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Synthesis of molecular complexes based on porphyrins
for the investigation of the energy transfer and primary
charge separation in photosynthesis
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Abstract. Data on the synthesis, steric structures, and
photochemical properties of molecular diad systems based on
porphyrins as synthetic models of the reaction centre in
photosynthesis are considered and treated systematically. The
bibliography includes 102 references.

L. Introduction

The conversion of light energy into chemical energy has at
present aroused much interest among investigators. Molecular
photosynthetic systems, reproducing at a simpler level the
individual stages of natural photosynthesis, are being created for
the solution of this problem. The donor—acceptor systems
based on porphyrin structures may serve as an example of such
models.!-3

The most important stage in the transformation of light
energy into chemical energy is the photochemical charge
separation in the photosynthesis system. In nature, this problem
has been solved by the creation during the evolutionary process
of photosynthetic reaction centres in which charge separation
takes place at a record speed. Studies in recent years have shown
that synthetic molecular systems of the type D-P-Q, ie.
models containing a photosensitive pigment (P), an electron
donor (D), and an electron acceptor (Q), are also capable of
giving rise to the structure D* —P-Q~ with separated charges
simulating the primary charge separation in photosynthesis,
where the singlet-excited porphyrin reduces the acceptor and is
itself reduced by the donor. Such model systems make it possible
to investigate in detail the dependence of the process itself on the
distance between the donor and the acceptor, on their mutual
orientation, on the free energy of the reaction, on the electronic
interaction, and on the rates of electron transfer.46

All the compounds described, containing bound
chromophores, are based on systems of two types: molecular
diads and multicomponent structures-—triads, tetrads, and
pentads.

The synthetic methods for the creation of molecular
assemblies? are discussed in the present review and the
possibility of investigating the energy transfer and the primary
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charge separation in the photosynthesis on diad models is
considered. Such models are the simplest systems for the
photosynthetetic electron transfer, consisting of chromophores
bound covalently to a donor or acceptor.

I1. Methods of synthesis and photochemical
properties of the model compounds

1. Porphyrin dimers

Studies on the structure of the reaction centres in photosynthetic
bacteria and of the mechanism of the electron transfer have
shown that the reaction centre consists of six interacting
tetrapyrrole pigments. It has also been established that the
primary electron donor is a ‘special pair’ consisting of two
aggregated chlorophyll molecules. The problem of current
interest in the study of the primary photosynthetic process is
therefore that of the creation of covalently bound
conformationally-restricted structures containing two and more
porphyrin units, ie. molecular assemblies capable of
participating very effectively in specific energy and electron
transfer reactions.* 810

a. Methods of synthesis of porphyrin dimers

The synthesis of primary porphyrin dimers was described as
early as the 1970s.! Since then, various multicomponent
tetrapyrrole  compounds have been  obtained and
investigated.!1-14

It was shown that octaalkylporphyrin dimers 1a—gq,% %15
2a-0,'¢ 3a—1,'"” and 4a—h,'® linked by aromatic spacers, are
interesting models.

In these dimers, two porphyrin rings are held rigidly in a
definite conformation as a result of steric hindrance. The
aromatic spacer is perpendicular to the mean plane of the
porphyrin, reducing to a minimum the direct ®—n interaction
between the porphyrin and the connecting bridge.

The spacer used in compounds Im and 1m simulates the
chromophores with a ‘twist’ type of conformation such as the
haems and chlorophylls in natural systems, while compound 1o
serves as a model of the chromophore with the ‘twist’
conformation, which has partly the same geometry as the
‘special pair’ in the bacterial photosynthetic reaction centre. All
these symmetrical porphyrins 1a—q, 2a—o, 3a—1i, and 4a—h have
been synthesised from the corresponding arenedialdehyde by
Chang’s method. %> 20

An alternative approach has been used to synthesise the
asymmetric dimer 5 (Scheme 1). Condensation of 1,19-dideoxy-
biladiene-ac dihydrobromide 6 with isophthalic aldehyde
afforded the porphyrin 7a with a formyl group, which was
converted by the reaction with ethyl 4-ethyl-3-methyl-pyrrole-
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2-carboxylate into the porphyrin-dipyrrolylmethane 8a. The
latter was initially converted into the zinc complex 8b and was
then treated with LiAlH4 in order to obtain the corresponding
diol 9, the interaction of which with 5,5 ’-unsubstituted dipyrrol-
methane 10 afforded the dimer 5 in 9% yield.?

The principal task solved in relation to the given structures
was the elucidation of the nature and degree of the interaction of
the porphyrin components of these assemblies.

Scheme 1
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The porphyrin dimers 11-15 were used to investigate the
photoinduced electron transfer and the transfer of the energy of
the excited state between the porphyrins.2!

As an example, the synthesis of the porphyrin dimer 11 is
described below. The diester 16 was hydrolysed to the
corresponding monoester, from which the acid chloride was
obtained by treatment with thionyl chloride. The condensation
of the latter with 15-(4-acetamidophenyl)-5-(4-aminophenyl)-
10,20-bis(4-methylphenyl)porphyrin, which had been obtained
in its turn by the partial hydrolysis of compound 17, leads to the
amide 11 in 93% yield.

16,17

16: R! = R? = COOCH3; M = 2H;
17: R! = R? = NHCOCH3; M = 2H.

The porphyrin dimer 12 was synthesised similarly in 63%
yield. In this case, the acid chloride of the monocarboxy-
porphyrin was condensed with the zinc complex of
15 - (4 -acetamidophenyl)-5-(4-aminophenyl)-10,20-bis(4-methyl-
phenyl)porphyrin.

5- (4 - Methoxycarbonylphenyl) -10, 15, 20 - tris (pentafluoro-
phenyl)porphyrin was obtained by Lindsay’s method involving
the condensation of pyrrole, pentafluorobenzaldehyde, and
methyl 4-formylbenzoate with trifluoroacetic acid and
subsequent oxidation of the resulting product with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone, after which the ester was
hydrolysed and the acid made to react with thionyl chloride.
Interaction of the resulting porphyrin acid chloride with
an excess of 5,15-bis(4-aminophenyl)-10,20-bis(4-methylphenyl)-
porphyrin led to the diad 13. The dimers 14 and 15 were
synthesised via the same mechanism in 95% and 54% yields
respectively.?!

11: M = 2H; R! = NHCOCHj3;

R? = @—CH;; R3= @—COOCH;;

12: M = Zn; R! = NHCOCH3;

RS R? = @—CH;; R3 = @—COOCH;;
F F

13: M = 2H; R! = NHCOCH3; R? = R? = Q—*F;

F F
F F
14M = 2H;R! = CH;;R? = R? = QF;
F F
F F
15:M = Zn;R' = CH; R2 = R3 = Q-F.
F F

The steric disposition of the porphyrins in the system 18 and
the distance between them (7.5A) are very similar to those for
the central haems in the cytochrome units of the photosynthetic
reaction centre of the bacterium Rhodopseudomonas viridis,??
where the tetrapyrrole macrocycles are almost coplanar and are
linked in Asuch a way that the distance between the porphyrins is
7.5-8.5A.

M = 2H (a), Zn (b)

The strategy used in the synthesis of such a rigidly linked
bisporphyrin system involves the condensation of the a-dione
(17,18-diox0-5,10,15,20-tetraphenylchlorin) with the tetrahydro-
chloride of 1,2,4,5-benzotetraamine, taken in proportions of
2 : 1, in pyridine. The yield of the dimer 18 was 71%.

As already stated above, the electron donors and acceptors
in the photosynthetic reaction centres are located at a fixed
separation with a definite orientation relative to one another,
which ensures an effective photoinduced separation of the
charges and retards their recombination. However, it is believed
that the intervening component located between the donor and
acceptor exerts a major influence on the rate of electron transfer.

For example, in the bacterial photosynthetic reaction centre,
the bacteriochlorophyll (BChl) molecule is located between the
dimeric bacteriochlorophyll donor (BChl;) and the bacterio-
pheophytin acceptor (BPh). It is believed that the ‘super
exchange’ process, which involves the mixing of the low-energy
ionic and virtual states of the intervening bacteriochlorophyll
and of the selectivity excited donor, may lead to an appreciable
increase in the rate of charge separation.?

For a better understanding of the influence of the low-energy
states, formed during charge transfer, on the photophysical
characteristics of the donor—acceptor systems, a series of
chlorophyll-porphyrin molecules with a fixed distance between
these two macrocycles were synthesised.24
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M! = M2 = 2H(a);
M! = M2 = Zn (b);
M! = Zn; M2 = 2H (c);
M! = 2H; M2 = Zn (d).

The dimer 19a was obtained from methylpyropheophorbide
d and p-toluic aldehyde by their condensation with the
corresponding dipyrrolylmethane and subsequent oxidation of
the resulting porphyrinogen with chloranil.

It was found that?* the reaction of the dimer 19a with zinc
acetate at room temperature leads to the product 19d, while
compound 19b is obtained on refluxing. After treatment of
compound 19b with a small amount of dichloroacetic acid, it
loses the zinc atom more readily than the chlorin macrocycle, so
that compound 19¢ can be more effectively obtained from
compound 19b.

The structures of compounds 19a—d contain a chlorophyll
molecule bound rigidly to the porphyrin and the n-systems of
the two macrocycles, restricted by steric interactions, are
perpendicular to one another. Such orientation is preferred for
the simulation of the geometrical relation between the
bacteriochlorophyll donor and the spacer (BChl; and BChl) in
the photosynthetic reaction centres.224

The porphyrin dimers, the macrocycles of which are in the
‘face-to-face’ configuration, are of interest. Compounds 20a,b of
this type have been synthesised from 3,3'-diethyl-4,4’-dimethyl-
2,2'-dipyrrolylmethane 10 and the dialdehyde 21 (Scheme 2).25:26

Scheme 2
1. C135CCOz;H
10 +
X 2. 1 1
CHO CHO o 0
2 Cl Cl

20a,b
X = O(CH2)40 (a), O(CH;)30 (b).

Although the yields of compounds 20a,b are low (5% and 2%
respectively), the reaction merits attention from the standpoint
of its simplicity and the ease with which the starting materials
can be obtained.?6

The chemistry of porphyrin dimers and their metal
complexes is at present in the stage of its establishment and a
wide range of problems in this field still await solution. However,
the accumulated experimental data indicate the importance of
this field.!2

b. Photochemistry of porphyrin dimers

Considerable advances have been achieved hitherto in the study
of the photochemical properties of the model compounds.
Among the questions arising in the investigation of the
photochemistry of such molecular structures, the most
important involves the discovery of the characteristic features of
the organisation of the photosynthetic apparatus ensuring a high
efficiency of the charge separation.

In spectroscopic studies on the system la—gq, it was shown
that the rates of the direct electron transfer diminish with
increase in the ‘centre-to-centre’ distance between two
porphyrins, whereas the rates of the reverse electron transfer
remain almost constant [the rate constant is k = (4 to
6) x 108 s—!] for a series of ‘centre-to-centre’ distances from 8
to 22 A and are independent of the orientation and structure of
the spacer.!’

It has also been noted that the intensity of the fluorescence of
the metal-containing porphyrin is appreciably weakened,
whereas the intensity of the fluorescence of the second porphyrin
component is intensified, which indicates an effective transfer of
excitation energy from the singlet state.?’

Results agreeing with the data described by Osuka et al.?’
have been obtained for the dimers 22 and 23.28 Although
Rempel et al.?® used other porphyrin subunits, the models which
they presented are similar to compounds 1b and 11 in terms of

geometrical parameters.

@
a A

22: Ar = —@—
23: Ar = —@—CH1—©—

The role of the intermediate linker in determining the
electronic bonding between the electron donor and acceptor,
which makes the electron transfer reaction possible, has
attracted the attention of investigators in recent years. It has
been found that, when the donor and acceptor are covalently
bound via a rigid spacer, the rates of electron transfer increase. It
has also been noted that, when aromatic spacers are employed,
the rate constant depends on the distance between the
chromophores to a much lesser extent than in the case where
aliphatic linkers are used. Thus an increase in the length of the
aromatic spacer by 4 A leads to a decrease in the rate by a factor
of 20, while in the case of an aliphatic bridge the rate falls by a
factor of 100. Such an enormous difference can be explained by
the fact that the electron transfer in the case of an aromatic
linker proceeds via a ‘super exchange’ mechanism. Furthermore,
it has been found that the rate constant for electron transfer
depends on the electronic structure of the spacer.

@&

22,23
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All these data show that the electron transfer reactions
between the spacer-bound chromophores are determined by the
donor —acceptor interaction.!”

Osuka et al.'® described diporphyrins consisting of the
hybrid metal complexes 2a-o with different mutual orientations
and a series of aromatic spacers including benzene, naphthalene,
and spirobiindan fragments.

It has been demonstrated for these rigidly bound compounds
that the reactions involving the separation and recombination of
charges exhibit different dependences on distance. The rate
constant for charge separation is related mainly to the distance
and does not exhibit any dependence on orientation, whereas the
rate constant for the recombination of charges is hardly
influenced by either the distance or the mutual orientation.

In contrast to the well established dependence on distance,
the data concerning the relation between the rate of electron
transfer and the angle between the donor and acceptor are
virtually lacking,'® although Osuka et al.!¢ believe that the recent
studies have a bearing on precisely this problem.

The first results indicating the dependence on orientation
were obtained using a series of bisporphyrins 4a—h, in which the
angle between the donor and acceptor varies systematically.

In these molecules the rate of intramolecular electron
transfer changes by an order of magnitude when the angle
between the porphyrin units is varied.!”- 18

In the dimers 4a—c, the ‘edge-to-edge’ distances were
measured and were found to be respectively 5.8, 10.1, and
14.4 A. Studies showed that, with increase in the length of the
spacer, the electron transfer rate constant diminishes:
@4+ 1) x 1019 (7 + 1) x 10° and (1.1 + 1) x 10° s—! for
compounds 4a — ¢ respectively. However, Helms et al.!” attribute
this decrease in the rate not to the increase in the distance
between the chromophores but to the break in the conjugation
of the spacer owing to the biphenyl ‘twist’ angle (50°) for each
junction between two benzene rings. The inadequate overlap of
the chromophores for this value of the angle leads to an
approximately sixfold decrease in the rate of electron transfer to
the benzene ring, which is confirmed by the results.!”

Much work has been done in the study of the photochemical
characteristics of the dimers 11-15.2! The results clearly
demonstrated the occurrence of the singlet—singlet energy
transfer between the porphyrin components of the dimers 11-13
and 15. The photoinduced electron transfer in compounds 13
and 15 was also observed, confirming the occurrence of
electronic exchange interactions in these compounds, which
probably lead to an increase in the rate constant for the
singlet —singlet energy transfer. The fact that the quenching of
the fluorescence is observed only in the diads where the charge-
separated state is located at a lower energy level than the
primary excited singlet state confirms the assignment of the
fluorescence quenching process to electron transfer and not to
other photophysical or photochemical processes,?!: 24

The photophysical properties of compounds 19b and 19c can
be compared directly with the characteristics of the dimer BChl,
in natural reaction centres. Spectroscopic studies of the natural
reaction centre did not yield evidence for the formation of the
ion pair BChl* —BChl~ in the bacteriochlorophyll dimer but
made it possible to postulate that the low-energy state of the
dimer with separated charges overlaps the singlet state of the
dimer located at an even lower energy level. The results of
the study of compound 19b showed that the low-lying charge-
separated state is located 0.1 eV above the excited singlet state
and this influences strongly the rate of decomposition of
compound 19b without the formation of an ion pair. It may be
that the dimer BChl; in the natural reaction centres also
decomposes rapidly, like compound 19b.

The considerable similarity of the photophysical
characteristics of the dimers of the reaction centre and the
heterodimers 19b,c suggests that further studies should be
carried out on these lines.?*

2. Porphyrin-carotenoid compounds

Studies on the synthesis and properties of molecular diads
consisting of a porphyrin or a chlorophyll derivative and a
carotenoid polyene are of considerable interest.

Carotenoids (Car) simulate the functions of an antenna,
absorbing light in the region of the solar spectrum where
chlorophyll is ineffective, and transfer the energy of the excited
singlet state to chlorophyll.!-6.29-35

Car + v —— I1Car* ,

ICar* + Chi(BChl) —> Car + !Chl*,

IChl* —— Chl + hv (fluorescence) .

Furthermore, they play the role of photoprotectors. On
irradiation of chlorophylls, long-lived excited triplet states are
generated. The chlorophyll triplets react with oxygen, forming
singlet oxygen (O3'A g ), which is very reactive and is therefore
dangerous to plant tissues.

Chl (BChl) + v —»
IChl* — 3Chl* ,
3ChI* + 0O, —> Chl + O3'A, .

ICh* ,

Carotenoid polyenes prevent the decomposition of plant
tissues by singlet oxygen by ‘extinguishing’ the triplet state of
chlorophyll before its interaction with oxygen. This energy
transfer from the triplet state of chlorophyll leads to the triplet
carotenoid (a harmless state) and the initial state of chlorophyll.

Chl (BChl) + hv —>
IChl* — 3Chl* ,
3Chl* + Car —> Chl + 3Car* ,

IChI* ,

3Car* — Car + Q.

Carotenoids can also fulfil the function of photoprotectors
by ‘extinguishing’ singlet oxygen.

O}'Ag + Car —> 3Car* + 30,,

3Car* —> Car + Q.

It has been established that under certain conditions
carotenoid polyenes can act as electron donors in photosynthetic
systems, although their importance as electron donors is not
known,!-6.29-35

In order to investigate the photochemical characteristics of
carotenoids, namely their functions as photoprotectors and
antennae, a series of porphyrin-polyene compounds 24 — 37 were
synthesised.36-4! (see over)

a. Methods of synthesis of porphyrin-carotenoid compounds
Compounds 24-36 have been obtained by condensing the
corresponding 5-aminophenyl-10,15,20-tris(4-methylphenyl)por-
phyrins with the acid chloride of 7'-apo-7'-(4-carboxyphenyl)-
B-carotene.

Compounds 27 and 28 were synthesised using 7'-apo-7'-
(4-aminophenyl)-B-carotene and the acid chloride of the
porphyrin obtained by treating S5-carboxyphenyl-10,15,20-
tris(4-methylphenyl)porphyrin with oxalyl chloride.36

The reaction of S-hydroxyphenyl-10,15,20-tris(4-methyl-
phenyl)porphyrins ~ with  7’-apo-7’-(4-iodomethylphenyl)-B-
carotene leads to the model systems 29-31.

The porphyrin-carotenoid compounds 32 and 33 were
obtained respectively by the interaction of dihydroxyphenyl
derivatives of tetraphenylporphyrin with 7'-apo-7'-(4-iodo-
methylphenyl)-B-carotene.
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24:R!'=R2=R4=H;
25:R! = R? = R* = H; R? = NHCOX;
26:R? = R? = R* = H; R! = NHCOX;
27:R! = R? = R* = H; R? = CONHX:
28: R?2 = R? = R* = H; R! = CONHX;
29:RI=R2=R‘=H; R’ = 07 X;
3:R'=R}*=R¢=H; R2= 07 X;
B:R2=R’=R¢‘=H; R' = 07 X;

R3 = NHCOX;

2R2=R*=H: R =R¢ = 07 X;
BR=R‘=H;R' =R2= 07 X;
34:R! = R? = R* = H; R® = O(CH,);0COX;
35:R' = R2 = R* = H; R? = O(CH,);0COX;

36:R' = R2 = R* = H; R’ = €00~ >X;
37:R?=R3 = R* = H; R! = CO0” “X.

Compound 34 was synthesised using the phosphonium salt of
5 -[4-(3-hydroxypropoxy)phenyl]-10,15,20-tris(4-methylphenyl) -
porphyrin and B-apo-8'-carotenal, while compound 35 was
obtained in its turn by condensing 5-[5-(2-hydroxyethoxy)-
phenyl]-10,15,20-tris(4-methylphenyl)porphyrin with 7’-apo-7’-
(4-carboxyphenyl)-p-carotene in the presence of N,N-dicyclo-
hexylcarbodiimide (DCC).37-3?

Carotenal, which is necessary for the synthesis of compounds
36 and 37, was itself synthesised from a-bromo-p-toluic aldehyde
with the aid of the corresponding phosphonium salt. The
aldehyde group was protected in the form of an acetal by means
of ethylene glycol. The Wittig reaction of this salt and B-apo-
8'-carotenal was accompanied by the hydrolysis of the protecting
group with formation of an aromatic aldehyde, which was
converted into an alcohol by reduction with KBHa.
Condensation of the polyene alcohol with the acid chloride of
the corresponding porphyrin afforded the molecular systems 36
and 37.

38 CO,CHs3 0

The synthesis of the diad 38, in which the cartenoid is bound
to a chlorophyll precursor— pyropheophorbide a, has been
described.*? Compound 38 was obtained from derivatives of the
aminocarotenoid and pyropheophorbide a by the acid chloride
method.

Compounds 24-38 described above are porphyrin-
carotenoids with a flexible covalent bond. The appreciable
conformational mobility of such systems gives rise to certain
complications in photochemical studies and investigators have
therefore endeavoured to create rigidly bound structures.

Model compounds in which the carotenoid is bound to the
porphyrin by a rigid aromatic spacer have been described 4344,

RZ
R~ Win
n

39-42

39 R'=X;R2=R}=H;n=1;
40: R'=X; R?=H; R*=CH3 n=2;
41: R'=H; RZ=X; R}*=CHz n=1;
42: R'=R}=X; R2=H;n=1,

P e a o~
2 2

X =

Compounds 39-42 have been synthesised in accordance
with Scheme 3. Condensation of 3,3 ’-diethyl-4,4'-dimethyl-2,2 -
dipyrrolylmethane 10, 7’-apo-7 '-(4-formylphenyl)-B-carotene 43,
and 4-methylbenzaldehyde with dichloroacetic acid and
subsequent oxidation of the reaction mass with p-chloranil led to
the porphyrin-carotenoid 39 in 95% yield.

Scheme 3

CHO OHC

Compounds 40 and 41 were synthesised similarly in 50% and
15% yields respectively. The biscarotene-porphyrin 42 was
obtained in 67% yield by condensing compounds 10 and 43,43

The study of the properties of porphyrin-carotenoids has
been continued 4 using the aromatic derivatives of retinoic acid,
differing in the length of the conjugated bonds, as the polyenes.

The porphyrin-carotenoids 44 and 45 (see following page)
were synthesised in 51% and 68% yields respectively from
5-( p-aminophenyl)-10,15,20-triphenylporphyrin and aromatic
derivatives of retenoic acid by the mixed anhydride method
using ethyl chloroformate as the activating agent.4’
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b. Photochemical studies

Not only the porphyrin but also the carotenoid is excited by
light. One of the functions of the carotenoid —that of an
antenna—consists in the absorption of light and the
singlet —singlet energy transfer to the porphyrin.

Such intramolecular energy transfer has been detected*? for
compounds 39 and 40 from fluorescence spectra. It was noted
that in tetrahydrofuran (THF) ~30% of the excitation energy
absorbed by the carotenoid is transferred to the porphyrin. In the
porphyrin-carotenoid diad, the fluorescence lifetime (840 ps) is
appreciably reduced compared with the porphyrin H,P (10* ps),
indicating the existence of an additional path to the
decomposition of the singlet-excited state ('P;) in the
carotenoid-containing system. A possible explanation of this
effect may be electron transfer from the carotenoid to the excited
state of the porphyrin with the appearance of a short-lived
charge-separated state in the form Car* —P*—, If this is so,
then the charge-separated state should return very rapidly to the
initial state, since the spectrum of the carotenoid radical-cation
is not observed even over a time interval ranging from several
picoseconds to several nanoseconds,43:46:47

A similar phenomenon has been noted in the covalently
bound porphyrin-carotenoid compounds 24—37. Thus the main
manifestation of the decomposition of compound 24
accompanied by fluorescence is a decrease in the fluorescence
lifetime to 3.4 ns. The study of compound 24 showed that the
transfer of the energy of the singlet state takes place within the
limits of 10%. This relatively small amount of energy is indeed
quite appreciable, since the lifetime of the excited singlet state of
the carotenoid is usually several picoseconds owing to the rapid
internal conversion. The successful simulation of the function of
the carotenoid antenna in compound 24 is due to the interaction
between the chromophores as a result of the partial overlap of
the m-electron systems of the carotenoid and the porphyrin
through the amide bond and the aromatic ring. In other
carotenoid-porphyrin systems, a high efficiency of the energy
transfer was found. For example, in compound 37 the efficiency
of the singlet—singlet energy transfer is about 25%. Such high
efficiency is due to the disposition of the carotenoid chain over
the porphyrin in such a way that the two n-electron systems can
interact with one another (within the limits of ~4 A).6

The reaction centre in the photosynthetic process may be
protected against decomposition by singlet oxygen, which is
generated by the triplet states of chlorophylls or porphyrins. The
energy transfer from the triplet state may be investigated with
the aid of laser flash spectroscopy: the maximum of the

porphyrin triplet absorption is at ~440 nm, whereas the
absorption maximum for the carotenoid is in the region of
~ 540 nm. The rapid and effective transfer of the energy of the
triplet state from the porphyrin to the carotenoid requires an
electron exchange mechanism. In the case of compound 24 the
transfer is facilitated further by the partial conjugation between
the chromophores. In the porphyrin-carotenoid systems, where
there is a deficiency of such conjugations, a rapid triplet transfer
can nevertheless occur through a series of conformations where
the n-electron systems are in contact (compound 37).6

There exist two different paths for the triplet —triplet energy
transfer, which probably occurs via an electron exchange
mechanism: a static transfer which does not require appreciable
intramolecular motion, and dynamic transfer associated with
intra-molecular changes. The relative importance of the triplet
energy transfer via these pathways depends on the molecular
structure. The photochemical and photophysical conditions for
the protection of the reaction centre against damage by singlet
oxygen both in photosynthetic systems and biological organisms
are determined by them,3’

The energy transfer process has also been detected in the
model compounds 44 and 45. It was noted that the efficiency of
the energy transfer increases with the length of the polyene chain
from 33% to 55% on passing from system 45 to system 44.48.4

Finally, most of the molecular diads obtained to simulate the
photosynthesis electron transfer process are covalently bound
porphyrin-quinone systems.

3. Porphyrin-quinone systems

a. Methods of synthesis

One of the first compounds of this type described was the
porphyrin-quinone 46 obtained by condensing meso-(p-
carboxylphenyl)tritolylporphyrin with substituted dimethoxy-
benzene and subsequent dimethylation and oxidation of the
hydroquinone.3®

O,

2 3
A CO(CHZ),COCHZQ

o

Data obtained by laser flash photolysis and EPR spectros-
copy showed this compound can assume a conformation in which
electron transfer from the porphyrin to the quinone occurs. - 50

Data have been published>! concerning two zinc complexes
of the porphyrin-polyene-anthraquinone compounds 47 and 48
having five and nine double bonds between the donor and the
acceptor (see over). The ‘centre-to-centre’ distance between the
porphyrin and the quinone in these molecules is 25A for
compound 47 and 35 A for compound 48.

Recent experiments have shown® that carotenoids usually
act only as energy transfer agents in photosynthesis, although
under unusual conditions there may be electron transfer from
the carotenoids. However, it is believed 5! that the low electronic
energy state of the polyenes can be used to create artificial
photosynthetic systems which use the polyene as molecular
‘conductors’ to facilitate the electron transfer between the donor
and the acceptor.

Compound 49, containing a ubiquinone derivative, has
been synthesised from 5-(p-aminophenyl)-10,15,20-triphenyl-
porphyrin in order to study the photoinduced electron transfer.52
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R =
n=1(47), n = 2(48). Y
R
0o
H,C OCH;
9
R O NHCCH:{ Y OCHj
(e}

R = CsHs.

Ubiquinones — 2,3-dimethoxy-5-methyl-6 - polyprenylbenzo-
quinones —are most important factors in cell metabolism; they
play a significant role in the cell bioenergetics and also in the
photosynthetic process.® 33.54

The addition of 5-(p-aminophenyl)-10,15,20-triphenyl-
porphyrin to the ubiquinone acid Qg has been achieved by the
mixed anhydride method using ethyl chloroformate (yield 5%).52

The natural porphyrins 50 —52—deuterioporphyrin IX,
haematoporphyrin IX, and pheophorbide a linked to a quinone
by an ester bond—have been used to synthesise porphyrin-
quinone compounds.>>~57 An interesting feature of these
systems consists in the fact that the quinone structure in them is
linked directly to the heteroatom (nitrogen and sulfur). This is
due to the strategy used in the synthesis. At the same time, there
is a possibility of elucidating the influence of the heteroatom on
the photochemical electron transfer reaction and the dark charge
recombination.

The length of the covalent chain between the quinone and
porphyrin components corresponds to 5 or 7 atoms. The change
in the distance between the chromophores makes it possible to
determine the dependence of the degree of interaction between
donor and acceptor and of the efficiency of the photoinduced
charge separation on the distance: an increase in the length of
the covalent chain under these conditions increases the lifetime
of the separated charges, hindering their recombination.5: 5

Hydroxylated quinone derivatives have been obtained by
adding 2-mercaptoethanol, 2-aminoethanol, and 3-amino-
propanol to 2-methylnaphthoquinone and 2,3,5-trimethylbenzo-
quinone.

An advantage of this method of synthesis lies in the fact that
the conditions in the modification of the quinone component
and in its condensation with the porphyrin structure make it
possible to employ unsubstituted quinones, reducing the total
number of stages and simplifying the synthesis of the porphyrin-
quinone derivatives.

OCH;

( Hz), (CHz)z (CH2)2 (CH2)2
C COOR
50 S1
0O
ROOC COOCH;
52
(0] 0
—CH,CH>X CH; —CH,;CH>X
R- ’ ()
H;C CH; H;C
O (o}

X = CH; (a), S (b), NH (c). X = S(d), NH (e).

—H,C CH3;

H,C CH;
0

Condensation of hydroxylated quinones with porphyrins
using di-fert-butyl pyrocarbonate (Boc,O) and 4-dimethyl-
aminopyridine (4-DMAP) leads to the formation of the
diquinone derivatives 50—52 in satisfactory yields.’5—57

However, the presence of a flexible covalent bridge in
compounds 50-52 is responsible for their considerable
conformational lability on exposure to external factors, which
makes it difficult to explain the experimental data on electron
phototransfer in such systems. The creation and study of model
structures with a molecular geometry known beforehand
therefore becomes important.”> 5% 60

One of the aspects of studies in this field involved the
construction of models in which the quinone was strictly
oriented over the centre of the porphyrin ring— the so called
‘covered’ porphyrins. The advantage of such model compounds
arises from the possibility of monitoring during the synthetic
process the relative oxidation-reduction potentials of the
fragments, the distance between them, and their mutual
orientation.”

Such a ‘covered’ porphyrin-quinone has been obtained from
the symmetrical mesoporphyrin II and a quinone with two
hydroxy-groups.5!

In order to synthesise the ‘covered’ porphyrin-quinone 53, a
method was developed to obtain the bifunctional sulfur-
containing electron-accepting component—2,5-di-(2-hydroxy-
ethylthio)-1,4-benzoquinone (DHEP). Condensation of the acid
chloride formed when the mesoporphyrin II is treated with
oxalyl chloride with DHEP affords the required compound 53.
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Compound 53 differs from the porphyrin-quinones known in
the literature 7-5%-60:62-65 by the presence of a sulfur atom linked
directly to the quinone structure, which influences significantly
the efficiency of the photoinduced transfer process.S!

Another aspect ensuring the rigidity of the structure is the
creation of models with a fixed distance between the porphyrin
and the quinone. The synthesis of a compound meeting this
requirement has been described.5¢

The mono-o-aminotetraphenylporphyrin, obtained by the
Rothenmund reaction using pyrrole, benzaldehyde, and o-nitro-
benzaldehyde with subsequent reduction of the nitro-group to
the amino-group, was condensed with the chloride of 2,5-
diethoxybenzoic acid. After selective hydrolysis and oxidation of
the hydroquinone to the quinone with lead dioxide, the
porphyrin-quinone 54a was isolated.

),

®

54-56
0
o5 i:o
HN o}
54 R = ‘@ (@), —@—NH—COAQ ®)
o e}

CH,0CO
O O

56: R =

Another approach to the synthesis of a similar compound
54b has been proposed. -8 Mono-p-aminotetraphenyl-
porphyrin was made to react with acetylated gentisic acid in the
presence of the ethyl ester of 2-ethoxy-1,2-dihydroxyquinoline.
The protecting groups were then removed in 2 methanol solution

of hydrochloric acid and the hydroquinone system was oxidised
with lead dioxide to the quinone system (compound 54b).

The porphyrin-quinone model compounds 55 and 56 have
also been described.5

The Rothenmund condensation of pyrrole, benzaldehyde,
and trans-4-(hydroxymethyl)cyclohexanaldehyde affords a
hydroxylated porphyrin, the esterification of which with
acetylated gentisyl chloride and subsequent removal of the
protecting groups from the quinone component and oxidation
of the hydroquinone system with lead dioxide lead to
compound 58.

In the synthesis of the porphyrin-quinone 56, the monoester
of cyclohexane-1,4-dicarboxylic acid was bound to p-benzo-
quinone by oxidative decarboxylation. After the substitution of
the corresponding hydroquinone by treatment with sodium
dithionite and reduction of the ester group with diiso-
butylaluminium hydride, the aldehyde was obtained. The latter
reacts with pyrrole and benzaldehyde in the presence of
atmospheric oxygen to form the required compound 56, in which
the porphyrin and quinone halves of the compound are
connected by a rigid spacer.

The four porphyrin-quinone compounds syn- and anti-57
and syn- and anti-58 with a fixed distance between the donor and
the acceptor were synthesised to obtain information about the
dependence of the electron transfer between the chromophores
on the orientation of the quinone component.®®

R’ = H (syn-57), OCHj (syn-58).

A hydrocarbon spacer—pentiptycene—was used to
maintain a fixed distance and to restrict the spatial mobility
between the porphyrin and the quinone in compounds 57
and 58. The reasons for using this rigid system as a spacer are
as follows: firstly, it is related to the thoroughly investigated
triptycene spacer;8%.70-7! secondly, the presence of two
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positional isomers, in which the porphyrin and the quinone are
in the ‘syn’- or ‘anti’-positions relative to one another, makes it
possible to investigate the dependence of the photoinduced
electron transfer over a fixed distance on the orientation; thirdly,
the presence of the central benzene ring, rigidly bound to two
triptycene bridges, makes it possible to introduce substituents
into the remaining free positions in this ring and to alter the
influence of the ionic states of the spacer on the ‘superexchange’
electron transfer process.5?

The Diels-Alder condensation of the reduced anthraquinone
with the quinone and formylation of the naphthoquinone-
pentiptycene derivative obtained afford a mixture of ‘syn’- and
‘anti’-aldehydes, which enter into the Lindsay reaction with
1-hexanal and pyrrole to form syn- and anti-57 in an overall
yield of 2.9%.

In order to obtain syn- and anti-58, anthracene was made to
undergo the diene condensation with p-benzoquinone followed
by hydrogenation of the diketone, the reaction of which with
o-phthalaldehyde afforded 1,4-anthraquinone. The subsequent
stages in the reduction of 1,4-anthraquinone to the hydro-
quinone and treatment with an excess of dimethyl sulfate led to
the formation of the 1,4-dimethoxyanthracene derivative in 75%
yield. Condensation of the latter with naphthoquinone and
subsequent formylation gave rise to a mixture of the
corresponding aldehydes required for the synthesis of syn- and
anti-58. The yield of the isomers is 4.8%. The syn- and anti-
isomers were separated as the corresponding zinc complexes by
preparative thin-layer chromatography on silica gel. %

The rigid spirocyclic spacer 72 in the models 59a-d controls
the ‘edge-to-edge’ distance between the porphyrin and the
quinone and reduces to a minimum the complications in the
interpretation of the experimental data induced by the rotational
degree of freedom of the porphyrin-acetal linkage (the angle ).

n=0(a)1(b),2()3(d).

Compounds 59a—d were synthesised in accordance with
Scheme 4.

Scheme 4
OoH OCH;
CO,CoH; O‘ CO,CsH7-iso
— e
‘ ‘ CO2C:Hs COnCaliriso
OH OCH,
60 61
OCHa
OO —
— 59
OH
n
OCHs;
62

The diester 60 was treated with methyl iodide, reduced to the
diol, and converted into the dichloro-derivative, which was
cyclised and the resulting diisopropyl diester 61 was converted
into compound 62. The 1,4-dimethoxynaphthalene derivative 62
was oxidised to the corresponding naphthoquinone diol and
condensation of the latter with 1-(dimethoxymethyl)tetra-
tolylporphyrin afforded compound 59.

The porphyrin-quinones 63 and 64, in which the connecting
bridge not only fixes rigidly the ‘centre-to-centre’ distance
between the chromophores, amounting to 11.6 A for compound
63 and 16.2A for compound 64, but also, in contrast to other
spacers, excludes the rotational degree of freedom of the quinone
component, have been described.”?

QA O )
C0r
o U ’

Two methods of synthesis of compounds 63 and 64, differing
in the sequence of operations, have been developed.”™

The synthesis was begun with benzonorbornadiene 65 to
which the porphyrin group was attached through the series of
stages presented in Scheme 5.

Compound 65 was initially reduced to compound 66a, the
nitration and subsequent reduction of which afforded the
unstable diamino-compound 66b. The latter was immediately
treated with 17,18-dihydroxy-5,10,15,20-tetraphenylchlorin and
compound 67 was obtained. The subsequent transformation of
compound 67 led to the dimethoxybenzene derivatives 68 and
69, from which the required porphyrin-quinones 63 and 64 were
synthesised.

The other approach to the synthesis of such porphyrin-
quinones is illustrated in Scheme 6. The key compound in this
synthesis is 5,8-dimethoxybenzonorbornadiene 70, the treatment
of which with tetrachlorothiophene dioxide led to compound 71.
The dehydrohalogenation of the latter under standard
conditions afforded compound 72, the subsequent reductive
dechlorination of which gave rise to the product 73a. The
protecting groups were introduced into the dimethoxybenzene
ring of compound 73a by bromination, which yielded compound
73b. The subsequent synthetic stages presented no problems.
Nitration of compound 73b with copper nitrate led to
compound 74a, the reduction of which with zinc acetate afforded
compound 75a. The latter was subjected in its turn to nitration
(HNO3;— AcOH — Ac,0) with formation of compound 76a, the
treatment of which with hydrazine hydrate yielded compound
77a. Compound 77a was converted into compound 78a in one
stage using hydrazine hydrate and Pd/C in ethanol. The reaction
of compound 78a with the o-dione (17,18-dioxo-5,10,15,20-
tetraphenylchlorin) led to compound 68 in 82% yield.
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The following synthetic transformations were carried out in
order to obtain compound 82a from compound 70. The
ruthenium-catalysed cyclisation reaction between compound 70
and dimethyl acetylenedicarboxylate (DMAD) afforded the
adduct 79, which was subjected to a further cyclisation reaction
with the quadricyclane 80. The product 81a was subsequently
converted into compound 81b. Further transformations were
similar to those described above for the synthesis of compound
78a. In the concluding stage, the dimethoxy-derivative 69,
synthesised from compound 78b, was converted into the
required porphyrin-quinone 64 in 62% yield.”*

During the subsequent several years, it was shown that the
rigidly bound polynorbornylenebicyclo[2.2.0]hexy! systems have
a series of exceptional advantages over other hydrocarbon
bridges usually employed. Firstly, the norbornyl spacer is
extremely effective, which was demonstrated by numerous
photoelectron and picosecond absorption spectroscopic studies.
It was predicted that the intramolecular electron transfer in these
systems should be especially rapid. This was subsequently
confirmed. Secondly, the overall rigidity of the poly-
norbornylenebicyclof2.2.0]hexyl spacers completely rules out any
conformational uncertainties between the chromophores.
Consequently, these spacers make it possible to achieve specific
orientations and distances between the porphyrin and the
quinone. Thirdly, and this is the most important advantage,
there is a possibility of adding a series of chromophore rings,
including benzenes, naphthalenes, anthracenes, pyrimidines, and
pyrazoles, to both ends of the spacers.”

As already mentioned above, much attention is being
devoted nowadays to the study of the role of the spacer
connecting the donor and the acceptor.23.24.69 It has been
shown 73-75 that saturated hydrocarbon spacers effect electron
transfer at a high rate between the oxidation-reduction sections
similar to those found in the photosynthetic unit.

It has been suggested® that aromatic aminoacids, such as
tyrosine, phenylalanine, and tryptophan, located between the
electron donor and acceptor in proteins, can also accelerate the
electron transfer reactions.

Osuka and Maruyama’s study?¢ is part of a research
program designed to investigate the roie of the aminoacid
residues in biological electron transfer reactions in model
compounds incorporating a porphyrin. Tyrosine was chosen

Scheme 7
CONHCHCO,C,;H;
CH, OH
0 (84)
————————
CO2CH; 83
CONHTHCO:Csz [¢)

o]

CO,CH; 85

among the aminoacids because it has been postulated that it
performs the functions of both an electron and a proton donor.

The porphyrin-tyrosine 83 was obtained by condensing the
acid chloride of the monomethyl ester of mesoporphyrin II with
the ethyl ester of L-tyrosine (yield 96%). Irradiation of the
porphyrin-tyrosine 83 in the presence of benzoquinone 84 in
benzene by light at a wavelength > 590nm under an argon
atmosphere led to the formation of the adduct 85 in 75% yield
(Scheme 7).7¢

Quinone-substituted porphyrins have been generally
recognised recently as models of the primary electron transfer in
the photosynthetic process. However, despite the vigorous
investigation of the photoinduced electron transfer reactions
between the porphyrin and the quinone, there have been only a
few studies of synthetic interest.””

A highly effective synthesis of porphyrin-quinones, based on
the self-photosensitisation of the porphyrin, has been
reported.476.77 The proposed method of synthesis has a
number of advantages: firstly, it does not require the protection
of the quinone groups and, secondly, different quinones, with a
wide range of electrochemical and stereochemical properties,
may be used.

Irradiation of hydroxyphenylporphyrin in the presence of
benzoquinone or naphthoquinone (1 > 590 nm, Ar) in
chloroform affords the quinone-substituted porphyrins 86a,b or
87a,b respectively.”” The wavelength A > 590 nm and the
absence of air in the reaction solution are decisive factors for the
high yield of the porphyrin-quinone compounds. Compounds
88a—c and 89a—c have been obtained similarly.%

86 (»-OR)
87 (0-OR)

(0] (o]
X
R-= /¢ @, ®
(o] o]

X = H, Cl, Br, CH3

R O
COA(CH), —@—o
o)

88 (R = H)
89 (R = CI)

CO,CH3 n=1(a),2®),3(c).
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R = CH»CsH4O(CH,)>O(CH;);OCH3.

A multiplicity of covalently bound porphyrin-quinone
derivatives have been synthesised to be used as models of the
photoinduced electron transfer.

An alternative approach to the photosynthetic modelling
includes the synthesis of supermolecular aggregates which are
not covalently bound. The multichromophore structures of the
photosynthetic reaction centres or light-absorbing antenna
aggregates may serve as examples of such non-covalent binding
in natural systems.

This new approach to the construction of photochemically
active systems is simpler than that described above and based on
the formation of covalent bonds between the chromophores.”8
The synthesis of the new noncovalently bound photosynthetic
system 90-91 has been described recently.”

When the guanine and cytosine derivatives are mixed in
methylene chloride, the formation of hydrogen bonds
between the complementary bases is observed. The subunits of
the assemblies formed in this way assume different
conformations and the ‘edge-to-edge’ distance between them
does not exceed 20 A.

The rate constants for the binding of the guanine and
cytosine derivatives in methylene chloride have been determined
by 'H NMR spectroscopy (k = 3100 + 470 mol—!). The
‘coated’ porphyrin-quinones, obtained as a result of the non-
covalent binding, have been described by Aoyama et al.%¢

5,15-cis-Bis-(2-hydroxy-1-naphthyl)octaethylporphyrin 92 in
chloroform binds selectively benzoquinone 84 with formation of
the symmetrical adduct 93 of the ‘face-to-face’ type via hydrogen
bonds (Scheme 8).

Scheme 8

OH
()

OH

93

The noncovalent binding used to construct porphyrin-
quinones of the ‘face-to-face’ type is free from synthetic
difficulties and the yield of complex 93 can reach 100% when a
large excess of the quinone and a low temperature are used. It is
noteworthy that the four free positions in the initial
benzoquinone make it possible to obtain a whole series of
derivatives with functional group substituents, which permits the

modification of the electronic and steric structures of the
quinones.8°

Scheme 8 constitutes an extremely simple procedure for the
synthesis of porphyrin-quinone compounds. On the basis of
these results, one can postulate that the combination of the
individual components into a single system via hydrogen bonds
constitute a new and important strategy for the construction of
biologically important structures”® and in general of molecular
aggregates with functional group substituents,”: 80

b. Photachemistry of the porphyrin-quinone compounds

In the first studies on the synthesis of porphyrin-quinone
compounds, attempts were made to investigate their
photochemical properties.

In the system 46 described, tetraphenylporphyrin plays the
role of chlorophyll (an electron donor), while the quinone plays
the role of the electron acceptor.

Important information about the photochemical processes
occuring in porphyrin-quinone compounds can be obtained
from the emission spectra. The fluorescence spectra of the
derivatives 50a—f and 51a—f do not differ from the spectra of
the initial porphyrins, but in their case an intense quenching of
the fluorescence of the porphyrin is observed. The relative
fluorescence quantum yield of the diquinone derivatives is
4% —5%. Such quenching of the fluorescence, which is charac-
teristic of covalently bound porphyrin-quinone compounds, is a
consequence of the photoinduced electron transfer from the
porphyrin to the quinone,>> 56

The introduction of the pentiptycene spacer between the
porphyrin and the quinone in compounds 57 and 58 diminishes
both the charge separation and charge recombination rate
constants by a factor of ~ 10 compared with those observed for
compound 94.

The ‘edge-to-edge’ distance between the =w-systems of the
porphyrin and the naphthoquinone in compounds 57 and 58 is
~6A, while the corresponding distance in the porphyrin-
quinone 94 is ~24A and, although the donor-—acceptor
distance has increased by 3.6 A on passing from compounds 94
to compounds 57 and 58, the presence of the benzene ring and of
the unsaturated carbon atoms in the peptiptycene spacer in
compounds 57 and 58 reduces the rate of electron transfer in
these systems by more than an order of magnitude, which was in
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fact expected on passing from the spacer with one saturated
carbon atom (compound 94) to a spacer with two such atoms
(compounds 57 and 58).

The electron transfer reactions involving the excited state
and the recombination of the ion pair in the porphyrin-quinone
compounds 57 and 58 exhibit an appreciable dependence on the
orientation: the ion pair recombines twice as fast in the anti-
isomers as in the syn-isomers. Such dependence on the
orientation has also been observed for the fluorescence lifetimes
of these compounds. Taking into account the nature of these
dependences, one can postulate that the electron transfer is
effected through the bonds of the rigid hydrocarbon spacer.®

A similar conclusion has also been reached by Antolovich
et al.”® The observed and theoretically predicted ability of the
spacers to promote the electron transfer diminishes in the
sequence spirocycles > bicyclo[2.2.2]octanes > alkanes. This
result confirms the fact that the electron transfer over large
distances in the porphyrin-quinone systems takes place through
the hydrocarbon bonds of the spacer.5% 72

As already stated above, the natural chromophores
participating in the main stages of the photosynthetic electron
transfer are represented by the special pair BChl,, the excited
electronic state of which transfers an electron to pheophytin in
the first stage of the process at a rate of ~3 x 10! s—!, while in
the second stage the charge is transferred from pheophytin to the
quinone at a rate of ~4 x 10% s~ It is assumed that this
natural donor —acceptor pair is simulated in the second stage of
the photosynthesis process by the porphyrin-quinone molecules
connected by the spacer.”> However, in only a few of the model
compounds are the distance between the chromophores and the
orientation of the latter similar to those in the natural
photosynthetic unit.

One of the model compounds in which the spacer ensures a
suitable ‘centre-to-centre’ distance is system 95.75

O

n = 1(95), 2 (96)

95, 96 M = 2H (a), Zn (b)

Compounds 95a,b with a strong octaalkylporphyrin donor
exhibit 7 high rates of charge separation in different solvents,
reaching 1.25 x 1015~

It is of interest to note that the rates of the photoinduced
intramolecular electron transfer in the model system 95b can
exceed the rate of electron transfer from pheophytin to the
quinone (4 x 10° s—1) in the photosynthetic unit. Investigators
attribute this to the fact that the spacer in compound 95 contains
the p-phenylene n-system conjugated with the porphyrin. The
degree of this conjugation is compensated by the marked
rotation about the bond connecting these halves, which hinders
the determination of the ‘edge-to-edge’ distance between the
donor and the acceptor systems.”® The increase in this distance
and in the ‘centre-to-centre’ distance in compound 95 as a result
of the introduction of a second bicyclooctane unit into the
spacer 5 led to compound 96 in which the rate of electron
transfer was found to be <107 s—1.

The results of a study of the porphyrin-quinone systems 63
and 64 have been reported.”® This is yet another part of the
studies of electron transfer over long distances. The distance
(16.2A) between the chromophores attained in compound 64
and its zinc complex greatly exceeds the ‘centre-to-centre’
distances in compound 95 and 96 and in the photosynthetic
BChl unit between the pheophytin and quinone halves

(13—-14A), whereas the angle between the normals to the
chromophores is 40°—45° (established from extrapolated crystal
structure data), which is comparable to the values for the natural
systems (35° &= 6°). The rates of electron transfer in compound
95 are comparable with those obtained for compound 64 despite
the greater number of saturated bonds and the greater distance
in space between the chromophores, which is probably
associated with the structures and configurations of the
hydrocarbon spacers employed.”? Thus the rate of charge
separation in system 95 was found to be 3.7 x 107 s~! in
propionitrile,”* which is comparable with the rate 3.6 x 107 s~!
for compound 64 in acetonitrile.”

The results obtained by Antolovich et al.”, confirm and
expand the data of Joran et al.,’”* who demonstrated the
possibility of attaining high rates of charge separation
(>10° s—') between the porphyrin and quinone components
with the aid of saturated bonds.

The system 90-91, in which the effective specific electron
transfer over long distances takes place through hydrogen
bonds, has been considered.” In methylene chloride, the
fluorescence of the porphyrin 90 is quenched foliowing the
addition of large amounts of compound 91. The fluorescence
quantum yield of compound 90 falls with increase in the
concentration of compound 91 to 35%.

The binding constant for compounds 90 and 91 is
1290 + 230 mol—!, while the electron transfer rate constant is
k = (42 £ 0.7) x 108 s—1, These values correspond to electron
transfer through bonds over a distance of 12 A, which follows
from the interpolation of data for porphyrin-quinone
compounds bound covalently via a spacer.”

The porphyrin-quinone compound 93, described by
Harriman et al.,” has a 3 A separation of the ‘face-to-face’ type
and, as shown by UV spectroscopy, exhibits the porphyrin-
quinone ©— n-interaction. It was found that the fluorescence of
the porphyrin-quinone 93 is fully quenched by effective electron
transfer with the complex. The authors concluded that the ability
of quinones to quench the fluorescence of the porphyrin 92 is
determined not by their oxidation-reduction properties but by
the degree of binding of the quinone to compound 92.

4. Porphyrin compounds bound covalently to aminoacid
residues — tyrosine and tryptophan
Much attention is being devoted nowadays to the study of the
role of aromatic aminoacids, especially tyrosine (Tyr) and
tryptophan (Trp), in the photosynthetic process. It was
established previously that, together with other aromatic
aminoacids, tyrosine influences the conformation of the protein
component of the photosynthetic pigment?3'-82 but tyrosine
began to be considered as an electron donor only in recent
years.34.82-86

It has been shown that in the case of the photosystem II a
further two cofactors, called Z* and D*, participate in the
photosynthetic process in addition to chlorophyll. A series of
studies 83.84.87.88 showed that the tyrosine radicals participating
in electron transfer from the water-cleaving manganese-protein
complex to the photochemically oxidised radical-cation Pg, are
the Z* and D* cofactors. The spectroscopic characteristics of the
tyrosine radicals Z* and D* of the photosystem II are being
widely investigated at the present time.8 %4

The study of the tyrosine radicals helped to discover the
location of L-Tyr'®? in Rhodopseudomonas viridis and
Rhodobacter sphaeroides— it was found to be located between
the special pair and the nearest cytochrome subunit.84.83,87.95

As already mentioned above,5: 7 aromatic aminoacids such
as Tyr and Trp accelerate the electron transfer reaction between
the donor and the acceptor separated by a fairly long
distance—via electron binding through the corresponding
orbitals 8

The study of the mechanism of the photocatalytic
decomposition of water made it possible to discover the
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participation in this process of the manganese ion® located in
the proteins of the photosystem II.

It is believed that tyrosine is an electron transfer agent
between clusters made up of four manganese atoms in the
oxygen complex formed and in the chlorophyll radical-cation
P, of the photosystem II of the green bacteria.??.88.97.98
Furthermore, tyrosine-containing porphyrins exhibit a biological
activity — they have a carcinostatic effect.35 %

The zinc complexes of pyrochlorophyllide a and bacterio-
chlorophyllide a, containing the methyl esters of the aminoacids
Trp and Tyr in the side chain of the macrocycle and capable of
being coordinated to the metal and of m— = interaction with the
macrocycle, have been synthesised in order to investigate the
chlorophyll—protein interactions. It was shown by 'H NMR
spectroscopy that, as a result of the above interactions, the
aminoacid residues participate in the formation of the dimeric
compounds in which the methoxycarbonyl group of the
aminoacid is coordinated to the metal. The planes of the
macrocycles are parallel and overlap in the rings I'V.52

Such compounds can also serve as models of the reaction
centre of the chlorophyll molecule.32 190

The condensation of the activated ester of pyropheophorbide
a with a fivefold excess of the methyl esters of L-Tyr or L-Trp
leads to the formation of the covalently bound complexes 97a
and 98 containing aminoacid residues (2-chloro-N-methyl-
pyridinium iodide in a mixture of methylene chloride and
triethylamine was used as the activating agent in the synthesis of
the activated ester of pyropheophorbide g).%2

97:R = NH—(IIH—C02X
CHZ—Q—OH

X = CHj (a), C:Hs (b)

98:R = NH—(EH—CO;CH;

) L
0 1 ;: 1)

97-99 H

COR

99: R = NH—(IIH-—C02C2H5 O
b0
(o)

Compounds 97b and 98 were synthesised by the method
described ®? (59% and 55% yields respectively) in order to carry
out further investigations.87- 101

Irradiation of compound 97b in the benzene—acetonitrile
solvent mixture in the presence of benzoquinone by light at a
wavelength in excess of 590 nm under an inert gas atmosphere
affords compound 99 in 56% yield, the yield depending on the
quinone concentration. This concentration dependence clearly
indicates that compound 99 is formed as a result of the
quenching of the triplet state of pyropheophorbide-tyrosine 97b
by benzoquinone 84. This reaction is similar to the
photochemical reaction of tyrosine-mesoporphyrin II 83 with
benzoquinone.?5: 87,95

Irradiation of compounds 98 and 84 under identical
conditions did not yield a photochemical product.8?

On the other hand, pulsed irradiation (0.3 s) of a solution of
compounds 100a and 84 in deuteriobenzene at 514 nm from an
argon laser in the tube of a '"H NMR spectrometer (400 MHz)
under an inert gas atmosphere affords compound 100b in 8%
yield. 0!

977
0. R
%C/
R = NH—-CH—CO,CH3;
CH;
O
N
X
o
X = H (a),
do.cn. (®) (b)
100 &
Tyrosine-containing porphyrins have been synthesised

from 5-(p-aminophenyl)-10,15,20-triphenylporphyrin and di-
(tert-butoxycarbonyl)-protected tyrosine in order to create
subsequently photosynthetic model systems and to investigate
their biological activity.192

In this case tyrosine adds to the amino-group of the
porphyrin and not to the carboxy-group, as described in other
studies, 76-82,87.95, 101

Two methods were used to synthesise compound 101. The
mixed anhydride method using isobutyl chloroformate as the
anhydride-forming agent (the yield of tyrosylporphyrin was
26.6%) and the N,N’-dicyclohexylcarbodiimide method
(vield 80%).

Trifluoroacetic acid was used to remove the protecting
groups from tyrosylporphyrin 101 and compound 102a was
obtained in 92.5% yield.

101, 102

101:R = CO—(|3H—NH—Boc
CH;—@—OBOC

102: R = CO—CH—NH;

|
Lt —()-on

M = 2H (a), Mn (b)

M =2H

Manganese ions were introduced by heating the porphyrin
102a with manganese acetate and the yield of compound 102b
was 42.8%.102

It follows from the foregoing that the porphyrins bound to
tryrosine can serve as model compounds for the investigation of
the photosynthetic process and, in particular, of the mechanism
of the catalytic decomposition of water and also for the
elucidation of the role of tyrosine in the natural photosynthetic
process, which is at present the subject of scientific discussions.
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II1. Conclusion

The model compounds presented above have found extensive
application in the study of the primary photosynthetic process.
Furthermore, they are ideal models for the determination of the
main principles of the photoinduced electron transfer.!.47

Only a small proportion of the enormous amount of work
carried out on the study of the natural photosynthetic process is
described in the present review. Such research has become
possible as a result of the development of methods for the
synthesis of complex molecules, for the determination of their
structures, and for the investigation of their spectroscopic,
photochemical, and photoelectric properties.
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