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Abstract-The total synthesis of chlorophyll a starting from Knorr’s pyrrole (1) is described with full 
experimental detail. Forty six stages are involved to reach the target molecule, chlorin e6 trimethyl ester 
(46), from which the preparation of chlorophyll a has already been described. 

The four pyrroles which are required for rings A, B, C and Dare elaborated largely by known reactions, 
although with considerable improvements. These pyrroles are manipulated to give two dipyrrin derivatives : 
a left-hand component (26, comprising rings A and D) and a right-hand component (the thioaldehyde 31, 
comprising rings B and C). These are brought together in a carefully controlled, stepwise, condensation to 
give a single porphyrin product (35) in 50% yield. This synthesis of an unsymmetrically-substituted 
porphyrin bearing an electron-withdrawing substituent and a meso-substituent is seen as a very considerable 
advance, both in conceptual and practical terms, over earlier approaches. During the course of the closure 
of the macrocycle, intermediates which exemplify a new group of dihydroporphyrins, the phlorins (e.g. 
34) are recognised. 

Eleven steps remain. The porphyrin (35) is shown to undergo dehydrogenation (again via a phlorin 
intermediate) on brief treatment with acetic acid in air to give the meso-acrylic acid derivative (36), which 
in acetic acid under nitrogen at 1 lo” slowly reaches equilibrium with the purpurin (37). The introduction 
of the reactive vinyl group at C-3 has been delayed until this point in the synthesis. Photo-oxygenation of 
the product, the vinylpurpurin @I), cleaves the cyclopenteno-ring giving the methoxalylpurpurin (39). A 
reverse Claisen reaction now generates the methoxylactone, rat-isopurpurin 5 methyl ester (40), the first 
substance in this synthetic series which can be compared with a sample (albeit optically active) derived 
from natural chlorophyll a. rat-Isopurpurin 5 methyl ester (40) is hydrolysed to the lactol, chlorin 5 (41), 
which is resolved (diastereoisomeric salts with quinine). The less soluble salt gives synthetic act-chlorin 5, 
identical with a sample of natural provenance. Diazomethane treatment of the free acid (42) yields purpurin 
5 dimethyl ester (43) again identical with the naturally-derived compound. Treatment with hydrogen 
cyanide in triethylamine leads to the cyanolactone (44), reductive cleavage and methylation of which give 
the chlorin e6 nitrile (45). Methanolysis of this furnishes synthetic crystalline chlorin e6 trimethyl ester (46), 
identical (mp, mixed mp, electronic spectrum, infra red spectrum) with a naturally-derived sample, so 
completing the total synthesis. 

1. INTRODUCTION 

This paper describes, with full experimental detail, the total synthesis of chlorophyll a. A preliminary 
communication, ’ and review articles,2*3*4,s have already appeared. 

Chlorophyll has a complex and fascinating chemistry,6 but differs from many of the complex 
natural substances (such as strychnine, for example) which organic chemists may choose to study 
in that it constantly impinges on everyday life. Although it is so common that it may often go 
unnoticed, it adds an important aesthetic dimension to the world we see. But it has the singular 
merit that, besides being beautiful, it is useful-indeed, essential. As the photosynthetic pigment, 
chlorophyll is directly responsible for the production of much of the food that we eat, and for all 
of the oxygen that we breath. Some scientists take the view that chlorophyll, or a close relative of 
it, had to be involved in the genesis of living things, and in the generation of an oxygen-containing 
atmosphere on our planet in past geological ages. What is without doubt is that, at the present time, 
chlorophyll photochemistry occurring in the chloroplast is the basis leading to essentially all the 
stored energy in the biosphere. Given a fair chance, to which the Amazonian rain forest should 
clearly be allowed to contribute, it helps to control atmospheric levels of carbon dioxide and so 
limits the ‘greenhouse effect’ on earth. 

In historical terms the chemical study of chlorophyll falls into three main phases. At the beginning 
of this century Willstitter and his coworkers, in remarkable studies in an experimentally difficult area, 
isolated chlorophyll a as a pure substance, established the molecular formula as CsSH72N405Mg, and 
carried out various transformations.’ In a second phase the work was continued in the thirties by 
Stoll, by Conant, and by Hans Fischer, the last with particular vigour. Fischer charted a large 
number of chemical reactions in the chlorophyll series, and, by a classical iterative process,* arrived 
at the chemical structure9*” for chlorophyll which, while it once attracted some scepticism, is now 
seen to have stood the test of time. 

In the forties, progress was again interrupted by war, and by Fischer’s death. In the third phase 
the problems of stereochemistry, which had earlier very reasonably been put to one side, were 
solved. The trans-stereochemistry of ring D was established by Linstead, I ’ and the absolute stereo- 
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chemistry of the phytyl side chain [2’-trans f7'R, 1 I’R)] was determined by Weedon at much the 
same time that the work here described was in progress. 

The absolute stereochemistry at ring D and the isocyclic ring was not then known. From the point 
of view of synthesis this was not an impediment, and, indeed, in the preliminary communication’ the 
unnatural enantiomer of (for example) chlorin e6 trimethyl ester was drawn. However the absolute 
stereochemistries at C-13*, C-l 7 and C-18 have subsequently been determined as 13’-R, 17-S, 
18-S by proton NMR studies on pheophorbides with chiral 132-aikoxy groups, ’ 3* by Horeau 
analysis of 13’-hydroxypheophorbides,‘4 by chemical correlation” of ring D oxidation products 
with degradation products from f -)cx-santonin (of known absolute stereochemist~), and by X-ray 
structure analysis of ethyl chlorophyllide a. * 6 The upshot of all this effort is that the structure of 
chlorophyll a, written now with correct absolute stereochemical detail, is as shown in (101). This 
was the overall synthetic objective. 

(1Ol) Chbqhyll a 

During the 1930s Fischer devised a plan for the synthesis of chlorophyll a, which was continued 
after World War II by Strell and his colleagues. It suffered from various unsatisfactory steps (e.g. 
the synthesis of 3-deethylphylloporphyrin (102) in 0.6% yield is accompanied by many other 
porphyrinsi7) and ambiguities (e.g. the degree of regiospecificity of the reduction of 3-deethyl- 
phylloporphyrin with sodium in boiling amyl alcohol to give the corresponding chlorin”). Often 
yields are not stated, and a resolution of a racemic synthetic compound to reach the natural series 
has not been carried out. The approach has been reviewed,4*6 and does not merit further attention 
here. 

l For meaning of superscripts see structure (103). 
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The nomenclature used in this paper follows IUPAC-IUB r~ommen~tions. ’ 9 Fischer trivial 
names are used where appropriate, but no new trivial names for specific compounds are introduced. 
The numbering scheme and ring designations used in the paper follow the semi-systematic pattern 
with the structure orientated in the conventional way, as illustrated for (102). In the experimental 
section each compound is named once using the full systematic name (see p. 7635). Synthetic 
intermediates on the direct synthetic route are numbered (1) to (46) ; all other compounds are 
neared starting at (101). 

2. SYNTHETIC TARGET AND ITS APPROACH 

During the extensive earlier work on chlorophyll a referred to above, a number of partial 
syntheses had been carried out. A consideration of these now allowed the overall synthetic objective 
(101) to be simpli~ed to give the operational synthetic target. This emerged as chlorin e6 trimethyl 
ester (46). 

? CH Ik 

(ss) me.9 flw) R-H, merhytpheophorbidea 
trhnethyl* (‘IoIl 2R-&?.m8thylca 

Thus Fischer had shown that Dieckmann cyclisation of chlorin e6 trimethyl ester with methanolic 
potassium hydroxide in pyridine” or with sodium methoxide in methanol-acetone” gives methyl 
pheophorbide a (103). Two long established pathways of partial synthesis are then available. One, 
outlined by Stoll and Wiedemann,6 proceeds by transesterification to pheophytin a, followed by 
metallationz2 to chlorophyll a. Since the present work was completed, Smith and Lewis,22” in 
developing an alternative partial synthesis, have improved this sequence of reactions. The other path- 
way reverses the steps : magnesium is introduced into methyl pheophorbide a (103) with the ethyl 
magnesium bromide-ethanol reagent23 in pyridine-ether under nitrogen to give the magnesium 
complex, methyl chlorophyl~de a (NM), and this is followed by the enzymatic introduction7,24 of 
the phytyl residue to give chlorophyll a (101). Finally, phytol of the correct absolute stereochemistry 
has been synthesised by Weedon and his colleagues. l2 

With the target molecule defined in this way as (46) it was now necessary to develop strategy. 
Chlorin e6 trimethyl ester (46) is evidently made up of units of the pyrrole type, and there was a 
large body of established pyrrole chemistry lo with which to construct the individual building blocks 
for rings A, B, C and D. In the event (see Fig. 1) they were all elaborated from a single pyrrole, 
Knorr’s pyrrole, (1) which was made in large quantity (several kilograms). What was not available 
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Fig. 1. General strategy for the synthesis of chlorin e6 trimethyl ester (46). 

was a porphyrin (or chlorin) synthesis which gave good yields with unsymmetrically-substituted 
systems when electron-with~awing ~-substituents were present. Since methods for regioselective 
hydrogen transfer had to be discovered, and several delicate steps would be necessary before the 
target molecule was reached, it was essential to have an adequate amount of porphyrin. Conse- 
quently, a new type of synthesis would have to be devised which was regioselective at the ring closure 
stage to ensure high yields and avoid porphyrin mixtures which would be difficult to separate and 
which, when separated, had to be identified one by one. This regioselective closure was to involve 
a linear tetrapyrrole intermediate (105). This was the first example of an approach the general 
principle of which has subsequently been widely developed and applied. *’ 

The exact way in which the chlorin was to be formed could not be known at the outset. This 
had to await the development of a successful porphyrin synthesis which was thus central to the 
entire effort. However, certain considerations relevant to the generation and properties of the chlorin 
system, as found in chlorophyll derivatives, were developed at an early stage, and it is appropriate 
to consider these now. 

2.1. Peripheral overcrowding efect 
A feature of a precursor for chlorin e6 trimethyl ester (46) is likely to be a porphyrin which 

(like 46) has substituents at all the available positions in the lower part of the molecule (i.e. 12, 13, 
15, 17, 18). Since the porphyrin system is aromatic and, though relatively easily deformed, tends to 
be approximately planar, this means that this part of the molecule is under severe steric constraint, 
as illustrated diagramatically in Fig. 2. 

This steric compression might be relieved in various ways. Firstly, by the simple extrusion of a 
substituent, illustrated by many examples in the chemistry of the chlorophyll-related porphyrins.” 
For example,26 treatment of chloroporphyrin eb trimethyl ester (106) with hydrogen iodide in acetic 
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Fig. 2. Diagram to illustrate steric interaction in the 12,13,15,17,18-pentasubstituted porphyrin system. 
(From the original drawing by RBW). 

acid gives rhodopo~hyrin (107, as a monomethyl ester), with the remarkable (but see later) loss of 
the 15acetic acid residue, 

c& 
b MD Ea 

Secondly the non-bonded interaction could be reduced by forging a bond between two of the 
peripheral substituents, as illustrated in Fig. 3. Again, there are many examples of cyclisation to be 

Fig. 3. Diagram to illustrate relief of steric interaction in 12,13,15,17,18-pentasubstituted porphyrin by 
cyclisation. (From the original drawing by RBW). 
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found in the c~orophyll-related porphyrins, especially where the meso-substituent is involved. Thus, 
heating chloroporphyrin e6 trimethyl ester $106) in acetic acid at CCL 100” for two hours gives a 
quantitative yield of the cyclised product (108, pheoporphyrin a5 dimethyl ester).” 

The third way in which the peripheral steric interaction might be diminished would be to generate 
a chlorin, with ring-D (or ring C) reduced, thus displacing two of the five substituents out of the 
plane, as illustrated in Fig. 4. The stability conferred by this change is perhaps best illustrated by 

Fig. 4. Diagram to illustrate relief of steric compression in 12,13,15,t7,18-pentasubstituted po~h~in by 
reduction of fi-positions of one of the five membered rings (ring D illustrated). 

the reverse process, since hero-substitution adjacent to the reduced ring is known to make the 
dehydrogenation of chlorin to porphyrin more difficult. For example, the dehydrogenation of 
bacteriochlorin e6 trimethyl ester (109) with quinones occurs at room temperature to dehydrogenate 
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ring B, that is, the ring without flanking meso-substituents, to give the chlorin (110) : dehydrogenation 
of this to give the corresponding porphyrin requires more vigorous conditions,28 the difference being 
attributed to the extra steric compression caused by the 15-acetic acid residue in the porphyrin. 
Again, 5-chlorooctaethylchlorin is dehydrogenated to the porphyrin with DDQ (chloroform 
at room temperature) but the corresponding 5,20-dichlor~hlo~n is unaffected under these 
conditions2’ 

This third factor led us to anticipate that, with a properly constructed porphyrin in hand, we 
could find a suitable route to transfer hydrogens to the desired site. It was evident that the naturally- 
occurring chlorophyll a (101) had a stereochemistry (13 *- 17-transoid, 17- 1%transoid) which mini- 
mised the peripheral overcrow~ng effect of substituents associated with the chiral centres. We 
needed to generate only those at C-17 and C-18, and, provided that these could be set up under 
equilibrating conditions, we could reasonably expect to be able to arrive at the thermodynamically 
more stable transoid geometry. 

step 4 

Vilsmeier 
9036% 

MC CHO 

staps _ Step6, 

Me w&2 Me BrflaOH Ew 
0 6670% 

w 

(4) (5) 

CHO 

Step? BtspB BwB_ 
ccnc. NaOH H4C 

83% 
C%H c$;$ 

0 
CQH NE4 

(7) (8) (9) 

(10) (11) (111) 

Scheme 1. Synthesis of ring A of chlorophyll CI. 
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3. RINGS A, B, C, D 

The synthesis was based on one starting point, Knorr’s pyrrole (Fig. I), and proceeded through 
twenty five steps to construct the four rings A, B, C, D, needed to make the dipyrrin derivatives 
(26) and (27). Of these twenty five steps, only five were entirely new ; the rest relied heavily on earlier 
work, especially that of Fischer, lo although considerable improvements were made to many of the 
steps, and these are therefore recorded. 

Knorr’s pyrrole (1) was prepared from ethyl acetoacetate by a variant of MacDonald’s modi- 
fication3* of Knorr’s original synthesis. 3 ’ It was necessary to make a large quantity of this substance, 
and the procedure used proved adaptable to the pilot plant scale so that several kilograms of (1) 
were available for our subsequent work. 32 

3.1. Ring A 
Extensive preliminary experimentation had led to the conclusion that the regioselectivity in the 

B-C linkage would require a pyrrole with a ~-aminoethyl substituent, as in (ll), which would fulfii 
a two-fold function since it was also destined to emerge as the vinyl group at C-3. Pyrrole (11) was 
prepared as shown in Scheme 1. Selective hydrolysis of Knorr’s pyrrole (1) in concentrated sulphuric 
acid33 gave the p-monocarboxylic acid (2), which was decarboxylated thermally in ethanolamine 
giving (3). Vilsmeier formylation34 now produced the aldehyde (4) in excellent yield on a kilogram 
scale. Fischer and Weiss3’ had carried out the reaction (4) + (5) with malononitrile in acetic 
anhydride ; we found that this condensation was more conveniently effected in warm absolute 
ethanol with ethylamine as catalyst. The conversion of the a-methyl group to a-methoxycarbonyl 
(5 + 6) in a one pot reaction with bromine and methanol had been described by Fischer and Zeile,36 
and it was found possible, with care, to scale up this reaction to give consistent yields of 6&70% 
on a 100-500 g scale. Fischer and Zeile had also reported the hydrolysis and cleavage of the 
dicyanovinyl diester (6) on a small scale with a large volume of 0.1 M-sodium hydroxide. This 
procedure was impractical for larger quantities, and in any case the reaction under these conditions 
was slow. However, hydrolysis and cleavage using concentrated aqueous sodium hydroxide gave 
(7), obtained as a fawn powder which was characterised as the colourless dimethyl ester (112) formed 
with a slight excess of diazomethane (excess diazomethane gave the N-methyl derivative 113). 

Condensation of the aldehyde (7) with nitromethane in the presence of diethylamine gave (ca. 65%) 
the ~-nitrovinyl pyrrole @I), which was directly reduced by sodium borohyd~de (87% yield) to the 
corresponding /I-nitroethyl compound (9). The latter was characterised as its dimethyl ester (114), 
colourless needles, mp 125.5-126”, the electronic spectrum of which was very similar to that of 
3-ethyl-2,5-di(ethoxycarbonyl)-4methylpyrroie [A,,,,, (EtOH) 222 (17 700), 282 nm (21 9OO)‘j. 

It was now necessary to remove the carboxylic acid func~ons, generating ~,~-dialkylpyrrole 
systems which needed careful manipulation and storage. The decarboxylation was achieved in a 
sodium acetate-potassium acetate melt under nitrogen to give the a-free pyrrole (10) as a colourless 
oil in 58% yield, and this was catalytically reduced to the ring A intermediate (11) in excellent yield. 
The ~-aminoethyl compound (11) was characterised as its N-acetyl derivative (111). The sequence 
(1) -+ (11) was the longest of the preliminary pathways to the corner pyrrole units, and had been 
achieved in an overall yield of 14%. 
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(15) 
Scheme 2. Synthesis of ring B. 

(1 et 

3.2. Ring B 
Ring B has simple alkyl fi-substituents, but required a protected a-aldehyde function which 

would later feature, it was hoped, in the regiospecific linking of rings A and B. The system sought 
is shown at (16). 

The route, shown in Scheme 2, included kr~topyrrole (13), and normally this would be 
approached by a classical Knorr synthesis (ethyl acetoacetate and pentan-2,4-dione)37 or by the 
Kleinspehn-Johnson modification (benzyl acetoacetate and 3-ethyl-pentan-2,4-dione).38 In our cir- 
cumstances the availability of large quantities of Knorr’s pyrrole (1) and thence of (3), led to us 
using a different route. The pyrrole (3) was acetylated3’ with acetyl chloride in dichloromethane in 
the presence of aluminium (III) chloride giving the acetyl derivative (12) in 86% yield. Wolff-Kishner 
reduction with concomitant hydrolysis and decarboxylation gave kryptopyrrole (13).40 Vilsmeier 
formylation gave the cl-formylpyrrole (14). The formyl group was protected as the dicyanovinyl 
derivative, using the preparative method of Fischer and Neber. 4’ Finally, the product (15) of this 
step was prepared for linkage with ring C (to give the dipyr~lmethane derivative 27) by converting 
the a-methyl function to ~-chloromethyl using sulphuryl chloride as halogenating agent to give (16) 
in good yield. Interestingly, we found that the chloromethyl derivative (16) was particularly light 
sensitive, but the corresponding ethoxymethyl derivative (115) was not. 

The overall yield (3) -+ (16) was 52%. 

3.3. Ring C 
The ring C unit, 3~thoxy~arbonyl-4-methylpyrrole (20) was first made by Fischer and Wiede- 

mann,42 who condensed aminoacetone and ethyl oxaloacetate to obtain 3-ethoxy~arbonyl~-methyl- 
pyrrole-Zcarboxylic acid, which was then decarboxylated. Later Corwin43 and Treibs44 prepared 
the ester (20) by hydrolysis of (17) to the 2,5-dicarboxylic acid, which was subjected to iodinative 
decarboxylation, followed by removal of the 2,5-iodo substituents by catalytic hydrogenation. In 
our hands, Co&n’s method gave excellent results, but was considerably less convenient, particularly 
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Scheme 3. Synthesis of ring C. 

on a large scale, than that outlined in Scheme 3. More recently Le Goff4’ has shown that cyclo- 
addition of g-tosylmethylisocyanide to ethyl crotonate offers a direct route to (20) which would be 
particularly convenient for small scale preparations. 

Regioselective oxidation of the a-methyl group of Knorr’s pyrrole (1) occurred, as described 
by Corwin,46 with bromine-sulphuryl chloride to give the monocarboxylic acid (17) which (contrary 
to Cot-win’s reports46,47) can be smoothly decarboxylated (copper bronze, 230-240”) giving (18). 
Hydrolysis with strong base48 again caused a regioselective reaction to give (19) which was de- 
carboxylated as before to give the a-free ring C unit (20). The decarboxylation with copper bronze 
is much more effective and convenient than that using glycero14* as the thermal support. 

The overall yield (1) + (20) was 39%. 

3.4. Ring D 
It was proposed that rings A and D should be linked together (Fig. 1) in the form of a 

pyrromethene salt (26) and hence the ring D unit required was the formyl pyrrole (25) which, even 
with two fl-alkyl substituents, was expected to be a relatively stable compound. 

The route is shown in Scheme 4. The @acrylic acid (21) was prepared from the fi-formylpyrrole 
(4) using the Knoevenagel condensation (malonic acid, aniline) following Fischer and Andersag.49 
Fischer had reduced this to (22) using sodium amalgam,49 but we found that the catalytic reduction 
described by MacDonald” was more convenient. Various esters of the acid (22) are available by 
direct ring synthesis from acetoacetates and ~a~tyl-5-oxo-hexanoates3*,51 but for present purposes 
we needed to take maximum benefit from the large quantities of (l), and hence (4), which were 
available. 

The /Gpropionic acid (22) had earlier4**‘* been oxidised to the cr-carboxylic acid (23) using a two- 
step procedure (conversion to the cr-bromomethylpyrrole, followed by treatment with sulphuryl 
chloride, and hydrolysis). However, we experienced no difficulty in carrying out the conversion 
directly with sulphuryl chloride to give the or-carboxylic acid (23) in yields approaching 90%. In the 
removai of the ~-substituents of (23) under alkaline conditions we again followed Fischer.5z*33 The 
reaction requires an autoclave at 180-l 85”, and the temperature is critical : a reaction at 170“ resulted 
in the hydrolysis of the a-ethoxycarbonyl group, but decarboxylation was not effected. Treatment 
with di~omethane was needed to give the methyl ester (24). Alternatively the free acid (117, 
opsopyrrole carboxylic acid) could be isolated, or, with diazoethane, the corresponding ethyl ester 
(118) was obtained. 
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(4) step2’e 
CHf=h& tqc 

Step 24 
N&H. A 

%3# 0 

(24) 

Scheme 4. Synthesis of ring D. The arrows on structures (25) and (116) refer to observed nuclear Overhauser 
enhancement effects. 

The final step, a Vilsmeier fo~ylation, was re~oselective but not regiospecific. Two products 
were obtained-the required 5-formyl compound (25) and its 2-formyl isomer (116) in the ratio of 
about 4 : 1. The formation of the second component (116) had not been previously recognised :54 
the re~osei~ti~ty is attributed to the extra steric bulk of the ~-methoxy~arbonylethy~ function 
(compared with methyl) causing C-2 to be relatively more hindered towards the approach of the 
electrophile, but evidently the effect is not overwhelming. 

H il 

(117) R-H 
(118) R=Et 

0 
IlIp1550 

The separation of the isomer& substances was achieved by taking advantage of the lower 
solubility in water of the required acid (24A) compared with that of the isomeric acid (119), followed 
by methylation with diazomethane. The corresponding ethyl ester (120) is best made by esterification 
of the major acid (24A) with diazoethane. The assignment of structure to the individual isomers has 
been confirmed by nOe observations. For the 5-formyl ester (25), irradiation at the for-my1 signal 
(8 9.60) gives a positive difference signal at 6 2.30 (the C-4 methyl group), whereas for the 2-formyl 
isomer (116) irradiation at 6 9.62 shows no effect in the region of the C-4 methyl singlet (6 2.06) but 
a strong positive difference signal at 6 3.05 and a weak one at 6 2.58, assigned to the 3’ and 
3” methylenes, respectively, of the propionic acid ester side chain. 

This separation of isomers depressed the overall yield of this sequence (4 -+ 25) to 22%, but was, 
of course, essential for the stages which were to follow. 
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Scheme 5. Synthesis of left-hand component. 

4. LEFI’ HAND, RIGHT HAND 

The left-hand component was to be the pyrromethene salt (26) shown in Scheme 5. The prep- 
aration of pyrromethenes by the acid-catalysed condensation of an tl-formylpyrrole with an a-free 
pyrrole is in general a rapid and smooth reaction. However, in our experience, which includes many 
examples not described here, success depends on getting the methene out of the reaction medium 
in a crystalline form as rapidly as possible. After one or two recrystallisations (e.g. from methanol- 
HBr) the methene salts are pure, and when pure are stable. Crude materials, by contrast, deteriorate 
rapidly, and where the methene salt does not come rapidly out of solution it is difficult to isolate the 
desired compound by subsequent manipulative or separation procedures, even where spectroscopic 
examination reveals that a considerable amount of methene has been formed. These difficulties are 
perhaps to be attributed to oligomerisation processes, especially when, as here, free a-positions are 
present. 

Contin~ng in a practical vein, two other points may be noted. Since the acidity of freshly- 
prepared hydrogen bromide in methanol decreases rapidly, the solution should be titrated directly 
before use. Secondly, the methene salts decompose rather than melt and the decomposition point 
depends on the rate of heating and the temperature at which gradual heating is commenced. Hence, 
in this series, melting behaviour is not a particularly useful parameter for characterisation purposes. 

The ring A component (11) and the ring D component (25) were reacted in methanol& hydrogen 
bromide containing a small proportion of water at - 25”. The orange pyrromethene dihydrobromide 
(26) crystallised out and was recrystallised (56% yield) from aqueous methanolic hydrogen bromide. 
The corres~nding ethyl ester (121) was prepared an~ogously from (11) and the aldehyde (120). 
Similarly reaction of (118) with aldehyde (120) gave the smetrically substituted pyrromethene 
salt (122). 
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Scheme 6. Generation of the initial version of the right-hand component. 

As far as we can ascertain these reactions are all regiospecific as drawn. We suppose that not 
only is a steric factor directing the reaction (as in the case above, 24 -+ 25) but that, for (26) and 
(121), the amine function will be protonated under the reaction conditions and will exert a strongly 
inhibiting electrostatic effect on electrophilic approach towards the adjacent cl-position. 

Synthesis of the right-hand component went through a series of later modifications to perfect 
the regiospecificity of the A-B closure (Fig. l), but the initial objective was the dipy~lmethane 
(dipyrrane, 29) which had carbonyl groups of different reactivity at C-l and C-9 (Scheme 6). 

Condensation of the a-chloromethylpyrrole (16) with the ring C unit (20) in acidic ethanol gave 
the dipyrrylmethane (27) in 55% yield. In the two earlier cases where alternative a-positions 
were available the reaction was regioselective when controlled by a single factor (a steric effect, 
24 -+ 25 + 116) but apparently regiospecific when controlled by a steric effect and an electrostatic 
one (114 26). In the present step we suppose that both steric and electronic effects are operating : 
the ethoxycarbonyl group has a greater bulk than methyl ; at the same time it is deactivating C-2, 
while the methyl group is activating C-5 (123, arrows). A second isomer was not detected and, if 
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(124) (-5) 

formed, it must have been a very minor product. However, that ele~trophilic attack can sub~uently 
occur at C-2 of 3-ethoxycarbonyl-~methylpyrrole was shown by the isolation of the tripyrrane (124) 
as a by-product (10*/o). This substance was light sensitive and exhibited a pronounced greenish 
fluorescence which permitted its detection even in small amount. The structure of the tripyrrane 
was confirmed by its deliberate synthesis from the dipyrrylmethane (27) and excess of the chloro- 
methyl pyrrole (16). 

The dipyrrylmethane (27) was reacted in Friedel-Crafts fashion (ZnCl,) with jI- 
methoxy~rbonylpropionyl chloride giving the ketone (28) in 79% yield. The structure of this 
substance was confirmed by its NMR spectrum : irradiation at the ~~~~-methy~ene signal (6 4.00) 
caused nuclear Overhauser enhancement of signals due to the imino, methyl, and ethyi protons 
nearby. Cleavage of the protecting dicyanovinyl function with cu. 30% aqueous sodium hydroxide 
at 95” under nitrogen gave, after treatment with diazomethane in methanolic ether, 84% of the 
colourless ketoaldehyde (29). The corresponding diethyl ester (125) was obtained in an analogous 
fashion, but using diazoethane in ethanol& ether. 

5. MACROCYCLISATION 

The critical porphyrin synthesis was now at hand. The concept behind our approach was to 
employ a two-fold pyrromethene condensation between an a&-free dipyrrylmethane (126) and an 
a&-dicarbonyldipyrrylmethane (127) as illustrated in Scheme 7. This was expected to lead to 

Scheme 7. Scheme for proposed macrocyclic synthesis, 
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the 5,15-dihydropo~hy~n salt (128) which on dehydrogenation would give the po~hyrin (129). 
Preliminary experiments showed that this scheme of porphyrin synthesis worked reasonably well 
even when an electron-withdrawing substituent was present on the ring. Thus catalytic reduction of 
the symmetrically-substituted pyrromethene salt (122) gave the colourless dipyrrylmethane which 
was immediately condensed under hydrogen with the dipyrrylmethane diethyl ester (125) in hydrogen 
bromide-acetic acid. The intermediate dihydro compound (corresponding to 128, but see later) was 
then oxidised with iodine giving the porphyrin tetraethyl ester (130) in 40% yield. This is clearly a 
very respectable yield, especially when compared with those obtained using previous routes to 
compounds of this type. lo 

This general synthesis had been independently discovered by MacDonald and his colleagues5* 
for the case where R = R’ = H (Scheme 7) and is now conveniently referred to by his name. 

However, the synthetic approach in Scheme 7, although it works well for the case where either 
the left-hand component (as in 130) or the right-hand component is symmetrically B-substituted, is 
not satisfactory for a porphyrin which, on retrosynthetic analysis, does not lead to a dipyrrane with 
this property. A porphyrin designed as a precursor for chlorin e6 trimethyl ester necessarily lacks 
symmetry in this sense, and a new approach is needed. 

Our plan was to modify the chemistry shown in Scheme 7 so that ring A had a fl-aminoethyl 
substituent (as in 32), while the reactivities of ring B and ring C were differentiated by making ring 
B an aldehyde (R = H) and ring C a ketone (R’ = CH&H,CO,Me) as in (29) (Scheme 8). 

It was envisaged that acid-catalysed aldo-~omethi~ fo~ation would occur regiosp~ifi~lly to 
give (33), which is set up to undergo a second regiospecific condensation (33, arrows) thus generating 
a single bilene-b (131) with the correct substitution pattern. (This bifene-b corresponds to the linear 
tetrapyrrole represented in an abstract way as (105) in Fig. 1). More forcing acid conditions were 
then expected to cause a second condensation between rings C and D (131, arrows) thus closing the 
macrocycle in the desired way and leading to (132), which could be dehydrogenated to the desired 
porphyrin (35). 

After much experimentation it emerged that this differentiation (aldehyde versus ketone) in 
reactivity was insufficiently great. It was found that the mild acidic conditions required to generate 
the azomethine (33) from the aldehyde (29) and the amine (32) caused the latter to be destroyed. 
Such dipyrrylmethanes without electron-withdrawing substituents are known to be prone to dis- 
mutation and pyrrole-exchange reactions, and are particularly fragile when both or-positions are 
unsubstituted. 56 

The reactivity of the aidehyde function of (29) was therefore modified by making the SchifI’s 
base (30) and carrying out the amine exchange reaction (32+30 + 33). This reaction was shown to 
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Scheme 8. Scheme for regiospeeific cyclisation to generate the porphyrin system via a Iinear tetrapyrrole 
(bilene b) intermediate (131 cf. l&5). 

work reasonably well, and might have been developed into a workable procedure. However, this 
approach was overtaken by the discovery that (30) could be smoothly converted, by hydrogen 
sulphide in benzene/methanol into the thioaldehyde (31). The latter compound reacted with primary 
amines to give azomethines in neutral organic solvents and hence the thioaldehyde (31) became the 
right-hand component of choice. {Scheme 9). 
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(30) (31) 

Scheme 9. Synthesis of the final version of the right-hand component. 

A further period of careful experimentation ensued to discover the best conditions for making 
the macrocycle from the two halves. This is described in detail in the Experimental Section, but it 
is appropriate to mention certain features here (Scheme 10). 

(32) 
coburless 
not isolated 

step34 * 
12M “Cl 

CM 
lsoletedill~ 

experiment as diHBr salt 

Scheme 10. Observed and isolated stages in the regiospecific synthesis of porphyrin (3). 
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The experiment was carried out as a continuous sequence using a specially constructed but 
simple reactor (Figs 19 and 20, Experimental Section). The orange pyrromethene (26) was reduced 
with sodium borohydride to the sensitive colourless dipyrrylmethane (32), which was not isolated 
but extracted at once into dichloromethane, dried, and treated without delay with an equivalent 
amount of the thioaldehyde (31). 

Solvent was removed at once, and the resultant Schiff’s base (33) was assayed by treating a tiny 
sample with dilute ethanolic hydrogen chloride to give the bilene-b salt (131), &,,, 31 I, 358,499 nm 
(Fig. 21, expe~mental) while the bulk of the product was treated with saturated methanolic hydrogen 
chloride at room temperature. During this treatment the solution changed in colour from pale 
yellow to orange to red to a darkish red brown, the intermediate colours being attributed to the 
pyrromethene salt chromophores present in stages (131) and (132). The intermediate dihydro- 
porphyrin salt(s) had A,,,,, 425, 456, and 713 nm in methanolic hydrogen chloride (Fig. 22, exper- 
imental). Oxidation with iodine and acetylation with acetic anhydride then gave porphyrin (35) 
which was chromatographed on Florisil to remove any minor impurities and which crystallised 
from methanol-dichlo~ethane as violet needles, mp 233.5-234”. The sequence of steps 32 --) 33 -+ 
34 --f 35 required careful experimentation, but proceeded in 50% yield overall. More than 50 g of 
porphyrin (35) was prepared in this way. 

Porphyrin (35) behaved as a single pure substance in all respects, including thin layer chromato- 
graphy. It had a satisfactory elemental analysis, and the acurate mass of the molecular ion measured 
by the FAB technique agreed with that calculated for C&H4,N507+H (M+H = 710.355). 

In the visible spectrum of porphyrin (35) the effect of the meso-substituent (+ phyllo-type 
spectrum) and the &electron withdrawing substituent (-+ rhodo-type spectrum) oppose one another 
and the result is of the general form of an etio-type spectrum, and is similar to that shown by 
chloropo~hy~n &?6 trimethyl ester (106) (Fig. 5). The ‘H-NMR spectrum showed three singlets at 
6 10.12, 10.09 and 9.91 representing meso-protons ; and three aryl methyl groups at 6 3.73,3.75 and 

I I I 
500 550 600 

X (nmf X fnm) 

Fig. 5. VisibIe spectra of porphyrin (35) (left, in CH,Cl,) and chloro~~hyrin e6 trimethyl ester (106) 
derived from natural sources (right, in dioxan). 
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Fig. 6. ‘H-NMR spectroscopic assignments for porphyrin (35). 

3.77 corresponding to the methyl groups on rings A, ES, and D, but not necessarily respectively. The 
other signals are assigned as shown in Fig. 6. 

It may be observed that the dihydroporphyrin intermediate (34) detected in the experimental 
work is not the same as that (132) which we had conjectured at the planning stage. We suppose that 
the system (132) is initially formed, but that it is deprotonated to give either or both of the cations 
(133) and (134). Tautomerisation then leads to the stable isolable cation (34). We see here the 
operation in the synthetic work of the peripheral overcrowding effect discussed earlier: in (34) 

(1331 

peripheral overcrowding of substituents is reduced by displacing one of them-the meso-sub- 
stituent-from the plane by attaching it to an sp3 centre, and this is the favoured tautomer. 

The dihydroporphy~n salt (34) is an example of a new class of dihydroporphyrins, the 5,22- 
dihydroporphyrins (135) for which we introduce the trivial name phlorins. These compounds are 
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(135) 

isomeric with the chlorins. They are monoacidic bases, the free bases being a striking imperial blue, 
while the salts are olive green: these colours reflect a bathochromic shift in going from the free base 
form (Li, 387, 620 nm) to the salt (&8X 431, 723 nm) (Fig. 7). This is remini~ent of the change 
which occurs on monoprotonation of the pyrromethene system, and, although the phlorins (unlike 
the chlorins) do not have macrocyclic aromaticity, they may be regarded as extended pyrromethenes, 
and, like them, as the mono-salts, are quite stable. An exception in this regard occurs with oxidising 
agents such as iodine, oxygen, or quinones such as chloranil, which (as in 34 --, 35) cause rapid 
dehydrogenation to give the porphyrin system. 

Because of our interest in these new compounds, we returned to the chemical sequence illustrated 
in Scheme 10 in an attempt to isolate and characterise the phlorin stage. This was obtained in low 
yield as the dihydrobromide (34, X = Br) which formed dark bluish green rhombs from acetone. 
The visible spectrum of the salt in dichloromethane is noteworthy in showing a sharp band in the 
Soret region ; this might lead to confusion with the porphyrin system were it not that the molar 
extinction is much lower in the present case [A,, (CH&lJ 431 nm, E 57 8001. 

6. PORPHYRIN REACTIONS : A PORPHYRIN-PHLORM INTERCONVERSION 

In studying the chemistry of the new porphyrin (35) with an eye on the ultimate objective we 
encountered a remarkable reaction. When (35) was heated for a brief period (1 hour) in acetic acid 
in the absence of oxygen there was a pronounced change in the visible spectrum: a new band 
appeared (Fig. 8) at 721 nm, recalling that of the phlorin salt system already encountered (Fig. 7). 
It became clear that the porphyrin (35) had suffered a clean acid-catalysed equilibration with the 

X (nm) 

Fig. 7. Visible spectra of the phlorin salt (34) (solid line) and the corresponding neutral phlorin (dashed 
line) (both in CH,CI,, X = Br). 
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(136) On) 

phlorin acrylic ester (136). The two hydrogen atoms from the lipropionic acid function had not 
been induced to migrate to the adjacent @positions and so generate a chlorin. (Indeed this type of 
isomerisation was not observed under any conditions examined.) But the discovery of the porphyrin- 
phlorin equilibration nevertheless offered a way forward (Scheme 11). 

The equilibration slightly favoured the porphyrin (A&orin/ro~sy~n = 0.60). It was possible to 
isolate the two components by diluting with ether and extracting the porphyrin with 0.7 M-HCI, 
the neutral spectrum of the porphyrin being shown in Fig. 9. The spectrum of the phlorin salt 
remaining in the organic layer is shown in Fig. 10. The equilibrium constant illustrates again the 
considerable thermodynamic stability of the phlorin salt system, no doubt assisted in this example by 
relief of the peripheral overcrowding in the direction (35) -+ (136). The reaction may be rationalised in 
terms of a series of protonations and deprotonations as shown in Scheme 12. 

When the above equilibration was carried out in acetic acid for a short period in the presence 
of air, the phlorin was oxidised to the corresponding porphyrin acrylic acid ester (36) which was 
obtained in 91% yield (Scheme 11). Quantitative determination of the oxygen taken up in this 
process showed that one gram-atom of oxygen was consumed for each mole of porphyrin (35) 
dehydrogenated. 

450 500 550 600 650 700 750 800 

X (nmf 

Fig. 8. Visible spectrum of the equilibrium mixture of porphyrin (35) and pblorin (136) (HOAc, IO@‘, 1 h, 
no oxygen). 
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Scheme 11. Chemical modification of the first porphyrin (35) in the synthetic sequence. 

Fig. 9. Porphyrin (35) extracted from equilibrium mixture by fractionation between ether and 0.7 M-I-ICI. 

X (nm) 
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Fig. 10. Phlorin salt (136) remaining in supernatant after extracting porphyrin (35) from the equilibrium 
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R 

Scheme 12. Acid-catalysed equilibration of porphyrin and phlorin. 

I I I 
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X (nm) 

Fig. 1 I. Visible spectrum of the porphyrin mew-acryfic ester (36) in CH,CIz-MeOH. 
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The new porphyrin (36) formed large violet spears, mp 251-252”, from methanol-dichloro- 
methane. Peaks in the visible spectrum of (36) (Fig. 11) showed a small bathochromic shift (ca. 
3 nm) with respect to po~hy~n (3s) ; this relatively small effect would accord with the double bond 
of the meso-acrylic ester function being turned out of the plane, and out of conjugation with the 
porphyrin ring. The infrared spectrum did not provide clear-cut evidence for an additional con- 

jugated ester function but the NMR spectrum did so ’ 
b 

CH==CH-CO, doublets at 6 10.23 and 

6 6.25 respectively, with J = 15.5 Hz, according with frans geometry 
> 

. On silica plates porphyrins 

(35) and (36) were virtually indistinguishable but on silver nitrate impregnated silica plates the more 
unsaturated porphyrin (36) had the lower mobility. As expected, catalytic reduction of the porphyrin 
15acrylic acid ester (36) regenerated the 15-propionic acid ester (35). The reduction proceeded 
through the sensitive ~e~cu-compound and the isolated yield was modest (25%). 

At this stage it is of interest to mention the reasons for having a propionic acid residue at C-15 
in porphyrin (35) rather than an acetic acid residue which, after all, is present at that position in the 
target molecule (46). Firstly, preliminary experiments with the readily prepared 15-propionic acid 
ester (130) had shown a porphyrin-phlorin equilibration analogous to that discussed above. 
Secondly, it was suspected that when a dihydropo~hy~n (i.e. phlorin) was formed, during the 
macrocyclisation or subsequently, a meso-acetic acid residue would tend to be extruded, with the 
relief of peripheral overcrowding, as indicated in partial structure (137, arrows), with considerable 
diminution in the yield of the desired product. The formation 26 of rhodoporphyrin methyl ester 
(107) on reduction of chloroporphyrin e6 trimethyl ester (106) illustrates this effect; such con- 
siderations were sufficient to dissuade us from going for the obvious C-15 acetic acid substituent. 

7. ENTRY INTO THE CHLORIh’ SERIES 

To arrive at porphyrin (36) it had been necessary to heat the precursor (35) in acetic acid in air 
for 1 h, when essentially a dehydrogenation had occurred, but longer heating caused problems. It 
was eventually discovered that if the meso-acrylic ester derivative (36) was now refluxed in acetic 
acid (in the absence of air and for much longer), an equilibrium was established with the purpurin 
(37), that is, a chlorin with a meso-electron-withdrawing group (Scheme 13). This is believed to be 
the first occasion on which a reversible porphyrin-chlorin interconversion has been observed. Under 
the conditions described the equilibrium constant, ~~~~“~i~,~~~~~~, was CCI. 1.7 and by recycling the 
recovered unchanged po~hy~n it was possible to isolate the purpurin (37) in a yield of 59%. 

Purpurins do not have the pure green colour of ordinary chlorins, but rather have a puce or 

(36) (37) 

Scheme 13. The ~~h~n-pu~u~n inte~onversi~n. 
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Fig. 12. Visible spectra of the purpurin (37, dashed line) and the vinylpurpurin (38, solid line), in CH&. 

khaki tinge to their greenness. Purpu~n (37) was no exception : from brow~sh purple solutions in 
methanol-dichloromethane it formed blue rhombic plates which melted at 310” with decomposition. 
The visible spectrum (Fig. 12) had a strong band in the 700 nm region, characteristic of chlorins, 
with additional moderate absorption in the cu. 550 nm region usually found with purpurins. 

The reaction is regarded as an acid-catalysed cyclisation, since we have observed it to occur 
under other acidic conditions (e.g. D~mphorsulphonic acid in diphenyl ether). Various pathways 
can be written5 and one is presented in Scheme 14. Cyclisation, with the relief of steric strain is 
believed to be an important factor again, and since the sp3 centres at C-17 and C-18 are established 
under equilibrium conditions, the favoured transoid geometry is expected as shown. 

The cyclisation could equally well be written as occurring at C-13, and there is some evidence 
that a minor by-product, formed under certain acid conditions, has structure (138). However, this 

cyclisation interrupts the conjugation between the C- 13 ester function and the aromatic ring, and it 
is this factor which keeps the equilibrium concentration of this component at a low or (in acetic 
acid) negligible level. 
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!kheme 14. Mechanistic rationalisation for the interconversion (36) + (37) (partial structures). 

8. CHLORIN EL~RA~ON: THE COMPL~ION OF THE S-IS 

8.1. Chlorin elaboration 
Up to this point the vinyl group at C-3 had been protected as an acetylaminoethyl group, and 

it was decided to remove this protection at this stage. There were, as it turned out, still nine stages 
to go, but some of them were related to known aspects of chlorophyll chemistry, where the vinyl 
group was known to survive. A decision had to be made to carry out the deprotection at a point 
where large amounts (several grams) of material were available in order to be ready for difficulties 
still to come : it was here. 

The deprotection involved acid hydrolysis to form the #I-aminoethyl purpurin (37A) which was 
obtained in 75% yield (Scheme 15). It was a sensitive compound and was immediately subjected to 
Hofmann elimination by treatment with dimethyl sulphate in alkali to give the vinylpu~urin (38) 
isolated as narrow purple prisms which decomposed at 285-290” without melting. The visible 
spectrum was similar to that of the precursor purpurin (37) but showed a small bathochromic shift 
consistent with the extra conjugation (Fig. 12). With the strong absorption in the 570 nm region, 
and an even stronger band at about 700 nm, these spectra call to mind the spectrum of neopurpurin 
4 dimethyl este?’ which has a rather similar chromophore (139). 

(139) Neopwpufln 4 dimethyl ester 
x, (-1(E) 492 ww, 526 ww* 
561 V5OOh 631 @OOO), 693 nm (50 000). 
daIareadf14Manka 

For the above reactions (and, of course, for some of the earlier ones : see experimental) an inert 
atmosphere was used in the absence of light, and this regime was strictly adhered to henceforward, 
except in the next step! It was thought to be only fitting that a phot~hemi~l reaction should be 
employed in the synthetic pathway to chlorophyll : in this case one might be forgiven for thinking 
that both the sun and good fortune shone upon the venture. 



7626 R. B. WOODWARD et al. 

(37) 
Stq37A 

HC&O 
73% 

Scheme 15. Deprotection of the vinyl group of purpurin (37) and photo-oxygenation of the C-lS’-C-15’ 
double bond of the resulting vinylpurpurin (38) to give the metho~lylpu~u~n (39). A possible mechanism 

for the phot~oxygenation is shown. 

In the vinylpurpurin (38) one hydrogen was correctly placed at a #&position of ring D (C-18), 
but the C-l 7 centre remained to be modified. This modi~cation was effected following the discovery 
that the substance was susceptible to photoreaction in air. This was not in itself surprising and 
would normally, as we have already implied, be avoided because it would be likely to lead to complex 
decomposition. In this case, however, under controlled conditions a single product was formed in 
a spectroscopic yield of about 75%. Thus, as shown in Scheme IS, irradiation of the vinylp~urin 
(38) in dichloromethane at 0” with a tungsten lamp for 35 minutes gave, in the presence of air, the 
methoxalylpurpurin (39) in which oxidative cleavage of the C- 15’-C- I5* double bond had occurred. 
The product was isolated in 59% yield as dark crystals decomposing at ca. 25&255”. With a formyl 
group at C-15, the colour and visible spectrum remained that of a purpurin. In the ‘H-NMR 
spectrum the formyl proton appeared as a singlet at 6 11.22, the C-5 and C-10 meso-protons at 
6 9.45 and 9.00, with the C-20 meso-proton flanking the reduced ring at higher field (6 8.28) as 
expected. These magnetic resonance features accord with those found in the known purpurin 5 
dimethyl ester (43, see later). The photoreaction is regarded as a photo-oxygenation in which singlet 
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oxygen is generated from ground state oxygen by the triplet purpurin, thus : 

7627 

Purpurin (38) S,, --!!L ~~urin (38) S, 

Purpurin (38) Si 5 Purpurin (38) 3*, 

Purpurin (38) T1 + 302 ----+ Pm-pm-in (38) So + ‘02 

Pm-pm-in (38) S,+ ‘02 ----+ Purpurin (39). 

The detailed mechanism is not known, but a dioxetane intermediate as shown in Scheme 15 is 
regarded as plausible. That the reaction should have left the vinyl group untouched is remarkable 
but not exceptional. Thus, although bilirubin IXa has two vinyl substituents, cleavage with singlet 
oxygen occurs, in part, at the bridge double bonds (140, arrows) to give methylvinylmaleimide and 
a dipyr~imethane dialdehyde.” 

Since the methoxalyi function is, in general, vulnerable to chemical modifications including 
removal, we were now close to systems which were derivable from chlorophyll Q. Since the earlier 
exploration of chlorophyll chemistry 6*7*‘o had, as we have seen, been very extensive, we hoped soon 
to penetrate into its foothills and find a recognisable path. This was accomplished on treating the 
methoxalylpu~urin (39) with alkali under mild conditions, followed by diazomethane to esterify 
any carboxylic acid that had formed. This gave the methoxylactone (40), racemic isopu~~n 5 
methyl ester, albeit in only modest yield (22% isolated). The proposed manner of formation of this 
substance is outlined in Scheme 16. A reverse Claisen reaction removes the methoxalyl residue, and 
the protonation of the anion under alkaline equilibrating conditions ensures that the transoid 
stereochemistry at the &B-positions of ring D is retained as shown (39A, arrows). Base-promoted 
cyclisation to give the lactol ring, a common feature of chlorophyll chemistry, then ensues to give 
(40). The stereochemistry of the C-15’ substituent (OMe) is not known, but it is expected to be most 
stable in the cc-configuration for the ring D stereochemistry as drawn. 59 

Isopurpurin 5 dimethyl ester had been obtained by Fischer and Strel16’ from purpurin 5 dimethyl 
ester by treatment with alkali followed by diazomethane and acid fractionation. The earlier workers 
had not foliated the substance correctly : the record is not completely clear on this point, but 
structure (141) appears to have been preferred. However, we did not observe a band which could 
be assigned to OH stretching in the infrared spectrum. Both isopurpurin 5 dimethyl ester (40) and 
chlorin 5 (41, see later) had similar chlorin-type spectra (Fig. 13), indicating that the electron- 
withdrawing effect of the group at C- 15 has been removed. These observations, and a consideration 
of the chemistry involved, including the operation of the peripheral overcrowding effect, led us to the 
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Scheme 16. Synthesis of racemic-isopurpurin 5 methyl ester (49). 

A hm) 

Fig. 13. Visible spectrum of raeemic isopurpurin 5 methyl ester in CH,C12. 
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Scheme 17. Structural relationship between purpurin 5 dimethyl ester, isopurpurin 5 methyl ester and 
chlorin 5. 

methoxylactone formulation shown in Scheme 17 as an interpretation of these changes. This was 
supported by a detailed interpretation of the proton NMR spectrum of isopurpurin 5 methyl ester. 
Thus the C-15’ proton appeared as a singlet at 6 7.73 : the methoxy group also located at C-15’, 
appeared at 6 3.88, while no methoxy singlet was found at ca. 6 4.3, expected for a 13-C02Me function. 
This evidence supports structure (40) and rules out such structures as (141). 

It was now possible for the first time in this sequence to compare a synthetic (albeit racemic) 
compound i.e. isopurpurin 5 methyl ester with a natural (17S, 18s) sample. 
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Fig. 14. Infrared spectrum of isopurpurin 5 methyl ester in CH2C12. Top: natural, 2.5 mg in 0.28 ml. 
Bottom : synthetic, 2.3 mg in 0.27 ml. 

The visible spectra of the two samples were the same (see Fig. 13): more persuasively, the 
infrared spectra in dichloromethane solution also indicated identity (Fig. 14). 

8.2. Resolution 
When the racemic isopurpurin 5 methyl ester (40) was hydrolysed with sodium hydroxide in 

aqueous dioxan, it was converted into racemic chlorin 5 (41, Scheme 18) in 60% yield. The visible 
spectrum was identical with that of a sample of optically active chlorin 5 derived from natural 
sources.” Chlorin 5 (41) possesses a carboxylic acid function, and it was at this point that resolution 
was effected. 

Various bases (cinchonidine, cinchonine, quinidine, morphine, thebaine, brucine and strychnine) 
were examined for this purpose : eventually, however, resolution was achieved using quinine, which 
was purified for the purpose by the method of Thron and Dirscherl. 62 In fact, two molar equivalents 
of quinine were needed to produce the conditions for the diastereoisomeric salt to crystallise. 
Crystallisation and recrystallisation of the quinine-chlorin 5 salt were wasteful but gave a sample 
having a specific rotation [a]$& of + 1236” ; for comparison, the specific rotation of the quinine salt 
made from naturally-derived chlorin 5 was + 1215” in the same solvent (acetone). The visible spectra 
of the synthetic salt and the natural salt were identical. 



Total synthesis of chlorophyll a 7631 

(41) IBC. Chbdn 5 

(42) (17S, lSS)Chbin5 
HCI (-)~inine-(175,lI)S)ChkrinS 

Scheme 18. Chlorin 5 and its resolution. 

8.3. Relay position, and final elaboration of peripheral substituents 
Synthetic optically active chlorin 5 (42) was recovered from the quinine salt after acidification 

(Scheme 18). The visible spectrum in acetone was essentially identical with that of the naturally- 
derived material. The specific rotations were also identical within the experimental error ([a]& for 
synthetic chlorin 5 = + 1810” ; for natural chlorin 5 = + 1823”). The chlorin 5 was not crystallised 
but was converted, by treatment with diazomethane in methanol-ether, into purpurin 5 dimethyl 
ester (43) as shown in Scheme 19. This was obtained in crystalline form in very low yield overall 
(2%) from racemic chlorin 5 (41). This low yield reflects the considerable difficulty of the resolution 
step ; the yield of the quinine salt of chlorin 5 recrystallised to enantiomeric purity was only 4%. 
The optically-active purpurin 5 dimethyl ester so obtained was identified with the naturally-derived 
compound by visible and infrared spectroscopy (Figs 15 and 16, respectively). The melting point 
was 191.5-195”; the naturally-derived sample had mp 192-195.5”, and the mixture showed no 
depression. The melting point of racemic purpurin 5 dimethyl ester synthesised along the same route 
(but omitting the resolution step) was 221-222.5”. 

The repeated establishment of identity with material of natural provenance at various points, 
[( 17S, 18g)-chlorin 5 and its quinine salt, (17S, 18S)-purpurin 5 dimethyl ester], allowed us, at 
this stage, to replenish our stocks of material from natural sources. Compound (43), purpurin 5 
dimethyl ester, was chosen as the relay point, since the identity of natural and synthetic optically 
active samples was secure and since (43) is conveniently available from methyl pheophorbide a 
(103).63 

Treatment of purpurin 5 dimethyl ester with hydrogen cyanide in dichloromethane in the 
presence of triethylamine gave the cyanolactone (44) in 78% yield. This substance has been described 
before,‘j4 but since the description referred to an infusible compound, whereas our sample had a 
well-defined (if elevated) melting point, we have repeated the characterisation including elemental 
analyses. Disconcertingly the infrared spectrum of the cyanolactone (44) did not show a clearly 
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sbepa 
MeOH - HCI 

26% 

(46) Chbtin 86 trimettryl estar 

Scheme 19. The final steps (42) -+ (46). 

identifiable peak in the triple bond region, However, the intensity of the CzN stretching mode is 
known to be diminished when oxygenated functions are included in the molecule, especially when, 
as here, the oxygen-containing group is attached to the same carbon as is the nitrile. Hydrogenolysis 
of the cyanolactone (44) with zinc dust in acetic acid, followed by acid treatment (to remove any 
zinc inevitably complexed by the macrocycle) and este~~cation with diazomethane gave the chlorin 
e6 nitrile (45). The complexity of these three steps resulted in a disappointingly low yield, but at 
least it was consistent in the range 7-10% on a scale of 20 to 115 mg. The product (45) had a visible 
spectrum characteristic of a chlorin, and in the infrared the nitrile function was revealed as a weak 
sharp band at 2240 cm- ‘. 

The final step involved the methanolysis of the nitrile function of (45). This was achieved with 
saturated anhydrous methanolic hydrogen chloride at 0” for 16 h. ~hromatographic pu~fication, 
followed by three crystallisations from moist dichloromethane-acetone-methanol gave chlorin e6 
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Fig. 15. Visible spectrum of purpurin 5 dimethyl ester in CH&l,. Dashed line-natural, ~ght-hand 
ordinate ; solid line-synthetic, left-hand ordinate. 
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Fig. 16. Infrared spectrum of purpurin 5 dimethyl ester in KBr. Top: natural. Bottom : synthetic. 
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Fig. 17. Visible spectrum of chlorin e, trimethyl eater in CH2C12. Dashed line-natural, right-hand ordinate; 
solid line-synthetic, left-hand ordinate. 
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Fig. 18. Infrared spectrum of chlorin e6 trimethyl ester in CH2C12. Top : natural, 3.8 mg in 0.3 ml. Bottom : 
synthetic, 3.8 mg in 0.3 ml. 
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trimethyl ester (46) in 26% yield (Scheme 19). The melting point of (46) so prepared was 207.5 
208.5” : the naturally-derived sample had mp 208-209.5”, and the mixed melting point was 207.5- 
209”. The visible spectra and infrared spectra of the synthetic and natural materials were essentially 
identical, in each case, as shown in Fig. 17 and Fig. 18, respectively. 

As we outlined at the outset of this paper, this step completes the first total chemical synthesis 
of chlorophyll a. The route chosen has been a long and difficult one, but it has the merit of being 
firmly based in known pyrrole chemistry, and in proceeding by well-defined steps, which are 
described in detail in the following section. It is interesting to note that Inhoffen and his colleague@” 
have, subsequent to our original report,’ extended the synthetic scheme to include chlorophyll b. 
Thus the two major chlorophylls of the plant kingdom have now been synthesised in the laboratory, 
and a great deal of fascinating chemistry has been uncovered on the way. 

9. EXPERIMENTAL 

9.1. Generai 
Column chromato~aphy was carried out on Florisil, a synthetic activated rna~esi~ silicate 

made according to U.S. Patent 2,593,625 (Jan. 29 1946) by the Floridin Co, Talfahassee, Florida. 
Solvent ratios refer to volumes. Melting points are not corrected ; for the macrocyclic substances 
they were taken on a Kofler block. 

Spectroscopic instrumentation was as follows : electronic spectra-Cary 11 and Cary 14 ; infrared 
spectra-Perkin Elmer 21 and Infracord : NMR spectra at 60 MHz, Varian HR60. Optical rotations 
refer to the mercury line at 546.07 nm using the Rudolph photoelectric optical rotation spectrometer. 
In those cases where the spectroscopic or other data reported here do not exactty coincide with 
those reported in the preliminary ~ommu~~ation,’ the present values are preferred (for example, 
because they are later determinations). 

[Aug. 1989. Some additional experiments on the original samples were carried out at Queen 
Mary College. They are denoted by square brackets. The following equipment was used. Infrared 
spectra : Perkin Elmer-1600 FTIR ; NMR spectra- Bruker AM 250 (Mr G. Coumbarides) and 
WH 400 (ULIRS service, Mr P. Haycock) ; mass spectra VG ZAB-E (SERC Mass Spectrometry 
Service, Swansea). TLC observations were made on Merck DC plastic sheets covered with Kieselgel 
60 or Kieselgel60 F254 to ascertain the homogeneity of the samples examined. This support did not 
distin~sh porphy~n (35) from po~h~n (36) : these were disting~shed on AgNO~-imprecated 
plates (aqueous AgN03 spray, air-dried overnight in dark)]. 

The names of the tetrapyrrole macrocycles given first in the titles are systematic, following the 
IUPAC/IUB rules. I9 In the systems considered here the principal function is the propionic acid in 
ring D, which becomes C-2, as shown in (142). 

By an extension of the linear tetrapyrrole nomenclature, l9 dipyr~lmethanes are systematically 
called dipyrranes (rather than S,lO-dihydr~pyr~ns) and 5,10,15, t7-tetrahydrot~py~ns are called 
tripyrranes. 
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9.2. Synthesis of ring A 
Step 1. Diethy! 3,5~ethy~yrrole-2,~d~c~boxylate (1, ihrz-'s pyrrole). Sodium nitrite (134 g) 

in water (185 ml) was added dropwise over about 2 h to a stirred solution of ethyl acetoacetate (250 g) 
in glacial acetic acid (500 ml), previously cooled to 4” in an ice-salt bath, at such a rate that the 
temperature did not exceed 7”. The clear solution was stirred for a further hour at room temperature, 
and a second portion of ethyl acetoacetate (250 g) was added. The resulting solution was added 
rapidly to a vigorously stirred ice-cooled mixture of acetic acid (900 ml) and zinc dust (375 g) in a 
3 1 round bottom (r-b) flask. The addition was so conducted that the temperature was allowed to 
rise rapidly to 70”, and then gradually to 95” over about 45 min. The mixture was stirred and heated 
at loo” for a further 1.5 h before being decanted hot from zinc and other solids into 10 1 of stirred 
water. The residual zinc was washed with acetic acid (2 x 60 ml) and the washings were added to 
the aqueous liquor. The diester had precipitated : it was collected by filtration and crystallised from 
95% ethanol (1.5 1) with hot filtration giving the product (1) as very pale yellow needles (262 g, 
57%) mp 136-137” (lit.3’ mp 136-137”). 

Yields of 57-61% were consistently obtained in laboratory operations on a 200-1000 g scale. 
The procedure also proved suitable for scaling up in the pilot plant to the multikilogram leve1.32 

Step 2. 5-Ethoxycarbonyl-2,4-dimethyl~yrrole-3-~arboxylic acid (2). This acid was prepared 
consistently in 90% yield by treating the diester (1, 100 g-1000 g) with cone. sulphuric acid.33 
The reaction was also satisfactorily scaled up to the multi~logram level.32 Generally ea. 8% of 
unhydrolysed ester (1) was recovered. The crude precipitated acid (2) was very finely divided and 
filtering and drying were tedious. The material had mp 269-270” (lit. 3 3 mp 273”) and was sulbciently 
pure to be used directly for the next step. 

Step 3. Ethyl 3,5-Dimethylpyrroie-2-carboxylate (3). This was prepared by the method of Chu 
and Chu.34 Mp 124-125” (lit.34 mp 124.5-125”) ; yields 8487% on a 200-300 g scale. 

Step 4. Ethyl 4-formyl-3,5-dimethylpyrrole-2-carboxylate (4). The formylation method of Chu 
and Chu34 was modified for large-scale use. To a stirred, ice-cooled mixture of (3) (211 g) and freshly 
distilled DMF (300 g), phosphorus oxychloride (235 g) was added over 30 min. If the dark brown 
reaction mixture became too viscous for stirring before the addition was complete, the ice bath was 
removed, and the temperature was allowed to rise spontaneously ; if necessary, the stirred mixture 
was warmed to 60” during the final stages of addition. After the addition and any ensuing exothermic 
reaction were complete, the mixture was further stirred for 2 h at 95”. It was then poured into ice 
water (2 1) with stirring to give a clear solution of the immoni~ salt. For hydrolysis, the solution 
was brought to pH4 by the addition of sodium acetate, and heated on the steam bath for 2 h. The 
precipitated aldehyde was collected from the cold solution by filtration and crystallised from ethanol- 
water (1: 1 ea. 1.5 1) giving colourless needles (234 g, 95%), of the aldehyde (4), mp 144145” (lit.34 
mp 145-145.5”). The reaction was carried out consistently on a scale of 100 g to 2500 g to give yields 
of 90-96%. 

Step 5. Ethyl 4-(B,B-dicyanovinyl)-3,5-dimethylpyrrole-2-carboxylate (5). Ethyl 4-formyl-3,5- 
dimethylpyrrole-2-carboxylate (4) (100 g) and freshly distilled malononitrile (50 g) dissolved in 
absolute ethanol (700 ml) were warmed to 50” and treated with diethylamine (30 ml) in one lot with 
stirring. The temperature rose to ca. 60”, and within 1 min separation of the crystalline product 
commenced. After stirring for a further 5 min, the mixture was heated on the steam bath for 5 min, 
and then cooled to 0”. The product was collected by filtration, washed with small portions of 
absolute ethanol, and dried overnight in air at 60” giving 119 g (95%) of the product (5) as pale 
yellow matted needles, mp 223-224” (lit.35 mp 214”). On a scale of 100 g-1000 g the reaction 
consistently gave yields in the range 9598’/. 

Step 6. 2 methyl 5 ethyl 3-(B,~-dicyanovinyl)-4-methylpyrrole-2,5-dicarboxyEate (6). The ester 
(5) (100 g) was suspended in boiling anhydrous methanol [ZOO0 ml, to which water (7.4 ml) had 
been added] in a 5 13-necked r-b flask fitted with two very efficient large bore condensers. Bromine 
(200 ml) was added during the course of 2 min, or as rapidly as possible. The addition of the bromine 
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brought about a very violent reaction (vigorous reflux, large amounts of HBr and Brz vapour: 
FUME CUPBOARD). During the course of the additions, the suspended (5) dissolved to give a 
clear dark red solution, from which the product shortly began to separate. After the addition, the 
refluxing was continued for 2 min. The reaction mixture was then rapidly cooled to 5”. The product 
was removed by filtration and washed thoroughly with small portions of cold methanol (400 ml in 
total) until it was colourless to give 80.6 g (68%) of the product (6) as colourless matted needles, 
mp 192-193” (lit.36 mp 187”). 

The preparation was carried out consistently on the 1~500 g scale giving yields of 68-70%. 
On the larger scale it is desirable to introduce seed crystals at the appropriate time if crystals do not 
form spontaneously. 

Step 7. 3-Formyl-4-methylpyrrole-2,5-dicarboxyfd acid (7). The #?,/I-dicyanovinyl compound (6) 
(200 g) was suspended in aqueous sodium hydroxide (250 g NaOH, 2.5 1 water, previously flushed 
N,) and heated on a steam bath under N2. The suspended material gradually dissolved giving a 
clear bright yellow solution, and ammonia was evolved. After 3.5 h the mixture was chilled to 10” 
and carefully acidified to pH2 by dropwise addition of cold cont. HCl with constant vigorous 
stirring and cooling (+20”). The mixture was cooled to 0”. The bulky precipitate was removed by 
filtration, washed thoroughly with water until it was free of mineral acid, and dried over CaC12 in 
vacua at room temperature giving 114 g (83%) of the diacid (7) as a pale fawn microcystalline 
powder, mp decomp. > 300”. A,,, (95% EtOH) (.a) 242 (29 500), 262 nm (13 000). Treatment of the 
diacid (7) with a slight excess of ethereal diazomethane gave the co~es~nding dimethyl ester (112), 
colourless short needles, mp 182” (lit. 36 mp ISO*) from aqueous acetic acid. v,,,,, (CHCl,) 3380,1710, 
1675 cm-‘. Excess of ethereal di~omethane gave dimethyl 3-fo~yl-1,4~imethylpyrrol~2,5- 
dicarboxylate, (113) colourless long needles, mp 108109”, from aqueous acetic acid. v,, (CHC13) 
no pyrrolic NH stretch, 1720, 1670 cm-‘. 

Step 8. 4-Methyl-3-(~-nitrovinyl)pyrrole-2,5-dicarboxylic acid (8). 3-Formyl-4-methylpyrrole- 
2,5_dicarboxylic acid (7) (100 g) suspended in absolute alcohol (1 1) was treated with diethylamine 
(110 ml) and the mixture was warmed for a short while until a clear orange solution was obtained. 
Freshly distilled nitromethane (32.5 g) was added, and the mixture was refluxed for 2.5 h. The 
ethanol was evaporated, and the residual yellow, partly crystalline, material was taken up in water 
(1 1). The solution was cooled to 15” and carefully treated with cont. HCl(1 1) as rapidly as possible 
consistent with the temperature not rising above 25”. During the course of the acidification a 
precipitate (crystalline or oily~c~stalline) usually formed which redissolved on further addition of 
acid, and was then replaced by new precipitated material. When the acidifi~tion and separation of 
the second precipitate were complete, the crude product was collected by filtration, washed with 
water thoroughly, and dried ipz VLZCUO over calcium chloride. The dry product (95 g) was crystallised 
from boiling acetic acid (ea. 2.5 1) giving the nitrovinylpyrrole diacid as a very pale yellow to yellow- 
brown microcrystalline powder (77 g, 68%), mp > 300”, slow decomp. I,,, (95% EtOH) (E) 219 (10 
400), 267 sh (21 900), 270 sh (22 200), 272 (22 600), and 335 nm (13 200). The reaction was carried 
out consistently on the 20-400 g scale with yields of 60-70%. [August 1989. v(KBr) 3300, cu. 
2800(b), 1685(s), 1635, 1560, 1515, 1415, 1330, 1265, 1220 cm-‘]. 

Step 9. 4-Methyl-3-(~-nitroethyl)pyrrole-2,5-dicarboxylic acid (9). The nitrovinylpyrrole diacid 
(8) (307 g) was dissolved in water (9 1) containing sodium bicarbonate (221 g). Solid sodium 
borohydride (51.0 g) was added in portions with shaking over 10 min (colour change: yellow- 
orange --t light brown). After a further 30 min at room temperature the mixture was cooled to 10” 
and carefully acidified to Congo Red with cont. HCl (temp. a20”). The resulting voluminous 
precipitate was removed by filtration, washed well with water, giving the product (9) as a brown 
powder (270.1 g, 87%). mp : darkened from ea. 216”, charred cu. 222-226”. Rec~stal~sation from 
aqueous methanol gave very pale pink fluffy crystals, mp : darkened ca. 215”, charred 226-230”. 
L,,, (95% EtOH) (8) 217 (19 500), 278 nm (20 100). 

The acid was characterised as the dimethyl ester (114) formed with excess ethereal diazomethane, 
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which crystallised from methanol as needles, mp 125.5-126”. (Found : C, 48.9 ; H, 5.4; N, 10.5. 
C,,H,,N20e requires C, 48.9; H, 5.2; N, 10.4%). I,,, (95% EtOH) (E) 218 (17 loo), 280 nm (19 
400). Vmax (CHClJ 3380, 1700, 1545, 1375 cm-‘. 

Step 10.4-Methyl-3-(j?-nitroethyl)pyrrole (10). 4-Methyl-3-(8-nitroethyl)pyrrole-2,5-dicarboxylic 
acid (9) (24.2 g), sodium acetate trihydrate (36 g), and potassium acetate (36 g) were ground together 
in a mortar and the intimate mixture was transferred to a 500 ml flask equipped with a short reflux 
condenser, stirrer, and an inlet through which a nitrogen atmosphere was maintained throu~out. 
The reaction mixture was immersed in an oil bath at loo”, and the temperature was increased. At 
115” (bath) liquefaction occurred and decarboxylation commenced. Stirring was started and the 
bath was maintained at 125-135” until evolution of COZ had almost ceased (cu. 25 min). The 
reaction mixture was then partitioned between dichloromethane and water. The water layer was 
washed with two further portions of dichloromethane, and the combined organic extracts were 
washed (aq. NaHC03) and dried (NazSOd). The solvent was evaporated and the residual greenish- 
brown oil (10 g) was distilled giving 8.9 g (58%) of the product (10) as a colourless oil, bp 127” at 
1.5 mm, vi5 1.5200. .a,,, (95% EtOH) : end absorption only. v,,, (CHCl,) 3520, 1555, 1385, no band 
at cu. 1700 cm-‘. 

The reaction was carried out reproducibly on a scale of 10-30 g to give yields of 50-58%. The 
product is air sensitive, and is best used for the next stage as soon as possible. 

Step 11. 3-(~-~m~~oe~hyZ)-~me~hy~yrro~e (11). The nitro compound (10) (9.00 g), methanol 
(100 ml), and platinum oxide (308 mg) were shaken together under hydrogen in a medium-pressure 
Parr hydrogenation apparatus, initially at 48.5 lb in- ’ until no further pressure drop occurred. The 
theoretical amount of hydrogen was absorbed in 20 min to 3 h, depending on the batch of catalyst. 
The catalyst was removed, the solvent was evaporated, and the residual oil was distilled (bp 71-68” 
at 0.04 mm) giving the colourless amino compound (6.77 g) (93%) with $,>.’ 1.5316. &,*, (95% 
EtOH): end absorption only. v,,,,, (CHC13) 3600(s), 3460, 3255, 1590, 1445 cm-‘. On a scale of 
3 g-12 g the reduction gave yields of 85-93%. The amine (11) could also be prepared (5~~% 
yield) by reduction of the nitro compound with lithium aluminium hydride in boiling ether. 

The amine (11) rapidly takes up carbon dioxide in air : it is stored cold under nitrogen. It was 
characterised as the N-acetyl derivative prepared by reaction with acetic anhydride in benzene/ 
triethylamine. 

3-(~-~ce~y~am~~oe~hy~)-4-me~hy~~yrro~e (ill), colourless prisms, mp 81-81.5” from benzene. 
(Found : N, 16.75. C9Hi4N20 requires N, 16.85%). Iz,, (95% EtOH)-end absorption only. v,, 
(CHC13) 3510(s), 3355, 1670 cm-‘. 

9.3. Synthesis of ring B 
Step 12. Ethyl 4-acetyl-3,5-dimethylpyrrole-2-carboxylate (12). Aluminium chloride (370 g) was 

carefully added to ethyl 3,5-dimethylpyrrole-2carboxylate (3) (370 g) in dichloromethane (3.5 1). 
Acetyl chloride (337 g) was then added rapidly, and the reaction mixture was stirred and heated 
under reflux for 2 h. Water (750 ml) was added to the cooled mixture, and the bulk of the solvent 
was removed in vacua. The residue was taken up in the minimum of hot ethanol. From the cooled 
solution a first crop of pure product (12) (288 g, mp 144-147”, lit.37 mp 143-144”) crystallised. The 
mother liquor gave a further 109 g of material of the same quality after two crystallisations with 
clarification with Florisil and charcoal. Total yield 86%. 

Step 13. 3-E?hyl-2,4-dimethyipyrroie (Kryptopyrrole) (13). This was made by the reaction of 
sodium hydroxide and hydrazine hydrate with ethyl 4-acetyl-3,5-d~ethylpyrrole-2-carboxylate (12) 
following the procedure of Treibs and Schmidt.40 

Step 14.4-Ethyl-2-formyl-3,5_dimethylpyrrole (14). A cooled mixture of phosphorus oxychloride 
(242 g) and freshly distilled dimethylformamide (450 ml) was added during 20 min to a solution of 
kryptopyrrole (13) (176 g) in freshly distilled dimethylformamide (450 ml) previously cooled to 
- 30” in an acetone/solid CO, bath (temp Ip - 25”). When the addition was complete the yellow 
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solution was poured into ice-cold 5% aqueous sodium hydroxide (8 1) and stirred for 1 h. The 
aldehyde crystallised as yellow plates, which were removed by filtration, washed with water, and 
dissolved in boiling ether (cu. 2 1). The solution was concentrated to about half volume, diluted with 
an equal volume of hexane, and again concentrated to about half volume. The product (14) 
crystallised in two crops of colourless prisms, 180 g, mp 100-102” (lit.69 mp 105-106”). A further 
12 g of pure material was obtained from the mother liquors after treatment with silica gel and 
concentration. Total yield 89%. A,,, (85% EtOH) (E) 270-280 sh (6 600), 312 nm (21 000). 

Step 15. 2-(~,/I-Dicyunouinyl)-4-ethyl-3,5-dimethylpyrrole (15). The method was that of Fischer 
and Neber.4’ The foregoing aldehyde (14) (305 g) and freshly distilled malononitrile (147 g) in 95% 
ethanol (2 1) were treated with diethylamine (2 ml) with swirling. The mixture warmed spontaneously, 
and separation of the product began at once : the mixture was warmed gently on the steam bath for 
1 h, and then allowed to stand overnight. The product was collected and washed with ethanol (cu. 
1 1) giving beautiful yellow needles (391 g, 97%) of the dicyanovinyl derivative (15), mp 191.5” (lit.4’ 
mp 191.5”). A,,,,, (EtOH) (E) 312 (4 300), 403 nm (43 200). vmax (CHClJ 3410, 2210(s), 1595, 1530 
cm- ‘. 

Step 16. 5-Chloromethyl-2-(~,~-dicyanovinyl)-4-ethyl-3-methylpyrrole (16). A stirred suspension 
of the pyrrole (15) (70 g) in glacial acetic acid (2 1) was heated to 55”, and freshly distilled colourless 
sulphuryl chloride (50 g) was added dropwise during 15 min. Stirring was continued at 55” for 1 h 
more. At no time did the solid dissolve completely, but as the reaction proceeded prisms of the 
starting material were replaced by needles of the product. 

The reaction mixture was cooled to 20”, the product was removed by filtration, washed with 
acetic acid (2 x 100 ml), and light petroleum (bp 3&60”, 2 x 250 ml) and then dried in air giving the 
chloromethyl compound (16) (69 g, 84%) as well-formed needles, mp 189-192”, decomp. (Found : 
C, 62.55; H, 5.25; N, 18.55; Cl, 14.7. Calcd. for C12HIZClN3: C, 61.65; H, 5.2; N, 18.0; Cl 
15.15%). v,,, (KI) 3310, 2200(s), 1580, 1540 cm-‘. 

On warming (16) in ethanol for a short time it was converted to 2-(fi&dicyanovinyl)-5-ethoxy- 
methyl-Cethyl-3-methylpyrrole (115), yellow needles, mp 109.5-l 10.5”, from ethanol. (Found : C, 
69.4; H, 7.05; N, 17.1. Ci4H1,N30 requires C, 69.1; H, 7.05; N, 17.25%). vmax (KI) 3400,2205(s), 
1600, 1535 cm-‘. 

9.4. Synthesis of ring C 
Step 17. 3,5-Diethoxycarbonyl-4-methylpyrrole-2-carboxylic acid (17). This was prepared from 

Knorr’s pyrrole (1) using Corwin’s method46 (successive treatment with bromine and sulphuryl 
chloride, followed by hydrolysis) giving the desired acid (17), mp 150-151” (lit.46 mp 1500) in yields 
of 7&75% using 1 kg of starting material. Addition of 5% by weight of acetic anhydride to the 
glacial acetic acid solvent was advantageous in that it resulted in lower working temperatures. In 
addition to the desired acid, 13% of 3,5-diethoxycarbonyl-2-formyl-4_methylpyrrole, mp 124-125” 
(lit.46 mp 125”) was reproducibly formed as a by-product. 

Step 18. Diethyl 3-methylpyrrole-2,4-dicarboxylate (18). The monocarboxylic acid (17) (100 g) 
and copper bronze powder (5 g) were heated at 23&240” for 1 h in a flask equipped with a condenser, 
to allow sublimed material to be retained. The flask was then equipped for distillation, .and the 
product distilled at ca. 185’/15 mm. When the yellow distillate was redistilled from a small amount 
of copper bronze, a colourless liquid was obtained, which soon solidified. Crystallisation from 
aqueous ethanol gave colourless prisms (60 g, 72%), mp 91-92” (lit.46 mp 91”). 

Step 19. 4-Ethoxycarbonyl-3-methylpyrrole-2-carboxylic acid (19). The method of Corwin and 
Vioh14’ (80% aqueous ethanolic KOH) was successfully carried out on a lo&360 g scale to give 
90% of the monocarboxylic acid, mp 228-231” (lit.48 mp 230”). 

Step 20. Ethyl 4-methylpyrrole-3-carboxylate (20). The acid (19) (125 g) and copper bronze 
powder (15g) were heated to 220-240”, slowly at first, when a vigorous reaction began. Heating at 
220-240” was continued for a total reaction time of 1 h. The flask was equipped for distillation, and 
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the product was distilled at the water pump. The colourless distillate was dissolved in hot hexane, 
from which the product (20) crystallised as prisms (77 g, 80%), mp 72-74” (lit.48 mp 73”). A,,,,, 
(EtOH) (E) 231 (9 500), 253 sh. nm (4 500). v,,, (CH,Cl,) 3X0,1700 cm-‘. 

9.5. Synthesis of ring D 
Step 21. 5-Ethoxycarbonyl-2,4-dimethylpyrrole-3-acrylic acid (21). This was prepared by the 

decarboxylative condensation of ethyl 4-formyl-3,5-dimethylpyrrole-2-carboxylate (4) with malonic 
acid in the presence of aniline according to Fischer and Andersag. 4g In those parts of the procedure 
in which basic media are used, excess basicity should be avoided to prevent hydrolysis of the a-ester 
group. The crude product was recrystallised from ethanol to give the pure acid, mp 245”, decomp. 
(lit.49 mp 240”, decomp.) in 70-75% yield. 

Step 22.5-Ethoxycarbonyl-2,4-dimethylpyrrole-3-propionic acid(22). The corresponding carboxy- 
vinyl compound (21) (53 g) dissolved in an equivalent amount of 10% aqueous sodium hydroxide 
was shaken with hydrogen over Raney nickel (3 g) at room temperature in a Parr hydrogenation 
apparatus at an initial pressure of 30 lb in-’ until hydrogen uptake ceased (ca. 12 h). The catalyst 
was removed by filtration through Celite, the latter being washed with water. The combined filtrates 
were acidified (5 M-HCl) whereupon a voluminous crystalline precipitate formed. The product was 
washed with water and recrystallised from aqueous ethanol giving pale pink leaflets (48 g, 90%) of 
the product (22), mp 155-156” (lit. 5o mp 156-l 58”, 152”, dimorphic). 

The reaction was carried out reproducibly on a 50-300 g scale giving yields of 90-92%. 
Step 23. 2-Carboxy-5-ethoxycarbonyl-4-methyIpyrrole-3-propionic acid (23). The pyrrole pro- 

pionic acid (22) (70 g) suspended in dry ether (600 ml) at - 15” was treated dropwise with freshly 
distilled colourless sulphuryl chloride (122 g) with stirring during 1 h (temp k - 15”) giving a clear 
yellow solution. Stirring was continued for 1 h more at - 15” and then for 4 h at 0” (separation of 
crystals). The mixture was treated with water (200 ml) at O-5”, and allowed to stand at room 
temperature overnight (crystalline precipitate). The ether was removed under reduced pressure, and 
the precipitate was removed by filtration. Trituration of the solid with hot acetone (1 1) left a first 
crop of the product (23) as colourless to very pale yellow prisms (30.5 g, mp 242”, decomp. lit.52 
mp 243”). Concentration of the acetone successively to 300 ml and to 100 ml gave two further crops 
(23 g, mp 243”, decomp.; 15.5 g, mp 242”, decomp.) of the product as very pale yellow needles. 
Total yield 69 g (88%). 

This reaction was carried out reproducibly on a 5&200 g scale giving yields of 85-90%. 
Step 24. Methyl 4-methylpyrrole-3-propionate (24). The following procedure is essentially that 

of Fischer52*53 but modified in detail. 
A solution of the pyrrole dicarboxylic acid (23) (80 g) in 10% aqueous sodium hydroxide (700 

ml) was heated in an autoclave at 180” for 90 min. The cooled solution was evaporated under 
reduced pressure to a small volume and carefully acidified with 50% aqueous sulphuric acid to pH2, 
with vigorous stirring and cooling. The precipitated solids ( = product + Na,SO,) were filtered off, 
and the filtrate was extracted with ether (200 ml). The solids were added to the ether extract, which 
was diluted with more ether (400 ml). Water (100 ml) was added, the phases were separated, and 
the ethereal extract was washed with a further portion of water (100 ml). The combined aqueous 
extracts were back-washed with a small quantity of ether, and the combined organic extracts were 
dried over Na2S04. Methanol (50 ml) was added, followed by a slight excess of ethereal diazo- 
methane. The solution was washed with aqueous sodium hydrogencarbonate and with water, and 
taken to dryness. 

The material from two such runs was combined and distilled (bp 91-94” at 0.05 mm, lit.” bp 
152” at 11 .O mm) giving methyl 4-methylpyrrole-3-propionate (24) (78 g, 78%). The reaction was 
carried out reproducibly on a 50-200 g scale to give yields of 75-80%. 

The corresponding ethyl ester (118) was prepared in comparable yield by substituting ethanol/ 
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excess diazoethane for methanol/di~omethane in the above procedure. Bp 100-101” at 0.04 mm, 
y1;3 1.490 1. 

The corresponding free acid (117) was obtained from the above ether extract following hydro- 
lysis-decarboxylation: the ether was removed and the residue was crystallised from chloroform- 
hexane giving colourless prisms (82%) of 4-methylpyrrole-3-propionic acid (117, opsopyrrole 
carboxylic acid) mp 116-I 18” (lit.” mp 119’). 

Step 25. Methyl 5-~r~y~-4-~ethyl~yrr~Ze-3-pr~pio~ate (25). To freshly distilled dimethyl- 
fo~a~de (10 ml) at 0” was added freshly distilled phosphorus oxy~hlo~de (10 ml). To the resulting 
viscous yellow complex (which sometimes solidified) was added freshly distilled I ,Zdichloroethane 
(80 ml). The mixture was allowed to warm up to room temperature giving a clear orange solution, 
This was cooled to - 10” and methyl 4-methylpyrrole-3-propionate (24) (10.3 g) in freshly distilled 
1 ,Zdichloroethane (15 ml) was added dropwise over 20 min with vigorous stirring. The residual 
ester in the addition funnel was washed in with a further portion (5 ml) of 1,2-dichloroethane. The 
cooling bath was then removed, and the clear orange reaction mixture was stirred for an additional 
10 min. The mixture was then transferred to a 500 ml r-b flask (CHQ-CH&f washings) and the 
bulk of the solvent was removed under reduced pressure (temp I+- 30”). The dark orange residue was 
transferred (MeOH washing) to a 1 1 beaker, ice-cold 2M-NaOH (500 ml) was added, and the 
mixture was heated almost to boiling for cu. 20 min in order to hydrolyse the reaction product and 
volatilise residual solvents and methanol. A trace of dark oily material which did not pass into 
solution was removed by extraction of the cooled aqueous mixture with ether (2 x 100 ml). The 
resulting orange solution was heated briefly to remove ether, treated with charcoal, cooled and 
filtered. Careful acidification of the resulting yellow solution at 0” to pH 3.5 with 5 M-HCl gave a 
crystalline precipitate which was collected after 15 min, washed well with several portions of cold 
water, and dried in VUCUQ at room temperature giving 7.04 g (63%) of 5-formyl-4-methylpyrrole-3- 
propionic acid (24A) as off-white microneedles, mp 150-152”. The acid was recrystallised from 
ether-ethanol with excellent recovery giving very pure material as needles, mp 154-l 55” (lit.54 mp 
151O). 

The combined aqueous filtrate and washings from the separation of the above acid were con- 
tinuously extracted with ether for 18 h. The yellow extract was dried (Na,S04), treated with charcoal, 
and evaporated. The residue was dissolved in 2M-NaOH and acidified to pH 3.5 at 0” as described 
for its isomer. A pale tan solid (1.61 g, 15%, mp 112-116”) separated. Recrystallisation from ether 
gave pure 2-formyl-4-methylpyrrole-3-propionic acid (119) as large colourless prisms, mp 125”. 

Pure 5-formyl-4-methylpyrrole-3-propionic acid (0.47 g, mp 153-155”) in dry methanol (45 ml) 
was treated with excess ethereal diazomethane and kept for 15 min at room temperature. The 
solvents were removed under reduced pressure at room temperature, the residual oil was dissolved 
in ether, and hexane was added to the boiling solution giving 0.21 g of methyl 5~fo~yl-4-methyl- 
py~ole-3-propionate (25) as colourless needles, mp 76”. A further quantity of product (0.15 g, mp 
74-75”) was obtained from the mother liquor. Total yield 71%. For analysis, crystallised thrice from 
light petroleum (bp 30-60”), colourless needles, mp 77” (lit. 54 mp 77”). (Found : C, 61.55 ; H, 6.45 ; 
N, 6.9. Calcd. for C ,OH, 3N03 : C, 61.5 ; H, 6.7; N, 7.2%). [August 1989, v,,, (KBr) 3240, 1740, 
1640, 1435, 1365, 1200, 800, 618 cm-‘. 6 (CDC13) 9.60 (s, CHO), 9.14 (b, NH), 6.88 (d, J N 1 Hz, 
2-H), 3.68 (s, OMe), 2.76 (t, J = 8 Hz, CH2CH2C02Me), 2.56 (t, J = 8 Hz, CH2CH2C02Me), 2.30 
(s, 4-Me). nOe : irrad. 9.60 S, positive nOe at 2.30. Rr = 0.63 (CHCl, : acetone = 2 : I)]. 

The isomeric acid (119, 0.52 g) was similarly esterified with ~~ometha~e in ether/methanol 
giving methyl 2-formyI-4-methylpyrroie-3-propionate (116) which cryzstallised from hexane as glisten- 
ing plates (0.45 g, 86%), mp 91”. Mixed mp of (25) and (116) cu. 50”. (Found: C, 61.45; H, 6.5; N, 
7.1%). [August 1989. v,,, (KBr) 3240, 1730, 1655, 1440, 1360, 1295, 1180, 775 cm-‘. 6 (CDC13) 
9.62 (s, CHO), 9.08 (b, NH), 6.84 (bs, 5-H), 3.66 (s, OMe), 3.05 (t, J = 8 Hz, CEI,CH,CO,Me), 2.58 
(t, J = 8 Hz, CH2CH2C02Me), 2.06 (s, 4-Me). nOe: irrad. 9.62 6, strongly positive effect at 3.05, 
weak positive effect at 2.58. Rf = 0.63 (C!HC13 : acetone = 2 : l)]. 
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The ethyl ester (620) ~~esponding to the major isomer (25) is best obtained by es~~fication 
of the pure acid (24A) mp 154-I 55”, prepared as described above, with diazoethane in ethanol/ether. 
Bold prisms, mp 7 l-72”, from ether-hexane. 

9.6. Left-hand component 
Step 26. 4-(~-Aminoethyl)-4’-(B-methoxycarbonylethyl~-3,3~-dimethylpyrromethene dihydro- 

bromide monohydrate (26), (8-(~-aminoethyl)-2-(B_methoxycarbonylethy~~-3,l-dimethyldipyrrin di- 
hydrobromide monohydrate). 3-(/I-Aminoethyl)-4-methylpyrrole (11) (0.71 g) was dissolved in meth- 
anol (5 ml). Freshly prepared 3.15 M-aqueous methanolic hydrogen bromide (5 ml; HzO: 
MeOH = 2.5 : 100) was added, and the mixture was rapidly cooled to - 25” (COz-acetone). Without 
delay a few seed crystals of product were added to the vigorously stirred solution, followed by a 
solution of methyl 5-fo~yl~-methylpyrrole-3-propionate (25) (I. 11 g) in methanol (5 ml) and ether 
(1 ml), An orange yellow precipitate formed at once and the internal t~~rat~e rose to ccz. 0”. 
The mixture was cooled to -25” over a few min, and treated with 1.6 M-aqueous methanolic 
hydrogen bromide (ca. 20 ml, Hz0 : MeOH = 1: 100) previously cooled to - 60”. The slurry was 
then filtered as rapidly as possible, and the solid was washed with several small portions of the cold 
( - 60”) 1.6 M-aqueous methanolic HBr. During the washing process the filter cake was broken up 
and ground with a spatula to a homogenous paste in order to facilitate rapid removal of the wash 
liquors. As soon as the cake had been sucked dry it was washed with ether-methanol (10 : 1, - 60”), 
and finally with anhydrous ether. The dry crystalline pyrromethene (1.8 g) was recrystallised from 
hot 1.3 M-methanolic hydrogen bromide (60 ml) giving the pyrromethene dihydrobromide (26) as 
orange red crystals (1.55 g, 56%), mp 200-202”, decomp. (Found : C, 42.55 ; H, 5.55 ; N, 8.6 ; Br, 34.1. 
C17H2JBr2N302. Hz0 requires C, 42.45 ; H, 5.65 ; N, 8.75 ; Br, 33.2%). I,,, (0.05 M-HBr/MeOH) (a) 
373 (8700), 467 nm (84 500). v,,, (KBr) 3495, 1745,1639, 1543, 1285,1185; 1135,920,810 cm-‘. 

4-(8-AminoethyZ)-4’-~-ethoxycarbonylethy~)-3,3~-d~methy~pyrromethe~e dihydrobromide Mona 
hydrate (121). (8-(8-aminoethyl)-2-fB-ethoxycarbonyferh dihydrobrom~de 
monohydrate). The corresponding ethyl ester was prepared analogously from the corresponding 
pyrrole propionic acid ethyl ester (120), using ethanol in place of methanol. The pyrromethene 
dihydrobromide crystallised from 1 M-HBr/EtOH containing a small amount of water as small 
pale orange leaflets, mp 219-221”, decomp. Analytical sample, mp 224225”, decomp. after four 
recrystallisations from 1 M-HBr/EtOH containing a small amount of water. (Found : C, 43.65 ; H, 
5.95; N, 8.7; Br, 31.35. CI,H,,Br2N,02. Hz0 requires C, 43.65; H, 5.9; N, 8.5; Br, 32.3%). &,a, 
(1 M-HBr/EtOH) (a) 370 (7 4001, 469 nm (82 000). v,, (KBr) 3450, 1735, 1630, 1465, 1425, 920, 
810 cm- ‘. 

4,4’-Di-(8-ethoxyearbonylethyl)-3,3’-dimethyipyrromethene hydrobromide (1221, (2,8-di-(/3- 
ethoxyc~rbony~ethyl)-3,7-dimethy~dipyrri~ hy~obrom~de). Ethyl 5-fo~yl-~me~ylpyrrole-3-pro- 
pionate (120, 621 mg) and ethyl ~methylpyrrole-3-propionate (118, 538 mg) were dissolved in 
absolute ethanol (12 ml) at room temperature. 1 M-Ethanolic hydrogen bromide (6 ml) was added 
in one lot with shaking, when a bulky orange precipitate separated at once. The mixture was chilled 
in ice (5 min) and the product was collected by filtration, washed free of the dark red mother liquor 
with 1 M-ethanolic hydrogen bromide (5 x 1 ml) and then with anhydrous ether (4 x 5 ml), giving 
matted orange leaflets (930 mg, 69%) of the pyrromethene hydrobromide, mp 130-l 33”. For analysis 
the compound was recrystallised with substantial loss from hot 1 M-HBr/EtOH ; mp 134-137” 
decomp. (Found : C, 55.8 ; H, 6.65 ; N, 5.95 ; OEt, 18.65. C2,Hz9BrN204 requires C, 55.65 ; H, 6.45 ; 
N, 6.2; OEt, 19.85%. A,,, (M-HBr/EtOH) (a) 373 (7 700), 471 nm (76 500). vmax (CHC13) 3460, 
3140,2950, 1735, 1630, 1470,1280, 1165, 1130,910 cm-‘. 

9.7. R~ht-hand componenf 
Step 27. S-(~,~-r)icyanou~~yl)~ethoxycarbony~-3f-ethy~-3,~-dimethyld~yrrylmeth~e (27), (l- 

(8,8-dicyanovinyl)-8-ethoxycarbo~yl-3-ethyl-2,7-dimethy~dipyrra~e). A mixture of the chloromethyl- 
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pyrrole (16) (66.4 g), ethyl 4-methylpyrrole-3-carboxylate (20,47.8 g), 95% ethanol (600 ml), water 
(300 ml) and cont. HCl (30 ml) was slowly heated to reflux with swirling. The suspension was 
refluxed for 1 h, cooled to 40”, and the solid material was removed by filtration. The filter cake was 
washed with 60% ethanol (100 ml) and the combined dark coloured filtrates were stored in the 
refrigerator for 3 h. The dark brown prisms which separated were recrystallised from ethanol and 
combined with the main solid product. 

The solid was suspended in boiling 95% ethanol (3 1) and heated until most of the material 
dissolved. The insoluble material was boiled with fresh 95% ethanol (1 1) and the insoluble material 
(cu. 3 g), mp 248-252”, consisting largely of the tripyrrane (124) was filtered off. The combined 
ethanolic filtrates were concentrated to ca. 1500 ml and allowed to cool overnight at room tem- 
perature in the dark. The total crystalline product was then subjected to systematic fractional 
dissolution and crystallisation from ethanol giving : 

(i) the more soluble, crystalline, component, the dipy~ylmethane (27), fine golden prisms, 54.5 
g (55%) mp 191-193”. (Found : C, 68.55 ; H, 6.5 ; N, 15.7. CZOHZ2N402 requires C, 68.55 ; 
H, 6.35; N, 16.0%. Iz,,, (EtOH) 402 nm. v,, (KI) 3380,3225,2205,1665, 1585,1530, 1410, 
1325, 1240, 1185,1160, lO70,970,910,775,765cm-‘. 

(ii) the less soluble material, which was recrystallised from chloroform-ethanol giving the 
by-product, the tripyrrane (124), (1,14-bis~,~-di~yanovinyl)-7-ethoxycarbonyl-3,12-diethyl- 
2,8,13_trimethyltripyrrane) as small yellow prisms, mp 252-255”, decomp., in 7.5 g (10%) 

yield. (Found : C, 70.4 ; H, 6.2. Calcd. for C32H33N702 requires C, 70.2 ; H, 6.1%). vmar 
(CHCl,) 3300,2220,1680 cm-‘. 

For comparison purposes, the tripyrrane was prepared as follows. The ~py~lmethane (27) 
(1 g) and the chloromethylpyrrole (16) (0.8 g) were refluxed on a steam bath in ethanol (20 ml} 
containing cont. HCl(1 ml). A clear reddish solution was obtained, from which yellow prisms began 
to crystallise. After 1 h reflux the solution was cooled and the product filtered off and washed with 
aqueous ethanol giving 1.2 g (77%) of the tripyrrane (124) as bright yellow prisms, mp 248-254”. 
Recrystallisation (Chalk-EtOH) raised the mp to 252-254”. The substance was indistinguishable 
from the by-product of the above reaction. 

Step 28. 5’(~,~-Dicyanovinyl)-4-ethoxycarbonyl-3’-ethyi-5-(~-methoxycarbonylpropionyl)-3,~- 
dimethyldipyrrylmethane (B), (l-@&d’ y tc anovinyl)-8-ethoxycarbonyl-3-ethyl-9-(B- 
propio~yl)-2,7_dimethyld~pyrr~e). To the ct-unsubstituted dipyrrylmethane (27) (70 g) and freshly 
distilled ~-methoxycarbonylpropionyl chloride (70 g) in dichloromethane (2 1) was added quickly, 
in one lot, zinc chloride (40 g, previously fused and poured hot into hexane). The mixture was stirred 
vigorously under reflux for 2 h, when it had become dark red in colour. With continued stirring 
the mixture was cooled in ice and treated dropwise with saturated aqueous sodium hydrogencar- 
bonate (750 ml) (care : frothing). The dark organic layer was separated, and washed thoroughly with 
aqueous sodium hydrogencarbonate and with water. The extract was dried (MgSO,) and concen- 
trated until not quite all the solvent had been removed. The residue was taken up in hot ether 
(2 x 1 1), from which the product shortly began to crystallise. After 24 h the first crop (69 g) 
was obtained which on recrystallisation from ethanol gave the acyldipyrrylmethane (28) as 
yellow prisms (65 g), mp 133-135”. Concentration of the original ethereal solution gave, after 
recrystallisation from ethanol, further pure material, 8 g, mp 134-135”. Total yield = 73 g 
(79%). (Found: C, 65.3; H, 6.1; N, 11.95. CZsHZsN40S requires C, 64.65; H, 6.1; N, 12.05%) 
A,,,,, (95% EtOH) (a) 311 (17 700), 406 nm (43 500). v,,, (CHC13) 3380, 2200, 1725, 1640, 1590 
cm-‘. [August 1989. 6 (CDCls) 9.57, 9.26 (2 x 1 Hbs, NH), 7.36 (s, = CH-), 4.40 (q, J = 8 Hz, 
0 CH&Ie), 4.00 (s, meso-CH3, 3.66 (s, OMe), 3.30 (t, J = 8 Hz, COCHzCH,COzMe), 2.64 (t, J = 
8 Hz, COCH2CH&OZMe), 2.43 (q, J = 8 Hz, ArCH,Me), 2.22, 2.17 (2 x 3 Hs, Ar-Me), 1.40 
(t, J = 8 Hz, OCH,CH,), 1.06 (t, J = 8 Hz, Ar CH&fe). nOe : irrad 4.00 6, strongly positive 
effect at 9.57,9.26, 2.43, 2.22 and 1.06 6.1 
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Step 29. 3’-Ethyl-5’-formyl-4-methoxycarbonyl-5-(P_methoxycarbony~ropionyl)~3,~-dimethyl- 
dipyrrylmethane (29), (3-ethyl-l-formyl-8-methoxycarbonyl-9-(8_methoxycarbony~ropionyl)-2,7- 
dimethyldipyrrane). Water (675 ml) in a 2 1 Ehrlenmeyer flask was deoxygenated with a vigorous 
stream of deoxygenated nitrogen for 15 min. Sodium hydroxide (225 g) was added, and the solution 
was heated to 95” (steam bath) with nitrogen flushing. The dicyanovinyldipyrrylmethane (28) (15 g, 
finely powdered) was added in one lot, and the suspension was heated under nitrogen for 15 min 
with occasional swirling. The yellow starting material dissolved within 2 min to give a dark brown 
solution, but at the end of the heating period the colour had become paler. The mixture was cooled 
rapidly to lo”, carefully acidified with 5 M-hydrochloric acid (ca. 1250 ml, temperature +20” during 
neutralisation) while nitrogen was flushed through the suspension. The precipitate was filtered off, 
washed with water (500 ml) and dried thoroughly in uacuo to give the crude off-white dicarboxylic 
acid. The dried acid was finely powdered, suspended in anhydrous methanol (200 ml) and treated 
with excess freshly prepared ethereal diazomethane (not more than 90 min, with stirring). The acid 
went into solution gradually and was replaced by new crystalline material. The ether was removed 
under reduced pressure, the methanol suspension was cooled, and the white product (11.5 g, mp 
197-200”) was collected. Recrystallisation from benzene gave the dipyrrylmethane dimethyl ester 
(29) as colourless fine needles ( 10.7 g, 84%) mp 199-20 lo. Analytical sample from benzene, mp 202- 
204”. (Found: C, 62.8; H, 6.6; N, 6.8; 0,23.65. C$,H,,N,O,requires C, 62.7; H, 6.5; N, 6.95; 0, 
23.85%). A,,, (EtOH) (E) 270 sh (10 800), 320 nm (26 700). v,, (CH,Cl,) 3255, 1730, 1705, 1640, 
1615 cm’. 

The corresponding diethyl ester (125), mp 163.5-164” was obtained analogously but using 
diazoethane/ethanol. Analytical sample, mp 165-165.5” from benzene. (Found : C, 64.3 ; H, 7.2 ; N, 
6.3. C23H30N20b requires C, 64.15; H, 7.0; N, 6.5%) v,,, (CH,Cl,) 3390, 3245, 1730, 1645, 1620 
cm- ‘. 

Step 30. 3’-Ethyl-5’-(N-ethylformimino)-4-methoxycarbonyl-5-(~-methoxycarbony~ropionyl)- 
3,4’-dimethyldipyrrylmethane hydrobromide (30), (3-ethyl-1-(N-ethylformimino)-8-methoxycarbonyl- 
9-(B-methoxycarbonylpropionyl)-2,7-dimethyldipyrr~e hydrobromide). The aldehyde (29) (10.4 g) 
was dissolved in anhydrous ethylamine (200 g) and glacial acetic acid (3 ml) at O”, and kept at 0” 
for 45 min. Rapid evaporation (water pump) gave a partly crystalline residue which was shaken 
vigorously with dichloromethane (130 ml) and 2 M-HBr (200 ml) for 2 min. (Check aqueous 
layer is acidic : protracted exposure to ethylamine must be avoided since it causes some amidation 
of the alkanoic ester function). After further extractions with dichloromethane (2 x 40 ml) the 
combined organic extracts were dried (Na,SO,, 20 min) without preliminary washing. The solvent 
was removed from the filtrate at the water pump, and the residual white foam was crystallised 
from benzene giving colourless very fine needles (12.4 g, 94%) of the azomethine hydrobromide 
(30), mp 100”. (Found: C, 54.1; H, 6.35; N, 8.35; Br, 15.2. C23H32BrN305 requires C, 54.1; H, 
6.3; N, 8.25; Br, 15.65%). A,,, (2 M-HBr: EtOH = 1:4) (E) 306 (19 500), 350 nm (33 700). v,,, 
(CH2C12) 3100 (b), 1725, 1665 cm-‘. 

The corresponding free SchitT’s base was readily obtained when the benzene solution of the 
above hydrobromide was shaken briefly with M-KOH. Colourless fine needles from cyclohexane, 
mp 85-87”. I,,, (95% EtOH) (s) 306 nm (26 600). v,,, (CH,Cl,) 3400,3245,1705,1625 cm-‘. 

Step 31. 3’-Ethyl-4-methoxycarbonyl-5-(~-methoxycarbonylpropionyl)-3,4’-dimethyl-5’-thio- 
formyldipyrrylmethane (31), (3-ethyl-8-methoxycarbonyl-9-(B-methoxycarbony~ropionyl)-2,7-di- 
methyl-1-thioformyldipyrrane). A stirred solution of the Schitf’s base hydrobromide (30) (7.1 g) in 
benzene (350 ml) and anhydrous methanol (350 ml) was saturated with hydrogen sulphide at room 
temperature. Methanolic sodium methoxide (1.5 M, 0.5 ml) was added (deep red colouration), and 
thioaldehyde formation was complete within 5 mitt, as evidenced by. the electronic spectrum of an 
aliquot (0.1 ml + 25 ml EtOH) which showed A&A 3, 5 = 2.28. Without delay, most of the dissolved 
hydrogen sulphide was removed by passing a stream of nitrogen through the mixture under reduced 
pressure. The solution was diluted with benzene (300 ml) and extracted with ice water (1 x 400 ml, 
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2 x 250 ml) to remove methanol and ethylamine hydrobromide. The benzene solution was dried 
(Na2S04, 10 min) and evaporated quickly at the water pump. (Occasionally the thioaldehyde 
crystallised during the drying stage: it was redissolved by warming.) The crystalline residue was 
dissolved in boiling benzene (90 ml), and cyclohexane (40 ml) was added to the hot solution : further 
portions of cyclohexane (total 70 ml) were added as the solution cooled. The thioaldehyde (31) 
c~stallis~ as yellow-orange needles (5.04 g, 86%), mp 145146”. (The elemental analysis has not 
been located). I,,, (95% EtOH) (.s) 315 (16 000), 400 nm (37 000). v,,, (CH,ClJ 3450, 3335, 1725, 
1645, 1555 cm-‘. [August 1989. Rr = 0.59 with streaking (CHCIJ: MeOH = 30: 1). The mass 
spectrum (FAB, p-nitrobenzyl alcohol) indicated that the sample was no longer pure, but included 
a strong peak at m/z = 419.164. (Calcd. for C21H26N205S+H, M = 419.164)]. 

9.8. Porphyrin ring for~tion 
Steps 32,33,34,35. 8-(~-Acetylaminoethyl)-l3-ethyI-l8-methuxycarbony~-3,7, 12,17-tetrumethy~- 

porphyrin-2,20-dipropionic acid dimethyl ester (35). (Porphyrin 35). The following procedure was 
established through very extensive experimentation. For its success, adherence to detail is essential. 
This arises because of the extreme sensitivity of the dipyrrylmethanes (32) and (33), which must be 
manipulated as rapidly as possible in the absence of oxygen and avoiding premature contact with 
acid. The method has been used many times with reproducible results in the hands of several 
investigators, for the preparation in all of more than 50 g of the po~hy~n (35). 

Reagents and apparatus. Nitrogen was deoxygenated by passage through Fieser’s solution, and 
was then passed successively through saturated aqueous lead acetate, cont. HzS04, and sodium 
hydroxide/Drierite. Dichloromethane was washed with aqueous NaHCO,, distilled and stored under 
nitrogen. Distilled water was boiled and then allowed to cool under nitrogen flush, and was used 
throughout. Sodium carbonate solution was made by dissolving anhydrous sodium carbonate (10 g) 
in nitrogen-bushed distilled water (100 ml). Methanol contained 0.01-O. 1% water. All solvents and 
solutions were flushed with nitrogen immediately before use. 

Methanolic hydrogen chloride (12-13 M) was prepared just before use by saturating methanol, 
cooled in an ice bath, with gaseous hydrogen chloride purified by passage through cont. H2S04. An 
aliquot was titrated to check that the correct concentration had been achieved. The quantity required 
for step 34 was measured by pouring into a graduated cylinder, the correct amount being then 
poured into a 500 ml two-necked reaction flask, equipped with calcium chloride drying tube. (While 
these pouring operations seem to negate other operations conducted anhydrous under nitrogen, it 
was found by experience that yields were depressed by l&15% without them.)* 

The apparatus shown in Fig. 19 was assembled, and thoroughly flushed with nitrogen. 
Step 32. A solution of the pyrromethene dihydrobromide (26) (1.00 g, 2.08 mmoles) in deoxy- 

genated distilled water (60 ml) was placed in the top separating funnel A. The stopcock at B was 
partially opened to permit a slow stream of Nz to bubble through the solution. Fresh sodium 
borohyd~de (161.7 g) was dissolved in water (30 ml), and the solution was poured rapidly into 
the pyrromethene solution. Considerable effervescence occurred, and the orange-red colour was 
discharged almost instantaneously. Dichloromethane (100 ml) and 10% aqueous NaHCO, (30 ml) 
were then added rapidly, the funnel was removed, shaken vigorously four times, and replaced. As 
rapidly as the lower phase separated, it was allowed to pass through the anhydrous sodium sulphate 

* “The necessity of this whimsical prerequisite for the successful execution of the reaction series with the stated yield was 
repeatedly verified. Without it, fmal yields of porphyrin lower by ltFl5% were obtained. One of us, who swore a colorful 
oath that he would never, by pouring the acid, be party to such an offence against what he regarded (wrongly) as sound 
scientific procedure, was forced by cruel experience to suffer the ignominy of having a colleague pour his acid for him in 
order to achieve results comparable with his fellows. Numerous experiments designed to elucidate the cause of the effect led 
us to no conclusive rationalisation, nor did they enable us to substitute a more respectable-if not easier-alternative 
procedure.” RBW. 
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500 ml 

Anhydrous Na-$X& 

Fig. 19. Apparatus for the preparation of the dipy~lme~a?e (32) and the Schiff’s base (33). 

in funnel C to the reaction flask D. The reaction mixture was then extracted rapidly with dichloro- 
methane (2 x 50 ml) in the same manner. 

Step 33. Funnels A and C were removed and, while a vigorous stream of nitrogen was kept 
passing through flask D, finely powdered thioaldehyde (31) (809 mg, 1.93 mmoles) was added all at 
once, The flask was swirled briefly to effect dissolution, equipped with a non-splash take-off head, 
the nitrogen inlet E was closed, and the dichloromethane was removed as rapidly as possible at the 
water pump, using a large COJacetone trap between flask and pump, wide bore connections, and 
a water bath temperature of 50-55”. The evaporation was completed in about 5 min: occasional 
foaming at the outset was controlled by the rate of introduction of nitrogen at the capillary inlet F, 
or by delaying the introduction of the flask into the warm water bath. The flask was removed from 
the water bath just before the solvent has disappeared, and was then disconnected from the 
distillation train while a vigorous stream of nitrogen was introduced through stopcock E. Benzene 
(10 ml) was immediately added (pipette), the flask was swirled quickly and methanol (40 ml) was 
added (pipette) to give a solution of the SchifT’s base (33). This was transferred (pipette) to a 
nitrogen-filled addition funnel (Fig. 20). The flask was washed with a further portion of methanol 
(40 ml), again pipetted into the addition funnel. 

One drop of the Schiff’s base solution was removed for spectroscopic control, the remainder 
being used immediately for the next step. 

The Schiff’s base solution (1 drop) was added to methanol (10 ml). The solution was swirled 
(not shaken), one drop of M-HCl/EtOH (85 ml cont. HCl made up to 1 1 with ethanol) was added, 
and the electronic spectrum was determined without delay (Fig. 21). When the preparation of the 
Schiff’s base (33) had been satisfacto~ly carried out, the ratio ASOZ/A3,, fell within the range 4.0- 
4.5. 

Step 34. The tip of the addition funnel (Fig. 20) was introduced well below the surface of well- 
stirred (magnetic stirring) freshly prepared, poured (see above) saturated methanolic HCl (12-13 
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125 ml 

Immbore 

Fig. 20. Addition funnel for step 34. 
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Fig. 21. Spectroscopic evaluation of step 33 : conversion of Schiff’s base (33) to corresponding bilene-b salt 
(131). 

M, 360 ml). The methanolic solution of the Schiff’s base (33) was rapidly and uniformily displaced 
from the funnel using a slight positive pressure of nitrogen, taking care that no hydrogen chloride 
gained prior access to the Schiff’s base solution. Colour change : yellow + orange + red --+ dark 
reddish brown ; (a persistent bright cherry red colour was indicative of a relatively unsuccessful 
run). The mixture was kept at room temperature for 30 min. 

For control purposes, the reaction mixture (0.06 ml) was diluted to 10 ml with M-HCl/MeOH, 
and the electronic spectrum was determined (Fig. 22). The theoretical concentration of this control 
solution was cu. 3.5 x IO-’ M. The main features of the spectrum are associated with the phlorin 
salt (34) : a successful run was characterised by (i) a sharp well defined band at 425 nm, E 47,000- 
50,000; (ii) relatively low absorption 450-500 nm ; and (iii) the long wavelength band had 
A7r3 > 0.50. An estimate of the yield of the phlorin salt (34) was obtained from : % yield = 
A,~~V/2.90, where V is the volume of the solution in ml measured after the conclusion of the oxi- 
dation step, which follows. 
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Fig. 22. Spectroscopic evaluation of step 34. 

Step 35. Except in experiments where it was desired to isolate the phlorin salt (34, see below 
iodine (1.7 g) was added to the above solution and the mixture was stirred for I h at rool 
temperature. The total volume (V, ca. 350 ml) of the solution was measured for use in the ph1or-i 
stage estimation (above) and in the estimation for the final porphyrin stage, as follows. 

A small sample (0.03 ml) of the mixture was diluted to 10 ml with M-HCl/MeOH, and tl 
electronic spectrum was measured (Fig, 23). The main feature of the spectrum was a very stron 

I I 
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Fig. 23. Spectroscopic evaluation of step 35 : assay of phlorin salt used as starting material. 



Total synthesis of chlorophyll a 7649 

Soret band at 418 nm due to the porphyrin ring. The theoretical concentration was en. 1.26 x lo-’ 
M, and s418 was in the range 151,000-153,000. An estimate of the yield of porphyrin at this stage 
could be obtained by constructing the dotted line as shown, and using A ,-A2 as the corrected value 
for A~U, in conjunction with the value .s4i8 = 269 000 for the pure porphyrin salt under the 
conditions of measurement. 

The reaction mixture was taken to dryness (water pump) using a capillary air inlet and a water 
bath (55-60”). The last traces of solvent were removed at the oil pump (30 min). Pyridine (40 ml) 
and acetic anhydride (20 ml) were added to the dry residue ; solid material was dissolved by swirling, 
and the mixture was heated (SO-55’) for 1 h. The solvent was removed as before. The dry residue 
was completely dissolved in freshly prepared M-HCl/MeOH (200 ml) and the solution was kept at 
room temperature for 40 minutes (re~ste~fi~ation of any free carboxyl groups). It was then poured 
into ether (1 1, in a 2 1 separating funnel), ice-cold 1.5 M-aqueous HCl(200 ml) was added, (order 
of addition important), and the mixture was shaken. The aqueous acidic layer, containing almost 
all the product, was quickly separated and transferred to a 4 1 separating funnel. The ether layer 
was washed with more ice-cold aqueous HCl (20 ml), the acidic washings being combined, and 
layered over with ether (2.4 1). An ice-cold saturated solution (ca. 600 ml) of Na2C0, in distilled 
water was added until the aqueous layer was just alkaline (pH ca. 8). The mixture was shaken 
vigorously for a short time, and then allowed to stand to ahow the compaction of flocculent material 
at the interface. The lower aqueous phase was largely removed, and the ethereal phase was decanted 
from flocculent material. The latter was extracted with several portions of ether until virtually no 
more coloured material was extracted. The separated layer was extracted once with ether. The 
combined ethereal extracts were dried over Na,SO, (2&30 min), filtered, and made up to 4 1 with 
ether. When a portion of this solution (5 ml) was made up to 10 ml with ether, the visible spectrum 
appeared as shown in Fig. 24. The yield of crude porphyrin was calculated from Ed I o = 12 500 : in 
properly executed runs this estimate was about 60%. A rough estimate of purity was afforded by 
the ratio Ag10/A463 which usually fell in the range 4.5-5.5. 

The ether solution of porphyrin was evaporated and the residue was taken up in dichloromethane 

X (nm) 

Fig. 24. Spectroscopic evaluation of step 35 : assay of product. 



(30 ml) and applied to a column (3.2 cm internal diameter} of FIorisil (lOO-200 mesh, 70 g) which 
had been made up in benzene/ether and then washed with ether/methanol (9: 1) and then with 
di~~oromethane. The solution was washed on to the top of the column with dichloromethane 
(30 ml). Development and elution with ether/methanol (9 : 1) gave, after removal of early yellow 
fractions, a well defined major band which was completely eluted with LICK. 4 1 solvent. ~sion~iy 
a minor by-product remained on the column at this stage and could be eluted with ether/ 
methanol = 85 : 15. This substance was identified as the I5-propion-N-ethylamide corresponding to 
(35) and is attributed to those runs of step 30 where the conditions were insufficiently mild. 

The solutions of the major product were concentrated to about 200 ml. From the hot solution 
(very largely methanol) the porphyrin began to crystallise, The concentrate was allowed to cool, 
then kept at 4” overnight to give the porphyrin (35) (635 mg, 48%) as beautiful purple crystals, mp 
226-228”. A further small amount of porphyrin could be obtained by r~hromato~phy of the 
material in the mother hquors. The isolation of the po~hy~n was conveniently carried out on the 
combined material from five such runs, with no loss in yield or purity, using a column with internal 
diameter 10.4 cm packed with Florisil(700 g) to a height of 14 cm. 

The porphyrin (35) crystallised in violet needles from methanoi-dichloromethane, For analysis 
it was recrystallised twice from methanol, and dried in high vacuum overnight over Pz05. Mp 233.5- 
234”. (Found: C, 67.55; H, 6.8; N, 9.6; 0, 15.95. C&H4,N507 requires C, 67.7; H, 6.65; N, 9.9; 
0, 15.8%). II,,, (CH,CI,) (s) 510 (12 600), 546 (7 500), 575.5 (6 SOO), 628 nm (1 200). v,, (KBr) 
3435,3280,1720,1650,1540,1435, 1360 cm-‘. 

[August 1989. m/z (FAB, thio8lycerol~ 710.355 (lOO%, M+H* requires 710.355). 6 (CDCI,, 
1.2x IO-’ M) 10.12, 10.09, 9.91 (3 x I Hs, mesu H), 5.66 (bs, 1H, NH), 5.17 (bt, 2H, meso- 
C11&!HzC02Me), 4.42 (bt, 2H, CH2CH2N), 4.35 (s, 3H, Ar-CO,Me), 4.13 (m, 6H, CH*Me, /3- 
CXzCH2NHAc, ~-C~~~H*CO~Me), 3.77, 3.75, 3.73 (3 x 3 Hs, ArlWe on rings A, B, and D), 
3.64, 3.65 (2 x3 Hs, 2xCH2CH2C02Me), 3.57 (s, 3H, ArlWe on ring C), 3.24, (2 Hbt, meso- 
CH2CH2C02Me), 3.04 (2 Hbt, @-CH2CH&02Me), 1.90 (s, 3H, M&ON), 1.87 (t, J = 7.5 Hz, 
CH&&), -3.0 (b, 2H, 2 x NH). & = 0.54 (CHCi3 : acetone = 2 : 1); Rf = 0.30 on AgNO, im- 
pregnated plate (CHCI, : acetone = 2 : l).] 

Step 34. 8-(~-~~~~~~~~1~- I3-et&$- 18-methoxyeari~n3,f3,7,12, I ~-tetrQmethy~-20,22_d~hydr~ 
porphyrin-2,20-dipropianic acid dimethyl ester dihydrobromide (34). A portion (40-45 ml) of the 
acid condensation mi&.ue containing the phlorin (step 34 above) or, alternatively, the total reaction 
mixture from a preparation run on one eighth the scale described above, was poured into nitrogen- 
swept dichloromethane (100 ml). The mixture was extracted with ice (75 g) and water j25 ml) under 
nitrogen. The organic layer was separated, dried (NazSOd, several h), concentrated to 20 ml, and 
applied to a column of Florisil (60 g) made up in 0.5 M-HCl~MeOH and washed with 0.05 M- 
HCl/MeOH (500 ml), set up to run and collect under a nitrogen atmosphere. The cofumn was 
developed and eluted with 0.05 M-HCl/MeOH. There separated a fast moving pink band (probably 
pyrromethenes, A,,, 487 nm), an olive-green zone, and a dark red immobile band. The olive green 
component was collected in 50 ml portions : those having A,,4/A459 > 10 and A.&AY14 N 2.7-2.9 
were combined and taken to dryness. These criteria guard against contamination by pyrromethene 
salts (A,,, cu. 480 nm) and by porphyrin (Amnax 421 nm under the conditions of the measurement, the 
band being three times as intense as the 428 nm band of the phlorin salt). 

The residue containing the phforin dihydr~h~oride (cu. 60 mg = 33%) and some inorganic 
material from the column, was treated with dichloromethane (40 ml). The solution was shaken 
briefly under nitrogen with an equal volume of 1 M-Na#X&, The resulting pure blue sofution of 
the free phlorin base was then immediately shaken with an equal volume of 2 M-HBr (none of the 
phlorin salt enters the aqueous phase). The chloromethane solution of the phlorin dihydrobromide 
was dried (Na,SO,, several h), filtered, and taken to dryness under nitrogen. The residue was 
crystallised from acetone (I ml) giving 30 mg (15%) of the pure phlorin dihydrobromide (34) as 
dark green crystals, Analytical sample, from acetone, wefl formed very dark bluish-green rhombs, 
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did not melt, decomp. > 200”. (Found : C, 55.25 ; H, 6.3; N, 8.45. C38H47N506- 2 HBr requires C, 
54.9; H, 5.95; N, 8.4%). ,I,,, (CH,Cl,) (E) 303 (12 500), 362 (22 300), 431 (57 800), 483 (4 RIO), 518 
(6 loo), 553 (4 900), 723 nm (17 400). (Our earlier data’ refer to methanolic hydrogen chloride as 
solvent, not dichloromethane as inadvertently stated.) &,,, (CH2C12, sat. HBr) 447 nm. A,, (CH&, 
sat. HBr, diluted with MeOH) 427,513,546, 710 nm. Free base : A,, (CH,Cl,) 291,387,620 nm, 
but solution not stable. 

12-Ethoxycarbonyl-17-eshy2-3,7,13,18-tetramethylporphyripl-2,8,10-rripropioni~ acid triethyl ester 
(130). A mixture of the pyrromethene salt (122) (113 mg), 10% Pd on charcoal (25 mg), ethanol (5 
ml) and 1 M-NaOH (0.30 ml) was shaken under hydrogen until absorption stopped and the solution 
was colourless (CL 5 mm). The mixture was filtered at once through Celite directly into a 100 ml 
three-necked flask and evaporated to dryness under reduced pressure (no oxygen). The residue, 
under hydrogen, was treated rapidly with a solution of the aldehyde (125) (108 mg) in glacial acetic 
acid (30 ml) followed by a mixture of 38% aqueous HBr (0.25 ml> and glacial acetic acid (20 ml). 
The mixture was heated under hydrogen at 80” for 1 h, transferred to a distilling flask, and evaporated 
to dryness under reduced pressure. The residue was treated for 30 min at room temperature with 1 
M-HCl/anhydrous EtOH (25 ml) and the resulting dark brown solution was poured into ether (250 
ml). The ether solution was washed with water (2 x 100 ml), the washings being back-extracted with 
a small amount of ether. The combined ether solutions were treated with iodine (0.5 g) and kept at 
room temperature for 15 min. The mixture was then shaken vigorously with aqueous sodium 
thiosulphate, washed with water, and extracted with 2 M-HCl(3 x 70 ml). The acid extracts were 
quickly layered over with ether (300 ml) and neutralised by the addition of sohd Na,CO,. The ether 
extract was dried (Na,SO,) and taken to dryness and the residue in benzene was chromatographed 
on Florisil (25 g). The product was eluted rapidly with ether : methanol = 98 : 2. The solvent was 
removed and the residue was crystallised from light petroleum giving the porphyrin tetra-ethylester 
(130) as red-brown needles (43 mg, 40%), mp 128-130”. (Found : C, 68.7 ; H, 7.2 ; N, 7.7 ; OEt, 
23.45. C44H54N406 requires C, 68.9; H, 7.1; N, 7.3 ; OEt, 23.5%). A,,, (Et?O) (E) 503 (14 500), 538 
f7 000), 573 (6 ZOO), 626 nm (1 000). The compound was also obtained as a po~ymo~h, mp l74- 
175”, from benzene : hexane = 1: 4. 

9.9. Porphyrin reactions: a porphyrin-phlorin equilibrium 
Step 36. 8-(~-Acetylaminoethy1)-l3-ethyl-l8-methoxycarbonyl-20-(P_methoxycarbonylvinyl)- 

3,7,12,17-tetramethylporphyrin-2-propionic acid methyl ester (36). (Porphyrin 36). A solution of the 
porphyrin meso-propionic acid ester (35) (500 mg) in glacial acetic acid (165 ml) was stirred 
vigorously under a drying tube (CaC12) in an oil bath at 95” for 1 h. The acetic acid was then 
removed at the rotary evaporator, the last traces of solvent being removed by several evaporations 
with benzene. The residue was dissolved in boiling dichloromethane (ca. 200 ml) and methanol was 
added dropwise. Crystallisation was completed at 4” giving the porphyrin meso-acrylic acid ester 
(36) (456 mg, 91%) as purple crystals, mp 245247”. Analytical sample from dichloromethanel 
methanol large violet spears, mp 251-252”. (Found: C, 67.6; H, 6.55; N, 9.75; 0, 16.2; OMe, 
12.5%; M+, 707.333. C40H45NS07 requires C, 67.85; H, 6.4; N, 9.9; 0, 15.8; OMe, 13.15% M, 
707.332). I,,, (CH,CIZ) (8) 512.5 (11 200), 549 (7 500), 578.5 (7 400), 633.5 nm (2 300). v,,, 
(Nujol) 3300, 1720, 1635, 1520 CII-‘. [August 1989. 6 (CDC13) 10.23 (d, lH, J = 15.5 Hz, meso- 
CH===CH-CO,Me), 10.18, 10.04, 9.96 (3x 1 Hs, meso-H). 6.25 (d, lH, J = 15.5 Hz, meso- 
CH=CH-CO*Me), 5.70 (bs, lH, NH), 4.39 (m, 2H, /?-CH2-CH2---N), 4.16 (s, 3H, Ar-CO,Me), 
4.10 (m, 6H, CH,-Me, P-CH,--CH2-NHAc, p-CH,-CHZ---CO,Me), 4.00 (s, 3H, meso 
CH=CH-CO,Me), 3.76 (s, 3H, /?-CH,CHZ---CO,Me), 3.68, 3.66, 3.64 (3 x 3 Hs, Ar 1Me on rings 
A, B, and D), 3.57 (s, 3H, Ar Me on ring C), 3.03 (bt, 2H, fl-CH2--CH,-CO,Me), 1.90 (s, 
3H, MeCON), 1.84 (t, 3H, CH2-IWe), -3.3 (b, 2H, 2 x NH). Rf = 0.52 (CHCIS : acetone = 2 : l), 
Rf = 0.24 on AgNO, impregnated plate (CHCI, : acetone = 2 : 1). vmaX (KBr) 3285, 1725,1635,1560, 
l435,1355, 1310,1270,1195,1175,1080, 1060,740 cm-‘.] 
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Quantitative determ~~ution of oxygen co~~ption in Step 36. A 250 ml flask containing pure 
glacial acetic acid (100 ml) and a magnetic stirring bar was attached through a Liebig condenser to 
a gas-measuring burette (semi-micro hydrogenation apparatus). The system was filled with pure 
oxygen, and the acetic acid was stirred for 1 h to equilibrate the system. The porphyrin (35) (298 
mg, 0.42 mmoles) was added, and the apparatus was evacuated and refilled with oxygen. The 
solution was stirred for 30 min at a constant temperature (29”, 760 mm), and then stirred and heated 
for 1 h in an oil bath at 100”. The flask was then removed from the bath, and cooled to 29” and 
allowed to equilibrate for 4 h. The observed oxygen uptake was 5.2 ml (29’, 760 mm) corresponding 
to 0.21 mmoles of oxygen. 

The solution was diluted with dichloromethane (250 ml) and washed with saturated NaCl(l30 
ml ; washings showed negative U/starch test for peroxides). The porphyrin acrylic ester (36), mp 
245-248”, was isolated (247 mg, 83%). 

Catalytic reduction of the porphyrin mes~ucrylic ester (36) to the corresp~nd~g porphyrin meso- 
pr~pi~nic ester (35). Catalytic reduction of the po~hy~n (36) (25.8 mg) was effected in hydrogen 
over 10% Pd/C (113 mg) in acetic acid (20 ml). Colour change : blue violet -+ green + orange + 
colourless over 45 min. The catalyst was removed and washed with dichloromethane (20 ml). The 
combined solutions were diluted with ether (150 ml) and extracted with ice water (3 x 80 ml), the 
water being back-extracted with ether (2 x 50 ml). The combined organic solutions were dried 
(Na,SO,) and treated with iodine (170 mg) in methanol (50 ml). After 18 h the porphyrin was 
extracted with 0.7 M-HCl, the acid extract was washed once with an equal volume of ether, and 
then neutralised over dich~orometbane (100 ml) by careful addition of solid Na$ZO,. The porphyrin 
solution in dichloromethane was reduced to a small volume and applied to a column (5.5 cm 
diameter x 3 cm) of Florisil. The first fraction eluted with ether-methanol = 9 : 1 contained almost 
all the porphyrin present (spectroscopic yield 30.2%). The porphyrin propionic ester (35) was 
crystallised (6.4 mg, 25%) from methanol as characteristic violet needles, mp 227-229”, mixed mp 
232.5-234”, quantitative electronic spectrum indistinguishable from that of the authentic material. 

An equilibrium between the porphyrin meso-pr~pi~nic ester (35) and the ~h~5ri~ mess-acrylic ester 
(136). Oxygen must be excluded throughout : all nitrogen is oxygen-free. 

Nitrogen was passed through boiling acetic acid for 1 h; the acetic acid was allowed to cool 
down under nitrogen, and used at once. The porphyrin (35) (50.7 mg, 71 pmoles) was placed in a 
70 ml flask, which was then twice evacuated and filled with nitrogen. Freshly prepared acetic acid 
(50 ml) was added, and the flask was thrice evacuated and filled with nitrogen. The solution was 
heated on the steam bath for 1 h, cooled, and made up to 500 ml with ether. The visible spectrum 
of this solution was determined (Fig. 8) and was consistent with presence of, essentially, only one 
porphyrin and one phlorin. On the basis of Ed,,, = 13,600 for the porphyrin (35) and ~~~~ = 24,000 
for the phlorin (136) the solution contained 44.5 pmoles (62.2%) of porphyrin and 26.5 pmoles 
(37%) of phlorin, accounting for 99.2% of the starting material and giving Kcphrorin/porph,+n) = 0.60. 

A portion (28.3 ml) of the solution was set aside (see below). The remainder was made up to 
500 ml with ether (blueviolet solution) and extracted (N,) with 0.7 M-HCl. The acid extract was 
neutralised (solid Na,CO,), and the liberated free porphyrin was extracted into dichloromethane. 
The organic extract was made up to 2.50 ml with dichloromethane, and the spectrum was determined 
(Fig. 9) : the presence of maxima at 510,546,577, and 629 nm showed that this solution contained 
essentially only porphyrin (35). Using s5,,, = 12 500, the amount was determined as 37.5 pmoles 
(52.5%). 

The ether layer remaining after extraction of the porphyrin was made up to 500 ml with ether, 
and its spectrum was determined at once (Fig. IO), and showed that 23.8 pmoles of phlorin (33%) 
was present. Since 5.6% of the original mixture had been set aside, the total recovery was Ql%, and 
the equilibrium constant was 0.57. The ethereal phlorin solution was extracted with 5 M-HCl in air. 
The aqueous phase was removed and neutralised with saturated aqueous Na2C03. During the 
neutralisation a greenish blue precipitate separated. Dichloromethane was added, with shaking in 
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air, until the precipitate had dissolved, and the colour had changed from bluish-green to red. The 
resulting solution after drying (NagSO,) showed &a, 512, 549, 578, 631 nm, essentially that of the 
porphyrin acrylic ester (36) in this solvent. 

The aliquot (28.3 ml) was taken to dryness and the residue was heated in acetic acid in air for 
1 h giving pure porphyrin acrylic ester (36) in a spectroscopic yield of 80%. 

9.10. Entry into the chlorin series 
Step 37. ~2S(R),3S(R)]-8-(~-Acety1aminoethy1)-13-ethyZ-2’,18-d~methoxycarbony~-3,7,12,17- 

tetramethyl-cyclopentano[a,t]chlorin-2-propionic acid methyl ester (37). (Purpurin 37). All nitrogen 
is oxygen-free. To the porphyrin meso-acrylic acid ester (36) (2.2 g) in a 1 1 r-b flask was added 
nitrogen-flushed acetic acid (440 ml). The flask was evacuated and filled with nitrogen four times, 
and the contents were refluxed (oil bath 140”) for 31.5 h under a slow stream of nitrogen, with 
magnetic stirring and protection from light. The cold solution was transferred to a 5 1 r-b flask, and 
ether (3 1) was added dropwise over a period of cu. 1 h (colour change : green + purple). The mixture 
was kept at room temperature for 17 h. The precipitate was collected giving 0.953 g (43%) of the 
pure purpurin (37), with A~~~~A~~~ = 9.8 and A704/A575 = 2.43. 

The filtrate was concentrated, and the concentrate was subjected to a similar equilibration ; the 
cycle was repeated, as follows : 

Substrate HOAc Time Ether Time Yield 
(ml) (h) (1) (h) (g) 

First Filtrate 250 30 1.70 34 0.334 
Second Filtrate 180 30 1.25 29 0.216 
Third Filtrate* 170 30 1.20 41 0.138 

*Plus mother liquors from earlier recrystallisations 

The purpurin was recrystallis~ by dissolution in dichloromethane under reflux, and con- 
centrating to a volume of approximately 250 ml per gram. Methanol (150 ml per gram) was added 
dropwise to the boiling solution, and the mixture was reduced in volume until purpurin (37) began 
to crystallise (bp of solvent mixture ccz. 55”). Slow cooling to room temperature and overnight 
refrigeration gave ca. 85% recovery. In this way 1.30 g (59%) of purpurin (37) was obtained as 
dark blue rhombic plates, mp 310” decomp. (Found: C, 67.75; H, 6.5; N, 9.85; MeO, 12.95. 
C4,,HQ5N507 requires C, 67.85; H, 6.4; N, 9.9; MeO, 13.5%). A,,, (CH2C12) (E) 502 (5 000), 543 sh 
(7 000), 575 (19 SOO), 649 (8 700), 704.5 nm (52 200). v,, (KBr) 3400,3320, 1740 sh, 1720 sh, 1705 
sh, 1695, 1665, 1600, 1540, 1510, 1435, 1410, 1300, 1125, 900, 810, 735 cm-‘. [August 1989 m/z 
(FAB, p-nitrobenzyl alcohol) 708.340 (100%). C40H45N507+H requires 708.340]. 

9.11. ~od~~cation of peripheral ~ub~tituents of purpurin~ 
Step 38. [2S(R),3S(R)]-13-~thyl-2’,18-dimethoxycarbonyL3,7,12,17-tetramethyZ-8-uinyl-cyc~o- 

pentano[a, t]chlorin-2-propionic acid methyl ester (38). ( Vinyipurpurin 38). All nitrogen is oxygen free. 
The crystalline purpurin (37) (1.33 g) was dissolved in a mixture of cont. HCl(340 ml) and nitrogen- 
flushed methanol (2.1 1) in a 5 1 three necked flask (Nz inlet, efficient condenser, dropping funnel) ; 
the solution was flushed with nitrogen with stirring for 30 min. The solution was then heated to 
boiling and hot, nitrogen-flushed, water (1.65 1) was added gradually in such a way that no 
precipitation occurred. The N2 inlet was repositioned at the top of the condenser (safety valve) and 
the apparatus was covered with aluminium foil to exclude light and heated in an oil bath (120°, 18 h) 
with continuous magnetic stirring. When necessary, nitrogen-flushed methanol was added from the 
dropping funnel to keep the volume constant. 

The solution was evaporated to dryness (rotary evaporator attached via a CO*-acetone cold 
trap to a mercury diffusion pump ; water bath temperature 35-40”). The residue was evaporated to 
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dryness with a little methanol, dissolved in methanol, and treated with excess diazomethane in ether 
(5-10 mm). After removal of solvent the residue was dissolved in dichloromethane (300 ml) and 
ether (1.5 I), and extracted with 0.5 M-HCl(3 x 1.5 1) and then 5 M-HCl (2 x 0.5 1). The two acid 
extracts were separately washed with ether (1.5 1), neutralised with solid NaHC03, and extracted 
with dichloromethane. The extracts from the 0.5 M-HCl afforded the aminoethylpurpurin (37A), 
(935 mg, 75%), I,,, (CH,Cl,) (E rel) 499 (0. IO), 536 (sh) (0.15), 571 (0.40), 645 (0.14), 698 nm (1 .OO). 
The extracts from the 5 M-HCI gave the starting material (7%). 

The fi-aminoethyl compound (37A) is unstable and should be used without delay. The fl- 
aminoethylpurpurin (37A) (537 mg) was dissolved in 2 M-HCl/MeOH (1 ml) and nitrogen-flushed 
methanol (500 ml) in a 2 1 three necked flask equipped with stirrer, reflux condenser, and two 
dropping funnels which had been flushed with nitrogen. With exclusion of light and air the solution 
was stirred under reflux while freshly distilled dimethyl sulphate (83 ml) and 2 M-NaOH in nitrogen- 
flushed methanol (380 ml) were simultaneously added over 2.5 h. The addition was made in such a 
way that during the first part of the reaction dimethyl sulphate was in excess (green solution) whereas 
in the second part of the reaction the alkali was in excess (purple solution). Finally dimethyl sulphate 
(cu. 10 ml) was added, and boiling was continued for a further 5 min. The solution was then 
evaporated (water bath 35-40”) to a thick slurry at the rotary evaporator (cold trap, diffusion 
pump). The residue was dissolved in dichloromethane (100 ml) and water (70 ml), and ether (1 I) 
was added. The organic phase was extracted with 1 M-HCl(3 x 1 1) and 7 M-HCl(3 x 500 ml}. The 
latter acid extract was cooled in ice, and worked up rapidly (solid NaHCO,, CH,CI,) giving the 
vinylpurpurin (38) as narrow prisms, mp : decomp. N 285290” without melting, from dichloro- 
methane-ether (385 mg}. Chromatography of the mother liquors on Florisil (5 g, 1% MeOH in 
CH2C12) gave a further 54 mg. Total yield 84%. (Found: C, 70.45; H, 6.25; N, 8.6; 0, 15.0. 
C38H40N406 requires C, 70.35; H, 6.2; N, 8.65; 0, 14.8%). R,,, (CH,Ci,) (a) 504 (4 700), 547 (7 
400), 581 (19800), 656.5 (8400), 713.5 nm (55000). v,,, (Nujol) 3320, 1735, 1710, 1695, 1600cm-‘. 

Step 39. [21(.(S),3S(R)]-13-Ethyl-20-formyl-18-methoxycarbonyl-2-methoxyoxaly1-3,7,12,17- 
tetramethy~-8-v~y~chZor~n-2-propionic acid methyi ester (39). (Meth~xulylpur~ur~ 39). The vinyl- 
purpurin (38) (50.4 mg) in dichloromethane (200 ml, freshly distilled from Na2C0,) was stirred 
vigorously at 0” and irradiated in air (750 watt tungsten lamp, 35 min). The spectroscopic yield at 
this stage was 74%. The solvent was removed and the product was crystallised from dichloro- 
methan~ther to give 41 mg of the crude product. R~~stallisa~on gave 31 mg (59%) of the 
methoxalylpurpurin, (39), decomp. N 250-255”. Analytical sample, dark crystals from two further 
recrystallisations, had the same decomp. point, and was dried in vacua at 55-60” for 48 h. (Found : 
C, 66.5; H, 6.0; N, 8.2; 0, 18.85. C38H40N408 requires C, 67.05; H, 5.9; N, 8.25; 0, 18.80%). A,, 
(CHQ,) (E) 486 (4 0001, 512 (6 500), 551 (15 Sot), 559 sh (2 400), 644 (7 000), 701 nm (39 500). 
vmaX (CH,Cl,) 3390,173O sh, 1715,1660,1600 cm- ‘. 6 (CDC13, 60 MHz, semi-systematic numbering) 
11.22 (s, meso-CHO), 9.45, 9.00 (2 x 1 Hs, meso-H at C-5, C-lo), 8.28 (1 Hs, C-20 meso-H), -2.4, 
6.0 (m, m, -CH=CH,), 4.20 (s, ArCO,Me). 

Spectroscopic yields of 68-79% were consistently obtained on a 15-50 mg scale. 
Step 40. [2S(R),3S(R)]-18-Carboxy-l3-ethyl-20-(hydroxy-methoxymethyl)-3,7,12,17-tetra- 

methyl-8-vinylchlorin-2-propionic acid methyl ester S-lactone (40). rat-Isopurpurin 5 methyl ester. 
Freshly prepared methoxalylpurpurin (39) (102 mg), dichloromethane (16 ml, freshly distilled 

and filtered through Na,CO,) and 2 M-KOH/MeOH (49 ml) were stirred for 1 h, poured into ether 
(500 ml), washed with water (twice), and briefly treated with diazomethane. The ethereal layer was 
washed with 3.3 M-HCl(3 x 500 ml) the acid being back-extracted with ether (500 ml). The combined 
ether solutions (34% yield at this stage) were concentrated and chromatographed on Florisil 
(3 g), eluting with dichlo~ome~ane and then MeOH : CHzClz = 4 : 96 giving 19 mg (22%) of rac- 
isopurpurin 5 methyl ester (Ilo), mp 220-221” decomp. from ether-methanol (20: 1). &,, (CH&lJ 
(E) 500 (11 600), 532 (9 500), 562 (2 800), 612 (7 000), 668 nm (49 200), spectroscopically identical 
with isopurpurin 5 methyl ester derived from natural sources. vmax (CH,Cl,) 3370,2920,1720,1610, 
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f075, f035 em- ‘, identical with the spectrum of naturaf iso~u~u~n 5 metby ester measured at the 
same concentration. {August 1989 Rf = 0.83 (CHCI:, : acetone = 2 : I)]. 

To synthetic racemic isopurpmin 5 methyl ester (40) (66.5 mg) dissolved in dioxan (80 ml) was 
added water (35 ml) and 1 M-NaOH (5 ml). The solution was flushed with nitrogen for a few 
minutes and kept at room temperature for 12 h. A sample diluted with methanol showed the 
pu~urin 5 dianion spectrum (&,,, 504, 538, 578,633,687 nm). The solution was poured into water 
containing 1.5 M-HCl (5 ml) and extracted with ether. All the pigment went into the ether layer. 
Careful acid fractionation with 1.5 M-HCI and 3.3 M-HCl gave, on basification of the 3.3 M-HCl 
extract and transfer to ether, chlorin 5 in a spectroscopic yield of 37.8 mg (60%), 1,, (Et&I) 499, 
528,558,611,668 nm. Visible spectrum identical with that of an optically active sample from natural 
sources. [August 1989 Rf = 0.28 (CHCIZ : MeOH = X0 : 3), mJz (FAB,~~~~tro~nzyl alcohol) 567.261 
(40%, C33H34N405+H requires 567.261)], 

9.12. Qpticai res~lat~~~ to enter natural series 
Step 42. ResohAon of chforin 5. Quinine was purified by the method of Thron and Dirscherl.62 

Fra~tio~l ~s~~~tion of the quinine salt from dic~orome~an~~er did not lead to resolution. 
However, when the crystallised salt (23.1 mg, equivalent to 14.7 mg chlorin 5) was recrystallised 
slowly overnight from dichloromethane-ether, in the presence of one additional mol. proportion of 
quinine, crystals separated [8.17 mg, spectroscopic yield based on &,67 (Me&O) = 50 0001 with 
[a]$ 1 +1000”. Recrystallisatiy from the same solvent system yielded a salt (2.78 mg) having 
pii!6 - f 1236” (c = 9.72 x IO-?, Me&O). The quinine salt from naturally-derived chlorin 5 had 
01 546 = + 1~2 15” (c = 1.19 x lo- , Me,CO). The quinine salt crystals from the synthetic chlorin 5 

had a visible spectrum identical with that of the naturally-derived materiaf [AmaX (Me&O) (e) 498 
(1 I 000), 528 (7 800), 558 (2 000), 610 (5 800), 667 nm (47 600).] 

The crystalline quinine salt was shaken with ether and 1.5 M-HCl, the ether layer was washed 
with water and dried (NazSOs). The chlorin 5 solution was evaporated to dryness and the residue 
was dissolved in acetone. The rotation was [x]:& + 1810” fc = 8.02 x 10m3, Me&O), The naturalfy- 
derived sample of chlorin 5 had [a]& + 1823” (c = 8.83 x 10W3, Me#ZO). The visible spectra of the 
synthe~~ active sample and the natural~y~eri~ed sample were identical [A,, (Me&O) (8) 498 (IO 
300), 529 (7 IOO), 560 (2 500), 610 (5 5001,667 nm (46 900)]. 

The mother liquor from the quinine salt crystals with [aJ23 - 546 - + 1000” (above) gave a further 
crop of crystals. The resulting mother liquor, ~equiva~ent to 3.8 mg of chlorin 5) then had 
pi$$ 1 - 1146”. Treatment yth acid as before gave ~17R,l8R]-chlo~n 5 (3.25 mg) with 
a 546 - - 1340” (c = 6.3 x IO- , Me+ZO) corresponding to 74% optical purity. 

9.13, Relay position a~d~~l eIab~r~ti~~ of peripheral s~stitue~ts 
Step 43, (2S,3S)-13-Ethyl-2O-for~y~- 18-~eth~xy~arb~ny~-3,7,12,17-tetra~ethy~-8-~iny~ch~~r~-2- 

pr~~~~~ic acid methyl ester, (43). Purpuri~ 5 di~thy~ ester. The chlorin 5 solution from step 42 was 
evaporated to dryness, and the residue was dissolved in ether containing some methanol. The 
solution was treated with a large excess of di~omethane in ether (dark, 20 min). The product was 
crystal&d from ether-methanol giving synthetic pm-pm-in 5 dimethyl ester (ea. 1 mg) as needles, 
mp 191.5-195”. The naturally-derived compound had mp 192-195.5” (liL6? mp 194”): the mixed 
mp showed no depression. (rat-Furpurin 5 d~ethyl ester had mp 221-222.5”). The visible spectrum 
of the synthetic sample was identical with that of the natural one : A,,, (CH,ClJ 480,506,543,638, 
691 nm. 

The infrared spectra of the natural and synthetic samples in the needle crystalline form were 
identical: v,,, (KBr) 1710, 1690, 1580, 1560, 1480, 1420, 1240, 1210, 1070, 1050, 1030, 1020,8~ 
cm- *. Occasionally the sample crystallised in the form of plates, and the infrared spectrum of this 
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form was slightly different : v,,, (KBr) 1720, 1660, 1590, 1570, 1490, 1430, 1300, 1250, 1080, 1060, 
1030,980,900,800 cm- ‘. 6 (0.17 M, CDCls natural, semi-systematic numbering) 11.48 (1 Hs, meso- 
CHO), 9.27, 8.90 (2x 1 Hs, C-5, C-10 pneso-H), 8.35 (1 Hs, C-20 memo-H), -7.60, ~6.0 (m, m, 
-CH==CH,), 4.08 (3 Hs, CO,Me at C-13), 3.50 (3 Hs, -CH2C0,Me), 3.40, 3.09, 2.50 (3 x 3 Hs, 
3 x ArMe). 

Step 44. (2S,3S)-18-Carboxy-20-(cyunohydroxymethy1)-13-ethyl-3,7,12,17-tetramethy1-8-vinyl- 
chiorin-2-propionic acid methyl ester b-lactone (44). (Cyanolactone 44).64 An ice-cold solution of 
purpurin 5 methyl ester (43) (75 mg) in acid-free dichloromethane (45 ml) under nitrogen was 
treated with freshly distilled anhydrous hydrogen cyanide (cu. 3 ml). Triethylamine (0.25 ml) in 
dichloromethane (2 ml) was added, and the mixture was shaken at room temperature for 3.5 min 
(colour change : brown --) green). The solvent was at once removed under reduced pressure, and the 
residue was dissolved in a small amount of dichloromethane and diluted with ether. The solution 
was extracted with 3.3 M-HCl(5 x , to remove starting material), with 4 M-HCI (4 x ) and with 4.75 
M-HCl (1 x ). The cyanolactone (44) was then extracted with 23% HCI, the acid extract being 
separated, diluted with water, and reextracted into ether~ichloromethane (ca. 2 : 1). The solution 
was dried (Na,S04), concentrated, and the residue was crystallised from di~hloromethan~a~ton~ 
methanol to give 58 mg (78%) of the cyanolactone (44), mp 264-266”. For analysis the product was 
recrystallised from the same solvent, then from dichloromethan~methanol and dried in vacua for 
5 days at room temperature, mp 269-270”. (Found: C, 71.35; H, 5.95; N, 11.8. C35H35NS04 
requires C, 71.3; H, 6.0; N, 11.9%). Iz,,, (CH&lJ (6) 470 (3 900), 500 (10 550), 531.5 (10 400), 557 
(2 500), 608.5 (6 850), 665 nm (44 000). v,,, (CH&l,) 3355, 1730, 1610,1580, 1520, 1490 cm-‘. 

The experiment has been carried out on the scale of’40480 mg with yields in the range of 68- 
88%. 

Step 45. (2S,3S)-20-Cyanomethyl- 13-ethyl- 18-methoxy-carbonyl-3,7,12,17-tetramethy1-8-viny1- 
chlorin-2-propionic acid methyl ester (45). (Chlorin e6 nitrile 45). The cyanolactone (44) (21 mg) was 
dissolved in dichloromethane (2 ml) and acetic acid (11 ml). Zinc dust (2.5 g) was mixed with acetic 
acid (5 ml) and after 5 min the suspension was added to the cyanolactone solution. The mixture 
was vigorously shaken until the initial blue colour had changed to intense green (1 min). The zinc 
dust was immediately removed by ~ltration (filter aid) and the filter cake was washed with acetic 
acid and finally with a little dichloromethane. All these operations were conducted under a blanket 
of nitrogen. The filtrate was taken to dryness under reduced pressure. The residue was dissolved in 
dichloromethaneether (1: 4) and extracted with 23% HCl. The organic layer was discarded. To 
demetallate the zinc complex, the acid solution was kept at room temperature for 5 min. After 
dilution with water, the chlorin components were extracted with dichloromethane. Spectroscopic 
yield :* 6.7 mg (31%). 

To the dry concentrated dichloromethane solution was added methanol (several drops) and 
freshly distilled ethereal diazomethane (10 min). The chlorin e6 nitrile (45) was extracted from ether- 
dichloromethane (8 : 1) with 15% HCl, while the unchanged cyanolactone (spectroscopic recovery 
1.2 mg, 6%) remained in the organic layer. The acid extract was neutralised with saturated KHCOS. 
Extraction with dichloromethane gave 4.6 mg* (21%) of chlorins, which were chromatographed 
on a Florisil column (5 mm diam, 50 mm high). Elution with dichloromethane, followed by 
di~hloromethan~methanol (1000 : 1) yielded 2.29 mg of material which was crystallised twice from 
di~hloromethane-aceton~methanol giving 1.9 mg (8.8%) of chlorin e6 nitrile (45) as ZWaCtiVe 
crystals, mp 207”. Analytical sample from CH+I~--- Me&O-MeOH, mp 207”. (Found : C, 71.2; 
H, 6.6. C36H39N504 requires C, 71.4; H, 6.5%). amall (CH,Cl,) (8) 499.5 (14 900),529.5 (6 600), 555 
(2 500), 608.5 (6 300), 663.5 nm (48 900). v,, (CH,Cl,) 3335,2240, 1725, 1710 sh, 1600, 1575 sh, 
1490. Yields of 7-10% were consistently obtained on a scale of 20-l 15 mg. 

*Estimated assuming E for chlorin peak at ca. 660 nfi to be 50,000. 
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MeOH + Mg 

t! -- Chlorin 196 nit&? 

Fig. 25. Apparatus of step 46. 

Step 46. (2$35)-l 3-Ethyl-l8-methoxycarbonyl-20-(methoxycarbonyZmethyl)-3,7, 12,17-tetra- 
methyl-8-vinylchlorin-2-propionic acid methyl ester (46). Chlorin e6 trimethyl ester. Glassware was 
flame-dried in a nitrogen stream and cooled under vacuum. Freshly purified methanol (10 ml, from 
magnesium) was saturated at 0” with a~ydrous hydrogen chloride and poured on to crystalline 
chforin e6 nitrile (45) (9.4 mg) in the apparatus shown (Fig. 25). After 16 h at room temperature the 
ice-cooled mixture was poured into ice-water and the green solution was extracted with ether- 
dichloromethane (8 : I). If the acidic layer was slightly blue it was diluted further and re-extracted 
to remove all pigment. The organic solution was washed twice with water and once with 0.5 M- 
HCl. The chlorins were then extracted with 9% HCl. This acid extract was neutralised with saturated 
KHC03 and the pigment was transferred into dichloromethane (spectroscopic yield 7 mg, 71%). 
The solution was concentrated and chromatographed on a Florisil column (5 mm diam, 55 mm 
high). ~ichloromethan~methanol (ratios 1500 : 1,750 : 1,500 : 1,25 ml of each) eluted 4 mg (40%) 
ofchlorins. This material was combined with like material from a preliminary run (total chlorin = 5.5 
mg) and crystallised thrice from dichloromethane-acetone-methanol containing a very small per- 
centage (2-g% of the methanol component) of water to give 3.6 mg of chlorin e6 trimethyl ester 
(46), mp 207.5-208.5” ; naturally-derived sample, mp 208-209.5” (lit.68 mp 21 l”), mixed mp 207.5- 
209”. &,2,,, (CH2C12) (E) (nat.) 501 (13 000), 530 (5400), 559 (2 300), 608.5 (5400), 664.5 nm (45 600). 
The synthetic sample had a visible spectrum identical with that of the naturally-derived sample. v,, 
(Nujol) (synth.) (1.3 mg/O.Ol ml) 3320, 1730 sh, 1705, 1585, 1575 sh, 1485, 1230, 1155, 1110, 1055, 
980, 890, 850, 795, 725 cm-‘. v,,,~~ (Nujol) (nat.) {1.5 mg/O.Ol ml) 3320, 1730 sh, 1710, 1585, 1575 
sh, 1485, 1230, 1155, 1110, l055,980,890,795,725cm-‘. v,,,(CH,C12,3.8mgin0.3ml,0.47mm): 
synthetic and naturally-derived samples gave identical spectra (Fig. 18). 
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