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A new transformation of the 152,173-dimethyl ester of chlorin e6, leading to its 131,133-lactone derivative, has been 
discovered. The reaction proceeded at treatment of the substrate with lead tetraacetate in presence of LiCl, during 
which oxidative cyclization was observed leading to the formation of a lactone cycle fused with the tetrapyrrole 
macrocycle at positions 13 and 15. The reaction mechanism has been suggested, and quantum chemical calculations 
were carried out to substantiate the mechanism. 
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Обнаружена новая трансформация 152,173-диметилового эфира хлорина е6, приводящая к его 131,133-
лактонному производному. Реакция протекает при обработке субстрата тетраацетатом свинца в 
присутствии LiCl, в ходе которой происходит окислительная циклизация с образованием лактонного цикла, 
сочлененного с тетрапиррольным макроциклом в 13 и 15 положениях. Предложен механизм реакции, 
проведены квантово-химические расчеты для обоснования механизма. 
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Introduction 

Tetrapyrrole compounds are increasingly used in a 
wide variety of applications.[1] A large proportion of these 
compounds are derivatives of natural porphyrins and 
chlorins. The asymmetric substitution of the tetrapyrrole 
macrocycle of natural chlorins by several functional groups 
is responsible for their unique properties. Further 
transformations of substituents in the macrocycle make it 
possible to tune the molecule for specific applications, in 
particular, for the creation of highly effective photosensi-
tizers for photodynamic therapy (PDT).[2-5] In particular, the 
transformation products of chlorophyll a and its derivatives 
(pheophorbide a, chlorin e6) contain unsaturated, aromatic, 
ester and other electron-active groups. The presence of 
three carboxyl groups of different properties and reactivity 
in the chlorin e6 and their ability to be selectively 
transformed make it easy to vary the structure and 

properties of the corresponding tetrapyrrole derivatives.[6,7] 
Several second-generation photosensitizers for PDT have 
been developed based on chlorin e6: L-aspartyl amide 
derivative of the 15-carboxymethyl substituent of the 
chlorin e6 is known as Talaporfin,[8] trisodium salt and 
dimeglumine sodium salt of the chlorin e6 are used in 
therapy as Fotoran e6 and Fotoditazin, correpondingly.[9] 

The classical reactions of conversion of chlorophyll a 
into well-known derivatives have been well studied. 
However, the search for possible transformations has not 
been exhausted, and new works are constantly published, 
reporting the synthesis of new derivatives and their 
investigation as photosensitizers for PDT.[10] Lacton 
derivatives of chlorins are especially valuable, as the 
lactone moiety represents pharmaceutical, biological, and 
medicinal interest.[11, 12] 

This work is a part of our studies of methods of 
functionalization of porphyrins and chlorins aimed to 
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preparation of photosensitizers for PDT. In particular, 
creation of the additional carbocycles fused with 
tetrapyrrole macrocycle was reported, and here a fused 
lactone cycle was obtained. Previously, a work has been 
published reporting the synthesis of a number of 
chlorophyll a derivatives based on the methyl pheophorbide 
a and transformations of substituents at 13,15 positions.[13] 
Some of them led to the creation of the cycles fused with 
tetrapyrrole macrocycle. In particular, lactone derivative of 
the chlorin e6 was obtained. In the framework of this work, 
various transformations of chlorin e6 were studied and the 
lactone derivative was obtained by an alternative way. 
 

Experimental 

General 

Reactions were carried out under argon atmosphere using 
commercially available reagents that were purchased and used as 
received. Heating reaction vessels was performed with oil bath. 
Silica gel 40/60 was used for column and flash chromatography. 
Preparative thin layer chromatography was performed using glass 
plates coated with 5-40 μm silica gel (5 mm thick). 1H and 13C 
NMR spectra were recorded with a Bruker Avance III 600 MHz 
spectrometer at 303K in CDCl3. Chemical shifts are reported 
relative to signals of residual protons and carbon of solvent 
(CDCl3 – 7.26 ppm in 1H NMR, 77.16 ppm in 13C NMR). The 
assignment of peaks in NMR spectra was done using 2D NMR 
techniques (COSY, HSQC). The SALDI mass-spectra were 
obtained on a Ultraflex-II mass spectrometer (Bruker Daltonics) in 
a positive ion mode using reflection mode (20 kV target voltage) 
without matrix. Electronic absorption spectra were recorded with 
U-2900 (Hitachi) spectrophotometer in quartz rectangular cells of 
10 mm path length.  

Synthesis 

Methyl pheophorbide a was obtained from commercial 
sources. 152,173-Dimethyl ester of the chlorin e6 1 was 
synthesized from the methyl pyropheophorbide a according to the 
published procedures.[14] 

131,133-Lactone derivative of the 152,173-dimethyl ester of 
chlorin e6 (3). 152,173-Dimethyl ester of chlorin e6 1 (19 mg, 
0.03 mmol) was dissolved in 1,4-dioxane (2 mL), then the 
solution of Pb(OAc)4 (62 mg, 0.14 mmol) in 1,4-dioxane (1 mL) 
and LiCl (2 mg, 0.048 mmol) were added and the mixture was 
stirred for 30 min at 80 °C. After that the reaction mixture was 
poured into cold water (20 mL) and extracted with CH2Cl2 (210 
mL), organic phase was washed with water (210 mL), dried over 
Na2SO4, evaporated in vacuum, and the residue was purified by 
flash chromatography on silica with CH2Cl2/EtOH 20:1, to give 9 mg 
(47%) of the product 3 as a mixture of diastereomers in a ratio of 
11:10. The diastereomers were separated using preparative TLC 
with CH2Cl2/EtOH 25:1, yielding 5 mg (26 %) of the first dia-
stereomer (3a) and 4 mg (21%) of the second diastereomer (3b). 

3a: Rf = 0.49 (CH2Cl2/EtOH 25:1). 1H NMR (CDCl3, 303 K) H 
ppm: 9.62 (1H, s, 10-H), 9.42 (1H, s, 5-H), 8.54 (1H, s, 20-H), 
7.99 (1H, dd, J = 17.8 Hz, J = 11.4 Hz, 31-H), 7.23 (1H, s, 133-H), 
6.33 (1H, dd, J = 17.8 Hz, J = 1.2 Hz, 32-Ha), 6.19 (1H, dd, J = 
11.4 Hz, J = 1.2 Hz, 32-Hb), 4.58 (1H, m, 17-H), 4.50 (1H, m, 18-
H), 3.81 (3H, s, 21-CH3), 3.72 (2H, q, J = 7.7 Hz, 81-CH2), 3.60 
(3H, s, 175-CH3), 3.57 (3H, s, 136-CH3), 3.41 (3H, s, 121-CH3), 
3.25 (3H, s, 71-CH3), 2.66 (1H, m, 171-CH2

a), 2.50 (1H, m, 172-
CH2

a), 2.33 (1H, m, 171-CH2
b), 2.06 (1H, m, 172-CH2

b), 1.71 (3H, 
t, J = 7.7 Hz, 82-CH3), 1.61 (3H, d, J = 7.3 Hz, 181-CH3), -0.54 
and -0.86 (2H, each bs, NH × 2). 13C NMR (CDCl3, 303 K) C 

ppm: 173.5 (C173), 172.6 (C19), 170.3 (C134), 163.4 (C15), 162.4 
(C16), 155.9 (C6), 150.0 (C9), 145.6 (C8), 142.2 (C11), 137.3 
(C3), 136.4 (C4 and C12), 136.3 (C7), 134.7 (C14), 131.6 (C1), 
131.5 (C2), 129.0 (C31), 122.7 (C32), 113.3 (C13), 104.8 (C10), 
99.1 (C5), 98.9 (C131), 93.2 (C20), 79.1 (C133), 53.1 (C136), 52.6 
(C17), 51.6 (C175), 50.6 (C18), 30.6 (C171 and C172), 22.4 
(C181), 19.5 (C81), 17.5 (C82), 12.3 (C21), 12.0 (C121), 11.2 (C71). 
SALDI m/z: found 623.29, calc. for [M+H]+ C36H39N4O6: 
623.2864. UV-vis (CH2Cl2) max (Arel.) nm: 405 (1.00), 461 (0.19), 
502 (0.11), 534 (0.09), 613 (0.06), 669 (0.32). 

3b: Rf = 0.44 (CH2Cl2/EtOH 25:1). 1H NMR (CDCl3, 303 K) H 
ppm: 9.76 (1H, s, 10-H), 9.59 (1H, s, 5-H), 8.76 (1H, s, 20-H), 
8.06 (1H, dd, J = 11.6 Hz, J = 18.2 Hz, 31-H), 7.52 (1H, s, 133-H), 
6.36 (1H, d, J = 18.2 Hz, 32-Ha), 6.22 (1H, d, J = 11.6 Hz, 32-Hb), 
4.92 (1H, m, 17-H), 4.52 (1H, m, 18-H), 3.93 (3H, s, 21-CH3), 
3.78 (2H, q, J = 7.8 Hz, 81-CH2), 3.74 (3H, s, 136-CH3), 3.55 (3H, 
s, 175-CH3), 3.48 (3H, s, 121-CH3), 3.31 (3H, s, 71-CH3), 2.73 (1H, 
m, 171-CH2

a), 2.64 (1H, m, 172-CH2
a), 2.42 (1H, m, 171-CH2

b), 
2.06 (1H, m, 172-CH2

b), 1.79 (3H, d, J = 7.5 Hz, 181-CH3), 1.74 
(3H, t, J = 7.8 Hz, 82-CH3), -1.06 and -1.66 (2H, each bs, NH × 2). 
13C NMR (CDCl3, 303 K) C ppm: 173.4 (C173), 172.2 (C19), 
170.9 (C134), 164.8 (C15), 163.4 (C16), 155.4 (C6), 150.4 (C9), 
145.5 (C8), 141.4 (C11), 138.2 (C3), 136.5 (C4), 136.1 (C12), 
135.8 (C7), 133.9 (C14), 131.7 (C1), 131.2 (C2), 129.1 (C31), 
122.7 (C32), 113.0 (C13), 103.8 (C10), 99.3 (C5), 98.6 (C131), 
93.7 (C20), 78.8 (C133), 52.7 (C175), 51.8 (C136), 50.6 (C17), 
49.4 (C18), 31.2 (C171), 31.1 (C172), 23.6 (C181), 19.6 (C81), 17.5 
(C82), 12.4 (C21), 12.1 (C121), 11.3 (C71). SALDI m/z: found 
623.29, calc. for [M+H]+ C36H39N4O6: 623.2864. UV-vis (CH2Cl2) 
max (Arel.), nm: 405 (1.00), 461(0.19), 502 (0.11), 534 (0.09), 613 
(0.06), 669 (0.32). 

Quantum-chemical calculations 

Quantum-chemical calculations of geometry and electronic 
structure were made with the software package Gaussian 09W[15] 
using density functional theory (DFT) method with the hybrid 
correlation-exchange functional B3LYP. A full-electron 6-
31G(d,p) basis set was used for the geometry optimizations, 
electrons of nickel and palladium atoms were rendered by the 
basis set with an effective potential for internal electrons 
LaNL2DZ. The molecules were calculated in the 1,4-dioxane 
solution using the polarized continuum (PCM) model. The 
geometry of all studied molecules was fully optimized. After the 
procedure of optimization of geometrical parameters wave 
function stability tests were carried out, then calculation of 
thermochemical parameters was performed. The absence of 
imaginary frequencies confirmed the stationary character of the 
optimized geometry. The energies of the calculated compounds 
were corrected for zero vibrational energy (ZPVE) and with 
thermal corrections to enthalpy and free energy were calculated at 
normal conditions (278.15 K, 1 atm). 

Additional materials, NMR spectra and results of the DFT 
calculations can be found in the Electronic Supplementary 
Information. 
 
 
 

 
Scheme 1. Interaction of the 152,173-dimethyl ester of chlorin e6 
with lead tetraacetate. 
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Results and Discussion 

Synthesis 

Various transformations of derivatives of both natural 
and synthetic porphyrins and chlorins are studied in our 
group targeting at preparation of new photosensitizers.[5] On 
the way to this, functionalization of tetrapyrrole macrocycle 
in order to create building blocks for palladium catalyzed 
cross-coupling reactions are developed.[16,17] In particular, 
an insertion of halogen atoms into chlorophyll a derivatives 
is studied. Insertion of bromine into pyropheophorbide a 
has been accomplished.[18] Insertion of a chlorine atom into 
the 152,173-dimethyl ester of chlorin e6 was planned in the 
current work. The dimethyl ester of chlorin e6 1 was 
obtained via partial esterification of the chlorin e6, which 
was formed by hydrolysis of the corresponding trimethyl 
ester of chlorin e6. The latter was synthesized from methyl 
pheophorbide a via isocyclic ring-opening reaction being a 
reversed-Dieckmann condensation.[14] Initially, we 
attempted to replace the free 13-carboxyl group with a chlo-
rine atom using the Kochi reaction, being a modification of 
the Borodin-Hunsdiecker reaction.[19] The dimethyl ester of 
chlorin e6 1 was dissolved in 1,4-dioxane and lead 
tetraacetate and lithium chloride were added. After 30 min 
of stirring at 80 °C, the initial chlorin completely disap-
peared and two products were formed. However, 13-chloro 
derivative 2 was not found among the products. Instead, the 
product 3 of oxidative lactonization was formed as a mixture 
of two diastereomers differing in the configuration of the 133-
C atom (Scheme 1) in a ratio 10:11. The diastereomers 3a 
and 3b were isolated using preparative TLC. 
 

Spectra 

In the NMR spectrum of the product 3, a characteristic 
peak of 133-CH was observed in the form of a singlet at 
7.27 pm for the major diastereomer 3a and 7.52 ppm for the 
minor diastereomer 3b. Compared with the spectrum of the 
initial chlorin 1, the peak of 151-CH2 in the form of two 
doublets at 5.23 and 5.50 ppm with a geminal constant of 
18.6 Hz disappeared. The shift of the 133-CH signal into a 
low field by 2 ppm was due to the influence of the oxygen 
substituent that has been attached. The remaining signals in 
the product spectrum correspond to the similar peaks in the 
original spectrum. In the 13C NMR spectrum of the product 
the peak at 79 ppm was observed, while the carbon spec-
trum of the starting chlorin e6 did not contain any signals in 
the region from just up 50 to over 100 ppm. The signal at 
79 ppm belongs to the 133-CH, as it was confirmed by 
HSQC. The main bands in the UV-vis spectrum of the 
product slightly changed: both the short wavelength Soret 
band and the longest-wavelength Qy band were 
bathochromically shifted by 2 and 5 nm, correspondingly, 
weaker Q-bands were similarly shifted. However, a new 
relatively intense band at 461 nm arose. 

Mechanism 

We have proposed a mechanism for the reaction of 
oxidative cyclization of chlorin 1 into lactone 3, and quan-
tum chemical calculations have been carried out to confirm 
it. In accordance with similar reactions of lead tetraacetate 

and carboxylic acids, the corresponding mixed salt of 
lead(IV) acetate and carboxylic acid 4 was formed at the 
first stage, besides that, at presence of LiCl the corre-
sponding anion complex 5 can also be formed (Scheme 
2).[20] Pb(OAc)4 can also act as a Lewis acid, promoting 
enolization of 15-(methyl acetate) group (Scheme 3). 

 
 

 
 

Figure 1. UV-vis absorption spectra of the 152,173-dimethyl ester 
of chlorin e6 1 and its lactone derivative 3. Spectra were recorded 
in CH2Cl2 at concentration of 10-5 M. 
 

 
 

 
Scheme 2. The pre-equilibrium of the 152,173-dimethyl ester of 
chlorin e6 1 with lead tetraacetate and LiCl. 
 
 

 

Scheme 3. Enolization of the 15-(methyl acetate) group in the lead 
acetate salt of the dimethyl ester of chlorin e6. 
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Scheme 4. Alternative pathways of the transformation of the Pb(OAc)3 salt of the dimethyl ester of chlorin e6 (4) into the lactone 
derivative (3).  
 
 

 
 
 
Scheme 5. Alternative pathways of the transformation of the Pb(OAc)3 salt of the enol tautomer of the dimethyl ester of chlorin e6 (4a) 
into the lactone derivative (3).  
 
 

The probable mechanism can in principle be both 
homolytic and heterolytic in nature, and the reaction can 
proceed either from the carbonyl form 4 (Scheme 4) or 
from the enol tautomer 4a (Scheme 5). 

The Kochi reaction was shown to proceed via the 
radical pathway.[20,21] The homolytic decomposition of the 
Pb-O bond was reported to proceed faster in the anion 
complex of Pb(IV) compared to the neutral lead(IV) car-
boxylate, which is reasonably stable, and its decomposition 
was shown to be catalyzed by nucleophiles such as pyri-
dine, acetate anion etc.[21] The limiting stage of the reaction 
is the breaking of the Pb-O bond, which in the case of the 
starting anionic lead complex 5 leads to an intermediate 6 
with a radical center at the oxygen atom of the carboxyl 
group at position 13 (Scheme 6). Usually, such radicals are 
unstable and release a carbon dioxide molecule, resulting in 
a carbon radical. In the case of the alkylcarbonic acids the 

decarboxylation is very fast, as the corresponding rate con-
stant k ~ 109 s-1.[22] The decarboxylation of aryl carboxylic 
radical is much slower with the rate constant k ~ 106 s-1.[23] 
However, the low activation barrier (8–9 kcal/mol)[23] of the 
decarboxylation of an aryl carboxylic radical makes need 
for the even lower activation energy of the desirable next 
reaction step of aryl carboxyl radical, which should be fast 
enough to promote the reaction toward the expected 
pathway. In our case, the carboxyl radical is aromatic. The 
rates of the hydrogen atom transfer (HAT) and radical 
addition to the carbon-carbon double bond (AdR) are of the 
same order of k ~ 107 M-1s-1.[22] Thus, both the hydrogen 
abstraction and addition to the C=C double bond can 
proceed faster than the decarboxylation. Due to the spatial 
proximity of 151-C to the oxygen atom of the 13-carboxyl 
group, after the homolytic breakup of the Pb-O bond, the 
resulting oxygen radical can abstract the hydrogen atom 
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from 151-CH2, forming intermediate 7. Then the electron 
transfer (ET) from the 151-CH radical center to the lead(III) 
triacetate leads to formation of 151-CH carbocation in 8. 
Cyclization takes place by the nucleophilic attack of the 
oxygen atom of the 13-carboxyl group to the 151-CH 
carbocation (Scheme 6).  

The similar type of lactonization was reported for 2-
benzylbenzoic acids and 2-phenethyl benzoic acid using 
electrochemical oxidation of the benzoic acid to the 
corresponding radical.[24] The authors also proposed the 
mechanism with the analogous steps including benzylic 
hydrogen abstraction by the carboxylic radical, followed by 
the oxidation of the benzylic radical and the final 
cyclization step by the nucleophilic attack of the carboxylic 
oxygen to the benzylic cation. The radical trapping and 
kinetic isotopic effect confirmed the proposed mechanism. 
However, unlike the lactonization of the ortho-substituted 
benzoic acids, in the reaction of chlorin the 151-CH 
carbocation 8 is destabilized by a neighboring 
methoxycarbonyl group. An alternative mechanism is based 
on the oxygen radical addition (AdR) to the carbon-carbon 
double bond of the enol form of the dimethyl ester of 
chlorin e6. (Scheme 5) The methyl acetate substituent at 
position 15 is able to enolize under catalysis of Lewis acid 
Pb(OAc)4, and the resulting carbon-carbon enol double 
bond is in its stabilizing partial conjugation with a 
tetrapyrrole macrocycle (Scheme 3). Moreover, the spatial 
proximity of 151-C to the carboxyl group at position 13 can 
lead to nucleophilic assistance of the enol group to the Pb-O 
bond heterolytic breakup. The enol form is especially 
suitable for the heterolytic pathway, in which the 
electrophilic oxygen cation easily attacks the electron rich 
carbon-carbon double bond of the enol in 10a (Scheme 5). 
Electrophilic addition to the double bond leads to the 
protonated lacton 9a. Thus the heterolytic pathway is the 
shortest route to the product. 

To assess the preferred nature of the reaction 
mechanism, we calculated the energies of the intermediates 
4, 4a, 5 and 5a. Quantum chemical calculations were 
performed using the DFT method. Optimization of the 
geometry of reaction species in 1,4-dioxane was performed 
by the B3LYP functional and 6-31G(d,p) basis set for light 
atoms and LanL2DZ for Pb. According to the calculations, 
the carbonyl form of the starting dimethyl ester of 
chlorin e6 1 is more stable than the corresponding enol 
form 1a by ~23 kcal/mol, and lead acetate salt of the 
carbonyl form 4 is more stable that the enol 4a by 
~21 kcal/mol (Scheme 7), so the enol pathway (Scheme 5) 
seems to be improbable. The formation of the lead acetate 
salt 4 is endothermic, so an excess of the lead tetraacetate is 

needed for the equilibrium shift from 1 to 4. But LiCl 
addition leads to the anionic complex formation which is 
energetically favorable overall (-7 kcal/mol from 1 to 5). 
The energy of the homolytic breakup of the Pb-O bond of 4 
leading to the radical intermediate 6 was calculated to be 20 
kcal/mol, and that of the heterolytic breakup leading to the 
cationic intermediate made up 49 kcal/mol. Thus, the 
energy of the homolytic breakup is 29 kcal/mol less than 
that of the heterolytic breakup. The Pb-O bond homolytic 
breakup energy of the chloride anionic complex 5 is 16 
kcal/mol which is 4 kcal/mol less than that of the neutral Pb 
salt 4. Thus, the DFT calculations confirmed the catalytic 
action of the LiCl additive in the initiation of the radical 
reaction. But the energy of the heterolytic Pb-O bond 
dissociation of the anionic complex 5, leading to the 
oxygen cation formation, was calculated to be much higher 
than that of the neutral complex 4, reaching a very high 
value of 96 kcal/mol. The dissociation of the enol form 4a 
proceeds easier. The energy of the radical dissociation of 
the neutral salt 4a is 18 kcal/mol, and the energy of the 
cation oxygen formation is 36 kcal/mol. However, this 
pathway does not matter due to the low equilibrium 
concentration of the enol tautomer. Thus, the plausible 
mechanism of oxidative lactonization of dimethyl chlorin e6 
is homolytic and proceeds from the anionic lead(IV) 
complex of the dimethyl ester of chlorin e6 5 (Scheme 6). 

Conclusion 

In conclusion, a new transformation of the derivative 
of natural chlorin e6 has been discovered. As a result of the 
treatment of dimethyl ester of chlorin e6 with lead 
tetraacetate, oxidative cyclization occurs with the formation 
of the lactone derivative of the chlorin e6. The quantum 
chemical calculation of the structures of the possible 
intermediates allowed to propose a plausible mechanism of 
the reaction. An oxidation of the substrate by lead(IV) via 
radical pathway leads to the carboxyl radical formation. 
The key step is an intramolecular hydrogen atom transfer 
followed by the oxidation of the radical with lead(III) 
through an electron transfer leading to the carbocation. 
Finally, the cyclization takes place by the nucleophilic 
attack of the oxygen atom of the carboxyl group to the 
carbocation. Thus, the new reaction allows to obtain the 
valuable derivative of chlorin e6. The scope of the reaction 
is under ongoing investigation and will be reported in due 
course. 
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Scheme 6. The plausible mechanism of oxidative lactonization of the dimethyl ester of chlorin e6.  
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Scheme 7. The energetic diagram of the intermediates of the oxidative lactonization of the dimethyl ester of chlorin e6.  
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