of DPBF in DMF, as monitored

spectroscopically at411 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 invitro photodynamic activities ofcompounds 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 3.4a and 3.7. toward these two cell
lines. Itcan be seen that both compounds are essentially noncytotoxic in the absence
of light (up to4 and 8 |iM, respectively). However - they become cytotoxic upon

illumination with red light (A, > 610 run). Compound 3.4 is significantly more potent
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with an ICso value of 0.41 or 0.16 AiM (vs. 2.93 or 2.76 AiM for 3.7a). Only ca. 1 AiM
of dye is required to essentially kill all the cells (vs. > 8 [j.M for 3.7a). The
photocytotoxicity of 3.4b-3.4d is comparable with thai of 3.4a, which is significantly
higher than that of 3.7a-3.7b. The corresponding ICso values ore compiled in Table
3.2. Among these compounds, 3.4b exhibits the highest photocytotoxicity with IC50
values down to 0.06 |iM. This compound is among the most potent zinc(ll)
phthalocyanines prepared in our laboratory so Its in vitro photocytotoxicity
almost reaches the level attained by some of the very potent silicon(lV)
analogues.2a.2e,(1) As shown by the IC5o values for 3.4c and 3.4d (Table 3.2), removing

the isopropylidene protecting groups of 3.4 does not exert a significant effect on the

photocytotoxicity.

JZ) ]20
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Figure 3.5. Effects of 3.4a (squares) and 3.7a (triangles) on HT29 (left) and HepG2
(right) cells in the absence (closed symbols) and presence (open symbols) of light « -
610 nm, 40 mW cm"?, 48 J cm"?);Data are expressdd as mean values |- S.E.M. of three

independent experiments, each performed in qua4niplicate.
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Table 3.2. IC50 values of 3.4a-3.4d and 3.7a-3.7b against HT29 and HepG2 cells.

Compound IC50 (kiM)
For HT29 For HepG2
3.4a 0.41 0.16
3.4b 0.13 0.06
3.4c 0.40 0.40
3.4d 0.38 0.17
3.7a 2.93 2.76
3.7b 5.18 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 significantly lower than that of 3.4a-3.4d. To account for these

results, the absorption spectra of these compounds in the culture media were
examined. Figure 3.6 shows the spectra of 3.4a and 3.7. in the DM EM medium (used
for HT29), which are typical for these two groups of compounds. It can be seen that
the Q band for 3.4a remains sharp and intense, while that for 3.7a is significantly
weaker and broadened. Similar results were observed in the RPMI medium (used for
HepG2) (Figure 3.7). The results indicate that compound 3.7. (as well as 3.7b),
having a larger 7c.-conjugated system, is more aggregated than 3.4. (as well as

3.4b-3.4d) in the culture media, thereby reducing its photosensitizing efficiency.
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Figure 3.6. Electronic absorption spectra of 3.4a (—)and 3.7a (---), formulated

with Cremophor EL, in the DMEM culture medium (both at 8 fiM).
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Figure 3.7. Electronic absorption spectra of3.4a (—) and 3.7a (---), formulated

with Cremophor EL, in the RPMI culture medium (both at 8 fiM).
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The cellular uptake of these phthalocyanines was also investigated by
fluorescence microscopy. After being incubated with the dyes 3.4a-3.4d for 2 h and
upon excitation, the HT29 cells showed a strong intracellular fluorescence image
throughout the cytoplasm with similar brightness (l-igure 3.8), indicating that there
were substantial uptakes of these dyes. However, the intensity was much weaker when
the dyes 3.7a-3.7b were used. Hence ' the lower photocytotoxicity of 3.7a-3.7b may
be attributed to their higher aggregation tendency in the biological media and/or lower

cellular uptake.

(e) (f)

Figure 3.8. Visualization of intracellular fluorescences of HT29 after incubation

with (a) 34a > (D) 34b > (C) 3> (d)3.4d, (e) 3.7a, and (f) 3.7b for 2 h.
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3.3 Conclusion

In summary, | have prepared and characterized a new series of di-a-substituted
zinc(ll) phthalocyanine derivatives. These relatively rare substituted phthalocyanines
possess a high solubility, 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. Addition of a fused benzene ring, however, promotes
aggregation of the macrocycles in biological media, resulting in a lower

photocytotoxicity.

3.4 Experimental Section

3.4.1 General
Experimental details regarding the purification of solvents, instrumentation and
in vitro studies were described in Section 2.4. The tosylates 3.2a," 2.2,'* and 3.2¢,

and | > 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 of
2,3-ciicyanohydroquinone (2.40 g, 15.0 mmol), tosylate 3.2. (9.12 g, 30.0 mmol), and
K2CO3 (4.14 g, 30.0 mmol) in DMF (20 mL) was stirred at 90, C under an
atmosphere of nitrogen for 24 h. The volatiles were removed in vacuo. The residue

was mixed with water (100 mL), then extracted with CH2CI2 (80 mL 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/CH30H (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 ] @I NMR (300 MHz, DMSO-c*): 5 7.64
(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) > 359-3.62 (m, 4 H, CH2), 3.51-3.54 (m, 4 H> CH2), 3.46 (t,] =

4.8 Hz, 4 H, CH2), 3.39-3.42 (m, 4 H, ci2) ; '""C{'H} NMR (75.4 MHz, CDC3) - 5

155.4, 119.4, 113.0° 1054 > 724 > 71.1 * 703" 70.1 > 694 > 61.6; MS (ESI): m/z 447
(100%, [M + Na]*); HRMS (ESI) calcd for C20H28N2NaOg [M + Na [ 1447.1738, found:
447.1745. Anal. Calcd for C21H32N209 (SJa 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)phthaloiiitnle (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 > 200 mmol) and K2CO3 (2.76 g *> 200 mmol) to give phthalonitrile 3.3b as
a white solid (3.81 g > 84%). M.p. 49.6-50.2 'H NMR (300 MHz, CDCB) . 87.25 (s,
2 H> ArHy 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) > 354357 (m, 4.H, CH2), 3.38 6’ 6 H, CH3);
'""C{'H} NMR (75.4 MHz, CDCI3): 5 155.3, 119.2, 1129 ’> 105.5, 71.9> 71.0, 70.6
70.5, 70.1, 69.4, 59.0; MS (ESD): m/z 475 (100%, [M + Na]®); HRMS (ESI) calcd for
C22H32N2Na08 [M + Nal+ 475.2051, found: 475.2046. Anal. Calcd for C22H32N208 + 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 (3.3¢). According
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to the above procedure, 2 ° 3-dicyanohydroquinone (4.27 g, 26.7 mmol) was treated
with tosylate 3.2¢ (15.28 g, 53.4 mmol) and K2CO3 (7.45 g, 53.9 mmol) to give 3.3¢
as a white solid (8.97 g, 86%). M.p. 51754 ° ( - - ,'H NMR (300 MHz, CDCI3) - 6
7.24 (s, 2 H, ArH) > 444-453 (m, 2 H, CH), 4.13-4.22 (m, 4 H, CH), 4.05-4.10 (m * 2
H > CHy 3.97-4.02 (m, 2 H, CH), 1.44 (s, 6 H> (1 ) ) > 13 (s, 6 H, CH3); '""C{'H}
NMR (75.4 MHz, ¢cDCI13) - 6 155.0, 118.9, 112.6 > 110.0° 105.8, 73.5, 70.2, 66.4’ 26.7 °
25.2; MS (ESD): m/z 411 (100%, [M + Nal | 4 lIRMS (ESI) calcd for C20H24N2Na06
[M + Nal+ 411.1527, found: 411.1532. Anal. Caled for C20H24N206 - C * 61.85; H, 6.23:
N, 7.21. Found: C, 61.80; H, 6.33; N, 6.96.
[1,4-Bis(8-hydroxy-3,6-dioxaoctoxy)phthalocyaninato]zinc(II) (3.4a). A
mixture of phthalonitrile 3.3a (0.50 g > 12 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 €+ > tm 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?
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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),
449 t>J1= 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, 1502 > 138.7, 138.4,
128.9, 128.8° 127.2, 122.6, 1224 > 1149, 72.7° 71.0 * 704’ 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 + HJ+ 873.2333, found:

,873.2342. Anal. Calcd for C44H40N808Zn: C, 60.45; H * 461; N, 12.82. Found: C,
60.49; H, 4.24; N, 12.83.

(1,4-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 ¢ 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> | A=l nz > 4 H’ CH2), 4.56 (t, 5.1 Hz, 4 u>
CH2), 4.15-4.18 (m, 4 H, CH2), 3.86-3.89 m > 4 H, CHZ) > 369-3.72 (m, 4 H, CH2),

3.52-3.55 (m, 4 H, CH2), 3.35 (s, 6 H, c13) NMR (75.4 MHz, CDCI3 with a

trace amount ofpyridine-ds): 6 153.5, 153.4, 153.3, 152.2, 150.0, 138.7, 1383 * 138.2,

128.7, 127.0, 122.5, 122.3, 1146 > 718 > 710, 70.7, 70.5 70.4, 689 > 589 (some of the

0 O
Pc signals are overlapped); MS (ESI): an isotopic cluster peaking at m/z 901 (100%,

[M + HJ].); HRMS (ESI) caled for C46H45N«08Zn [M + H]+ 901.2646, found:
0 " | "o
901.2645. Anal. Calcd for C46H441"808Zn: C *> 61.23; H, 4.92; N, 12.42. Found: C,
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61.21; H > 502; N, 12.04.
|1,4-Bis(2”-dimethyl-1,3-dioxol-4-ylinethoxy)phthalocyaninato|zinc(II)
(3.4¢). According to the above procedure, phthalonitrile 3.3¢ (0.50 g > 13 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 3.4¢ 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) > 172 (s, 6 H, CH3), 1.66 (s, 6 H, CH3); NMR (75.4
MHz ° CDCI3 with a trace amount of pyridine-ds): 5 153.5, 153.4, 153.0, 151.7, 149.7,
138.7138.3-128.7, 126.8, 122.4-122.3, 122.2, 114.0, 113.9, 109.8 74.8 70.3 67.3,
27.0 ° 256 (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 * 433; N
13.37. Found: C” 63.32; H *> 449; N, 13.05.
|1,4-Bis(23-dihydroxypropoxy)phthalocyaninato|zinc(II) (3.4d). A
solution of phthalocyanine 3.4¢ (60 mg, 0.07 mmol) in TFA/H20 (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’JﬂH > CH), 4.16-4.24 (m, 2 H, CH), 4.00-4.08 (m, 2H"’
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+‘ 757.1496, found:
757.1480.

1,4-Bis(8-hydroxy-3,6-dioxaoctoxy)-2,3-naphthalonitrile (3.6a). A mixture
of 1,4-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/CH30H (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= 33’ 63 Hz, 2 H, ArH), 7.79 (dd, J= 33’ 63 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, 1142 > 996’ 75.1 > 724, 70.7 > 702, 70.1” 61.6; MS (ESI):
m/z 497 (100%, [M + Na]+); HRMS (ESI) caled for CzdHjoNaNaOg [M + Na]'

497.1894, found: 497.1893.
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1,4-Bis(3,6,9-trioxadecoxy)-23-naphthalonitnle (3.6b). According to the
above procedure, 1,4-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) > 778 (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, CDCB) .
5 157.6 ° 1306’ 130.4, 124.1, 114.3, 99.6, 75.2, 719 *> 708 70.6> 70.5, 70.1, 59.0; MS
(ESI): m/z 525 (100%, [M + NalJ+); 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 *> 32 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 .
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, 1383 * 1382, 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 > 1.4 >
710 ° 706 ° 616, MS (ESI): an isotopic cluster peaking at m/z 945 (100%, [M + Narl

HRMS (ESI) calcd for C48H42N8Na08Zn [M + Nal]+ 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 > 09 mmol) was treated with unsubstituted
phthalonitrile (1.01 g > 79 mmol) and Zn(0Ac)2-2H20 (0.48 g > 22 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(() » 937 (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) > 446 (vt,J =4.5 Hz, 4 n>
CH2), 4.04-4.07 (m, 4 H *> CH2), 3.91-3.94 (m, 4 H, CHZ) > 3779-3.82 (m, 4 H, CHj),
3.61-3.65 (m, 4 H, CHZ) > 341 (s, 6 H, CH3); '""C{'H} NMR (75.4 MHz, CDCh with a
trace amount of pyridine-ds) . 8 154.3, 154.2, 1528 * 1524’ 1487 * 1384, 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]+); HRMS (ESI) calcd for csomaynsoszh [M + H]+ 951.2803, found: 951.2805.
Anal. Calcd for CsiHsol"gOpZn (S.Tb CHjOH): C, 62.23; H, 5.12; N * 1138. 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 wused to prepare phthalocyanines

ZnPc[0(CH2CH20)nMe]2 [n = 2 (4.3a), 4 (4.3b), ca. 12 (43c)] > 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 4.1¢ 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-4.3¢ 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
N
R OT » (1) fFV( CN — Vohors
DMF.K,C03 k~"cN Zn(0Ac),2H,0 f oA voA
DC DBU”Mano, N zZ N oo tF
4l1a n=2 R=CHj 42a n=2 R=CHj (81%) 4 )
41b n=4 R=CHj 42b n=4 R=CHj (84%) A
41c rwl2 R =CHi 42c n-12 R=CHj (82%) 43a n=2 R=CH, (15%)
41d n=4 R=H 42d n=4 R=H (92%) 43b n=4 R=CHj (12%)

43c n-12 R=CHj (13%)
43d 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 tetracthylene glycol monotosylate

(4.1d) and following this reaction sequence, the dihydroxy phthalocyanine

109



O Ph. D Thesis - Jian-Yong Liu

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)] 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.

; P

/N 71\\11 1
| 41a or4.1b NANNN\ /N _
Neann . faman 1 K-S
I NaH. THF N—-=2=n—N |
N N |
N. ~N O~™q™H Reflux

O

4.3d 43e n=6 (53%)
43f 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 82 > 6 H) and a singlet (at ca. 6 76 > 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 4.3¢, two major envelopes for the
protonated [M + HJ+ 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 =24, 6,8 ° ca
12) 4.3a-4.3¢ 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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at ca. 650.,Jim. 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.

00,
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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.

Figure 4.2. Electronic absorptioi pectra of 4.3a and 3f -)in thin solid

films.



O Ph. D Thesis - Jian-Yong Liu

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 I_I—B 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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Table 4.1. Electronic absorption and photophysical data for phthalocyanines

4.3a-4.3c and 4.3e-4.3f

Compound (nm) (log e) (nmJ~ oa®
ZnPc[0(CH2CH20)2Mel2(4.3a) 340 (4.73), 621 (4.52), 689 (5.27) 698 0. 8 0.83
ZnPc(0(CH2CH20)4Mel2(4.3b) 340 (4.77), 621 (4.58), 689(5.33) 698 0. 8 0.83
ZnPc[0(CH2CH20)6Me]2(4.3¢) 340 (4.77), 622 (4.57), 689 (5.31) 698 0. 8 0.83
ZnPc(0(eH2CH20)8Me]2(4.3f) 340 (4.73), 621 (4.53), 689(5.28) 698 0. 8 0.82
ZnPc{O(CHZChZO),,Me]Z (n = 340(4.71) > 622 (4.48), 689 (5.23) 698 0.9 0281

12) (4.3¢)

Excited at 621 nm. “ Relative to ZnPc (Op = 0.28 in DMF). ( Relative to ZnPc (D" = 0.56 in
DMF). ¢

¥r ZnPc
flé q 4 3a
|
E A | + 43e
c - . 4 4 3f
I ° -1 4 3c
P
} -
¢?d
1
d¢
I
0 200 300 400 \500
Time (s) \

Figure 4.3. Comparison of the rates of decay of DPBF in DMF, as monitored

spectroscopically at 411 nnii using, phthalocyanines 4.3a-4.3¢ and 4.3e-4.3f as the

.photosensitizers and ZnPc as the reference.
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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 > ¢ 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 .15 lig mL" vs. 23.3 ng mL" for
4.3¢),'° pheophorbide a (IC50 = 0.5 and other mono- and tetrasubstituted
zinc(IT) phthalocyanines prepared by us recently.'''It 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), 4.3¢ (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 j:‘ S.E.M. of three independent experiments, each

performed in quadruplicate.

Table 4.2. Comparison of the ICso values of phthalocyanines 4.3a-4.3¢ and

4.3e-4.3f against HT29 and HepG2 cells.

Photosensitizer ICJotHM)
\
For HT29 ("M) H G2 (MM)
Y "
ZnPc[0(CH2CH20)2Me]2 (4.3a) 0.22 0.09
ZnPc[0(CH2CH20)4Me]2 (4.3b) 0.05 0.09
ZnPc[0(CH2CH20)6Me]2 (4.3¢) 0.02 0.10
ZnPc[0(CH2CH20)8Me]2 (4.3f) 0.11 1.24
ZnPc[0(CH2CH20)nMe]2 (n = ca. 12) (4.3¢) 0.92 2.98
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Figure 4.5. The effects of chain length on the photocytotoxicity of phthalocyanines

4.3a-4.3¢ 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 Dbands 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)
(4.3¢), in addition to the Q band at ca. 700 nm, the blue-shifted Q band at ca. 650 run
attributable to the H-aggregatesl‘j 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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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

300 400 500 600 700 800
Wavelength (nm)

Figure 4.6. Electronic absorption spectra of ZnPc[0(CH2CH20)nMe]2 [n = 2 (43a) ’
4 (4.3b), 6 (43e) > 8 (4.3f), and ca. 12 (43¢)], formulated with Cremophor EL, in the

DMEM culture medium (all at 8 [iM).
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Figure 4.7. Electronic absorption spectra of ZriPc[0(CH2CH20)nMe]2 fn = 2 (4.3a),
4 (4.3b), 6 (4.3¢)’ 8 (4.3f) > and ca. 12 (4.3¢)], formulated with Cremophor EL, in the

RPMI culture medium (all at 8 |iM).

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).
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Figure 4.8. Fluorescence microscopic images of HT29 cells after incubation with

ZnPc[0(CH2CH20)nMe]2 (4.3a2-4.3¢ 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 4.1a,4.1c¢'”and

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 CH2CI2(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-clicyanohydroquinone (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, CDCB) + 5 7.23 6°2H, AH) > 425 (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 * 1129 ° 1056’ 71.9 * 71.1, 70.1 * 69.4, 590 » MS (ESI): m/z 387 {100%, [M
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+ Na]+}; HRMS (ESf) calcd for CisH tNjNaOfc [M + \Ia) 387.1527 found: 387.1535;

Anal. Calcd for CISH4N206 - 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
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, AIH) > 425 (t,
J =42 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, CHR) * 337 (s, 6 H, GB) ; NMR
(75.4 MHz, cpei) = {553 2 1192, 112.9° 105.3, 71.8 * 71.0° 70.5 (three overlapping
signals), 704 °> 700’ 69.3, 58.9; MS (FAB): m/z 541 {100%, [M + 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 4.1¢ (18.51 g’
26.3 mmol) and K2CO3 (3.63 g, 26.3 mmol) to give 4.2¢ as a pale yellow oil (12.57 g,
82%). 'H NMR (300 MHz, CDCB) - S 7.26 (s, 2 H> ArH), 4.24 ¢’ 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> ) ; 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, CDCIB) © S 7.29 (s, 2 H * ArH), 4.26
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(t, J =4.5 Hz, 4 H, CHz), 3.89 (' 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, CDCB) - (5 | 553 * 1193, 113.0, 105.2° 72.4’ 70.9° 70.5, 70.4, 70.1 *
700 * 693, 61.5; MS (ESI): m/z 535 {100%, [M + Na]'}; HRMS (ESI) calcd for

C24H36N2NaOio [M + Na | 1535.2262, 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 1001 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/CH30H
(30:1 v/v) as the eluent, followed by size exclusion chromatography using T}F 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)21VIe|2 (4.3a). According to the general procedure,
phthalonitrile 4.2a (0.73 g °> 20 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):

59.41-9.49 (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),
376 (t* J = 4.8 Hz, 4 H, CH2), 3.44 s’ ¢ H, CH3), NMR (75.4 MHz,
DMSO-de): (5152.6, 152.5, 1524 > 151.9 » 1498, 13«.3, 138.0, 137.9, 129.3, 129.2,
126.2° 122.5, 122.3° 115.4, 71.8> 70.4> 703 > 69.1, 58.4 (some of the Pc signals are
overlapped); MS (ESI): an isotopic cluster peaking at m/z 813 {100%, [M + HLI;}
HRMS (ESI) caled for CAzHjyNsOeZn [M + H]' 813.2122, found: 813.2121; Anal.
Caled forl | [ zZHBsNgO@iZn.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,
ph.thalonitrile 4.2b (0.54 g, 1.0 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):
59.34-9.40 (m, 4 H, Pc-Ha) > 925927 (m, 2 H’ Pc-Ha), 8.07-8.15 (m, 6 H, Pc-Hp),
7.42 (s, 2 H, Pc-Hp) > 492 (t, J= 5.1 Hz, 4 H, CH2), 4.52 (t, J= 5.1 Hz, 4 H *> CH2),
415¢° 1) — .48 Hz, 4 H, CHZ) > 387 (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) > 333 (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, 1389 > 138.5, 129.0: 127.4 ° 122.7, 122.5, 115.0, 71.8, 71.1, 70.8° 70.6, 70.5
(two overlapping signals), 70.4, 692 * 589 (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 + Hl+ 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 4.2¢ (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
4.3¢ 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 (4, 5.1 Hz > 4 H, CHz), 4 - % (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)4HIf* (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):
59.43-9.49 (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 — 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,

152.8, 152.7>150.9 > 1484, 138.4 138.3, 138.2, [ 28.5 128.3, 128.2, 125.1, 123.0,
122.3, 121.9, 112.3, 70.8, 706 * 702 (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 + Hf 961.2858, found: 961.2848; Anal. Calcd for CAsH-sNsOioZn:
C, 59.91; H > 503; N, 11.64. Found: C, 59.49; H,5.17;N, 11.16.
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ZnPc(0(CH2CH20)6Me|2 (4.3¢). 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 *> 040 mmol) in THF (2 mL) was added slowly. The resulting mixture was
t

refluxed 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/CH30H (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 6 > 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 ¢’ 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 6 > 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, 1290 °’
127.4, 122.7, 122.5” 115.0, 71.8, 71.1 > 707 > 706, 70.5, 69.2, 58.9 (some of the signals
are overlapped); MS (ESI): an isotopic cluster peaking at m/z 1165 {98%, [M ‘[“ H]M};
HRMS (ESI) caled 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):’f)?].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 (¢’ 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, 1522 ° 150.0, 138.7,
138.3, 138.2, 128.7,126.9, 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 + }r— 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

various photosensitizers such as porphyrins, chlorins > pyropheophorbides, and

hypocrelHns.io Recently, our group has extended the studies to phthalocyanines. A
series of glycosylated silicon(IV)" and zinc(I)'* phthalocyanines have been
synthesized and evaluated for their in vitro photodynamic activities. These
compounds, particularly the [ ] silicon(IVdhalogues, 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-linked 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
0

Scheme 5.1 shows the synthetic route for the tetra-p-glucosylated
phthalocyanines 5.4 and 5.5. Reaction of
1,2:5,6-di-0-isopropylidene-a-D-glucofuranose (5.1) with, tetraethylene glycol
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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).

n—"\ >0-
= NaH. THF . 0(20,Co

>

(25%)

NC ~ * NO, NC

DMF NC
39%)
/
X
n
Zn(0Ac)2 2H20 I
DBU. n-CsHnOH
R >
140-150 "C
%
TFAH20 (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 0 o A A o -~ o ~ ~

NC

NC

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,
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 rare’" 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.

. - jj DO
TsCl. Pyndine OH o A
L.l SRS OR) . 1) "
fo  KOQ DM NCASH onr
o Y _ X ~ []J~ o X EE
B

¢ N

Z—~z
>SS ~—<D

al
4010, C

(12%) 0 D

BR ho— (12¢()

TFA/HjO (9 1)

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-toluenesulfonate) (4.1d) to afford the disubstituted product 5.12, which was
then converted to the ditosylate 5.13. This compound then underwent nucleophilic
substitution with 1,2:5,6-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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4.1d

12 X = OH {90%)
TsCL. Ea

CH(CI,
13 X = OTs
v 0 O_\/
H 0.
4 = XN
, 0— o 0~0- - ] cN
NaH.THF . }\}\ 00 — o 0 V:}/_\' Zn(0AQ2 2H20
DBU, n-CjHnOH
140-150, C
Br (87%) (140 1)
CuCN. DMF
reflux
CN (12%)

I on A

Scheme 5.4. Synthesis of di-p-glucosylated phthalocyanine 5.16.

All of the new compounds were "lly 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 57.7-9.3 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 tetracthylene
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 _I“ HH and/or sodiated (M + Nal]+ 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

25

(b)

mAU

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 CH30OH/H20 (4:1 v/v) and CH30OH/H20

(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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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.”r 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 1’3-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 0.56) > which was

used as the reference. l:[

00

800
Wavelength (nm)

Figure 5.2. Electronic absorption spectra of ZnPc(a-PGlu)Z (5.9) at different

concentrations in DMF.
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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-PGlu)2 (5.9) 334 (4.62), 621 (4.46), 689 (5.23) 698 0.15 0.86
ZnPg(a-Glu)2(5.10) 335 (4.47), 621 (4.36), 638 (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 1In vitro Photodynamic Activities

The photodynamic activities of all these glucosylated zinc(Il) 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
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) >

Zn\Pc(a—Glu)Z (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 ICs0 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 iM) > 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 (ICso = 0.05-0.09 ~iM)," the photocytotoxicity of the
most potent compound ZnPc(a-PGlu)Z (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 ICso values of phthalocyanines 5.6 > 59 > 5.10, and 5.16

against HT29 and HepG2 cells.

Compound 1Cso(*M)

For HT29 For HepG2
ZnPc(P-PGlu) (5.6) 1.38 1.52
ZnPc(a-PGIu)2 (5.9) 0.03 0.04
ZnPc(a-Glu)2 (5.10) 297 248
ZnPc(P-PGlu)2 (5.16) 0.26 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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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 vyield 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 5.4. 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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Figure S5.5. 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 5.6. 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 5.7. 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
55 7 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” (¢) 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 ICso 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 wuseful 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 ’ @sylate

41d ° " and 4,5-dibromocatechol 5.11*2 " prepared as described.



O Ph. D Thesis - Jian-Yong Liu

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 4.1d (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, cpci3) © 8 5.88 (d, J = 3.6 Hz, 1n
HI), 4.58 (& = 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, cpci3) = 5 111.7, 1089 * 1052, 82.6, 81.1,
72.5, 70.6 (several overlapping signals), 704 *> 703’ 70.1 67.1 61.7, 26.8 (two
overlapping signals), 26.2 °> 254; MS (ESI): an isotopic cluster peaking at miz 459
{100%, [M + Na]+}; HRMS (ESI): m/z calcd for C20H36NaO,0 [M + Nal|' 459.2201,

found 459.2204.
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Giucosylated 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@oo MHZ, cDCUy = sinv (d, J= 8.7 11z, 111, ArH), 7.32 (d,
*7=2.7 Hz, 1 H, ArH), 7.23 (dd * J=2.7 > 8.7 Hz, 111 > ArH), 5.87 ¢’ — 36 Hz, 1 u>
HI), 4.57(d, J=3.6 Hz> 1 H > H2), 4.28-4.34 m > 1 H, HS5), 4.23 (virtual I, .7 =4.5 Hz,
2 H, ArOCH2) 4.06-4.14 (m, 2 H> HO) > 39640 m > 1 H > 14),3.92 (d, 3.0 liz, 1
> H3), 3.89 (virtual t > (1)7/=4z, 2 H, CHj), 3.61-3.77 m > 12 H’ AR) * 149 (s, 3 H,
CH3), 142 ¢’ 3H, CH3), 1.35 (s, 3 H, CH3), 1.31 ¢’ 3 H, C\H). NMR (75.4
MHz, CDCB) + 5 162.0° 135.1, 119.8° 119.5, 1174 * 1156, 115.2, 111.7, 108.9, 107.4,
105.2° 82.7, 826 * 81.1 > 725, 70.9° 70.6 (three overlapping CH2 signals) > 704, 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 WO00%, [M + Na]'}. HRMS (RSI): m/z caled 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
I’ 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 ¢
J =4.2 Hz, 8 H, CH2), 1.47 (s, 12 H, CH3), 1.42 (s, 12 H, CH3), 1.36 (s, 12 H’ c1]) >
1.29 (s, 12 H, CH3). MS (ESI): an isotopic cluster peaking at m/z 2316 {100%, (M +
H]+}. HRMS (ESI): m/z caled for C,,2H,53N8040Zn [M i[—‘ Hf: 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) > ten CH30OH (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): §9.25 (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

forC88Hi2iN8040Zn [M + ﬁ’ . 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/CH30H
(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, PcH,,) *> 871 (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,: 3.6 Hz,
1 H, HI), 4.68 (virtual t, J= 4.5 Hz, 2 H, PCOCHD)4.’6O (d,J = 3.6 Hz, 1H 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, 699 *> 680 > 671’

26.7 (two overlapping signals), 26.2, 254 (some of the Pc signals are
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overlapped). MS (ESI): an isotopic cluster peaking at m/z 1011 {100%, [M — Hf}.
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 tetraecthylene 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
NMR (300 MHz, CDCI3) + SIM  (d, 8.1 Hz, 2 H’» AH) > 734 d*J . 8.1 Hz’ 2 II’
ArH), 5.86 (d,J=3.6 Hz, 1 H, HI), 4.57 (d, 3.6 Hz, 1H ’> 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 11z, 1
H> H3), 3,71-3.77 (m, 2 H > CH2) * 369 (t, J= 4.8 Hz > 2 H, CH2), 3.58-3.63 (m, 10 M,
CH2), 2.45 6 >3 H > CH3), 1.49 (s, 3 H> CH3), 1.42 (s, 3 H > CH3), 1.34 (s, 3 H, CM3),
1.31 ¢ * 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, 692 > 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): §7.23 (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> AO(H °’ )’ 4.06-4.14 (m” 4 H, H6), 3.96-4.02 (m, 2 H, M4),
3.88-3.93 (m, O H, CH2 and H3) * 372378 @ & H, (HR), 3.61-3.69 (m, 16 H, CHj),
1.49(s, 6H ° CH3) > 142 (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 > 704> 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
—I“ Nal]+}. HRMS (ESI): m/z calcd for C48H72N2NaO20 (M + Na)' 1019.4572, found
1019.4573.

ZnPc(a-PGIu)Z (5.9). According to the procedure described for 56°
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, HZ) > 453 (t,J=5.1 Hz, 4 H, CHj), 4.28-4.35
>
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(m, 2 H, HS) > 406-4.17 (m, 8 H, CHj and H6), 3.97-4.01 (m, 2 H, 114), 3.86-3.91 (m,
6 H, Cfh 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.

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 C72H84N8Na020Zn |[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 CH30H (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) > 3154
(several multiplets). MS (ESI): an isotopic cluster peaking at m/z 1307 {100%, [M +
Na)'}. HRMS (ESI): m/z caled for CftoHesNgNaOzoZn (M + Na)_‘_‘ : 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,

1531



Ph D rhesis - Jian-Yong Liu

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/CH30H (8:1 v/v) as the eluent to give the product as a colorless liquid (6.4 0,

90%). 'H NMR (300 MHz, CDCI3): SLU (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, CcDCI3) - 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 fNard

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%). I HNMR (300 MHz, CDCB) - SIJ9 (d°J=8.4 Hz, 4 H, ArH), 7.34
d?’J=84Hz 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, 1329 * 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/ 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 1’2:5 * 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, cpciz) - (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) > 397-402 (m’ 2 H, H4), 3.92 (d,J - 3.0 Hz, 2 H,
H3), 3.83 {UJ= 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), 131 (s, 6 H, CH3). NMR (75.4 MHz,
CDCB) - S 148.8 119.1° 115.3, 111.7, 108.9 » 1052, 82.7, 82.6, 81.1, 72.5, 70.9, 70.7
(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 + Nal+: 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 NMR (300 MHz, CDCI3): *57.34 (s, 2 H, ArH) > 587 (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 ¢’ 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, cpci3) - (5152.3, 117.1 * 115.77 113.5, 111.7, 108.9, 105.2,
82.7, 82.6> 81.1 * 72.5, 70.6 > 704 ° 70.1, 69.4, 69.3, 67.1, 26.8 * 26.7° 26.2, 25.4 (some

of the signals gre overlapped). MS (ESI): an isotopic cluster peaking at mi7. 1019

{100%, [M + Nall +HRMS (ESI): miz caled for C48H72N2NaO20 [M + Na]l":

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 ¢ «/—. 4.8 Hz, 4 H, CH2), 4.08-4.15 (m, 4 H > Héy

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,
|
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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,
1287 7 1224’ 111.6 *> 108.8" 105.6 * 1052, 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 > 267 (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 caled for

C72H84N8Na020Zn [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 sysens [ Z 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 forms.Among 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 BODIPY'[L] havbeen 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 properties" Several subphthalocyanine-C6o [ ard
subphthalocyanine-phthalocyanine'r 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-dimethylpyrrole 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 65
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.

OH
(a) TFA, THF
/ OH " () bDQ
fTAS (c) NEtj. BFjOFI,
CHO
OCH; Pipendine
AcOH
CHO

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 (Mp 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.

KI ky 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 groupl] 1.440(4hd 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)."r 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 refcrencce
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.

>
O :
N

Pyridine. Toluene '

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.

<FORO——00CS0O

0.00
400 500 600 700
Wavelength (nm)

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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ElTicienl energy transfer via a I-orsler mechanism requires a good spectral

overlap between the energy donor (D) emission and the energy acceptor (A)

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.

=i SR =Rty S vl =] .>>

450 500 550 600
Wavelength (nm)

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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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 64, 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 (Of) 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: Oent = 1 - ~F(dyad)/ "F(donor),”” where Oent is the energy transfer quantum
yield, OF(dyad) and (B>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 Oent

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) Aem/ nm tf / ns

6.4 502 (5.06)” 563 (4.96) 570b 0.015" 2.4

6.5 562 (5.02) ? 645 (5.10) 6531 0.013' 0.06', 4.(Bd
6.1 503 (4.99) 514b 0.94 4.26

6.2 647 (5.11) 6534 0.73 3.90

6.6 564 (4.99) 5714 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 (c>f = 1). » Excited at 470 nm. |[Due to the donor

part, d Due to the acceptor part, e The lifetime for the donor part is too short to be

determined. " Excited at 515 nm.
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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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Figure 6.11. Normalized (at 563 nm) absorption (—) and excitation (---) (monitored

at 570 nm) spectra of 6.4 in toluene.
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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.

1000
« 800
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Y
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Figure 6.12. Fluorescence spectra of 6.2 ’ 6.5, and 6.6 (in toluene) at equal
absorbance at 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
AMNAT-Di-n-hexyl-1,7-bis(4-/er/-butylphenoxy)-3,4,9,10-perylenetetracarboxylic
diimidc in CHCI3 as the reference [OF(c0 __. 1170 '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), BFrOEt! (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 > 4300). 'H NMR (300 MHz, cDCB) - & 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), 145 (s, 6 H, (H3) s '"AC{'H} NMR(75.4MHz, CDCI3):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 BODIPY 6.2. A mixture of the phenol-containing BODIPY 6.1 (0.34 g,
10 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
e-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, CDCB) - 5761 (d, J= 162 Hz, 2 H > CH=CH)’ 7.58 (d, J
=8.7 Hz, 4 H, ArH), 7.21 (d, __ 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, 1296 °
129.0, 127.4°> 1174 > 1172, 116.0 > 1142, -55.4, 14.8; MS (ESI): isotopic clusters
peaking at miz 542 {100%, [M - F - CH31+} ’ 557 {43%, [M - F]+} > and 599 {62%,
[M + Nal]+}; HRMS (ESI): m/z caled for CBsHsiBFjNjNaOB [M + Nal+: 599.2288,
found, 599.2290. Anal. Calcd for C35H31BF2N203 . C, 72.93; H, 5.42; N, 4.86. Found:

C, 73.64; H, 5.51; N, 4.93.
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Subphthalocyanine-BODIPY conjugate 6.4. A mixture of the phenol-containing
BODIPY 6.1 (136 mg, 0.4 mmol), boron(III) subphthalocyanine chloride (63) (-90%,
96 mg, 02 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, CDCB) - 5 8.85-8.88 (m, 6 H, SubPc-H,), 7.92-7.95 (m, 6 1’
SubPc-Hp), 6.64 (d, J= 8.1 Hz, 2 H *> AH), 591 (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, 1284 °
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 caled for C43H31B2F2N8O [M + HIJ': 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) > 717 (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);

[ 3c{ | B NMR (75.4 MHz, CDCI3): 5 160.3, 153.5, 152.5 » 151.1, 141.8, 138.1, 135.5,
133.2, 131.0, 129.9, 129.6, 129.0 *> 128.7, 122.3, 120.7 > 117.3 > 1142, 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 SH43B2CIF2N8O3 (I-O.SCHij) - G,
70.54; H, 4.28; N, 11.06. Found: C, 70.33; H > 459; 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, CDCB) - 59.62 (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} NMR (75.4 MHz, CDCB) - 6 190.7, 158.6, 1514 > 1313’
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]J+}> and 539 {21%, IM + Na]'}; HRMS

(ESI): miz caled for CjiHnBNftNaOj (M + Na]': 539.1398, found 539.1410.
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6.4.4 X-ray Crystallographic Analysis of 6.2, 6.4 H20, 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 j\) 4293 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
correction;[?n@ SHHLXL for space group and structure determination, refinements,

graphics and structure reporting.! O
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Table 6.2.

formula

Mr

crystal size [mm*J
crystal system
space group

a [AL]

MA]

clA]

rn

J= (000)
Paicd | mgm
fi [mm ']

range [ ]
reflections collected
independent
reflections
parameters
M [I>2a(l)]
viR2[I>2a(1)]

goodness of fit

6.2
C35H31BF2N203
576.43

0.40 X 0.30 X 0.20
monoclinic

Cc

13.149(2)
14.113(2)
16.121(3)

90

94.354(3)

90

2982.9(8)

A

1208

1.284
0.090
2.12 to 28.05
10051

5738 (R.n, = 0.0406)

388
0.0449
0.1060

0.995

Ph. D. Thesis - Jian- Yong Liu

6.4.H20
C43H,2B2F2N802
752.39

0.30 X 0.20 X 0.20
monoclinic
P2,/c

23.538(3)
12.339(1)
12.841(2)

90

104.603(3)

90

3608.9(7)

A

1560

1.385

0.094

0.89 to 28.03
24264

8717 (R.,,, = 0.0855)

514
0.0592
0.1500

0.999
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Crystallographic data for 62 *> 6.4.H20 > and 6.5 CH2CI2.

6.5CH2CI2
QOH44B2CI2F2N8O,
1055.55

0.50 X 0.40 X 0.30
triclinic

r|(bar)

12.271(4)
14.939(5)
16.667(6)
65.534(6)
70.060(6)
86.605(6)

2602.3(15)

1092

1.347

0.188

1.43 to 25.00
14197

9131 (R...,=0.0478)

694
0.1017

0.2936

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 photosynthetic systems is of much
current interest." It involves careful selection of photo and redox-active 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 fuels/ but also for the construction of various
optoelectronic devices. []
¢ 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 coefficients (at ca. 500 nm), high fluorescence quantum
yields, reasonably long excited singlet-state lifetimes, and good solubility and
stability in many solvent systems. The absorption and emission properties of these
compounds can also be tuned readily through chemical modification of the

BODIPY core. As" a result, these two classes of compounds are excellent
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candidates for the aforementioned applications. Conjugation of these compounds
can extend the absorption region well covering the solar spectrum, and combine
the advantageous characteristics of individual components. We therefore initiated a
study on the mixed arrays of phthalocyanines and BODIPYs. In this Chapter, we
report the preparation and photophysical properties of two novel silicon(IV)
phthalocyanines substituted axially with two BODIPY or mono-styryl BODIPY
moieties. Depending on the axial substituents, these conjugates exhibit
predominantly 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-active units such as porphyrins, fullerenes, carotenoids °’
anthraquinones, perylenediimides, and ruthenium polypyridine complexes have

been studied extensively/' to our knowledge, mixed BODIPY-phthalocyanine

arrays have not been reported so far.

Figure 7.1. Photo-induced energy electron transfer process in

BODIPY-phthalocyanine conjugates.
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.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 commercially available
silicon(IV) phthalocyanine dichloride (SiPcCh) (7.1) in the presence of pyridine
gave the bis(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-trimethoxybenzaldehyde (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.
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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.

M i 4%}

K}l < "12
1@ 1 @ 1Y , 19 BD o:
I,El,'yiiD*’iﬂH
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 SiPcCOQHdCOaCH)B’J), which was
prepared by treating SiPcCb (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.

> O02CH-,
}\ Ryridine, Toluene, reflux O J >

+IKH 53% < >

Scheme 7.3. Synthesis of phthalocyanine 7.7 as a reference compound.

o

00
300 400 500 600 700
Wavelength (nm)

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 R({ calculated (33 A)
compared with the estimated center-to-center distance between the donor and

acceptor (6 ]\ >ty 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 61 and 7.7 decayed mono-exponentially with a lifetime of 3.03 i
0.01 and 5.07 i0.0l 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 :[: 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 IJ) and lifetime (5.20 :I: 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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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 wvv. 0.60 with reference to
meSo-tetraphenylporphyrin (H2TPP) in DMF (Op = 0.1 1 Thus, in addition to
energy transfer, electron transfer is also a plausible pathway to quench the excited

BODIPY in 7.2.

50

Wavelength (nm)

Figure 7.7. Fluorescence spectra of 7.2 (—) and 7.7 (---) at equal absorbance at 615
nm in toluene (Agx =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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(for 7.5) [with reference to rhodamine 6G in elhanol (O = ) l l N 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. Absorption 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«(nm)(loge) Km (nm) cV
BODIPY -part Pc-part BODIPY-part Pc-part
excitation excitation excitation 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

‘With reference to rhodamine 110 in ethanol (Op = 0.94)"" (for BODIPY-part emission of 6.1 and 7.2),
rhodamine 6G in ethanol (0”= 0.95)"' (for BODIPY-part emission of 7.4 and 7.5) or HjTPP in DMF (Op:

0 1 (for 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 from 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 estimated to be 1.81 and 2.16 eV respectively. So
photo-induced excitation energy transfer from the initially excited phthalocyanine
to the mono-styryl BODIPY unit is energetically unfavorable, the quenching

should be mainly due to an electron transfer 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 anion.This 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

S€rves 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 voltammetry and differential pulse voltammetry 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 equation'”

. ) - EI’A/A-)1 - N
47 bR ox  STIH .

the free energy change (AG°) of charge-separation in 7.5 was estimated to be -0.40
eV for BODIPY-part excitation and -0.05 eV for Pc-part excitation. The negative
values showed that electron transfer is thermodynamically favorable when either
the mono-styryl BODIPY or phthalocyanine part in 7.5 is excited. The lifetime of

the charge-separated state was also determined to be 1.7 i 0.1 ns.

7.3 Conclusion

In conclusion, I have prepared two novel BODIPY-phthalocyanine triads 7.2
and 7.5 and studied their photophysical properties. Upon BODIPY-part excitation,
both conjugates exhibit competitive energy and electron transfer 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

‘The 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 CCD 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 [<BFro — 0.94]'""" and rhodamine 6G in ethanol D |—<Hj) -
0.95]"a as the references. Time-resolved fluorescence spectroscopic studies were
carried out using the set-up described previously”

To measure transient absorption spectra, a White light continuum was generated
as a test beamjn a cell with a D20/H20 mixture using intense 25 ps pulses from a
Nd3+:YAG laser (PL 2143 A, 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 NMR (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{IH} 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/Zz 1218 {8%, [M]+}’ 1200 {24%’ [M-F+H]"} and 880
{100%, [M-BODIPY]"}; HRMS (MALDI-TOF): m/z caled for C70H52B2F4N,202Si
[M]+: 1218.4243, found: 1218.4265. Anal. Calcd for C7ToH52B2F4N,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 refluxed 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/CHzCI1? (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, CDCB) - J7.55(d, J= 16.2 Hz’ 1H > 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°2H” AIH) > 659 (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”’ OCHB) > 260 (s, 3 H, CH3), 1.50 (s, 3 H > CH3),

1.47 6> 3 H’ CH3); NMR (100.6 MHz, CDCB) - (5156.3, 155.4, 153.4° 152.4,
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143.0, 142.4, 140.4 > 1391, 136.0, 133.2, 132.3, 129.6, 127.2, 121.3 - 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 BODIPY) substituted phthalocyanine 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) - §
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 6> 6 H, OCH3) » 263 (d, J = 8.4 Hz ’> 4 H, p-C"Ha), 2.39 (s, 6 H, CH3),
0.61 (s, 6 H, CHB),O.60 s’ 6H, CH3), '""C{'H} NMR (75.4 MHz): S 154.8, 153.3,
151.9, 150.1149.7, 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 > 144, 14.2 (some of
the signals are overlapped); MS (ESI): two isotopic clusters peaking at m/z 1598
{42%, [M+Nal+} and 1057 {100%, [M- mono-styryl BODIPY] 5 HRMS (ESD): m/
calcd for C9oH72B2F4Ni2Na08Si[M+Na]+: 1597.5380, found: 1597.5378.

SiPc(0C6H4C02CH3)2 (7.7). According to the procedure for the preparation
of 7.2, silicon(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 NMR (300 muz > 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) s '"C{'H} NMR (75.4 MHz, CDCIg): 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]+}; HRMS (MALDI-TOF): miz calecd for CasHjiNgOfeSi [M+HJA_‘:

843.2130, found: 843.2143.
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Appendix A-1 'H NMR (CDCI3) and

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 CDCb
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NMR spectra of compound 2.11 in CDCI3.

LiE os2 S "2 -Izs(SD
L4
M
I’) ) f'\./L u
.S b o e

10

209



F/() D° Thesis—Jian-Yong Liu

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
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Appendix A-9 'HNMR and NMR spectra of compound 3.3¢ in CDCI3
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Appendix A-10 'H NMR and NMR spectra of compound 3.4a 13 CDCli

with a trace amount of pyridine-ds
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Appendix A-11 NMR and NMR spectra of compound 3.4b in CDCI -

with a trace amount of pyridine-ds

ik
TMS
oH 1
(0]
I
A \ MIH
M ] i
; 0 %B
— . ynﬁ@ 00 tﬂ“<M"
SRBSSiS;F L RK BT PR T b5 PR O
w1t/ T nu’

214.



Ph D Thesis - Man-Yong Liu

Appendix A-12 'H NMR and NMR spectra of compound 3.4¢ in CDCI -

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}
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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 CDCI -
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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 CDCI

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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pyridine-ds
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H- H COSY spectrum of 3.7b in CDCI3 with a trace amount of
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Appendix A-21 'H NMR and NMR spectra of compound 4.2a in CDCI3
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Appendix A-22 'H NMR and '"C{'H} NMR spectra of compound 4.2b in CDCI ;
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Appendix A-23 'H NMR spectrum of compound 4.2¢ in CDCI
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Appendix A-24 'H NMR 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-dé6)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 4.3¢ in CDCI3 with a trace amount

of pyridine-ds
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Appendix A-28 7H NMR (CDCI3 with a trace amount of pyridine-ds) and '""C{'H}

NMR (CDCI3) spectra of compound 4.3d
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with a trace amount of pyridine-ds
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NMR spectra of compound 4.3e in CDCI3

IMS

H,0
gyt Bswn
frue $5s

232



Ph. D. Thesis - Man- Yong Liu

Appendix A-30 'H NMR and '"C{'H} NMR spectra of compound 4.3f in CDCI -

with a trace amount of pyridine-ds

N AKN 2
c ?
r r w
N il
0
HO BB
nJ
nn
}I/\ i \ ol Tk
9 B
s8¢ 3529 4
P PW g
P2
1
Ul JUH

>2C

233!



Ph. D. Thesis - Jian- Yong Liu

Appendix A-31 'H NMR and ""C{'H} NMR spectra of compound 5.3 in CDCI3
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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 CDCh
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Appendix A-36 NMR and NMR spectra of compound 5.8 in CDCI
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Appendix A-37

'H NMR and

with a trace amount of pyridine-ds
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NMR spectra of compound 5.9 in CDCI3
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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 'HNMR 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 CDQ1 ;
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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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pyridine-ds
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'H-'"H COSY spectrum of 5.16 in CDCI3 with a trace amount of
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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 'HNMRand '"C{'H} NMR spectra of compound 6.4
inCDCI
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NMR spectra ot compound 6.5 in CDCI
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Appendix A-47 'H NMR and NMR spectra of compound 6.6 in CDCI -
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Appendix A-48 'H NMR and '""C{'H} NMR spectra of compound 7.4 in CDCI -
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Appendix A-49 'HNMR 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 CDCh
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Appendix A-51 'H NMR and NMR spectra of compound 7.7 in CDCI3
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Appendix 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 10") and equivalent isotropic displacement parameters (A" X 10]

for 6.2. U(eq) is defined as one third of the trace of the orthogonalized U,. tensor.

X y z u(eq)
B(1) 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(1) 6777(4) 7451(3) -701(3) 95(1)
C(2) 6456(2) 7355(2) 732(2) 61(1)
c3) 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)
o)) 4703(3) 5305(3) 2840(2) 73(1)
C(10) 4205(3) 4882(2) 3525(2) 68(1)
C(11) 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(19) 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) 1 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)
Cc(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(1)-F(1) 1.372(4) B(1)-F(2) 1.413(4)
B(1)-N(1) 1.519(5) B(1)-N(2) 1.523(4)
N EC(10) 1.354(4) N(1)-C(14) 1.401(4)
N(2)-C(26) 1.358(4) N(2)-C(22) 1.403(4)
0(1)-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)
Cc(2)-C(7) 1.386(4) c3)-c L] 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(11) 1.408(5) Cc(1)-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(1)-B(1)-F(2) 107.7(3) F(1)-B(1)-N(1) 111.6(3)
F(2)-B(1)-N(1) 109.4(2) F(1)-B(1)-N(2) 111.6(3)
F(2)-B(1)-N(2) 107.9(3) N(1)-B(1)-N(2) 108.5(3)
C(10)-N(1)-C(14) 108.7(3) C(10)-N(1)-B(1) 126.4(3)
C(14)-N(D-B [ 124.8(3) C(26)-N(2)-C(22) 108.4(2)
C(26)-N(2)-B(1) 126.4(3) C(22)-N(2)-B(1) 124.7(2)
C(2)-0(1)-C(1) 117.8(3) C(32)-0(3)-C(35) 118.1(3)
C(3)-C(2)-0(1) 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)
C(7)-C(6)-C(5)
C(9)-C(8)-C(5)
N(1)-C(10)-C(11)
C(1D)-C(10)-C(9)
C(1D)-C(12)-C(14)
C(14)-C(12)-C(13)
C(15)-C(14)-C(12)
C(22)-C(I5)-C(14)
'C(14)-C(15)-C(16)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(20)-C(19)-0(2)
0(2)-C(19)-C(13)
C(20)-C(21)-C(16)
C(15K(22)-C(23)
C(25)-C(23)-C(22)
C(22)-C(23)-C(24)
N(2)-C(26)-C(25)
C(25)-C(26)-C(27)
C(27)-C(28)-C(29)
C(30)-C(29)-C(28)
C(31)-C(30)-C(29)
C(33)-C(32)-0(3)
0(3)-C(32)-C(31)
C(33)-C(34)-C(29)

Table 4.

factor exponent takes the form: -2 7r*[(ha*)"Uii +

uUll
B(1) 53(2)
N(1) 57(2)
N(2) 52(2)
0(1) 88(2)
0(2) 81(2)
0(3) 111(2)
F [ 124(2)
F(2) 65(1)
c(D) 105(4)
Cc(2) 49(2)
Cc(3) 73(2)
C(4) 74(2)
C(5) 55(2)

120.7(3)
122.0(3)
126.8(3)
107.7(3)
131.4(3)
106.0(3)
128.5(3)
132.2(3)
121.6(3)
119.8(3)
122.8(3)
121.3(3)
118.5(3)
121.5(3)
121.3(3)
132.8(3)
107.0(3)
129.5(3)
108.9(3)
129.0(3)
126.1(3)
120.4(3)
122.9(3)
116.5(3)
124.0(3)
121.2(3)

Anisotropic displacement parameters

u22
64(2)
61(2)
54(1)
75(2)
161(3)
90(2)
78(1)
103(2)
100(3)
60(2)
64(2)
53(2)
58(2)

Ph. L

C(4)-C(5)-C(8)
C(6)-C(7)-C(2)
C(8)-C(9)-C(10)
N(I)-C(10)-C(9)
C(12)-C( 1)-C(10)
C(11)-C(12)-C(13)
C(15)-C(14)-N(1)
N(I)-C(14)-C(12)
C(22)-C(15)-C(16)
C(I7)-C(16)-C(21)
C(21)-C(16)-C(15)
C(17)-C(!8)-C(19)
C(20)-C(19)-C(18)
C(19)-C(20)-C(21)
C(15)-C(22)-N(2)
N(2)-C(22)-C(23)
C(25)-C(23)-C(24)
C(23)-C(25)-C(26)
N(2)-C(26)-C(27)
C(28)-C(27)-C(26)
C(30)-C(29)-C(34)
C(34)-C(29)-C(28)
C(30)-C(31)-C(32)
C(33)-C(32)-C(31)
C(32)-C(33)-C(34)

10 ) for 6.2. The anisotropic displacement

2hka*b*Ui2].

U33 U23
51(2) 3(2)
57(2) 4(1)
48(2) 4(1)
78(2) 7(1)
60(2) 41(2)
62(2) 4(1)
58(1) 18(1)
94(2) -18(1)
79(3) 9(2)
75(2) 5(2)
81(3) -11(2)
96(3) -5(2)
75(2) -1(2)
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U13
4(2)
10(1)
7(1)
11(1)
20(1)
15(1)
-19(1)
34(1)
10(2)
4(2)
11(2)
10(2)
3(2)

— Jian- Yong Liu

122.2(3)
120.6(3)
128.6(4)
121.0(3)
109.8(3)
125.5(3)
1 19.9(3)
107.8(3)
1 18.5(3)
117.9(3)
119.3(3)
119.4(3)
120.0(3)
120.1(3)
119.9(3)
107.3(2)
123.5(3)
108.4(3)
122.1(3)
124.1(3)
1 16.6(3)
123.0(3)
118.9(3)
1 19.5(3)
120.8(3)

Ul12
-11(2)
-3(1)
1(1)
-4(1)
26(2)
4(2)
-30(1)
-17(1)
11(2)
3(1)
-2(2)
-12(2)
-1(2)



C(6)

C(7)

C(8)

C(9)

C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
Cc(7)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(@31)
C(32)
C(33)
C(34)
C(35)

62(2)
56(2)
70(2)
78(2)
71(2)
88(3)
65(2)
92(3)
51(2)
40(2)
50(2)
49(2)
49(2)
61(2)
49(2)
41(2)
45(2)
50(2)
64(2)
62(2)
55(2)
58(2)
68(2)
59(2)
83(3)
80(3)
77(2)
84(3)
71(2)
116(4)

58(2)
53(2)
63(2)
66(2)
65(2)
60(2)
73(2)
93(3)
66(2)
71(2)
74(2)
140(4)
152(4)
99(3)
93(2)
85(2)
61(2)
65(2)
80(2)
57(2)
57(2)
66(2)
60(2)
55(2)
64(2)
70(2)
68(2)
63(2)
58(2)
122(3)

72(2)
83(3)
77(2)
76(2)
67(2)
78(3)
59(2)
64(2)
52(2)
51(2)
47(2)
61(2)
69(2)
51(2)
53(2)
59(2)
51(2)
61(2)
78(2)
65(2)
55(2)
54(2)
59(2)
58(2)
59(2)
64(2)
51(2)
57(2)
62(2)
71(3)

-4(2)
-1(2)
-5(2)
5(2)
4(2)
-12(2)
-5(2)
-14(2)
9(2)
11(2)
9(1)
28(2)
35(2)
14(2)
16(2)
7(2)
11(2)
17(2)
24(2)
8(2)
6(2)
12)
32)
-4(1)
6(2)
1)
-5(2)
4(2)
1)
-7(2)
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-5(2)
-2(2)
-1(2)
4(2)
3(2)
1(2)
3(2)
14(2)
8(1)
5(1)
9(1)
11(2)
22(2)
13(2)
5(1)
8(1)
5(1)
4(2)
11(2)
12)
4(1)
2(2)
-1(2)
-2(2)
-1(2)
5(2)
3(2)
-6(2)
-2(2)
22(2)

-2(2)
-4(1)

-10(2)
-4(2)
4(2)
9(2)
18(2)
7(1)
8(1)
10(2)
28(2)
29(2)
15(2)
12(2)
6(1)
4(1)
-1d)
-5(2)
0(2)
0(1)
3(2)
-5(2)
-2(1)
5(2)
10(2)
-7(2)
2(2)
12)
24(3)



Table 5.

H(2A)
H(1A)
H(1B)
H(1C)
H(3A)
H(4A)
H(6A)
H(7A)
H(8A)
H(9A)
H(11A)
H(13A)
H(13B)
H(13C)
H(17A)
H(18A)
H(20A)
H(21A)
H(24A)
H(24B)
H(24C)
H(25A)
H(27A)
H(28A)
H(30A)
H(31A)
H(33A)
H(34A)
H(35A)
H(35B)
H(350C)
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Hydrogen coordinates (x 10") and isotropic displacement parameters (A" x 10 for 6.2.

2548
7121
6065
7065
6108
5407
5977
6674
5125
4720
4093
3272
3419
2386
1301
844
3759
4212
2207
1677
2752
2926
3837
4080
5208
5832
4401
3866
6310
5866
6788

1424
7846
7418
6826
6112
5436
7782
8457
6510
4934
5873
5340
4257
4625
2801
2291

1708
2247
-47
870
571

191
2095

177
-549
-674

1734

1900
-166
-838
-171

259.

7778
-1075
-881
-697
176
1309
2624
1521
3278
2365
4474
5776
5968
5535
501 1
6291
6963
5701
41-70
4477
4879
2787
1404
1614
655
-630
-1312
2
-2681
-2023
-1760

U(eq)
150
142
142
142
87
89
77
77
84
88
90
124
124
124
100
107
78
74
111
111
111
74
71
75
82
86
82
77
154
154
154



Table 1.

Table 2.

Appendix B-2
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Crystallographic details of compound 6.4-H20
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Crystal data and structure refinement for 6.4.H20 (See Section 6.4.4 in Chapter 6).

Atomic coordinates (:

134) and equivalent isotropic displacement parameters (A' 10

for 6.4.H20. U(eq) is defined as ne third of the trace of the orthogonalized U,, tensor.

o(i)
F [J
F(2)
N(1)
N(2)
N(@3)
N(4)
N(5)
N(6)
N(7)
N(8)
B(1)
B(2)
c()
CcQ)
C(3)
C4)
C(5)
'C(6)
C(7)
C(8)
C(9)
c(10)
c(1n
c(12)
c(13)
c(14)
c(15)
C(16)
CO7)
C(18)
C(19)
C(20)
c(21)
C(22)
C(23)

X
8286(1)
4229(1)
4305(1)
8506(1)
7701(2)
8210(1)
8924(1)
9128(1)
9520(2)
4985(1)
5060(1)
8504(2)
4622(2)
89820)
8812(2)
9126(3)
8840(4)
8279(3)
7984(3)
8248(2)
8084(2)
7790(2)
7618(2)
7198(2)
7168(2)
7550(2)
7971(2)
8000(2)
8399(2)
9295(2)
9929(2)
10336(2)
10923(2)
11104(2)
10708(2)
10116(2)

y
7789(2)
8033(2)
9080(2)
6259(3)
5061(3)
5841(2)
5825(3)
6641(2)
6625(3)
9392(2)
7747(2)
6705(4)
8572(3)
6318(3)
5752(4)
5535(4)
4864(5)
4436(5)
4646(4)
5304(3)
5558(3)
5160(3)
4454(3)
3630(4)
3051(4)
3229(4)
4035(4)
4656(3)
5519(3)
6329(3)
6447(3)
6348(3)
6522(3)
6753(3)
6820(3)
6687(3)

260.

z
3881(2)
1150(2)
-242(2)
2782(2)
2677(3)
4335(3)
6018(2)
4486(2)
2951(3)
1474(2)
416(2)
3862(4)
672(3)
2359(3)
1326(3)
564(4)
-292(4)
-367(5)
380(4)
1239(3)
2225(3)
3739(4)
4513(4)
4391(4)
5283(5)
6273(5)
6408(4)
5526(3)
5387(3)
5541(3)
5851(3)
6844(4)
6870(4)
595iD(5)
4961(4)
4921(3)

U(eq)
54(1)
55(1)
61(1)
55(1)
62(1)
49(1)
53(1)
49(1)
63(1)
42(1)
42(1)
50(1)
42(1)
61(1)
70(1)
89(2)
109(2)
114(2)
91(2)
67(1)
59(1)
57(1)
59(1)
73(1)
91(2)
90(2)
75(1)
56(1)
51(1)
50(1)
54(1)
63(1)
73(1)
75(1)
68(1)
56(1)



C(24) 9590(2) 6726(3) 4029(3)
C(25) 7706(2) 7975(3) 3356(3)
C(26) 7272(2) 7830(3) 3892(3)
c(27) 6693(2) 8009(3) 3362(3)
C(28) 6538(1) 8339(3) 2301(3)
C(29) 6980(2) 8534(3) 1788(3)
C(30) 7561(2) 8354(3) 2309(3)
c(31) 5908(2) 8456(3) 1728(3)
C(32) 5588(2) 9320(3) 1955(3)
C(33) 5750(2) 10271(3) 2595(3)
C(34) 5243(2) 10863(3) 2499(3)
C(35) 4782(2) 10312(3) 1812(3)
C(36) 6354(2) 10634(3) 3195(3)
c(37) 4163(2) 10657(3) 1458(3)
C(38) 5651(1) 7649(3) 983(3)
C(39) 5877(2) 6683(3) 645(3)
C(40) 5421(2) 6250(3) -141(3)
ca1) 4928(2) 6898(3) -274(3)
C(42) 6466(2) 6162(3) 1035(3)
C(43) 4333(2) 6725(3) -1008(3)
o(iw) 9457(2) 4275(4) -2257(4)

Table 3. Bond lengths [A] and angles [°] for 6.4.HzO.

0 -C(25) 1.381(4) 0(I)-B(1)
F(1)-B(2) 1.400(4) F(2)-B(2)
N(D)-C(1) 1.364(5) N(1)-C(8)
N(D-B(1) 1.493(5) N(2)-C(9)
N(2)-C(8) 1.339(5) N(3)-C(16)
N(3)-C(9) 1.375(5) N(3)-B(1)
N(4)-C(17) 1.340(5) N(4)-C(16)
N(5)-C(24) 1.361(5) N(5)-C(17)
N(5)-B(1) 1.487(5) N(6)-C(1)
N(6)-C(24) 1.359(5) N(7)-C(35)
N(7)-C(32) 1.401(4) N(7)-B(2)
N(8)-C(41) 1.356(4) N(8)-C(38)
N(8)-B(2) 1.542(5) o | )
C(2)-C(3) 1.394(6) C(2)-C(7)
C(3)-C(4) 1.405(8) C(4)-C(5)
C(5)-C(6) 1.343(7) C(6)-C(7)
C(7)-C(8) 1.448(6) C(9)-C(10)
C(10)-C(11) 1.398(6) C(10)-C(15)
C(11)-C(12) 1.367(6) C(12)-C(13)
C(13)-C(14) 1.384(6) C(14)-C(15)
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56(1)
44(1)
46( 1)
41(1)
38(1)
50(1)
52(1)
39(1)
40(1)
47(1)
52(1)
49(1)
66(1)
70(1)
38(1)
43(1)
54(1)
46(1)
55(1)
66(1)
158(2)

1.435(5)
1.373(4)
1.373(5)
1.332(5)
1.370(5)
1.483(5)
1.348(4)
1.367(4)
1.356(5)
1.345(4)
1.540(5)
1.404(4)
1.462(6)
1.415(6)
1.403(8)
1.384(6)
1.454(6)
1.405(5)
1.377(7) 1
1.384(6)



C(15)-C(16)
C(18)-C(19)
C(19)-C(20)
C(21)-C(22)
C(23)-C(24)
C(25)-C(30)
C(27)-C(28)
C(28)-C(31)
C(31)-C(32)
C(32)-C(33)
C(33)-C(36)
C(35)-C(37)
C(39)-C(40)
C(40)-C(41)
C(25)-0(1)-B(1)
C(1)-N(1)-B(1)
C(9)-N(2)-C(8)
C(I6)-N(3)-B(1)
C(17)-N(4)-C(16)
C(24)-N(5)-B(1)
C(1)-N(6)-C(24)
C(35)-N(7)-B(2)
C(41)-N(8)-C(38)
C(38)-N(8)-B(2)
0()-B(1)-N(5)
C)(D-B(1)-N(1)
N(5)-B(1)-N(1)
F(2)-B(2)-N(7)
F(2)-B(2)-N(8)
N(7)-B(2)-N(8)
N(6)-C(1)-C(2)
C(3)-C(2)-C(7)
C(7)-C(2)-C(1)
C(5)-C(4)-C(3)
C(5)-C(6)-C(7)
C(6)-C(7)-C(8)
N(2)-C(8)-N(1)
N(1)-C(8)-C(7)
N(2)-C(9)-C(10)
C(11)-C(10)-C(15)
C(15)-C(10)-C(9)
e(l1)-C(12)-C(13)
C(13)-C(14)-C(15)
C(14)-C(15)-C(16)

1.459(5)
1.394(5)
1.392(6)
[ 375(6)
1.460(5)
1.382(5)
1.379(4)
1.488(4)
1.378(4)
1.428(5)
1.504(5)
1.475(5)
1.383(5)
1.384(5)
117.5(3)
123.0(3)
1 16.9(4)
122.9(3)
117.4(3)
123.4(3)
116.9(3)
126.0(3)
107.9(3)
125.1(3)
110.53)
116.4(3)
104.3(3)
111.2(3)
111.6(3)
106.8(3)
130.1(4)
121.5(5)
107.2(4)
122.1(6)
118.2(6)
131.2(5)
122.7(4)
106.0(4)
130.3(4)
120.2(4)
107.6(4)
122.1(5)
118.5(5)
132.1(4)
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C(17)-C(I8)
C(18)-C(23)
C(20)-C(21)
C(22)-C(23)
CX25)-C(26)
C(26)-C(27)
C(28)-C(29)
C(29)-C(30)
C(31)-C(38)
C(33)-C(34)
C(34)-C(35)
C(38)-C(39)
C(39)-C(42)°
C(41)-C(43)
C(1)-N(1)-C(8)
C(8)-N(1)-B(1)
C(I6)-N(3)-C(9)
C(9)-N(3)-B(1)
C(24)-N(5)-C(17)
C(17)-N(5)-B(1)
C(35)-N(7)-C(32)
C(32)-N(7)-B(2)
C(41)-N(8)-B(2)
0(1)-B(1)-N(3)
N(3)-B(1)-N(5)
N(3)-B(1)-N(1)
F(2)-B(2)-F(I)
F(1)-B(2)-N(7)
F(1)-B(2)-N(8)
N(6)-C(1)-N(1)
N(1)-C(1)-C(2)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(6)-C(5)-C(4)
C(6)-C(7)-C(2)
C(2)-C(7)-C(8)
N(2)-C(8)-C(7)
N(2)-C(9)-N(3)
N(3)-C(9)-C(10)
C(11)-C(10)-C(9)
C(12)-C(1 1)-C(10)
C(12)-C(13)-C(14)
C(14)-C(15)-C(10)
« C(10)-C(15)-C(16)

262

1.452(5)
1.404(5)
1.383(6)
1.391(5)
1.380(5)
1.379(4)
1.385(5)
1.381(5)
1.408(4)
1.380(5)
1.391(5)
1.417(4)
1.494(5)
1.493(5)
1 12.6(4)
123.0(4)
1 12.4(3)
123.8(3)
1 12.8(3)
123.1(3)
108.3(3)
125.6(3)
126.4(3)
117.1(3)
104.0(3)
103.1(3)
108.3(3)
109.6(3)
109.4(3)
122.4(4)
105.7(4)
131.0(5)
1 15.3(6)
121.7(6)
121.1(5)
107.3(4)
129.5(4)
122.1(4)
105.7(3)
132.0(4)
118.0(5)
120.7(5)
120.5(4)
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(138) 131.7(4) N(5)-C(17)-C(18) 105.1(3)
C(19)-C(18)-C(23) 120.4(4) C(19)-C(18)-C(17) 131.6(4)
C(23)-C(18)-C(17) 108.0(3) C(20)-C(19)-C(18) 117.3(4)
C(21)-C(20)-C(19) 121.9(4) C(22)-C(21)-C(20) 121.3(4)
C(21)-C(22)-C(23) 117.8(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(1) 120.0(3)
C(26)-C(25)-C(30) 119.8(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(3D) 119.9(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(31)-C(28) 120.0(3) C(38)-C(31)-C(28) 1 18.1(3)
C(31)-C(32)-N(7) 120.2(3) C(31)-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) 119.5(3) N(8)-C(38)-C(39) 108.3(3)
C(3D)-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(41)-C(43) 128.3(3)

Table 4. Anisotropic displacement parameters (A” x 10") for 6.4 H20. The anisotropic

displacement factor exponent takes the form: -2 7r((ha*)"U|i + * ﬁl“ 2hka*b*U|2j.

W 22222222 > >0
XA> LN N N AN S I

ull U22 U33 1123 uI3 Ul
C1T as 490 68(2 -8(1) 0(1)
17“ 0 Y 46(1) 53(1) 69( 8(1) 20(1 2(2)
v AL 65(1) 63(1) 47( 141 1(1) 2(1°
£ 1 50(2) 57(2) 54 ~1(2) 5(2) 12(2:
i y 540) 59(2) 62(2 8(2) 502 for
0 70) 47(2) 59(2 -9(2) 5(2)
5 5 440) 60(2) 54(2: -8(2) 9(2)
6 37 @ 57(2) 0(2) 8(2) 6(2)
7 N 81 5 65(2) 65(2 12 222 112
81 40 38(2) 4702 0(1) 10(1 S
A 40 40(2) 45(2 2(1) 9 (1) 201
13 37|((22)) 54(3) 56(3 -5(2) 6(2) 6(2)
2y 41 40(2) 44(2) o 9(2)
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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) [ 0(2)
C(10) 43(2) 50(3) 81(3) -6(2) 12(2) 3(2)
C(il) 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)
o5 4@ 56(3) 69(3) -9(2) 17(2) 0(2)
C(16) 40(2) 59(3) 55(3) -12(2) 12(2) 2(2)
C(17) 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(19) 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)
Cc(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) 59 [ 45(2) 10(2) 8(2) 2(2)
C(30) 47(2) 57(3) 58(3) 7(2) 22(2) 0(2)
cG D 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)
Cc(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)
Cc(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) 12)
C(41) 51(2) 43(2) 45(2) -7(2) [ 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(IW) 157(4) 180(5) 153(4) 30(3) 70(3) 31(3)
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Table S. Hydrogen coordinates (x 10") and isotropic displacement parameters (A" x 10 ) fr
6.4H20.
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(1l 1A) 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) 11203 6482 7526 87
H(21A) 11500 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 11520 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(420) 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.CH2CI12(See Section 6.4.4 In Chapter 6).

Table 2. Atomic coordinates (x 10") and equivalent isotropic displacement parameters (A' 1o,

for 6.5 CH2Ch U(eq) is defined IS one third of the trace of the orthogonalized U,, tensor.

X y z U(eq)
F(1) 7206(4) 4420(4) 3512(4) 92(2)
0(1) 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(D) 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)
Cc(D) 2267(7) -1646(5) 2804(5) 66(2)
Cc) 1502(8) -2517(6) 3083(6) 78(2)
C(3) 1659(1 1) -3517(6) 3414(6) 101(3)
Cc(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)
Cc(7) 452(7) -2183(5) 2948(5) 66(2)
C(8) 562(6) -1116(5) 2588(5) 61(2)
Cc(9) 514(6) 480(5) 1569(5) 58(2)
C(10) 350(6) 1263(5) 747(5) 59(2)
c(1D) -554(7) 1391(6) 396(6) 77(2)
C(12) -41709) 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)
CcC(19). 6065(7) 1219(8) -120(7) 98(3)
C(20) 7084(8) 750(11) -206(8) 105(4)
c(21) 7090(10) -167(12) 456(12) | 2365)
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) 764(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) -4971(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(41) 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)
c47 6709(7) 2659(6) 1923(6) 82(2)
C(438) 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) 72(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(1) 2044(7) 145(6) 2331(6) 57(2)
B(2) 6644(7) 4533(6) 2890(7) 63(2)
CI1(1) 828(6) -3160(6) 5546(5) 271(3)
Cl1(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(1)-B(2)

0 B (1)
0(2)-C(45)
0(3)-C(59)
N(D-C(1)
N(2)-C(9)
N(3)-C(9)
N(3)-B(I)
N(4)-C(17)
N(5)-C(17)
N(6)-C(1)
N(7)-C(36)
N(7)-B(2)
N(8)-C(46)
F(2)-B(2)
C(2)-C(3)
C(3)-C(4)
C(5)-C(6)
C(7)-C(8)
C(10)-C( 1)
c(n)-c(i2)
C(13)-C(14)
C(15)-C(16)
C(18)-C(19)
C(19)-C(20)
C(21)-C(22)
C(23)-C(24)
C(25)-C(26)
C(27)-C(28)
C(28)-C(31)
C(31)-C(46)
C|32)-C(33)
C(33)-C(34)
C(36)-C(37)
C(38)-C(39)
C(39)-C(44)
C(41)-C(42)
C(43)-C(44)
C(47)-C(49)
C(49)-C(50)
C(51)-C(52)
C(53)-C(54)
C(54)-C(55)

1.382(10)
1.440(8)
1.386(1 1)
1.421(15)
1.367(8)
1.345(8)
1.365(8)
1.515(9)
1.346(9)
1.360(9)
1.326(10)
1.360(8)
1.547(10)
1.400(8)
1.392(9)
1.390(11)
1.344(13)
1.402(11)
1.448(10)
1.390(9)
1.395(11)
1.378(1 1)
1.460(10)
1.390(11)
1.389(13)
1.389(16)
1.457(11)
1.394(9)
1.397(9)
1.483(9)
1.395(9)
1.421(9)
1.484(9)
1.44109)
1.468(9)
1.401(9)
1.396(10)
1.360(10)
1.366(11)
1.399(10)
1.333(10)
1.362(11)
1.391(11)

0(1)-C(25)
0(2)-CC42)
0(3)-C(56)
N(1)-C(8)
N(1)-B(1)
N(2)-C(8)

"N(3)-C(16)

N(4).C(16)
N(5)-C(24)
N(5)-B(1)
N(6)-C(24)
N(7)-C(32)
N(8)-C(50)
N(8)-B(2)
C(1)-C(2)
C(2)-C(7)
C(4)-C(5)
C(6)-C(7)
C(9)-C(10)
C(10)-C(15)
C(12)-C(13)
C(14)-C(15)
C(17)-C(18)
C(18)-C(23)
C(20).C(21)
C(22)-C(23)
C(25)-C(30)
C(26)-C(27)
C(28)-C(29)
C(29)-C(30)
C(31)-C(32)
C(33)-C(35)
C(35)-C(36)
C(37)-C(33)
C(39)-C(40)
C(40)-C(41)
C(42)-C(43)
C(46)-C(47)
C(47)-C(48)
C(50)-C(51)
C(52)-C(53)
C(53)-C(58)
C(55)-C(56)
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1.379(8)
1.362(8)
1.378(11)
1.358(8)
1.480(9)
1.348(8)
1.366(9)
1.332(9)
1.357(9)
1.490(9)
1.346(10)
1.388(8)
1.346(9)

\ 1.538(9)

N 14621 )
1.409(10)
1.426(13)
1.396(10)
1.455(10)
1.406(9)
1.398(12)
1.386(10)
1.477(10)
1.401(12)
1.359(15)
1.389(11)
1.375(10)
1.376(9)
1.368(9)
1.391(9)
1.408(8)
1.363(9)
1.413(9)
1.342(9)
1.352(10)
1.401(10)
1.376(10)
1.423(10)
1.525(10)
1.434(10)
1.449(11)
1.393(1 1)
1.345(13)
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C(56)-C(57) 1.350(14) 1.41 1(13)
C1(1)-C(60) 1.838(10) 1.739(9)
C(25)-0(1)-B(1) 119.6(5) 1 18.9(6)
C(56)-0(3)-C(59) 118.0(9) 113.9(6)
C(8)-N(D)-B(1) 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(1) 122.5(6) 123.0(6)
C(16)-N(4)-C(17) 116.5(7) 1 13.0(6)
C(24)-N(5)-B(1) 121.8(7) 124.0(6)
C(1)-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(1)-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(1) 107.3(6) 118.8(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(1) 123.0(6) 130.6(7)
N(1)-C(8)-C(7) 105.1(6) 122.4(6)
N(2)-C(9)-C(10) 130.8(6) 105.4(6)
C(1)-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(11)-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(16) 130.7(7) 6) 107.6(6)
N(4)-C(16)-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(17) 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) 1)) 120.9(6)
C(27)-C(28)-C(31) 120.7(6) 0) 121.6(7)
C(*)-C(30)-C(29) 119.7(7) 2) 121.1(6)
g76)-C(31)-C(28) 119.9(6) 8) 119.0(6)
i*(7)-C(32)-C(31) 119.9(6) ) 108.1(5)

269.



C(31)-C(32)-C(33)
C(35)-C(33)-C(34)
C(33)-C(35)-C(36)
N(7)-C(36)-C(37)«
C(38)-C(37)-C(36)
C(40)-C(39)-C(44)
C(44)-C(39)-C(38)
C(42)-C(41)-C(40)
0(2)-C(42)-C(41)
C(44)-C(43)-C(42)
C(31)-C(46)-N(8)
N(8)-C(46)-C(47)
C(49)-C(47)-C(48)
C(47)-C(49)-C(50)
N(8)-C(50)-C(51)
C(52)-C(51)-C(50) /
C(54)-C(53)-C(58)
C(58)-C(53)-C(52)
C(56)-C(55)-C(54)[]
C(55)-C(56)-0(3)
C(56)-C(57)-C(58)
0(1)-B(1)-N(1)
N(1)-B(1)-N(5)
N(1)-B(1)-N(3)
F(1)-B(2)-F(2)
F(2)-B(2)-N(8)
F(2)-B(2)-N(7)
C1(2)-C(60)-C1(1)

Table 4.

displacement !

E(D)
0(1)
0(2)
0(3)
N(D)
N(2)
N(3)
N(4)
N(5)
N(6)

132.0(6)
124.9(6)
109.5(6)
122.3(6)
123.3(7)
.;_]_1 17.0(7)
119.3(7)
118.0(8)
123.6(7)
120.9(7)
121.1(6)
107.1(6)
125.0(7)
109.5(7)
122.9(6)
125.3(7)
116.6(8)
120.1(8)
119.7(9)
124.0(11)
120.0(10)
112.0(6)
105.3(5)
104.4(5)
108.2(6)
108.8(7)
109.9(6)
93.9(8)

U22
134(4)
81(3)
68(3)
173(7)
66(4)
65(4)
61(3)
82(4)
80(4)
95(5)

exponent takes the form: -2 it

C(35)-C(33)-C(32)
C(32)-C(33)-C(34)
N(7)-C(36)-C(35)
C(35)-C(36)-C(37)
C(37)-C(38)-C(39)
C(40)-C(39)-C(38)
C(39)-C(40)-C(41)
0(2)-C(42)-C(43)
C(43)-C(42)-C(41)
C(43)-C(44)-C(39)
C(31)-C(46)-C(47)
C(49)-C(47)-C(46)
C(46)-C(47)-C(48)
N(8K(50)-C(49)
C(49)-C(50)-C(51)
C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(53)-C(54)-C(55)
C(55)-C(56)-C(57)
C(57)-C(56)-0(3)
C(53)-C(58)-C(57)
0(1)-B(1)-N(5)
0(1)-B(1)-N(3)
N(5)-B(1)-N(3)
F(1)-B(2)-N(8)
F(1)-B(2)-N(7)
N(8)-B(2)-N(7)

U33 U23

130(4) -94(4)
67(3) -42(3)
108(5) -52(3)
124(6) -19(5)
66(4) -37(3)
65(4) -35(3)
65(4) -32(3)
67(4) -30(4)
62(4) -39(4)
85(5) -51(4)
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Ul13

-41(3)
-14(2)
-27(4)
-41(4)
-23(3)
-10(3)
-23(3)
-17(3)
-23(3)
-51(4)

106.3(6)
128.8(6)
107.3(5)
130.3(6)
125.2(7)
123.7(6)
123.2(7)

1 17.1(6)
1 19.3(7)

121.6(7)
131.8(6)
106.4(6)
128.5(7)
108.0(6)
129.1(7)
126.7(7)
123.2(7)
122.7(9)
120.4(9)
1 15.5(1

0)

120.4(10)

115.3(5)
115.6(6)
103.0(6)
111.6(6)
110.0(7)
108.2(5)

e +2hka»b*U,2].

Anisotropic displacement parameters (A x 10" for b.S.CHjCh. The anisotropic

uUl12
17(3)
-13(3)
6(3)
-23(5)
6(3)
2(3)
2(3)
-8(3)
9(3)
31(4)
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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) 85(6) 68(5) 67(5) -35(4) -44(4)
Cc(2) 67(5) 75(6) -34(4) -43(5)
Cc(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(11) 69(5) 84(6) 98(7) -48(5) -42(5)
C(12) 1) 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) -20(5). -30(5)
C(15) 62(5) 62(4) -26(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(2D) 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)
Cc(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) “93(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)
Cc(31) 59(5) 59(4) 68(5) -33(4) -29(4)
Cc(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  ¢405 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)

-l
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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) | 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(1) 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)
CI(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 10 ahd isotropic displacement parameters (A) x 10 [

6.5CH2CI2.
X y z U(eq)

H(3A) 2348 -3736 3510 121
H(4B) 901 -4833 3817 128
H(5A) -854 -4321 3584 119
H(6A) -1114 -2628 2994 96
H(11A) -1219 948 710 92
H(12A) -1014 2334 -692 112
H(13A) 665 3402 -1487 125
H(14A) 2209 3124 -941 98
H(19A) 6036 1844 -566 117
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 2116 82
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H(34A)
H(34B)
H(34C)
H(35A)
H(37A)
H(38A)
H(40A)
H(4 [ A)
H(43A)
H(44A)
H(45A)
H(45B)
H(45C)
H(48A)
H(48B)
H(48C)
H(49A)
H(51A)
H(52A)
H(54A)
H(55A)
H(57A)
H(58A)
H(59A)
H(59B)
H(59C)
H(60A)

H(60B)

1691
2393
2112
2930
6041
3863
6750
7484
4380
3671
7608
7714
7979
6824
5666
5808
8462
8992
10147
10677
12390
13882
12154
15350
14597
14014
512
1802

3415
2510
3231
4796
5990
6228
7379
8859
9007
7600
10925
10435
9849
1751
2267
1373
2774
4522
3832
4867
5677
5313
4485
6441
5436
6430
-25717
-2212

73.

4787
4761
3872
4639
3480
4546
3280
3133
4914
4975
3582
2892
3821
1254
1359
2230
1210
2159
839
2239
1978
-358
-103
1098
1811
1614
6736
5999
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116
116
116
73
78
77
88
92 ‘
87
87
183
183
183
168
168
168
107
93
95
111
119
148
133
246
246
246
495
495



