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bstract

The tetrapyrrolic compound chlorin e6 is currently used as a pharmaceutical substance for Photolon formulation, which is utilized in photodynamic
herapy of various diseases. It was found that chlorin e6 could contain both process- and degradation-related impurities. In order to understand
heir origin, the most abundant impurities were prepared by liquid extraction, preparative chromatography or chemical synthesis. By means of

4
PLC-PDA–MS, 1D and 2D NMR spectroscopy, these impurities were identified as chlorin e6 17 -ethyl ester, chlorin e4, 15-hydroxyphyllochlorin,
hodochlorin, 151-hydroxymethylrhodochlorin �-lactone, rhodochlorin-15-oxymethyl �-lactone, rhodochlorin-15-oxymethyl �-lactone 174-ethyl
ster, 151-hydroxymethylrhodoporphyrin �-lactone, rhodoporphyrin-15-oxymethyl �-lactone and purpurin 18. The possible routes of formation of
he chlorin derivatives upon the production and storage of chlorin e6 are discussed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Presently chlorin e6 and related structures are of special
harmacological interest thanks to their high photosensitizing
fficacy. This feature makes chlorins attractive molecules for
hotodynamic therapy (PDT) of pathological tissues—treatment
odality that includes combined action of an “exited-to-a-

riplet-state” photosensitizer and molecular oxygen dissolved
n tissues [1]. The main advantages of chlorin e6 in PDT are the
ow dark toxicity, fast and sufficiently selective accumulation
n target tissue, and a well-balanced combination of diagnos-
ic properties and tumoricidal ability [2]. The use of chlorin e6
ound to a polyvinylpyrrolidone carrier allowed us to develop
he new promising photosensitizer (PS) Photolon [3,4]. The for-
ulation is efficient both in photodynamic diagnostics and in

herapy of oncological lesions of skin, bladder, as well as in PDT
f age-related macular degeneration and microbial infections
5–10].

Several synthetic methods of chlorin e6 preparation

rom available precursors (chlorophyll “a”, pheophytin “a”,
heophorbide “a”) have been proposed to produce the compound
n various yields and of different purity degrees [11–13]. Also,

∗ Corresponding author. Tel.: +375 17 2093926; fax: +375 17 2093926.
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he studies associated with different degradation approaches
nd synthetic modifications of chlorin e6 have been performed
n order to obtain certain porphyrin and chlorin derivatives
11,12,14–16]. In particular, boiling of chlorin e6 in pyridine is
nown to result in its decarboxylation, yielding chlorin e4. When
egraded by oxidizing agents, chlorin e6 can be transformed to
etrapyrroles such as purpurin 5, rodochlorin-15-oxymethyl lac-
one and other similar compounds [11,17,18]. Moreover, chlorin
6 readily decomposes when exposed to light with formation of
he compounds, whose structure has not been elucidated so far
19].

With ever increasing regulatory concerns on the quality
nd safety of pharmaceuticals, a systematic investigation of
mpurities and degradation products in chlorin e6 as an active
harmaceutical ingredient is of paramount importance. Such
tudies may help to understand how the source of raw materi-
ls, manufacturing process and storage conditions can affect the
mpurity profile of chlorin e6, which would eventually lead to a
evelopment of pharmaceutical forms of chlorin e6 with a long
helf life which would contain less process-related impurities
nd degradation products.

This work describes separation and identification of impu-

ities and degradation products in chlorin e6 using high-
erformance liquid chromatography/photodiode array UV
etector (HPLC-PDA), HPLC–MS and NMR methods. Special
ttention has been paid to the development of procedure for iso-
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ation and/or synthesis of related substances which can be used
s external standards in routine analysis.

. Experimental

.1. Samples and reagents

Chlorin e6 (1) samples were produced by the modified
ethod of Loetjoenen et al. [13] using chlorophyll “a” extracted

rom Spirulina platensis at RUE Belmedpreparaty, Minsk,
elarus. Trifluoroacetic acid (TFA), sodium hydroxide, and
ydrochloric acid of analytical purity were purchased from
igma–Aldrich. Acetonitrile for HPLC, deuterated pyridine
99.8%), methanol, chloroform and other solvents were obtained
rom Merck, Darmstadt, Germany.

.2. Synthesis of the impurities

Impurity 2 was synthesised by partial esterification of chlorin
6. Chlorin e6 was stirred in 4% sulfuric acid/ethanol medium
2 h) with subsequent fractionalization by preparative HPLC of
he resultant mixture of chlorin e6, mono (174) and diethyl (153,
74) esters. Due to different reactivity of the carboxyl groups
f chlorin e6, the formation of other possible (mono substi-
uted) isomeric esters was negligible, allowing one to isolate
ure (according to 1H NMR) impurity 2.

In order to prepare impurity 8, impurity 2 was degraded under
he action of air at 30 ◦C (storage for 14 days in a dark place) with
ubsequent purification by means of preparative chromatogra-
hy.

Impurity 10 was synthesised by dehydrogenation of the
mpurity 7 by dichlorodicyanobenzoquinone in chloroform as
escribed for other chlorins [20] and purified by preparative
hromatography. To avoid possible side reactions, impurity 7
as initially methylated by 5% (v/v) sulfuric acid in methanol.

.3. Equipment

HPLC analysis was performed on a Waters chromatography
ystem consisting of a Waters 600E HPLC pump, a gradient
ontroller, a type 996 photodiode array detector (PDA) (all
rom Waters, Milford, MA). HPLC separations were moni-
ored at 407 nm (analytical HPLC) and 515 nm (preparative
eparation). The following chromatography columns were used:
n analytical 150 mm × 4.6 mm column and a semiprepar-
tive 150 mm × 10 mm column packed with XTerra RP-18
Waters, Milford, MA) with 3.5 and 5 �m particles, respec-
ively. The mobile phase flow rate was 1 and 4.5 ml/min
or analytical and preparative separations, respectively. During
he analytical run, the gradient elution was carried out using

obile phases A (0.1% TFA in water) and B (acetonitrile).
hlorin e6 impurities were separated under the conditions deter-
ined earlier using a 20-min gradient of B from 45 to 100%
21]. During the preparative run, mobile phase B contained
lso 0.1% TFA. To achieve efficient elution of porphyrin-like
mpurities, phase B was additionally modified with dimethyl-
ormamide (DMF) (up to 30% of DMF to isolate impurity
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and up to 50% of DMF to recover impurity 10). Samples
ere injected in dimethylsulfoxide (chlorin type structures) or
imethylformamide (porphyrin type) in 10 �l and 100–500 �l
liquotes for analytical and preparative separations, respec-
ively.

Mass spectra (m/z 400–800) were obtained by online
PLC–MS using a Waters ZQ2000 mass detector (Waters, Mil-

ord, MA) working with ESI interface in positive ionization
ode. The MS detector parameters were varied to obtain prefer-

ntially either molecular ion or fragmentation spectra (capillary
oltage 2–4 kV, cone voltage 30–100 V). The spectra of the
mpurities in the UV–vis region (300–700 nm) were recorded
n the mobile phase using Waters PDA detector.

NMR experiments were performed using Bruker Avance 500
pectrometer (500 MHz for 1H, 125 MHz for 13C). All spectra
ere recorded in deuterated pyridine with reference to the sol-
ent signal (71,808 ppm (meta-proton) for 1H and 135.9 ppm
C4) for 13C) [22]. Two-dimensional [1H–1H] COSY, [1H–1H]
OESY (mixing time 500 ms), [1H–13C] HMBC (J = 8.0 Hz)

nd [1H–13C] HSQC spectra were recorded using standard
mpulse sequences provided by Bruker.

. Results and discussion

A typical HPLC chromatogram of a batch of chlorin e6 (1)
s shown in Fig. 1. Characteristics of chlorin e6 and main impu-
ities obtained using HPLC–MS and HPLC-PDA are shown in
able 1. One of the chlorin e6 impurities was identified earlier
uring development of the HPLC assay method as monoethyl
ster of chlorin e6 (impurity 2) [21]. In this work, by means
f HPLC we isolated and characterised other nine most sig-
ificant related substances in chlorin e6 API. The structures
f the identified impurities, as well as their trivial names are
hown in Table 2. In order to give unambiguous identifica-
ion of isolated and/or separated molecules, proton-magnetic
esonance spectra were recorded together, if considered neces-
ary, with two-dimensional [1H–1H] and [1H–13C] correlation
pectra (Tables 3 and 4). Description of the preparation of the
mpurities and the main steps of structural elucidation are pre-
ented below.

.1. Isolation and purification of impurities

From HPLC-PDA analysis of chlorin e6 API, the main
eak of chlorin e6 (∼7.5 min) and the peaks of several more
ydrophobic impurities were detected in the chromatogram
Fig. 1). Because of low content of impurities in the initial
ample, an induced degradation process was used to increase
heir content. The most suitable sample for the isolation of
mpurities appeared to be the one oxidized by the action of air
ageing for 1 year in the dark at room temperature) shown in the
hromatogram in Fig. 2 (referred to thereafter as “degraded chlo-
in”). The attempts to prepare degraded chlorin within a shorter

erm proved unsuccessful, since acceleration of the degradation
rocess under the action of different reagents lead to a lower
electivity of the reaction, which entailed generation of very
omplex mixtures of tetrapyrrols with lower content of the com-
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Fig. 1. Chromatogram of impurities

ounds of interest or predominant formation of relatively pure
ut undesired chlorins.

Using HPLC fractionation of the degraded chlorin, impurities
–7 were obtained. Individual impurities 6 and 7 were isolated by
reparative chromatography using linear gradient elution with
.1% TFA/acetonitrile mixtures. To facilitate separation of 4 and
, these impurities were enriched using hydrochloric acid/ether
ractionation [17]. At first, polar porphyrins were washed out
rom degraded chlorin solution in ether using 3% HCl, followed
y recovery of the fraction containing 4, 5 and 9 as the major
ompounds in 8% HCl. Further, pure 4 and 5 were prepared by

eans of preparative HPLC.
Under the conditions developed initially for preparative

PLC, impurity 9 eluted as a wide and asymmetric peak, lead-
ng to a low recovery and significant contamination by other

p
3
a
i

able 1
V–vis and mass-spectral characteristics of chlorin e6 and related impurities

ompound Vis (Q1, Q2, Q3, Q4, Q5, Soret bands) M

hlorin e6 643, 592, –, 528, –, 406 5
–

mpurity 2 644, 592, –, 528, –, 408 6

mpurity 3 644, 591, –, 532, –, 409 5

mpurity 4 634, 582, –, 526, –, 402 5
–

mpurity 5 641, 591, –, 523, –, 403 5

mpurity 6 665, 608, (558)a, 530, 500, 405 5

mpurity 7 661, 604, (558), 530, 500, 404 5

mpurity 8 661, 604, (560), 530, 500, 404 5

mpurity 9 (631), 580, 561, 520, –, 409 5

mpurity 10 (630), 577, 554, 515, –, 408 5

mpurity 11 700, 644, 548, 509, –, 407 5

a Bands of low intensity are shown in parentheses.
lorin e6 pharmaceutical substance.

ompounds. However, double re-crystallization of the degraded
hlorin from tetrahydrofuran and chloroform enabled us to
btain a mixture that contained 9 as a major compound along
ith minor amounts of some chlorins and porphyrins. Further-
ore, the HPLC conditions were optimized to facilitate the

lution of impurity 9. This was achieved using a mobile phase
(0.1% in acetonitrile) containing 30% (v/v) of DMF.
Impurities 2, 3, 8, 10 and 11 were hard to isolate from the

egraded chlorin because of their low content and/or insufficient
esolution under the HPLC conditions used. However, online
PLC-PDA–MS investigation allowed us to establish the most

robable structures and synthesise them. To prepare impurities
and 11 in the amounts sufficient for NMR investigation, data

vailable from the literature were used [11]. The synthesis of
mpurities 2, 8 and 10 was carried out using common reactions of

S (ESI, +ve)

97.7 (100, MH+), 553.8 (40, –CO2), 538.7 (38, –CH2CO2H), 509.8 (5,
2CO2), 494.8 (5, –CH2CO2H, –CO2), 465.7 (5, –3CO2)

25.8 (100, MH+), 581.8 (29, –CO2), 566.7 (23, –CH2CO2H)

53.7 (100, MH+)

25.8 (100, MH+), 507.8 (30, –H2O), 495.8 (10, –CH2OH), 435.8 (10,
CH2OH, –CH3, –CO2)

39.8 (100, MH+), 495.9 (5, –CO2)

67.8 (100, MH+), 549.7 (42, –H2O), 539.8 (9, –CH2O), 523.8 (10, –CO2)

51.8 (100, MH+), 507.8 (5, –CO2)

79.8 (100, MH+), 551.8 (23, –C2H4), 535.8 (10, –CO2)

65.7 (100, MH+), 547.8 (18, –H2O), 537.8 (21, –CH2O), 521.8 (21, –CO2)

49.7 (100, MH+), 505.3 (7, –CO2)

65.7 (100, MH+), 521.6 (11, –CO2), 503.6 (15)
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Table 2
Nomenclature, HPLC retention times and molecular masses of chlorin e6 and relative compounds

No. Trivial name RT (HPLC) MW

Compound 1 Chlorin e6 7.5 596.7
Impurity 2 Chlorin e6 174-ethyl ester 10.7 624.7
Impurity 3 Chlorin e4 10.5 552.7
Impurity 4 151-Hydroxyphyllochlorin 10.0 524.7
Impurity 5 Rhodochlorin 13.4 538.6
Impurity 6 151-Hydroxymethylrhodochlorin �-lactone 16.9 566.6
Impurity 7 Rhodochlorin-15-oxymethyl �-lactone 19.2 550.6
Impurity 8 Rhodochlorin-15-oxymethyl �-lactone 174-ethyl ester 22.1 578.7
Impurity 9 151-Hydroxymethylrhodoporphyrin �-lactone 19.7 564.6
I e
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mpurity 10 Rhodoporphyrin-15-oxymethyl �-lacton
mpurity 11 Purpurin 18

he porphyrin chemistry as described in the Section 2.2. Identity
f the prepared compounds to the corresponding impurities in
hlorin e6 was confirmed by comparison of the HPLC retention
imes, HPLC-PDA profiles and HPLC–MS data.

.2. Identification of impurities

UV–vis spectral characteristics of the chlorin e6 impurities

n the mobile phase (Table 1) suggest that the impurities 2–8
ossess chlorin-type spectra with intensive absorption bands at
02–408 (Soret band) and at 634–664 nm. As it follows from
he absence of an intensive long wave adsorption band along

p
m
w
c

21.7 548.6
22.3 564.6

ith presence of the Soret band in the visible spectra of 9 and
0, these impurities are the products of dehydrogenation of the
hlorin cycle at C17-18 position (porphyrins).

Typical mass fragmentation of chlorin e6 and related chlo-
ins is well-documented in the literature [22–24]. In the majority
f cases, formation of fragment ions is accompanied by chlorin
ecarboxylation, and loss of carboxyalkyl and hydroxyl groups.
ccordingly, in the MS-ESI spectra of chlorin e6, intensive

eaks belonging to [MH − CO2]+ and [MH − CH2CO2H]+ frag-
ents due to fission of the most active C15 side chain group
ere observed. Under relatively mild electrospray ionization

onditions, two remaining carboxylic groups (at C17 and C13)
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Table 3
1H NMR signal assignments for chlorin e6 and impurities 2–8 (chemical sifts in ppm, coupling constants in Hz)

Position Chlorin e6 Compound 2 Compound 3 Compound 4 Compound 5 Compound 6 (a mixture of 151-R/S isomers) Compound 7 Compound 8

10-H 9.96/s 9.99/s 10.02/s 10.08/s 10.71/s 9.99/s 9.93/s 10.01/s 10.05/s

5-H 9.96/s 9.97/s 9.94/s 9.98/s 10.15/s 9.83/s 9.74/s 9.85s/ 10.87/s

15-H – – – – 10.02/s

20-H 9.08/s 9.09/s 9.06/s 9.13/s 9.00/s 8.98/s 8.91/s 8.97/s 8.97/s

13-H – – – 9.25/s –

31-CH CH2 8.27/dd 17.8,
11.6

8.27/dd 17.8,
11.5

8.27/dd 17.8, 11.5 8.35/dd 17.8, 11.5 8.30/dd 17.8, 1.5 2H 8.16/m 8.23/dd 17.8, 11.6 8.25/dd 17.8, 11.6

32-CH CH2 (trans) 6.42/dd 18.0,
1.2a

6.42/dd 17.9,
0.7

6.42/d 17.9 6.43/dd 17.8, 1.1 6.43/dd 17.9, 1.2 4H 6.37/d 18.0 6.40/d 17.9 6.41/d 17.8

32-CH CH2 (cis) 6.11/dd 11.6,
1.2

6.12/dd 11.6,
0.9

6.12/d 11.5 6.14/dd 11.5, 1.2 6.15/dd 11.5, 1.3 4H 6.13/d 11.5 6.16/d 11.6 6.17/d 11.7

151-CH2 6.43/d 18.6a,
6.18/d 18.8

6.35/d 18.9,
6.03/d 18.4

CH3 4.44/s CH2OH 5.94/s – CHOH 9.02/s CHOH 8.7/sa 7.15/dd 14.5. 9.6 7.05/‘t’ 15.4

17-H 5.08/d 10.1 4.95/dd 10.4,
1.8

4.82/dd 10.2, 1.8 5.18/dd 10.1, 2.0 2H 4.61/m 5.19/d 9.8 5.05/d 8.2 4.66/d 10.3 4.55/m

18-H 4.68/q 7.2 4.62/q 7.1 4.63/q 7.2 4.72/q 7.2 2H 4.73/m 4.61/q 7.2

174-CH2 – 4.12/q 7.0 – – – – – 4.07/m

81-CH2 3.81/q 7.4 3.81/q 7.7 3.83/q 7.6 3.85/q 7.5 3.88/q 7.7 4H 3.76/m 3.80q 7.7 3.82/q 7.2

121-CH3 3.76/s 3.78/s 3.81, 3.43, 3.31/s 3.47, 3.46, 3.35/s 4.08, 3.43, 3.34/s 3.96/s 3.92/s 3.97/s 3.98, 3.39, 3.28/s
21-CH3 3.42/s 3.42/s 3.37/s 3.35/s 3.39/s
71-CH3 3.30/s 3.31/s 3.25/s 3.22/s 3.27/s

172-CH2 3.02, 2.66/m 2.83, 2.48/m 2.71, 2.13, 3.01,
2.78/m

3.08, 2.87, 2.73,
2.28/m

2.82, 2.71, 3.11,
2.97/m

3.50–2.35/m 2.74, 2.17, 3.00,
2.68/m

2.60, 2.11, 2.81,
2.49/m171-CH2 2.74, 2.04/m 2.61, 2.00/m

181-CH3 1.84/d 7.0 1.84/d 7.2 1.78/d 7.2 1.82/d 7.2 1.88/d 7.1 1.80/d 7.0 1.74/d 6.7 1.77/d 7.3 1.77/d 7.1

82-CH3 1.72/t 7.6 1.73/t 7.6 1.74/t 7.6 1.73/t 7.6 1.77/t 7.7 6H 1.70/t 7.2 1.72/t 7.6 1.73/t 7.5

175-CH3 – 1.07/t 7.1 – – – 1.04/t 7.0

a Partially unresolved signals (approximate resonance position was derived by deconvolution).
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Table 4
1H NMR signal assignments for impurities 9–10 (chemical sifts in ppm, coupling
constants in Hz)

Position Compound 9 Compound 10

10-H 10.16/s 10.11/s
5-H 10.07/s 10.02/s
20-H 10.00/s 9.98/s
31 -CH CH2 8.35/dd 17.8, 11.4 8.32/dd 16.7, 11.4
32 -CH CH2 (trans) 6.38/d 18.0 6.37/d 17.8
32 -CH CH2 (cis) 6.18/d 11.5 6.18/d 11.1
151-CH2 CHOH 9.48/s 8.78/s
17-H – –
18-H – –
81-CH2 3.99/q 7.6 3.95/m
121-CH3 4.11/s 4.08/s
21-CH3 3.58, 3.59/s 6H 3.58/s181-CH3

71-CH3 3.44/s 3.41/s
171-CH2 5.00, 4.63/m
1
8
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Table 5
Fragment of [1H–13C] HMBC correlations of impurity 2

Carbon atom Signal position
δC (ppm)

Interacting protons in
HMBC spectrum

175 14.1 174 (++)
171 30.2 18 (+), 171 (+)
172 31.6 –
151 39.5 –
174 60.4 175 (+++)
13 128.6 121 (+++)
131 172.1 121 (++)
1 3 2 4

1

a
t
a
H
t
g

4.85–3.35/m72-CH2 3.71, 3.52/m
2-CH3 1.72/t 7.7 1.69/m

ere more stable and, therefore, only low intensity signals of
MH − 2CO2]+ and [MH − 3CO2]+ were produced in the spec-
rum (Table 1).

The 1H NMR spectrum of chlorin e6 was used as a refer-
nce to elucidate the structures of unknown impurities. Chemical
hifts of chlorin e6 in deuterated pyridine (Table 3) correlate
ith those published elsewhere with one exception, namely, the

ow field proton resonances are atypically deshielded (especially
51-CH2 group for ∼1 ppm) compared to chlorin e6 spectra in
dCl3 or acetone-d6 [25,26].

.2.1. Structural elucidation of impurity 2
Impurity 2 showed UV–vis spectrum of a typical chlorin and
iffered from chlorin e6 only by the presence of ethyl ester
roup, as it was established earlier with the use of HPLC–MS
21]. Treatment of chlorin e6 with acidic ethanol during purifi-
ation stage was supposed to be responsible for the formation

(
b
b
b

Fig. 2. HPLC chromatogram of degraded chlorin e6 (age
7 173.2 17 (++), 17 (++)
52 175.5 151 (+)

nd accumulation of this impurity. After several optimiza-
ion steps treatment of chlorin e6 in EtOH with 4% H2SO4
llowed receiving the largest quantity of the ester with the same
PLC–MS characteristics as detected for 2. The 1H NMR spec-

rum of impurity 2 showed characteristic system of ethyl ester
roup, comprising signals at δH = 4.12 ppm (q) and 1.07 ppm

t). The 2D HMBC spectrum presented intensive over three
ond correlations between 174 methylene protons and 173 car-
on (δC = 173.2 ppm), which, in turn, showed correlations with
oth 172 and 171 protons (Table 5). These data allows one to

ing for 1 year in the dark at the room temperature).
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formed due to elimination of the methanol molecule. Consider-
ing molecular ions and the fragmentation pattern, the structure
of methylated 6 can be deduced as the mixture of 151-(S)-6b
and 151-(R)-6b.
6 H.A. Isakau et al. / Journal of Pharmaceu

educe localization of the esterified group to propionic acid
174) residue, revealing the structure of 2 as chlorin e6 174-ethyl
ster.

.2.2. Structural elucidation of impurity 3
Impurity 3 was characterised by UV–vis spectra very similar

o that of chlorin e6 and appeared to be slightly more hydropho-
ic than RP-HPLC. The mass spectrum of 3 showed only a
olecular ion with m/z 553.7 (� 44 in comparison with initial 1)

uggesting loss of the carboxyl group from the parent molecule.
otentially, any of three acidic residues could be altered in the
hlorin e6 molecule. However, it is known that the decarboxy-
ation of chlorin e6 begins at the least stable 15-acetic chain
eading to the formation of chlorin e4 known from the works
f Fischer [11]. The initial loss of 13-COOH group is possible
f the others are protected by esterification and demands signif-
cantly more harsh conditions (>200 ◦C) than the ones used in
he synthesis of chlorin e6. HPLC-PDA–MS analysis of synthe-
ised chlorin e4 showed its equivalence to the characteristics of
mpurity 3. 1H NMR spectrum of impurity 3 confirmed the dis-
ppearance of a doublet of doublets of the 151-CH2 group of 1
nd appearance of the methyl proton resonance (δH = 4.44 ppm)
orresponding to the appropriate signal of its dimethyl-esterified
erivative [14]. These findings prove decarboxylation of the
5-acetic acid residue of chlorin e6 and allow characterising
mpurity 3 as chlorin e4.

.2.3. Structural elucidation of impurity 4
The mass spectrum of 4 showed molecular ion at m/z 525.8

nd the main product ion at m/z 507.8. The mass loss dif-
erence of 18 units allowed us to conjecture the presence of
ydroxyl group in the structure of 4. An analysis of the integral
ntensity and resonance positions of proton-bearing structural
lements in comparison to 1 revealed that possible oxidation of
inyl group (C31-32) or reduced pyrrole ring (at C17-18 posi-
ions) did not occur [15,22]. Although almost all of the chlorin
6 substituents survived, the transformation of 151-CH2 group
as found due to absence of its signals. Additionally, two new

inglet signals appeared in the low field at δ = 9.25 ppm (1H)
nd 5.94 ppm (2H). In comparison to chlorin e6, the signals of
7x-methylene protons remained essentially the same, while the
inglet belonging to 12-CH3 protons was noticeably deshielded
∼0.3 ppm). These data implied that the electron withdrawing
carboxylic) group was removed at position 13 of the macrocy-
le, producing a resonance in the low field (δH = 9.25 ppm) [22].
he remaining two-proton singlet at 5.94 ppm was assigned to

he 15-CH2OH group. This suggestion was further supported by
he presence of the fragment ion at m/z 495.8 in the MS spec-
rum corresponding to [MH − CH2OH]+. General examination
f the experimental results allowed assigning the structure of 4
o 151-hydroxyphyllochlorin.

.2.4. Structural elucidation of impurity 5

The MS-ESI spectrum of impurity 5 showed an ion at m/z

39.8 which formally corresponded to simultaneous removal
f carboxyl (� 44) and methylene fragments (� 14) from par-
nt molecule. A straightforward investigation of 1H NMR data
nd Biomedical Analysis 45 (2007) 20–29

evealed only elimination of the AB system of 151-methylene
roup while the other characteristic multiplets remained in the
pectrum. Therefore, we conjectured a loss of the acetic acid
hain at C15 of chlorin e6 with the formation of the known
ubstance rhodochlorin [11]. In this case the resonance of 15-
H had to be formed in the low field. The relevant signal was

ound in the expected region at δH = 10.02 (δH (CdCl3) = 9.81 for
hodochlorin dimethyl ester [14]) and confirmed the structure of
as rhodochlorin.

.2.5. Structural elucidation of impurity 6
In the mass spectrum of 6, the molecular ion peak (m/z

67.8) and several fragment peaks which could be assigned
o dehydration (m/z 549.7), deformylation (m/z 539.8) and
ecarboxylation (m/z 523.8) were observed. In spite of the
omogeneity of the chromatographic peak of 6 (according
o PDA and MS spectral purity), 1H NMR spectrum of this
mpurity revealed a set of duplicated lines of all resolved
esonances. Correlations in 2D [1H–1H] COSY and [1H–1H]
OESY spectra indicated the presence of two compounds with

he same set of scalar and spatial couplings (Fig. 3, [1H–1H]
OSY data not shown). Furthermore, the 1H NMR spectrum
f 6 differed from that of chlorin e6 by (i) the presence of
trongly deshielded singlets (1H each) at δH = 9.0 and 8.7 ppm
or both impurities, respectively, and (ii) by the absence of
haracteristic system of 151-CH2 group. By assuming the oxi-
ation at 151-position (with one proton loss) and taking into
ccount the MS fragmentation pattern the structure of 6 can
e rationalized as a hydroxylactone (which is a known sub-
tance, chlorin 5 [27]) in the form of 151-stereoisomers mix-
ure.

The existence of two epimers of impurity 6 was confirmed
y RP-HPLC separation of its methylated form. After esterifi-
ation by methanol with catalytic H2SO4, two nearly baseline
esolved peaks corresponding to dimethyl esters (m/z 595.7) of
appeared in the chromatogram at 10.0 and 10.9 min. The MS

ragmentation spectra of these two peaks were found to be iden-
ical to the main product ion at m/z 563.7, which is apparently
Fig. 3. [1H–1H] NOESY correlations of structure 6.
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By presenting correlation between 151 proton and a carbon
ith a δC = 98.7 ppm, heteronuclear single quantum coherence

HSQC) spectrum unambiguously justified the above deduced
keletal structure of 6, since in 15-formylrhodochlorin (the only
ther feasible structure) similar correlation should have been
ppeared in the typical aldehyde region (purpurin 5, δ1

C15 =
91.6 ppm [14]).

.2.6. Structural elucidation of impurities 7 and 8
1H NMR spectra of impurity 7 and chlorin e6 were almost

dentical with the exception of a significant low field shift of the
ignals of the 151-CH2 group (�0.85 ppm) and an up-field shift
f the 17-CH group (�0.42 ppm). Consequently, the saturation
egree of CHx-type groups compared to the parent compound
ost likely remained the same. The molecular ion of 7 was

ound at m/z 551 without noticeable fragmentation. Therefore,
t was suggested that the most probable structure of 7 was a
hlorin lactone formed due to the loss of COOH at 151-position
nd the ring fusion of the residue with the adjacent carboxylic
roup. Due to several possibilities of the ring closure (with 13
nd 17 side chains), the atom connectivities in the HMBC spec-
ra were studied with regard to long-range CH couplings of
31 and 173 acidic carbons. The presence of intensive corre-
ations between 131-C (164.3 ppm) and 152-CH2 and 13-CH3
rotons were detected, while 171-C shows correlation only with
7x-CH2 side chain protons. These data proved cyclisation of
3–15 chains and allowed us to determine the structure of 7 as a
hodochlorin �-lactone described earlier by Conant [28]. The 2D
pectral pattern of 7 was found to be in a good agreement with
he one observed for 174-methylated derivative of this molecule,
hich provides an additional support of its correct interpretation

20].
Impurity 8 showed the visible spectrum identical to that of

, appeared to be slightly more hydrophobic according to RP-
PLC and displayed characteristic MS ions at m/z 579.8 [MH]+

nd 551.8 [MH − C2H4]. The main fragment ion detected in MS
pectra of 8 was identical to the molecular ion of the impurity
. This fact taken together with the increase in RP-HPLC reten-
ion and similarity of visible spectra allowed us to suppose 8 as
sterifed derivative of impurity 7. Further investigations clari-
ed that 8 was not detected among the degradation products of
urified chlorin e6. However, the main product obtained by mild
xidation of chlorin e6 174-ethyl ester (which is present chlorin
6 as impurity 2) matched to 8 in its HPLC–MS characteristics.
ased on these findings and 1H NMR spectra of the impurity 8,
ne can identify its structure as rhodochlorin �-lactone 174-ethyl
ster.

.2.7. Structural elucidation of impurities 9 and 10
Impurities 9 and 10 have been considered as porphyrins

ccording to their visible spectra. This assumption was con-
rmed due to the absence of 17 and 18 proton resonances of

he reduced pyrrole ring and, at the same time, an additional

inglet of the 18-CH3 group (δH = 3.58 ppm) was detected in 1H
MR spectrum. The molecular ions of 9 (m/z 565.7) and 10 (m/z
49.7) were two units lower than those of the impurities 6 and
, respectively, and showed similar fragmentation patterns (con-

l
i
o
o

nd Biomedical Analysis 45 (2007) 20–29 27

idering incremental mass difference). These findings allowed
s to conjecture that 9 and 10 are porphyrin derivatives of 6 and
. To obtain a solid confirmation of their structures, impurity 9
as collected from degraded chlorin, whereas impurity 10 was
repared synthetically. Finally, the scalar and spatial relation-
hips in the 2D [1H–1H] correlation spectra (data not shown)
roved the structures of 9 and 10 as 17,18-didehydrogenated
nalogs of hydroxylactone 6 and lactone 7, respecti-
ely.

.2.8. Structural elucidation of impurity 11
Impurity 11 could be quite consistently identified solely on

he basis of the specificity of its visible spectrum (700, 644, 548,
09, 407 and 360 nm) which is characteristic of purpurin-type
ompounds. Impurity 11 prepared by Fischer’s method [11] was
dentical to its analog in chlorin e6 substance according to its
PLC-PDA–MS characteristics. 1H NMR spectrum of 11 was

ound to be in agreement with the one available in the literature
25].

.3. The scheme of the formation of impurities

The majority of synthetic routes of the preparation of chlorin
6 (including the one used at RUE Belmedpreparaty) include
lkaline hydrolysis of exocyclic E-ring of the parent chlorin in an
nert atmosphere. It is known that the composition of impurities
ormed depends on the concentration of alkali and the presence
f residual oxygen [11,29].

In the oxygen-free solution, E-ring hydrolysis yields exclu-
ively chlorin e6 and its esters. As far as one of the stages of the
hlorin e6 synthesis is performed in an acidic ethanol medium,
he main impurity 2 is formed upon partial esterification of the
arget compound (Fig. 4). Further, impurity 3 is formed as a
esult of chlorin e6 partial decarboxylation upon hydrolysis.
herefore, the impurities 2 and 3 are considered to be process-

elated.
In the presence of oxygen during E-ring hydrolysis, several

o-called “unstable chlorins” are typically formed, leading after
series of transformations to the stable impurity 11 (Fig. 4).

The remaining impurities 4–10 readily form upon induced
egradation of chlorin e6 even under relatively mild conditions
e.g. under exposure to atmospheric oxygen) and, therefore, are
elated to degradation of API. The study of chlorin e6 synthe-
is revealed that accumulation of these impurities starts even at
he late stages of preparation and purification, and can hardly
e avoided (though several improvements to the technology
ave been made). This oxidative destruction of chlorin e6 is,
ost likely induced in the C15 (acetic acid) side chain and

nvolves action of atmospheric oxygen or oxygen containing
articles. Excessive spatial hindrance of the acetic acid radical
s an additional promoter of such reactions [27]. Thus, the oxida-
ive cleavage of the C15 side chain leads to decarboxylation and
ormation of impurities 6 and 7 (analogous transformation of 2

eads to 8). Furthermore, impurities as 4 and 5 can be formed
f transformation of the C15 chain is accompanied with the loss
f the C13 carboxylic acid group. Afterwards, under the action
f air, chlorin-like impurities are gradually converted to more
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Fig. 4. Suggested scheme of

table 17,18-didehydrochlorin derivatives yielding porphyrins 9
nd 10 [30].

. Conclusions

It was established that both process and degradation
elated impurities can be detected in the pharmaceutical sub-
tance of chlorin e6. The main impurities detected in the
amples included: chlorin e6 174-ethyl ester, chlorin e4,
51-hydroxyphyllochlorin, rhodochlorin, 151-hydroxymethyl-
hodochlorin �-lactone, rhodochlorin-15-oxymethyl �-lactone,
hodochlorin-15-oxymethyl �-lactone 174-ethyl ester, 151-
ydroxymethylrhodoporphyrin �-lactone, rhodoporphyrin-15-
xymethyl �-lactone and purpurin 18. The chemical structures
f these impurities have been unambiguously proved by HPLC-
DA, HPLC–MS and NMR data. Syntheses and isolation
rocedures have been developed to prepare impurities from chlo-
in e6 or pheophytin a using the methods of induced destruction,
xtraction and chromatographic fractionation. On the basis of
he identified structures of the impurities and the data on their
evelopment in chlorin e6, a scheme of impurities formation
as suggested.
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