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MODIFICATION OF THE PERIPHERAL
SUBSTITUENTS IN CHLOROPHYLLS a AND b
AND THEIR DERIVATIVES (REVIEW)

V. Yu. Pavlov and G. V. Ponomarev

The extensive published data on methods for the modification of peripheral substituents in chlorophylls
a and b and their various semisynthetic derivatives are classified and analyzed. Special attention is paid
to specific transformations arising from the presence of the unique macrocyclic tetrapyrrole fragment.
Data on certain main pathways to modification of the exocyclic fragment of chlorophylls are also
presented.
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This article reviews the extensive published data on the principal methods for modification of the
peripheral substituents of chlorophyll and their derivatives and also some methods of modifying the exocyclic
fragment, based on the classical papers of R. Willstétter, G. Fischer, and the most up-to-date investigations in
this field.

The great interest in modification of the peripheral substituents in chlorophyll is due to the broad
spectrum of useful characteristics found in their specifically modified derivatives [1]. In particular, they have
been used as models for the study of photosynthesis [2, 3]. The unique ability of chlorophyll derivatives to
accumulate in tumorous tissues and to cause a photodynamic effect under laser radiation has been successively
used in photodynamic therapy (PDT) and fluorescent diagnosis of malignant neoplasms [4-8].

Fundamental data on the chemistry of chlorophylls have been presented in books [9-15] and reviews
[16-28], and some pathways to the modification of chlorophylls were discussed in [1, 4, 7, 29-47].

Nomenclature and Classification of the Basic Derivatives of Chlorophylls a and b

Chlorophylls a and b are customarily regarded as derivatives of porphin, containing a cyclopentanone
ring (exocycle) condensed with a porphyrin macrocycle, various peripheral substituents, a partially hydrogenated
pyrrole ring, and a central magnesium atom.

Fischer [10, 11] and IUPAC [28, 48] nomenclature are used for numbering the carbon and nitrogen
atoms forming the chlorophyll molecule. In the present review the IUPAC numbering system is used except for
some trivial names proposed, mainly by Fischer, for certain derivatives of chlorophylls.
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The structural features of chlorophylls and their derivatives make it possible to divide them into two
main groups. The first group includes chlorophylls 1 and 2 and the derivatives 3-12, containing an exocyclic
fragment (the so-called phorbin derivatives) (Scheme 1). The second group includes the derivatives 14-22 not
containing an exocyclic fragment (the so-called nonphorbin derivatives) (Scheme 2).

1 chlorophyll a: M = Mg, R' = Me, R> = COOMe, R® = Phytyl

2 chlorophyll 5: M = Mg, R' = CHO, R* = COOMe, R® = Phytyl

3 pheophetin a: M = 2H, R' = Me, R? = COOMe, R = Phytyl

4 pheophorbide a: M = 2H, R!=Me, R = COOMeg, R> =H

5 methylpheophorbide a: M = 2H, R! = R* = Me, R> = COOMe

6 pyropheophorbide a: M =2H, R' =Me, R>=R*=H

7 methylpyropheophorbide a: M = 2H, R' =R*=Me, R*=H

8 pheophetin 5: M =2H, R' = CHO, R? = COOMe, R® = Phytyl

9 pheophorbide 5: M = 2H, R' = CHO, R? = COOMe, R* =H

10 methylpheophorbide 5: M = 2H, R' = CHO, R? = COOMe, R* =Me
11 pyropheophorbide b: M = 2H, R' = CHO, R* =R*=H

12 methylpyropheophorbide b: M = 2H, R' = CHO, R*=H, R* = Me

HO
" \/YY\/\‘/\/\/\(

Phytyl — the residue of the alcohol phytol 13

Scheme 1. The nomenclature, names, and structural formulas of chlorophylls a and b
and their main phorbin derivatives.

N RI 14 chlorin e5: R' = Me, R? = R* = COOH, R* = CH,COOH
15 chlorin eg trimethyl ester: R!=Me, R?> =R*=COOMe, R® = CH,COOMe
16 chlorin e;: R' = R® = Me, R? = R* = COOH
17 chlorin e, dimethyl ester: R!=R3=Me, R?=R*=COOMe
18 isochlorin es: R' = Me, R* = H, R* = CH,COOH, R* = COOH
19 isochlorin e, dimethyl ester: R!=Me, R?=H, R® = CH,COOMe,
R*=COOMe
20 phyllochlorin eg: R' = R* = Me, R* = H, R* = COOH
21 rhodin g7: R' = CHO, R? = R* = COOH, R’ = CH,COOH
22 rhodin g; trimethyl ester: R' = CHO, R* = R* = COOMe,
R3 R2 R? = CH,COOMe

o

R4 14-22

Scheme 2. The names and structural formulas of the main non-phorbin derivatives of chlorophylls a and b.

Pathways to Modification of the Vinyl Group

The vinyl group readily enters into reduction, oxidation, addition, substitution, and elimination. Under
neutral and alkaline conditions it behaves like an isolated double bond, but under acidic conditions its behavior
is largely determined by conjugation with the macrocycle.
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Reduction of the Vinyl Group

Reduction of the vinyl group to ethyl is realized by means of a wide range of reagents (B,Hg, NoH4-H,O
[22, 28], PtO, [22], Pd/C [49-52], and Raney nickel [53]). The choice of most effective reducing system is
determined by the structure of the tetrapyrrole substrate being reduced. Thus, the reduction of the nickel complex
23 at Raney nickel in the Et,O/EtOH system leads to the formation of three main compounds 24-26 ([53] and the
literature cited therein), while during reduction of the free base 7 at Pd/C in acetone the derivative 27 is formed
with a yield of more than 90% [52] (Scheme 3).

7M =2H 24 M = Ni 25
23 M =Ni 27M =2H

A: Raney nickel in Et,O/EtOH (for the production of 24-26 from 23).
B: Pd/C in Me,CO (for the production of 27 from 7).

Scheme 3. Reduction of the peripheral vinyl group*

Oxidation of the Vinyl Group

Potassium permanganate [22, 54], ozone [55], and noncatalytic [56] and catalytic [57-62] oxidation with
osmium tetroxide have been proposed for oxidation of the vinyl group to a formyl substituent. Thus, the reaction
of 1 eq. of chlorin 15 with 1 eq. of OsO, in pyridine led to the diol 28 with a 100% yield [56]. This was
converted by treatment with NalO,4 in aqueous dioxane into the aldehyde 29 with a yield of 84%. An alternative
effective method for the production of the aldehyde 29 is the oxidation of vinylchlorin 15 by means of the
0s04/NalO, system [61] (Scheme 4).

A: OsO4—Py
B: NalO,—H,0-dioxane
C: OsO4—NalOy4

Scheme 4. Transformation of a peripheral vinyl group into a formyl substituent.

* Here and subsequently the abbreviation p = CH,CH,COj; is used in the formulas, i.e., pMe = CH,CH,CO,Me.
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The vinyl group of pyropheophorbide 7 is oxidized by potassium permanganate to a carboxyl group with
the formation of the acid 30 with yields between 3% [63] and 30% [64]. According to data in [63], the low yield
of the acid 30 is due to the parallel formation of the glycol 31. Two-stage oxidation of the pyropheophorbide 7
was proposed for the production of the derivative 30 with an acceptable yield. The vinylchlorin 7 was first
oxidized with high yield to the aldehyde 32, from which the acid 30 was obtained (yield 81%) by the action of
NaClO, and NH,SOsH in the presence of 2-methyl-2-butene [63] (Scheme 5).

HO OH

31

A: KMnOy

B: 0sO4,—NalO4 (for the production of 32 from 7);
C: NH,SO;H-NaClO,—~MeC(Me)CHMe (for the production of 30 from 32)

Scheme 5. Various versions of the oxidation of a peripheral vinyl group.

The vinyl group of the chlorin 15 is oxidized by TI(NO;); in MeOH/CH,Cl, to the acetal 33, which is
hydrolyzed in an acidic medium to the aldehyde 34. Reduction of the derivative 34 with NaBH, leads to the
formation of the hydroxyethyl derivative 35 [65]. The sequence of transformations described above can be
regarded formally as a method for hydration of the vinyl group in chlorophyll derivatives against the
Markovnikov rule [28, 56, 65, 66]. Nucleophilic substitution of the hydroxy group in the 3-(2-hydroxyethyl)
substituent of chlorin 35 by a chlorine atom with the formation of the chlorine derivative 36 takes place readily
in the Ph;P/CI;CCN system [56].

Recently an effective method was proposed for protection of the vinyl group of chlorophylls using the
organoselenium reagent 0-O,NCsH;SeCNO [67]. The vinyl group can be regenerated from the derivative 37
with a yield of ~100% under the conditions used for isolation of the chlorin 15 (Scheme 6).

A: TI(NO3)3—CH2C12—MCOH

B: H;,O"

C: NaBH,

D: Ph;P—C1;CCN

E: 0-NO,CcH;SeCNO-n-BuyP—
CH,Cl,

F:30% HzOz, THF*HQO

Scheme 6. The synthesis and pathways to modification of the 3*-hydroxyethyl substituent.
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Addition to the Vinyl Group

If the vinylchlorin 4 is heated with HI in PH4I/AcOH, the ethylporphyrin 38 is formed. The principle of
the transformation of vinylchlorins into ethylporphyrins (the so-called "HI-isomerization) presumably implies
the initial formation of the intermediate 39, which is then transformed into compound 38 in several stages.
Treatment of the chlorin 4 in the HI/AcOH system at room temperature in the presence of oxygen gives the
acetylporphyrin 40 with a yield of 20-40% (the so-called "oxo reaction") (for greater detail, see [69])
(Scheme 7).

Hydrobromination of the vinyl group in chlorins 5-7, 15 is realized by the action of a solution of
hydrobromic acid in acetic acid. Treatment of the respective perbromides 41-44 with alcohol [60, 69], water, or
thiol [70] leads to the alkoxy derivatives 45-47, the alcohol 48, and the mercapto derivative 49 (Scheme 7).

PR2
R!1

41-43 45,46, 48,49

4R'=COOMe, R*=H;5R! =COOMe, R*=Me; 6 R' =R*=H; 7R'=H,R*=Me; 14 R' =R*=R*=H;
41 X =N-HBr, R! = COOMe, R? = Me; 42 X =N-HBr, R' =R?’=H;
43 X =N-HBr, R' =H, R*=Me; 44 X = N-HBr, R = Br; 45 R' = OAlk, R = COOMe, R’ = Me;
46 R' = OAlk, R>=H, R*=Me; 47 R = OAlk, X =N; 48 R' = OH, R*=R*=H; 49 R' = SR* (R* - sugar residue), R? =R*=H

A: HI-PH,'T—AcOH-heat (for the production of compound 38 from 4 through the initial formation of 39);
B: HI-AcOH-oxygen—room temperature (for the production of 40 from 4);

C: HBr—AcOH;
D: ROH (R = Alk) — for the production of 45-47 from 41 and 43-44 respectively, 41, 43-44;
(R = H) — for the production of 48 from 42; R*SH (R* — sugar residue) — for the production of 49

Scheme 7. Modification of a peripheral vinyl group with hydrohalogens.

It was noted that functionalization of the vinyl group of chlorophyll derivatives by alcohols is a suitable
method for the construction of products for PDT ([6, 7, 60] and the references therein). Thus, compound 50
(commercial name Photochlor®) is undergoing clinical trials in the USA as a prospective product for PDT of
cancer ([5, 6] and references therein) (Scheme 8).
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50 Photochlor®

Scheme 8

Various pathways have been proposed for the transformation of 3'-alkoxyethyl [69, 71, 72] and
3'-hydroxyethyl [22, 70, 73-76] substituents in chlorophyll derivatives.

Thermolysis of 3'-Alkoxyethyl Derivatives. When heated under high vacuum the alkoxyethyl
derivative 47 forms the vinylchlorin 15. Under more rigorous conditions (1,2-dichlorobenzene, 165°C, 5 h) the
elimination of alcohol and water occurs in the bacteriochlorins 51 and 52 while decarboxymethylation also
occurs in compound 52, and the corresponding chlorins 53 and 54 are formed. The transformation was
discovered during an attempt to realize double dehydration at positions 7 and 8 of bacteriochlorins 51 and 52 in
order to produce the easily functionalized 8-vinyl group of compounds 55 and 56. It was noted that the
divinylporphyrin 57 is formed as a result of pyrolysis of the bacteriochlorin 51 [69].

Modification of the 3'-Alkoxyethyl Substituent by CH-Acids. In the presence of zinc acetate
compounds 46 and 47 readily react with the CH acid acetylacetone, forming the zinc complexes 58 and 59 with
high yields [71, 72]. Alkaline treatment of the chlorin 59 leads to ketone cleavage of its -diketonate residue
with the formation of the ketone 60, the reduction of which with NaBH, gives the alcohol 61 [72]. Demetallation
of the metal complexes 58-61 with 6 N hydrochloric acid [71, 72] followed by esterification of the intermediates
62 and 63 leads to the free bases 64-67, while acetylation of the hydroxy group of the chlorin 67 gives the
acetate 68 [72].

Glycosylation of the 3'-Hydroxyethyl Substituent. The production of the glycoside pyropheophorbide
compound 69 by glycosylation of the 3'-hydroxyethyl of chlorin 70 with the carbohydrate 71 in the presence of
boron trifluoride etherate was reported in [70]. The acetyl groups of the carbohydrate fragment of compound 69
were removed at room temperature in the MeONa—MeOH system, and the O-glycoside derivative 72 was
obtained with a yield of 87% (Scheme 9).

Creation of a Stereogenic Center Based on the 3'-Hydroxyethyl Substituent. In the reaction of a
racemic mixture of the 3'R and 3'S isomers 70 with vinyl acetate (donor of the acyl group) in toluene in the
presence of Amano PS or Toyobo lipase the corresponding acetate 73 is formed. Its methanolysis in the presence
of potassium carbonate leads to a mixture of the initial alcohols rich in the 3'R isomer 70. The small
diastereomeric excess (44%) of the vinyl acetate 73 is due to the fact that on account of the large size of the
chlorin fragment the 3-(1-hydroxyethyl) group of the chlorin 70 cannot bond effectively with the active center of
the enzyme, as a result of which the catalytic activity of the lipase is significantly reduced [73] (Scheme 10).

Oxidation of the 3'-Hydroxyethyl Group in an Acetyl Substituent. With KMnO, in Me,CO [22],
with (PyH),Cr,O; [74], and most effectively with the PryNRuO,~Me(O)N(CH,CH,),0 system [73, 75] the
3'-hydroxyethyl group is oxidized to acetyl. Thus, treatment of the chlorin 70 with the Pr;NRuO,—
Me(O)N(CH,CH,),0 system gives a high yield of the acetyl derivative 74 [73]. It is interesting to note that
treatment of the chlorin 75, containing a 3-(1-hydroxyethyl) substituent in the presence of an 8-hydroxymethyl
substituent, with (PyH),Cr,05 leads to the formation of the corresponding 8-formyl derivative 76 with a yield of
79% [76]. In all probability the inertness of the 3-(1-hydroxyethyl) group toward (PyH),Cr,O; is due to steric
hindrances during coordination of the bulky (PyH),Cr,O; molecule with the relatively inaccessible hydroxy
group at position 3' of the pyropheophorbide 75 (Scheme 11).
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pMe

(o]
69, 72
45R!'=C¢H3, R? = COOMe R¥*=Me; 46 R! = Et R2 H, R® = Me; 58-61 M = Zn; 60R1— RZ=R}=K;
61R'=H,R?=R%= K; 62 M =2H, R' R’=R’=H;63M=2H,R'=R*=R>= H; 64, 65 M = 2H;
66 M=2H,R!=R*= R3 Me 67M=2H,R'= HRZ R3 R*=Me; 68 M =2H,R! = Ac R2 R*=R*=Me;
69,71R = Ac,70R1 =H,R*=Me;72R=H

A: Heat under high vacuum; B: OsO,—H,S; C: 1,2-Dichlorobenzene, 165°C, 5 h; D: Acetylacetone—Zn(OAc),-2H,0, 40-70 min;
E: 6N HCI; F: KOH—dioxane, 55°C, 4 h, then 6N HCI, 4% H,SO,4 in MeOH;
G: NaBH,;—MeOH, 40°C, a few hours, 6N HCIl, CH,N, in Et,O; H: Ac,0—pyridine, 6 h; I: BF;-Et,0, 71; J: MeONa—MeOH
Scheme 9. Pathways for modification of the 3'-alkoxy- and 3'-hydroxyethyl substituent
of chlorophyll derivatives.

The acetyl readily enters into reduction [73, 75, 77] and nucleophilic addition [75, 77, 78].

Reduction of the Acetyl Group to a 3'-Hydroxyethyl Substituent. The reduction of the acetyl
fragment of chlorin 74 to the 3-(1-hydroxyethyl) derivative 70 takes place readily under the influence of sodium
borohydride in methylene chloride/methanol [75]. The alcohol 70 is formed as a mixture of diastereomers.
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Bl 3'R-73

A: vinyl acetate—lipase
B: K,CO;-MeOH 31R-70

Scheme 10. The creation of a stereogenic center based on the 3'-hydroxyethyl group.

The asymmetric reduction of the acetyl group in chlorin 74 with borane in the presence of the chiral
oxaborolidines 77 and 78 leads to the selective formation of the chiral derivatives 70. Oxaborolidines are
effective chiral components in such transformations. It was noticed that reduction on the tetrapyrrole substrate in
the presence of (S)-oxaborolidines leads to the formation of the (3'1S)-alcohol 70 as the main compound,
although reduction of "normal" prochiral ketones ArCOX, on the other hand, leads to the formation of the
R alcohols. Such "inversion" of the stereoselectivity is due to the multifunctional nature of the tetrapyrrole
chromophore, the different steric effects, and the unusual interactions between the tetrapyrrole and the reducing
agents [73] (Scheme 11).

OMe

3'5-70 80 81 76
/\ y fh
A:Pr,NRuO, Me(ON O  E: BH,PhNEt,-77-PhMe : Ph 31577 R=Me
~ or BH,-Me,S-78-PhMe_THF 3'S-78 R=H
B: (PyH),Cr,0,-C H, F: CH(OMe);~CH,Cl,, HCI-MeOH N B
C: EtMgBr-THF G: 5% HCI R

D: NaBH,~MeOH-CH,Cl, 1778
b

Scheme 11. Oxidation of the 3'-hydroxyethyl group to an acetyl group and its modification pathways.
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Nucleophilic Addition to the Acetyl Group. The acetyl group readily forms diketals [75, 78]. Thus, by
the action of CH(OMe);/CH,Cl, and HCI/MeOH the chlorin 74 is transformed into the derivative 79 [75], brief
treatment of which with 5% hydrochloric acid leads to the formation of the initial acetylchlorin 74 with a yield
of 100%. This sequence of transformations can be regarded at a method for the protection of the acetyl group.
The acetyl group of 3-acetylchlorins is not very reactive towards Grignard reagents. Thus, during the action of
ethylmagnesium bromide on the chlorin 80 the alcohol 81, i.e., the product from attack of the Grignard reagent
on the 8-CHO group of the chlorin 80, is formed with a yield of 60%. According to the 'H NMR spectra, the
chlorin 81 is formed as an equimolar mixture of diastereomers. Thus, the ethylmagnesium bromide attacks
selectively the most active 8-formyl group in the presence of three other potential points of attack (the
3,13-carbonyls and COOMe in the 17-propionic residue) [77] (Scheme 11).

Substitution at the Vinyl Group

Vinylchlorins react with various organomercury molecules under the conditions of the Heck reaction
[79-81]. Thus, treatment of the zinc complex 82 with the modified nucleoside 83 leads to the formation of the
trans and gem isomers 84 and 85 with yields of 29 and 13% respectively; the metal-free pyropheophorbide 7
gives mainly the trans isomer 86 with a yield of 17% and only traces of the gem isomer 87, while the
introduction of the zinc complex the 13'-deoxy derivative 88 into the reaction leads to the frans and gem
isomers 89 and 90 in practically equivalent amounts (8 and 9.6% respectively) [81]. In all probability, the yield
and the ratio of the obtained isomers are determined mainly by the structure of the original tetrapyrrole
(Scheme 12).

It is known that N,N-dimethylmethyleneimmonium iodide (Eschenmoser's salt) is an effective reagent
for the introduction of a dimethylaminomethyl group into the pyrrole heterocycle [82]. Thus, if compounds 15
and 82 are used as pyrrole substrates, the corresponding derivatives 91 and 92 are formed with good yields.
Investigation of the "H NMR spectra of the adducts 91 and 92 showed that the dimethylaminomethyl group
condenses with the vinyl group only in the trans position. Quaternization of the amines 91 and 92 with methyl
iodide leads to the water-soluble methiodides 93 and 94 [83, 84] (Scheme 12).

7,15, 84,91,93 M =2H
82,88,92,94 M =Zn
7,86,87X=0

88-90 X = H,
84-87,89,90 R = 83

91, 92R = CHQNMGZ
93,94 R = CH,NMe; T

(0]
83 R ACOW (6]
AcO OAc

7, 88 86, 89 87,90
A: RHgCl (R = 83)-LiPdCl; (for the production of 84 and 85, 86 and 87, and 89 and 90 from 82, 7, and 88 respectively);
H,C=NMe, T (for the production of 91 and 92 from 15 and 82 respectively)
B: Mel (for the production of 93 and 94 from 91 and 92 respectively)

Scheme 12. The introduction of nucleoside residues and a dimethylaminomethyl group along the periphery
of the chlorin macrocycle.
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The enhanced electron density at the peripheral vinyl group gives rise to activity in the Vilsmeier
reaction. Thus, during brief heating to 100°C in a mixture of phosphorus oxychloride and DMFA followed by
demetallation of the intermediates 97 and 98, and 99 respectively the metal complexes 95 and 96 give the
respective formyl derivatives 100 and 101 and 102. It was noted that if the metal complex 95 is used as substrate
the products from monoformylation 100 and diformylation 101 are formed. Under analogous conditions the
metal complex 96 forms compound 102 — the result of exclusive attack at the vinyl group of the chlorin 96 [85].
Selective functionalization of the vinyl group can also be achieved in the case where the Vilsmeier reaction is
conducted at a copper complex. Thus, the formyl derivative 100 is obtained during formylation of the metal
complex 103 by the POCI;/DMF system after demetallation of the intermediate 104 [50, 56] (Scheme 13).

OHC OHC

A,B
+
COOM ¢ COOM e
95, 96, 103 97,99, 100, 102, 104, 105 98, 101

95 M = FeCl, R = COOMe 99 M = FeCl, R=H 103 M = Cu, R = COOMe
96 M =FeCl, R=H 100 M =2H, R = COOMe 104 M = Cu, R = COOMe
97 M =FeCl, R = COOMe 101 M=2H

98 M = FeCl 102 M=2H,R=H

A: POCI;/DMF (for the production of compounds 97 and 98, 99, and 104 from 95, 96, and 103 respectively).
B: Acid treatment (for the production of 100, 101, 102 from 97 and 104, 98, and 99 respectively).

Scheme 13. Versions of the introduction of an aldehyde along the periphery of the chlorin macrocycle
using the Vilsmeier reaction.

Elimination of the Vinyl Group

Electrophilic elimination of the vinyl group of vinylchlorins (so-called devinylation) is easily realized by
heating them in molten resorcinol. The main side processes occurring during devinylation are
13%-demethoxycarbonylation (see the section on "Demethoxycarbonylation at Position 13* of the Exocycle),

pMeOOOMe 6}
105R = Me 106 R = Me
107 R = CHO 108 R=H

A: Heating in molten resorcinol

Scheme 14: The elimination of a peripheral vinyl group.
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oxidation of the chlorin macrocycle to the thermally more stable porphyrin derivative, and additional
deformylation in the case of the devinylation of derivatives of the b series. Thus, when the metal complex 105 is
heated in molten resorcinol the divinylchlorin 106 is formed, while if the metal complex of the b series 107 is
used 3-devinyl-7-deformylchlorin 108 is formed [22] (Scheme 14).

Pathways for Modification of a Formyl Group
Versions of the Introduction of a Formyl Group

The main methods for the introduction of a formyl group into the chlorin macrocycle include oxidation
of the vinyl group (for greater detail, see the section on "Oxidation of the Vinyl Group"), oxidation of the
15-CH,COOH group (see the section on "Pathways for Modification of the Carboxyl Groups of the Products
from Opening of the Exocycle"), and the Vilsmeier reaction (see [52, 65, 67, 87-89] and the section on
"Substitution at the Vinyl Group").

Photochemical modification of the peripheral substituents has also been proposed for the introduction of
a formyl [90, 91]. Thus, the formyl derivative 111 is obtained with a good yield by irradiation of the chlorin 109
in carbon tetrachloride solution followed by hydrolysis of the intermediate dichloromethyl derivative 110. It is
assumed that the mechanism of formation of the intermediate 110 rests on sensitization of the carbon
tetrachloride, partial photolysis to the Cl- radical, and possible stereospecific substitution of the methyl group of
the chlorin 109 at position 7 (Scheme 15).

COOMe

B: hydrolysis 111

Scheme 15. The photochemical method of introduction of a formyl group.

Reduction of the Formyl Group

The formyl group is easily reduced to a hydroxymethyl group by the action of NaBH, or Al(O-i-Pr);
[22]. With the use of these reducing agents on a tetrapyrrole substrate containing several carbonyl groups it is
difficult to achieve selectivity in the reduction of the formyl group [28]. The selective reduction of the formyl
group of the pyropheophorbide 32 to a hydroxymethyl substituent with the formation of the derivative 112 is
achieved by the action of +-BuNH,-BH; [92], BuyNBH(OACc); [55], or NaBH;CN [63]. The reductive alkylation
of the aldehyde group of the chlorin 32 to the methoxymethyl derivative 113 can be achieved is conducted with
an acceptable yield by the action of the MeOH/H,SO4/Et;SiH system [92]. The aldehyde 29 is transformed by
the action of sodium borohydride into the alcohol 114 [71]. The reduction of the aldehyde group in the meso
position by means of sodium borohydride under the conditions of high acidity leads to a methyl group [50, 65].
Thus, treatment of the metal complex 115 with the NaBH4/AcOH system gives a high yield of the derivative 116
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[65]. Reductive amination of the aldehyde group in chlorins has also been described [93, 94]. Thus, treatment of
the chlorophyll 2 with the NH;OAc—NaBH;CN-MeOH system gives the aminomethyl derivative 117 with a
yield of 80% [94] (Scheme 16).

N NH, R1 R2

112, 113

2 M =Mg, R' = CH=CH,, R>= CHO, R? = COOMe, R* = Phytyl; 29 M = 2H, R' = CHO, R*=H;
32M=2H,R'=CHO,R>=R*=Me, R*=H; 112 R =H; 113 R = Me; 115 M = Cu, R'=CH,CH,CI, R>*=CHO
A: t-BuNH,-BH;, BuyN'BH(OAc);~ or NaBH;CN (for the production of 112 from 32);
B: MeOH-H,SO,~Et;SiH (for the production of 113 from 32); C: NaBH, (for the production of 114 from 29);
D: NaBH4—AcOH (for the production of 116 from 115); E: NH;OAc-NaBH3;CN-MeOH (for the production of 117 from 32)

Scheme 16. The various versions of reduction of the aldehyde group.

Methods for modification of the hydroxymethyl group in chlorins 112 and 114 were proposed. Thus, the
acetoxy derivative 118 was obtained by treating the alcohol 112 with acetyl chloride in pyridine [63]. The
reaction of the chlorins 112 and 114 with the CH-acid acetylacetone in the presence of zinc acetate gave the
metal complexes 119 and 120, the brief treatment of which with 6 N hydrochloric acid led to the free bases 121
and 122 [71] (Scheme 17).

AcO

119,120 M =Zn
121,122 M=2H 119, 121 120, 122

A: Zn(OAc),-2H,0-acetylacetone, 110°C (for the production of 119 and 120 from 112 and 114 respectively);
AcCl-pyridine (for the production of 118 from 112)
B: 6N hydrochloric acid (for the production of 121 and 122 from 119 and 120 respectively)

Scheme 17. Pathways for modification of the hydroxymethyl group.
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Oxidation of the Formyl Group

By oxidizing the aldehyde groups of chlorophylls it is possible to introduce a carboxyl group at various
positions of the chlorin ring. Thus, the aldehydes 12 and 32 are oxidized to the carboxy derivatives 123 and 30
by the action of NH,SO;H and NaClO; in the presence of 2-methyl-2-butene [63] (Scheme 18).

1 2
R\ R2 R R 12 R = CH=CH,, R> = CHO

30 R' = COOH, R? = Me
32 R!'=CHO, R*=Me
123 R! = CH=CH,, R* = COOH

A: NH,SO3H-NaClO,-H;CC(Me)=CHMe
(for the production of 30 and 123 from 32 and 12
respectively)

12,32 30, 123

Scheme 18. Oxidation of the formyl groups of chlorophyll derivatives to carboxyl substituents.

The insertion of a carboxyl group at position 3 or 7 of the chlorophyll macrocycle opens up wide
possibilities for its further modification. Thus, it can be easily transformed into an amide [63, 95-97], ester, or
anhydride [63, 97] group.

Nucleophilic Addition to the Formyl Group

The aldehyde group of the chlorophyll 2 and other formylchlorins contains a powerful nucleophilic center,
giving rise to the ease of its reaction with a wide range of nucleophiles.

The Production of Imino Derivatives

The reaction of the aldehyde 10 with NH,OH-HCI in pyridine at room temperature leads to the formation
of the aldoxime 124 [98]. By increasing the temperature it is possible to obtain oximes at position 13" in various
chlorophyll derivatives. Under these conditions compound 10 forms the 3,13'-dioxime 125 [98], while the
derivative 5 forms the 13'-monoxime 126 [99]. Under analogous conditions the aldehyde 22 is transformed into
the aldoxime 127, the heating of which in acetic anhydride gives the cyano derivative 128 [85]. The production
of the oxime 129 was reported in [100].

A method was proposed for separating the chlorins of series a and b using the Girard T reagent [49,
101]. Thus, the hydrazide 130 is formed regioselectively during the action of this reagent on a mixture of the
chlorins 5 and 10 in the presence of acetic acid. In view of the high polarity of the hydrazide 130 compared with
compound 5 the compounds are easily separated by column chromatography. Acid solvolysis of the hydrazide
130 with a MeOH/Me,CO/H,SO, mixture leads to the initial aldehyde 10. Thus, with the Girard T reagent it is
possible to separate phorbin derivatives of the a and b series effectively [49] (Scheme 19).

Imino derivatives are also obtained on the basis of the formyl group at position 15 (see the section on
"Pathways for Modification of the Carboxyl Groups of the Products from Opening of the Exocycle").

Production of Vinyl Derivatives

With the right strategy by the Wittig [51, 55, 56, 58, 102-106], Knoevenagel [104], McMurry [107-109],
and other condensations [57, 105, 110] it is possible to construct effectively various vinyl derivatives based on
the formyl group of chlorophylls.
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5R'=R’>=Me

10 R' = CHO, R® = Me

22 R' = CH=CH,, R?> = CHO

124 R' = CH=NOH, R>*=0, R* = Me

125 R' = R?> = CH=NOH, R> = Me

126 R! = R® = Me, R = CH=NOH

127 R! = CH=CH,, R®> = CH=NOH

128 R! = CH=CH,, R*=CN

130 R' = CH=ENNHCOCH,N "Me;CI,
R?=0,R*=Me

5,10 124-126, 130

Girard T reagent:
[NH,NHCOCH,N 'Me;]CI”

22 127,128
A: NH,OH-HCl-pyridine, room temperature (for the production of 124 from 10)
B: NH,OH-HCl-pyridine, 100°C (for the production of 125-127 from 10, 5, and 22 respectively)
C: Ac,0, heat (for the production of 128 from 127); Girard T reagent
AcOH (for the production of 130 from 10)
D: MeOH-Me,CO-H,S0O, (for the production of 10 from 130)

Scheme 19. The production of imino derivatives based on the formyl group of chlorophyll derivatives.

The Wittig Reaction. Treatment of the metal complex 131 with phosphorane (Ph;P=CH,) leads to the
formation of the vinyl derivative 132 with a yield of 32% [55], but if the chlorophyll 2 is used as formyl
substrate the 7-vinyl derivative 133 is formed with a yield of 60% [102]. The metal-free derivatives of
chlorophylls also react with phosphorane [55, 56, 103, 104] and its homologs [51, 104], and here the phorbin
derivatives 10, 12, 32, and 134 form the respective ethylidenechlorins 135, 136, 7, and 5 with low yields, while
the nonphorbin chlorin 137 forms the derivative 53 with a yield of more than 80% [56, 103].

Two effective pathways were proposed for the production of vinylphorbin derivatives. The first involves
preliminary construction of the divinylchlorin 53 from the formylchlorin 137 by the Wittig reaction, and its
cyclization with a strong base leads to the phorbin structure 138 with a yield of 82% (see the section on
"Recyclization of the Exocycle") [56]. The second approach involves transformation of the aldehyde group of
the phorbin chlorins 32 and 134 into the reactive phosphonium salts 139 and 140, which are converted into the
derivatives 7 and 5 with good yields by the action of paraformaldehyde in the presence of epoxypropane. For
this the aldehyde group of the chlorins 32 and 134 is reduced to the hydroxymethyl derivatives 112 and 141,
treatment of which with the Ph;P/CBry system gives the phosphonium salts 139 and 140 [55] (Scheme 20).

The Wittig reaction was studied in greatest detail for the formyl substrate 32 in [104].

The Knoevenagel Reaction. The base-catalyzed reaction of the aldehyde 32 with malononitrile,
dimethyl malonate, and methyl cyanoacetate leads to the corresponding vinyl derivatives 142-145 [104]. It was
shown that the yields of compounds 142-145 are determined by the nucleophilic activity of the employed
activated methylene components and by the steric effects during the joint coordination of the bulky aldehyde
molecule 32 with the nucleophile (Scheme 21).

The McMurry Reaction. An effective method for the synthesis of homodimers [107-109] and
heterodimers [108] of various tetrapyrroles whose monomers are linked by a system of double bonds is the
McMurry reaction [112, 113]. Tetrapyrroles containing a carbonyl group, which can be at various positions of
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137 53 5,7, 132,133, 2,10, 12, 32, 112,
135,136, 138 131, 134, 139-141

2 M = Mg, R' = CH=CH,, R? = CHO, R* = COOMe, R* = Phytyl; 5 M = H, R' = CH=CH,, R = R’ = Me, R’ = Et, R* = COOMe;
7M =2H, R! = CH=CH,, R*= RS = Me, R® =Et, R*=H; 10 M = 2H, R! = CH=CH,, R*= CHO R3 COOMe, R* = Me;
12 M =2H, R! = CH=CH,, R? = CHO, R3 H, R4 Me; 32 M = 2H, R! = CHO, R2 =Me, R*=H;

112 M =2H, R' = CH,0H, R*= R* = Me, R®=H; 131 M = Zn, R‘ CHO, R = Me, R’=H;

132 M =Zn, R' = CH=CH,, R2 R’ =Me, R =Et, R*=H; 133 M = Mg, R = R? = CH=CH,, R3 Et, R*=COOMe, R’ = Phytyl
134 M =2H, R' = CHO, R® = R* = Me, R? = COOMe; 135M 2H,R'=CH= CHz, R%= CH CHMe R = Et, R* = COOMe, R® = Me;
136 M = 2H, R' = CH=CH,, R> = CH=CHMe, R® = Et, R* = H, R® = Me; 138 M = 2H, R! = R®> = CH=CH,, R* =R’ = Me, R* = COOMe;
139 M =2H, R' = Ph;P'"CH,Br", R>=R* = Me, R* = H; 140 M = 2H, R' = Ph;P" CHzBr R%?=R*=Me, R’ = COOMg;
141 M =2H, R' = CH,0H, R* = R* = Me, R* = COOMe

A: Ph;P=CH, (for the production of 5, 7, 53, 132, and 133 from 134, 32, 137, 131, and 2 respectively)
Ph;P=CHMe (for the production of 135 and 136 from 10 and 12 respectively);

B: NaN(SiMe;); (for the production of 138 from 53); BuyNBH(OAC); (for the production of 112 and 141 from 32 and
134 respectively);

C: Ph3P-CBry (for the production of 139 and 140 from 112 and 141 respectively);

D: paraformaldehyde—1,2-epoxypropane (for the production of 5 and 7 from 140 and 139 respectively)

Scheme 20. Functionalization of the aldehyde groups of chlorophylls and their derivatives using the Wittig
reaction.

142 R' =R*=CN (76%)

143 R! = R?* = COOMe (52%)

144 R' = CN, R? = COOMe (78%)
145 R' = COOMe, R* = CN (0%)

A: NCCH,CN (for the production of 142 from 32)
MeOOCCH,COOMe, Et;N (for the production of 143 from 32)
NCCH,COOMe, Et;N (for the production of 144 and 145 from 32)

142-145

Scheme 21. Reaction of the aldehyde group of chlorophyll derivatives with CH-acids
in the Knoevenagel reaction.

the macrocycle, are most often used as substrates for the production of such dimers. Thus, the corresponding
symmetrical frans-ethylene dimers 148 and 149 are formed when the nickel complexes 146 and 147 are heated
with TiCl;(1,2-dimethoxyethane); s and a zinc-copper couple in 1,2-dimethoxyethane [107] (Scheme 22).
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pM
MeOOG

MeOO
COOM e

COOM e

MeOOC

149
A: TiCl5(1,2-dimethoxyethane); s—Zn-Cu (for the production of 148 and 149 from 146 and 147 respectively)

Scheme 22. Reductive dimerization of the formyl derivatives of chlorins
under the conditions of the McMurry reaction.

Production of Cyanohydrins and Acetals

The formyl group of chlorophyll 2 reacts with HCN and methanol with the formation of the cyanohydrin
150 and the acetal 151 respectively [22]. The aldehyde groups of the metal-free derivatives of chlorophylls also
form acetals in reaction with active nucleophilics [56, 78, 103, 114, 115]. Thus, treatment of the chlorin 32 with
2,2-dimethyl-1,3-propanediol in the presence of p-MeCsH4SO;H leads to the formation of the cyclic acetal 152
with a quantitative yield, but if the polycyclic diol 153 is used as nucleophile the stereoisomeric acetals 154 and
155 are formed with yields of 79% [114]. The dimethyl acetal 156 is formed with a yield of 92% when the
aldehyde 29 is treated with trimethyl orthoformate in methanol in the presence of toluenesulfonic acid [56].

R! R2 Rl R2 2,150,151 M = Mg, Rl = CH=CH,,
R3 = COOMe, R4 = Phytyl
2R2=CHO .
150 R2 = CH(CN), A: HCN (for the production of 150 from 2);
151 R2 = CH(OMe), MeOH (for the production of 151 from 2);
32,152,154, 155, 157, 158 p-MeCsH4SOsH-HOCH,C(Me,),CH,OH
M =2H,R2 = R4 =Me, R3 =H (for the production of 152 from 32);
32 RrRl=CHO p-MeC¢H,SO;H-153
2,32 150-152, o (for the production of 154 and 155 from 32);
154,155, 157159 152k X ) o HC(OMe);- MeOH-TsOH
OH (for the production of 156 from 29);
153 R N{OH MeMgl (for the production of 157 from 32);
o 0 3CH;Mgl (for the production of 158 from 32);

K ; o CD;Mgl (for the production of 159 from 32)
154 R1= CHiz-N | | Ne( o hew
R Ni:@:iN {(}
o (¢]

(0] 0]
(0]
155 R1= CH;-N N
29 156 i:@ii {0}_
o o]

157 R1 =MeCHOH; 158 R! = 13CH;CHOH; 159 R! =CD ;CHOH

Scheme 23. The production of cyanohydrins and acetals based on the formyl group
and their chemical characteristics.
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Strong polarization of the C=0 group of chlorophylls facilitates its reaction with the Grignard reagent.
Thus, during the action of methylmagnesium iodide on the formyl derivative 32 the corresponding alcohols
157-159 are formed regioselectively with yields of 75-81% in the form of a racemic mixture of diastereomers
[116] (Scheme 23).

Other Condensations. A method proposed by Prato and coworkers was used for the synthesis of
fullerenepyropheophorbide dimers [117]. It involves the addition of an azomethine ylide at the 6-6 bond of
fullerene. Thus, heating of the formylchlorin 32 with fullerene and N-methylglycine in toluene leads to the
formation of the epimers 160 with a yield of 49%, and their treatment with zinc acetate in chloroform/methanol
gives the zinc complex 161 with a yield of 86% [118] (Scheme 24).

160 M=2H 161 M=Zn

Scheme 24. The fullerene—pyropheophorbide dimer.

Pathways for Modification of the 17-2-Alkoxycarbonylethyl) Group of Chlorophylls
Reduction of the Ester Group

Under the influence of lithium aluminum hydride both carbonyl fragments of the chlorin 27 are reduced
with the formation of compounds 162 and 163. It was noted that here the 17-CH,CH,COOMe group is reduced
smoothly to a 17-CH,CH,CH,OH group, while the 132—carbonyl fragment is reduced both to an alcohol and to a
methylene group, and it is this that secures the presence of the two main reduction products 162 and 163 from
the chlorin 27. Previous protection of the 13*-carbonyl fragment of the chlorin 27 in the form of the ketal 164
makes it possible by the action of lithium aluminum hydride to realize the regioselective reduction of the ester
group of the chlorin 27 to the hydroxy derivative 165 [119] (Scheme 25).

Pathways were also proposed for the transformation of the alcohol groups of the chlorins 163 and 165 to
methyl groups with the formation of compounds 166 and 167. For this purpose the alcohols 163 and 165 are first
treated with the MsCI/Et;N system in methylene chloride with the formation of the mesityl derivatives 168 and
169, and they are then reduced with lithium aluminum hydride, giving the methyl derivatives 166 and 167 with a
yield of more than 50%. The protecting group in the chlorin 170 is removed by treatment with hydrochloric acid
in acetone, leading to the formation of the chlorin 167 [119] (Scheme 25).

The transformation of the carboxyl group of the chlorin 6 into the aminoethyl derivative 171 was
realized by the Curtius reaction under mild conditions: The carboxy derivative 6 was heated with ~-BuOH in the
presence of diphenylphosphoryl azide and triethylamine. By losing a molecule of nitrogen the corresponding
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azide 172 rearranges to the isocyanate 173, which in reaction with ~BuOH in situ forms the tert-butylurethane
174. The yield of the urethane 174 was increased to 30% after replacement of triethylamine by the significantly
more effective proton acceptor 175, which prevented the formation of NH; and on this account reduced the yield
of the side compounds. The quaternized amine 171 was obtained with a yield of 65% by acid hydrolysis of the
urethane 174 in ethyl acetate [120] (Scheme 25).

~

pR2

X &]\3
CH,OR2
171-174

162,163, 168 6,27,164

CH,OR

166 167,170 165, 169

6 R'=CH=CH,, R>=H, X=0;27R!'=Et,R>=Me, X=0; 162 R' =OH, R?=H; 163 R! =R*=H;
164 R! = Et, R? = Me, X = O(CH,),0; 165 R = H, X = O(CH,),0; 167 X = 0; 168 R! = H, R* = Ms; 169 R = Ms, X = O(CH,),0;

Me, Me

170 X = O(CH,),0; 171 R = NH;'CI; 172 R = N3; 173 X = NCO; 174 R = NHC(O)Bu; 175 Me™)  |"Me

A: LiAlHy, 0°C (for the production of 162 and 163 from 27); LiAlH,, -78°C (for the production of 165 from 164);
B: MsCI-Et;N (for the production of 168 and 169 from 163 and 175 respectively);

C: LiAlH,, 0°C (for the production of 166 from 168); LiAlH,, -7°C (for the production of 167 from 169);

D: HCl-acetone (for the production of 170 from 167);

E: N3;PO(OPh),—#-BuOH-175 (for the production of 172-174 from 6);

F: 3M HCI-EtOAc (for the production of 171 from 174)

Scheme 25. Various versions of the reduction of the ester group

Hydrolysis of the Ester Group

Effective hydrolysis of the ester group takes place in an acidic and an alkaline medium and also under
the influence of enzymes.

Acid Hydrolysis. If an ether solution of the chlorophyll 1 is shaken with 30% hydrochloric acid for 5-30
min the phytylpropionate residue is hydrolyzed, and the magnesium atom is removed from the chlorophyll
molecule with the formation of the pheophorbide 4 [121, 122]. Hydrolysis of the chlorophyll 2 to the
pheophorbide 9 requires a higher concentration of hydrochloric acid than the hydrolysis of chlorophyll 1 to
pheophorbide 4. This fact and also the difference in the distribution coefficients ether—hydrochloric acid has
been successfully used for the separation of compounds of series ¢ and b [123]. According to data in [124], the
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hydrolysis of the phytol residue of pheophetins 3 and 8 in the hydrochloric acid—ether system is accompanied by
hydrolysis of the 13°-CO,Me fragment to a 13*-CO,H group and its subsequent elimination with the formation
of the corresponding derivatives 6 and 11. It was proposed to use 80% aqueous trifluoroacetic acid at 0°C for
regioselective hydrolysis of the phytylpropionate residue of the chlorins 3 and 8, and this made it possible to
obtain the chlorins 4 and 9 with a yield of more than 90% [124] (Scheme 26).

4,6,9,11, 181
176,177, 180

1-3,8 178,179

1M =Mg, R =Me; 2 M =Mg, R=CHO; 3 M =2H, R = Me; 4 M = 2H, R' = Me, R* = COOMeg;
6 M =2H, R' =Me, R* = H; 8 M = 2H, R= CHO; 9 M = 2H, R'= CHO, R* = COOMe;
11 M =2H, R'= CHO, R> = H; 176 M = Mg, R' = Me, R*> = COOH;
177 M = Mg, R' = CHO, R* = COOH; 178 R = Me; 179 R = CHO; 180 M = Mg, R' = Me, R? = COOH

A: hydrochloric acid—ether (for the production of 4 and 9 from 1 and 2 respectively; the side formation of 6 and 11

from 3 and 8 respectively); 80% CF;COOH, 0°C (for the production of 4 and 9 from 3 and 8 respectively);

a cold solution of alkali (for the production of 176 and 178 and 177 and 179 from 1 and 2 respectively);

the enzyme chlorophyllase—aqueous acetone (for the production of 180 from 1).
B: a dilute solution of sodium hydroxide (for the production of 181 from 4).

Scheme 26. The various versions of the hydrolysis of the ester group.

Alkaline Hydrolysis. Treatment of the chlorophylls 1 and 2 in a cold solution of alkali leads to
elimination of the phytol residue with retention of the magnesium ion in the macrocycle. Side reactions are
hydrolysis of the 13*-CO,Me group to a carboxy group with the formation of the chlorophyllins 176 and 177 and
the products from opening of the exocycle 178 and 179 [37] (Scheme 26). The methylpropionate residue of
chlorophyll derivatives 7 is hydrolyzed by the action of an aqueous solution of lithium hydroxide in THF—
methanol to a carboxyl group with a yield of 80-82% [60].

Enzymatic Hydrolysis. The highly effective hydrolysis of the phytylpropionate residue of chlorophylls
is achieved by the action of the enzyme chlorophyllase ([125] and the references therein), discovered by
Willstdtter and Stoll more than 90 years ago [126]. According to data in [127], incubation of chlorophyll 1 with
chlorophyllase in aqueous acetone at 22°C leads after 70 min to the formation of the chlorophyllide 180 with a
yield of 96% [see the section on "Various Versions of the Production of Esters Based on the
17-(2-hydroxy(alkoxy)carbonylethyl) Group of Chlorophylls"].

The 17-(2-Hydroxycarbonylethyl) group readily forms salts with strong bases. Thus, under the influence
of a dilute solution of sodium hydroxide the pheophorbide 4 and its various derivatives are converted into the
corresponding water-soluble sodium salts 181 with high yields [128, 129] (Scheme 26).

Various Versions of the Production of Esters Based on the 17-2-Hydroxy(alkoxy)carbonylethyl) Group of
Chlorophylls

The pheophetins 3 and 8 are converted by the action of methanol in the presence of sulfuric acid [49]
into the corresponding methyl esters 5 and 10. Esterification of the acid 4 with diazomethane gives the methyl
ester 5 [52].
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Transesterification of the methyl esters to their Cis—C(10p homologs is realized by the action of
ROH/H,SO,4 [59]. In order to obtain esters containing long-chain and/or labile fragments the strategy of
preliminary activation of the ester (carboxyl) group is used, or the reaction is conducted with highly active
esterifying systems under mild conditions [59, 66, 97, 124, 130-133]. Thus, the reaction of the pheophorbide 6
with the polyene alcohol fucoxanthin 182 in the presence of 2-chloro-1-methylpyridinium iodide and
4-dimethylaminopyridine leads to the formation of the ester 183 with an acceptable yield [97].

With the enzyme chlorophyllase (see the section on "Hydrolysis of the Ester Group") as
transesterification catalyst it is possible to obtain esters under mild conditions, starting from chlorophylls and
their derivatives ([127, 134] and references cited therein). Thus, the incubation of chlorophyll 1 in the presence
of chlorophyllase with the methyl ester of the amino acid serine leads to the formation of the ester 184 with a
yield of 70-80% [134]. It was shown that the derivative 184 exhibits high anticancer activity [134] (Scheme 27).

1 M =Mg, Rl =Me, R2 = COOMe, R3 = Phytyl
3 M =2H, Rl =Me, R2 = COOMe, R3 =Phytyl
4 M =2H, Rl =Me, R2 =COOMe, R3 =H

5 M =2H, Rl =R3 =Me, R2 = COOMe

6 M =2H,Rl =Me, R2Z=R3 =H

8 M =2H, Rl =CHO, R2 = COOMe, R3 = Phytyl
10 M =2H, Rl = CHO, R2 = COOMe, R3 = Me

5,10, 183, 184

183 M = 2H, R' = Me, R? = H, R® = fucoxanthin residue 182; 184 M = Mg, R' = Me, R?> = COOMe, R® = CH,CH(NH,)COOMe

A: MeOH-acid (for the production of 5 and 10 from 3 and 8 respectively); CH,N,—Et,0 (for the production of 5 from 4);
182-2-chloro-1-methylpyridinium iodide—4-dimethylaminopyridine (for the production of 183 from 6);
enzyme chlorophyllase-HOCH,CH(NH,)COOMe (for the production of 184 from 1)

Scheme 27. Esterification of the 17*-carboxyl and transesterification of the 17*-ester group.

The Production of Amide Derivatives Based on the 17-2-Hydroxycarbonylethyl) Group of Chlorophylls

The creation of an amide bond on the basis of the 17-(2-hydroxycarbonylethyl) group of chlorophylls
and their derivatives is an effective method for the production of prospective compounds for use in medicine
([132, 135-137] and references therein) and in industry [158]. The optimum strategy for such bioconjugates is to
use the procedures of peptide chemistry. Thus, compound 185 is obtained in the reaction of the chlorin 14 with
di-tert-butyl aspartate in the presence of dicyclohexylcarbodiimide. The protection of the carboxyl groups in the
amino acid residue of the adduct 185 is removed by the action of trifluoroacetic acid, and the amide derivative
186 is obtained ([4] and references therein); this is an effective product (commercial name NPe6) for the
treatment of various forms of cancer by PDT ([4-6, 8, 142] and references therein). It was noted that the diamide
187 is a side product in the production of the amide 185 (Scheme 28).
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COOH COOH

COOH C COOfBu
C c 0”7
8N AN 0% N\ NH COOBu
o NH COOH O NH COO!Bu NH COO!Bu
COOH COOBu COOBu
186 "NPe6" 185 187

A: H,NCH,CH(COO-#-Bu),—dicyclohexylcarbodiimide; B: CF;COOH

Scheme 28. The strategy for the synthesis of the effective product "NPe6"
for the treatment of various forms of cancer by PDT.

An alternative approach was also developed for the production of 17°-amide derivatives. Thus, treatment
of various chlorophyll derivatives 4, 6, 188-190, containing a free 17°-carboxyl group, with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone leads to the formation of the lactones 191-195 [159, 160]. Opening of the lactone 195
with N-nucleophiles gives good yields of the amides 196-198 [161] (Scheme 29).

R
| A
—
O
pHoé o0 X0

188,189

f =
191,192

4, 191 R = COOMe
6,192,196 R =H
188, 193 R = CH=CH ,
189, 194 R = Ac

197 R=NH ,

198 R = (CH ,);0H

0
190 195 196-198

A: 2,3-Dichloro-5,6-dicyanobenzoquinone (for the production of 191-195 from 4, 6, and 188-190 respectively);
B: NH;3, N,Hy, or HO(CH,);NH; (for the production of 196-198 respectively from 195).

Scheme 29. Stereoselective synthesis of the lactone cycle in ring D and production of 17°-amide derivatives
by its opening with N-nucleophiles.
Pathways for the Modification of the Exocyclic Fragment
The main problem in the isolation and modification of chlorophylls is the high reactivity of their

exocyclic fragment. The strong activation of the hydrogen atom at position 13* by the two carbonyl groups gives
rise to the ease of enolization with the participation of the C(13")~C(13%) bond. For specific modification of the
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exocycle it is necessary to take account of the ability of its enolate anion to undergo rapid and irreversible
oxidation by atmospheric oxygen (the so-called "allomerization" process [9]) in the presence of bases and/or
metals (for greater detail, see [22, 28]). In this review some of the basic pathways for the modification of the
exocycle without the participation of atmospheric oxygen are examined in greatest detail.

Opening of the Exocyclic Fragment

Mechanisms of Opening of the Exocycle. The exocycle in chlorophylls and their derivatives is easily
opened with cleavage of the C(13")~C(13%) bond by the action of various nucleophiles. The ease of opening of
the exocycle is due to the presence of a resonance-stabilized and sterically accessible nucleophilic center at
carbon atom 13",

The mechanism of opening of the exocycle without the involvement of oxygen is regarded as base-
catalyzed nucleophilic addition to the 13'-carbonyl group of the phorbin 4, which is transformed into compound
200 through the intermediate formation of the carbanion 199 [28, 162].

The key stage in the opening of the exocycle with the participation of oxygen is probably fragmentation
of the initially formed hydroperoxide 201 under the acidic conditions with the formation of the so-called
"unstable chlorin" 202 [11]. Evaporation of the solvent leads to cyclization of the chlorin 202 to the purpurin
188, while during esterification of compound 202 with diazomethane its exocyclic fragment is opened with the
formation of the derivative 203 [49] (Scheme 30).

A: Nu'; B: NuH; C: atmospheric oxygen, KOH; D: Acidification. E: Evaporation.; F: CH,N,~Et,O

Scheme 30. Versions of the opening of the exocyclic fragment.

Opening of the Exocycle by the Action of O-Nucleophiles. Alkaline hydrolysis of the chlorophylls 1
and 2 in the absence of oxygen leads to the formation of the magnesium complexes 178 and 179 respectively
[22, 25]. The chlorins 14 and 21 are obtained similarly from the free bases 4 and 9 [22].

Opening of the pheophorbides 5 and 10 by the action of the methoxide ion leads to the formation of the
chlorins 15 and 22. Thus, the chlorins 15 and 22 are formed when the pheophorbides 5 and 10 are kept in an
atmosphere of nitrogen for 24 h in the Py/CH,N,/MeOH system [22]. Methanolysis of the exocyclic fragment of
the pheophorbides 5 and 10 in the MeONa/THF/MeOH system makes it possible to obtain good yields of the
trimethyl esters of the chlorins 15 [50] and 22 [51]. Brief treatment of the pheophorbides 5 and 10 with a 0.5%
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solution of potassium hydroxide in methanol in the presence of pyridine leads to the formation of the triesters 15
and 22 respectively with yields of more than 70% [162] (Scheme 31).

Opening of the Exocycle by the Action of N-Nucleophiles. Under the influence of a wide range of
amines the exocycle of chlorophylls 1 and 2 and their derivatives 3, 5, and 8 open readily with the formation of
the corresponding 13'-carboxamides 204-208 [22, 25, 147, 163-167]. It was shown that the effectiveness of
aminolysis of the exocycle is determined by the basicity of the employed amine and by steric effects during
coordination of the nucleophilic center 13' with the nitrogen-containing nucleophilic [22, 25, 163]. It was noted
that the rate of formation of the 13'-carboxamides in most cases is increased in the presence of water or ethanol
[166] (Scheme 31).

COOMe

1-5,8-10 14,15,21,22,
178, 179, 204-208
1M =Mg, R = Me, R? = Phytyl; 2 M = Mg, R' = CHO, R? = Phytyl; 3 M = 2H, R' = Me, R? = Phytyl;
4M=2H,R'=Me, R*=H; 5 M =2H, R' =R?=Me; 8§ M = 2H, R' = CHO, R* = Phytyl; 9 M = 2H, R' = CHO, R =
10 M =2H, R' = CHO, R*=Me; 14 M =2H, R' = Me, R>=OH, R*=R*=H; 15 M =2H, R' = R*=R*= Me, R = OMe
21 M =2H, R' = CHO, R? = OH, R* = R*=H; 22 M = 2H, R' = CHO, R? = OMe, R® = R* = Me;
178 M =Mg, R' = Me, R*=OH, R*=R*=H; 179 M = Mg, R' = CHO, R>=OH, R*=R*=H;
204 M = Mg, R' = Me, R? = NR’R®, R* = Me, R* = Phytyl; 205 M = Mg, R' = CHO, R* = NR’R, R? = Me, R* = Phytyl;
206 M=2H,R' =R’ =Me, R?= NR5R6 R* = Phytyl; 207 M =2H, R' =R*=R*=Me, R* = NR5R6
208 M = 2H, R! = CHO, R* = NR’R®, R = Me, R* = Phytyl; 204-208 R’ R® = H, Alk, Ar, Hetero
A: Alkali, absence of O, (for the production of 14, 21, 178, and 179 from 4, 9, 1, and 2 respectively);
pyridine-CH,N,-MeOH, MeONa-THF-MeOH or KOH-MeOH-—pyridine (for the production of 15 and 22 from 5 and 10 respectively);
R'R?NH (for the production of 204-208 from 1-3, 5, and 8 respectively).

Scheme 31. Nucleophilic opening of the exocycle without the participation of oxygen.

Pathways for Modification of the Carboxyl Groups of the Products from Opening of the Exocycle

The carboxyl groups of the chlorins 14 and 21 can be easily transformed into ester groups. Thus, the
reaction of the chlorins 14 and 21 with diazomethane leads to the trimethyl esters 15 and 22 respectively.
Esterification of the chlorin 14 with bromomethyl acetate in the presence of N,N-diisopropylethylamine gives
the triester 209 [168]. It was shown that compound 209 has significant anticancer activity ([169] and references
therein).

The free carboxyl groups of the chlorin 14 are decarboxylated in the order 15-CH,COOH > 13-COOH,
and the chlorins 16 and 20 are formed in succession. During pyrolysis of the chlorin 20 the stable
phylloporphyrin XV 210 is formed [37].

The monoacid 211 is produced by selective hydrolysis of the triester 15 [22]. By activation of the
13-COOH group of the chlorin 211 with dicyclohexylcarbodiimide it is possible to obtain the biologically active
amides 212 [170]. During hydrolysis the 13-COOH group of the chlorin 211 is eliminated with the formation of
the chlorin 19. Hydrolysis of the diester 19 gives the diacid 18, pyrolysis of which in pyridine gives the chlorin
20 and the porphyrin 210 [22] (Scheme 32).
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15, 22, 209 14,21 16, 18-20, 211, 212 210

14 R1=CH=CH; R2=Me¢,R3=R4=R5=H 21 Rl=CH=CH,, R2=CHO,R3=R4=R5=H
1SR1=CH=CH,;, R2=R3=R4=R5=Me 22 RIl=CH=CH, R2=CHO, R3 = R4=R5= Me

16 R1 = COOH, R2=Me, R3=H 209 R1= CH=CH,, R2 = Me, R3 = R4 = R5 = CH,0C(O)Me
18 R1=R3 =H,R2 = CH,COOH 211 R!=COOH, R2 = CH,COOMe, R3 = Me

19 R1=H,R2 = CH,COOMe¢, R3 = Me 212 R1= C(O)NHR, R2 = CH,COOMe, R3 = Me,
20R!'=R*>=H,R*>=Me R is a residue of steroids and other hormones

A: CH,N;, (for the production of 15 and 22 from 14 and 21 respectively); AcOCH,Br—EtN(i-Pr), (for the production of 209 from 14.
B: Hydrolysis (for the production of 16 and 20 from 14). C: Pyrolysis (for the production of 210 from 20).

D: Hydrolysis (for the production of 211 from 15). E: dicyclohexylcarbodiimide—RNH, (for the production of 212 from 211).

F: Pyrolysis (for the production of 19 from 211). G: Hydrolysis (for the production of 18 from 19).

H: Pyrolysis (for the production of 20 and 210 from 18).

Scheme 32. Esterification and pyrolysis of the carboxyl groups of the products
from opening of the exocycle.

The final product from pyrolysis of the chlorins of the b series is the porphyrin 210, indicating reduction
of the 7-CHO group in chlorins of the b series under rigorous conditions [11].

In spite of the similarity of the structures of chlorins 14 and 18 their chemical characteristics different
significantly. Thus, treatment of the chlorin 14 with potassium permanganate followed by esterification of the
intermediate 213 leads to the formation of the formyl derivative 214 with a yield of less than 10%. Under similar
conditions the chlorin 18 is not transformed into the analogous formyl derivative 215, but the chlorin 2186, i.e.,
the product from oxidation of the vinyl and 13-CH,COOH groups of the chlorin 18, is formed with a yield of
more than 20%. When heated with hydroxylamine hydrochloride in aqueous pyridine the aldehyde 214
undergoes deformylation with the formation of rhodochlorin 217. In the case of the formyl derivative 216 the
aldoxime 218 is obtained, and this gives a good yield of the nitrile 219 when heated with acetic anhydride [85].
It was noted that the nitromethylene derivative 220 is formed in the reaction of nitromethane with the formyl
derivative 214 in the presence of pyridine and ethylamine [22] (Scheme 33).

The presence of three C-nucleophilic centers, situated on one side of the chlorin macrocycle, opens up
great possibilities for its further modification. It is important to note that planned modification of the chlorin 214
is possible both in the pyrrole ring C and in ring D. Thus, under the influence of the sodium methoxide/methanol
system the chlorin 214 enters into intramolecular aldol condensation with the formation of the pentacyclic
derivative 221, and here modification of pyrrole ring D is realized [22]. The principle of the construction of an
additional ring on the basis of ring C was used by Woodward as one of the last stages in the total synthesis of
chlorophyll 1 [171-174]. Thus, the cyanolactone 222 is produced during treatment of the chlorin 214 with
hydrogen cyanide, and its reduction by the zinc/acetic acid system followed by esterification of the intermediate
223 gives the nitrile 224. The derivative 15 is formed during solvolysis of the nitrile 224 by the acetic acid—
methanol system (Scheme 33).
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\E‘ 220 N

15, 223, 224 222 221
14 R = COOH; 15 R' = R> = COOMe; 18 R = H; 213 R! = CH=CH,, R?> = COOH, R® = CHO, R* = H;
214 R! = CH=CH,, R? = COOMe, R® = CHO, R*= Mg; 215 R' = CH=CH,, R?> = H, R® = CHO, R* = Me;
216 R! = COOMe, R*=H, R® = CHO, R* = Me; 217 R! = CH=CH,, R> = COOMe, R* = H, R* = Me;
218 R' = COOMe, R? = H, R® = CH=NOH, R* = Me; 219 R' = COOMe, R? = H, R* = CN, R* = Me;
223 R! = COOH, R?=CN; 224 R' = COOMe, R?> = CN

A: KMnOy (for the production of 213 from 14); esterification (for the production of 214 from 213);
KMnO,, esterification (for the production of 216 from 18).
B: NH,OH-HCI, heat (for the production of 217 and 218 from 214 and 216 respectively).
C: Ac,0, heat (for the production of 219 from 218). D: MeNO,—EtNH,—pyridine (for the production of 220 from 214).
E: MeONa—MeOH (for the production of 221 from 224). F: HCN (for the production of 222 from 214).
G: Zn—AcOH (for the production of 223 from 222). H: Esterification (for the production of 224 from 223).
I: AcOH-MeOH (for the production of 15 from 224).

Scheme 33. Further versions of modification of the carboxyl groups in the products
from opening of the exocycle.

Recyclization of the Exocycle

Base-Catalyzed Recyclization of the Exocycle. By the action of strong bases under anaerobic
conditions various derivatives of chlorophylls 15, 35, 53, and 225-227, containing 13-COOMe and
15-CH,COOMe fragments, undergo smooth cyclization to the respective pheophorbides 5, 228, 138, and
229-231 [50, 51, 56, 65]. Thus, brief heating of the chlorin 226 with #~BuOK in the +-BuOH-Py system leads to
the pheophorbide 230 with a yield of 97% [65]. It is assumed that recyclization of the exocycle takes place
according to the mechanism of the Dieckmann condensation [51] (Scheme 34).

Recyclization of the exocycle is the best method for the production of phorbins 138, 228-321, the direct
synthesis of which from the pheophorbides 5 and 10 is ineffective (see also "Production of Vinyl Derivatives").

Photolytic Recyclization of the Exocycle. An alternative way of constructing the exocyclic fragment of
chlorophyll is based on the use of the chlorin 232, containing a 13-COOH fragment and a vacant position 15, as
starting compound [175]. Thus, treatment of the chlorin 232 with N,N'-carbonyldiimidazole leads to the
carboxyimidazole 233, the reaction of which with the chelate 234 gives the -keto ester 235. Cyclization of the
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nonphorbin chlorin 235 to the phorbin metal complex 236 is achieved by the successive treatment of 2 eq. of
TI(CF;COO); and photolysis. The metal complex 236 is demetallated by the action of SO, and hydrochloric
acid, resulting in the formation of the pheophorbide 5. It is important to note that this multistage path for the
construction of the exocyclic fragment was previously developed and optimized for model porphyrin systems
[176-180] (Scheme 34).

R1
R2
<A RS _ B,
| pMeR4 COOR3
coome E
15, 35, 53, 225-227, 232
5,138, 228-231 ~
D
<2
236 235

5R!' = CH=CH,, R®>= Me, R*=Et, R* = H; 15 R' = CH=CH,, R? = Et, R® = Me, R* = CH,COOMe, R’ = H;
35 R' = CH,CH,OH, R* = Et, R® = Me, R* = CH,COOMe, R® = H; 53 R! = R* = CH=CH,, R’ = Me, R* = CH,COOMe, R’ = H;
138 R! = R® = CH=CH,, R* = Me, R* = H; 225 R = Et, R> = CH=CH,, R® = Me, R* = CH,COOMe, R’ = H;
226 R!' = CH,CH,CI, R* = Et, R®* = R® = Me, R* = CH,COOMe; 227 R' = R? = Et, R* = R’ = Me, R* = CH,COOMe;
228 R' = CH,CH,OH, R® = Me, R® = Et, R* = H; 229 R! = Et, R> = Me, R* = CH=CH,, R* = H; 230 R' = CH,CH,Cl, R?> = R* = Me,

0
0
/
R®=Et; 231 R' =R* = Et, R* =R"=Me; 232 R' = CH=CH,, R’ =Et, R* =R*=R’=H; 234 Mg,/ ; 236 M = T**CF;C00™
0
OMe

A: Base (for the production of 5, 228, 138, and 229-231 from 15, 35, 53, and 225-227 respectively).
B: N,N'-Carbonyldiimidazole (for the production of 233 from 232). C: 234 (for the production of 235 from 233).
D: TI(CF;COOQ)s, photolysis (for the production of 236 from 235). E: SO, and hydrochloric acid (for the production of 5 from 236).

Scheme 34. Pathways for recyclization of the exocyclic fragment.

Demethoxycarbonylation at Position 137 of the Exocycle.

When heated in high-boiling solvents, phorbin-containing derivatives of chlorophylls containing a
COOMe group in the cyclopentanone fragment 1, 3-5, 10, 228, 230, 231, and 237 readily lose it and form the
corresponding stable pyro derivatives 238, 239, 6, 7, 12, and 240-243. The 13°-COOMe fragment is easily
eliminated both on the metal complexes 1 and 237 [181, 182] and on the nonmetal derivatives 3-5, 10, 228, 230,
and 231 [11, 43, 49, 50, 65, 181]. It was noted that thermal isomerization of the pyro derivative 6 to the stable
phylloerythrin 244 occurs as a side reaction during prolonged heating of the pheophorbide in pyridine [11].
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A universal solvent for the demethoxycarbonylation of pheophorbides of series @ and b is collidine
(2,4,6-trimethylpyridine) [49]. Thus, the use of collidine makes it possible to obtain the pyropheophorbide 7 with
a yield of more that 90%. The pyrolysis time of the pheophorbide amounts to 90 min, and the formation of side
products is not observed. Under analogous conditions the pheophorbide 10 is transformed into the
pyropheophorbide 12 with a yield of more than 80% [49].

An effective method for demethoxycarbonylation of compound 5 was proposed in the patent [183].
Thus, pyrolysis of the chlorin 5 in a two-phase system consisting of water and a high-boiling solvent leads to the
formation of the pyro derivative 7 with a quantitative yield, and the use of a two-phase system has been applied
to the large-scale production of the pyro derivative 7 (Scheme 35).

R

N

1, 3-5, 10, 228,
230, 231, 237

6,7, 12, 238-243 244

1,238 M = Mg, R' = CH=CH,, R* = Me, R® = Phytyl, R* = H; 3, 239 M = 2H, R' = CH=CH,, R?> = Me, R® = Phytyl, R* = H;
4,6 M =2H, R' = CH=CH,, R*=Me, R*=R*=H; 5,7 M = 2H, R' = CH=CH,, R =R*=Me, R* = H;
10, 12 M = 2H, R! = CH=CH,, R* = CHO, R® = Me, R* = H; 228, 240 M = 2H, R' = CH,CH,OH, R>=R>=Me, R* = H;
230, 241 M = 2H, R' = CH,CH,Cl, R? = R® = R* = Me; 231, 242 M = 2H, R' = Et, R”> =R*=R*= Me;
237,243 M =Mg, R' =Et, R?=R*=Me, R*=H

A: Heating in a high-boiling solvent (for the production of 238, 239, 6, 7, 12, and 240-243 from 1, 3-5, 10, 228, 230, 231,
and 237 respectively; side formation of 244 during the pyrolysis of 4)

Scheme 35. Demethoxycarbonylation at position 13* of chlorophylls and their phorbin derivatives.

Analysis of the data on methods for modification of the peripheral substituents of chlorophylls @ and b
demonstrates their truly boundless synthetic potential and the promise of these reactions in the development of
designed methods for the synthesis of derivatives possessing a wide range of useful characteristics.

The authors express their sincere gratitude to A. S. Lermontov and A. E. Voronkov (Chemical Faculty,
M. V. Lomonosov Moscow State University) for practical assistance in classifying the published data.
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