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Introduction

Metalloporphyrins are key cofactors in many catalytic sys-
tems of biological and synthetic importance and since long
the methods of metal insertion and exchange in tetrapyr-
roles are of great interest. There are two general paths to-
wards metal exchange in tetrapyrrolic complexes. Under
acidic conditions, the transmetalation of metalloporphyrins

and chlorophylls (Chls) proceeds via dissociation of the cen-
tral metal followed by a reaction of the free base with the
incoming metal cation. In the absence of acid, the exchange
of metal ion proceeds via an interchange mechanism. Nu-
merous studies on metalloporphyrins have shown that there
are several factors which determine the kinetics of transme-
talation, such as the coordination properties of the metal
ion, its ligands and the nature of the solvent.

The structural factors which determine the properties of
the porphyrin/Chl macrocycle are also important.[1–6] In par-
ticular, structural differences between porphyrins and Chls
(Figure 1) seem very relevant, but they have not yet been
compared in the context of their abilities to control the ex-
change of the central metal ion. The transmetalation of Chls
is a reaction in which the central Mg ion is displaced by an-
other divalent metal ion, as shown in Equation (1).

Mg-Chla þ MII ! Mg þ M-Chla ð1Þ

The substitution in some cases, for example, with ZnII and
CuII, occurs spontaneously but usually is irreversible, as re-
ported by Schunck and Marchlewski already at the end of
the 19th century.[7] These spontaneous reactions pose a seri-
ous threat in natural systems as they may cause the irrever-
sible loss of photosynthetic activity, for example, in plants
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growing on soils polluted by heavy metals.[8] On the other
hand, metal displacement is of great interest when consider-
ing the use of metallosubstituted Chls and bacteriochloro-
phylls (BChls) in model studies[9–13] and their application as
photosensitizers in photodynamic therapy (PDT).[14–23] This
has lead to the development of methods to achieve an inser-
tion of divalent metal ions that cannot spontaneously re-
place the central Mg2+ .[24] Among these the so-called “ace-
tate method” is commonly used in the synthesis of metallo-
substituted porphyrins and Chls.[1,25, 26] Recently, modifica-
tions of this general method were employed to synthesize
for the first time the Zn- and Cu-substituted BChla[5] and
Pt-substituted Chla.[27] Although the method is already for
decades in use, its mechanism remains ill-defined.[1,3] The
present study is aimed to examine the underlying mecha-
nism of the metal exchange reactions of chlorophylls and its
activation by acetate.

In this report we show that the effect of acetate ions on
the transmetalation of Chla depends strongly on the coordi-
nation properties of the solvent. Moreover, the activating
effect of acetate (Ac) seems intrinsically linked to the occur-
rence of the keto–enol tautomerism at the isocyclic ring of
Chl. Spectrophotometric titrations of BChla with tetrabutyl-
ammonium acetate (TBAAc), 2,2’,2’’,2’’’-(ethylenedinitrilo)-
tetraethanol (THEED) and pyridine (py) were performed in
order to determine the forms of pigment coordination in the
presence of these chelators. Because Ac ions, solvent mole-
cules and Chl can all act as potential ligands for CuII and
Mg, we considered all the possible and essential equilibria
that can occur in this system. In addition, the kinetics of the
transmetalation of Chl in the presence of TBAAc and
THEED was investigated using conventional kinetic tech-
niques.

Results and Discussion

Interaction of acetate ions with chlorophylls : In order to de-
termine the possible non-symmetrical axial interaction of
Chla with chelating ligands, titrations of BChla in weakly li-

gating MeCN with py, TBAAc and THEED were per-
formed. The use of BChla was motivated by the better dis-
tinction of the coordination-sensitive QX transition in this
pigment.[28,29] According to the available data,[29,30] BChla
and Chla are mainly five-coordinate in MeCN and six-coor-
dinate in MeOH. Whatever the solvent, it can be replaced
by py, which is known to force Chls to form symmetrical six-
coordinate complexes.[30,31] In this context, BChla was incu-
bated in MeCN containing 0.15m py and then small doses of
0.5m TBAAc or THEED solutions were added. Every addi-
tion increased the concentration of TBAAc or THEED by
0.02m. Figure 2A shows the relevant region of the absorp-
tion spectrum of BChla pre-incubated with py, recorded
during titration with TBAAc and THEED, whereas Fig-
ure 2B shows the QX band of BChla pre-incubated with
TBAAc or THEED and then titrated with py.

In the presence of 0.15m py in MeCN an equilibrium be-
tween five- and six-coordinate forms of BChla exists, as in-
ferred from the appearance of the two-component QX band
(solid line in Figure 2A). Upon the addition of TBAAc, the
component near 610 nm disappears while the one at 580 nm
increases significantly. The addition of THEED under the
same conditions causes only a partial shift towards the

Figure 1. Chemical structures of chlorophyll a and bacteriochlorophyll a,
major photosynthetic pigments of higher plants and purple photosynthet-
ic bacteria, respectively.

Figure 2. Effects of various chelators and high pressure on the shape of
the coordination state-sensitive QX band of bacteriochlorophyll a (2.5Q
10�6

m) in acetonitrile (MeCN) and in dimethylformamide (DMF), re-
spectively. A) To the solution of the pigment pre-incubated with 0.15 mm

pyridine (solid line), 0.02m 2,2’,2’’,2’’’-(ethylenedinitrilo)tetraethanol
(THEED, g) or 0.1m tetrabutylammonium acetate (TBAAc, a) was
added. B) The pigment in MeCN was first treated with THEED (*) or
with TBAAc (c) and then pyridine was added (dotted and dashed
line, respectively). The same concentrations were applied as in A). C)
and D) High pressure-induced changes in the shape of the QX band of
bacteriochlorophyll a in neat DMF and in DMF containing 1 mm sodium
acetate, respectively.
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580 nm band (Figure 2A). No significant spectral changes
were observed when py was used as the titrant for a solution
of BChla pre-incubated with TBAAc (Figure 2B), whereas
the final spectrum of BChla in MeCN/THEED titrated with
py was comparable with that recorded during the titration
of BChla/py with THEED. In strongly coordinating MeOH,
the QX band of BChla is symmetrical and has a maximum at
608 nm, and no changes were observed during titration with
TBAAc (or THEED) in the presence/absence of py (not
shown). The lack of any effect of TBAAc/THEED on the
spectrum of BChla in MeOH may suggest a relatively
higher stability of the MeOH-ligated species compared with
the [BChla(Ac)] complex. This seems, however, difficult to
justify since the charge and chelating abilities would suggest
an MeOH for Ac substitution. A straightforward possibility
is that MeOH stabilizes Ac ions, for example, due to a
strong hydrogen bonding.

These observations point to an easy substitution of two py
ligands by one Ac at axial positions in BChla in MeCN.
Consequently, a non-symmetrical complex in relation to the
plane of the tetrapyrrole is formed. It is, however, unclear
whether it is five- (tetragonal pyramidal) or six-coordinate
(prismatic) since the spectral changes should be related to
the influence of the axially coordinated ligands on the con-
formation of the macrocycle. Chelation is usually preferred
over monodentate ligation. However, the four-membered
rings are generally not as stable as five- or six-membered
rings. Moreover, the proximity of the Chla p-electron
system can, to some extent, counteract the formation of an
additional Mg�Ac bond. Nevertheless, there is not enough
space for any extra ligand and hence only one Ac can bind
to the central Mg ion. As a result, the Mg ion chelated by
Ac must be pulled out of the Chla plane more significantly
than in the complex with a coordinated solvent molecule.
Such displacement of the central ion causes some distortion
of the tetrapyrrolic ring even though it is more rigid when
compared to porphyrins.[32] The similar changes in the QX

band which occur in the presence of high concentrations of
THEED indicate that the effects of this chelator on BChla
are comparable. However, they are weaker than the ones
observed in the presence of TBAAc, so much so that a
higher concentration of alcohol is required to substitute py
in the [BChla(py)2] complex.

The exceptionally strong binding of Ac to the central Mg
ion and the deformation of the Chl macrocycle is fully con-
firmed by the absorption measurements under high pressure
and the effects of acetate on the excited state lifetime of
Chla and BChla and its demetalated derivatives. In the ab-
sence of Ac, the application of hydrostatic pressure at room
temperature significantly shifts the coordination equilibrium
of BChla in DMF toward the six-coordinate form (Fig-
ure 1C), whereas the addition of Ac (1mm) very effectively
stabilizes the five-coordinate state (Figure 1D). This effect is
also reflected in the properties of the singlet excited state of
the pigments; the addition of Ac to Chla solution in DMF
causes a shortening of its fluorescence lifetime from 6.02�
0.06 to 5.85�0.06 ns and to BChla in DMF, from 3.46�0.07

to 3.14�0.08 ns. At the same time, Ac has no effect on the
fluorescence lifetimes of the demetalated pigments. As in
other porphyrinoids, the shortening of the singlet excited
state lifetime is an indication of the loss of planarity of the
macrocycle.[32,33] Very similar effects on the coordinative and
the excited state properties of the pigment were caused by
intramolecular chelation of the central Mg in BChla (Fiedor
et al. , unpublished results).

Activation of copper(II): According to the available data,
the CuII ion forms typical octahedral six-coordinate com-
plexes in MeOH[34] and five-coordinate[35] or six-coordinate
axially elongated octahedrons in MeCN.[36] Ac can obviously
coordinate to the CuII ion, and in this process the coordinat-
ed solvent molecules (Solv) are substituted by Ac as its con-
centration increases. The speciation of CuII in the used sol-
vents should be considered, especially since Ac can act
either as a mono- or a bidentate ligand. X-ray studies per-
formed by van Niekerk and Schoening[37] indicated that
CuAc2·H2O crystallizes with CuII ions arranged in pairs
which are bridged by four acetic groups. Moreover, CuAc2

is supposed to form mainly dimeric complexes in various
solvents, including acetic acid,[38–42] alcohols,[42,43] and
MeCN.[44,45] The dimer to monomer dissociation constant
was found to be very low in acetic acid, about 1Q10�5

m, and
increased up to 6Q10�3

m in the order HAc < EtOH <

MeOH.[42] Equilibrium (2) is strongly shifted towards the
formation of the 1:2 complex:

½CuAcðSolvÞ4�þ þ Ac� Ð ½CuAc2Solv2� þ 2 Solv ð2Þ

A further increase in Ac concentration usually results in the
formation of dimers, [Cu2Ac4Solv2]. The monomeric species,
[CuAc2Solv2], is a tetragonally distorted octahedron with Ac
more strongly bound to the CuII ion than the axial solvent
molecules.[40] In the case of the dimer, one solvent molecule
per CuII is released to enable a direct copper-to-copper
bond formation.[37,46]

In order to determine the speciation in MeOH and
MeCN, spectrophotometric titrations of trifluoromethane-
sulfonate (CuTf2) with TBAAc were performed in both sol-
vents. When the ratio of concentrations of Ac and CuII, cAc/
cCuII, was kept below 2, in both solvents similar changes
could be seen in the absorption spectrum of CuTf2
(Figure 3). The bands at 825 nm (in MeOH) and at 860 nm
(in MeCN) disappeared while new bands accordingly ap-
peared at 700 and 675 nm. The absorbance changes, moni-
tored at 700 nm (or 675 nm), accompanying the increase in
TBAAc concentration in the two solvents are shown in Fig-
ure 4A. At higher ratios of cAc/cCuII, the changes of A700 in
MeOH reach a plateau, whereas in MeCN a shift of the
band maximum from 675 to 725 nm occurs and the band in-
tensity decreases until cAc/cCuII =3 is reached. An increase in
the concentration of Ac also affects the higher energy band
with a maximum near 325 nm.

The intensity of this band initially increases to reach a
maximum at the ratio cAc/cCuII equal 2 in MeOH and equal 1
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in MeCN. In the latter solvent, the A325 value drops to ap-
proximately half of its maximal value (at cAc/cCuII =2) and re-
mains unaffected by any further addition of TBAAc. More-
over, due to the narrowing of this band, another one can be
observed at 375 nm which then decreases with increases in
TBAAc concentration, disappearing completely when cAc/
cCuII =3. The titration curves plotted for absorbance changes
at 375 nm are shown in Figure 4B. Due to a stronger over-
lap, the corresponding high energy band could not be distin-
guished in the spectra recorded in MeOH. However, in this
solvent absorbance at 375 nm changed in proportion to the
absorbance of the main charge transfer band at 325 nm.

Additional information was derived from EPR measure-
ments. The spectra of CuAc2·H2O were recorded in MeOH

and in MeCN, both in the absence and presence of 0.1m

TBAAc. In each case, a single signal was found with a maxi-
mum at about 3310G (see Supporting Information). The
basic parameters of the signal are comparable with those re-
ported by Grasdalen.[40–42] The most important change in-
volves the baseline which under the influence of TBAAc re-
mains wavy in MeOH over a wide field range, but straight-
ens out in MeCN.

According to previous UV/Vis spectroscopic studies in
various solvents,[39, 42,47] the [Cu2Ac4Solv2] dimers show a con-
siderably stronger absorption than [CuAc2Solv2] and even
stronger than [CuAcSolv4]

+ . In addition, the absorption
band of the dimer is shifted towards shorter wavelengths
compared to the monomer. Therefore, the spectral changes
observed during the titration of CuTf2 with TBAAc in
MeOH point to both the coordination of two Acs as well as
to the formation of [Cu2Ac4ACHTUNGTRENNUNG(MeOH)2]. According to the
earlier work of Tsuchida and Yamada,[43] and of Martin and
Whitley,[47] the band at 375 nm should be considered diag-
nostic for dimeric CuII complexes. Thus, strong absorption
signals at 700 and 375 nm indicate that Ac stabilizes such
dimers in MeOH. Surprisingly, [Cu2Ac4Solv2] turned out to
be unstable in MeCN in the presence of high TBAAc con-
centrations as indicated by a decrease in absorption at 375
and 675 nm, and a red shift of the latter band. This is con-
firmed by the EPR spectra. Since the resonance of the
dimers is several thousand Gauss wide,[40,41] quantitative
analysis to determine the concentration of [Cu2Ac4Solv2]
was not possible. However, its concentration could be as-
sessed from the decrease in intensity of the sharp signal
characteristic of monomers observed at about 3300G in
MeCN. In MeOH, the addition of Ac had no effect on the
intensity of the monomer signal and the wavy shape of the
line suggests an overlap with a very broad signal, which can
be attributed to the contribution of dimers. Some traces of
such a wave can also be recognized in the EPR spectrum of
CuAc2 in MeCN. Its disappearance upon the addition of
TBAAc indicates decomposition of the dimers.

The different behavior of copper dimeric species in
MeOH remains unresolved. One should consider the possi-
bility of a proton release by MeOH molecules caused by the
influence of the CuII ion on their pKa value. Furthermore,
this proton release could be assisted by Ac as CuII methox-
ide can be easily formed in MeOH.[48] The existence of
[Cu2Ac4ACHTUNGTRENNUNG(MeO)2]

2� provides another justification for its high
stability in the presence of TBAAc.

The results discussed above confirm that CuAc2 in MeOH
and MeCN exists mainly in dimeric forms, although mono-
merization can occur as a result of the coordination of the
third Ac in MeCN. The stability of chelates in the [CuAc3]

�

complex must be even lower than in [CuAc2Solv2], such that
further Ac substitution can occur quite easily. No evidence
for the [CuAc4]

2�, [CuAc5]
3� or [CuAc6]

4� forms was ob-
tained from spectroscopic studies. Thus, we assume that in
an excess of Ac the predominant species of CuII in MeCN is
[CuAc3]

� , whereas in MeOH it is [Cu2Ac4ACHTUNGTRENNUNG(MeOH)2] or
[Cu2Ac4ACHTUNGTRENNUNG(MeO)2]

2�.

Figure 3. Electronic absorption spectra of the coordination forms of the
CuII species in methanol and acetonitrile formed in the presence of vari-
ous concentrations of tetrabutylammonium acetate. The numbers indicate
the molar ratios between CuII ions and acetate.

Figure 4. Titration of CuII trifluoromethanesulfonate (CuTf2) with
TBAAc in methanol (~) and acetonitrile (*) followed spectrophotomet-
rically in the visible (A) and in the UV range (B). The absorbance
changes in methanol were recorded at 700 nm and in acetonitrile at
675 nm. In the UV range, in both solvents the absorbance was followed
at 375 nm. The signals were normalized and corrected for dilution (see
text for details).
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A THEED-induced decomposition of dimeric CuII species
is not expected as the electron-donating abilities of hydroxy
groups are not sufficient to overcome the coordination of
Ac. Therefore, substitution of MeCN in [Cu2Ac4Solv2] by
THEED does not affect the overall complex structure.
Some additional interactions can be considered, especially
hydrogen bond formation with bridging Ac oxygen atoms.
Nevertheless, their positive influence on CuII activity is
questionable.

Activation of chlorophyll : The effect of Ac on both the CuII

ion and the tetrapyrrolic system, suggests possible implica-
tions for the metal exchange reactions of Chla. A series of
kinetic studies with Chls and CuAc2 were performed by Be-
rezin et al.,[49, 50] but the influence of the monomer–dimer
equilibrium on the kinetics of the metalation of pheophytin
(free base, Pheo) was not discussed in any further detail.
Therefore, the reactions of Chla and, in addition, Pheo with
CuAc2 were studied in MeOH and MeCN, both in the ab-
sence and presence of TBAAc and THEED. The course of
these reactions was followed using absorption and emission
(fluorescence) spectroscopy.

In both solvents at ambient temperature, the substitution
of Mg by CuII in Chla occurred relatively slowly as only
small changes were observed in the absorption spectra (not
shown) of the reaction mixtures containing 2.5 mm Chla and
a large excess of the CuII salt (5 mm in MeCN and 2.5 mm in
MeOH). In MeOH, a blue shift of a few nanometers of the
QY band of Chla occurred, but the reaction did not proceed
further as no shift of this band to 642 nm (characteristic of
the Cu–Chla product) was observed. Through prolonged pe-
riods of time, a slow degradation of Chla was observed in
MeCN (not shown). The reactions of CuAc2 with Chla were
repeated in the presence of TBAAc and THEED.

As shown in Figures 5 and 6, a strong effect of TBAAc on
the transmetalation reaction was observed in MeCN.
TBAAc caused rapid changes in both the electronic absorp-
tion and emission spectra of the reaction mixture. In the ab-
sorption spectrum, a fast decrease of the band at 662 nm
(Chla) occurred, accompanied by an increase of the band at
642 nm (Cu–Chla) and a change of the shape of the Soret
band (Figure 5). The appearance of at least two isosbestic
points (near 430 and 655 nm) suggests that no intermediates
occur during the formation of Cu-substituted Chla. The re-
action seems to be irreversible, which is consistent with the
finding that the observed absorbance changes both at 642
and 662 nm are independent of the CuII concentration (not
shown).

Some acceleration of the transmetalation reaction was
also caused by the addition of THEED, but this effect was
less pronounced than in the case of TBAAc (see Supporting
Information). Also, THEED caused a smaller shift of the
QY band of Chla, in this case to 650 nm. It follows then that
THEED as a chelator shows weaker coordinative properties
towards the central Mg2+ ion as compared to Ac. Seemingly,
THEED somewhat distorts the conformation of Chla and
thus facilitates an interaction with the CuII ion on the oppo-

site side of the macrocycle. Although this deformation and
the Mg�N bond stretching may not be sufficient for a disso-
ciation of the central Mg2+ , a bimetallic intermediate com-
plex, Mg-Chla-Cu, can presumably be stabilized.

The kinetics of the reactions in MeCN in the presence of
0.1m TBAAc and 0.1m THEED, followed at 642 nm, are
compared in Figure 6, together with the kinetics of the reac-
tion of Chla with CuAc2 performed in the absence of any
additives (lower trace). Clearly, both chelators cause a sub-
stantial increase in the rate of the transmetalation reaction.
In MeOH, Ac had inhibiting effects on the transmetalation
reaction (not shown).

Figure 7 shows the fluorescence changes that accompany
the reaction of Chla with CuAc2 in MeCN in the presence
of 0.1m TBAAc. They are representative of all the reactions
studied since a two-step decrease in the emission of Chla
was found in each case. The first step, during which the fluo-
rescence intensity decreased by 70–90%, reaching comple-

Figure 5. Spectral changes accompanying the acetate-assisted transmeta-
lation of chlorophyll a with CuII acetate in acetonitrile (see text for de-
tails).

Figure 6. Effects of TBAAc and THEED on the kinetics of conversion of
chlorophyll a into the copper complex (see text for details). The transme-
talation was carried out with CuAc2 alone (&) and with the addition of
0.1m THEED (~) and 0.1m TBAAc (*). The reaction progress was
monitored at 642 nm. Solid lines represent curve fits to the experimental
points.
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tion within the mixing time of the reactants in the cuvette,
turned out to be too fast to be followed using a conventional
spectrofluorometer. The next step involved a further but
much slower decrease in emission intensity and was quite
similar in all transmetalation reactions.

Figure 8 shows the kinetics of the decay of chlorophyll
fluorescence, observed in the presence of different concen-
trations of TBAAc. The decay curve is zero-order when the
concentration of Ac is less than three times the concentra-
tion of the CuII ions. This should be related to the very slow
decrease in the intensity of the absorption bands of Chla
which occurs in the absence of TBAAc (not shown). At
higher concentrations of Ac (cAc/cCuII > 3), fluorescence
decay can be fitted with a single exponential function, thus
indicating a change in the order of the reaction. The reac-
tion rates increase further with increasing Ac concentration.

On the basis of these observations, the acceleration of
Chla transmetalation should be ascribed mainly to the pres-
ence of ligands (L) that can pull the central Mg2+ ion out of
the Chl plane, with the rate and equilibrium constants of the

metal exchange reactions dependent on the relative stabili-
ties and structures of the corresponding Mg-Chla-L species.
This effect should be particularly distinct with chelators be-
cause ring-closure in the Chl–L complex usually lengthens
the Mg�N bonds or, in some cases, vacates one of the pyrro-
lenine nitrogens. For this reason, the presence of Ac would
not be expected to affect the reaction of free base metala-
tion. In order to check this assumption, the reactions of
Pheo and CuAc2 were also studied both in the absence and
presence of TBAAc. No significant influence of Ac on the
kinetics of the metalation reaction was found, either in
MeOH or in MeCN (data not shown).

Apparently, the influence of Ac on the transmetalation
reaction of Chla can be controlled by the conformation of
some peripheral substituents of tetrapyrrole. As shown by
many authors,[51–56] the isocyclic ring V is of great impor-
tance for the coordination properties of the Chla core. Due
to the presence of enolisable b-ketoester at ring V
(Figure 1), Chls may occur in either keto or enol form. The
double bond in the isocyclic ring, occurring in the enol form,
draws electrons from the tetrapyrrole system and causes a
meaningful weakening of the Mg�N bonds.[54] Enolysation
would be then restrained when the proton at carbon C-132 is
substituted by for example, a hydroxyl group. Another way
to prevent enolysis of ring V is the removal of the methoxy
carbonyl group (e.g. via pyrolysis), which is a component of
the b-ketoester.[51] Therefore, Chla and two of its derivatives,
132-hydroxychlorophyll a (Chla-OH) and 3-acetyl-pyroChla,
were compared in terms of their reactivity in metal ex-
change reactions in MeCN. The reaction conditions were
identical to those used for Ac-assisted Chla transmetalation,
that is, 0.1m TBAAc, 2.5 mm Chla-OH, 2.5 mm 3-acetyl-pyro-
Chla, T=298 K. Transmetalation was not observed within
the range of 0.5–5 mm CuAc2 either with Chla-OH or with
3-acetyl-pyroChla, thus indicating that the effect of Ac ap-
plies first and foremost to the activation of the tetrapyrrole
ring. Since neither Chla-OH nor 3-acetyl-pyro-Chla undergo
metal substitution in the presence of high concentrations of
Ac, one can conclude that the influence of keto form stabili-
zation on the strength of Mg�N bonds prevails over the la-
bilizing effect of Ac.

Kinetic studies : A detailed kinetic study was performed on
Ac-induced Chla transmetalation in MeCN. The reaction
was investigated independently for a fixed concentration of
either CuII or Ac. As shown in Figure 9A, the observed rate
constants increased linearly with increasing Ac concentra-
tion for cAc/cCu > 3 and the reaction followed rate Equa-
tion (3):

kobs ¼ kacAc ð3Þ

for which the second-order rate constant at 298 K was
0.152�0.006m

�1 s�1. Regardless of the temperature, no
meaningful reaction occurred below a total Ac concentra-
tion of 15 mm, which corresponds to cAc/cCuII =3. This finding
is in agreement with the results of the spectroscopic investi-

Figure 7. Decay of chlorophyll a fluorescence occurring in the presence
of CuII and TBAAc in acetonitrile at 298 K. In the first rapid phase, the
emission intensity decreased by almost 90%, and then a slower phase fol-
lowed (see text for details).

Figure 8. Dependence of the chlorophyll a fluorescence decay profile on
the relative ratio of concentrations of CuII and acetate (as TBAAc). Solid
lines represent curve fits to the experimental points.
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gation discussed above, which showed that in MeCN the
monomeric CuII species predominates at least three-fold
over Ac. In contrast to dimeric [Cu2Ac4Solv2] species,
[CuAc3]

� monomers can easily exchange Ac for tetrapyr-
role, and thus enable the formation of a Cu�Chla bond. At
a fixed Ac concentration (0.1m), the rate constant increased
with increasing CuII concentration (see Figure 9B). The
linear dependence of kobs on cCu showed a clear intercept
such that the rate expression was given by Equation (4).

kobs ¼ kbcCuII þ kc ð4Þ

At 298 K and cAc=0.1m, kb=4.0�0.2m
�1 s�1 and kc= (5.5�

0.6)Q10�3 s�1. Summarizing Equations (3) and (4), the over-
all rate expression can be given by Equation (5).

kobs ¼ k1cCuIIcAc þ k2 ð5Þ

The k1 value was calculated from the values of ka and kb by
taking cCuII and cAc into account, respectively. The values of
k1 fall indeed very close to an average value of 35�5m

�2 s�1

at 298 K (Table 1).
Activation parameters were derived from both concentra-

tion dependencies. At a fixed CuII concentration, activation

entropy and enthalpy were found to be +43�2 kJmol�1 and
+118�10 Jmol�1 K�1, respectively (see Table 1). The clear
intercept found for the dependence of kobs on cCuII allowed
the determination of DH� and DS� individually for the Cu-
dependent and the Cu-independent pathways (Table 1).

As shown by the dependence of kobs on Ac concentration,
the rate of Chla transmetalation in MeCN increased with in-
creasing Ac concentration up to a large excess over cCuII and
c

Chla
. Since the addition of TBAAc activates both CuII and

Chla, the equilibria given by Equations (6) and (7) should
be taken into consideration.

½Cu2Ac4Solv2� þ Ac� Ð ½CuAc3�� þ ½CuAc2Solv2� ð6Þ

Mg-Chla þ Ac� Ð Ac-Mg-Chla ð7Þ

Earlier work has shown that CuII dimers are stable enough
to prevent the CuII ion from undergoing ligand exchange, in
particular for tetrapyrrolic systems.[57] Therefore, Equation
(6) involves the monomerization of the Ac-bridged CuII

complex. Such a process requires that Ac ions outnumber
CuII ions by more than 2 to 1. One can assume that an in-
crease in Ac concentration so that there is at least a two-
fold excess of Ac over CuII, would result first of all in coor-
dination of the Mg ion as the solvent molecules are substi-
tuted in the axial position of Chla, by which the macrocycle
is activated. Then the displacement of solvent molecules by
Ac ions in dimeric CuII complexes would cause a considera-
ble strain that leads to a breakage of the bridging Cu�O
bonds. Ac ions can act both as mono- and bidentate ligands
in monomeric complexes of CuII. Since the small four-mem-
bered rings are not favored due to a considerable steric
strain,[41] one can assume a labilization of the Cu�O bonds
and the facilitation of ligand exchange. In turn, the coordi-
nation of the CuII ion by tetrapyrrole is facilitated.

Kinetic measurements both at constant CuII and Ac con-
centrations, showed that the enthalpy of activation for ka

and kb is very similar regardless of the way it was deter-
mined and has an average value of 42�3 kJmol�1. Such
conformity in the DH� values is in agreement with what is
predicted by Equation (5). Taking the concentrations of CuII

Figure 9. Dependence of rate constants of the acetate-assisted transmeta-
lation of chlorophyll a with CuII acetate, carried out in acetonitrile, on
the concentration of A) added acetate (as TBAAc) at a fixed concentra-
tion of CuII ions, and B) CuII ions at a fixed concentration of acetate. The
transmetalation was monitored spectrophotometrically at 640 nm.

Table 1. The rates and activation parameters for the transmetalation of
chlorophyll a with CuII. The kinetics controlled by the concentration of
CuII ions was studied in the presence of 0.1m acetate, and the kinetics
controlled by the concentration of acetate was studied in the presence of
5 mm CuII.[a]

Rate constants k298 DH�

[kJmol�1]
DS�

[Jmol�1K�1]

ka, cCuII const. ACHTUNGTRENNUNG(15.2�0.6)Q10�2
m
�1 s�1 43�2 �115�9

kb, cAc const. 4.0�0.2m
�1 s�1 41�2 �97�6

kc=k2, cAc

const.
ACHTUNGTRENNUNG(5.5�0.6)Q10�3 s�1 67�2 �64�4

k1=ka/cCuII 30.4�1.2m
�2 s�1 43�2 �72�4

k1=kb/cAc 40.0�2.0m
�2 s�1 41�2 �78�4

[a] The symbols used in the table refer to the Equations (3–5). Experi-
mental procedures are described in the Materials and Methods Section.
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(3) and Ac (4) into account does not affect the enthalpy
values obtained for the third-order rate constant k1. The
lack of activation parameters in the literature for Chla trans-
metalation does not allow a direct comparison, although the
value is quite typical for the incorporation of CuII ions into
tetrapyrrolic systems.[58–61] Since some distortion of the por-
phyrin from planarity is required for further metal coordina-
tion, the values of DH� are usually related to the energy re-
quired for such a deformation. However, in the case of Ac-
assisted transmetalation, the macrocycle bends when the Mg
ion is pulled out of the plane so that the relatively high ri-
gidity of the chlorophyll ring is balanced by the effect of the
axial ligand.

The values of the activation entropy, obtained from the
dependence of the second-order rate constants on tempera-
ture, are both negative and moderately large. However, the
actual DS� for the overall reaction was calculated from the
dependence of the third-order rate constants on tempera-
ture, at fixed concentrations of CuII and Ac. The obtained
values, namely �72�4 and �78�4 JK�1mol�1, are very
close to each other and in line with what is expected from
Equation (5). Finally, the average activation entropy for k1

was found to be �75�7 JK�1mol�1. This relatively large
and negative DS� value may indicate an associative type of
mechanism. The formation of the first bond between the tet-
rapyrrolic ligand and the incoming metal ion is usually rec-
ognized as the rate-limiting step for both metalation and
transmetalation of porphyrins. In the case of metal exchange
in Chla it requires a movement of the Mg2+ ion. Ac coordi-
nation orders the system and is accompanied by a significant
lengthening of the Mg�N bond. Moreover, the CuII ion
probably does not require the release of any ligand at this
stage because the Ac ions dissociate only from the binuclear
Mg-Chla-Cu-Ac species. These bond-formation contribu-
tions must account for the significantly negative activation
entropy.

The first-order rate constants kc (4) and k2 (5) can either
be due to a reverse or a parallel reaction that involves a Cu-
independent rate-limiting step. The independence of the
overall absorbance change observed during the reaction on
the CuII concentration rules out any possible contribution
from a reverse reaction. Hence, it is reasonable to attribute
k2 (5) to some Chla transformation that involves an Ac-in-
duced tetrapyrrole deformation. As a result, a more reactive
Chla species is formed which reacts rapidly with a CuII ion
in a subsequent step. Another plausible interpretation in-
volves Ac dissociation from the CuII complex prior to coor-
dination to the pyrrolenine nitrogen. This, however, seems
unlikely because the CuII equilibria should then affect the
Cu-independent pathway.

The transmetalation reactions in MeOH followed a very
different pattern. The kinetics of this process were measured
at constant cCuII and varied c

Ac
, and the determined kobs

values were plotted against the c
Ac
/cCuII ratio (Figure 10). At

a low concentration of Ac the kinetic traces had a complex
zero–-first-order character and the contribution of the linear
decay of the absorbance at 665 nm decreased with increas-

ing concentration of added TBAAc. This corresponds to the
substitution of axially coordinated solvent molecules by the
first Ac ligand. Moreover, the kobs values for the metal sub-
stitution process decreased as [CuAc2ACHTUNGTRENNUNG(MeOH)2] and
[Cu2Ac4ACHTUNGTRENNUNG(MeOH)2] became the dominating species in the re-
action mixture, approaching zero at a great excess of Ac
over cCuII. Since CuII mainly occurs as a dimer under such
conditions, [Cu2Ac4 ACHTUNGTRENNUNG(MeOH)2] turned out to be inert and
[CuAc ACHTUNGTRENNUNG(MeOH)4]

+ to be the most reactive species in the
transmetalation of Chla.

Mechanistic interpretations : The exchange of Mg by CuII in
Chla is usually a slow reaction which lasts several hours
under standard conditions, especially when a CuII ion with a
strongly coordinating ligand is used. The choice of the
ligand is, however, essential from a mechanistic point of
view since it tunes the redox potential of the coordinated
metal ion. This is of significance in the case of the CuII ion
which, under some conditions, can oxidize tetrapyrrole to its
cation radical. Ac secures non-redox pathways for the for-
mation reaction of a Cu derivative of Chla and therefore,
CuAc2 was used as the reactant.

The catalytic effect of carboxylate anions on CuII ion in-
corporation into tetrapyrrole has been previously observed
by Johnson et al.[62] and by Sugata and Matsushima.[63] Both
studies showed that small amounts of Ac can significantly
accelerate the reaction of the CuII ion with a porphyrin free
base. The observed rate constants reached a maximum when
the concentrations of Ac and CuII were comparable, thereby
suggesting that [CuAc ACHTUNGTRENNUNG(Solv)4]

+ is the most reactive species
in the system. This conclusion agreed with the results ob-
tained by other authors from kinetic studies on porphyrin
metallation in acetic acid.[64, 65] Whereas the formation of
non-reactive dimers could be expected at a higher Ac con-
centration, activation of fully solvated CuII species, which
occurs via solvent–ligand exchange for Ac, may seem sur-
prising to some extent. This effect can, however, be justified

Figure 10. Dependence of rate constants (kobs) of two competing reac-
tions, oxidation (*) and transmetalation (&), of chlorophyll a with the
CuII complexes in methanol on the concentration of added acetate. Ki-
netics were determined from spectrophotometric monitoring of the reac-
tions at 665 nm.
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by the facilitation of proton release from the porphyrin
core.

Similar experiments with Chls turned out to be impossible
because the use of CuII salts with non-coordinating counter
ions may lead to the oxidative degradation of the pigment.
Transmetalation of Chla with CuAc2 does occur, albeit very
slowly, especially in MeCN, where direct metal substitution
seems to compete with the formation of a stable complex
between CuII ion and Chla, probably of a charge-transfer
character, as indicated by a strong quenching of Chla fluo-
rescence in the presence of CuII ions (see below) and the ap-
pearance of a broad absorption band above 800 nm (not
shown). This points to the presence of some traces of solvat-
ed CuII ions. Therefore, one should expect the other species
with mixed ligands, such as [CuAcACHTUNGTRENNUNG(Solv)4]

+ and
[CuAc2Solv2], to be present in an MeCN solution of CuAc2,
although they cannot react with Chla unless it is activated.

Although a similar speciation is expected for CuAc2 dis-
solved in MeOH, the transmetalation reaction occurs only
to some extent as indicated by the blue shift of the Chla QY

band. The reason why Chla undergoes metal exchange with
CuAc2 in MeOH but not in MeCN, is presently not so clear.
One possibility is that hydrogen bonding between MeOH
and Ac can lead to a lower “effective” concentration of Ac
and thereby to a higher concentration of CuII monomers.
Another explanation might be the deprotonation of coordi-
nated MeOH and thus a stabilization of solvated CuII spe-
cies in the methoxy form.

The situation changes drastically in the presence of higher
Ac concentrations. Such conditions favor transmetalation of
Chla in MeCN. Since no effect was found for Pheo metala-
tion, one can assume that the facilitation of pyrrolenine
proton release cannot significantly control metal incorpora-
tion in this case. The further decay of dimers in MeCN did
not affect the rate of CuII ion insertion, indicating the crucial
role of the central Mg ion in Chla activation.

Fluorescence measurements showed that, regardless of
the presence of Ac, some interaction of the CuII ion and
Chla occurs in the very first stage of the reaction. This
should be attributed to the formation of an outer-sphere
complex rather than to the actual coordination of the CuII

ion. Such electrostatic interactions are known to initiate the

conformational changes in porphyrins, which in turn are cru-
cial for subsequent complexation steps.[35,66–71] Some authors
suggest a reverse order of the first steps in which outer-
sphere complex formation results from an earlier deforma-
tion of the macrocycle. It seems reasonable that initial ring
distortion favors electrostatic interaction, which facilitates
further deformation. The out-of-plane position of the central
Mg ion in MeCN (Figure 11, structure A) justifies an outer-
sphere complexation of the CuII ion. It is, however, insuffi-
cient to increase distortion in the macrocycle especially as
the isocyclic ring renders it more rigid compared to porphyr-
ins. Hence, the exchange of the Mg axial ligand by more
bulky and charged ligands can induce the reaction
(Figure 11, structure B). It should be even more distinct for
chelating ligands as ring-closure lengthens the Mg�Chla
bonds.

Pulling the Mg ion out of the Chla plane is accompanied
by the first Cu�N bond formation step that leads to the for-
mation of a bimetallic complex in which CuII and Mg are
bound to opposite sides of the tetrapyrrolic ligand (structure
C). Such types of intermediates have been considered in the
mechanism of porphyrin transmetalation.[72,73] The subse-
quent dissociation of the Mg ion from Chla permits the che-
lation of CuII and, as a consequence, the release of solvent
and Ac ligands.

The mechanism of the acetate-assisted transmetalation of
Chl mimics in a way the sequence of steps which occur
during biological insertion of metal ions into porphyrins.
Most-studied is the insertion of the Fe2+ ion into protopor-
phyrin IX to yield heme, catalyzed by ferrochelatases.
Recent crystallographic investigations reveal the presence of
conserved acidic residues (glutamate and aspartate) in the
metal biding sites on the enzymes, obviously acting as che-
lating groups, similarly to the role played by acetate in the
transmetalation. On the other hand, the inhibitory studies,
the use of catalytic antibodies and crystallographic investiga-
tions all reveal that out-of-plane distortion of porphyrin is
an essential step in the biological catalysis. Furthermore, the
metalation is strongly enhanced in distorted (e.g. N-substi-
tuted) porphyrins.[74] The exact mode of this distortion
(domed, ruffled or saddled) is still debated but it is agreed
that the strain exposes the nitrogen atoms of the porphyrin

Figure 11. Proposed steps of acetate-assisted transmetalation of chlorophyll.
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macrocycle.[75,76] This strained structure resembles the bimet-
allic species (structure C) in the proposed mechanism of Chl
transmetalation.

Conclusion

Mg for CuII exchange in Chla is significantly accelerated by
acetate, whose role is two-fold: activation of both Chla and
the CuII ion. The most important effect consists of an axial
coordination to Chla, which leads to the pulling of the cen-
tral Mg ion out of the macrocyclic plane. The out-of-plane
displacement of the central ion makes the tetrapyrrolic
system more susceptible to electrophilic attack. Moreover,
the susceptibility of the core nitrogens to electrophilic
attack is in part controlled by the enolisable system at isocy-
clic ring V. The influence of acetate on the reactivity of CuII

depends on the properties of the solvent, which can either
stabilize dimeric species or facilitate their dissociation to re-
active monomers. It is especially distinct if protic and aprot-
ic solvents are compared because proton release from the
coordinated molecule stabilizes the metal-solvent bond and
thus prevents substitution by acetate. On the other hand,
protic solvents deactivate acetate ions due to hydrogen
bonding. Furthermore, the differences in solvent coordina-
tion to central Mg ion in Chl entail differences in the geom-
etry of the macrocycle and, as a result, differences in Chl
ability for ligand exchange and further deformation.

These new insights into the mechanism of the acetate-in-
duced transmetalation of Chls reveal novel aspects of the in-
terplay between the peripheral groups and the reactivity of
the core nitrogens. These results point to key differences be-
tween chlorophylls and less derivatized porphyrins in inter-
actions with metal centers. Viewed from a broader perspec-
tive, they can also serve as guidelines towards the control of
the chemical reactivity of tetrapyrroles and for the design of
more efficient methods of preparation of metallosubstituted
porphyrins and related molecules.

Experimental Section

Pigment preparation : Chla was extracted from cyanobacterium Spirulina
laporte using the method described by Iriyama et al.[77] It was purified on
a DEAE Sepharose column and then by isocratic HPLC on a semi-prep-
arative reversed phase (C-18) column (Varian, 250Q4.6 mm), using neat
methanol (MeOH) as the eluent (flow rate 4 mLmin�1).[78] BChla was
isolated from a purple bacterium Rhodobacter sphaeroides following
Omata and Murata.[79] It was purified by column chromatography on
DEAE Sepharose using 15% MeOH in acetone as the eluent. The pure
pigments were dried under vacuum and stored at 244 K under Ar. Other
chlorophyll derivatives, 132-hydroxychlorophyll a and 3-acetylpyrochloro-
phyll a, were a generous gift from Prof. Hugo Scheer (University of
Munich). The solutions of pigments in acetonitrile (MeCN) and MeOH
were freshly prepared before use and their concentrations were calculat-
ed on the basis of the respective extinction coefficients.[80]

Kinetic measurements : All kinetic measurements, including temperature
studies, were carried out under pseudo-first-order conditions with at least
a 200-fold excess of copper salt. The fast kinetics were measured on a
stopped-flow apparatus (Applied Photophysics Ltd., Surrey, UK). The

temperature was controlled with a Grant LTD6G thermostat. Kinetic
measurements of slower reactions (at lower Ac concentration) were per-
formed using a Perkin Elmer Lambda 35 spectrophotometer. The forma-
tion of Cu–Chla in the presence of TBAAc was monitored as an absorp-
tion increase at 640 nm. To determine the influence of the concentration
of CuII on the kinetics of Cu–Chla formation, the concentration of CuAc2

was varied in a range between 0.5 and 5 mm at a fixed concentration of
TBAAc of 0.1m. The influence of the Ac concentration was studied for
solutions containing 5 mm CuAc2 and from 0 to 25 mm TBAAc. The
measurements were performed within a temperature range between 293–
323 K in steps of 5 K.

Interaction between chlorophyll and acetate ions : In order to follow the
interactions of Chls with potential axial ligands, the titrations of BChla
(2.5 mm) in organic solvents were performed using py as a ligand, and
TBAAc and THEED as chelators. To compare the strength of ligand
binding to BChla, the pigment was either pre-incubated in 0.1 mm solu-
tions of TBAAc or THEED and then titrated with py up to a concentra-
tion of 0.15 mm, or first pre-incubated with 0.15 mm py and then treated
with TBAAc or THEED, both up to 0.2 mm. The changes in the coordi-
nation state of the pigment were monitored spectrophotometrically. The
experiments were performed at ambient temperature.

Determination of the structure of CuII complexes in methanol and aceto-
nitrile : The coordinative forms of CuII in MeOH were investigated by ab-
sorption spectroscopy at room temperature. A 2 mL sample of a 5 mm

CuTf2 solution was treated in a standard 1 cm cuvette with portions of
TBAAc. The Ac concentration was increased in steps of 1 mm in MeCN
and 2.5 mm in MeOH. The mixture was shaken and the spectra were re-
corded in the range of 350–1100 nm. The titration was continued as long
as the changes in the absorption spectra were observable. An identical
experiment was performed with CuAc2 instead of CuTf2. Additionally,
the EPR spectra of CuAc2 in MeOH and MeCN were recorded at 77 K,
both in the absence and presence of 0.1 mm TBAAc, using a Bruker
ELEXYS 500 instrument.

Transmetalation of chlorophyll a by CuII acetate in methanol : A solution
of 5 mm Chla in MeOH and a solution of 5 mm CuAc2 in MeOH were
placed in a 0.88 cm tandem cuvette and the initial absorption spectrum
was recorded within a range of 350–750 nm. The reagents were mixed
and repetitive scan measurements at intervals of 60 s were performed in
order to monitor the progress of the reaction. Ac-assisted transmetala-
tion was investigated in the same way. In this case, both solid TBAAc
and solid CuAc2·H2O were dissolved in MeOH to obtain concentrations
of 0.2 and 0.01m, respectively. Other concentrations of CuAc2 used in ki-
netic studies were obtained by an appropriate dilution with 0.2m

TBAAc. The highest concentrations of CuII and Ac used in the reaction
with Chla were 5 mm and 0.1m, respectively. Fluorescence measurements
for the Chla transmetalation in MeOH were carried out at 298 K with
the excitation and emission slits being set at 15 and 5 nm, respectively.
The solution of Chla was excited at 415 nm and the fluorescence spectra
were recorded within the range of 600–800 nm.

Transmetalation of chlorophylls by CuII acetate in acetonitrile : The meas-
urements performed during the reaction of Chla with CuAc2 in MeCN
were identical to those described for the reaction in methanol but a
higher concentration of CuAc2, that is, 10 mm, was applied. In prelimina-
ry experiments, sixty scans of absorption and emission spectra were re-
corded at an interval of 1 min both in the absence and presence of
TBAAc. The kinetic measurements were conducted within a much nar-
rower timescale, using either conventional electronic absorption spectros-
copy or the stopped-flow technique. In order to determine the influence
of the Ac concentration on the reaction rate, the concentration of
TBAAc was varied within a range of 5 and 25 mm, whereas the concen-
trations of Chla and CuII were kept constant at 2.5 mm and 5 mm, respec-
tively. Each concentration dependence measurement was performed at
seven temperatures between 293 and 323 K in steps of 5 K. The kobs de-
pendence on the CuII concentration was studied at concentrations of
Chla and TBAAc fixed at 2.5 mm and 0.1m, respectively. The concentra-
tions of CuII were the following: 0.5, 1, 2, 3, 4 and 5 mm. The measure-
ments were repeated at various temperatures within a range of 298–
318 K in steps of 5 K, at ambient pressure.
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The influence of THEED on the transmetalation of Chla by CuAc2 was
studied at 298 K in the presence of 20, 50 and 100 mm THEED. The
effect of TBAAc was also tested in the reactions of CuAc2 with Chla de-
rivatives. Similarly to the described transmetalation reactions of Chla,
Chla-OH and 3-Ac-pyroChla were used at a concentration of approxi-
mately 2.5 mm. The concentrations of CuAc2 and TBAAc were identical
with those used in the reactions of unmodified Chla and the temperature
was set at 298 K.

Reagents : CuII acetate monohydrate and TBAAc were obtained from Al-
drich (Sigma-Aldrich, Germany). MeCN (Acros Organics, Belgium) was
of chromatographic grade. MeOH and py (analytical grade) were pur-
chased from POCh (Gliwice, Poland). THEED (analytical grade) was ob-
tained from Fluka (Germany).

Spectroscopic measurements : Absorption spectra were recorded on a
Perkin Elmer Lambda 35 spectrophotometer in 0.88 cm tandem cuvettes.
Temperature was controlled with a PTP-6 Peltier system (Perkin Elmer).
A CuAc2·H2O solution (in MeOH or MeCN) was used as a reference in
the spectroscopic studies. Fluorescence was measured in standard 1 cm
four-window cuvettes with a Perkin Elmer LS55 spectrofluorometer
equipped with a Grant LTD6G thermostat. Samples were excited at
415 nm and the emission was measured within a range of 600–800 nm.

Time-resolved fluorescence : The fluorescence lifetime measurements
were performed using a K-2 multifrequency cross-correlation phase and
modulation fluorometer (ISS Instruments, USA), as described previous-
ly.[81,82] The average random errors in the experimental data (fluorescence
lifetimes) were evaluated automatically by the program used for data
analysis on the basis of two parameters of emitted fluorescence: the
phase shift and demodulation ratio with reference to the scattering of
glycogen suspension in water.

High-pressure measurements : The effects of high hydrostatic pressure
(up to 200mPa) on the absorption spectra of BChla were measured on a
custom-built high pressure probe, equipped with a Grant LTD6G ther-
mostat, according to a previously described method.[83,84] The absorption
spectra were measured using a Shimadzu 2101PC spectrophotometer.
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[23] L. Fiedor, K. Urbańska, G. Stochel, Polish Patent Application, P-

366486, 2004.
[24] P. H. Hynninen, in Chlorophylls, Vol. 1 (Ed.: H. Scheer), CRC Press,

London, 1991, pp. 145–209.
[25] J. W. Buchler, in The Porphyrins, Vol. 1 (Ed.: D. Dolphin), Academ-

ic Press, New York, 1978, pp. 389–483.
[26] J.-H. Fuhrhop, K. M. Smith, in Laboratory methods in porphyrin

and metalloporphyrin research (Ed.: K. M. Smith), Elsevier, Amster-
dam, 1975, pp. 41–42.

[27] A. Drzewiecka-Matuszek, A. Skalna, A. Karocki, G. Stochel, L.
Fiedor, J. Biol. Inorg. Chem. 2005, 10, 453–462.

[28] T. A. Evans, J. J. Katz, Biochim. Biophys. Acta Bioenerg. 1975, 396,
414–426.

[29] A. Kania, L. Fiedor, J. Am. Chem. Soc. 2006, 128, 454–458.
[30] S. Krawczyk, Biochim. Biophys. Acta 1989, 976, 140–149.
[31] P. M. Callahan, T. M. Cotton, J. Am. Chem. Soc. 1987, 109, 7001–

7007.
[32] M. O. Senge, J. Photochem. Photobiol. B 1992, 16, 3–36.
[33] S. Gentemann, N. Y. Nelson, L. Jaquinod, D. J. Nurco, S. H. Leung,

C. J. Medforth, K. M. Smith, J. Fajer, D. Holten, J. Phys. Chem. B
1997, 101, 1247–1254.

[34] Y. Inada, H. Hayashi, K. Sugimoto, S. Funahashi, J. Phys. Chem. A
1999, 103, 1401–1406.

[35] Y. Inada, Y. Nakano, M. Inamo, M. Namura, S. Funahashi, Inorg.
Chem. 2000, 39, 4793–4801.

[36] I. Persson, J. E. Penner-Hahn, K. O. Hodgson, Inorg. Chem. 1993,
32, 2497–2501.

[37] J. N. van Niekerk, F. R. L. Schoening, Acta Crystallogr. 1953, 6, 227–
232.

[38] J. K. Kochi, R. V. Subramanian, Inorg. Chem. 1965, 4, 1527–1533.
[39] A. T. A. Cheng, R. A. Howald, Inorg. Chem. 1968, 7, 2100–2105.
[40] H. Grasdalen, J. Magn. Reson. 1973, 9, 166–174.
[41] H. Grasdalen, I. Svare, Acta Chem. Scand. 1971, 25, 1089–1102.
[42] H. Grasdalen, J. Chem. Soc. Faraday Trans. 2 1973, 69, 462–470.
[43] R. Tsuchida, S. Yamada, Nature 1955, 176, 1171.
[44] E. Itabashi, J. Electroanal. Chem. 1972, 36, 179–187.
[45] E. Itabashi, Bull. Chem. Soc. Jpn. 1972, 45, 2226–2228.

Chem. Eur. J. 2008, 14, 9419 – 9430 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9429

FULL PAPERTransmetalation of Tetrapyrroles

http://dx.doi.org/10.1021/ja9716214
http://dx.doi.org/10.1021/ja9716214
http://dx.doi.org/10.1021/ja9716214
http://dx.doi.org/10.1021/ja9716214
http://dx.doi.org/10.1021/ja970874u
http://dx.doi.org/10.1021/ja970874u
http://dx.doi.org/10.1021/ja970874u
http://dx.doi.org/10.1016/0020-1693(95)04954-1
http://dx.doi.org/10.1016/0020-1693(95)04954-1
http://dx.doi.org/10.1016/0020-1693(95)04954-1
http://dx.doi.org/10.1021/ja970875m
http://dx.doi.org/10.1021/ja970875m
http://dx.doi.org/10.1021/ja970875m
http://dx.doi.org/10.1021/ja970875m
http://dx.doi.org/10.1016/S0009-2614(00)00112-3
http://dx.doi.org/10.1016/S0009-2614(00)00112-3
http://dx.doi.org/10.1016/S0009-2614(00)00112-3
http://dx.doi.org/10.1016/S0009-2614(00)00112-3
http://dx.doi.org/10.1021/bi002257f
http://dx.doi.org/10.1021/bi002257f
http://dx.doi.org/10.1021/bi002257f
http://dx.doi.org/10.1021/ja0121078
http://dx.doi.org/10.1021/ja0121078
http://dx.doi.org/10.1021/ja0121078
http://dx.doi.org/10.1021/ja0121078
http://dx.doi.org/10.1021/ja030170m
http://dx.doi.org/10.1021/ja030170m
http://dx.doi.org/10.1021/ja030170m
http://dx.doi.org/10.1021/ja030170m
http://dx.doi.org/10.1111/j.1751-1097.1987.tb04825.x
http://dx.doi.org/10.1111/j.1751-1097.1987.tb04825.x
http://dx.doi.org/10.1111/j.1751-1097.1987.tb04825.x
http://dx.doi.org/10.1111/j.1751-1097.1987.tb04825.x
http://dx.doi.org/10.1016/1011-1344(91)80016-B
http://dx.doi.org/10.1016/1011-1344(91)80016-B
http://dx.doi.org/10.1016/1011-1344(91)80016-B
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0438:PSINCP%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0438:PSINCP%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0438:PSINCP%3E2.0.CO;2
http://dx.doi.org/10.1562/0031-8655(2002)076%3C0438:PSINCP%3E2.0.CO;2
http://dx.doi.org/10.1002/ijc.11002
http://dx.doi.org/10.1002/ijc.11002
http://dx.doi.org/10.1002/ijc.11002
http://dx.doi.org/10.1002/ijc.11002
http://dx.doi.org/10.1007/s00775-005-0652-6
http://dx.doi.org/10.1007/s00775-005-0652-6
http://dx.doi.org/10.1007/s00775-005-0652-6
http://dx.doi.org/10.1016/0005-2728(75)90147-4
http://dx.doi.org/10.1016/0005-2728(75)90147-4
http://dx.doi.org/10.1016/0005-2728(75)90147-4
http://dx.doi.org/10.1016/0005-2728(75)90147-4
http://dx.doi.org/10.1021/ja055537x
http://dx.doi.org/10.1021/ja055537x
http://dx.doi.org/10.1021/ja055537x
http://dx.doi.org/10.1021/ja00257a016
http://dx.doi.org/10.1021/ja00257a016
http://dx.doi.org/10.1021/ja00257a016
http://dx.doi.org/10.1016/1011-1344(92)85150-S
http://dx.doi.org/10.1016/1011-1344(92)85150-S
http://dx.doi.org/10.1016/1011-1344(92)85150-S
http://dx.doi.org/10.1021/jp9631137
http://dx.doi.org/10.1021/jp9631137
http://dx.doi.org/10.1021/jp9631137
http://dx.doi.org/10.1021/jp9631137
http://dx.doi.org/10.1021/jp983799y
http://dx.doi.org/10.1021/jp983799y
http://dx.doi.org/10.1021/jp983799y
http://dx.doi.org/10.1021/jp983799y
http://dx.doi.org/10.1021/ic000479w
http://dx.doi.org/10.1021/ic000479w
http://dx.doi.org/10.1021/ic000479w
http://dx.doi.org/10.1021/ic000479w
http://dx.doi.org/10.1021/ic00063a049
http://dx.doi.org/10.1021/ic00063a049
http://dx.doi.org/10.1021/ic00063a049
http://dx.doi.org/10.1021/ic00063a049
http://dx.doi.org/10.1107/S0365110X53000715
http://dx.doi.org/10.1107/S0365110X53000715
http://dx.doi.org/10.1107/S0365110X53000715
http://dx.doi.org/10.1021/ic50033a001
http://dx.doi.org/10.1021/ic50033a001
http://dx.doi.org/10.1021/ic50033a001
http://dx.doi.org/10.1021/ic50068a031
http://dx.doi.org/10.1021/ic50068a031
http://dx.doi.org/10.1021/ic50068a031
http://dx.doi.org/10.3891/acta.chem.scand.25-1089
http://dx.doi.org/10.3891/acta.chem.scand.25-1089
http://dx.doi.org/10.3891/acta.chem.scand.25-1089
http://dx.doi.org/10.1039/f29736900462
http://dx.doi.org/10.1039/f29736900462
http://dx.doi.org/10.1039/f29736900462
http://dx.doi.org/10.1038/1761171a0
http://dx.doi.org/10.1016/S0022-0728(72)80457-1
http://dx.doi.org/10.1016/S0022-0728(72)80457-1
http://dx.doi.org/10.1016/S0022-0728(72)80457-1
http://dx.doi.org/10.1246/bcsj.45.2226
http://dx.doi.org/10.1246/bcsj.45.2226
http://dx.doi.org/10.1246/bcsj.45.2226
www.chemeurj.org


[46] B. N. Figgis, R. L. Martin, J. Chem. Soc. 1956, 3837–3846.
[47] R. L. Martin, A. Whitley, J. Chem. Soc. 1958, 1394–1402.
[48] K. J. Nelson, I. A. Guzei, G. S. Lund, R. W. McGraff, Polyhedron

2002, 21, 2017–2020.
[49] B. D. Berezin, G. I. Smirnova, Russ. J. Phys. Chem. 1967, 41, 702–

705.
[50] B. D. Berezin, L. V. Klopova, Russ. J. Phys. Chem. 1971, 45, 949–

950.
[51] P. H. Hynninen, M. R. Wasielewski, J. J. Katz, Acta Chem. Scand.

1979, 33, 637–648.
[52] H. Mazaki, T. Watanabe, T. Takahashi, A. Struck, H. Scheer, Bull.

Chem. Soc. Jpn. 1992, 65, 3080–3087.
[53] A. H. Corwin, P. Entien Wei, J. Org. Chem. 1962, 27, 4285–4290.
[54] P. H. Hynninen, Acta Chem. Scand. 1973, 27, 1487–1495.
[55] T. Watanabe, H. Mazaki, M. Nakazato, Biochim. Biophys. Acta

1987, 892, 197–206.
[56] T. Watanabe, M. Nakazato, K. Honda, Chem. Lett. 1986, 253–256.
[57] J. James, P. Hambright, Inorg. Chem. 1973, 12, 474–476.
[58] N. Z. Mamardashvili, Y. B. Ivanova, V. B. Sheinin, O. A. Golubchi-

kov, B. D. Berezin, Russ. J. Gen. Chem. 2001, 71, 797–802.
[59] M. Tabata, Analyst 1987, 11, 141.
[60] K. Takehara, H. Imai, M. Ide, Mem. Fac. Sci. Kyushu Univ. Ser. C

1986, 15, 225–230.
[61] J. Turay, P. Hambright, Inorg. Chem. 1980, 19, 562–564.
[62] N. Johnson, R. Khosropour, P. Hambright, Inorg. Nucl. Chem. Lett.

1972, 8, 1063–1067.
[63] S. Sugata, Y. Matsushima, J. Inorg. Nucl. Chem. 1977, 39, 729–731.
[64] E. I. Choi, E. B. Fleischer, Inorg. Chem. 1963, 2, 94–97.
[65] D. J. Kingham, D. A. Brisbin, Inorg. Chem. 1970, 9, 2034–2037.
[66] M. Tanaka, Pure Appl. Chem. 1983, 55, 151–158.
[67] M. Inamo, A. Tomita, Y. Inagaki, N. Asano, K. Suenaga, M. Tabata,

S. Funahashi, Inorg. Chim. Acta 1997, 256, 77–85.

[68] Y. Inada, Y. Sugimoto, Y. Nakano, Y. Itoh, S. Funahashi, Inorg.
Chem. 1998, 37, 5519–5526.

[69] M. Inamo, N. Kamiya, Y. Inada, M. Nomura, S. Funahashi, Inorg.
Chem. 2001, 40, 5636–5644.

[70] S. Funahashi, Y. Inada, M. Inamo, Anal. Sci. 2001, 17, 917–927.
[71] R. F. Pasternack, N. Sutin, D. H. Turner, J. Am. Chem. Soc. 1976, 98,

1908–1913.
[72] H. Baker, P. Hambright, L. Wagner, L. Ross, Inorg. Chem. 1973, 12,

2200–2201.
[73] M. Tabata, J. Mol. Liq. 1995, 65–66, 221–228.
[74] D. K. Lavallee, The chemistry and biochemistry of N-substituted por-

phyrins, Wiley-VCH, Weinheim, 1987.
[75] H. A. Dailey, T. A. Dailey, C.-K. Wu, A. E. Medlock, K.-F. Wang,

J. P. Rose, B.-C. Wang, Cell. Mol. Life Sci. 2000, 57, 1909–1926.
[76] S. Al-Karadaghi, R. Franco, M. Hansson, J. A. Shelnutt, G. Isaya,

G. C. Ferreira, Trends Biochem. Sci. 2006, 31, 135–142.
[77] K. Iriyama, N. Ogura, A. Takamiya, J. Biochem. 1974, 76, 901–904.
[78] Y. Shioi, R. Fukae, T. Sasa, Biochim. Biophys. Acta Bioenerg. 1983,

722, 72–79.
[79] T. Omata, N. Murata, Photochem. Photobiol. 1980, 31, 183–185.
[80] R. J. Porra, W. A. Thompson, P. E. Kriedemann, Biochim. Biophys.

Acta 1989, 978, 384–394.
[81] B. Mysliwa-Kurdziel, F. Franck, K. Strzalka, Photochem. Photobiol.

1999, 70, 616–623.
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