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RD BruDt Summary of Dissertation 

The dissertation describes tlie synthesis of a proposed biological 
intermediate·, in labelled and racemic form, on the biosynthetic pathway 
towards vitamin B

12 • Feeding experiments with a B
12 producing organism 

indicated that this was indeed an intermediate. 

Firstly, the synthesis of the chlorin F8'ktor I is described, which 
is the aromatic form of the proposed intermedirete. This involved the 
synthesis of two bicyclic halves using a general method that could he 
applied to a variety of chlorine and isobacteriochlorins. Inves tiga t,ions 
into the fusion of these portions are outlined with particular emphasis 

·on the conditions necessary for successful ring closure using a 
photochemical method. In this manner a large amount of Faktor I 
octamethylester was synthesised, relative to amounts previously available. 
For the first time 3-epi Faktor I was synthesised, purified and fully 
charaJcterised. 

A successful method of synthesing a new class of tetrahydro chlorins 
is also described utilising strict oxygen-free conditions. Application 
of this method to the octamethylester of Faktor I resulted in the 
synthesis of a tetrahydro species, existing in two tautomeric forms, 
which were characterised. 

Finally, an account of fee<ling e~periments is given, whereby the 
labelled tetrahydro Faktor I species were incubated with cell-free 
enzyme syst.em from P. shermanii. These experiments indicated that 
the substrate was incorporated into cobyrinic acid (a known precursor 
of vit.amin B

12 ) showing that the next biological intermediate beyond 
uro'gen III has the tetrahydro chlorin oxidation level. 
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Nomenclature 

The IUPAC numbering system used for porphyrins (I) is also employed for 

chlorins (II). 

The rings of bicyclic and open-chain tetracyclic compounds are named as 

follows: The bicyclic species (VI) containing one pyrrole ring and one reduced 

ring are named as derivatives of the pyrrole ring, according to the IUPAC 

system. Bicyclic compounds of the type (VII) and (VIII) containing two pyrrolic 

rings are numbered according to the Fischer system. 
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CHAPTER 1: INTRODUCTION 

1.1 Biological Importance of Vitamin B12 

Although vitamin s12 is ubiquitous in the animal kingdom, it is only 

required in minute quantities. The average daily diet in western countries 

contains 5-30 µg of the vitamin, of this 1-5 µg is absorbed, resulting in a blood 

concentration of only 0.0002 µgmr1. Because it is implicated in a number of 

biological pathways it is necessary for the maintainance of life. 

Vitamin B12 is used in various different forms. Coenzyme s1 2 (3), or 

5'-deoxyadenosyl cobalamin, is required for the action of several enzymes, 

all but one of which have a common denominator - the interchange between 

a group "X" and a hydrogen atom on an adjacent carbon (scheme 1 ). 

Examples are widespread; the enzyme methylmalonyl-CoA mutase is 

involved in the reversible interconversion of methylmalonyl-CoA and 

succinyl-CoA (scheme 2), which is necessary for the mammalian metabolism 

of propionic acid formed from degradation of isoleucine and fatty acids with 

branched chains or odd numbers of carbon atoms. Glutamate mutase (X = 

H3N+C(H)COO-) catalyses the conversion of L-glutamate into 

13-methylaspartate (scheme 3) and is important because biosynthesis of 

glutamate from acetate and pyruvate has been shown to involve !3-methyl 

aspartate as an intermediate 1. Dioldehydrase where X is 'OH' and 

ethanolamine ammonia-lyase, X = NH3, are others of note. 
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In its methylcobalamin form (2) it can act as a methyl carrier from 

Ns-methyltetrahydrofolate to acceptor molecules, an important example being 

the formation of methionine from homocysteine (scheme 4). 

One remaining variant is termed pseudo vitamin 812 and is identical to 

vitamin 812 except that the 5,6-dimethylbenzimidazole moiety is exchanged 

for adenine. This species is found in microorganisms that cannot 

manufacture 5,6-dimethylbenzimidazole. With the 5-deoxyadenosyl group as 

the ligand it exhibits similar catalytic activity to (3). 

As far as is known vitamin 8 1 2 is synthesised exclusively by 

microorganisms - in this respect it is unique among the vitamins. Whenever it 

is found in nature it can be traced back to bacteria or other microorganisms, 

whether growing in soil, water or in the rumen/intestine of some animals. Two 

organisms have been used extensively to study the biosynthesis of this 

vitamin; Propionibacterium shermanii, an organism found in the rumen (which 

gives the highest vitamin 812 yield) and Clostridium tetanomorphum, an 

anaerobe isolated from soil (producing as its main corrinoid, pseudo vitamin 

1.2 Biosynthesis of Vitamin B12 

its 2 has a interest 

as some 
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significant scientific achievements. Much effort in the past ten to fifteen years 

has been put into the elucidation of its biosynthesis - how it is manufactured 

in nature. Since there are excellent detailed reviews of this area5 it is 

sufficient to give a brief summary of present knowledge. 

The biosynthesis can be split broadly into two parts. Firstly the corrin ring 

system is formed to give cobyrinic acid (4). Secondly the amidation of the 

acetic and propionic acid side chains occurs, the nucleotide loop is attached, 

and in the case of coenzyme B12 the nucleoside moiety is appended. It is the 

formation of cobyrinic acid that has drawn most attention. 

Two molecules of 5-aminolaevulinic acid (ALA) (5) condense in a 

Knorr-type pyrrole synthesis to give porphobilinogen (PBG) (6). The enzyme 

PBG deaminase then catalyses the conversion into the tetramer, 

hydroxymethylbilane (7). A separate enzyme, cosynthetase, cyclises this with 

inversion of ring D to give uroporphyrinogen Ill, (uro'gen Ill) (8). This is then 

transformed by a series of steps to cobyrinic acid (4). Inspection of the 

structure (4) indicates that the following distinct changes have taken place: 

1. Methylation at C-1, C-2, C-7, C-12 and C-17 

2. Methylation at C-5 and C-15 

3. Decarboxylation of the acetic acid side chain at C-12 

4. Loss of C-20 

5. Introduction of cobalt. 

Evidence for the nature of the first steps was forthcoming in 1973 when 

Kamin and Siege16•7 reported the isolation of a novel type of haem from the 

sulphite reductase system from Escherichia coli. They identified the metal 
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free prosthetic group to be a dimethylated derivative of uro'gen Ill which they 

termed sirohydrochlorin (9a). Following this sirohydrochlorin, or Faktor II, was 

also isolated from the vitamin B12 producing organisms P. shermanii and C. 

tetanomorphum8 • 11 and soon after a further two pigments were 

discovered9•12• The first possessed the isobacteriochlorin chromophore 

similar to (9a) and was shown9,12,13 to be a trimethylated derivative of uro'gen 

Ill and was subsequently called Faktor Ill, or 20-methyl sirohydrochlorin 

(9b)13,14. The second pigment possessed the chlorin chromophore and, from 

feeding studies using 14C SAM, was shown9,12 to be a mono-methylated 

derivative of uro'gen Ill and was thus termed Faktor I (10). It was later 

confirmed through n.m.r. spectroscopy15 that methylation had occurred in the 

reduced ring. 

Subsequently it was found that labelled Faktors II and Ill were 

incorporated into cobyrinic acid whereas Faktor I was not. 

Except for the aforementioned pigments no other compounds have been 

isolated that have given any further information on the biosynthesis beyond 

Faktor Ill. Some information has, however been obtained on the order of the 

remaining steps. Pulse labelling techniques have been used by two different 

groups to determine the order of the remaining methylations. In this 

technique sirohydrochlori n is incubated with a_ cell free system and a 

deficiency of S-adenosyl methionine (SAM) then, at a carefully determined 

time , a large excess of [methyl-13C] SAM is added. Thus methyl groups 

added at a later stage should contain more 13C than those added earl ier. In 

this manner it has been shown16,17,18 that the order of methylation is C-17 

4 



(15) 

(17) 

Scheme 5 

followed by C-12, C-1, C-15 and finally C-5. 

As to the order of the remaining transformations i.e. ring contraction and 

decarboxylation at C-12, little is at present known. However experiments by 

Muller19 using P. shermanii suggest that cobalt insertion is not the last step, 

as had often been assumed previously. Further, Nussbaumer and Arigoni2° 

found that 5, 15-bisnor-cobyrinic acid (11) and the 5-nor (12) and 15-nor (13) 

analogues are not incorporated into cobyrinic acid suggesting that 

methylation at C-5 is not the last step. It has been shown that C-20 is lost with 

its attached methyl group as a molecule of acetic acid21 and it is feasible that 

this may be the last step. 

1.2.1 The problem of oxidation state 

114) As mentioned above, whereas labelled Faktors II and Ill are incorporated 

(16) 

into cobyrinic acid, Faktor I is not. This result can be rationalised by 

speculating on the enzymic reactions involved: Methylation of uro'gen Ill by 

SAM could give as a possible product the tetrahydrochlorin (14) or its 

t auto me r ( 15). A second methylation would give the 

dihydroisobacteriochlorin (1 6) and a further methylation would give the 

corresponding 20-methyl derivative (17). Since it is unlikely that the 

organism oxidises an intermediate only to reduce it once more it is fai rly 

certain that the real biological intermediates are these reduced forms of the 

isolated pigments and that when exposed to oxygen during isolation, these 

labile systems aromatise readi ly to give the corresponding chlorin and 

isobacteriochlorins. Evidence supporting this theory was soon forthcoming. 

5 
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After treating Faktor I with sodium amalgam incorporation into cobyrinic acid 

was observed, after performing the appropriate feeding experiment, 

indicating that a reduced derivative of l=aktor I (of some description) was a 

biological intermediate 12. More convincing evidence was provided for the 

case of sirohydrochlorin. Battersby et a/22 hydrogenated sirohydrochlorin 

ester (18) over platinum on charcoal (scheme 6) to give the 

15,23-dihydrosirohydrochlorin ester in good yield and, when hydrolysed, this 

material was incorporated 1.5-1.6 times more efficiently than the 

corresponding isobacteriochlorin22 . Further, under strictly anaerobic 

conditions it was possible to isolate a yellow pigment from a cell free 

preparation of P. shermanii and this proved to be identical to the synthetic 

dihydrosirohydrochlorin. 

It is thus highly probable that the true intermediates are the reduced 

derivatives of Faktors I, II and Ill. A logical nomenclature for the precursors to 

the corrin system has recently been suggested23 . Under this s~em an 

intermediate will be identified by "precorrin" with a numerical suffix 

corresponding to the number of C-methyl groups which have been introduced 

from SAM into uro'gen Ill. Thus the first three intermediates beyond uro'gen 

Ill are named precorrin-1, precorrin-2 and precorrin-3 respectively. 

To account for the fact that whereas Faktors II and Ill are incorporated in 

their aromatised forms and Faktc,r I is not, it is necessary to invoke a 

reductase system that reduces administered isobacteriochlorins but not 

chlorins. This may be a specific enzyme or possibly just NAD(P)H acting on 

the enzyme bound substrate. The information known about the first three 

6 
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CHAPTER 2: Previous Approaches to Ch!orjns 

In broad terms there have been two main approaches to chlorins. The 

first approach involves starting with a preformed macrocycle that is relatively 

easy to synthesise or obtainable from natural sources, and subsequently 

modifying it to produce the desired chlorin. In the second, more rational 

approach, the four pyrrolic building blocks possessing the desired 

functionality are preformed and put together in a step-wise fashion before 

cyclising the seco-system to give the chlorin. The advantages and 

disadvantages of each approach will be mentioned, including a few 

representative examples. 

2.1 Porphyrins as starting materials 

Chlorins can be considered as "dihydroporphyrins" which, in simple 

terms, means that if porphyrins can be reduced with addition of one mole of 

hydrogen, a chlorin may be formed. Early approaches were based on this 

rationale. 

Eisner24 reduced the iron (Ill) complex of octaethyl porphyrin (20) with 

sodium in isoamyl alcohol to give the octaethyl chlorin (21) in rather low yield. 

The main problem was lack of specificity. Over-reduction can occur to give 

the corresponding bacteriochlorins or isobacteriochlorins24 • Another 

approach which yields chlorins · blocked to dehydrogenation involves 

oxidation as the first step. If, again octaethylporphyrin is treated with either 

hydrogen peroxide in sulphuric acid25 or osmium tetroxide26, a vicinal diol is 

formed (23) in situ which can then undergo a pinacol-pinacolone type of 

8 



NHCOCH3 Scheme 8 
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(32) 

(30) 

rearrangement to give the oxochlorin (24) in about 20% yield. Modification of 

the carbonyl group26,27 was effected by reaction with phenyl or methyl lithium 

to give the alcohols (25) and (26). In the latter case dehydration with 

phosphorus oxychloride gave the exomethylene compound (28)26 , or 

reduction yielded the methylated chlorin (27)27. 

These methods are useful for the reduction of fairly symmetrical 

porphyrins, however ifAapplied to complex non-symmetrical porphyrins 

regioselectivity would be a problem. There have been various successful 

attempts to introduce regioselectivity. In the classical total synthesis of 

chlorophyll Woodward28, (scheme 8), used a porphyrin that had been built up 

from pyrrolic units containing the appropriate functionality. This porphyrin 

(29) possessed a meso-substituent and this was used to generate the 

reduced ring adjacent to it. When the porphyrin (29) was heated in acetic 

acid, an equilibrium was established between the purpurin (30) and the 

porphyrin. Since purpurins are members of a sub-class of chlorins, this 

reaction represented the first reported instance of reversible interconversion 

of a porphyrin and a chlorin. Hydrolysis of the acetylamino group and 

subsequent Hofmann elimination gave the vi~yl-purpurin (31 ). Photolysis with 

visible light produced the chlorin (32) which, with further modification, was 

converted to chlorin es. 

A very much more recent approach has been successfully employed by 

Montforts29 in the synthesis of geminally alkylated chlorins. Here a 

hydroxyethyl group attached to one ring ensures that this is the one that will 

ultimately end up as the reduced ring. The alcohol (33) obtained from hemin 

9 
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hydrochloride by a known pathway30 , is reacted with N,N-dimethylacetamide 

dimethyl acetal to give the adduct (34) (scheme 9) with an exocyclic double 

bond. In essence, the quaternary centre is created adjacent to the position 

possessing the hydroxyethyl group. Catalytic hydrogenation of this product 

gives the geminally dialkylated chlorin (35) in a respectable 52% yield from 

the porphyrin (33). Presumably, the amide could then be modified to give 

other groups, for example hydrolysis could yield the acetate function as found 

in Faktor I. The usefulness of this method will ultimately depend on how 

tolerant this reaction is to modifications of the alcohol. 

In summary, though the problem of regioselectivity can be solved, it 

remains to be seen how generally applicable these methods are to complex 

systems which demand mild reaction conditions. In recent years the 

alternative 'stepwise' approach has been successfully applied to a variety of 

relatively complex chlorin syntheses. 

2.2 Chlorins from Linear Precursors 

In the following examples, only C-methylated chlorins will be considered. 

The different approaches will be demonstrated utilising different syntheses 

toward the same target. 

One approach to the naturally occurring chlorin bonellin involved 

preforming each of the pyrrolic rings with the functionality at the ~ and W 

as required the 

base condensation with pyrrolinone (39) 

10 
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subsequent formation of the tricyclic thio-imidate. Application of Raserti's 

sulphide contraction procedure31 gave the tricyclic ester (42). Complexation 

with nickel (43) prevented aerial oxidation during the de-benzylation and 

condensation with the bromo formyl pyrrole (44) to form the seco-system (45). 

This undergoes base catalysed cyclisation in the presence of zinc (II) which 

exerts a template effect and can be readily removed acidolytically to give {±) 

bonellin dimethyl ester (37) in a yield of 42% from (40). An inherent 

disadvantage of this 'A plus B plus C plus D' method of ring assembly is its 

linearity. A more convergent, and thus more efficient approach, would be to 

build the molecule up from two halves, each half being made from two 

pyrrolic units. Battersby's synthesis33 of bonellin utilises an analogous 

method and is outlined in scheme 11. The building blocks for the eastern half 

are again a pyrrolinone (46) and a formyl pyrrole (47) which were condensed 

in a yield of 89% to the pyrromethenone (48) which was modified to the formyl 

imidate (49). The carbon skeleton for the western half was established by the 

addition of the nitroethyl pyrrole(50) to the Michael ·acceptor (51) to give the 

adduct (52). Treatment with sodium methoxide formed the nitronate anion 

which was reduced and concomitantly cyclised to give the unsaturated imine 

(53). Acid catalysed condensation of this half with the formyl imidate (49) 

formed the seco-system (54) in situ which was then cyclised photochemically 

to give the chlorin (55), methanolysis of which afforded bonellin dimethyl 

ester (37) in 97% yield from (49) and (53) based on unrecovered starting 

material33• 

Comparison of the above two approaches for building the chlorin 

11 
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chromophore indicates that the latter is preferable because of its 

convergence. A further improvement · could be made by assembling the 

western half from two preformed pyrrole units. The second synthesis also 

possesses the advantage of utilising extremely mild conditions to effect the 

cyclisation of (54) to (55). Up until recently most cyclisations of seco-chlorins 

employed metal ions as templates in basic media32,34,35 • Although 

successful in model cases, results from the corresponding isobacteriochlorin 

cyclisations indicated that yields are significantly reduced when both acetate 

and propionate substituents are present36 and thus may not be applicable to 

natural macrocycles such as Faktor I and sirohyrochlorin. 

2.3 Photochemical Ring Closure 

This method of Harrison was initially developed for isobacteriochlorin 

syntheses. For example the seco-system (58), formed from the condensation 

of the aldehyde (57) with (56), undergoes cyclisation to the isobacteriochlorin 

in a yield of 40% from the bicyclic precursors37. A possible mechanism for 

this reaction , shown in scheme 12, involves equilibration of the initially 

formed seco-system (58) to its exomethylene tautomer (59), which can then 

undergo an 18 1t-electron electrocyclic ring closure to give the macrocycle 

(60), which can lose methanol to yie ld the isobacteriochlorin (61 ). 

Comparison of the seco-system (59) with the corresponding chlorin system 

(62) shows that although the total number of 1t-electrons differ, the length of 

the 7t"'System remains unchanged. Thus, this method of ring closure could be 

applied to chlorin synthesis, and this has already been demonstrated (see 

12 



entarafaclal ( conrotatory) 

RO 

suprafacial (disrotatory) 

Figure 1 

scheme 11 ). The Woodward-Hoffmann rules predict that the 

symmetry-allowed process for an 18' 1t-electron electrocylic reaction is 

photochemically antarafacial (conrotatory) and thermally suprafacial 

(disrotatory). Analysis of the frontier orbitals gives information on the 

necessary conformations for good orbital overlap. In the conrotatory case the 

seco-system has to adopt a helical conformation (figure 1) and it has been 

shown from X-ray data38,40 that this is the most stable conformation for 

systems of this type. For the disrotatory case, however, the conformation 

required for good orbital overlap causes distortion of the 1t-system (figure 1) 

with consequential loss of 1t overlap. It is not surprising, then, to find that 

thermal cyclisation of systems such as (62) does not occur38• 

In conclusion, a synthetic plan for Faktor I should be based on a 

convergent approach starting with four pyrrolic units, building these up to two 

bicyclic halves before formation of the tetracycle - the so called '2+2' 

approach. The method of choice for the cyclisation is the photochemical 

approach, outlined above. 
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CHAPTER 3: Synthesis of faktor J - Eastern and Western 

tfalve.s. 

3.1 Choice of Label 

As mentioned in the introduction, it was intended to make Faktor I in a 

labelled form. The synthetic plan must therefore be designed so that 

incorporation of a label into the molecule will be possible. Before this can be 

discussed it is necessary to look at what sort of a label is required and this in 

turn is dependent upon its role. 

Figure 2 shows the two likely tautomers of tetrahydro Faktor I ester. These 

species can most readily be distinguished by inspection of the hybridisation 

of C-5 and C-20 and the intended label should thus be able to distinguish 

between these. Secondly the label is required to determine whether 

incorporation into cobyrinic acid occurs when the appropriate feeding 

experiment is carried out. The two most commonly used classes of labels are 

radioactive isotopes and nmr detectable isotopes. Use of radiolabels is a 

popular choice because they can be detected with high sensitivity. For 

example carbon-14 or tritium labels can be built into the desired molecule 

with high specific activity such that only very small amounts of materials need 

be used. However use of radioisotopes necessitates special precautions 

during synthesis which can be inconvenient. 

The second class includes isotopes such as carbon-13, oxygen-17 and 

deuterium or any other nmr active isotope with a low natural abundance and 

a reasonable nmr sensitivity. Although this type of label cannot be detected 

in such small quantities as radiolabels, it is safer to handle and the position of 
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its ultimate destination in the molecule can often be more easily determined. 

Use of a 13C label at C-5 of tetrahydro Faktor I satisfies both of the 

requirements mentioned above. Analysis of the tetrahydro chlorin by 13C nmr 

spectrometry would clearly distinguish between an sp2 or an sp3 carbon at 

C-5 by chemical shift. Further, since C-5 is retained intact in cobacid it would 

serve as a label for observing incorporation. Therefore a synthesis must be 

designed such that C-5 of Faktor I can be introduced in labelled form. 

3.2 Retrosynthetic Analysis 

The two possible disconnections, involving two bicyclic halves which in 

turn are made from two pyrrolic units (the '2 + 2' approach), of Faktor I are 

shown in scheme 13. The first, and only, total synthesis of Faktor I octamethyl 

ester37 utilised route 1 essentially because the monothioimide (92) was not 

available. This route led to the successful synthesis of (65) in a yield of 34% 

from the two bicyclic precursors. However there were a number of 

disadvantages to this approach. Firstly, the penultimate step of the synthesis 

of the northern half involved application of sulphur extrusion chemistry to 

introduce what was to become C-20 in Faktor I. This reaction proceeded in 

unacceptably low yield, presumably due to the steric conjestion caused by 

the adjacent quaternary centre. Secondly, loss of the C-4 stereocentre was 

encountered on formation of the thiolactam (67). Finally, this approach does 

not lend itself to an easy introduction of a label except at C-20. Although a 

label at this position could be used for the structural studies, such a labelled 

compound would not be suitable for feeding studies since C-20 is lost prior to 
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formation of cobyrinic acid. A label in any other position would have to be 

built into the molecule at an unacceptably early stage. 

Since that time, however, a route to the thioimide (92) has been 

successfully developed38•39 and this opens up the alternative approach, route 

2. This involves making the chlorin from an eastern and a western half, the 

former possessing what will become C-15 in the target molecule and the 

latter C-5. It is envisaged that the important fusion of these halves will be 

effected by condensation of the nucleophilic a-free bicyclic component (73) 

with the aldehyde (74), which also possesses a good leaving group so that 

the tetracycle can be formed under photochemical conditions. In addition to 

allowing a comparison of the two approaches this route has certain other 

inherent advantages. Unlike route 1, this approach allows application of 

sulphur extrusion chemistry adjacent to a non-quaternary centre and it has 

been found that yields are relatively higher41. Further, the prospect of 

introducing a label at this stage by using a suitably labelled malonate 

derivative is an attractive one since this is one of the last steps in the reaction 

sequence. Finally, the fact that the western half is the same as that required 

for sirohydrochJorin (9a) and, with slight modifications, can be used to 

synthesise Faktor Ill (9b) and the aromatic form of the next possible 

intermediate beyond Faktor Ill ( 9c}, makes this route particularly attractive. 

It was therefore decided to attempt the desired synthesis utilising the 

disconnection outlined in route 2. Synthesis of the eastern half by the method 

of Turner38 will be discussed first, followed by the description of the synthesis 

of the western half following the method of B1ock40. 
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3.3 The Eastern Half-B/C Portion 

The necessary precursors to this bicyclic system are the two pyrroles 

complete with the necessary functionality built into the molecule. Ring B of 

the chlorin is derived from the acetoxy methyl pyrrole (68) and this carries the 

bridging carbon. Ring C is derived from the a-free pyrrole (69). Both pyrrolic 

building blocks are available in large scale by known procedures44,45 

involving conventional Knorr pyrrole synthesis with subsequent modification 

of the pyrrole nuclei to give the required functionality. Coupling of these units 

is effected in dichloromethane and is catalysed by acid to give the 

differentially protected pyrromethane (71) in a yield of 81%. Presumably the 

reaction proceeds via the azafulvene species (76) produced by expulsion of 

acetic acid from (68). This can then react with the nucleophilic a-free pyrrole 

(69) to give the pyrromethane. In this step the required carbon skeleton has 

been established. Transformations are now required to obtain the correct 

oxidation state together with the necessary functionality at the 5 and 5' 

positions. 

The next transformation towards this goal is the selective de-esterification 

of the pyrromethane. Hydrogenation of (71) ov~r palladium on charcoal 

removed the benzyl ester in a yield of 93%. Oxidation to give the 

pyrromethenone (77) was achieved by treatment of the pyrromethane (72FI) 

with bromine in formic acid followed by an aqueous work up. There are many 

possible mechanisms that can be written for this rather interesting reaction. 

Two possibilities are outlined in schemes (14) and (15), both having a certain 
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amount of precedent46 . Previous to this present work the oxidative 

bromination using Turner's procedure38 afforded the pyrromethenone in ea. 

45% yield. Since this step was relatively early on in the synthesis it was 

decided to expend some effort in attempts to improve this figure. 

De-oxygenated formic acid was employed and also various concentrations 

were tried. Eventually the yield was increased to 65% when a comparable 

scale to that of Turner was used. The main contribution was probably due to 

the utilisation of dry, de-oxygenated formic acid. This tentatively supports the 

radical mechanism (scheme 14). 

Treatment of the pyrromethenone (77) with trifluoroacetic acid achieved 

de-esterification and decarboxylation in one step. The a.-f ree 

pyrromethenone thus formed was treated in situ with trimethylorthoformate 

which achieved the desired formylation to give the formyl pyrromethenone 

(78) in a yield of 84% from (77). The final step to create the leaving group 

was effected by methylation of (78) with trimethyl oxon ium tetrafluoroborate 

in the presence of HOnig's base. The yield of 50% was a result of the 

competition between 0- and N- methylation. It was hoped that changes in the 

temperature of reaction would favour methylation of one site over the other. 

Unfortunately, within the range tried, no decrease in the proportion of 

N-methylated product was observed, perhaps because of the reactivity of the 

the 50'%, yield contributed a 

pyrroles and 



(73} 

Scheme 16 

pMe 

(79) 

The two chiral centres of this half add greatly to the complexity of the 

molecule, and consequently this half presents a greater number of synthetic 

challenges. Disconnection of the molecule into two mono-cyclic precursors 

gives, as the two sub-targets, the succinimide (70) and the pyrrole (79). Until 

very recently the ring A portion could only be feasibly obtained in any 

significant quantities by degradation of vitamin 812 to the heptamethyl ester 

of cobyrinic acid (so called "cobester") and then subsequent ozonolysis47. 

This method, however, is expensive and inefficient. Because adequate 

supplies of this material was a prerequisite for successful synthetic studies 

towards Faktors I, II and Ill an alternative source was sought. The bottleneck 

was alleviated when Westwood48 developed a synthesis of racemic material 

by a route amenable to a large scale and this is the method used here. 

The synthesis starts with the methyl allyl succinimide (80) available in 

large amounts by a fairly easy series of reactions47• The acetate group is 

present in masked form as the allyl moiety and so introduction of the 

propionate group is all that remains. The first step involves N-protection, 

effected by treatment with benzyl chloromethylether in the presence of 

HOnig's base. Later in the sequence enolate chemistry is employed and an 

acidic hydrogen on the imide nitrogen would not be compatible with these 

reactions. The propionate group is appended in a stepwise manner; 

deprotonation of (81) with excess sodium hydride and reaction of the enolate 

thus generated with ethyl formate gave the anion (82) in situ, which was 

subsequently treated with diethylchlorophosphate to generate the enol 

phosphate ester (83). The sequence of reactions carried out in situ is 
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concluded by treatment of (83) with the anion of t-butyl methyl malonate 

which reacts in a Michael fashion to yield the alkylated imide (84) in a yield of 

85% from (81 ). Quantitative reduction of the double bond was achieved with 

magnesium in methanol. Generation of the propionate moiety is completed 

by removal of the butoxycarbonyl group and this is effected by treatment with 

TFA followed by thermal decarboxylation, a virtually quantifofi ve process. 

However this afforded a mixture of the trans (87) and cis (86) imides with 

respect to the relative orientations of the allyl and propionate groups in a ratio 

of 1 :2. The desired isomer is the trans imide as can be deduced from the 

structure of ring A in Faktor I (65). Due to problems encountered in the past 

with the equilibration conditions used to obtain the desired epimer, it was 

decided to develop a more reliable and hopefully more efficient method. 

The method used by Westwood48 to obtain the thermodyanmic isomer 

ratio involved treating the imide (86) with a molar equivalent of sodium 

methoxide in dichloromethane. The yields obtained in this way were not 

always reproducible possibly due to the difficulty in rigorously excluding 

moisture. With this in mind, various different methods were tried; 

deprotonation wJth sodium hydride followed by quenching with dilute acid 

worked well, converting this cis:trans ratio from 2:1 to 1 :2. However, use of 

methoxide in catalytic amounts in methanol gave an identical cis:trans ratio 

but with a higher recovery. Although on a small scale this method appeared 

to be quantitative, the recovery dropped when carried out on a large scale to 

a typical 71 %, with some deprotected material (90), also being recovered. 

After work-up the two epimers were partially separated by flash 
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chromatography and the cis imide was then re-subjected to the equilibration 

conditions. In this manner the mixture was converted into the desired trans 

form. 

Deprotection of the imide nitrogen was effected by first removing the 

benzyl group in 90% yield using boron tribromide followed by quantitiatve 

thermal elimination of formaldehyde. The final step, oxidation of the allyl 

substituent followed by esterification proceeded smoothly by treatment with 

ruthenium tetraoxide and sodium periodate followed by diazomethane. 

Contact with diazomethane had to be kept to a minimum, so that the 

N-methylated imide (91) was not produced. After several careful 

recrystallisations the target imide (70) was obtained in 66% yield from the 

olefin (90). 

The planned synthesis of the western half (73) (Scheme 16), requires the 

imide (70), the synthesis of which has just been described, and the pyrrolic 

phosphonium salt (79) which is readily available in large scale45 via the 

pyrrole (66) (scheme 13). It was proposed to couple the two units via a 

thio-Wittig type reaction which requires a monothiomide. Thus the next 

synthetic target is the monothioimide (92). 

If the imide (70) is treated with Lawesson's reagent (93) in toluene at 

reflux the reaction is regioselective but gives the wrong monothioimide (94), 

presumably due to steric factors. The required monothioimide can be 

a series of reactions developed by which 

are 1 

in ne 
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dithioimide (95) in a yield of 76%. Most of the remaining material could be 

accounted for; the monothioimide (94) was recovered, 10% and a previously 

unisolated dithioimide containing a thiocarbonyl group in one of the esters, 

presumably (96), was isolated in 7% yield. Indeed, reaction conditions had to 

be carefully controlled so as to keep production of this thioester to a minimum. 

Methylation of the dithioimide (95) with trimethylorthoformate (TMOF) in 

TFA at O 0 c generated the isomeric thioimidates (99) + (100) in situ which 

were immediately hydrolysed to the separable monothioimides (92) and (94) 

in a approximately 1 :1 ratio and in 87% yield from (95). Though only the 

thioimide (92) is required in this work, the isomeric imide (94) can be utilised 

in parallel syntheses - for example the eastern half of sirohydrochlorin42. 

The TFA/TMOF reagent mixture has been employed twice in this 

synthesis achieving a different outcome each time. During the synthesis of 

the eastern half the a-free bicyclic lactam (97), formed by decarboxylation of 

(77), reacted to give the formyl lactam (78) (scheme 20), i.e. TMOF has 

behaved as a formylating reagent. However treatment of the dithioimide (95) 

gave the thioimidates (99) and (100) and so here TMOF has acted as a 

methylating reagent This is presumably due to the nature of the nucleophile. 

The sulphur in the imide is very 'soft' and so nucleophilically attacks the 

In 

and so attacks 

the a-free pyrromethenone is a 'harder' 

'harder' carbon. 

Now that the correct regioisomeric monothioimide has been obtained, 
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the desired coupling and double bond formation giving the E bicyclic nitrile 

(101) in 76% yield with only 4% of the Z isomer being isolated. Unfortunately 

these conditions caused unwanted epimerisation at the 4'-centre. Although 

formally termed a 'thio-Wittig' reaction it is unlikely that the mechanism is of 

the Wittig type45• Excess base is required in this reaction for reasonable 

yields suggesting that the product is formed by a different route. One 

possibility is shown in scheme 21, whereby the pyrrole (79) eliminates 

triphenylphosphine to give the highly reactive azafulvene species (102) 

which can then be attacked nucleophilically by the thioimide (92) through 

sulphur to give the thioimidate (103). In the presence of more base (103) can 

be converted to the epi-sulphide (104), subsequent attack by 

triphenylphosphine and loss of triphenylphosphine sJphide gives the product 

(101 ). An alternative mechanism is shown in scheme 22. Initial attack by the 

thioimide (92) occurs via sulphur onto the ylide, subsequent formation of the 

four-membered cyclic intermediate followed by elimination of 

triphenylphosphine sulphide affords the product ( 1 O 1 ). Again , this 

mechanism requires more than one mole of base. 

Th is coupling reaction creates the carbon skeleton for the final target. 

What remains, is for the cyano moiety to be removed and the introduction of 

the carbon atom that will become C-5 in Faktor I. 

Reduction of the nitrile group to the aminomethyl moiety (105) was 

achieved with Raney nickel in acidic media. Because of ease of lactam 

formation this was converted immediately to the corresponding methyl 

sulphonamide (106) by treatment with methanesulphonyl chloride and 
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dimethyl aminopyridine, 67%. When heated in anisole in the presence of a 

molar equivalent of N,N'-diethyl-1,2-diaminoethane this undergoes a 

'reverse-Mannich' reaction, eliminating the two carbon fragment to give (75), 

conveniently completing the removal of the cyano group. The reaction 

proceeds in 50% yield but the sulphonamide (106) is also isolated in 29% 

and can be recycled. A plausible mechanism is shown in scheme 24. The 

first step involves protonation at the bridge position before expulsion of the 

Mannich fragment. The added base is present to 'trap out' this frag ment 

otherwise the product itself could act as the trapping agent, forming the 

unwanted adduct (107). Analysis of the mechanism indicates that a proton 

source may be necessary for reaction to occur. However, added acetic acid 

failed to force the reaction to go to completion neither did it impart any 

beneficial effect on yields. 

It is interesting to note, at this point, the overwhelming benefits of field 

desorption mass spectrometry in the analysis of reaction products. A 

conventional electron impact mass spectrum of the methyl sulphonamide 

(106) showed that the ion of highest molecular weight possessed a mass of 

711, apparently indicating that serious side reactions were occurring. It was 

not until a field desorption mass spectrum was obtained showing a single ion 

at 699 (the molecular weight of (106)) that it was clear that the reaction was in 

fact proceeding as required. Apparently, the sulphonamide (106) was 

undergoing a spontaneous 'reverse Mannich' reaction on the heated probe 

was a 

mass mass a 
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because of its mildness and its ability to show molecular ions intact. 

Conversion to the thiolactam (109) in readiness for the sulphur extrusion 

procedure was effected in 70% yield by heating in toluene with Lawesson's 

reagent; 20% of the starting material was also isolated. Following Block's 

procedure40,42 it was intended to make the enamine (110) by reaction of the 

thiolactam (109) with di-t-butyl bromomalonate (116). Since it was 

envisaged that this is the point at which the 13C label would be introduced it 

was thus first necessary to synthesise the labelled malonate derivative (116). 

Synthesis of [2-13C] malonic acid was achieved using a literature 

procedure50 starting with 91 atom % [2-13C] acetic acid (scheme 25). 

a-Bromination using the Hell-Volhard-Zelinsky reaction followed by 

displacement with cyanide gave cyanoacetic acid. Hydrolysis of the nitrile 

moiety with concentrated hydrochloric acid afforded the [2-13C] Malonic acid 

(114) in a yield of 83% from (112). The next step, conversion to the di-t-butyl 

ester (115), proved problematic. A relatively common procedure is the 

reaction of the acid with isobutene in the presence of acid51 . However when 

attempted on anything other than a very large scale, yields were 

disappointingly low, 201%, being typical. It was thus decided to use the mild 

method developed by Hassner52 involving esterification with tert-butanol in 

a 

the diester was obtained yield. Transformation to 

bromo derivative (116) was effected by generating the silyl ketene acetal 

(11 in 
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problem of dibromination inherent to the conventional bromination procedure 

using bromine in carbon tetrachloride. This completes the synthesis of the 

labelled malonate, which gave an overall yield of 64% from acetic acid (112). 

Treatment of the thiolactam (109) with DBU in the presence of the 

bromomalonate (116) generated the thioimidate (117) in situ, heating this 

adduct in toluene with more DBU and triphenylphosphine effected the 

desired sulphur extrusion to give the labelled bicyclic enamine, (11 Oa) and 

(110b), in 60% from (109). Although double bond migration, as observed by 

Turner38,39, has been avoided by using this route, unwanted epimerisation 

has still occurred. However the desired epimer (11 Oa) predominates in a 

ratio of 5.3:1. 

This, then, completes the synthesis of both halves. What remains is their 

fusion to form the seco complex before cyclisation to the chlorin. 
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CHAPTER 4: 

SYNTHESIS OF FAKTQR 1-CYCUSATION 

There are a number of ways to assemble the two halves of a chlorin or 

isobacteriochlorin ready for photochemical cyclisation. The most frequently 

used approach in the past, was to generate the leaving group (LG.), 

necessary for the photochemical ring closure, in one half prior to condensing 

the two halves to form the seco-compound. This approach is shown as route 

1 (scheme 27). All of the steps from generation of the a-free bicyclic imine, to 

the photochemical cyclisation are carried out in situ, which means there may 

be problems encountered in controlling the reaction, the yield may be 

affected due to side products and optimisation of conditions may be difficult. 

An alternative approach, (route 2) is where one half contains a functionality, 

R, which at a later stage can be modified into a leaving group necessary for 

the ring closure. The two halves are condensed to form a seco-chlorin 

system which could then be isolated and purified before modification of 'R' 

into the appropriate leaving group. Clearly this route has the advantage of 

possessing a series of discrete and hopefully controllable reactions. These 

different approaches will be considered in turn. 

an 

indications that this approach may 

generated the tetracyclic imine lactam 

1 1 

possible came when 

in a yield of 65°/o from the two 
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0-methylation was not possible and it was found necessary to convert (120) 

into the thiolactam (121 ), by the treatment with Lawesson's reagent. 

S-methylation could then be effected by treatment with TMOF in TFA and, 

after removal of the TFA/TMOF and basification, the thioimidate was then 

subjected to the photochemical cyclisation conditions. In this manner the 

isobacteriochlorin (63) was formed in a yield of 51 % from the bicyclic 

precursors (118) and (119). This approach was not only high yielding but 

was found to be consistent, whereas inconsistency was a problem that was 

beginning to plague other routes to chlorins and isobacteriochlorins at this 

time. 

With this firm precedent from isobacteriochlorin syntheses, it was decided 

to attempt a similar approach on a chlorin system. To do this a model system 

was chosen (122) which was identical to Faktor I in rings B, C and D but ring 

A was simplified - whilst still maintaining a quaternary centre. This chlorin 

had been synthesised before38 by a different route and so an assessment of 

the two routes could be made. 

The already available enamine38(123) when treated with trifluoroacetic 

acid underwent conversion to the a-free imine (118) which could, with care, 

be isolated in a yield of 60%. Coupling was then attempted with the aldehyde 

of half I (see chapter 

of a mixture two halves with methanolic hydrogen 

chloride effected condensation in a disappointing yield of 53%, which meant 

was in a 

more 
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problematic. A number of conditions using both Lawesson's reagent and 

phosphorus pentasulphide were tried. The majority of conditions destroyed 

the starting material and only effected a small amount of conversion to the 

thiolactam (125). The best conditions were treatment of the lactam (124) with 

Lawesson's reagent in toluene at reflux which produced the thiolactam (125) 

in a meagre yield of 20%. Clearly this route was not feasible and so was 

abandoned. One interesting observation, however, may be of future use. 

During attempts to purify and characterise the tetracyclic imine thiolactam 

(125) it was clear that some cyclisation to the chlorin (122) was taking place. 

The 1 H nmr spectrum indicated a relatively clean mixture of the thiolactam 

(125) and chlorin (122) in a ratio of ea 4.5:1. It was not clear exactly how this 

surprising transformation was occurring. Experiments on the analogous 

isobacteriochlorin system (121) also showed that cyclisation of the thiolactam 

occurred to some degree. What was surprising was that cyclisation occurred 

in the absence of light in chloroform solution. Clearly, more work is 

necessary to understand the behaviour of these systems more fully. 

Returning to the problem in hand, a different approach to the thiolactam 

(125) was attempted. Since the thionation of the seco-system was failing, 

possibly due to steric factors, it seemed sensible to attempt to introduce the 

sulphur at the bicyclic stage. Treatment of the formyl lactam (78) with the 

common thionating reagents could plausibly effect the conversion to the 

thiolactam (126) or the thioformyl thiolactam (127) either of which would be 

synthetically useful. In the event, a whole range of conditions using 

Lawesson's reagent and phosphorus pentasulphide failed to produce any of 
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the desired products. Evidently the pyrromethenone (78) must be resistant to 

thionation, as was the seco-system (125) which was surprising since similar 

systems, such as (128) , were thionated54 under a range of conditions and at 

low temperatures. This may be another example of the way in which the 

electronic effect of the acetic, and to a lesser extent propionic, acid moieties 

are changing the behaviour of a system. 

Route 2 (scheme 27) thus seemed to have little potential in chlorin 

synthesis. It was thus decided to direct efforts towards approaches based on 

route 1 , the traditional approach to photochemical cyclisations. 

4.2 Incorporation of a leaving group into the eastern half 

This approach, though fairly well established, was not without its 

problems. The main reason being that a systematic study of conditions had 

not been fully carried out. 

The first attempt at cyclisation followed conditions worked out for various 

model chlorins and were those used by Turner38 to make the chlorin (122). 

The first step involved treatment of the enamine (123) with trifluoroacetic acid 

to generate the a-free imine (118), as before. This was condensed in situ in 

TFA with the formyl imidate (74) which was subsequently irradiated with 

visible light in strict absence of oxygen. Disappointi'ngly, the yield was a poor 

7% from the enamine (123) with up to 70% of the formyl imidate (74) being 

recovered. A methodical study of each step showed that the a-free imine was 

being produced in a yield consistent with other studies so the problem 

appeared to be in the condensation step. This was confirmed when isolation 
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of the seco-chlorin (129) was attempted, but could only be isolated in very 

small amounts. 

It was only after great effort and much experimentation that it was found 

that the key to the problem was the manner in which the TFA was purified. In 

the initial experiments the TFA had been rigorously dried by fractional 

distillation in the presence of a small amount of trifluoroacetic anhydride, in 

keeping with previous work40. Past thinking followed the argument that if 

moisture was present the labile imine-imidate (129) generated in situ would 

be hydrolysed to the corresponding lactam (124), which would then fail to 

ring-close. If, however, the TFA was instead simply fractionally distilled a 

number of times, condensation of the two halves proceeded well and the 

s e co-chlorin was isolated in reasonable amounts. Full 

condensation/cyclisation experiments were then attempted, and the chlorin 

was thus produced in a yield of 45% from the enamine (123) which was an 

improvement on Turner's yield of 27%38. Evidently a certain moisture content 

in the TFA is necessary for efficient condensation! Rationalisation of these 

observations is difficult but is in agreement with an observation made during 

the synthesis of sirohydrochlorin40 . Condensation of the two halves in this 

isobacteriochlorin synthesis did not occur in TFA unless a trace amount of 

methanol was present. Surprisingly methanol had no beneficial effect on the 

condensation with 
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4.3 The Last Hurdle 

With the above understanding of the condensation the outcome of the 

application of the conditions to the Faktor I system was viewed with optimism. 

The enamine (110) was treated with TFA to effect conversion to the a-free 

imine (73), which was then reacted with the formyl imidate (74) in situ. 

Dilution of the TFA solution with dry THF followed by basification with HOnig's 

base ensured that any seco-chlorin formed was present as the free base. 

After irradiation with visible light at wavelengths >540nm, Faktor I (and its 

epimer) was isolated in less than 10% yield. Again it was necessary to 

investigate the series of reactions step-by-step. This in itself was difficult in 

view of the small amounts of the western half available. Exploratory reactions 

had to be performed on a scale of less than a milligram. 

By analytical t.l.c. the decarboxylation to generate the a-free imine (73) 

appeared to be occurring. Analysis of the major product by F.D. mass 

spectrometry, however, indicated that an alternative reaction was occurring 

with only small amounts of the desired imine being produced. Further 

investigations were not aided by the failure to identify this side product. 

Although the enamine (11 O) had been extensively purified it was 

possible that some trace impurity may be catalysing an alternative reaction 

course. Various attempts were thus made to this material further using 

was 

startling; chromatography using diethyl ether as eluent followed treatment 

it case an it 
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equally as likely that a trace impurity has been added at this stage. One 

possible theory was that the stabiliser added to ether to prevent oxidation, 

"butylated hydroxy toluene" (BHT), may be causing this behaviour. However 

addition of this anti-oxidant in TFA solution to the enamine (110) did not have 

the same beneficial effect as the chromatography. This was a rather 

unsatisfactory conclusion to the problem since neither the reason for the 

reaction failure nor the solution to the problem was fully understood. Further 

experiments were required which would have necessitated use of very 

valuable material. Nevertheless, progress could, at least, be made towards 

the goal. 

With the knowledge that the imine was being generated it was with 

confidence that further cyclisations were attempted. The series of reactions 

(scheme 33), however, again only produced Faktor I ester (65) and epi-Faktor 

I ester (143) in less than 10% yield from (110 ). Together with the green 

chlorin was isolated a non-fluorescent green pigment which was rather labile, 

but could be stored at -20 °c. Its proton nmr spectrum is shown in figure 3. 

There are three peaks at 5.50, 6.61 and 6.87 ppm which are consistent with 

bridge protons of a non-aromatic system. A broad doublet at 1.51 ppm 

indicated that the 13C labelled imine methyl is intact. The field desorption 

mass spectrum showed a single peak at 991, identical to the mass of the 

s rn In order 

pigment, a sample of the a-free imine 

im the 

nrnr 

33 

unambiguously the identity of this 
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exhibited identical HPLC behaviour. Apparently the cyclisation step was not 

going to completion. Longer irradiation times failed to increase the yield. 

Furthermore, when this pigment was irradiated in THF solution in the normal 

manner, with or without base, no chlorin was detectable, the pigment was 

simply recovered unchanged. 

To suggest possible reasons for the failure of ring closure, it is necessary 

to look at the mechanism. The initial product of condensation is the 

imine-imidate (72). However, in order that the electrocyclic reaction can 

occur, the seco-system (130) with the exo-cyclic double bond has to be 

present, i.e. a vinylogous enamine. One reason for the failure may have been 

that the equilibrium was lying far towards the imine form (72). Deuterium 

exchange experiments carried out in pyridine with d4-methanol present failed 

to show any observable exchange at this methyl group, indicating that 

tautomerisation may not be occurring under these conditions. 

It has been reported55 that in general terms the imine-enamine 

equilibrium can be shifted towards the enamine form by a) use of polar 

solvents and b) increase in pH. Thus a series of experiments were tried in 

which the seco-system was irradiated in a variety of solvents and bases. For 

example polar solvents such as DMSO and bases such as proton sponge 

and pyridine. All experiments proved negative - no trace whatsoever of the 

chlorin could be detected. 

With so many problems encountered, culminating with this seemingly 

insoluble one, it was decided to try an alternative approach. A review of 

previous isobacteriochlorin and chlorin photochemical cyclisations revealed 
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that modification of the enamine (western half) could have beneficial effects 

er-c,\,,.;, ,,e.. 
both for a.-free/(formation and subsequent condensation and cyclisation. For 

example, treatment of the enamine (132) with TFA generated the a-free 

e 
enamine (133) in an isolated yield of 60%. Condensation with the aldhyde 

(134) and subsequent irradiation afforded the isobacteriochlorin (135) in 

42% from (132).40 In parallel chlorin studies38 the macrocycle (136) was 

formed in a yield of 37% from (132), an increase of ea. 10% over the 

synthesis of (122). The carboxybenzyl group appears to impart two 

advantages. Firstly it stabilises the a-free species resulting in higher yields of 

this product and making isolation and purification possible. Secondly, and 

perhaps more importantly, it ensures the fixation of the enamine tautomer 

required for successful ring clC5i.tre. With this precedent it was decided to 

apply this approach to the present system. 

Using the same brominating conditions as used for the di-t-butyl malonate 

case, the benzyl t-butyl bromomalonate (137) was formed in a similar yield. 

Reaction with the bicyclic thiolactam (109), as before, afforded the enamine 

(138) in a yield of 79% over the two steps. Application of the 

deesterification/decarboxylation conditions used previously, i.e. treatment 

with gave a low yield of the a-free enamine (140). However if the t-butyl 

were 

effected thermally by heating the diacid in toluene, the a-free enamine 

was in g was 

a on 
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decarboxylation. 

The crucial series of reactions remained. Condensation of the a-free 

enamine (140) with the formyl imidate (74) and subsequent irradiation using 

the standard conditions produced no fluorescent material, indicative of 

chlorins. A green pigment was isolated and it was shown to be the 

seco-system (141) so evidently whereas condensation had been successful 

ring closure had not. Resubjection of the seco-chlorin (141) to the cyclisation 

conditions only succeeded in degrading the material. The most likely reason 

for this failure is that the seco-system (141) is now too sterically conjested for 

cyclisation to be energetically feasible. 

The only alternative, at this stage, was to return to the original system 

where at least some amounts of Faktor I could be produced. The results, to 

date, were puzzling; Faktor I was formed in low yield with the seco-chlorin 

being recovered. However no chlorin could be generated from this material. 

If the seco-chlorin (72) was dissolved in TFA, diluted with THF and then 

basified with HOnig's base, (the conditions of the condensation step) 

subsequent irradiation produced Faktor I (65), and (143) in a yield of 11 % 

which was a remarkable result. Previous to this result no conversion to the 

chlorin was observed when the seco-system (72) was irradiated in THF 

solution in the presence of HOnig's base. The cyclisation just described 

differed only in the fact that trifluoroacetic acid had been present prior to 

basification with base. Reproduction this reaction variable 

control Ii 
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HOnig's base and TFA was made. When the seco-system (72) was irradiated 

in the presence of this in a solution of THF containing a small amount of 

toluene, Faktor I ester (65) , together with its epimer (143), was generated in 

an impressive 42% yield. Furthermore, this method proved to be 

reproducible which was important in view of the small amounts of material 

available. 

The possible utility of the acid/base salt in the initial cyclisation of the 

seco-system formed in situ from the condensation of the two halves was 

obvious. Deprotection of the bicyclic enamine in the usual manner produced 

the a-free imine (73) which underwent smooth condensation with the formyl 

imidate (74) to give the seco-system. The TFA was removed, and the 

seco-chlorin was irradiated in a large excess of a solution of the HOnig's 

base/TFA salt in 10% toluene in THF. After work up Faktor I ester was 

isolated in a yield of 23%, almost doubling previous yields. The seco-chlorin 

(72) was also recovered in 24% yield but could be recycled as above in good 

yield. In this manner Faktor I could be synthesised in a yield of 33% from 

(110), which is comparable to the yield of 34% obtained by the alternative 

disconnection39. It is difficult to provide a convincing rationalisation of the 

improved yields when the salt was utilised. Since the salt contains a weak 

base, trifluoroacetate anion, and a proton source, diisopropyl ethyl 

m 
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Figure 4 

400 MHz 1H n.m.r spectra of Faktor I octamethyl ester. 
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from endogenous sources 15• As a result of the epimeric nature of the western 

half, the chlorin produced was a mixture of diastereoisomers in a ratio of 

3.2:1, (65) to (143). Separation was achieved by preparative t.l.c.15 and 

finally h.p.l.c.15 to give Faktor I octamethyl ester (65) rigorously pure. This 

material was shown by h.p.l.c., mass spectrometry and u.v./visible 

spectroscopy to be identical with authentic Faktor I isolated from Clostridium 

tetanomorphum.15 Comparison of the respective 1H nmr spectra (figure 4) 

also show the two compounds to be identical save for the fact that the 

synthetic material contains a 13C label at C-5 and so the C-5 proton appears 

as a doublet (J = 155.2Hz). 

For the first time, it was possible to isolate and fully characterise 

3-epi-Faktor I octamethyl ester (143). Inspection of the 1H nmr spectrum 

(figure 6) indicates a number of differences. In an attempt to assign the 

spectrum a 2D homonuclear J-correlated (COSY-45)63 experiment was 

performed at 400 MHz, and the results are shown in figure 5. In particular, the 

3-H proton can be distinguished by the coupling seen between its resonance 

at 4.68 and the diastereotopic hydrogens of the adjacent 3-propionate group 

at 2.05 and 2.62 ppm. These are also coupled to the multiplet at 2.30 ppm, 

identifying this as the remaining hydrogens on the propionate chain. 

Application of n.0.e. difference spectroscopy64 enabled the through space 

connectivity 

6. 

signals to be established. The n.O.e.'s are displayed in 

interest is the 

group on 

38 

for 

is irradiated, and 

resonance 

versa 



Figure 6 

Results of n.O.e. difference spectroscopy on 3 - epl • Faktor I. 

1 
400 MHz H n.m.r. spectrum of 3. epi - Faktor I. 

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 ppm 

acetate group, something that had only been assumed previously, thus 

confirming the epi-Faktor I structure. Combining the remaining n.0.e.'s with 

the data obtained from the COSY experiment enabled a complete 

assignment of the 1H nmr spectrum. Comparison to the Faktor I spectrum 

indicates that the resonance corresponding to the 3-methyl group, (1.81 ppm) 

and the 20-H resonance (8.82 ppm) have both moved upfield relative to the 

corresponding Faktor I ester resonances. 

A successful route to Faktor I octamethyl ester has thus been established. 

Unfortunately due to paucity of material, a rigorously logical approach to 

understanding the behaviour of these systems has not been possible. It 

does, however, highlight the changes in behaviour of systems such as these 

when the full complement of acetate and propionate substituents are present. 

It is clear from this work and parallel work on isobacteriochlorins that the extra 

substituents on the A and B rings, relative to models, and also additional 

meso-substituents have a profound effect on the chemical behaviour of such 

systems and, in general, add a great deal of complexity to their synthesis. 

Indeed, in view of recent discoveries29•5s a better route to complex 

chlorins may involve generating the chlorin chromophore with simplified 

substituents prior to modification of the substituents to the desired 

functionality. 
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CHAPTER 5: INVESTIGATIONS INTO REDUCED CHLORINS 

5.1 Physical Properties 

The aim of this present work is the synthesis of the tetrahydro chlorin 

(144), or its tautomer. This represents the addition of four hydrogen atoms to 

the chlorin nucleus or, in other words, a four electron reduction of the chlorin. 

The reduction potentials for chlorins, have been studied for various 

systems57,58. One report58 describes the various electrochemical reduction 

potentials for tetraphenyl chlorin (scheme 37). Three distinct reduction 

potentials were observed equivalent to the addition of four electrons. The first 

two being one-electron reductions and the third a two electron reduction. 

U.V./visible spectral data of the species produced at the third potential imply 

that full conjugation of the aromatic system has been lost and it is likely that 

this species is a chlorin-phlorin anion58. This study shows that the tetrahydro 

oxidation state is obtainable at reasonably low potentials implying that the 

required species is accessible. A cyclic voltammogram was obtained for the 

model system (122) and this showed two distinct one electron reversible 

reduction potentials at -1.33V and -1 . 7V. Unfortunately the next reduction 

potential was not observable since electrolysis of the solvent occurred before 

this could be attained. 

5.2 Previous Approaches to Reduced Chlorins 

There have, in the past, been a wide variety of methods used for the 

reduction of chlorins, producing an equally wide variety of products. In 1952, 

Dorough and Mi ller59 hydrogenated tetraphenyl chlorin (145) in the presence 
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of Raney nickel to give a dihydrochlorin which was formulated as the 

bacteriochlorin (146) or the isomeric isobacteriochlorin. In this example a 

double bond had simply been reduced from the periphery leaving the 

aromatic 1t-system undisrupted. Clearly this has no practical utility for this 

present work. Later work by Eisner6° was centred on the iron (Ill) complex of 

octaethylchlorin (147). Treatment of the metallochlorin with sodium in boiling 

isopentyl alcohol afforded a mixture of products including an 

isobacteriochlorin and a bacteriochlorin. The tetrahydrochlorin (148) was 

also formed which represents a reduction of a peripheral bond but also 

disruption of the aromatic 1t-system by reduction of a bridging double bond. 

Again, this is not the product that is required but this result is more promising 

since the tetrahydro oxidation state has been achieved by reduction of a 

non-peripheral double bond. Studies by lnhoffen61 used a different 

approach. Electrochemical reduction of the chlorin (149), at its second 

polarographic stage, on a preparative scale effected a two electron reduction. 

Here, an aromatic double bond has been reduced to give the chlorin-phlorin 

(150) which was unstable to oxidation. This is a particularly encouraging 

result since the . ~hlorin-phlorin, or dihydrochlorin, is part way towards the 

desired target (144). 

In conclusion, a variety of reducing conditions have been attempted 

yielding different classes of reduction products, none of which are directly 

applicable to the present studies. Evidently choice of reducing agent and 

conditions will be critical. Since the product will be unstable towards oxygen, 

anaerobic conditions will be imperative and this means performing all 
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operations in a glove box with an oxygen-free atmosphere utilising rigorously 

deoxygenated solvents and reagents. 

5.3 Model Studies 

Preparative electrochemical reduction could be used as a starting point 

for investigations of the reduction. However, since the third reduction 

potential occurs beyond the limit that most common solvents impose this did 

not appear to be feasible. Furthermore, the difficulty of separating the 

electrolyte from the product and applying this method in the glove box made it 

even less attractive. Since there was no other precedent from previous 

chlorin work, it was decided to use, as a starting point, the conditions that 

were used to generate the corresponding dihydro species from 

sirohydrochlorin22. 

Because of the limited amounts of Faktor I available, it appeared logical to 

establish viable reduction conditions using a model. This would also provide 

valuable comparative data, for example the 13C nmr chemical shifts for C-5. 

The model system chosen for these investigations was the gem-dimethyl 

chlorin (122) - a good mimic of Faktor I since it only differs in the substitution 

pattern in ring A whilst still maintaining a quaternary centre. When this chlorin 

(122) was hydrogenated over 5% platinum on charcoal utilising rigorously 

deoxygenated solvents and reagents, a variety of products were obtained 

on 

A 16 h produced two major compounds, isomeric with each 

- m.s. 
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oxidation state. If a shorter reaction time was employed such that the reaction 

was not allowed to go to completion, a compound with a weak blue 

fluorescence was produced. This fluorescence proved fortuitous since this 

meant that separation by preparative t.1.c. was relatively easy - visualisation of 

colourless compounds in the glove box being particularly difficult. This 

species had a molecular ion of 818, representing a compound at the desired 

tetrahydro chlorin oxidation level. Comparison of its 1 H nmr spectrum to that 

of the corresponding chlorin (figure 7) highlight some significant differences. 

Firstly, the presence of what appear to be three N-H resonances at low field 

(7.76, 8.66 and 9.22 ppm) is indicative of a nonaromatic macrocycle, i.e. the 

x-electron system in the ring has been disrupted. For comparison, the N-H 

resonances in the chlorin appear at ea. -1.87 ppm. The single signal in the 

4-6 ppm region (figure 7b) is indicative of a hydrogen on an unsaturated but 

non-aromatic bridging position. Hydrogens on saturated meso-positions, on 

the other hand, would appear at higher field and both types have significantly 

different chemical shifts to the meso-hydrogens in the chlorin which appear at 

the extreme low-field end of the spectrum at 8-11 ppm (figure 7a). The fact 

that there are three distinct N-H signals and only one unsaturated 

meso-hydrogen imply two possible alternative structures, (151) and (152). 

To distinguish between these possibili t ies n.O.e. difference 

spectroscopy64 was employed. lrradia tion of the methyl groups on ring A 

(1.01 ppm) caused enhancement of the unsaturated meso-resonance at 5.89 

and the -CH2 protons adjacent to it on ring A (figure Sa). Irradiation of the 

resonance at 5.89 in turn caused an enhancement of the methyl groups and 
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also of the acetate CH2 protons on ring D at 3.58 (figure Sb). Irradiation of the 

remaining signals provided a large number of n.O.e.'s and this enabled a 

complete assignment of the 1H nmr spectrum, by establishing through-space 

connectivity all the way around the macrocycle (Figure 9). The structure was 

thus unambiguously shown to be (151) which was exactly the type of 

reduced system that was proposed to exist on the biosynthetic pathway 

towards vitamin B12· The small contaminating peaks are attributable to the 

tautomer (152) and integration of the two sets of peaks shows that (151) 

predominates in a ratio of 5.4:1. Confirmatory evidence for the structure of the 

two tautomers was provided when the chlorin (122) labelled with carbon-13 

at C-5 was reduced in the same manner. The 13C nmr spectrum contained a 

major peak at 30 ppm attributable to C-5 in the major tautomer (151) and is 

consistent with an sp3 carbon resonance, and a smaller peak at 105 ppm due 

to the sp2 C-5 carbon in the minor tautomer (152). This data was to provide a 

useful standard for the corresponding Faktor I reductions. 

A careful study of the space-filling models of the two tautomers failed to 

show any unfavourable steric interactions that would favour the 

predominance of either isomer. It was thus somewhat surprising to find that 

one tautomer predominated over the other. It is possible that the ratio 

represents the kinetic rather than thermodynamic ratio of products. 

As expected the tetrahydro chlorin proved to be very labile, being 
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development of an indirect method. A small aliquot was 'titrated' with a 

methanolic iodine solution in a u.v. cuvette causing smooth oxidation back to 

the chlorin which could then accurately be quantified by u.v. assay. In this 

manner a lower limit for the yield of reaction could be calculated. Though 

successful for the majority of experiments this method did not always prove to 

be reliable. A method developed later employed DDQ 

(2,3-dichloro-5,6-dicyano-1 ,4-benzoquinone) to dehydrogenate the 

tetrahydro chlorin and though oxidation took longer (16 h) this method proved 

more reliable. In this manner, the yield of the reduced chlorin was calculated 

at 16%, with 7.5% of unreacted chlorin being recovered. Obviously this limits 

the synthetic utility of this method. Attention was thus turned towards 

optimisation of the reduction. A major problem that had to be overcome was 

that of over-reduction. Even when the reduction was only allowed to proceed 

to partial completion products of lower oxidation state than the tetrahydro 

chlorin were produced. Use of different catalysts resulted in no 

improvements. Hydrogenation over 5% platinum on barium sulphate yielded 

little product, whereas platinum oxide afforded the tetrahydro chlorin in 9% 

yield with 7% chlorin being recovered. Since it appeared that catalytic 

hydrogenation was not going to be successful, attention was directed towards 

other reducing agents. 

Uroporphyrinogen m (154) is often required for incorporation studies and 

it is usually prepared from uroporphyrin Ill (153) (scheme 40) by treatment of 

n sodium-mercury amalgam in water1 , thus achievi a 

si one 
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conditions to reduce Faktor I for his biosynthetic studies 12. Both uses 

involved the octa-acid of the tetrapyrrole and so the outcome of the 

application to an octaester system was viewed with a certain amount of 

scepticism. 

Treatment of the chlorin (122) with 3% sodium-mercury amalgam in dry 

methanol (as the proton source) containing dry THF (to aid solubility) rapidly 

discharged the green pigment and its concomitant red fluorescence. The 

tetrahydro chlorin, displaying characteristic blue fluorescence, was isolated 

but a large amount of what appeared to be hydrolysed chlorin was also 

produced. Modification of the work-up procedure virtually eliminated the 

hydrolysed material and resulted in a much improved yield of 56% of the 

tetrahydro species with 17% of unreacted chlorin being recovered, i.e. 67% 

based on unrecovered starting material. On larger runs another reduced 

chlorin was detectable which possessed a molecular ion of 820 which 

represents a hexahydro chlorin. Thus, over-reduction was still occurring but 

only to a minimal extent. 

Analysis of the 1 H nmr spectrum of the tetrahydro species indicated that 

the two tautomers were produced in an identical ratio to the previous 

hydrogenation conditions. This would tend to imply that the tautomeric ratio 

observed is the thermodynamic one since it is unlik_ely that the kinetic ratio 

would be identical for both sets of reduction conditions. Evidently there must 

be some driving force that favours one tautomer over the other and this is not 

obviously steric. 

Now that conditions have been found that have been successful on the 
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model system, application to Faktor I can proceed. 

5.4 Reduction of Faktor I Octamethylester 

When Faktor I ester (65) (diasteromerically pure) in a solution of 3% THF 

in dry methanol was treated with sodium-mercury amalgam the green colour 

rapidly faded, as observed with the model system. Preparative t.l.c. 

separated a colourless product possessing blue fluorescence from unreacted 

chlorin. Field desorption mass spectrometry indicated that the molecular ion 

represented the addition of four hydrogens and this was confirmed when an 

accurate mass measurement was obtained (great care!) on the molecular ion, 

and so the reaction appeared to have produced the compound of the 

required oxidation state which was very pleasing. Its 1 H nmr spectrum (figure 

10) was complex because two tautomers were present in the ratio of 1.4:1 in 

contrast to the ratio of 5.4:1 found for the model. The predominant tautomer, 

however, remained the same, (155) as the peaks in the 5.5-6.5 ppm region 

indicate. The singlet corresponds to the hydrogen in (155) attached to the 

unsaturated C-20 carbon. The small triplet corresponds to the hydrogen on 

the unsaturated carbon-13 labelled C-5 in the minor tautomer (156). The 

off-resonance 13C spectrum confirmed these findings. The major peak 

appeared as a triplet at 29 ppm corresponding to .the sp3 C-5 atom in the 

tautomer This 

ppm, section 

shift shows that 

A peak appeared as a doublet at 1 

ppm attributable to the sp2 C-5 atom in the tautomer (156), again the chemical 

(1 case 
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Figure 11 COSY - 90 spectrum of (155) / (156) at 400 MHz 
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Clearly the driving force favouring one tautomer over the other has 

diminished as ring A has become more substituted. 

Due to the complexity of the 1 H nmr spectrum assignment of the signals 

proved difficult. Application of n.O.e. spectroscopy64 , as before, failed 

probably due to the combination of weak n.O.e.'s (molecular weight = 963) 

and paucity of material (ea. 0.2 mg of each tautomer). The 2D homonuclear 

J-correlated (COSY-90)63 spectrum at 400 MHz, however, provided valuable 

information (Figure 11 ). The numerous cross-peaks close to the diagonal in 

the 2.2-3.4 ppm region reflect the many coupled protons on the propionate 

side chains. The cross peak correlating the multiplet at 3.0 ppm region with 

the two small broad multiplets in the 1.6-1.9 ppm region shows coupling 

between the protons nearest the ring of the 3-propionate group and the 3-H 

proton on ring A (3.0 ppm). This important result rules out the possibility of 

the alternative tautomeric form (157) since this would have no 3-H proton . 

The 3-H proton is in turn coupled to a signal in the 3.6-3.8 ppm region which 

is consistent with long range coupling to the two protons on the unsaturated 

C-5 atom. Thus, the product of reaction is almost without doubt a mixture of 

the two tautomers (155) and (156) with the whole of the 1 H spectrum 

bearing close analogy to the model. 

The yield, as determined by dehyrogenation by DDQ, was calculated at 

4 7% with 9.5% of unreacted Faktor I ester being recovered. As mentioned 

earlier, this figure represents the lower limit of the yield since the assay 

process may not be quantitative. Both the chlorin formed by oxidation of the 

tetrahydro chlorin and the unreacted chlorin were found, by h.p.l.c., to be 
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diastereomerically pure thus identical to the starting material, demonstrating 

that these conditions do not epimerise Faktor I. This is an important result, 

since only the trans isomer is likely to be a substrate for the B12 producing 

enzyme system. Further, since the cis isomer could plausibly cause inhibition 

of the methyltransferases it is important that amounts of this isomer are kept to 

a minimum. 

Since the tautomeric ratios for this system were so different to the model 

system, it was decided to look for conditions where interconversion of the 

tautomers was clearly taking place so that it was possible to know whether 

these ratios reflected the true equilibrium ratios. Because of valuable nature 

of the reduced Faktor I derivatives, the model system (151) and (152) was 

used instead. Treatment of the tautomeric mixture (151) and (152) with 

deuterated methanol effected no visible incorporation of deuterium into the 

molecule. However treatment with deuterated trifluoroacetic acid effected 

deuteration of the C-15 and C-1 O meso-positions but no deuteration of the 

C-5 and C-20 positions was observed. This would tend to imply that 

equilibration did not occur under these conditions. There thus seemed no 

easy means of interconverting the tautomers. 

Unfortunately separation of the two tautomers was not possible under the 

constraints that operating in a glove box imposed. Thus it will not be possible 

to determine which of the tautomers is present in the biological system -

though it is not beyond possibility that a mixture of tautomers is generated 

from enzymic methylation of uro'gen Ill. 

In conclusion, the oxidation state has been precisely determined and the 
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structure of the reduced chlorin established. What remains is to establish 

whether this species synthesised represents the true biological intermediate. 
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CHAPTER 6: INCORPORATION STUDIES 

6.1 Preparation of Enzyme System 

The cell-free enzyme system from P. shermanii has been extensively 

used in the Battersby group. A review of the different biosynthetic studies 

show that incorporations of standard substrates such as sirohydrochlorin, 

PBG and uro'gen Ill have led to inconsistent incorporations over the 

preceding decade. For example, incorporations of 14C-labelled 

sirohydrochlorin have been as high as 57%65 but have dropped to less than 

1 % in other studies66 using identical procedure. In general, two broad areas 

can be identified where problems can occur. The first is the preparation of the 

substrate for feeding. Needless to say, if the integrity of the substrate is not 

maintained good incorporation will not be observed. Secondly problems can 

arise in producing a consistently efficient enzyme system, since there are so 

many variables to control. 

Work by Boente67 on sirohydrochlorin highlighted the difficulties that can 

arise during hydrolysis of the substrate. As in this work, sirohydrochlorin is 

usually purified and stored as its octamethylester thus hydrolysis to the 

octaacid is necessary prior to feeding. It was found67 that when small 

amounts of material(< 0.5 mg) were hydrolysed significant side products (e.g. 

lactones) could result. If, however, hydrolysis was performed in strict absence 

of oxygen, these products could be virtually eliminated. 

one. important factors exist. 

n a ' it 
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imperative to have good, healthy cells. Handa69 has recently discovered that 

both the way that the cells are grown and the origin of the culture are 

important. For example, it was important to grow the cells from stock cultures 

each time rather than to propagate the same culture again and again. 

Evidently the enzymes in successive generations of cells become less and 

less efficient. 

Handling of the cell-free system:/ P. shermanii only produces 

vitamin 81 2 when grown anaerobically it is important to minimise the 

exposure of the cell-free system to oxygen. Further, as soon as the cells are 

broken the enzymes will gradually denature and inactivate. Thus, the time 

from the breaking of the cells to the start of the incubation with the substrate 

should be kept to a minimum. Also the rate of enzyme inactivation will vary as 

the temperature which means lower incubation temperatures should prolong 

enzymic activity. 

Quality of co-factors: One of the co-factors that is added to the 

enzyme system is S-adenosyl-L-methionine (SAM). As the chloride salt it is 

relatively unstable at room temperature, decomposing to 

S-adenosyl-L-homocysteine (SAH). As for most SAM dependent 

methyltransferases, SAM:urogen-methyltransferase from C. tetanomorphum 

is sensitive to inhibition by SAH69. Since it was almost certain that this would 

case it was 

use high purity SAM from a reliable sourcess,ss. 
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L, 

and it is likely that this is the case for the corresponding enzymes from P. 

shermanii. If a substrate is incubated with an enzyme system without any 

control of pH during the incubation, the pH of the system at the conclusion of 

the incubation period (16 h) can drop below pH 6. Monitoring the pH 

indicates that despite the presence of phosphate buffer (pH 7.4) the pH can 

drop rapidly in a few hours, causing inactivation of the methyltransferases 

equally as rapidly. Two workers68•70 have found that if pH was controlled 

during incubation, higher incorporations resulted. 

With the above considerations and results, a number of modifications 

were made to the way the cells were grown, the manner in which the enzyme 

system was prepared and how the incubation was performed68• As a result, it 

was possible to obtain consistent incorporations of sirohydrochlorin into 

cobyrinic acid of ea. 16%68• Confident that reliable enzyme system could be 

prepared, it was felt safe to proceed. 

6.2 Incorporation of tetrahydro Faktor I into Cobyrinic Acid 

Although the structures of the tetrahydro derivatives of Faktor I ester have 

been established, it was important to ensure that the hydrolysis conditions did 

not cause a structural change. The model system was chosen f or the initial 

experiments. The two 13C labelled tautomers (151) and (152) were treated 

with 2M aqueous piperidine71 for 16 h at room temperature. Analysis of the 

products by 13C nmr spectroscopy showed that no structural change was 

detectable. A change was observed, however, in the tautomeric ratio. A 

decrease from 5.4:1 to 3.0:1 was observed but this was not worrying since it 
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was planned to feed a mixture of tautomers in any case. During these 

investigations it was discovered that the octa-acid of the tetrahydrochlorin, 

prepared above, was extremely labile. The initial, almost colourless, solution 

rapidly became turquoise in colour even in an oxygen-free environment. In 

view of this lability and considering the very small amounts of the reduced 

Faktor I derivative available, the corresponding experiment was not carried 

out on this system. However, since there has been sufficient analogy 

between the two systems in the past, it was fairly certain that the reduced 

Faktor I derivative would stand up to the hydrolysis conditions and so 

attention could be directed towards the feeding experiments. 

In total 1.8 mg of tetrahydro Faktor I was available. However in real terms 

this figure is much less since this is racemic and so only half will be of the 

correct enantiomer and this still represents a mixture of tautomers - only one 

may indeed be incorporated. To achieve an appropriate loading of the 

enzyme system with susbtrate it was thus decided to perform three identical 

incubations feeding ea. 600 µg of tetrahydro Faktor I each time, and 

subsequently pooling the cobacid produced from each run. 

The tetrahydro Faktor I octamethyl ester (155) and (156), was hydrolysed 

in the glove box with 2M aqueous piperidine for 16 h71 and then incubated 

with a freshly prepared cell-free enzyme system obtained from 40 g of P. 

cells (scheme ). was monitored constantly over the h 

period. levels observed sirohydrochlorin, 

relatively small amounts of cobyrinic acid would have been produced (ea. 

in run so it was a amou 
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unlabelled cobyrinic acid (15. 7 µg) at the end of each run to act as carrier 

during isolation and purification but without significantly diluting the 13C 

enrichment. The cobacid was separated from the enzyme system using a 

procedure developed by Handa68 (scheme 41) and final purification was 

performed by f.p.l.c. (Fast Protein Liquid Chromatography) using a reverse 

phase semi-preparative column. This technique is similar to gradient h.p.l.c. 

except that the pressures used are significantly lower (ea. 1 MPa) and is much 

better suited to separations involving aqueous solutions. 

The cobyrinic acid from the three incubations were combined after 

purification and analysed by 13C nmr spectroscopy. Since it was possible 

that only microgram quantities of labelled cobyrinic acid were produced 

optimum signal/noise was necessary which meant careful choice of nmr 

conditions. A pulse angle of 50° was chosen with a small acquisition time 

and no delay between acquisitions. Accurately calibrated composite pulse 

decoupling using a low decoupler power to minimise heating the sample was 

utilised for proton-noise decoupling and to obtain the n.0.e's from the 

protons. The resultant spectrum is shown in figure 12c. 

Though not unambiguously assigned, the 13C nmr spectrum of cobyrinic 

acid (161) (figure 12a) bears such a close analogy to the (fully assigned) 

spectrum of its heptamethyl ester ("cobester") (162) that the resonances at 

105.6 and 106.9 ppm can jointly be assigned with confidence to C-5 and 

C-15 (figure 12b). It is with less certainty that the two peaks can be assigned 

specifically to either C-5 or C-15 but by analogy to cobester the low field 

resonance should be attributable to C-5. The spectrum of the labelled 
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cobacid (figure 12c) clearly shows the presence of a strong signal at 106.8 

ppm indicating that 13C has been incorporated into the C-5 position of 

cobyrinic acid. Although a quantitative measure of the incorporation was not 

possible, judging by the strength of the signal, the incorporation of tetrahydro 

Faktor I must have been at least in the same order of magnitude as that of 

sirohydrochlorin, the standard. One other peak appeared in the spectrum 

and this did not coincide with any cobacid resonance and thus was almost 

certainly some impurity. To show this unambiguously, the cobacid was 

diluted with more carrier (100 µg) and esterified under mild conditions using 

boron trifluoride in methanol19 . The resulting heptamethyl ester was 

subsequently purified by repetitive preparative t.l.c. This procedure removed 

the impurity whilst retaining the peak attributable to C-5, confirming the first 

result. However, during the process of esterification the structural integrity of 

the macrocycle was not maintained. Instead of one peak at the desired 

chemical shift, there appeared first a cluster of two peaks and, on further 

"purification", a cluster of 3 peaks. Evidently when minute quantities of 

material are esterified and subsequently purified unwanted side reactions 

can become a problem. What may have happened in this case is that 

lactonisation has occurred to give compounds such as (158) together with the 

cobester. These derivatives would have very ~imilar but not identical 

chemical shifts for C-5. However the combination of the two results means 

that the outcome of the feeding experiments is unambiguous. 

Because of the above evidence, it can be stated that precorrin-1 is a 

tetrahydro chlorin and possesses the structure (159) or (160). Indeed, it is 
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not beyond the bounds of possibility that the product of enzymic methylation 

of uro'gen Ill is a mixture of two tautomers, (159) and (160), both of which 

could be methylated further to give precorrin-2. In conclusion, it is with 

confidence that scheme 42 can be presented as an accurate representation 

of part of the biosynthetic pathway of vitamin 812· 



CHAPTER 7: CONCLUSION 

Specifically labelled racemic Faktor I octamethyl ester has been 

synthesised for the first time. A novel reduced chlorin was generated from this 

and its oxidation state and structure was determined. Feeding experiments 

proved that tetrahydro Faktor I is an intermediate on the vitamin B12 pathway. 

Chapter 3 describes the synthesis of the two bicyclic halves of the chlorin 

using a general method that could be applied to variety of chlorins and 

isobacteriochlorins. 

Chapter 4 describes investigations into means of fusing the bicyclic 

halves together to form the macrocycle. Through this work it was found that 

both the conditions needed to prepare the western portion and those required 

to cyclise were critical, emphasising the sensitivity of these systems to 

experimental conditions. Comparison with previous work 33,38 emphasises 

the effect that changes in the substituents and substitution pattern have on the 

behaviour of such systems. Though the amounts of material available 

precluded a totally logical and rational approach to investigating the fusion 

and cyclisation characteristics of the system, valuable information was 

nevertheless gained about the required conditions which will be useful for 

future synthetic work on chlorins and isobacteriochlorins. This understanding 

should make the way clear for larger scale syntheses of pigments such as 

I, 

also lighted the that can be encountered when 

synthesis of molecules of such complexity is undertaken - prediction 



directed towards developing syntheses utilising simplified precursors. Once 

the macrocycle has been formed, modifications can be made to produce the 

desired functionalities. Recent approaches have been quite encouraging29,56. 

Chapter 5 describes the development of a successful method to 

synthesise a new class of extremely labile reduced chlorins using strict 

anaerobic conditions. Application of these conditions to a chlorin modelling 

Faktor I produced predominantly one tautomer and this was rigorously 

characterised. When applied to the octamethyl ester of Faktor I, this protocol 
J 

produced two tautomers possessing the tetrahyro chlorin oxidation level. 

Structures have been assigned to these based on spectroscopic data. 

Chapter 6 describes the feeding of the tetrahydro Faktor I tautomers to a 

cell-free enzyme preparation of the vitamin B12 producer P. shermanii. The 

substrates were converted efficiently into cobyrinic acid (a known precursor of 

vitamin B12) thus proving that precorrin-1 has the tetrahydro chlorin 

oxidation level and is likely to have the stucture (159) and/or (160). It is 

possible that both tautomers are produced in the biological system and that 

both are converted into vitamin B12· The method used to obtain these results 

demonstrates that the feeding of C13 labelled substrates to organisms that do 

not give high incorporations is feasible, primarily due to an isolation 

technique68 that avoids excessive dilution of the label. · 



CHAPTER 8 EXPERIMENTAL 

8.1 General Directions 

Melting points were determined on a Kofler hot stage apparatus, and are 

uncorrected. Mass spectra were recorded on A.E.I. MS30, MS12 and MS50 

machines; field desorption (FD) mass spectra were run on the latter, all other 

spectra were obtained by electron impact (El). The results are presented as : 

m/z value (assignment, peak height as a percentage of the base peak). 

Proton n.m.r. spectra were recorded on Varian EM390 (A, 90MHz), Bruker 

WM250 (B, 250MHz) and Bruker AM400 (C, 400MHz) spectrometers. For 

spectra run in the continuous wave mode (A), tetramethylsilane or the solvent 

proton signal were used as standards, whilst for spectra run in the Fourier 

transform mode (B and C), the solvent signal was used as standard. 

Chemical shifts are given on the o- scale with tetramethylsilane at 8 = Oppm. 

The following abbreviations are used : br - broad, s - singlet, d - doublet, t -

triplet, q - quartet, m - multiplet. The solvent used was deuterochloroform 

unless stated otherwise. All chlorinated n.m.r. solvents were passed through 

basic alumina grade I directly prior to use. U.v./ visible spectra were recorded 

on a Kontron UVIKON 860 spectrophotometer, and positions of absorption 

ma are given nanometers. Figures in parentheses are, unless 

stated, the - ,-
ve- i es . Infra - red spectra were 

on a 0 as in 

are 
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given in reciprocal centimetres, using polystyrene as standard. 

Analytical thin layer chromatography (t.l.c.) was performed on commercial 

Merck plates coated to a thickness of 0.25mm with Kieselgel 60 F254 silica. 

Preparative t.l.c. was carried out using lager plates (20 x 20cm) coated to a 

thickness of 0.25mm or 1 mm with Merck Kieselgel 60 F254 . Tetrapyrrolic 

compounds were purified on Merck type 5721 or 11845 plates, coated to a 

thickness of 0.25mm with Kieselgel 60, without fluorescent indicator - the 

latter with a concentration zone. Silica for column chromatography was 

Kieselgel 60 (70-230 mesh) or Kieselgel 60 (230-400 mesh), the latter for 

"flash" chromatography. Alumina for chromatography was Fluka type 507C 

grade Ill neutral. 

Removal of solvents in vacuo was carried out at water pump pressure on 

a Buchi rotary evaporator and at a temperature of 30°C, unless stated 

otherwise. All solvents were redistilled, dichloromethane, chloroform and 

diethyl ether (denoted by "ether") being stored in the dark. Methyl acetate was 

distilled from anhydrous potassium carbonate. Unless otherwise stated 

magnessium sulphate was used to dry organic solutions. 

Solvents and reagents marked with an asterisk* were purified as 

indicated below: 

Anisole - fractionally distilled argon, at atmospheric pressure. 

Benzyl chloromethyl - fractionally distilled reduced pressure 

- distilled under argon from potassium, at atmospheric pressure, 

A 
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Tetrachloromethane - passed through an alumina column (grade 1 , basic) 

immediately prior to use. 

Chloroform - passed through an alumina column (grade 1 , basic) 

immediately prior to use. 

DBU (1,8-Diazabicyclo[S.4.0]undec-7-ene) - distilled under argon, at reduced 

pressure. 

Dichloromethane - passed through an alumina column (grade 1 , basic) 

immediately prior to use. 

Ethyl Formate - stirred over calcium hydride for 24h, then distilled from fresh 

calcium hydride and stored over 4A molecular seives. 

Formic acid - 98% formic acid stirred for 12h with boric anhydride under 

nitrogen and fractionally distilled twice under argon, at 

atmospheric pressure. 

HMPA (hexamethylphosphoramide) - stirred with calcium hydride at 1 oo0c 

for 1 h, then distilled at reduced pressure and stored over 

4Amolecular seives. 

Hunig's base (N, N diisopropylethylamine) - stirred for 12h with calcium 

hydride and distilled from calcium hydride, under argon, at 

atmospheriic pressure. 

Methanesulphonic acid - distilled under argon at reduced pressure. 

pressure. 

Methanol - distilled magnesium methoxide atmospheric 

over molecular seives. 



N,N' -Diethyl-1, 2-diaminoethane - distilled from calcium hydride under argon, 

at reduced pressure. 

Pyridine -distilled from potassium hydroxide, stored over potassium hyroxide 

pellets. 

Tetrahydrofuran (THF) - distilled under nitrogen from potassium / 

benzophenone, immediately pror to use. 

Toluene - heated in a Dean Stark apparatus for 4h and fractionally distilled 

under argon, at atmospheric pressure. 

Trifluoroacetic acid (TFA) - fractionally distilled three times under argon, at 

atmospheric pressure, the first and last 25% of the distillate 

being discarded each time. 

Trimethylorthoformate (TMOF) - distilled under argon at atmospheric 

pressure. 

Trimethyloxoniumtetrafluoroborate - washed with dry ether, and dried at 

0.1Torr. 

Triphenylphosphine - recrystallised from hexane. 

General directions for cyclisations 

The starting materials were azeotropically dried with toluene* and futher 

dried under high vacuum (0.01 Torr). All reagents and solvents were 

as use. 

and every attempt was 

ring irradiation was 

were or via a 
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pressure of argon. Tetrahydrofuran was degassed by heating to reflux under 

nitrogen for 8h and the reaction solution proir to irradiation was degassed 

using a minimum of three cycles of "freeze/pump/thaw". All aqueous solutions 

were prepared from glass - distilled water and A.R. grade reagents. Sodium 

sulphate used for drying organic solutions of tetrapyrrolic compounds was 

also A.R. grade. 

General Directions for Operations carried out in the Glove Box. 

The glove box used was a custom made glove box based on a Faircrest 

system. Nitrogen was used as the inert atmosphere, oxygen being removed 

continuously by circulating over a nickel catalyst. Reagents, equipment e.t.c. 

were transferred in and out of the glove box via a large posting port which 

was subjected to numerous evacuation/nitrogen flushing/evacuation cycles 

before opening to the glove box. All operations were thus carried out at [02] ~ 

5ppm, the oxygen concentration being accurately determined by a solid state 

Systech EC 90M continuosly sampling meter. 

All samples, reagents and chromatographic materials were thoroughly 

deoxygenated before transferal into the glove box, utilising one of three basic 

methods: 

1. volume solvents- Argon was passed through the solution while it 

was a 1 

then distilled, under argon, at atmospheric 

a 



cycles of "freeze/pump/thaw" under argon at 0.05 

torr and transferred into the glove box under 

vacuum. 

3.Powders, solids, t.l.c. plates- After purging well with argon, deoxygenation 

was achieved by evacuation at 0.01torr for a 

minimum of 16h before being transferred into 

the glove box under vacuum. 



s.2 Experimental tor Chapter 3 

5-Benzyl 5' -t-butyl 3,4 '-bis(2-methoxycarbonylethyl)-3' ,4-bis 

(methoxycarbonylmethyl)-2,2'-methylenedipyrrole-5,5'

dicarboxylate (71 ). 

t-Butyl-3-(2-methoxycarbonylethyl)-4-methoxycarbonylmethyl-pyrrole-2-

carboxylate (69) (10.00g, 30.74mmol) in dichloromethane* (160ml) was 

added to a stirred solution of benzyl-5-acetoxymethyl-4-

(2-methoxycarbonylethyl)-3-methoxycarbonylmethyl-pyrrole-2-carboxylate 

(68) (13.26g, 30.74mmol) and tosic acid monohydrate (591 mg, 3.074mmol) in 

dichloromethane* (100ml) under argon. After 3.25h the solution was washed 

with saturated aqueous layer sodium hydrogen carbonate solution and the 

aqueous was back extracted with dichloromethane (3x20ml). The combined 

extracts were dried and concentrated in vacuo and the residue was purified 

by column chromatography (alumina [6.5x4.5cm] ,eluted with 0~50% ether in 

dich lo ro methane). Recrystallisation from dich lo romethane-ethe r-hexan e 

afforded the pyrromethane as white fluffy crystals (17.33g, 24,9mmol, 81 %). 

m.p.: 92-ss0c 

Found: 696.2893 C35H44012N2 requires 696.2894 

nmr(C): 1.51 (9H, s, C(CH3)3); 2.48 (2H, t, 7.9Hz, CH2CH~02); 2.58 

t, t, 

66 



3.61, 3.63 and 3.72 (each 3H, s, 4xC02CH3); 3.91 (2H, s, methane CH2); 

5.22 (2H, s, PhCH2); 7.76-7.38(5H, m, c 6H5); 9.96 and 10.10 (each1H, br 

s, NH). 

m/z(FD): 696 (m+, 100%) 

U.v.(CHCl3): 265nm 

5-Carboxy 5'-t-butyl 3,4'-bis(2-methoxycarbonylethyl)-3' ,4-bis 

(methoxycarbonylmethyl)-2,2'-methylenedipyrrole-5'-carboxylate 

(721\). 

The foregoing pyrromethane was dissolved in methanol* (530ml) and 

stirred with 10% palladium on charcoal (400mg) under an atmosphere of 

hydrogen at ambient temperature for 1 h. The solution was filtered through 

Celite and the filter pad was washed well with methanol (600ml). The filtrate 

was evaporated in vacuo to give a pink gum which slowly solidified on 

cooling. Recrystallisation from dichloromethane - ether - hexane (total volume 

125ml) afforded the pyrromethane carboxylic acid as pale pink needles 

(13.39g, 22.09mmol, 93%). 

m.p.: 138-141oc. 

Found: 606.2430 C29H33012N2 requires 606.2425 

nmr (C): 1.53 (9H, s C(CH3)3); 

t, t, 

6 



t, 7.9Hz, CH~H2C02); 3.59 and 3.82 (each 2H, s, 2x CH~02); 3.65, 

3.67, 3.68 and 3.70 (each 3H, s, 4x C02CH3); 3.94 (2H, s, methane CH2); 

10.81 and 11.19 (each 1H, brs, 2x NH). 

m/z(FD): 606(M+, 100%) 

taButyl 3,4'-bis(2-methoxycarbonylethyl)-3',4-bis(methoxy 

carbonylmethyl)-pyrromethenone-5'-carboxylate (77). 

The foregoing pyrromethane carboxylic acid (72ft)(100mg, 0.165mmol) 

and sodium formate (44.8mg, 0.659mmol) were suspended in formic acid* 

(0.2ml) (degassed by bubbling argon through the liquid for 4h.) and the 

suspension was stirred at o0 c under argon. A 1 M solution of bromine in 

degassed formic acid* (0.33ml, 0.33mmol) was added slowly to the solution 

resulting in immediate effervescence. Stirring was continued for 15min at ooc 

and then allowed to warm up to room temperature for 1 Omin whereupon it 

was added to ice (8g) and diluted with dichloromethane (10ml) and brine 

(10ml). The organic layer was separated and the aqueous layer was 

extracted with dichloromethane (5x 15ml). The combined organic extracts 

were washed with saturated aqueous sodium hydrogen carbonate solution 

and the aqueous layer was then extracted with dichloromethane (5x 15ml), 

the addition a small 

were combined and fi 

conce vacuo a 

separation. 

ne, 

organic 

and 

was 



washed with ether (3x 3ml) and the ether insoluble material purified by p.l.c. 

(2x 1 mm plates, eluted with 30% methyl acetate in dichloromethane) which 

afforded the pyrromethenone as a bright yellow solid (62.3mg, 65.5%). This 

was recrystallised from dichloromethane-ether to give yellow needles. 

m.p.: 173-176.soc 
:"e<;\ IA 1 ,e..') 

Found: 576.2317/\C28H36011 N2 

U.v. (CHCl3); 413,387, 261nm 

nmr (C): 1.56 (9H, s, C(CH3)3); 2.55 (2H, t, 8.0Hz, 4'-CH2CH~02); 2.60 

(2H,t, 7.9Hz, 4'-CH~H2C02); 3.55 and 3.57(each 2H, s, 2x CH~02); 

3.66 (6H, s, 2x C02CH3); 3.65 and 3.68 (each 3H, s, 2x C02CH3); 6.10 

(1 H, s, C:CH); 9.34 and 9.45 (each 2H, br s, 2x NH) ppm. 

m/z (FD): 576(M+, 100%) 

5'-Formyl-3,4'-bis(2-methoxycarbonylethyl)-3' ,4-bis(methoxy 

carbonylmethyl)-pyrromethenone (78). 

The foregoing pyrromethenone t-butyi ester (77) (6.02g, 10.44mmol) was 

I) 

1. 

a-free appears blue/green when sprayed 

was 



with TMOF (17. 75ml). After 1 Smin no a-free pyrromethenone was detectable 

so the reaction mixture was diluted with water (418ml) and stirred for 1 Omin at 

o0c then 15min at ambient temperature. After dilution with dichloromethane 

(500ml) the organic layer was separated and the aqueous layer extracted 

with dichloromethane (Bx 200ml). The combined organic extracts were dried 

and evaporated in vacuo to give a yellow solid. Recrystallisation from 

dichloromethane-hexane afforded the formyl pyrromethenone as a yellow 

crystalline solid (4.41g, 8.74mmol, 84%). 

m.p.: 206-21ooc (dee) . 
.eq1.1i ~e.::, 

Found: 504.1729/\ C24H2801 ON2 

U.v.(CHCl3): 423,383, 272nm 

2.90(2H, t, 7.5Hz, CH~H2C02); 3.10 (2H, t, 7.5Hz, CH~H2C02); 3.59, 3.62 

(each 2H, s, 2xCH2C02); 3.66, 3.67, 3.68 and 3.69 (each 3H, s, 4xC02CH3); 

6.19 (1H, s, C=CH); 9.76 (1H, s, CHO); 10.38 and 10.94 (each 1 H, br s, 

2xNH)ppm 

m/z (FD): 504 (M+, 100%) 

5'-Formyl-5-methoxy-3,4'-bis(2-methoxycarbonylethyl)-3' 

The foregoing rmyl methenone (90. , 0.18m ) 

trim nium uoro mol) were disso n 



dichloromethane* (12.5ml) under argon. To the stirred solution Hunig's base* (0. 7ml, 

4mmol) was added over a few minutes whereupon a darkening of the solution was 

observed. After 30min the mixture was diluted with dichloromethane (20ml) and 

water (50ml) and the organic phase was separated, washed with water (30ml), dried 

and concentrated in vacuo. The residue was purified by preparative t.1.c. (2mm 

indicator-free commercial plate.eluted with 20% methyl acetate in dichloromethane). 

The bright yellow product band (Rf.=0.35) was removed and extracted with methyl 

acetate (20ml). Removal of solvent and subsequent drying (0.1torr) yielded the formyl 

imidate as a yellow crystalline solid (46.96mg, 0.906mmol, 50%). 

m.p.: 98-102°c. 

req.,\.-e..:;, 

Found: 518.1900/\C25H30010N2 518.1900 

U.v. (CHCl3): 423, 383, 272nm. 

nmr (B): 2.55 and 2.61 (each 2H, t, 7.6Hz, 2x CH2CH~02): 2.83 and 3.06 (each 

2H, t, 7.6Hz, 2x CH~H2C02); 3.39 and 3.60 (each 2H, s, 2xCH2C02); 3.63, 

3.64 (each 3H, s, 2x C02CH3); 3.67 (6H, s, 2xC02CH3); 4.10 (3H, s, 5-0CH3); 

6.50 (1 H, s, C=CH); 9.72 (1 H, s, CHO); 11.88 (1 H, br s, NH) ppm. 

m/z (FD): 518 (M+, 100%). 

). 

(1.07g, 7mmol) in 

(100ml) was an A 

71 



Hunig's base* (1.30g, 1.75ml, 1 O.Smmol) in dichloromethane* (1.3ml) was 

added and the reaction mixture was stirred at o0c for 1 Smin. A solution of 

benzyl chloromethylether* (1.316g, 1.17ml, 8.43mmol) in dichloromethane* 

(7ml) was slowly added to the stirred reaction mixture over 1 Omin. The 

solution was stirred for 20h at room temperature, then washed with 

hydrochloric acid (2M, 10ml) and brine (10ml). The organic phase was dried 

and evaporated in vacuo to give a yellow oil (2.04g). Purification by column 

chromatography (silica,[16x2.4cm] eluted with 50% ether in hexane) afforded 

the protected succinimide as a yellow oil (1.45g, 5.3mmol, 76%). 

nmr (C): 1.24 (3H, s, CH3); 2.22 and 2.37 (2H, ABX m, JAB 41 Hz, JBX 18.2Hx, 

JAX 13Hz, CHACHa CH:CH2); 2.32 (1H, d, 18.4Hz, CHACHBCO); 2.64 (1H, d, 

18.4Hz, CHACHaCO); 4.59 (2H, s, PhCH20); 4.97 (2H, s, NCH2); 5.09-5.14 (2H, 

m, H~=CH); 5.56-5.61 (1 H,m, H2C=CH); 7.24-7.31 (5H, m, CsHsCH2)ppm 

(cis,trans)2-Allyl-N-benzyloxymethyl-3-(2-methoxycarbonyl-2-t

butoxycarbonylethylidenyl)-2-methylsuccinimide (84). 

A 50% oil dispersion of sodium hydride (3.63g, 75.Smmol) was washed 

under argon with hexane (3x 10ml) and after drying the sodium hyrdride 

under the argon stream it was suspended in THF* (135ml). A solution the 

) (1 ethyl 6.2ml) 

(55ml) was added and and was washed in with THF* (5ml). The 

was 1 

was 



to o0c and treated with diethylchlorophosphate (16.24g, 13.6mmol, 92mmol). 

Stirring was continued for 1 h at room temperature. In a separate flame dried 

· flask, a solution of methyl t-butyl malonate (13.159g, 75.47mmol) in THF* 

(65ml) and HMPA* (22ml) was slowly added under argon to a suspension of 

hexane-washed 50% oil dispersion of sodium hydride (3.90g, 81.2mmol) in 

THF*(82ml). After hydrogen evolution had almost ceased the solution was 

cooled to o0c and transferred through a cannula into the solution of the encl 

phosphate prepared above. The resulting mixture was stirred for 16h at room 

temperature and carefully treated with saturated aqueous ammmonium 

chloride solution (180ml) which caused precipitation. After the bulk of the THF 

had been removed in vacuo the residue was diluted with water (100ml) and 

extracted with hexane (6x 100ml). The combined organic extracts were dried 

and evaporated in vacuo. The orange residue was chromatographed on 

silica (750g, [26x8.5cm]) eluting with 33->50% ether in hexane gave initially 

unreacted methyl t-butyl malonate and then the addition product as a pale 

yellow viscous oil (14.66g, 32.05mmol, 85%). 

Found: 400.1379, C21 H22N07 (M+-C4Hg) requires 400.1396 

nmr (B): 1.31 (1.4H, s, CH3, E- isomer); 1.32 (1.6H, s, CH3, Z-isomer); 

1.45 (9H, s, C(CH3)3; 2.27 (2H, m, C=CCH2); 3.75 (3H, s, C02CH3); 4.56 

(2H, s, PhCH20); 4.95-5.65 (3H, m, CH=CH2); 5.01 (2H, s, OCH2N), 5.69 

(0.55H, 1 

(1 H, 1 



m/z (FD): 458 (M+, +1). 

( cis, trans) 2-AI lyl-N-ben.zyl oxymethyl-3-(2-methoxycarbonyl-2-t

butoxycarbonylethyl)-2-methylsuccl ni mide (85). 

The foregoing succinimide (84) (3.151 g, 6.89mmol) was dissolved in 

methanol* (35ml) and stirred with magnesium turnings (1.3g) for 5.2h. The 

reaction was cooled in an ice bath when the reduction became too vigorous. 

The reaction mixture was then acidified with concentrated hydrochloric acid 

(11 ml) and diluted with water (13ml). The aqueous phase was then extracted 

with dichloromethane (4x 20ml) and the combined organic extracts were 

dried and concentrated in vacuo to give the reduced succinimide as a yellow 

oil (3.12g, 6.80mmol, 99%). 

nmr (C): 1.13, 1.23, 1.25 (3H, 3x s, CH3, isomers); 1.46 (9H, s, C(CH3)3); 

1.97-2.72 (5H, m, C=CHCH2and CH~H(C02R)2 and CHON); 3.74, 

3.75, 3.76 (3H, 3x s, C02CH3, isomers); 3.88-4.12 (1H, m, 

(1 H, m, HC=CH2); 7.31 (5H, m, C5H5) ppm. m/z (El): 402 (M+-C4H9, 

20'%>); 297 (55) and 91 (100). 



The foregoing succinimide (85) (14. 76g, 32.1 mmol) was dissolved in 

dichloromethane* (125ml) and stirred under argon. TFA* (12.5ml) was added 

and the reaction mixture stirred at ambient temperature for 18h. The solution 

was then concentrated and pumped to dryness (0.1torr). The residual oil was 

then heated under argon at 14o0 c for 4h. As the decarboxylation was 

occasionally accompanied by some hydrolysis of the propionate ester, the 

residue was dissolved in dichloromethane (30ml) and treated with ethereal 

diazomethane (ea. 1.6g). The excess diazomethane was destroyed by the 

addition of formic acid (a few drops) and the solution evaporated in vacuo to 

give an orange oil. This was purified by passing through a short silica 

column, eluting with 50% ether in hexane to give a mixture of the cis and 

trans succinimides as a yellow oil (10.99g, 30.6mmol, 95%). 

Equilibration of Mixture 

Sodium* (0.48g, 20.87mmol) was dissolved in methanol* (250ml) in a 

flame dried flask under argon fitted with a reflux condenser to give a 83.SmM 

methoxide solution. Thecis and trans succinimides (4.0g, 11.1 mmol) were 

dissolved in methanol* (240ml) in a flame dried flask under argon. Methoxide 

in methanol solution (13.2ml, 0.11 mmol) was added to the stirred solution. 

After stirring for 65h at room temperature the solution was acidified with 

hydrochloric acid (2M, 200ml) and extracted with dichloromethane (3x 

100ml). The combined organic extracts were dried and concentrated to give a 

yellow was then chromatographed on flash silica (350g, [1 

as a 



Found: 328.1544, c19H22No4 (M+-ocH3) requires 328.1549 

nmr (C): 1.11 (3H, s, CH3); 1.74-1.85 (2H, m, CH2CH~02); 2.21 (1 H, dd, 

14, 8Hz, CH=CCHAHs); 2.45 (1 H, dd, 14, 7Hz, CH=CCHAHa); 2.57-2.76 

(3H, m, CHCON and CH~H2C02); 3.67 (3H, s, C02CH3); 4.57 (2H, s, 

PhCH20); 4.92 (1 H, d, 1 OHz, OCHAHsN); 4.96 (1 H, d, 1 OHz, OCHAHaN); 

5.05-5.68 (3H, m, CH=C); and 7.32 (5H, br s, C5H5) ppm. 

m/z:(FD): 328 (M+-OMe,100%). 

Further elution gave a mixture of the cisltrans succinimides. ( 2.306g, 

6.42mmol, 58%). 

trans 2-Allyl-N-hydroxymethyl-3-(2-methoxycarbonylethyl)-2-

methyl- succinimide (89). 

A solution of the foregoing trans succinimide (87) (4.59g, 12.51 mmol) in 

dichloromethane* (45ml) was cooled to -7aoc under argon. The solution was 

vigorously stirred and boron tribromide (4.73g, 1.8ml, 18.9mmol) was slowly 

added over 15min. After stirring for 3h at -78°C ether (10ml) was added and 

the reaction mixture warmed to ooc. Hydrochloric acid (3M, 14ml) was 

carefully added and the mixture was stirred at room temperature for 15min. 

Enough water was then added to dissolve the precipitate and the organic 

was se e aqueous phase was h 

vacuo. on 



(18x7cm] eluting with 33% hexane in ether giving initially benzyl bromide, 

then a small amount of unreacted starting material followed by the 

N-hydroxymethylsuccinimide as a pale yellow oil (2.76g, 10.25mmol, 82%). 

Found: 251.1153, C13H17N04 (M+-0H2) requires 251. ii 58 

nmr (C): 1.19 (3H, s, CH3); 1.79-1.98 (2H, m, CH2CH~02); 2.23 (i H, dd, 14, 

9Hz, C=CHCHAHs); 2.50 (1H, dd, 14, 6Hz, C=CHCHAHa); 2.63-2.75 (3H, m, 

CHCON and CH~H2C02); 3.67 (3H, s, C02CH3); 4.97 (2H, br s, CH.i)H); 

5.10-5.80 (3H, m, C=CH) , 8.3 (1 H, br s, CH20H) ppm. 

m/z(FD): 251 (M++1, 100%). 

trans 2-Allyl-3-(2-methoxycarbonylethyl)-2-methylsuccinimide 

(90). 

The foregoing N-hydroxymethylsuccinimide (89) (2.76g, 10.25mmol) was 

dissolved in xylene (45ml) in a flame dried flask under nitrogen. The solution 

was heated reflux 16h and the xylene was then removed under high 

vacuum. The residue was purified on flash silica [16x7cm] eluting with 33% 

hexane in ether to give the deprotected succinimide as a pale yellow oil 

(2.40g, 10,03mmol, 98%). 

Found: 239.1141, C12H17N04 requires 239.1158 

nmr : 1.17 s, ; 1 m, 19 H, 

(1 



CH2C02 and CHCONH); 3.62 (3H, s, C02CH3); 5.02-5.73 (3H, m, CH=CH2) 

and 9.2 (1 H, br s, NH) ppm. 

m/z(EI): 239 (M+, 22%); 223 (M+ -CH3, 13%); 208 (M+ -OCH3, 47%); 207 

(M+-cH30H, 71%) and 95 (100%). 

trans 2-(Methoxycarbonylethyl)-3-methoxycarbonylmethyl-3-

methyl- succinimide (70). 

The foregoing trans succinimide (90) (97mg, 0.41 mmol) was dissolved in 

acetonitrile (1 ml) and carbon tetrachloride* (1 ml). Sodium periodate (0.30g, 

1.40mmol) in water (1 ml) was added and the biphasic system cooled to ooc. 

Ruthenium (IV) oxide hydrate (1 mg, 0.0076mmol) was added to a solution of 

sodium periodate (0.07g, 0.33mmol) in water (0.5ml). This yellow solution 

was then added to the biphasic system and stirring was continued for 1 hr at 

ooc, then for 2h at room temperature. The mixture was diluted with 

dichloromethane (2ml) and the heterogenous system was filtered through 

Celite. After washing the filter pad well with 10% acetonitrile in 

dichloromethane the aqueous layer was separated and the aqueous layer 

extracted with 10% acetonitrile in dichloromethane (3x 5ml). The combined 

extracts were dried and concentrated. The residue was dissolved in 

dichloromethane (15ml) and was cooled to ooc. Ethereal diazomethane was 

u I a colour excess 

was 

vacuo t. 

was 

mm 



eluted with ether). The product band (Rf.=0.5) was removed and extracted 

with metyl acetate to give a white crystalline solid. Recrystallisation from ethyl 

acetate-hexane gave the imide as white needles (72.6mg, 0.268mmol, 66%). 

Found: 271.1076, C12H17N05 requires 271.1056 

nmr (C, C5D5): 0.73 (3H, s, CH3); 1.33-1.67 (2H, m, CH2CH~02); 2.18 

(1 H, d, 18Hz, CHAHsC02); 2.39-2.48 (2H, m, CH~H2C02); 2.56 (1 H, d, 

18Hz, CHAHaC02); 2.95 (1 H, dd, 10, 5Hz, CHCONH); 3.10 and 3.26 

(each 3H, s, 2xC02CH3); 8.30 (1 H, br s, NH) ppm. 

m/z (FD): 271 (M+, 100%) 

trans 2-(2-Methoxycarbonylethyl)-3-methoxycarbonylmethyl-3-

methyldithio-succinimide (95). 

The foregoing imide (70) (0.404g, 1.49mmol) was dissolved in toluene* 

(100ml) under argon. Lawesson's reagent (1.09g, 2.69mmol) was added and 

this was washed in with toluene* (150ml). The solution was heated to reflux 

with stirring (oil bath temperature 130°C). After 12h a small amount of starting 

material was detectable but mainly mono- and di- thioimides were present. A 

further portion of Lawesson's reagent was added (0.6g, 1.5mmol) and 

heating continued. a total solution was 

was under high vacuum. residue was taken in 

filtered through Celite. filtrate was concentrated and purified 



eluted with 33%, hexane in ether). 3 Bands were removed and each band 

was rechromatographed on similar plates. The fast running band afforded the 

thiocarbonyl dithioimide (96) as an orange crystaline solid (32.8mg, 

0.103mmol, 7%,). 

Found: 319.0381, C12H1703S3N requires 319.0371 

nmr (C): 1.24 (3H, s, CH3); 2.03-2.42 (2H, m, CH2CH~02); 3.01-3.19 

(2H, m, CH~H2C02); 2.75 (1 H, d, 20Hz, CHAH9C02); 3.42 (1 H, dd, 8, 

5Hz, CHCSN); 3.64 (3H, s, C02CH3); 3.76 (1 H, d, 20Hz, CHAHaC02); 

4.06 (3H, s, C(S)OCH3); and 10.01 (1 H, br s, NH) ppm .. 

m/z(FD): 319 (M+, 100%) 

The mid-running band afforded the title dithioimide as an orange oil (0.341g, 

1.13mmol, 76%). 

1 

nmr (C): 1.22 (3H, s, CH3); 1.83-1.95 (1 H, m, CH2CHAH9C02); 

2.17-2.25 (1 H, m, CH2CHAHaC02); 2.66-2.82 (2H,m , CH~H2C02); 

2.72 (1 H, d, 17.SHz, CHACH9C02); 3.05 (1 H, d, 17.5Hz, CHAHaC02); 

3.36 (1 H, dd, 5Hz, CHCSN); 3.65 and 3.66 (each 3H, s, 2xC02CH3); 

and 10.28 (1H, br s, NH)ppm. 

m/z (FD): 303 (M+, 1001%); 

rig 

1 

80 



nmr (C): 1.17 (3H, s, CH3), 1.77-1.87 and 2.21-2.29 (2H, m, 

CH2CH~02); 2.65 (1H, d, 17.8Hz, CHAHsC02); 2.72 (2H, t, 10.3Hz, 

CH~H2C02); 2.88 (1H, d, 17.5HZ, CHACH£P02); 3.13 (1H, dd, 7.0, 

5.5Hz, CHCSN); 3.64 and 3.67 (each 3H, s, 2xC02CH3);; and 9.33 (1 H, 

br s, NH) ppm. 

m/z(FD): 287 (M+, 100%). 

trans 3-(2-Methoxycarbonylethyl)-4-methoxycarbonylmethyl-4-

methyl-5- thioxo-pyrrolidine-2-one (92). 

The foregoing dithioimide (95) (0.341 g, 1.125mmol) was dissolved in TFA* 

(37ml) under argon and cooled to o0 c. TMOF* (1.94ml) was added dropwise 

over 15min to the stirred solution. After stirring for 1 Omin at o0c water (27ml) 

was added and stirring continued for 1 Omin before allowing the reaction to 

warm to room temperature. The reaction mixture was diluted with water 

(25ml) and extracted with dichloromethane (3x 30ml) and the combined 

organic extracts were dried and evaporated to dryness. The residue was 

purified by preparative (9x 1 mm plates eluted with 50% ether in hexane. 

Once the solvent had reached the top of the plate elution was continued with 

I.e. tank lid open 2cm). The higher band was extracted with methyl 

as 

128g, 0.445mmol, 



nmr (C): 1.27 (3H, s, CH3); 1.63-2.38 (2H, m, CH2CH~02); 2.58-2.79 (2H, m, 

CH~H2C02); 2.66 (1 H, d, 18Hz, CHACHsC02); 3.08 (1 H, d, 18Hz, 

CHACH£P02); 3.16 (1 H, dd, 9.9, 5.1 Hz, CHCON); 3.65 and 3.68 (each 3H, s, 

2xC02CH3); 9.20 (1 H, br s, NH)ppm 

m/z (FD): 287 (M+, 100%) 

The lower band was extracted with methyl acetate to give the right hand 

monothioimide (94) as pale yellow crystals (0.155g, 0.540mmol, 48%). Spectral 

details given previously. 

t-Butyl 5-cyano[(2E)-4-(2-methoxycarbonylethyl)-3-methoxy 

carbonylmethyl-3-methyl-5-oxo-2-pyrrolidinylidene ]methyl-3-

(2-methoxycarbonylethyl)-4-methoxycarbonylmethylpyrrole-2-

carboxylate (101) 

The monothioimide (92) (20mg, 0.0696mmol) and (5-t- butoxycarbonyl-4-

(2-methoxycarbonylethyl)-3- methoxycarbonylmethyl (2- pyrrolyl) (cyano) 

methyltriphenylphosphonium chloride44 (79) and toluene * (10ml) were stirred 

under argon for 20min. A freshly prepared solution of potassium tert-butoxide 

in tert-butanol* (0. 77M, 0.1 ml, 0.0766mmol) was added and the solution 

stirred at room temperature for 1 h. A further portion of potassium tert-butoxide 

was 1 

was heated at reflux. 4.5h the solution was and then 

di with saturated aqueous ammonium chloride solution (5ml). The 

vacuo an 

was 



extracts were dried and concentrated in vacuo. The brown oily residue was 

purified by preparative t.l.c. (1 mm plate eluted with with 10% methyl acetate in 

dichloromethane, then ether). This gave the .f.::.bicyclic nitrile as apale brown 

gum (32.8mg, 76%)(101 ). The Z-bicyclic nitrile (1.8mg, 4%) was also isolated 

together with some starting material monothioimide (2.3mg, 11 %). 

Found: 617.2589, C30H39N3011 requires 617.2585 

nmr (C,CD2Cl2): 1.40(3H, s, 3'-CH3); 1.53 (9H, s, C(CH3)3); 2.76-2.92 

(2H, m, 4'-CH~H2C02); 2.42-2.68 (4H, m, 4'-CH2CH~02 and 

3-CH2CH~02); 2.72-2.83 (2H, m, 3'-CHAH£P02); 2.84-2.93 (2H, m, 

3-CH~H2C02); 3.22-3.57 (3H, m, 4-CHAH£P02 and 4'-H); 3.64, 3.65, 

3.66, 3.71 (each 3H, s, 4xOCH3); 8.53 and 9.02 (each 1 H, br s, 

2xNH)ppm. 

m/z: 617 (M+, 100%). 

t-Butyl 5-[{2Z)-4-(2-methoxycarbonylethyl)-3-methoxycarbonyl 

methyl-3-methyJ-5-oxo-2-pyrrolidinylidene]methyl-3-(2-methoxy 

carbonylethyl)-4-methoxycarbonylmett,ylpyrrole-2-carboxylate 

(75). 

To a solution of the foregoing E-bicyclic nitrile and its epimer at C-4 

(1 )(1 196m methanol/ water/ methane su 

was 

was u an 



extracts were dried and concentrated in vacuo. The brown oily residue was 

purified by preparative t.l.c. (1 mm plate eluted with with 10% methyl acetate in 

dichloromethane, then ether). This gave the .f..:.bicyclic nitrile as apale brown 

gum (32.8mg, 76%)(101 ). The Z-bicyclic nitrile (1.8mg, 4%) was also isolated 

together with some starting material monothioimide (2.3mg, 11 %). 

Found: 617.2589, C30H39N3011 requires 617.2585 

nmr (C,CD2Cl2): 1.40(3H, s, 3'-CH3); 1.53 (9H, s, C(CH3)3); 2.76-2.92 

3-CH~H2C02); 3.22-3.57 (3H, m, 4-CHAHEJC02 and 4'-H); 3.64, 3.65, 

3.66, 3.71 (each 3H, s, 4x0CH3); 8.53 and 9.02 (each 1 H, br s, 

2xNH)ppm. 

m/z: 617 (M+, 100%). 

t-Butyl 5-[(2Z)-4-(2-methoxycarbonylethyl)-3-methoxycarbonyl 

methyl-3-methyl-5-oxo-2-pyrrolidinylidene]methyl-3-(2-methoxy 

carbonylethyl)-4-methoxycarbonylmethylpyrrole-2-carbQxylate 

a its epimer at 

(1 , 0.196mmol) in methanol/ water/ methane sulphonic acid* 

1 

was rrer an 



atmosphere of hydrogen for 7h. The reaction mixture was then filtered 

through Celite and the filter pad was washed with methanol (180ml) and 

pyridine* (5ml). The combined filtrates were concentrated under high vacuum 

and toluene* (20ml) was added and the solution concentrated again. The 

residue was taken up in dichloromethane (30ml) and water was added 

dopwise, with swirling, until all the inorganic salts dissolved, was dried and 

filtered. Methanesulphonyl chloride * (0.151 ml, 1.956mmol) was added 

followed by N, N dimethylaminopyridine (0.41 g, 3.37mmol) and the solution 

stirred for 15min. The resulting suspension was filtered, washed with dilute 

hydrochloric acid (0.3M, 2x20ml) and saturated aqueous sodium hydrogen 

carbonate solution (20ml), dried and evaporated to dryness. The residue was 

purified by preparative t.l.c. (3x1 mm plates, eluted with 6% methanol in 

dichloromethane) to give the sulphonamidomethyl bicyclic lactam (106) as a 

mixture of E and Z isomers, and epimers at C-4(92.3mg, 67%,). 

Found: 699.2677, C13H45N3013S requires 699.2673. 

m/z: 699 (M+, 100%). 

To a solution of the foregoing methanesulphonamides (64.6mg, 

0.0924mmoi) in anisole (4ml) was added N, N'-diethyl- 1,2- diaminoethane 

1.9mg, 0.102mmol). The solution was heated in a sealed flask under argon 

1 vacuo. 

was t. mm plates, 

methyl acetate in dichloromethane) give the bicyclic lactam (75) as a pale 

1 re 

g some 



recovered sulphonamides (18.8mg, 29%). 

The lactam and its epimer at C-4 could be separated by preparative t.l.c. 

(0.25mm plates, eluted continuously with12% hexane in ether). 

Found: 592.2624 C24H40N2011 requires 592.2632 

m/z (F.D.): 592 (M+, 100%). 

Low Rf isomer (propionate trans to acetate): 

nmr(C): 1.26 (3H, s, 3'-CH3); 1.53 (9H, s, C(CH3)3); 1.79-1.85 (2H, m, 

4'-CH~H2C02); 2.47-2.53 (2H, m, 3-CH2CH~02); 2.55-2.62 (1 H, m, 

4'-CH2CHAHsC02); 2.68 (2H, s, 3'-CH2C02); 2.76-2.84 (1 H, m, 4' 

CH2CHAHaC02); 2.91 (2H, t, 6.6Hz, 3-CH~H2C02 and 1 H, m, 4'-CH); 

3.40 (2H, s, 4-CH2C02); 3.65 (9H, s, 3xC02CH3); 3.71 (3H, s, C02CH3); 

5.18 (1 H, s, C=CH); 8.45 (1 H, br s, NH); 8. 79 (1 H, br s, NH)ppm. 

High Rf isomer (propionate cis to acetate): 

1.46 (3H, s, 3'-CH3); 1.53 (9H, s, C(CH3)3); 1.75-1.91 (2H, m, 

4'-CH~H2C02);2.39-2.41 ( 1 H, m, 4'-CH); 2.47-2.65(5H, m, 

3-CH2CH~o2; 4'-CH2CHAH8co2 and 3'-CH2C02); 2. 76-2.84 (1 H, m, 

4'- CH2CHAHaC02); 2.91 (2H, t, 8.0Hz, 3-CH~H2C02); 3.41 (2H, s, 

(1 H, 

C=CH); and 8.69 (each 1 H, br s, 2xNH)ppm. 



methyl-3-methyl-5-thioxo-2-pyrrolidinylidene]methyl-3-(2-

methoxycarbonylethyl}-4-methoxycarbonyl) methylpyrrole-

2-carboxylate(109). 

To a solution of the foregoing bicyclic lactam (75)(28.9mg 0.050mmol) in 

dry toluene* (12ml) under nitrogen, was added Lawesson's reagent (10.8mg, 

0.55eq., 0.027mmol). The mixture was heated at reflux for 0.75h, cooled and 

concentrated in vacuo . The orange gum was purified by preparative t.l.c. 

(1 mm plate, eluted with dichloromethane then ether) to give the bicyclic 

thiolactam as a pale yellow gum (20.7mg, 70%, a mixture of epimers at C-4'). 

Some starting material {lactam) was also recovered (5.8mg, 20%). 

Found: 608.2411, C2gH40N2o10s requires 608.2404 

nmr(C,CD2Cl2): 1.25 (3H, s, 3'-CH3); 1.54 (9H, s, C(CH3)3); 1.82-1.95 

(1H, m, 4'-CHAHsCH2C02); 2.00-2.15 (1H, m, 4'-CHAHaCH2C02); 

2.42-2.56 (2H, m, 3-CH2CH~02) ; 2.67 (2H, s, 3'-CH2C02); 2.62-2.73 

(1 H, m, 4'-CH2CHAHsC02); 2.74-2.84 (1 H, m, 4'-CH2CHAHaC02); 2.89 

(2H, t, 8Hz, 3-CH~H2C02); 3.14 (1 H, dd, 8.8Hz, 7.2Hz, 3'-CH); 3.43 (2H, 

s, 4-CH2C02); 3.64 (9H, s, 3xC02CH3); 3.74 (3H, s, C02CH3); 5.33 (1 H, 

s, C=CH); 8.84 and 9.84 (each 1 H, br s, 2xNH) ppm. 

1 S, (1 H, s, ppm. 

1 



Thionyl chloride (2 drops) and red phosphorus (5mg) were added to 

(2-13C] acetic acid (91 atom %, 1.00g) and heated at so0 c (anhyrous 

conditions). After 0.3h bromine* (3.3g) was slowly added and the bath 

temperature raised to 13o0 c for 2h. The reaction mixture was allowed to 

cool to so0c and dry nitrogen was passed through the solution to remove 

excess bromine and hydrogen bromide. The residue crystallised on cooling 

and was purified by short path distillation to give bromoacetic acid as a white 

crystalline solid. 

The product was dissolved in water (8ml) and the pH adjusted to 8 with 

sodium carbonate. Potassium cyanide (1.62g, 1.5mol equiv.) was then 

added at such a rate that the temperature did not rise above 400c. After 

being stirred for 15 min, the solution was heated in an oil bath at 1 oooc for 

45min and evaporated in vacuo. The brown residue was transferred into two 

Carius tubes and heated with 35% hydrochloric acid (40ml) at 1 oooc for 

2.5h. The solution was again evaporated and the residue dryed to constant 

weight in vacuo over potassium hydroxide. The solid was powdered, 

extracted with dry ether (4x50ml) and the extracts evaporated to give the 

diacid as a wliite solid (1.42g, 83%). 

nmr(A, CO(CD3)2) 3.40 (2H, d, 132Hz, CH2); 10.16 (2H, br s, 

2xC02H)ppm. 

a solution this (1.42g, 91 was 

,N 

N,N ne 1 1 



solution was allowed to stand for 17h. The mixture was filtered and the filtrate 

washed with water (3x50ml), 5% aqueous acetic acid solution (3x50ml) and 

more water (3x50ml). The solution was dried and evaporated to dryness. 

Hexane (15ml) was added and after 15min the solution was filtered and 

evaporated once more. Purification by short path distillation (0.1 torr, 1 oooc) 

gave the malonic diester as a colourless oil (2.40g, 81.7%). 

Found: 202.1147, Cg 13CH1704(M+-CH3) requires 202.1160 

nmr (A): 1.43 (18H, s, 2x C(CH3)3); 3.15 (2H, d, 132Hz, CH2)ppm. 

ir: 171 Scm-1 

m/z(EI): 202 (M+-CH3, 5%), 162 ( M+-C4H7, 3%), 146 ( M+-c4H70, 8%), 

106 ( M+-caH15, 13%), 57 (C4H9, 100%). 

[2-13C] di-t-Butyl bromomalonate (116). 

To a solution of (2-13C] di-t-butylmalonate (1.1 Og, 5.06mmol, 91 atom%) 

in dry THF* (10ml) in a flame dried flask was added a small crystal of 1, 1 O 

-phenanthroline. The stirred solution was cooled to -78°C under argon and 

n-butyl lithium (1.6M solution in hexane) was added slowly until a dark brown 

colour persisted (ea. 4.3ml). After stirring for 2min chlorotrimethylsilane 

5.7mmol) was added instantly discharging the brown pigment. 

was 1 was warm 

o0 c over 40min. A solution of bromine* in tetrachloromethane* (1.0M, 

was 

was vacuo 

ne n 

in 



dichloromethane (50ml) and water (50ml). The organic layer was separated 

and the aqueous layer extracted with more dichloromethane (2x20ml). The 

combined organic extracts were washed with water (30ml) dried and 

evaporated to dryness. The residue was purified by preparative t.l.c. (4x1 mm 

plates eluted with hexane/ ether/ dichloromethane = 18:1 :1) to give the bromo 

di -t- butylmalonate as a pale yellow oil (1.41 g, 94%), which was distilled 

before use (b.p. ea. 1 oo0c at 2 torr). 

Found: 280.0263, Cg13CH19o4Br (M+-CH3) requires 280.0265 

i.r.: 1720cm-1 

nmr(A, CD2Cl2): 1.49 (18H, s, 2xC(CH3)3); 4.67 (1 H, d, 156Hz, 

CHBr)ppm. 

m/z/(E.I): 280 (M+-CH3, 3%); 240 (M+-C4H7, 3%); 224 (M+-C4H70, 

18%1); 115; 57 (C4H9 +., 100%). 

U.v.: 256nm 

[Methylidene-13C] t-Butyl 5-[(22)-5-bis(t-butoxycarbonyl) 

methylidene-(2;.methoxycarbonylethyl)-3-methoxycarbonylmethyl-

3-methyl-2-pyrrolidinylidene]methyl-3-(2-methoxycarbonylethyl)-

4-methoxycarbonylmethylpyrrole-2-carboxylate (110). 

(1 11 a 

was dissolved in a 

was 



0.013mmol), causing a colour change from yellow to gold. After 1 h the 

solution was concentrated in vacuo . The orange gum was dissolved in 

toluene* (6ml) and triphenylphosphine* (20mg) and DBU* (2 drops) were 

added. The mixture was stirred under nitrogen for 5min at room temperature 

and then heated at reflux (oil bath temperature = 1250c). After 4h the 

solution was allowed to cool and the solvent removed in vacuo to give a 

brown gum. This was purified by preparative t.l.c. (1 mm plate, eluted with 

15% methyl acetate in dichloromethane) to give the bicyclic enamine (5.3mg, 

60%, as a 3.2:1 mixture of epimers) as a pale yellow gum. 

t 

Found: 791.390, C3913C1 H55N2014 requires 791.3921 

nmr(C): 1.48, 1.50 and 1.56 (each 9H, s, 3xC(CH3)3); 1.64 (3H, s, 

3'-CH3); 1.72-1.88 ( 1H, m, 4'-CHAHsCH2C02); 2.01-2.18 (1H, m, 

4'-CHAHaCH2C02); 2.32-2.36 (2H, m, 4'-CH2CH~02): 2.40 (2H, ABq, 

14, 4Hz, 3'-CHAHaC02); 2.60 (2H, t, 8.0Hz, 3-CH2CH~02); 2.54-2.68 

(1H, m, 

(6H, s, 2xC02CH3); 5.34 (1 H, s, C=CH); 9.10 and 10.33 (1 H, br s, NH) 

ppm. 

Minor isomer (distinguishable peaks): 

1 (1 H, 

(M+,100%). 

0 



To a solution of t- butyl benzyl malonte (500mg, 2mmol) in dry THF* (6ml) in 

a flame dried flask was added a small crystal of 1, 1 O -phenanthroline. The 

stirred solution was cooled to -7s0c under argon and n-butyl lithium (1.6M 

solution in hexane) was added slowly until a dark brown colour persisted (ea. 

1.3ml). After stirring for 2min chlorotrimethylsilane (0.28ml, 0.24g, 2.2mmol) 

was added instantly discharging the brown pigment. Stirring was continued 

for 1 Omin and the solution was then allowed to warm to o0 c over 40min. A 

solution of bromine* in tetrachloromethane* (1.0M, 2.2ml) was slowly added 

until the bromine colour persisted. After 5min the solvent was removed in 

vacuo and the orange residue dissolved in dichloromethane (20ml) and 

water (20ml). The organic layer was separated and the aqueous layer 

extracted with more dichloromethane (2x10ml). The combined organic 

extracts were washed with water (20ml} dried and evaporated to dryness. The 

residue was purified by column chromatography (flash silica, 14x2.9cm, 

eluted with 67% hexane in ether) to give the t- butyl benzyl bromomalonate 

as a colourless oil (1.41 g, 94%), which slowly crystallised as white needles 

(0.515g, 78%). 

Found: 327.0207 C14H1504Br (M+-H) requires 327.0232 

i.r.: 1730 (br) cm-1. 

' 1 1 
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(2-methoxycarbonylethyl)-3-methoxycarbonylmethyl-3-methyl-

2-pyrroHdinylidene]methyl-3-(2-methoxycarbonylethyl)-4-

methoxycarbonylmethylpyrrole-2-carboxylate (138). 

The bicyclic thiolactam (109)(6.Smg, 0.0112mmol) (as a mixture of 

epimers at C-4') was dissolved in dichloromethane* (3ml) in a flame-dried 

flask under nitrogen. Benzyl t-butyl bromomalonate (4.4mg, 0.013mmol) in 

dichloromethane* (1 ml) was added folllowed by freshly distilled DBU* (2mg, 

0.013mmol), causing a colour change from yellow to gold. After 1. 7h the 

solution was concentrated in vacuo . The orange gum was dissolved in 

toluene* (4ml) and triphenylphosphine* (23mg) and DBU* (2 drops) were 

added. The mixture was stirred under nitrogen for 5min at room temperature 

and then heated at reflux (oil bath temperature = 12s0 c). After 1.25h the 

solution was allowed to cool and the solvent removed in vacuo . The brown 

gum was dissolved in dichloromethane (10ml), diluted with saturated 

aqueous ammonium chloride solution (1 ml) and washed with water (10ml). 

The organic layer was separated and the aqueous layer washed with 

dichloromethane (3x5ml), dried and evaporated to dryness. The orange 

residue was purified by preparative t.l.c. (1 mm plate, eluted with 10% methyl 

acetate in dichloromethane) to give the bicyclic enamine as a pale brown 

(8.6mg, 79°/o). 1H nmr indicated this to be a complex mixture of isomers. 

4 

1680, 1640cm-1 
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nmr(C): 1.40 and 1.56 (each 9H, s, 2xC(CH3)3);1.63 (3H, s, 3'-CH3); 

1.75-1.89 ( 1H, m, 4'-CHAHsCH2C02); 2.03-2.17 (1H, m, 

4'-CHAHaCH2C02); 2.25-2.37 (3H, m, 4'-H and 3'-CH2C02); 2.40 (2H, t, 

6.6Hz, 4'-CH2CH~02);2.60 (2H, t, 8.2Hz, 3-CH2CH~02); 3.00 (2H, t, 

8.4Hz, 3-CH~H2C02); 3.46 (2H, ABq, 1.5Hz, 4-CHACHaC02); 3.59, 

3.64 (each 3H, s, 2xC02CH3); 3.65 (6H, s, 2xC02CH3); 5.18 (2H, ABq, 

12.2Hz, C02CH~sH5); 5.40 (1 H, S, C=CH); 7.31-7.40 (5H, m, 

C02CH2C6H5); 9.05 and 10.16 (each 1 H, br s, 2xNH)ppm. 

m/z(FD): 824 (M+, 100%). 

[5-benzyloxycarbonylmethylidene-4-(2-methoxycarbonyl 

ethyl)-3-methoxycarbonylmethyl-3-methyl-2-pyrrolidinylidene] 

methyl-3-(2-methoxycarbonylethyl)-4-methoxycarbonylmethyl 

pyrrole (140). 

The foregoing bicyclic enamine (138)(1.Smg, 0.00182mmol, as a mixture 

of isomers) was treated with trifluoroacetic"' (0.2ml) under argon . After 0.5h 

the acid was evaporated in a stream of argon, the residue dissolved in 

vacuo. oil was 

I) 1 

solution was cooled and concentrated vacuo. The residue 

1 
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in dichloromethane) to give the a-free bicycfic enamine as a colourless oil 

(0.99mg, 88%). 1 H nmr indicated a mixture of epimers at C-4'(2.0:1 ). 

Found: 624.2688, c33H40N2012 requires 624.2683. 

nmr (C): Major diasterioisomer. 

1.30 (3H, s, 3'-CH3); 1.56 (9H, s, C(CH3)3);1.60-1.70 (1 H, m, 

4'-CHAH9CH2C02); 1.91-1.99 (1 H, m, 4'-CHAH£PH2C02); 2.33-2.50 

(2H, m, 4'-CH2CH~02); 2.44 (2H, ABq, 16.4Hz, 3'-CHAH£P02); 2.54 

(2H, t, 6.8Hz, 3-CH2CH~02); 2.75 (2H, t, 7.2Hz, 3- CH~H2C02); 2.97 

(1 H,dd, 4.4, 8.8Hz, 4'-H); 3.62, 3.64, 3.65 and3.67 (each 3H, s, 

4xC02CH3); 4.86 (1 H, s, NHC=CH); 5.13 (2H, ABq, 12.4Hz, 

CHAHfP5H5); 5.29 (1 H, s, C=CH); 6.58 (1 H, s, 2-H); 7.29-7.36 (5H, m, 

CH2C5Hs); 8.10 and9.99 (each 1H, br s, 2xNH)ppm. 

m/z(FD): 624(M+, 100%). 



8.3 Experimental for Chapter 4 

2,3, 19,24-Tetrahydro-8, 12, 17-tris(2-methoxycarbonylethyl)-

7, 13, 18-tris(methoxycarbonylmethyl)-1,3,3-trimethyl-19-oxo-[22H] 

-bilin (124). 

A solution of the bicyclic enamine (123)(5.Smg, 0.00898mmol) in dry 

trifluoroacetic acid* (0.5ml) was stirred under argon in the absence of light. 

The colour of the solution gradually deepened from yellow to orange and 

after 3.5h the TFA was evaporated in an argon stream. The pale orange gum 

was diluted with dichloromethane (10ml) and was washed with saturated 

aqueous sodium hydrogen carbonate solution (10ml). The organic layer was 

separated and the aqueous layer extracted with more dichloromethane 

(2x10ml). The combined organic extracts were dried (sodium sulphate) and 

evaporated to dryness. The residue was purified by preparative t.l.c. (0.25mm 

plate eluted with ether/hexane = 70:30). The major u.v. active band was 

isolated to give the a-free imine (118) as a colourless oil (1.85mg, 59.6%,). 

To a solution of the foregoing a-free imine in dry methanol (1.5ml) under 

argon, was added the formyl bicyclic lactam (78)(2.7mg,0.0054mmol). 

Methanolic hydrogen chloride, (prepared by passing dry hydrogen chloride 

gas through dry methanol for 0.5h) (5 drops), was added causing a colour 

r sti ng in the 

(1 

m en so e was 
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separated and the aqueous layer extracted with dichloromethane (5ml). The 

combined organic fractions were dried (sodium sulphate) and concentrated in 

vacuo to give a deep blue gum. Purification by column chromatography 

(alumina, grade Ill, 20.5x1 .2cm, eluted with 0~20% methyl acetate in 

dichloromethane) afforded the tetracyclic imine-lactam (124) as a royal blue 

gum (2.42mg, 32%). 

Found: 832.3543, C43H52N4013 requires 832.3531 

U.v.(CH2Cl2): 659.5 (0.688); 361 (1.197); 308.5 (0.626). 

nmr(C): 1.29 (6H, s, 2xCH3); 1.89 (3H, s, 1-CH3); 2.47 (2H, s, 2-CH2); 

2.59-2.64 (6H, m, 3xCH2CH,2C02); 2.86 (2H, t, 7.4Hz, CH,2CH2C02); 

2.98-3.05 (4H, m, 2xCH,2CH2C02); 3.41 (2H, s, CH2C02); 3.58 (4H, s, 

2XCH2C02); 3.65, 3.66, 3.67, 3.68, 3.69, 3.70 (each3H, s, 6xC02CH3); 

5.88, 6.21, 7.03 (each 1 H, s, 5-H, 10-H, 15H); 9.43 and 12.39 (each 1 H, br 

s 2xNH)ppm. 

2,3, 19,24-Tetrahydro-8, 12, 17-tris(2-methoxycarbonylethyl)· 

7, 13, 18-tris(methoxycarbonylmethyl)-1,3,3-trimethyl-19-thioxo-[22 

H]-bilin (125). 

solution of Lawesson's reagent (0.86mg, 0.0021 mmol) and the 

(1 in 

a 

(1.2mg, 0.003mmo Analytical t. a 

time 1h i no so 
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mixture was allowed to cool and the solvent removed in vacuo. The green 

residue was purified by preparative t.l.c. (0.25mm indicator-free plate, eluted 

first with dichloromethane then 10% methyl acetate in dichloromethane) to 

give the tetracyclic imine thiolactam as a dark green gum (0.65mg, 20%). 

Found: 848.3301, c43H52N4012S requires 848.3302 

nmr(C): 1.54 (6H, s, 2xCH3); 2.30 (3H, s, 1-CH3); 2.30 (2H, s, 2-CH3); 

2.63-2.67 (6H, m, 3xCH2CH~02); 2.96 (2H, t, 7.6Hz, CH~H2C02); 

3.07-3.13 (4H, m,, 2xCH~H2C02); 3.66, 3.67, 3.68, 3.69, 3.70, 3.72 

(each 3H, s, 6x C02CH3); 6.10, 6.57, 7.31 (each 1H, s, 5-, 10-, 15-H); 

10.18, 11.58 (each1H, s, 2xNH)ppm. 

m/z (FD): 848 (M+,100%). 

8, 13, 17-Tris(2-methoxycarbonylethyl)-7, 12, 18-tris(methoxy 

carbonylmethyl)-2,2-dimethylchlorin {122). 

t-Butyl-5-[ (Z)-5-bis (t-bubxycarbo nyl) met hylide ne-3 ,3-di methyl-2-

pyrro lidi nylide n e] methy l-3-( 2-m et ho xycarbonylethy 1)-4-m et hoxycarbo ny I

methyl pyrrole-2-carboxylate (123) (6. 76mg, 0.0105mmol) was dissolved in 

TFA* (0.05ml) and allowed to stand at room temperature, under argon and in 

the absence of light for 3h. The TFA was evaporated in a stream of argon to 

leave a ve pale green gum. A solution of the bicyclic formyl imidate 

I, distilled m 

a 

g was a 

97 



then a further portion of dichloromethane (0.2ml) was added. Evaporation 

once more concentrated the reagents into the apex of the flask. The green 

residue was treated with TFA* (0.06ml) and the solution was allowed to stand 

under argon and in the abence of light. After 3.5h analytical t.l.c. indicated that 

no a-free bicyclic imine remained so the reaction mixture was diluted with dry 

deoxygenated THF (1 ml) causing a colour change from purple to turquoise. 

Neutralisation with dry Hunig's base* (0.11 ml) caused a further change in 

colour to a mid green. The solution was transferred via a cannula, under 

argon, into a thick-walled glass tube and then diluted with more dry THF* 

(20ml) before being thoroughly degassed by four cycles of 'freeze- pump

thaw', and finally sealed under high vacuum (<0.05 torr). The solution was 

then irradiated with visible light (6x200W tungsten bulbs) utilising an aqueous 

sodium dichromate filter (0.04M; mean path length 6cm) for 36h. 

The tube was opened and the solution concentrated to ea. 2ml which was 

then diluted with dichloromethane (20ml), washed with saturated aqueous 

ammonium chloride solution (20ml), saturated aqueous sodium hydrogen 

carbonate solution (20ml) and then water (20ml). Each aqueous phase in tum 

was extracted with dichloromethane (3x10ml). The combined organic 

fractions were dried over anhydrous sodium sulphate (A.R.) and concentrated 

vacuo. was t 

plate concentration zone 1 

dichloromethane) to give the chforin (1 as a dark green gum (3.83mg, u.v. 

on ne (1 
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Found: 814.3432, c43H50N40 12 requires 814.3425 

nmr(C, C6D6):-1.87 (2H, brs, 2x NH); 1.83 (6H, s, 2xCH3); 2.10 (2H, s, 

3-CH2); 3.20-3.30 (6H, m, CH2CH~02); 3.29, 3.30, 3.33, 3.35, 3.37, 

3.40 (each 3H, s, 6xOCH3); 4.19 (2H, s, CH2C02); 4.24-4.32 (6H, m, 3x 

CH~H2C02); 4.66, 4.69, 4.72 (each 2H, s, 3xCH2C02); 8.93, 8.95, 

10.00 and 10.02 (each 1 H, s, 5-H, 10-H, 15-H, 20-H)ppm. 

m/z(FD): 814 (M+, 100%). 

For the 5-13C chlorin: 

Found: 815.3448, C4213CH50N4012 requires 815.3459 

nmr(Carbon, C, c6o6): 93.97ppm. 

m/z(FD): 815 (M+, 100%). 

[5-13C] 3a, 8, 13, 17-Tetrakis(2-methoxycarbonylethyl)-2[3, 7, 12, 

18-tetrakis(methoxycarbonylmethyl)-2a-methylchlorin 

([5-13C J Faktor I octamethylesterX65). 

The bicyclic enamine (110) (5.2mg, 0.0066mmol) was dissolved in dry 

toluene* (2ml) and evaporated to dryness. The yellow gum was treated with 

TFA* (0.1 ml) at room temperature, under argon. After 3.25h the TFA was 

evaporated in a stream of argon and a solution of the formyl imidate (74) 

(3. I) in dich was "'"""''·"'" ... 

in more 
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solvent was again evaporated to concentrate the reaction mixture into the 

apex of the flask. The green residue was treated with TFA* (0.12ml) under 

argon causing a gradual colour change from green to deep blue. After 3.5h 

the TFA was evaporated in a stream of argon and the residue dissolved in dry 

deoxygenated THF* (3ml), causing a further colour change to mid green, and 

then basified with Hunigs base* (2 drops). The solution was diluted into a 

solution of TFA/Hunig's base salt (206mg) in dry toluene* (1.7ml) under 

argon. The solution was transferred under argon into a thick walled glass 

tube, before being diluted with more THF* (15ml). The solution was degassed 

by four cycles of "freeze/pump/thaw" before being finally sealed under 

vacuum (0.01torr). The solution was then irradiated, at room temperature, with 

visible light (6x tungsten 200W bulbs) through a solution filter of aqueous 

sodium dichromate (0.04M) for 135h. 

The tube was opened and the solution concentrated in vacuo to a small 

volume (2ml). The solution was diluted with dichloromethane (10ml), washed 

with 0.5% aqueous sodium hydrogen carbonate solution, dried over 

anhydrous sodium sulphate (A.R) and evaporated to dryness. After removing 

the last traces of Hunig's base at high vacuum, the residue was purified by 

preparative t.l.c. (0.25mm indicator-free plate with concentration zone, eluted 

with 14%> methyl acetate in dichloromethane) to give the tetracyclic imine 

(1 
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+Zn(OAc)2 : 799 (0.356); 735 (sh); 473 (sh); 455 (1.058); 366 (0.473); 321 

(0.587). 

nmr (C, C5D6): 1.18 (3H, s, 3-CH3); 1.51 (3H, d, 127Hz, 1-13CH3); 

2.36-2.51 (8H, m, 2-CHIPHIP02, 2-H, 3-CH2C02, CH2CHIP02); 

2.54-2.64 (4H, m, 2XCH2CHIP02); 2.78, 2.92 (each 2H, t, 7.2Hz, 

2xCH~H2C02); 3.03 (2H, m, CHIPH2C02); 3.28 (9H, s, 3xC02CH3); 

3.29, 3.32, 3.33, 3.34, 3.35 (each 3H, S, 5xC02CH3); 3.38 (3H, S, 

N=COCH3); 3.39, 3.49, 3.66 (each 2H, s, 3xCH2C02); 5.50, 6.61, 6.87 

each 1 H, s, 3XC=CH); 12.82 (1 H, br s, NH)ppm. 

13Cnmr(C6D6): 11.20ppm. 

m/z (FD): 991 (M+, 100%). 

and a mixture of Faktor I octamethyl ester (65) and its 3- epi isomer (143) 

(combined yield = 1.43mg, 22.6%; ratio =3.2:1 ). Semi-preparative HPLC 

(50cm HI-Chrom column eluted at 3mlmin-1 with n-hexane- toluene

acetonitrile- Hunig's base = 30:140:60:1. Emergence times 800min for Faktor 

I ester, 77.3min for 3-epi Faktor I ester) gave epimerically pure Faktor I ester 

(1.09mg). 

C4a 13CH59N4015 

, 0.308); 5 18); 591 

; 392 (1 1 



nmr(C,CD
2

Cl2): -2.37 (2H, br s, 2xNH); 2.28 (3H, s, 2-CH3); 2.27-2.69 

d, 15.0Hz, 2-CHAHaC02); 3.23, 3.27, 3.28 (each 2H, t, 7.6Hz, 8-, 13-, 17-

CH2CH~02); 3.48, 3.56, 3.69, 3.77, 3.79, 3.80 (each 3H, s, 6xC02CH3); 

3.67 (6H, s, 2xC02CH3); 4.22, 4.34, 4.36 (each 2H, t, 8.0Hz, 8-, 13-, 17-

4.95 (1 H, m, 3-H); 4.97 (2H, s, 18-CH2C02); 8.88 (1 H, s, 20-H); 9.01 (1 H, 

d, 155.2Hz, 5-13CH); 9.83 (1 H, s, 10-H); 9.85 (1 H, s, 15-H)ppm 

13C nmr (C, CD2Cl2): 94.92 (5-C)ppm. 

m/z (FD): 959 (M+, 100%). 

and 3-epi- Faktor I ester (0.34mg). 

Found: 959.3848, c48
13CH58N4o16 requires 959.3788 

U.v.(CH30Ac): 644 (0.300); 615 (0.018); 591 (0.020); 542 (0.007); 497 

(0.070); 488 (0.067); 392 (1.000); 348 (0.183 sh); 292 (0.071 ); 281 

(0.074). 

nmr(C,CD2Cl2): -2.37 (2H, brs, 2xNH); 1.81 (3H, s, 2-CH3); 2.01-2.12 

(1 m, 

(1H, d of q, 

( I t, ( ' t, 

( t, 

02 



3.76, 3.78, 3.79, (each 3H, s, 6x C02CH3); 3.66 (6H, s, 2xC02CH3); 4.22 

(2H, t, 7,7Hz, 13- CH~H2C02); 4.34 (2H, t, 7,7Hz, 8- CH~H2C02); 

4.36 (2H, t, 7.7Hz, 17- CH~H2C02);4.68 (1 H, d of d, 4.5, 4.1 Hz, 3-H); 

4.90 (2H, s, 12-CH2C02); 4.96-4.98 (4H, m, 18-, 7- CH2C02); 8.82 (1 H, s, 

20-H); 9.00 (1H, d, 155.6Hz, 5-13CH); 9.82 (1H, s, 10-H); 9.84 (1H, s, 

15-H)ppm. 

13C nmr(C, CD2Cl2): 94.92 ( 5-C)ppm. 

m/z (FD): 959 (M+, 100%). 

Recycling of the seco chlorin (72) 

The seco Faktor I (72)(2.Smg, 0.00252mmol) was azeotroped dry with 

toluene* (2ml). The green residue was dissolved in dry THF* (2ml) under 

argon and diluted into toluene* (1 ml) containing TFA/Hunig's base salt 

(185mg). The solution was transferred under argon into a thick-walled 

glass tube and diluted with more THF* (12ml). The solution was degassed by 

four cycles of "freeze/pump/thaw" before being sealed under vacuum (0.01 

torr). The solution was irradiated as above for 108h. 

The tube was opened and the solution concentrated in vacuo to a small 

was (1 

O aqueous sodium over 

anhydrous sodium sulphate R) and evaporated to dryness. After removing 

h was 
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preparative t.l.c. (0.25mm indicator-free plate with concentration zone, eluted 

with 14% methyl acetate in dichloromethane} to give Faktor I and its 3-epimer 

(in a ratio of 3.2:1) as a green solid (1.0mg, 42%). 
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8.4 Experimental for Chapter s 

5, 1 O, 15,23-Tetrahydro-8, 13, 17,-tris(2-methoxycarbonylethyl)-7, 

12, 18- tris(methoxycarbonylmethyl)-2,2-dimethylchlorin (151 ). 

All operations were carried out in a glove-box with [02] ~ 5ppm. 

Method A 

To a solution of the chlorin (122) (1.2mg, 0.0147mmol) in methyl acetate 

(1.5ml) was added platinum on charcoal (5%, 3.2mg). After flushing the flask 

three times with hydrogen the solution was hydrogenated. The intense green 

colour (and accompanying fluorescence) gradually faded and after 2.17h the 

solution was filtered through a pad of Celite, the filter pad was washed with 

more methyl acetate (20ml) and the combined filtrates were evaporated to 

dryness. The green residue was purified by preparative t.l.c. (one 1 Ox20cm 

indicator-free plate with concentration zone eluted with 15% methyl acetate in 

dichloromethane) to give the reduced chlorin as a very pale yellow gum 

(0.19mg, 16°/o; obtained by oxidation with iodine to the chlorin which was 

then assayed by u.v. spectroscopy). Unreacted chlorin was also recovered 

(0.09mg, 7.51%). 

a 

1ml) methanol* 

Method B 

(1 

amalgam 

small pieces). The green colour of the solution (and accompanying red 

g 

so was 

n on a 

a 
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chromatographed directly onto silica ([8x0.4cm] eluted with methanol* 

(25ml)). After evaporation of the eluates the green residue was purified by 

preparative t.l.c. ( one 20x10cm 0.25mm indicator-free plate with 

concentration zone, eluted with 14% methyl acetate in dichloromethane) to 

give the tetrahyro chlorin as a pale red gum (0.234mg, 55.5%; obtained by 

oxidation of the reduced chlorin with 

1,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) , 1 equiv, in benzene for 

16h and subsequent u.v. assay of the chlorin.) Unreacted chlorin was also 

recovered (0.088mg, 17%). 

Found: 818.3748, C43H54N4012 requires 818.3738 

U.v.(CH2Cl2): 389nm 

NMR(C,C5D5): 1.01 (6H, s, 2-(CH3)2); 2.10 (2H, s, 3-CH2); 2.28 (2H, t, 

7.5Hz, 13-CH2CH~02); 2.56 (2H, t, 7.1Hz, 8- CH2CH~02); 2.68 (2H, t, 

17-CH2CH~02); 2.71 (2H, t, 7.4Hz, 13-CH~H2C02); 2.96 (2H, t, 

7.2Hz, 8-CH~H2C02); 3.02 (2H, t, 7.7Hz, 17-CH~H2C02); 3.39, 3.29, 

3.27, 3.26, 3.25, 3.24 (each 3H, s, 6xC02CH3); 3.33 (2H, s, 7-CH2C02); 

3.39 (2H, s, 12-CH2C02); 3.40 (1 H, s, 5-H); 3.50 (2H, s, 18-CH2C02); 

(1H, 1 (1 1 (1 8.66 

1H, s, 

13C nmr or 1 

8 , 1 
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[5-13C]-5, 10, 15,23e Tetrahydro-3a,8, 13, 17-Tetrakis(2-methoxy 

carbonylethyl)-2~,7, 12, 18-tetrakis(methoxycarbonylmethyl}2-a

methylchlorin (155). 

All operations were carried out in a glove-box with [02] ~ 5ppm. 

To a stirred solution of the Faktor I octamethyl ester (65) (0.924mg, 

9.63µmol, 55.7 atom% 13C) in dry THF* (0.15ml) and dry methanol* (6ml) 

was added sodium/ mercury amalgam (2 small pieces). The green colour of 

the solution (and accompanying red fluorescence) gradually faded. After 

20min only a faint green pigment renained so the solution was filtered 

through a plug of cotton wool and then chromatographed directly onto silica 

([8x0.4cm] eluted with methanol* (25ml)). Evaporation of the eluates yielded 

a pale green residue which was purified by preparative t.l.c. ( one 0.25mm 

indicator-free plate with concentration zone, eluted with 14% methyl acetate 

in dichloromethane). The band exhibiting a blue fluorescence was removed 

and extracted with methyl acetate to give the tetrahyro chlorin as a faintly 

purple gum (0.438mg, 47%; yield calculated by oxidation of an aliquot by an 

equivalent of 1,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in benzene 

for 16h and determination of the chlorin produced by u.v.). 1H nmr indicated 

the tautomers in a ratio 1 (155:156). Unreacted chlorin 

was 1 

963.4196, c4a13CH62N4o16 requires 963.4194 

107 



1.15 (3H, s, 2-CH3); 1.60-1.78 (1H, m, 3-CHAHsCH2C02); 1.81-1.90 (1H, 

s, 2xC02CH3); 3.26 (3H, s, C02CH3); 3.30 (9H, s, 3xC02CH3); 3.31 (6H, 

s, 2xC02CH3); 3.36-3.49 and 3.63-3.86 ( 12H, 2xm, 3xCH2C02, 5-, 10-, 

15- CH2); 5.88 (1 H, s, 20-H); 7.65, 8.64, 9.17 (each 1 H, br s, 2xNH)ppm. 

minor isomer (distinguishable peaks): 2.43 (2H, t, 7.1 Hz, CH2CH~02); 

2.81 (2H, t, 6Hz, CH~H2C02); 6.07 (1 H, t, 80.0Hz, 5-H); 7.66, 8.36, 9.15 

(each 1 H, br s, 3xNH)ppm. 

me nmr (C6D6): 29.42 (5-C)ppm [minor tautomer 106.21 (5-C)ppm]. 

m/z (FD): 963 ( 13C-5 M+, 64%); 962 (1 2C-5 M+, 36%). 
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s.s Experimental tor Chapter s 

Feeding of [5-13C] Tetrahydro Faktor I 

Every possible attempt was made to exclude oxygen during all operations 

carried out outside of the glove box prior to incubation. 

Buffer A = An aqueous solution of sodium di hydrogen phosphate (0.1 M) 

was added to a solution of disodium hydrogen phophate (AR, 

0.1 M) until the pH -7.4 ( in a ratio ofca. 20:80). 

Buffer B = An aqueous solution of pyridine (AR, 30mM), potassium 

cyanide (AR, 27mM) was brought to pH 5.9 by addition of 

acetic acid (AR). 

Buffer C = 50% buffer Bin acetonitrile (HPLC grade). 

Tetrahydro Faktor I octamethyl ester(155)/(156) (0.78mg, racemic mixture, 

1.4:1 mixture of tautomers) was dissolved in 2M aqueous piperidine (1 ml) 

and the solution stirred in the glove-box for 16h and then evaporated under 

high vacuum (the time evaporating was kept to a minimum). 

Meanwhile deep frozen cells of shermanii (40g) were thawed by 

addition of buffer A* (40ml, room temperature), and chopped up under argon 

with a spatula. A further portion of buffer A* (40ml, room temperature) was 

was 1 

French Press was washed buffer (4°C) 

3 a 

1 1 was 
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under argon into centrifuge tubes (2x50ml) and centrifuged in a pre-cooled 

centrifuge (40C) for 0.5h at 18000rpm. The supernatant was decanted and 

transferred into the glove-box. The pH of the mixture was adjusted to 7.4 with 

degassed 1 M sodium hyroxide solution and then stirred during the addition of 

the co-factors: SAM (33mg), adenosine triphosphate (ATP) (100mg), NAO 

(50mg), NADH (50mg), glutathione (50mg), cysteine free base (18mg) cobalt 

chloride (12mg) in deoxygenated water (3ml). The pH was again adjusted to 

7.4 before the addition of a solution of tetrahydro Faktor I octapiperidinium 

salt (prepared as above) in deoxygenated water (2ml). The mixture was 

stirred during incubation at 30-32 °c for 21 h. The pH was monitored every 

0.5h and adjusted to 7.4 with 1 M sodium hydroxide solution if necessary. The 

colour of the incubant rapidly changed from pink to dark brown over the first 

hour. (N.B.The time taken from thawing of the cells to addition of substate was 

kept to minimum, usually ea. 2-2.Sh). 

At the conclusion of the incubation period the enzyme system was 

transferred out of the glove-box. Cobyrinic acid (15. 7µg) was added and the 

mixture stirred well. Denatured proteins were removed by centrifugation (4°C, 

18 OOOrpm, 20min). The brown supernatant was applied to a column of 

DE-52 cellulose ([4x3.5cm], previously washed with buffer A* until eluates 

had pH=7.4) and the column was eluted at a rate of 1 drops-1 under a slight 

pressure under argon, were applied an 

mns were 

were 
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Purification of Cobyrinic Acid. 

The proteinagenous residue was diluted with Buffer B* (20ml), stirred for 

5min and the insoluble material removed by centrifugation (1 s0c, 18 OOOrpm, 

15min). The supernatant was decanted and passed through a micropore filter 

(0.3µm). The filtrate was purified by FPLC (Fast Protein Liquid 

Chromatography. Pharmacia FPLC system with GP-25 gradient programmer, 

connected up to a pharmacia C-18 reverse phase preparative column. Flow 

rate= 5.4mlmin-1). Cobyrinic acid emerged at 11 """'16% Buffer B* in Buffer A*. 

Further purification was performed using an Amberlite XAD-2 column ( 

[3.5x1 .3cm], prepared by washing with methanol, then water and finally with 

aqueous HCI, pH 2.5 until eluates had this pH). The cobyrinic acid was 

dissolved in aqueous HCI (pH 2.5) and the pH brought to 2.5 with cHCI. The 

red solution was carefully applied to the column and the column was washed 

with aqueous HCI (pH2.5), then water and the pigment eluted off with 

methanol finally acidic methanol (1 drop cHCI 200ml). The 

combined eluates were freeze-dried to give cobyrinic acid as a dark red 

residue (571 µg). For nmr analysis, the residue was dissolved in o2o 

ng two drops co3oo and potassium cyanide was added until the 

nmr was 

sealed a septum cap. 
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Esterificatlon of Cobyrinic Acid 

The cobyrinic acid (cyano form) was dissolved in methanol (2ml) and 1 M 

HCI (2drops) was added causing conversion to the aquo form over Smin. The 

solution was evaporated, re-dissolved in methanol* (0.33ml) and treated with 

50% boron trifluoride : methanol (0.5ml). The solution was heated at ss0c for 

10.5h, cooled and diluted with freshly distilled tetrachloromethane (1 ml). The 

biphasic solution was added carefully to a stirred, ice cooled, saturated 

sodium hyrogen carbonate solution (10ml). Potassium cyanide was added 

until the colour of solution changed from red to purple. More 

tetrachloromethane (4ml) was added and the organic phase separated. The 

aqueous phase was extracted with more tetrachloromethane (4x3ml) and the 

combine organic extracts washed with saturated sodium chloride (A.A.) 

solution (5ml), dried (sodium sulphate) and evaporated in vacuo. The residue 

was purified by preparative t.l.c. (half an indicator-free plate eluted with 10% 

methanol {containing potassium cyanide} in benzene). The cobester band 

was removed and re-purified on a similar plate to give the heptamethylester 

of cobyrinic acid as a purple solid (253µg). 
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