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The bisporphyrin N,N'-bis[4"-(meso-triphenylporphyrinyl)benzyl] -4,13-diaza-18-crown-6 and its mono- and dizinc
derivatives were synthesized in 66%, 46% and 53% yields, respectively, from 5-(4'-bromomethylphenyl)-10,15,20-
triphenylporphyrin or its zinc derivative and 4,13-diaza-18-crown-6. The zinc-containing bisporphyrins form dimers
in solution at low temperature or at high concentration. The unsymmetrical bisporphyrin; monozine N,N'-bis{4"-
(meso-triphenylporphyrinyl)benzyl] -4,13-diaza-18-crown-6 shows singlet—singlet energy transfer from the zinc
porphyrin moiety to the free base moiety in both the monomeric and the dimeric form. The energy transfer rates were
determined using time-resolved fluorescence spectroscopy and were found to be 1-26 x 10° and 2-29 x 10° s ~ ! for the
monomeric and dimeric form, respectively. The difference in energy transfer rates between the two forms can be
rationalized by the difference in overlap between the donor fluorescence spectrum and acceptor absorption spectrum,

donor—acceptor distance and donor—acceptor orientation.

INTRODUCTION

The theory of radiationless energy transfer was devel-
oped by Forster,! who introduced a dipole—dipole
interaction mechanism for energy transfer referred to as
a ‘Forster, resonance or Coulomb-type’ mechanism,
This theory was later extended by Dexter? to include
higher order multipole interactions and exchange inter-
actions. Energy transfer through exchange interactions
is referred to as ‘Dexter-type’ energy transfer. The
Forster mechanism operates via Coulombic interactions
between transition moments and does not require
physical contact between the donor and acceptor and
is, therefore, a long-range mechanism. The Dexter
mechanism, on the other hand, operates via electron
exchange and thus requires orbital overlap and physical
contact between the donor and acceptor and is, there-
fore, a short-range mechanism. Depending on which
mechanism is in operation, the theories predict how the
energy transfer rate depends on a variety of parameters,
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such as distance, relative orientation and energetics
within the donor—acceptor system.

In order to confirm these theories and to mimic bio-
logical processes in which energy transfer plays a crucial
role, a large number of donor—acceptor systems have
been prepared and studied. Studies of these
donor—acceptor systems have to a large extent con-
firmed the distance® and orientation* dependence and
also the dependence of energetics® and spectral overlap
between donor fluorescence and acceptor absorption.

The above theories are intended for the general case
of a pair of molecules, a donor and an acceptor, in sol-
ution, but are also applicable to the case where the
donor and acceptor are held together by electrostatic
interactions or intermolecular forces. They are, how-
ever, not directly applicable to the case where the donor
and acceptor are covalently linked to each other.
Recently, energy transfer was shown to be mediated by
g-bonds over much larger distances than predicted by
the simplest form of Dexter theory, and to be depen-
dent on the conformation of the chain connecting the
donor and acceptor, long-range Dexter.® How the
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energy transfer rate depends on the electronic structure
of the intervening media (solvents, proteins and con-
necting bridges) is not easily predicted.

In this paper we present the synthesis of and spectro-
scopic data for a model compound that we hope will
enable us to study energy transfer and how it is depen-
dent on the electronic structure of the intervening
medium between donor and acceptor. In this model
system different groups should be incorporated between
donor and acceptor by host—guest complexation. This
has the advantage that it makes it possible to study a
large number of different groups with a minimum of
synthetic work. The model compound is a bisporphyrin
consisting of a diaza-crown ether substituted at each
nitrogen with a porphyrin unit. The porphyrins may be
either identical or different (Figure 1, 1-3). The diaza-
crown ethers bind a primary alkylammonium salt and
by varying the alkyl group in this salt it should be poss-
ible to study how the rate of the energy transfer
depends on the physical and chemical properties of the
medium between the porphyrins.

In the course of this study a paper was published
which presents a system that makes use of the same
principle in electron transfer studies.” Different cations
were complexed into a donor—acceptor system and the
effect on the photo-induced electron transfer rate
between the donor and the acceptor was studied.

Both at high concentrations and in dilute solutions at
low temperature compounds 2 and 3 form dimers held
together by nitrogen to zinc coordination.® In this
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5. R=H,R'=CHzP. ZnP. R=H, M=Zn
6. R=Br. M=2H.
7. R=CHO., M =2H.
8. R=CH:OH, M=2H.
9. R=CHoBr, M=2H.
10. R=CH;Br, M=1Zn.

Figure 1. Compounds prepared and used in this study

ensemble of four porphyrins the mutual distance and
orientation and the spectral overlap are drastically
changed in comparison with the monomeric form.
Photophysical properties of these dimers will also be
presented.

RESULTS

Synthesis of bisporphyrins 1-3

Porphyrin 6 (Scheme 1) was obtained as the major
component in a mixture of six porphyrins with zero to
four bromo substituents by condensation of pyrrole
with a 3:1 molar ratio of benzaldehyde and 4-bromo-
benzaldehyde according to the Adler—Longo
procedure.’ The porphyrin mixture was treated with
butyllithium (BuLi) followed by N,N-dimethyl-
formamide (DMF) and hydrolysis to yield the formy-
lated porphyrin 7, contaminated with a small amount
of the corresponding chlorin, in 6% yield after chroma-
tography based on the amount of pyrrole used in the
condensation step. The chlorin was converted into por-
phyrin by treatment with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ). !° Aldehyde 7 was then reduced
to alcohol 8 with sodium borohydride in 97% yield,
which was subsequently converted into bromide 9 in
99% yield by treatment with hydrobromic acid in acetic
acid. The bromomethylporphyrin 9 was converted into
the corresponding zinc porphyrin in 99% yield by treat-
ment with zinc acetate dehydrate according to the usual
metallation procedure.'' Bisporphyrins 1 and 2 were
prepared by N,N’-dialkylation of 4,13-diaza-18-crown-
6 (4) with the appropriate porphyrin 9 or 10 in the pres-
ence of sodium hydroxide in 66% and 53% yield,
respectively. The unsymmetrical bisporphyrin 3 was

(o] 0 L .

AI/N\) + 3©__// + Br < ; 4~ Propionic acid
1
H

1) BuLi DDQ oxidation
6 + mixture of other 2) DMF of chlorin " NaBH,

porphyrins and chlorins  3) H*
4) Chromatography

1
g HBrHOAC o Z0(0Ac)*2H;0 10 4. NaOH 2
k 10.Na0H
NaOH 5 —_— 3

Scheme 1. Synthetic routes to bisporphyrins 1-3
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prepared in a two-step N-alkylation of diaza-crown
ether 4. In the first step porphyrin 9 was treated with a
large  excess of  diaza-crown ether 4 in
the presence of sodium hydroxide to vyield the
monoalkylated diaza-crown ether 5 in 65% yield based
on the amount of 9 used. In the second step bispor-
phyrin 3 was obtained in 46% yield from 5 by treatment
with zinc porphyrin 10 in the presence of sodium
hydroxide.

Photophysical properties of the monomeric
bisporphyrins 1-3

The ground-state absorption spectra, at 298 K, of the
bisporphyrins 1-3 in the Q-band can be adequately
described using a simple sum of the spectra of the indi-
vidual chromophores, but those in the B-band show
some small broadening, indicating very small or no
interaction in the S, states but some small excitonic
interaction in the S, states between the two
porphyrins. '2 This shows that there is a large centre-to-
centre distance between the porphyrins consistent with
an extended conformation of the bisporphyrins.

The steady-state fluorescence emission spectra were
obtained by excitation at 548 nm, which corresponds to
the Q,(0,0)-band and Q(0,1)-band of the free base por-
phyrin (P) and the zinc porphyrin (ZnP), respectively.
At this excitation wavelength 73% of the light is
absorbed by the ZnP moiety in bisporphyrin 3 and also
in a 1:1 molar mixture of P and ZnP, and the
remaining 27% of the light is absorbed by the P. The
symmetrical bisporphyrins 1 and 2 gave emission
spectra identical with that of P (Amax = 654 and 720 nm)
and ZnP (Amax = 598 and 646 nm), respectively. For the
unsymmetrical bisporphyrin 3, the emission spectrum
shows three peaks, a small peak at 598 nm and two
larger peaks at 652 and 720 nm. This emission spec-
trum, in contrast to the absorption spectrum of 3, is not
equivalent to the sum of the emission spectra of the
individual chromophores. The fluorescence intensity of
the ZnP moiety is decreased and that of the free base
P moiety is increased, compared with the fluorescence
spectrum of a 1 : 1 molar mixture of ZnP and P {Figure
2(a)]. This is consistent with singlet excitation energy
transfer from the ZnP moiety to the P moiety in bispor-
phyrin 3. This is also shown by the excitation spectrum
where the fluorescence intensity at 720 nm, which is due
only to the P moiety, is monitored as a function of the
excitation wavelength. This spectrum resembles the
absorption spectrum, which means that excitation of
the ZnP moiety leads to emission from the P moiety or,
in other words the ZnP moiety, the donor, transfers its
excitation energy to the P moiety, the acceptor.

For excitation at 548 nm of oxygen-free
dichloromethane solutions at 298 K, the total fluores-
cence quantum yields, ®¢, were found to be 0-100,
0-027, 0-050, 0-098 and 0-083 for P, ZnP, a 1: 1 molar
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Figure 2. Corrected emission spectra of 3 and a 1:1 molar
mixture of ZnP and P. (a) solid line, 3; dashed line, 1: 1 molar
mixture of ZnP and P in CH,Cl; at 298 K. (b) Solid line, 3;
dotted line, 1:1 molar mixture of ZnP and P in CH,Cly;
dashed line, 1:1 molar mixture of ZnP and P in 0-07 M
pyridine—CH,Cl; at 190 K

mixture of P and ZnP, 1 and 3, respectively. At the
concentration of porphyrin used in these measurements
(<8x107° M) there will be negligible intermolecular
energy transfer since the average separation distance is
>27 nm.

Emission and non-radiative decay from the singlet
excited state of the ZnP moiety in 3 will compete with
the intramolecular singlet energy transfer. If one
assumes that the rates for the two first processes are the
same as in ZnP, the quantum vyield of the energy
transfer, (®gnr, can be determined from the fluores-
cence spectra by using the equation®?

13(598)
Iznp(598)
where [I3(s98) = fluorescence intensity at 598 nm for 3

Ppnar=1- 8))
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Table 1. Fluorescence lifetimes of ZnP, 1 and 3 in CH,Cl; at
two different temperatures according to time-resolved fluores-
cence measurements

298 K 190 K
Compound 71 (ns) 72 (n§) 71 (ns) 72 (ns)
ZnP 1-80 2-04
1 8-90 8-80
3 0-55 8-82 0-36 8-87

and Iznp(sesy = fluorescence intensity at 598 nm for ZnP
in the 1:1 molar mixture of ZnP and P. This gives the
quantum yield for singlet energy transfer in 3 as 0-66.

The results of fluorescence decay measurements are
summarized in Table 1. ZnP and 1 show monoexponen-
tial fluorescence decays, whereas 3 shows biexponential
fluorescence decay.

If one assumes that the shortening of the lifetime (at
298 K) of the ZnP moiety first excited singlet state in 3
is due only to energy transfer, then the rate of the intra-
molecular singlet energy transfer, kenr, can be calcu-
lated to be 1-26 x 10° s~ ! from these data according to
the equation

kent = 1
7S1ZnP(3) 7S1ZnP
where 7s17np3) = fluorescence lifetime of the ZnP
moiety in bisporphyrin 3 and 7s1znp = fluorescence life-
time of ZnP. The quantum vyield, ®g,r, of the energy
transfer is given by the equation

0]

®En = 751ZnP3)KEnT €]

and equals 0-69, which is close to the value calculated
from equation (1) (0-66).

Photophysical properties of the dimers of
bisporphyrins 2 and 3

The ground-state absorption spectra at 190 K, of the
dimer of bisporphyrin 3 can be adequately described by
a simple sum of the spectra, at the corresponding
temperature, of P and nitrogen (pyridine)-coordinated
ZnP. No further broadening of the absorption bands
due to the dimerization can be observed, in comparison
with the bisporphyrins 2 and 3, which indicates a very
small excitonic interaction between the porphyrins in
the dimer as in the monomers.

The steady-state fluorescence emission spectra were
obtained by excitation at 548 nm. For the dimer of the
unsymmetrical bisporphyrin 3, the emission spectrum
shows three peaks, a small peak at 610 nm, even smaller
than for the bisporphyrin 3 at 298 K, and two larger
peaks at 650 and 717 nm. The fluorescence intensity of
the ZnP moiety is decreased and that of the free base

P moiety is increased compared with the fluorescence
spectrum of the bisporphyrin 3 (Figure 2).

Biexponential fluorescence decay was observed at
190 K. The rate of the intramolecular singlet energy
transfer in the dimer of the bisporphyrin 3 is calculated
from the fluorescence lifetimes at 190 K given in Table
1 to be 2-29 x 10° s7! according to equation (2). The
quantum yield of the energy transfer, given by equation
(3), equals 0-82.

DISCUSSION

Theoretical aspects of the energy transfer rate in the
monomeric bisporphyrin 3

The three-dimensional structure of the bisporphyrin 3
in solution is most likely a rather extended conforma-
tion (Figure 3), similar to the solid-state structure found
for N,N'-bis(benzyl)-4,13-diaza-18-crown-6.'* This
assumption is consistent with the observed shifts of the
resonance peaks of the crown ether protons in NMR
and that no or very small exciton coupling is seen in the
UV-visible spectra of 3.

The distance between the centre of mass of the donor
and acceptor in the structure shown in Figure 3 was esti-
mated from molecular models and by molecular
mechanic calculations (MM2) to be 27A. The most
probable mechanism for energy transfer over such a
large distance is the dipole—dipole Forster mechanism.
The energy transfer rate can according to the Forster
theory be calculated from the equation

_9(n 10)  x’®rznp
1287°N n*rsiznpRHa

Ent JForster

2
x “Psznp

=8-8x 1072 Jrorster  (4)

n* 751zapRHa
where ®sz,p and 7siznp are the fluorescence quantum
yield and the fluorescence lifetime (in seconds) of the
isolated donor, respectively, N is Avogadro’s number,
n is the solvent refractive index, Rpa is the distance (in
c¢m) between the centre of masses of the donor and
acceptor, Jrsrster is the so-called overlap integral and
x? is an orientation factor.

The overlap integral, Jrsrsier, depends on the spec-
tral overlap between the donor fluorescence and the
acceptor absorption according to the equation

g Fo(w)ea(w)v™* dv

JEsrster = (5)
S FD(V) dy

where Fp(v) and ea(») are the fluorescence intensity of
the donor and the molar absorptivity (in Imol™' cm™")
of the acceptor as functions of the wavenumber, »
(in cm™!), respectively. Jrsrster Was calculated from
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Figure 3. An extended conformer of bisporphyrin 3 derived from the solid-state structure of N,N’-bis(benzyl)-4,13-diaza-18-
crown-6

our experimental data [Figure 4(a)] to be 3-5x 10!
em® mol ™!, which is in good agreement with calcu-
lations of Jrsrster for related systems found in the
literature. *!3

The orientation factor, x2, can be calculated
according to the equation

%% =(cos y—3 cos a cos B) 6

where o and 8 are the angles between the transition
dipole moments, in the donor and acceptor, and the
vector adjoining the centre of mass of the donor and
acceptor, respectively, and v is the angle between the
transition dipole moments. Since there are fast confor-
mational changes, compared with the energy transfer
time-scale, in this non-rigid molecule, the measured
lifetime of the singlet excited state of ZnP moiety in 3
should be considered as an averaged lifetime of a large
number of slightly different donor—acceptor systems
with respect to the molecular conformation. The energy
transfer rate, calculated from the experimental data,
should then be taken as an averaged rate for energy
transfer in several possible conformers. This also
implies that x> and Rpa, used when calculating the
theoretical energy transfer rate, should be averaged
values of all possible orientation factors and donor—ac-
ceptor distances, respectively.

The orientation factor is usually assumed to be con-
stant in the wavelength interval where the donor fluor-
escence and acceptor absorption overlap, i.e. the
orientation of the transition dipole moment is indepen-
dent of which vibrational states are involved in the tran-
sitions. This is not fully correct, however, for the
system studied.'?'® Further, in ZnP the Q, and Q,
transitions are degenerate and the system should be
treated as a planar oscillator.'® No corrections are
made for the wavelength dependence but the

degeneracy of the Qy and Q, transitions in ZnP is taken
into account when calculating x2.

An averaged value of all possible orientation factors
is not easily obtained. However, an estimation of in
which range »2 can be found was obtained from mol-
ecular models and molecular mechanics. In order to
simplify the estimations of x 2 for the bisporphyrin 3, it
was assumed that the diaza-crown ether is a rigid
segment and that there is free rotation between this
segment and the porphyrins. From this model x? was
estimated to be in the range 0-8—1-0. Rpa is the same
for all conformations in this simple model.

Insertion of the obtained values for Jrsrster and the
limits for x? into equation (4) gave the theoretical
energy transfer rate to be in the range
(0:23-0-29) x 10° s~', which is considerably smaller
than the experimental value for energy transfer rate in
the bisporphyrin 3. This implies that the simple model
of the bisporphyrin used for the calculations of x?2 is
too conformationally restricted and that the average
donor—acceptor distance should be shorter than 27 A.
The fact that the donor should be looked at as a planar
oscillator implies that even moderate conformational
changes during the excited donor lifetime will give a
dynamic average x2 that can be fairly accurately
approximated with the isotropic dynamic average value
of 2/3.2% The isotropic dynamic average value applies to
a system where the donor and acceptor transition
dipoles sample all orientations several times during the
donor lifetime. If x? is taken to be 2/3 then the exper-
imental energy transfer rate corresponds to an average
donor—acceptor distance of 20 A. The bisporphyrin has
to be much more flexible than the simple model used
above to be able to achieve this average donor—acceptor
distance. This is also supported by MM2 calculations
on N,N'-bis(benzyl)-4,13-diaza-18-crown-6, which
show that various conformers have similar energy.
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Figure 4. (a) Spectral overlap between ZnP fluorescence (dashed line) and P absorption (solid line) at 298 K in CH:Cl,. (b) Spectral
overlap between fluorescence from pyridine-coordinated ZnP in 0-07 M pyridine—CH,Cl, (dashed line) and P absorption
(solid line) in CH,Cl; at 190 K

Theoretical aspects of the energy transfer rate in the
dimer of bisporphyrin 3

The suggested structure of the dimer of the porphyrin
is shown in Figure 5.% In this ensemble of four por-
phyrins there are two possible energy transfer path-
ways. The shorter one is the intermolecular pathway

from the donor in one of the two bisporphyrins forming
the dimer to the acceptor in the other bisporphyrin.
This donor—acceptor distance is 12 A. The longer
pathway is intramolecular and the donor—acceptor dis-
tance is 21 A. Estimations of the orientation factors for
the two pathways were made. In the model used for
these estimations it is assumed that the segment con-

Figure 5. Tentative structure, with a centre of inversion, of the dimer of bisporphyrin 3
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taining the two ZnP and the two diaza-crown ethers is
rigid and that there is free rotation between this
segment and the free base P. »? was then found to be
in the range 0-04—0-4 and 0-01—1-4 for the shorter and
longer distance, respectively.

Not only are the distance and the relative orientation
between donor and acceptor changed relative to the
monomeric bisporphyrin 3, but also the spectral
overlap between donor fluorescence and acceptor
absorption. The spectral overlap is changed owing to
the red shift of ZnP fluorescence when coordinating
with a nitrogen ligand. Jrsrster Was approximated with
the overlap between the fluorescence of pyridine-
coordinated ZnP and free base P absorption and found
to be 1-40x 107 cm® mol ™.

Calculations gave the energy transfer rates for the
shorter and the longer path way to be in the range
(0-53-5-3) x 10% and (0-005-0-65) x 10° s~", respect-
ively. The experimental energy transfer rate,
2-29 % 10% s, falis well into the interval calculated for
the intermolecular pathway. This is an additional
support for the suggested structure of the dimer. At
such a short distance as 12 A (seven bonds, including
the zinc-to-nitrogen coordination bond, between the
donor and acceptor) an additional channel for energy
transfer may be opened by the (long-range) Dexter
exchange mechanism, ® or higher order multipole inter-
actions. From the experimental data obtained it is not
possible to tell whether these mechanisms contribute to
the observed energy transfer rate.

CONCLUSION

A donor—acceptor system showing energy transfer
properties and having the ability to complex cations has
been synthesized. The energy transfer efficiency in this
system was found to be 0-7. This is well suited for our
intention to use the system in a study of how the energy
transfer depends on the electronic structure of the inter-
vening medium between donor and acceptor, since both
an increase and decrease in energy transfer efficiency
should be detectable.

We found that in order to obtain agreement between
the experimental energy transfer rate and the rate pre-
dicted by the Forster theory, it was necessary to assume
a fairly large flexibility in the monomeric form of the
donor—acceptor system. However, the system should be
structurally more well defined when binding a guest by
the diaza-crown ether unit.

As already reported,® the donor-acceptor system
forms a well-ordered ensemble of four porphyrins on
dimerization at high concentration or at low tempera-
ture. This energy transfer study has given additional
support for the formation of a dimer and the suggested
structure of the porphyrin ensemble. The energy
transfer efficiency in this system was found to be 0-8.
The difference in energy transfer efficiency between the

monomer and dimer was explained by the difference
in overlap between the donor fluorescence spectrum
and acceptor absorption spectrum, donor—acceptor dis-
tance and donor—acceptor orientation.

Further studies of this donor—acceptor system and
the influence on the energy transfer on incorporation of
different hydrocarbon groups between the donor and
acceptor by complexation are in progress.

EXPERIMENTAL

Materials. All solvents, except chloroform and
propionic acid, were distilled prior to use. Diethyl ether
and tetrahydrofuran were dried by distillation over
sodium—benzophenone ketyl and N,N-dimethyl-
formamide was dried by distillation over calcium
hydride. The dry solvents were used immediately after
distillation. Unless stated otherwise, all commercially
available reagents were used without further purifica-
tion. Silica gel 60 (230—400 mesh) and activated neutral
aluminium oxide (Brockmann I, 150 mesh) were used
for column chromatography. Thin-layer chromatog-
raphy (TLC) was performed on commercially prepared
silica gel plates coated with silica gel 60 F,s4 and alu-
minium oxide plates coated with neutral aluminium
oxide 60 Fas4 type E. meso-Tetraphenylporphyrin (P)
was prepared according to the Adler—Longo
procedure’® and purified to remove meso-
tetraphenylchlorin according to the dry column chro-
matographic method described by Adler et al. '*®"
The zinc complex of meso-tetraphenylporphyrin (ZnP)
was prepared by adding zinc acetate dihydrate in
methanol to a Dboiling solution of meso-
tetraphenylporphyrin in dichloromethane according to
the usual metallation procedure.'!

Methods. 'H and '*C NMR spectra were recorded at
293 K, unless stated otherwise, in CDCl; with
tetramethylsilane as internal standard using a Varian
VXR-5000 400 MHz NMR spectrometer. Mass spectra
of the porphyrins were recorded using a Finnigan Mat
1020B instrument [electron impact mass spectrometry
(EI-MS)], a VG ZAB/HF analytical instrument
[positive-ion fast atom bombardment (FAB) MS with
3-mercaptopropane-1,2-diol as matrix] or a VG
AutoSpecQ instrument [positive field desorption (FD)
MS]. Owing to decomposition of the compounds, no
melting points could be obtained. Spectroscopic-grade
dichloromethane was used for all photophysical
measurements. Absorption and fluorescence spectra
were recorded using a Varian Cary 210 spectro-
photometer and a fully corrected Aminco spf 500
spectrofluorimeter. Fluorescence quantum yields are
based on that of Rhodamine B in absolute ethanol
(#r=0-97'8). The solutions used for fluorescence
measurements were deoxygenated by purging with
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argon. Fluorescence lifetimes were determined with
single-photon counting (SPC) equipment as described
previously.!® The data were deconvoluted in a global
analysis with subsequent calculation of the species-
associated spectra.® An excitation wavelength 420 nm
was used in all the time-resolved fluorescence measure-
ments and the fluorescence decays were measured at
587, 601, 632 and 656 nm. A liquid-nitrogen cryostat
(Oxford Instruments DN 1704 with DTC2 temperature
controller) was used for measurements at low
temperatures.

Condensation of pyrrole with a 3:1 molar ratio of
benzaldehyde and 4-bromobenzaldehyde. 4-Bromo-
benzaldehyde (15-46 g, 83 mmol) and freshly distilled
benzaldehyde (25-5ml, 0-25 mol) were added to
boiling propionic acid (1-251, reagent grade). After
5 min, freshly distilled pyrrole (23 ml, 0-333 mol) was
slowly added and the reaction mixture was refluxed for
30 min. Almost all the propionic acid was then removed
through evaporation at reduced pressure and the black
oily residue was dissolved in dichloromethane (250 ml).
The resulting solution was washed with two portions of
aqueous sodium hydroxide solution (2 X 100 ml, 0-1 M)
and two portions of water (2 X 100 ml), dried over an
hydrous magnesium sulphate and filtered through a
short silica gel column to remove polymeric materials.
The solution was concentrated to 150 ml and methanol
(200 ml) was slowly added. The crystalline material
obtained was filtered off and washed with methanol
(200 ml). This gave 9-91 g (17%) of a nearly statistical
mixture of six tetraphenylporphyrins, with about 40%
contents of the desired 5-(4-bromophenyl)-10,15,20-
triphenylporphyrin (6), and a small amount of
the corresponding chlorins with zero to four
bromo substituents: 'H NMR (400 MHz, CDCls),
6 8-80—8-88 (8H, m, pyrrole-H), 8-18-8-24 (6H, m,
Ar2-H), 8-05-8:10 [2H, m, (several overlapping
doublets, J=8-7 Hz), p-BrAr2-H], 7-86-7-91
[2H, m, (several overlapping doublets, J = 8:-7 Hz),
p-BrAr3-H], 7-71-7-81 (9H, m, Ar3-H and 4-H),
~2-86to —2-75 [2H, br m, (several overlapping broad
singlets) pyrrole-NA]; *C NMR (100 MHz, CDCly), 6
142-37, 142-26, 141-36, 136-08, 134:77, 131 (vbr),
130-14, 130-10, 128-04, 127-99, 127-92, 126-93,
126-89, 122-5-123-0, 120-121.

S5-(4-Formylphenyl)-10, 15,20-triphenylporphyrin (7).
The above mixture of bromo-substituted porphyrins
(2-08 g, 3-0 mmol) was dissolved in dry diethyl ether
(100 ml) and the solution was cooled to 0°C. Butyl-
lithium (1:6 M solution in hexane, 8-0 ml, 12 mmol)
was added dropwise under argon and the reaction
mixture was then stirred under argon at 0°C for 2 h.
Dry N,N-dimethylformamide (8-0 ml, 12 mmol) was
added and after stirring for 30 min at 0°C and an
additional 30 min at ambient temperature, the reaction

mixture was hydrolysed with 2 M hydrochloric acid.
After neutralisation with sodium hydroxide the reaction
mixture was extracted several times with dichloro-
methane and the combined organic extracts were
washed with water and dried over anhydrous mag-
nesium sulphate. After evaporation of the solvent the
residue was purified by column chromatography on
silica gel with dichloromethane as eluent to give 0:67 g
(35%) of 7 contaminated with a few per cent of the
corresponding chlorine. TLC (silica gel, CH;Cl,),
R;=0-46; '"H NMR (400 MHz, CDCls), § 10-37 (1H,
s, SArCHOQ), 8:88 (2H, d, J=4-8 Hz, pyrrole-H),
8-86 (4H, s, pyrrole-H), 8-78 (2H, d, J=4-8 Hz,
pyrrole-H), 8-40 (2H, d, J=8:2 Hz, SAr2-H), 8-26
(2H, d, J=8-2Hz 5Ar3-H), 8-18-8-24 (4H, m,
10,15,20Ar2-H), 7-70-7-81 (9H, m, 10,15,20Ar3-H
and 4-H), —2:77 (2H, br s, pyrrole-NH); *C NMR
(100 MHz, CDCl3), 6 192-58, 148-91, 142-20, 14218,
135-78, 135-40, 134-75, 131-5 (vbr), 12823, 128-03,
127-00, 120-90, 120-70, 118-22; EI-MS, m/z (relative
intensity, %) 642 (M*, 71), 614 (19), 321 (M**, 48),
307 (100).

The formylated product (2-20 g, 3-4 mmol) prepared
as described above was dissolved in toluene (1000 ml)
and the mixture was heated to reflux. 2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone (0-5g, 2-2mmol) was
added and the reaction mixture was refluxed for 30 min.
The reaction mixture was cooled to room temperature
and extracted with aqueous sodium hydroxide solution
(11, 1%) containing sodium dithionite (1 g, 5-7 mmol).
The organic layer was separated and washed with two
portions of brine (2 X 300 ml) and three portions of
water (3 X 300 ml) and dried over anhydrous sodium
sulphate. Evaporation of the solvent gave 1-95 g (89%)
of chlorin-free 5-(4-formylphenyl)-10,15,20-triphenyl-
porphyrin; UV—visible absorption (CH,Cl3), Apax (nm)
419, 515, 550, 590, 648.

S-(4-Hydroxymethylphenyl)-10,15,20-
triphenylporphyrin (8). 5-(4-Formylphenyl)-10,15,20-
triphenylporphyrin (1-93 g, 3-0 mmol) was dissolved in
dry tetrahydrofuran (150 ml) and sodium borohydride
(0-54 g, 12-0 mmol) was added. The reaction mixture
was then refluxed for 1 h. After the reaction mixture
had cooled to room temperature, water (75 ml) and
aqueous sodium hydroxide solution (25 mi, 1 M) were
added. The mixture was extracted with three portions
of dichloromethane (3 X 75ml). The combined organic
extracts were washed with two portions of brine
(2 x 150 ml) and once with water (150 ml) and dried
over anhydrous magnesium sulphate. Evaporation of
the solvent gave 1-89 g (97%) of porphyrin 8: 'H NMR
(400 MHz, CDCl3), 6 8-85 (8H, br s, pyrrole-H),
8-18—-8-26 (8H, m, 5,10,15,20Ar2-H), 7-69-7-81
(11H, m, 5,10,15,20Ar3-H, and 10,15,20Ar4-H), 5-04
(2H, br s, SArCH,OH), -2-78 (2H, br s, pyrrole-
NH); *C NMR (100 MHz, CDCls), & 142-36, 141-75,
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140-44, 134-95, 134-77, 131-5 (vbr), 127-93, 126-90,
125-52, 120-37, 119-96, 65-61; EI-MS, m/z (relative
intensity, %) 644 (M*, 78), 628 (22), 614 (18), 322
(M?*, 52), 314 (40), 307 (100).

5-(4-Bromomethylphenyl)-10,15,20-

triphenylporphyrin  (9). 5-(4-Hydroxymethylphenyl)-
10,15,20-triphenylporphyrin (1-87 g, 2:9 mmol) was
suspended in hydrobromic acid (150 ml, 30% in glacial
acetic acid) and refluxed for 2 h. After the reaction
mixture had cooled to room temperature it was poured
into ice—water (150 g). The mixture was neutralized
with sodium hydroxide solution (450 ml, 5M) and
extracted with three portions of dichloromethane
(3 X 150 ml). The combined organic layers was washed
with water (200 ml) and dried over magnesium sul-
phate. Evaporation of the solvent gave 2-0 g (99%) of
porphyrin 9: '"H NMR (400 MHz, CDCl3), 6 8-81—-8-87
(8H, m, pyrrole-H), 8-19-8-25 (6H, m, 10,15,20Ar2-
H), 8-18 2H, d, J=8-0Hz, 5Ar2-H) 7:-70-7-79
(11H, m, 5,10,15,20Ar3-H and 10,15,20Ar4-H), 4-82
(2H, s, SArCH,Br) —2-78 (2H, br s, pyrrole-NH); *C
NMR (100 MHz, CDCl3), 6 142-58, 142-31, 137-45,
135-12, 134-77, 131-2 (vbr), 127-95, 127-63, 126-91,
120-54, 120-45, 119-37, 33-76; EI-MS, m/z (relative
intensity, %) 706 (M*, 1), 628 (9), 614 (4), 314 (15), 307
(8), 82 (88), 81 (50), 80 (100), 79 (85).

Zinc  5-(4-bromomethylphenyl)-10, 15,20-triphenyl-
porphyrin  (10). 5-(4-Bromomethylphenyl)-10,15,20-
triphenylporphyrin (0-78 g, 1-1 mmol) was dissolved in
dichloromethane (150 ml). Zinc acetate dihydrate
(0-37 g, 1-68 mmol) dissolved in methanol (20 ml) was
added and the mixture was refluxed under argon for
30 min. The reaction mixture was cooled to room tem-
perature and washed with three portions of water
(3 x200ml) and the organic layer was dried over
sodium sulphate. Evaporation of the solvent gave
0-84g (99%) of zinc porphyrin 10: 'H NMR
(400 MHz, CDCl;), 6 8-92—8-97 (8H, m, pyrrole-H),
8-18-8-24 (8H, m, 5,10,15,20Ar2-H), 7-71-7-80
(11H, m, 5,10,15,20Ar3-H and 10,15,20Ar4-H), 4-85
(2H, s, SArCH,Br); *C NMR (100 MHz, CDCly), 8
150-49, 150-46, 150-43, 150-20, 143-24, 142-94,
137-23, 134-98, 134-63, 132-35, 132-30, 132:04,
127-75, 127-52, 126-79, 121-54, 121-46, 110-41,
33-89.

Compound 1. 4,13-Diaza-18-crown-6 (4) (0-052 g,
0-2mmol) and finely powdered sodium hydroxide
(0-090 g, 2-25 mmol) were dissolved in water (1 ml).
5-(4-Bromomethylphenyl!)-10,15,20-triphenylporhyrin
(0-290g, 0-41 mmol) was dissolved in chloroform
(2 ml) and added dropwise with vigorous stirring. The
reaction mixture was kept in the dark with vigorous stir-
ring for 16 h. The organic layer was separated, diluted
with chloroform (25 ml) and washed with three por-

tions of water (3 X 15 ml). The organic layer was dried
over sodium sulphate and evaporated on a rotary evap-
orator. The crude product was dissolved in a small
amount of chloroform and loaded on to an aluminium
oxide column. The product was eluted with chloroform
(stabilized with 0:-6% w/w ethanol) to give 0-199¢g
(66%) of compound 1. TLC [aluminium oxide, CHCl;
(stabilized with 0-6% w/w ethanol)], Ry=0-30; 'H
NMR (400 MHz, CDCl;), 6 8:79-8-89 (16H, m,
pyrrole-H), 8-17-8-24 (12H, m, 10,15,20Ar2-H),
8-14 (4H, d, J=8-0Hz, 5Ar2-H), 7-65-7-78 (22H,
m, 5,10,15,20Ar3-H and 10,15,20Ar4-H), 4-05 (4H, s,
SArCH>N), 3-86 (8H, t, J=11:2 Hz, NCH,CH-0),
3-78 (8H, s, OCH,CH,0), 3-12(8H, brt, J=11-2 Hz,
NCH,CH;0), —2-77 (4H, s, pyrrole-NH); 3C NMR
(100 MHz, CDCl3), 6 142-83, 141-33, 139-91, 135-22,
131-5 (vbr), 128-34, 127-85, 127-35, 127-33, 120-88,
120-77, 120-72, 71-59, 70-94, 60-70, 54-82; FAB-MS,
m|z (relative intensity, %) 1520 (M +5]*, 8), 1519
(IM + 4%, 17), 1518 ([M + 3]1%, 31), 1517 (M +2]7,
43), 1516 ([M +11*, 46), 1515 (M™, 11), 1514 (9),
group of peaks with the most intense peak at 889 (16),
group of peaks with the most intense peak at 627 (100);
UV-—visible absorption (CH2Cl;), Amax (nm) 417, 514,
549, 590, 647; fluorescence emission (Aex = 548 nm,
CH:Cl:), Amax (nm) 654, 720.

Compound 2. 4,13-Diaza-18-crown-6 (4) (0-052 g,
0-2 mmol) and finely powdered sodium hydroxide
(0-090 g, 2-25 mmol) were dissolved in water (1 ml).
Zinc porphyrin 10 (0-339 g, 0-44 mmol) dissolved in
chloroform (3-5 ml) was added dropwise with vigorous
stirring. The reaction mixture was kept in the dark at
ambient temperature with vigorous stirring for 40 h.
Chloroform (10 ml) and water (10 ml) were added to
the reaction mixture. The organic layer was separated
and washed with five portions of water (5 X 10 ml) and
dried over sodium sulphate. The solvent was evapor-
ated on a rotary evaporator and the crude product was
dissolved in a small amount of dichloromethane and
loaded on to an aluminium oxide column prepared in
dichloromethane. Two bands were eluted with 0-5%
CH30H, 1% pyridine—CH:Cl,. The substance from the
second band was further purified by column chroma-
tography on an aluminium oxide column. The product
was eluted as the first band with chloroform (stabilized
with 0-6% w/w ethanol). In this way 0-175 g (53%) of
2 was obtained: 'H NMR (400 MHz, CDCls, ca
1 x107% M, 328 K), 6 8-87—8-93 (16H, m, pyrrole-H),
8-16—8-22 (12H, m, 10,15,20Ar2-H), 8-09 (4H, d,
J=8Hz, 5Ar2-H), 7-65-7-76 (18H, m, 10,15,20Ar3-
H and 4-H), 7-61 (4H, d, J=8 Hz, 5Ar3-H), 3-89
(4H, br s, SArCH;N), 3-56 (8H, br t, J=6 Hz,
NCH,CH-0), 3:44 (8H, br s, OCH,CH,0), 2-86 (8H,
br t, J=6Hz, NCH,CH;0); "*C NMR (100 MHz,
CDCl;, ca 1x1072m), & 150-36, 150-28, 143-37,
141-66, 138-5 (br), 134-76, 134-59, 132-13, 132-01,
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127-49, 126-92, 126-66, 122-31, 121-16, 121-00,
120-93, 69-5 (br), 69-0 (br), 59-0 (br), 53-33, 29:93;
FD-MS, mfz (relative intensity, %) 1649 ([M + 101",
9), 1648 ([M +9]*, 18), 1647 ([M +8]", 32), 1646
(IM +71%, 49), 1645 (M +6]*, 72), 1644 (IM +5]%,
92), 1643 ([M +4]*, 100), 1642 ([M + 31%, 89), 1641
(IM +2]*, 90), 1640 (M + 1]*, 59), 1639 (M*, 50),
group of peaks with the most intense peak at 951 (18),
824 ({M+101**, 3), 824 (IM+9P*, 7), 823
(IM + 812, 13), 823 (IM + 71**, 17), 822 (M + 6]**,
22), 822 ([M +5]%*, 28), 821 (IM +4)**, 35), 821
(IM + 31>, 31), 820 ([M + 21**, 29), 820 ([M + 1]**,
20), 819 (M?*, 18), group of peaks with the most
intense peak at 690 (10); UV-visible absorption
(CH:CL), Amax (nm) 419, 547, 584; fluorescence emis-
sion (Aex = 548 nm, CH2Cl3), Amax (nm) 598, 646

Compound 5. 4,13-Diaza-18-crown-6 (4) (0-708 g,
2-7mmol) and finely powdered sodium hydroxide
(0-486g, 12-1mmol) were dissolved in water
(13-5 ml). Porphyrin 9 (0-405 g, 0-57 mmol) dissolved
in chloroform (45 ml) was added with vigorous stirring
and the reaction mixture was kept in the dark with vig-

orous stirring for 40 h. The organic layer was separated .

and washed with three portions of dilute hydrochloric
acid (3x15ml, 0-1 M) and four portions of water
(4 x 25 ml) and dried over sodium sulphate. The solvent
was removed under reduced pressure and the crude
product was dissolved in a small amount of
dichloromethane and loaded on to an aluminium oxide
column prepared in dichloromethane. Three bands were
eluted with 0-5% CH3;OH, 1% pyridine-CH,Cl; and a
fourth band, the product, was eluted with 5%
CH3;OH-CH,Cl,. The product was further purified by
column chromatography on a freshly prepared
Sephadex LH-20 column using pyridine as eluent. The
main body of the first band was collected. In this way
0-310 g (65%) of 5 was obtained: '"H NMR (400 MHz,
CDCl;), 6 8-82—8-88 (8H, m, pyrrole-H), 8-18-8-24
(6H, m, 10,15,20Ar2-H), 8-15 (2H, d, J=7-6 Hz,
SAr2-H), 7-66—7-80 (11H, m, 5,10,15,20Ar3-H and
10,15,20Ar4-H), 4-05 (2H, br s, SArCH:N), 3,82 (4H,
br t, J=5-6 Hz, NCH,CH,0), 3-62-3-73 (12H, m,
OCH,;CH>,OCH,CH;NH), 3-07 4H, brt, J=5-6 Hz,
NCH;CH;0), 2-83 (4H, br t, J=4-6Hz,
OCH,CH-NH), 2-10 (1H, vbr s, NH), —2-78 (4H, br
s, pyrrole-NH); C NMR (100 MHz, CDCl;), &
142-39, 142-37, 140-78, 139-56, 134-77, 134-73, 131
(vbr), 127-90, 127-37, 126-88, 120-49, 120-30, 120-25,
71-19, 70-59, 7053, 70-40, 59-93, 54-16, 49-60.

Compound 3. A solution of compounds 5 (0310 g,
0-35 mmol) and 10 (0-296 g, 0-38 mmol) dissolved in
chioroform (7-0 ml) was added to a vigorously stirred
solution of sodium hydroxide (0-088 g, 2-20 mmol) in
water (1-5 ml). The reaction mixture was kept in dark
with vigorous stirring for 40 h. Chloroform (15 ml) and

water (15 ml) were added to the reaction mixture. The
organic layer was separated, washed with five portions
of water (5 X 15 ml) and dried over sodium sulphate.
The solvent was removed on a rotary evaporator and
the crude product was dissolved in a small amount of
dichloromethane and loaded on to an aluminium oxide
column. One small band was first eluted with
dichloromethane and then a second strong band was
eluted with 0-5% CH3;OH, 1% pyridine—CH,Cl,. The
substance from the second band was then further
purified on a freshly prepared Sephadex LH-20 column
using pyridine as eluent. Three bands were obtained,
one very strong, thick, purple band followed by two
pale, thin bands. The substance from the first band was
again purified by column chromatography on an
aluminium oxide column. Two pale, thin bands were
eluted with chloroform (stabilized with 0:6% w/w
ethanol) and a third strong band was eluted with 0-25%
C,Hs;OH—-CHCI; (stabilized with 0-6% w/w ethanol) to
give 0-254 g (46%) of 3: '"H NMR (400 MHz, CDCl;,
ca 1x1072mMm, 323 K), 6 8-87—8-92 (8H, m, pyrrole-
H{Zn]), 8-78—8-83 (8H, m, pyrrole-H), 8-15-8-22
(12H, m, 10,15,20Ar2-H and 10,15,20Ar[Zn]2-H),
8-12 2H, d, J=8 Hz, 5Ar[Zn]2-H), 8-11 (2H, d,
J=8 Hz, SAr2-H), 7-63-7-77 (22H, m,
5,10,15,20Ar3-H, 5,10,15,20Ar [Zn]3-H, 10,15,20Ar4-
H and 10,15,20Ar [Zn]4-H), 3-98 (4H, br s, SArCH>N
and 5Ar{Zn]CH;N), 3-73 (8H, br t, J=5Hz,
NCH,CH-,0), 3-64 (8H, s, OCH,CH,0), 2-96—3-04
(8H, br m, NCH,CH;0), —-2-72 (2H, br s, pyrrole-
NH), "*C NMR (100 MHz, CDCls, ca 1x107%m
323 K), & 150-58, 150-49, 143-42, 142-56, 141-00,
134-80, 134-75, 132-07 (br), 131-3 (vbr), 127-91,
127-60, 127-37, 127-20, 126-88, 126-67, 121-30,
121-19, 121-15, 120-50, 120-35, 120-31, 71-18, 7060,
60-44, 60-39, 54-63; FAB-MS, m/z (relative intensity,
%) 1585 ([M +8]%, 8), 1584 ([M+7]*, 18), 1583
(IM+6]%, 30), 1582 (M + 51", 43), 1581 (M +4]",
48), 1580 ([M +3]1*, 57), 1579 ([M +2]*, 56), 1578
(IM + 1]1*, 65), group of peaks with the most intense
peak at 889 (18), group of peaks with the most intense
peak at 689 (86), group of peaks with the most intense
peak at 628 (100); UV-visible absorption (CH:Cl,),
Amax (nm) 419, 515, 549, 589, 647, fluorescence emission
{Nex = 548 nm, CH>Cl;), Amax (nm) 598, 652, 720.
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