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Abstract

We prepared four types of red-shift phthalocyanines: 2,9,16,23-tetra(hetp-t-1-enyl)
phthalocyanine; 2,9,16,23-tetrachloro-3,10,17,24-tetra(3-methoxyprop-1 -ynyl) phth-
alocyanine; 3,4,12,13,21,22,30,31—octa(alkynyl) and octa(alkenyl) naphthalocyani-
nes. It was found that the each conjugated alkenyl group causes about 3nm red-shift
on the Pc Q-band. We also demonstrated the n-conjugation of Ncs lead to a 3.5 ~ 4
nm red-shift for each alkynyl and a 3.5 nm red-shift for each alkenyl on the Q-bands.
In this thesis we also prepared the unsymmetrical substituted Pcs via both solid-
support synthesis and liquid phase synthesis. Size-exclusion separation was used in
the purification for the target Pc.

The one-step bromination to prepare 4-bromophthalonitrile was reported to produce
a mixture containing up to three products, we found controlling the stiochiometric
ratio of phthalonitrile to dibromoisocyanuric acid could give single product: 4-
bromophthalonitrile in 33% yield.

In chapter 7, we introduced the preparations of benzimidazole-chloroquinoline

complexes, a type of candidates for antimalaria and anti-HIV.
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Chapter 1: Literature review

1.1 Introduction

Phthalocyanine (Pc) (1) was first synthesized in 1907 and the structure was
determined by Sir Linstead in the 1930s. The name “phthalocyanine” originates from

Greek “naphtha” (rock oil) and “cyanine” (blue). (Figure 1.1)
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Figure 1.1 The structures of Pc (1) and porphyrin (2).

Pc is a tetramer macrocycle which is a planar conjugated array of 18-m electrons
exhibiting aromatic behavior, formed from four isoindolines linked via azo-bridge. A
comparison of Pcs with the natural porphyrin (2) (Figure 1.1), shows that Pcs have
shorter diagonal N-N distance (396 pm) than in most porphyrins (402 pm).

Q-band of Pc is further red-shift at 680 nm compared to porphyrin (630nm), this is a
result of the extended conjugation of the peripheral benzo groups in the Pc
macrocycle.

Pcs have been used as dyes, 2 catalysts, > and optical data storage materials. *More
recently Pcs have found potential as second generation photosensitisers in the

photodynamic therapy (PDT) of cancer treatment. >
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A related macrocycle to the Pcs is the family of naphthalocyanines (Ncs), these
compounds possess an additional four benzo groups fused to the peripheral benzo
groups of the Pc core. These molecules have also found applications in various areas:
biological, electrochemistry, and optical data storage, etc. The absorption lambda
(Amax) of Nc (3) is in the near infra-red region around 770 nm, an approximately 90
nm bathochromic shift versus Pc (680 nm). A typical Nc structure (2,3-naphthalo-

cyanine (2,3-Nc) (3)), is outlined in Figurel.2.

Figure 1.2 The structure of 2,3-Nc (3).

1.2 The synthesis of metal-free phthalocyanines and metallo phthalocyanines

(PcM)

1.2.1 The preparation of unsubstituted metal-free phthalocyanines (PcH>)

Pc can be prepared from a number of ortho-disubstituted benzene derivatives such as
phthalonitrile, phthalimide, phthalic anhydride and 1,3-diiminoisoindoline. (Scheme
1.1)

Phthalonitrile (4) and 1,3-diiminoisoindoline (5) are two common types of starting
materials used to prepare metal free Pcs (PcH,). A typical synthetic procedure for

preparing PcH, involves the condensation of phthalonitrile to dilithium Pc (PcLiz) by

2



refluxing phthalonitrile and lithium metal in pentanol. PcLi, is then treated with

dilute acid, to give PcHj in yields up to 60%.

| @Ggéﬁ 01‘ *;@

Cj*‘\//

o

™

Scheme 1.1 The procedure for the cyclotetramerisation of phthalonitrile to form

metal-free Pc (PcHy). i Lithium, reflux; pentanol. ii Heat in a high boiling point

solvent with urea. iii Treat with acid. iv Heat, 1,8-diazabicyclonon-5-ene (DBN);

pentanol. (or dimethylaminoethanol (DMAE) and pentanol). v Sodium metal (Na);
ammonium (NH3s); Methanol.

Alternatively, phthalonitrile can also be converted to 1,3-diiminoisoindoline (5), by
the reaction of phthalonitrile with ammonia and sodium metal in methanol under
mild conditions (Scheme 1.1). The 1,3-diiminoisoindoline (5) is then condensed in a
reducing solvent such as dimethylaminoethanol (DMAE), to produce PcH,.
Non-nucleophilic hindered bases such as 1,8-diazabicyclonon-5-ene (DBN) and 1,8-
diazabicyclo [5.4.0] undec-7-ene (DBU) can also be used for the preparation of

metal-free Pcs from phthalonitriles in either a melt or in pentanol solution. 6
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1.2.2 The synthesis of unsubstituted metallo phthalocyanines (PcM)

Until the mid-1990s, about 70 elements (Cu2+, Co*", Fe*, etc) have been
incorporated as the central metal atoms in PcM complexes.

Most metallo Pcs (PcM) are prepared directly from the same starting materials as
used for the preparation of PcHj, except the condensations are carried out in the

presence of the respective metal salts. (Scheme 1.2)

N » N

CN i I 'i‘ \

| | — N-=-Cu- N
CN IL

@) N= —N
M= Cu?*; Zn?*; Co?™; etc. @)

Scheme 1.2 The preparation of PcM. i. Heat; Li/Pentanol; metal salt.

Alternatively, PcMs can also be prepared by treating PcH, with a metal salt (MXn),

in a high boiling point solvent (Scheme 1.3).



L MX, o~ N -Né:n
/\
N
H

M= Cu2+. C02+.Zn2+. FeZ+. A13+.Rh3+.
Si*t: In"; ete.
X=CI; IL.

Scheme 1.3 The synthesis of PcM i Heat; PcH,; MX,, ; high boiling point solvent.

Typically, most metals inserted into Pc are of a +2 oxidation state. PcM complexes
containing the +3 or +4 metals in the center (such as Bi**; Rh*": Sn*: InY, Si**: etc,),
can bind one or two axial ligands on the central metals. These PcM complexes have
also drawn great interest since axial ligands can prevent aggregation through steric
hindrance of the macrocycle.

An excellent example of such a Pc is the axial substituted silicon Pcs (0-PcSiRy)
which were prepared by Joyner et.al in 1962.” These complexes exhibit enhanced
solubility in common organic solvents and display clear intermolecular edge-to-edge

interactions in the solid state. ® (Scheme 1.4)



— = e
— =N
N—F 111 - N '._.,N =

13) (14) R= -O-Alkyl;
(15) R= -O-Si(Alkyl)s;
Scheme 1.4 The synthesis of axial substituted silicon Pcs. i PcH), heat, silicon
tetrachloride; high boiling point solvent. ii Hydrolysis using acidic or basic. iii
Alcohol or silyl chloride; reflux; dry pyridine. iv Alcohol or silyl chloride; toluene;
80°C; base.

1.2.3 Synthesis of benzo substituted phthalocyanines

There are 16 positions (marked on structure (1) in Figure 1.1) on the four peripheral
benzo rings of the Pc (or PcM) core, which can be potentially functionalised.

If the substitution occurs at the 2,9,16,23 or 2,3,9,10,16,17,23,24 positions, it is
usually referred to as a “peripheral substituted Pc”, (eg. (16) and (17) in Figure 1.1).
In contrast, a 1,8,15,22- tetra-substituted Pc (18) (or the substituents on 1,4,8,11,15,

18,22,25 positions) is referred to as a “non-peripheral substituted Pc”. (Figure 1.3)
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R N R N R Foy )
T, DO, Gl
N=N=N R N Ml 8 R NsNN=N
Jas
R R R
(16) an (1#)

M= Cu?*; Co?"; Zn?";Fe?"; etc.
R=H; AlkyL;Alkoxyl.

Figure 1.3 The structures of 2,9,16,23-tetra-substituted Pcs (or PcM) (16),
2,3,9,10,16, 17,23,24-octa-substituted Pcs (or PcM) (17) and 1,8,15,22- tetra-
substituted Pcs (or PcM) (18).

Depending on the substituents on the four benzo rings, the substituted Pcs (or PcM)

can be separated into two different classes: symmetrical or unsymmetrical substituted

Pcs (or PcM.). (Figure 1.4)

R R R R
R R R R"
i / \
R N / \ N R R N N N R
R ;N R R N R
IN—R—N NN
R i R R : R"
R N=">»>N R R N= N
R / \ R R R
R R R" R
a9 (20)

M= Cu?"; Co*"; Zn?*; Fe?™; etc.
R= H; Alkyl;Alkoxyl. R', R", R" £ R=H; Alkyl;Alkoxyl. .

Figure 1.4 The symmetrical (19) and unsymmetrical (20) -substituted Pcs (or PcM).



1.2.3.1 Direct synthesis of substituted phthalocyanines

The initial methods used to prepare substituted Pcs involved direct electrophilic
substitution which typically results in the formation of a mixture of substituted
PcCuX, (n = 0, 1, 2, 3...16). (Scheme 1.5) This mixture could contain dozens of
PcCuX, analogues including positional isomers. The separation of such mixtures has
not been achieved. Some of these mixtures of PcCuX,, which are produced by this

route, are commonly used as color pigments in the dye industry.

(S04H)n

740
]\
N i i
- = ]
n(HO4S) &N— u—Né/\j—(sodH)n Pc(SO;Na),,
(24)

/ \

g / o
@)

Z--0--Z

=N Cln
\ Q\
i y A
: / .
Clnl_/ /N ?U N\ \_I'C|n
Nz N =N
oS
Cl,

(23)

Scheme 1.5 The electrophilic substitution of PcCu forming CuPcX, (n =0, 1, 2, 3,
4) i HoSOy; SO3. ii Cly; FL‘CY_;. iti NaOH.



1.2.3.2 Synthesis of symmetrical substituted phthalocyanines

Since the direct electrophilic substitution failed to give a single pure substituted Pc,
workers started to look for other synthetic strategies to obtain pure substituted Pcs. In
1976, tetra(z-butyl) Pc (Pc-1-tb) (29) was prepared by Koveshev et.al. (Scheme 1.6) ?
The preparation of this Pc started from 5-#-butyl-isobenzofuran-1,3-dione (25), and

after three steps gave the tetra(t-butyl) Pc (29).

0 o 0
5 — NH @ — 8 NH,
t-B NH
t-Bu \ u v t-Bu 2
0
(25) (26) 27
t-Bu
N /) N
| N
i ON eaule ST R | CT s
—_— =euT— | S N"TT"M™T 17 =bu
@7 " 1\!" S
t-Bu CN No
N= N
(28)
7\
M= H; Cu*t, l—Bu
(29

Scheme 1.6 The preparation of tetra(t-butyl) Pc. i. Heat; Urea. ii. Ammonia. iii.
Dehydration with PCls. iv. Condensation.
An alternative synthesis of (29) was developed by the same group. ? (Scheme 1.7) Tt
included a bromination of f-butylbenzene (30) with bromine (Bry), giving 1,2-
dibromo-4-¢-butylbenzene (31) and 1,2-dibromo-4-t-butylbenzene (31) which was
treated with CuCN in dimethylformamide (DMF) to give 4-t-butylphthalonitrile (28).

This phthalonitrile (28) was used to prepare (29) by self-condensation.



Br . CN
D) oL —— X
t-Bu t-Bu Br t-Bu CN

(30) @31) @8)
t-Bu
N / \ N
Ny
iii ;\ I = |
(28) — Bu = /N-—-]\ld-"N\ Wy t-Bu
— 1 Ot
M= H; Cu™". / \
t-Bu

(29)

Scheme 1.7 The preparation of tetra(t-butyl) Pc. i. Bry; iron. ii CuCN; DMF;
reflux. iii. Condensation.

It was also found that tetra(z-butyl) PcM (29) can be prepared in a single step via
cyclo-tetramerisation of 5-#-butyl-isobenzylfur-an-1,3-dione (25) with metal salts and

urea . 1 (Scheme 1.8)
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t-Bu

/ \
O N N
. o Ny
o) ' t-Bu- ks | N 7] B
-Bu- N-==M--- - t-Bu
¥/ N
t-Bu = | X
o) N= N\ =N
(25)
7 N
M= Zn?*:Cu?*. R
29)

Scheme 1.8 The preparation of (29). i metal (II) salt, hydroquinone and urea.

Usually, the tetra-substituted Pcs (29) which are prepared from 4-substituted
phthalonitriles give a mixture of four positional isomers with Day; Dan, Coy and Cs
symmetries (Figure 1.5). Separation of these four isomers is extremely difficult.
However, Hanack’s group demonstrated that pure isomers of 2,9,16,23-

tetra(substituted) Pcs could be isolated by high performance liquid chromatography

(HPLC). !
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N N N
+-Bu | T \ t-Bu / \
/N-“M-—WN\ /N-'—T---N\ I
| t-Bu N t-Bu

t-Bu t-Bu
Dy, Cs
t Bu t BL|

t-Bu t-Bu
Dy, C,,

Figure 1.5 The four positional isomers of tetra-substituted Pcs (29) (PcM-t-tb).
Statistical ratio of the four isomers is: Dgp : Dop: Coy: Co=1:1:2:4.
In 1994, the first successful synthesis of a single isomer tetra-substituted Pc (1,8,15,
22-tetra(benzyloxy) Pc) in 40% yield, was reported by Leznoff et. al. 2 (Scheme 1.9)
The bulky groups (p-butylbenzyloxy) are suggested to cause steric hindrance during
the condensation, which leads to the formation of a single tetra-substituted Pc

isomer.
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t-Bu
(32) 33) (34)

OH I \
CN CN R N N
+ i m .
N N
CN CN / H \
NO, R N

(35)

t-Bu
Scheme 1.9 The preparation of 1,8,15,22-tetra-substituted Pc. i Potassium
Carbonate (K,COj3); Dimethyl sulfoxide (DMSO). ii Lithium, octanol; followed by
dilute acid.
The preparation of pure 1,11,15,25-tetra(substituted) Pc as a single isomer was also
reported by Leznoff in 1994 13 (Scheme 1.10). 3-Nitrophthalonitrile (32) was treated
with various 2,2-disubstituted-alkyl-1,3-diols to form an intermediate (37). The short
linkage of the bisphthalonitrile (36) forced a constrained condensation to give the
single 1,11,15,25-tetra(substituted) Pc (38 a~d) (or its zinc complex) isomer only.
Yields of these single isomers ranged from 7~20%. Kobayashi also reported a similar
preparation of the single isomer (1,11,15,25-tetra(substituted) Pc) using [1,1']

binaphthalenoxy linked phthalonitrile (38e) in 1998, i giving the target Pc in

30~36% yield.

13



(38)a,b,,c,d,e

N Et (c)R=
Gk Et)C C5H11)C
(e) R—
(b) R= J(CHZOC{Ph)s (@ R= CaH17
Me CgH17

Scheme 1.10 The synthesis of 1,11,15,25-tetra(substituted) Pcs. i K;COs; DMSO. ii
Lithium; octanol; Zn(OAc),.

1.2.3.3 The preparation of octa-substituted phthalocyanines

Octa-substituted Pcs (or PcMs) will not form positional isomers, if prepared from a
single phthalonitrile. They are typically prepared from 4,5-disubstituted phthalo-

nitriles or 3,6-disubstituted phthalonitriles. 15 (Scheme 1.11)

R R
(R)- --(R)
(R>

R) m

—_— n —N
(R) (R) N
39) (40) R)-- -=(R)

R R

R= Alkyl, Alkoxy 41)

Scheme 1.11 Typical synthesis of symmetrical octa-substituted Pcs, i CuCN; DMF;
reflux. ii Condensation; treat with acid.
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A route for the preparation of a novel Pc (or PcM) containing four 18-crown-6 rings
was described in the 1980°s. ® !7 The reaction starts from (42) in three steps, giving

the 18-crown-6-substituted Pc (45) at the yield of 23%. (Scheme 1.12)

(\o /ﬁ (\O/ﬁ

/ﬁ O(\o 0 Br i o} o} CN
EO 0:©—1> [Ok/ o]@:m—- [o OJCICN

Ok/o\) - Lo/
(43) 4)
J iii
(;-O O"o> /

I\
o
Z
I
=
-/
o
o
/

g
&o\_foj
C)

Scheme 1.12 The synthetic route used to prepare 18-crown-6 Pcs (45). i Bro; DCM;
0 °C. ii CuCN; DMF; reflux. iii Condensation; treat with acid.

Octa(alkynyl) Pcs (or PcMs) were also prepared via a multiple step synthesis, ¥ the
synthetic route is outlined in Scheme 1.13. It started from the iodination of

phthalimide (7) which was converted to 4,5-dialkynylphthalonitrile (49) after a

15



further three steps. Condensation was carried out by refluxing phthalonitrile (49) in

Li/pentanol solution, to give the octa(alkynyl) Pcs (50) in 40% yield.

i " ! CN
ii iii
NH (46) —— @) :@:
| CN

(48)
(0]

(48)

(50)

Scheme 1.13 The preparation of octa(alkynyl) Pes (or MPcs). i I/Oleum. ii
Ammonium solution (NH,OH). iii Trifluoroacetic anhydride ((F;CCO);0); dry
pyridine. iv 1-Alkyne; Cul; TEA; PdCly(PPhs);. v Li/pentanol; heating; Followed by
hydrolysis with acid.

Two synthetic routes for the preparation of 1.4,8,11,15,18,22 25-octa(alkyl) Pcs were

described by Chambrier et. al. '* The route (I) started from 2,5-dialkylfuran (51),
16



undergoing a Diels-Alder cycloaddition with fumaronitrile forming 3,6-dialky-
Iphthalonitriles (56). The condensation was carried out under alkoxide conditions.
The metal free Pcs were obtained by treating with dilute acid. (Scheme 1.14)
Alternatively, the same Pc could be prepared from 2,5-dialkylthiophene (52). (Route

II) (Scheme 1.14)

Route |
R R
CN CN
= ) R R
o+ L
NC iR R N A= R
R R N\ o '*f N
(51) (53) (54) v =
—_— NH HN
CN \
Route Il v R R N /N —N R
/ (56)
R CN
_ i A & R
S — S\\ + |
= =/ 0 (57)
NC
R R R = alkyl.
(52) (55) (53)

Scheme 1.14 The preparation of 1,4,8,11,15,18,22,25-octa(alkyl) Pcs. i Acetone;
0°C. ii Lithium; bis(trimethylsilyl) amide; THF; -78 “C. iii 3-Chloroperbenzoic acid,
DCM. iv 200 °C. v Li/pentanol; 100°C; followed by aqueous hydrolysis.

The thiophene route (II) was found to be more efficient than route I, and yields of

40% were obtained for some Pcs.

An improved synthetic route used to prepare 1,4,8,11,15,18,22,25-octa(alkoxy) Pcs
is outlined in Scheme 1.15. The preparation started from 2,3-dicyanobenzo-quinone
(58) which was reduced with sodium metabisulfite, to give 3,6-dihydroxyl-phthaloni-

trile (59). Then (59) was converted to the 3,6-alkoxyphthalonitrile (60) which was

subsequently condensed to form Pc (61).
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CN CN i CN
_— S S
CN CN CN
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(58) (59) (60)

OR

RO
iii

RO
_N
N |
8 — . H N OR
N
RO =N HN
” \ OR
NN
R=Alkyl.
OR RO
(61)
Scheme 1.15 Route for the preparation of non-peripheral octa-substituted Pcs. i

Sodium metabisulfite. ii Alkyl halide; K,COs; acetone. iii Li/pentanol/reflux; then
hydrolysis with dilute acid.

1.2.3.4 Synthesis of unsymmetrical substituted phthalocyanines

The unsymmetrical Pcs (or PcMs) are usually prepared by the cross-condensation of
two different phthalonitriles. 20 The typical solution phase synthetic routes used to
produce tetra-substituted and octa-substituted unsymmetrical Pcs are outlined in
Scheme 1.16 and Scheme 1.17. Normally six different Pcs (or PcMs) are obtained in
the product mixture. Control of the cross-condensation is usually achieved by using a
stoichiometric excess of one phthalonitrile partner over the other. The separation of
the resulting Pc mixtures is difficult and requires exhaustive purification, using silica

gel column chromatography and size exclusion chromatography.
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The postulated yields of these Pc isomers can be calculated by using the equations
1.1~1.5, and the results are outlined in table 1.1.

P,=m*(n+m)* (Equation 1.1)
Py = n*/(n+m)* (Equation 1.2)
P, = n.m>/(n+m)" (Equation 1.3)
Py = m.n*/(n+m)* (Equation 1.4)
Peis= 3m.n/(nt+m)* (Equation 1.5)

The P,; Py; P.; Pqand Peis are the terms of the calculated yields of Pc (a); Pc (b); Pc

(¢); Pc (d) and Pc (e, ) respectively. The n and m are the stiochiometric ratio of (62)

and (62°).
Phthalonitriles The yields of Pcs (%)
n m P, P, P, Py Peis
1 1 6.25 6.25 6.25 6.25 75
1 2 20 1.1 10 2.3 66.6
1 3 32 0.3 10.4 1.1 56.2
| 4 41.1 0.1 10.2 0.6 48
I 5 48.22 0.08 9.64 0.39 41.67
1 6 54 - 9 0.3 36.7

From the above table, we can tell the stiochiometric ratio of (62) and (62’) have
significantly effect on the yields of Pcs in the preparation of unsymmetrical Pcs by
solution phase synthesis. When the stiochiometric ratio of (62) and (62’) (n and m) is

at 1:3, the Pc isomer (¢) achieves the highest yields comparing with other
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stiochiometric ratio. This will be a very important theory for the preparation of

certain unsymmetrical Pcs.

R—~
N= =N N= =N
7 N 7 N 7 N\
el o —l—
FL : :

(@) (b) (¢)

X R X

7\ /N 7\

I\ " I\ " I\
X\"NHN‘/I '\‘!NHN\/'-«-X x-'-\ "NHN\/
n_/ 7, N \\—-—X X_/ 7 " & A 2 o/ H N L

72\ 7 N 7 N\

g -+ :

(d) © ®

X =X=R: Alkyl; Alkoxy. (63a-f)

Scheme 1.16. Possible products from the cross-condensation of two different
mono-substituted phthalonitriles.
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(64) (64")
R R
NEJ \zn
R I ) R R N R
R R
R N n N«-..ENE/_N
R R
R\ R Ry R
NE/ \zn NEI 2\ N A
N R N o R :
fN H N\
' R J
i N= N —N
Rj R

R=x=R" Alkyl; alkoxy. (65a-f)

Scheme 1.17 The preparation for unsymmetrical octa-substituted Pcs.

In 1982, Leznoff et.al used a solid-support approach for the preparation of unsymm-
etrical substituted Pcs. 2! The unsymmetrical Pc macrocycle was prepared on a cross-
linked polymer resin. (Scheme 1.18) The advantage of the solid-support synthetic
route is the target Pc is covalently bound to the polymer and isolated from the

reaction mixture by filtration of the polymer, making purification simple.
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CN
CN i
+  HOo~~~g —> o
O,N CN

O(CHy,)sOH
(66) (67)
NH
X Can
i I
O.N CN FrOX g CN o NH
(66) (72) (73)
(67)

CN
Route B iji @/CJ:
@——'FrCI ——— (P)—r0(CH)s CN
(66) (70)
Route A

rO(CHz)GOH
(69)
iPro
" /{
v N
0 NH o Vivii (73)
(70) ®—TrO(CH2)3
NH
(71)
iPro

(74

Scheme 1.18 The solid-support synthetic route for the preparation of (74). i K;COs,
DMSO. ii Dry Pyridine. iii DCM; 4-dimethylaminopyridine (DMAP); dry pyridine. iv
25% potassium hydroxide (KOH); Adogen 464, nitrobenzene. v NH3H); Methanol;
THF. vi DMAE; DMF, Heat. vii Dilute acid.

A new synthetic route for the preparation of both symmetrical and unsymmetrical
substituted Pcs (or PcMs) was reported by Kobayashi et.al in the early 90°s. This
new route involves treating subphthalocyanine (75) with 1,3-diiminoisoindolines =

(Scheme 1.19) Compound (75) is prepared in 50% yield by mixing 4--butyl-

phthalonitrile (28) and borane tribromide at 260 °C in 1-chloronaphthalene for 10
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minutes. Unsymmetrical Pcs (or PcMs) could also be prepared by treating
subphthalocyanine (75) with succinimidine (76) or 1,3-diiminoisoindoline analog-
ues (5), (79) and (81). The unsymmetrical Pcs which were prepared by this synthetic
route, were found to be a mixture obtaining at least ten different Pcs. As a result, this

route has found limited application.

t-Bu

NH
NH
NH
&)
“t-Bu NH
oqe’
(79) NH

t-Bu

(80)

Scheme 1.19 The preparation of Pcs (or PcMs) from subphthalocyanine (75).
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The preparation of “opposite” di-disubstituted Pcs was first reported in the patent
literature. 2> The opposite substituted Pcs were prepared in a yield of 5% without any
other Pc by-product. (Scheme 1.20) The synthetic conditions employed to prepare
opposite substituted Pcs are different from the normal preparation of Pcs. The
reaction requires the treatment of 6-substituted-1,3-diimin-oisoindolines (84 a~c)
with 1,3,3-trichloroisoindoline (83) in a THF and TEA solution. Pc formation occurs
after the addition of hydroquinone at room temperature. This route was further
0 %

modified by Young et.al in 199 by using 6-nitro-1,3,3-trichloroisoindoline with

(84), the opposite substituted Pc (85a~c) was obtained in yields up to 70%.

OR
/ \

Cl cl NH Nf T {4

i

N " ——— AN
RO N

Cl NH N= —N

(83) (84)

M-mor. @re O -

(bR= oR

(83)
(¢) R=(CH),CHCH,-

Scheme 1.20 The new synthetic route used to prepare opposite-substituted Pcs (or
MPcs) (85a~c). i Sodium methoxide (NaOCH3) and hydroquinone.

A direct route to the preparation of “adjacent” substituted Pcs was first reported in

1997. % (Scheme 1.21) An intermediate (88) was prepared by heating phthalonitrile

in Li/methanol solution. The “adjacent” substituted Pcs were obtained by refluxing

intermediate (88) with a substituted phthalonitrile partner in DMAE solution at 75 °C

to give the “adjacent” Pc in 10~20% yield.
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NLi OMe
R CN i {\l _ N=
—_— N
R CN R R
(87) !

(88) R
CN
(X
CN
“4)
N / \ N
/ T \ R
M = Zn®", / N"l"N \
R
R = H; t-but-1-ynyl N=N\=N
R R
(89)

Scheme 1.21 The synthesis of “adjacent” substituted Pcs. i Lithium,; methanol. ii
DMAE, 1-octanol; zinc acetate (Zn(OAc);).

1.2.4 Multi-nuclear phthalocyanines

Face-to-face porphyrin dimers were first prepared in the late 70’s. %6 These porphyrin
dimers were able to catalyse the four-electron reduction of dioxygen to water,
without forming free hydrogen peroxide. Unfortunately, the porphyrin dimer
catalysts tend to decompose after 4-5 cycles. Since Pcs are both thermally and
photochemically more stable than porphyrin, and since they possess similar
electrochemical properties to porphyrin, a series of binuclear Pcs were prepared and

assessed as catalysts for the 4e” reduction of oxygen to water.
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Scheme 1.22 The preparation of binuclear Pc (92). i DMSO; K>COs. ii
Condensation; Acetic acid (or HCI).
The first pure binuclear Pc (92) was prepared in 1984. 27 (Scheme 1.22) The prepar-
ation included treating 4-nitrophthalonitrile (66) with an alkyldiol to form the
bisphthalonitrile (90). The binuclear Pc (92) was produced via cross condensation
with a partner phthalonitrile to give the binuclear Pc (92) in a 10% yield.
Binuclear Pcs (Scheme 1.23) linked by various bridges (Scheme 1.24) were also
prepared using a similar route in 1988, giving Pcs (97) and (100) in 33% and 8.7%

yields, respectively. 28
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NH NH
CN NC
i CN " HN NH
- ~— O
l CN NG CN HN NH

93) (94) 95)
RO
i '“{
95) Ny
RO
NH o7
X
NH
(96)
X= Alkyl; alkoxy.
R - Alkyl.

Scheme 1.23 The preparation of binuclear Pc (97). i Active nickel powder. ii Na;
NH3;; Methanol. iii Condensation; Acetic acid (or HCI).

98)

OR

)

X= Alkyl; alkoxy.
R = Alkyl.

Scheme 1.24 The preparation of aromatic bridged binuclear Pc (100). i Active
nickel powder. ii Na; NH3; Methanol. iii Condensation; Acetic acid (or HCI).
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Using similar methods, other types of binuclear Pcs (101) and (102) were prepared.

(Figure 1.6) %)

RO OR
—NAf»g':?-{’
=N H'N
N N.'_tl_ N N
s
F§" -
o)
OR i
N_N Né
>—N-y
0 N--N._._ H-N N
NS
OR

(101) R = Alkyl, Phenyl.

R' T
N-—-—"' "---.N
Ni\ 2:44 N
(- )
] fa— \
T . N---Co=--—N R
R N ci:o N__ \
i N
r}l N N N

k
“é\ /7>‘
i

(102) R'=SO,NH,

\

Figure 1.6 The binuclear Pc (101) and (102).

To date, there are several types of binuclear Pcs which have been prepared for
different applications, such as catalysts: Pcs (97), (100) and (101); non-linear optical
materials: Pc (102).

Unfortunately, none of the multinuclear Pcs achieved the desired four-electron

reduction of oxygen to water.
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1.2.5 The synthesis of naphthalocyanines (Nc)

A synthetic route to prepare Ncs was described by Luk’yanets and co-workers in
1976. 3° (Scheme 1.25) The preparation started from substituted 3,4-dimethyl-
benzene (103), which was brominated to give substituted 1,2-bis(dibromomethyl)
benzene (104). Compound (104) was treated with fumaronitrile (53) and sodium
iodide undergoing an elemination/Diels-Alder reaction to give the target substituted

2,3-dicyanonaphthalene (105). Then Nc (106) was prepared by the self-condensation

of (105).
/@i L ﬁ R CN
R CHy R CHBr, (105)
(103) (104) (53) i

(106)

M =H,, Cu*".

(a) R=H;
(b) R = t-Butyl.

Scheme 1.25 The synthetic route for the preparation of tetra-substituted Ncs. i N-

Bromosuccinimide (NBS); hv; carbon tetrachloride. ii sodium iodide (Nal); DMF;
80 °C. iii Condensation.
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Octa-substituted Ncs (110) have also been prepared using the same route. An
alternative route to prepare “non peripheral” octa-substituted Ncs involves
converting 1,4-dioxo-2,3-dicyanonaphthalene (107) to 1,4-hydroxyl-2,3-dicyano-
naphthalene (108) via reduction. The alcohol group can then be alkylated, forming
1,4-dialkoxy-2,3-dicyanonaphthalene (109). The octa-substituted Ncs (110) were

prepared directly from the self-condensation of compound (109). (Scheme 1.26)

0 OH OR
L - *‘Q .
i CN CN

0 OH OR

107) (108) (109)

09y — N

Rsages

R = Alkyl (110)

Scheme 1.26 The preparation of non-peripheral octa(alkoxy) Ncs. i sodium
metabisulfite; ii Alkyl halide; K;COj3 ; acetone; reflux. iii Li/ pentanol/reflux,
hydrolysis.

1.2.6 Mechanism of phthalocyanine formation

To date, the mechanism of Pc cyclization has not been well defined. Two proposed
mechanisms have been reported and are depicted in Scheme 1.27. 31 The first
postulation proposes that the Pc macrocycle is formed by the sequential addition of

(5) to generate (111), forming intermediate (113), which then condenses to the Pc
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macrocycle. The second proposed mechanism involves the cyclization of two half Pc

.
(5)
= — Trimer
q
" a1y w
Route 1 |

/ ! 9‘

Y. N& N r

units (112).

CN )
CN
®) n\z N—=n
Route 11 N’ / \8
=N
%) (113)
N Y =Alkoxy

)
Y

(112)

Scheme 1.27 Two proposed mechanisms.
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(116)

Figure 1.7 The intermediates in Pc synthesis.
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Several intermediates which are produced during the synthesis of Pcs, have been
isolated and identified, such as intermediate (114), * nickel complexes (115) 3 and
(116) ** and the dimeric lithium salt (88) *° (Figure 1.7).

A detailed explanation of the formation of copper Pc (PcCu) was reported by Christie
et.al. ¥ Their results are based on the thermal behaviour studies during the
cyclization of PcCu. The mechanism is outlined in Scheme 1.28. It involves
nucleophilic attack of the cyano group by alkoxide anion. This is followed by imine
anion attack on a second phthalonitrile to give dimeric intermediate (117) which self-
condenses to give (118). To form the 18-n electron aromatic system, an oxidation
occurs in the last step with the intermediate (119), to give a stable 18-m electron

system.

32



N A a7 vy
4)
N‘§ /; —N \
Y) N \ N Cl:lz"'
Vo 24, <418 \ N
N Cu NG N NN
\ 1
N /N —N
(118)
(119)
N=— EN/E U\\J
| i) 2e., -Y
N™==- CuZ*N 1 i CuPc
\ ¢
/N —N
(120)

Scheme 1.28 The detailed mechanism of PcCu formation.



1.3 The '"H NMR of phthalocyanines
1.3.1 The "H NMR studies of metal-free and metallo phthalocyanines

The "H NMR spectrum of the aromatic protons on PcZn is shown in Figure 1.8, the
aromatic protons are present at 8.3 and 9.6 ppm respectively. The '"H NMR studies
carried out with oligomeric silicon Pc ** demonstrated that the aromatic proton
chemical shifts of Pc are significantly affected by aggregation interaction between
the Pc macrocycles. The internal protons of substituted metal-free Pcs are normally
found between —2 to —6 ppm, and the location of the proton chemical shifts are also
relative to the amount of aggregation interaction between the Pc rings.

3 -.2

ﬂ
' L\ - .*’ \

"é_ [ 24
B [oe=]

i

e ——e

Figure 1.8 The 'H NMR spectrum of the aromatic protons of PcZn.

1.3.2 The NMR studies of octa-substituted phthalocyanines

The '"H NMR studies involving the effect of concentration and temperature were
carried out on a series of octa-alkynyl Pcs (Figure 1.9). '® The concentration studies
were carried out a concentration range from 107 to 10° M in benzene-dg. It was
found that internal proton chemical shifts moved downfield by 2 ppm on dilution.
These studies demonstrate that the aggregation between Pc macrocycles, has a
significant effect on the '"H NMR chemical shifts of the internal protons. It was also
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found that the aromatic protons of these Pcs were also shifted downfield by 1 ppm
upon dilution, which again is caused by the decreasing aggregation interaction
between Pc macrocycles upon dilution.

R R R R

\

S 3oC Do Hnd

R R R R
(121) R = n-Hexyl (126) R = n-Hexyl
(122) R = n-Pentyl (127) R = n-Pentyl
(123) R= n-Butyl (128) R = n-Butyl
(124) R = n-Propyl (129) R = n-Propyl
(125) R = t-Butyl (130) R = t-Butyl

Figure 1.9 The octa-alkynyl Pcs.

The 'H NMR studies of the aromatic protons of the zinc octa(alkynyl) Pcs (126~130)
also showed a 1 ppm (average) downfield shift on dilution, again demonstrating that
the aromatic proton chemical shifts are concentration dependent.

The temperature (27 °C~160 °C) '"H NMR studies of octa-substituted Pcs (121~125)
were carried out in nitrobenzene-ds, a high boiling point deuterated solvent The
results revealed that the aromatic protons of the metal free Pcs had a 0.2 ppm average
downfield shift, but a downfield shift of 1 ppm was observed for the internal proton.
The aromatic protons of metallo Pcs showed a 1 ppm downfield shift over the above
temperature range. This temperature "H NMR study of octa(alkynyl) Pcs demo-

nstrated that the high temperature also decreases the aggregation interaction between
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Pc macrocycles, which cause a downfield shift of both the aromatic and internal

protons og the Pc.

1.4 UV/Vis spectra of phthalocyanines and naphthalocyanines

141 The UV/Vis spectra of unsubstituted phthalocyanines and

naphthalocyanines

The Pcs (or PcMs) have strong absorptions 37. 38 petween 670 and 690 nm, (Figure
1.10) and Ncs have their maximum absorption at 770nm. This strong absorption is
identified as the “Q-band”, which is equivalent to the o—band in porphyrin. There is
another strong absorption near the ultra-violet (UV) region (320~370nm), which is
referred to as the “B-band” (equivalent to the porphyrin y or Soret band). The Q-
band is caused by a m-n* transition from the excited highest occupied molecular

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).

(2) (b)

| S
e Tine 800 L FiLl sup
Figure 1.10 The UV/Vis spectra of PcH; (a) and PcCu (b).

Metallo Pcs and metal-free Pcs possess Dy, and Dy symmetry respectively and the

degeneracy of the lower-energy singlet state in the former is lifted in the latter by a
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rhombic distortion. Unlike the spectra of metallo Pcs, the metal-free Pcs show a

characteristic splitting of the Q-band into the Qx and Qy components.

1.4.2 The UV/Vis spectra of symmetrical and unsymmetrical substituted

phthalocyanines

The Q-band absorption Ama is particularly sensitive to both the central metals and
the peripheral substitution of the Pc macrocycle. The Q-band absorptions of zinc Pc
and copper Pc are at 670 nm an