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Summary

The research undertaken in the present study describes the synthesis of bilins from easily 

obtainable starting materials using robust methods and the unusual reaction of SO2CI2 with 

tetrasubstituted pyrroles. The thesis is divided into four chapters:

Chapter 1 describes the significance of naturally occurring bilins with particular emphasis 

on the pigments bilirubin and biliverdin. A brief discussion of heme catabolism including 

biliverdin reductase (BVR) enzymes is discussed. Special emphasis is given to the 

potential antioxidant effects of biliverdin and that BVR may serve as a pharmacological 

target in treating neonatal jaundice. Total synthesis routes to biliverdin analogues are also 

discussed. Finally a brief review of the reactions of substituted pyrrole with SO2CI2 is 

presented. Detailed aims and objectives are included at the end of the chapter.

Chapter 2 deals with the synthesis of linear tetrapyrroles using a I+Il-II+IlI methodology 

via a base catalysed coupling reaction of an aldehyde with pyrrolin-2-ones. Synthetic 

routes towards the 2,2’-diformyl dipyrromethane and known and novel 2-tosyl pyrroles 

and pyrrolin-2-ones are reported. Subsequent condensation of pyrrolin-2-ones with various 

aldehyde precursors produced novel pyrrol-2-one and dipyrrin-l-ones but failed to yield 

the required linear tetrapyrroles.

For this reason it seemed prudent to undertake an alternative route to linear tetrapyrroles 

as is discussed in Chapter 3. The synthesis and characterisation of two a,c-biladiene 

dihydrobromides is reported. Their preparation exploits the acid catalysed reaction 

between dipyrromethane-2,2’-dicarboylic acid with pyrrole-5-carboxaldehydes. 

Conversion of one of these a,c-biladiene dihydrobromide to give biliverdin is described. A 

number of analogues of potential enzymatic activity were also synthesised.

In the course of our studies towards the efficient synthesis of a,c-biladiene 

dihydrobromides the construction of pyrrole-5-carboxaldehydes from pyrrole-2- 

carboxylates was required. The strategy was to generate 5-formyl pyrrole-2-carboxylates 

by reaction with sulfuryl chloride to yield the derived 5-(dichloromethyl)pyrroles, which



could then be hydrolysed to the corresponding aldehydes. Chapter 4 is concerned with the 

highly unusual formation of a novel highly-functionalised pyrrole lactone and pyrrolidin- 

2-one from the reaction of pyrrole-2-carboxylate with sulfuryl chloride. Various pyrrole-2- 

carboxylates were reacted with sulfuryl chloride to give highly substituted pyrrolidin-2- 

ones. X-ray analysis of novel compounds was conducted. A mechanistic study into 

probing the reaction mechanism using NMR techniques and labelling experiments was 

also carried out. A review of previously reported literature regarding chlorination of 

substituted pyrroles is also included throughout which serves to further underline the 

unusual nature of this project.
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Chapter 1

1.0 Introduction

The work presented in this thesis describes the synthesis of bilins from easily 

obtainable starting materials using robust methods, and some unusual reactions of a 

number of tetra-substituted pyrroles with sulfuryl chloride.

1.1 Significance of naturally occurring bilins

Bilins are a large group of open-chain linear tetrapyyroles derived from 

metalloporpyhrins, chlorophyll or heme. The latter represents one of the most 

prevalent and versatile tetrapyrroles existing in nature, functioning as the prosthetic 

moiety of many proteins involved in oxygen transport and storage, terminal oxidation, 

metabolism of hydrogen peroxide and electron-transfer. Hemoprotein metabolism 

results in the production of linear tetrapyrroles such as transferrins, ferritins and bilins. 

Natural bilins typically adopt an extended-like conformation in solution having all Z 

double bonds. They absorb visible light and have a wide variety of functions, which 

range from pigmentation, light harvesting, light-sensing and products of heme 

catabolism.
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15

Scheme 1 22//-Bilin-l,19-diol 1 tautomerises to 21//,22//,24//-bilin-l,19-dione 2.

By far the most common bilin derivatives are the bile pigments also denoted bilin-

1.19- diones. They generally exist in the ^w-lactam tautomeric form 2 rather than the

1.19- dihydroxybilin conformation 1 (Scheme 1).'

Bilirubin IXa Biliverdin Villa
R = CH2CH2CO2H

Biliverdin 1X5

Figure 1 Examples of some bilin-l,19-diones.

Examples of bilin-l,19-diones include biliverdin (BV) and bilirubin (BR).' The 

nomenclature of bile pigments typically employs trivial for the sake of conciseness 

rather than the lUPAC nomenclature e.g. bilirubin IXa 3, biliverdin Villa 4’, 

biliverdin 1X5 4d etc. (Figure 1), the Roman numeral e.g. IX, following the name 

indicates the substitution pattern around the porphyrin ring and the Greek letter 

indicates which methane bridge of the porphyrin macrocycle is missing in the bilin 

skeleton.
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Heme Biliverdin IXa
R = CH2CH2CO2H

Bilirubin IXa

Scheme 2 Heme degradation pathway in mammals.

Biliverdin and bilirubin are derived from the oxidative degradation of heme 5 catalysed 

by the enzyme heme oxygenase to form BV, which is reduced by an oxidoreductase 
enzyme, biliverdin reductase (BVR) to give BR (Scheme 1)? Mammalian species 

express two unrelated genes (BVR-A and BVR-B) coding for enzymes that catalyse the 

pyridine nucleotide-dependent reduction of various isomers of BV to BR.

Mammals maintain relatively high levels of circulating BR IXa. BR IXa is a yellow 

lipophilic pigment that requires glucuronidation by UDP-glucuronyltransferase 
(UGTIAI) to be excreted.^ Interestingly UGTIAI enzyme is not expressed at 

significant levels in the newborn until the first week after birth which can lead to 

‘toxic’ levels of serum BR, causing jaundice that is seen in almost 60% of newborns.^ 

Neonatal jaundice is a major cause of morbidity in the newborn. It is usually treated by 

prolonged phototherapy which causes configurational and structural changes to 

bilirubin causing disruption of intramolecular hydrogen bonding in the molecule and 

formation of isomers sufficiently polar to be excreted.'^ Phototherapy is the 

conventional treatment for neonatal jaundice, although Swedish studies have suggested 

that phototherapy may be associated with later development of Type 1 diabetes and 

possibly asthma.^ Indeed the toxicity of bilirubin photoisomers and their elimination 

pathways have not been clearly evaluated. Undoubtedly a pharmacological approach to 

therapy is warranted as discussed elsewhere.^
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Studies on defining human BVR-A (hBYR-A) as a rational pharmacological target for 

neonatal jaundice^ and Crigler-Najjar syndrome* have focussed to date on determining 

the three dimensional structure of the development of a BVR-A knockout

mouse'^ to determine the toxicity or otherwise of hyperbilirubinemia and the 

generation of libraries of BVR inhibitors (BVRIs) using camelid antibodies,*"*’*^ phage 

display*^ and RNA aptamer technology.*’ The above library skills could be used in 

designing novel inhibitors for hBYR-A to treat neonatal jaundice. The development of 

an alternative approach based more on rational drug design using synthetic organic 

chemistry is also wan'anted.

The question is therefore posed as to why the body converts BV, a non-toxic easily 

excretable waste product, into BR, a substrate that is unexcretable, neurotoxic, seeds 

gallstones and has to be further metabolised to be excreted. There is now clear 

evidence that /zBR-IXa is a physiologically significant antioxidant, more potent than 

vitamin E.^ The antioxidant mechanism has been suggested to involve cycling between 

BV-IXa and BR-lXa, with a hypothetical oxidant converting BV-IXa from BR-lXa.** 

BV-IXa and BR-lXa have also been identified as agents that improve organ efficacy 

in animal transplantation studies. ’ Yamashita et al. have presented intriguing 

evidence that administration of BV-IXa is cytoprotective for heart, colon and liver in 

animal transplantation studies. In a striking report,’** these workers have shown that 

short term treatment (3 weeks) with BV-IXa is sufficient to induce tolerance in a 

recipient to the donor heart for 120 days. The introduction of an allogenic third heart at 

120 days was rejected whereas introduction of a syngenic heart was accepted, clearly 

indicating tolerance. It is unclear whether the tolerising effect of biliverdin requires 

flux and/or cycling through BVR-A.

Potential use of BV in transplantation biology and T-cell-mediated immune disorders 

would require the acquisition of bovine-free sources of BV due to the theoretical risk 

of bovine spongiform encephalopathy (BSE) leading to new variant Creutzfeldt-Jakob 

disease «vCJD.” Presently, commercially available BR IXa is bovine-derived,’^ and 

so synthetic production of this pigment would be highly desirable.
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In summary, linear tetrapyrroles play significant roles both as antioxidants and anti

inflammatory agents. It is therefore important to extend our knowledge of their mode 

of action, seek out potential inhihitors and elucidate more information about the active 

site of the enzyme BVR-A. The paucity of information on the biliverdin binding site of 

BVR-A is unfortunate given that the enzyme may he a potential target in treating 

neonatal jaundice and understanding the antioxidant/cytoprotectant properties of the 

BV/BR compounds.

1.2 Heme derived Bilins

1.2.1 Heme Metabolism and Degradation

Biliverdin (BV) is a blue-green pigment formed in plant and animal metabolism by 

oxidative cleavage of the heme porphyrin macrocycle, the protoporphyrin IX complex 

of Fe(II) 5, (Scheme 3).

R = CH2CH2CO2H

Scheme 3 Ring opening of heme 1 to give the four isomeric hiliverdins 4a-d.
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Oxidative cleavage of heme 5 is catalysed by the heme-oxygenase enzyme {cf. Scheme 

2)?"^ In principle cleavage could occur at any one of the four meso positions (a, P, y 

and 5), thereby generating four possible isomers denoted BV IXa, IXp, IXy and 1X5 

4a-d. This was demonstrated by O’Carra and Colleran for the non-enzymatic 

ascorbate-mediated oxidative cleavage of 5 in vitro, which produced all four isomers in 

approximately equimolar amounts. Indeed, all four isomers are found in nature, 

however the most abundant BV is of the IXa form, suggesting a highly specific 

enzyme directed cleavage toward the a-methine-bridge exclusively. In 1986, Maines et 

reported the discovery of two forms of heme oxygenase designated HO-1 and 

HO-2. The heme oxygenases are widely distributed membrane-bound proteins that 

play key roles in regulating cellular levels of heme, heme catabolism and in photobilin 

biosynthetic pathways.^"* The mammalian HO-1 catalysed oxidation of heme proceeds 

via a P450 reductase-dependent reduction of Fe(III) to Fe(II), binding of oxygen to the 
reduced iron and a second one electron reduction to give the Fe(III)-dioxy complex.^"* 

The Fe(III)-dioxy complex undergoes sequential a-meso-hydroylation, oxygen- 

dependent fragmentation of the a-meso-hydroxyheme 6 to give verdoheme 7. The 

exact mechanism for the conversion of verdoheme 7 to biliverdin is not known but is 

thought to proceed via successive reduction and oxidative cleavage steps to yield BV 

IXa 4a and Fe(II) (Scheme 4). Experiments were conducted that confirmed the
29necessity to reduce Fe(III) to Fe(II) biliverdin in order to facilitate product release. 

The heme oxygenase process consumes three molecules of O2, requires seven electrons 

(NADPH or reduced ferredoxin) and produces equimolar amounts of BV IXa 4a, CO

and Fe(II).30
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Scheme 4 The distinct steps in the oxidation of heme 5 to BV IXa 4a.

The role of HO-2 in cells is not as well understood, but it is becoming apparent that 

HO-2 may have an important role in epidermal cells, germ cell development and signal 
transduction in neural tissues.^’

1.2.2 Biliverdin IX a Reductase (BVR-A) and Biliverdin IX P Reductase (BVR-B)

In mammals BV IXa is then reduced to BR IXa by the cytosolic enzyme BVR-A.^^ 

The enzyme catalyses a two-electron reduction of BV IXa at the C-10 bridge to give 

BR IXa and can utilise either NADH or NADPH as cofactor depending on the pH; 

NADH is used in the pH range of 6.7-6.9, whereas NADPH is used at the higher pH



Chapter I

value of 8.7.^^ BVR-A is a 40 kDa cytosolic monomer, showing specificity for the

a isomer but can reduce the other three isomers (BV IXp, BV 1X5 and BV IXy).^^*

BVR-A has been purified from a variety of sources including pig spleen, rat liver, 

human liver^'* and also from cyanobacterium Synechocystis sp. PCC 6803.^^ BVR-A’s 

substrate specificity was first examined by Frydman et al. who found that the two 

propionate side chains are required. Recent studies indicate that one bridging 

propionate, i.e. one propionate group attached to the carbon in a P position adjacent to 

C-10, is essential for optimal catalytic activity, whereas two propionate groups are

preferred 39

/iBVR-A consists of a short chain dehydrogenase fold and a second largely an/iparallel 

P-sheet domain. Substrates appear to bind via electrostatic interactions with positively 

charged residues in the active site of the enzyme. Thus far BVR-A crystals containing 

both bilin substrate and NAD(P)H have not been obtained.'^

Figure 2 Space-filling model of the preferred ridge-tile conformation of bilirubin

IXa 3.’

BR IXa, a yellow pigment, contains two Z-dipyrrinones bearing intramolecularly 

hydrogen-bonded propionic acid side chains. The sp^ carbon at C-10 allows the two 

pyrromethenones to rotate independently around the single bonds at C9/10 and ClO/11, 

allowing the propionic acid groups at C-8 and C-12 to form 6 intramolecular hydrogen 

bonds with the pyrrole NH and lactam groups. These features almost force BR IXa to 

adopt a ridge tile structure, accounting for its hydrophobic nature (Figure 2)J Humans 

produce on average 250 mg of BR IXa per day from the breakdown of red blood eells.
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which is then transported to the heptobiliary system and complexed with serum 
albumin.

Bilirubin IXa Bilirubin IXa mono/di glucuronide

Scheme 5 Enzymatic formation of bilirubin mono/diglucuronide.

In humans BR IXa is converted by UGTIAI, a specific glucuronosyl transferase 

enzyme, to either of the more polar mono- or di- glucuronidates to be excreted from 

the body (Scheme 5). A delay in expression of UGTIAI occurs in many newborns and 

can lead to an increase in the level of unconjugated bilirubin in the plasma such that it 
exceeds the serum albumin binding capacity leading to hyperbilirubinemia.^*

In 1994 Yamaguchi et al?^ reported the discovery of BVR-B in human liver. This 21 

kDa enzyme cannot tolerate even one propionate group in the bridging position, it 

catalyses the reduction of BV IXp, IXy and 1X5 to the corresponding BR’s but BR IXa 

is not a substrate. In fact BR IXp is the major heme catabolite in the human fetus.It 

does not undergo internal hydrogen bonding, therefore having a greater solubility 

which facilitates its clearance across the placental wall. This is in contrast to adult 

heme degradation, where the molecule is exclusively ruptured at the a-meso position.^^
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In summary, it is accepted that both BVR-A and BVR-B catalyse the transfer of the P- 

face hydrogen attached to C-4 of NAD(P)H to a variety of biliverdin acceptors. 

Synthetic linear tetrapyrroles have been used to probe the active site of BVR-A, it can 

reduce all four isomers of BV IX, sterically locked conformers of 18-ethylbiliverdin 

IXa and BV IXa sulfonate analogues.'^ Meanwhile BVR-B also has broad substrate 

specificity but cannot tolerate carboxylic groups at the C-8 and C-12 positions.^^

1.3 Total Synthesis of Biliverdin Analogues

The structure of biliverdins and bilirubin was determined and they were first 
synthesised by Hans Fischer.'*® There are currently two broad strategies dealing with 

the synthesis of bilverdin analogues. These are (a) oxidative ring opening of the 

corresponding cyclic tetrapyrroles, also known as the biomimetric approach, and (b) 

the stepwise synthesis of linear tetrapyrroles. The unique aspects of both strategies 

have been reviewed' but it is convenient to mention here that in the case of (a), three 

methods have been used for the oxidative ring opening of metalloporphyrins to the 

corresponding open chain products.

i) Coupled oxidation of dipyridine iron(II) porphyrin by hydrogen
41peroxide and air.

ii) Photo-oxidation of tetrapyrrole macrocycles and their metal
1 42-44complexes.

iii) Oxidation of porphyrin chelates or of chlorins with thallium(III) 

trifluoroacetate.'*^"''^

The above methods suffer from the disadvantage that in general the oxidative cleavage 

of unsymmetrically substituted macrocycles is non regioselective as mentioned above 

for the non-enzymatic ring-opening of heme which resulted in formation of equimolar 

quantities of each isomer."*^ In some instances ring opening can be directed in some 

way.
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In contrast method (b) does not suffer from these limitations. In this approach two 

convergent syntheses are possible {i.e. I-II + III-IV or I + II-IIl + IV) differing only in 

the sequence, in which the monocyclic and bicyclic building blocks are condensed 

together. The roman numerals I to IV above denote the unique pyrrole subunits of the 

bilin skeleton. In the first case (I-II + III-IV), pyrroles are condensed together to give 

pyrromethanes or pyrromethenes and subsequently, these subunits are joined to 

generate the linear tetrapyrroles sequence. The second permutation involes synthesis of 

the central dipyrromethane (II-III component) and subsequent coupling of the I and IV 

pyrrole units to generate the required linear tetrapyrrole.

1.3.1 [I-II + III-IV]- or “MacDonald” synthesis

The [I-II + III-IV] synthesis of bile pigments was extrapolated from the widely used 
MacDonald method‘s* of porphyrin synthesis, where in the presence of acid 1,9- 

diforniyl dipyrromethane 9 can be condensed with an unsubstituted dipyrromethane 

10a or dicarboxylic acid 10b to afford substituted porphyrin 11 (Scheme 6).

10bR=CO2H P = CH2CH2C02Me

Scheme 6 MacDonald Synthesis.48

Dipyrromethanes, e.g. 9, 10a or 10b, are prone to rearrangement reactions'^^'^'* in acid 

solutions, but this is not an issue when symmetrical dipyrromethanes are used. The 

potential difficulties with reversible structure-scrambling processes, acid and oxygen
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sensitivity can be largely avoided by the use of dipyrromethanones or 

dipyrromethenes. De Groot et al.^^ described the synthesis of novel biliverdins 14 

obtained from the acid-catalysed condensation of pyrromethanone 12 with 5-formyl 

pyrromethanone 13 (Scheme 7).

12

Scheme 7 Synthesis of 2,3,17,18-tetramethyl-l,19-[21//, 24//]-bilidione 14. 55

In a similar manner self-condensation of pyrromethene precursors can give biliverdin 

analogues. For example in 1972,^^ during the synthesis of etioporphyrin-1 16, Smith et 

al. also isolated etiobilivedin IVy 17 as a side product due to the alternative tail-to-tail 

self-condensation of dipyrromethene hydrobromide 15 (Scheme 8). Minor 

modification of the reaction medium, formic acid, to include 10% water finally yielded 

etiobiliverdin IVy 17 (22%) in the presence of etioporphyrin I 16 (13%).

Scheme 8 Accidental synthesis of etiobiliverdin IVy 17.

In a similar approach, mesobiliverdin Xllla 19 (28%) could be synthesised by the

action of bromine on methyl 5’-methylxanthobilirubinate 18 in MeOH (Scheme 9).^’
23
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Note that one methyl group from 18 is eliminated in the course of this reaction. This 

reaction yields a complex mixture of products depending on the relative amounts of 

Br2 and HBr present, and the nature of the solvent used.

18

Scheme 9 Synthesis of mesobiliverdin Xllla 19.

A better yield of mesobiliverdin Xllla 19 (85%) was obtained by oxidative coupling of 

9-methyl-l(l()//)-dipyrrinone 18 with 2,3-dichloro-5,6-dicyanobenzoquinone DDQ in 

THF to give the intermediate azaflilvenes 20, which undergo self-condensation in the 

presence of trifluoroacetic acid (TFA) to give 19.^* Unsymmetrical biliverdins can also 

be obtained using this method from the reaction of 20 with an a-unsubstituted 1(10//)- 

dipyrrinone 21 to give 22 (Scheme 10). Interestingly, condensations using this method 

failed when there was an electronwithdrawing-group present at the C-8 position of the 
azafulvene precursor 20.^^

21 22

24



Chapter I

Scheme 10 Synthesis of unsymmetrical biliverdin 22.

Use of b-bilenes allows for the preparation of unsymmetrical linear tetrapyrroles such 

as BV IXa dimethyl ester 4a’. In 1984 Pandey et al.^^ reported the acid-catalysed 

condensation of formyldipyrromethane 23 with dipyrrylmethane-5-carboxylic acid 24 

to yield b-bilene 25 which was smoothly converted to chloroethyl biliverdin dimethyl 

ester 26 by treatment with Br2 in TFA under N2 at -5 °C. Finally, dehydrochlorination 

(KOH/pyridine/MeOH) gave authentic BV IXa dimethyl ester 4a’ (Scheme 11).

R' = CH2CH2CI, R2 = CO2/BU, R^ = CH2CH2C02Me 

Scheme 11 Synthesis of BV IXa 4a’ using the b-bilene route.^^

Presently, only a limited number of research groups have addressed the total synthesis

of linear tetrapyrroles. Inomota el al. developed a convergent method of synthesis

which allowed the preparation of four uniquely substituted pyrroles (I, II, III and IV)
25
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which could be coupled in the required substitution pattern to generate the 1(10//)- 

dipyrrinone derivatives 29a and 29b as bicyclic building blocks (Scheme 12). The 

latter are usually prepared by Wittig-like condensation reactions between 5-tosyl- 

pyrrolin-2-one 27a or 27b with a 5-formyl pyrrole-2-carboxylate 28a or 28b to give 

29a and 29b. Of course a mixture of E and Z isomers was obtained in the Wittig 

reaction, treatment with iodine readily converted the E isomer to the 

thermodynamically more favourable Z isomer. Finally, for the construction of the 

tetrapyrrole framework, 29a (I-II component) and 29b (III-IV component) are 

condensed in the presence of acid (HBr in AcOH) in MeOH. The allyl ester groups 

were then deprotected using Pd(0)-catalyst in the presence of excess amounts of 

morpholine, followed by an acid-mediated cleavage generating the free acid 30.

Scheme 12 Synthesis of biliverdin analogues 30 using Inomota’s method.
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1.3.2 Synthesis of linear tetrapyrroies using I-II + III-IV strategy

Overall the I-Il + IIl-lV strategy allows access to linear tetrapyrroies but is limited by 

tbe availability of the pyrromethenone derivatives, e.g. 29a or 29b. Indeed, generation 

of the monocyclic starting materials and their condensation to give dipyrromethenones 

is not a trivial issue. An alternative strategy would involve condensing both terminal 

rings (I and III) either stepwise or in the same reaction to the central dipyrromethane 

core (II-II). An obvious limitation to the generality of this route to the synthesis of 

linear tetrapyrroies is that a symmetrical tetrapyrrole must result, but since the majority 

of bile pigments of natural origin bear a symmetrical arrangement about the central 

rings, this is not seen as a major disadvantage. In fact in the case of BVR-A enzyme, a 

substrate must contain the bridging propionate moiety' for binding and catalytic

activity.39

This approach has been utilised for the synthesis of linear tetrapyrrole 33 by the base- 

catalysed condensation of a dipyrromethane dialdehyde 32 with two equivalents of a 3- 

pyrrolin-2-one 31 (Scheme 13).^^

Scheme 13 Condensation of 32 with two moles of 31. 55

More recently, Brower et al. have used this method to prepare both symmetrical and 

unsymmetrical bilirubin isomers with the vinyl groups replaced by phenyl moieties to 

give 35c-e^^ and by «-butyl moieties to give 35f and 35g^^ (Scheme 14).

27



Chapter I

2 eq.

R‘1N 
H

31c-g

O

35c (37%; R' = Me, R^= Ph; 35d (75%) R' = Ph, R^ = Me; 
35e (52%) R' = Ph/Me, R^ = Me/Ph.

35f (40%) R' = «-Bu, R^ = Me; 35g (43%) R' = Me, R^ = «-Bu.

Scheme 14 Brower et preparation of bilirubin analogs 35.

Bilirubin analogues 35c and 35d were synthesised from a piperidine-catalysed 
condensation of dipyrromethane dialdehyde 34 (R^ = OH) with the appropriately 

substituted pyrrol in-2-one (31c or 31d). Bilirubin 35e was prepared from an acid- 

catalysed constitutional disproportionation reaction between the dimethyl ester of 35c 

with the diacid 35d to yield a monomethyl ester which could be easily hydrolysed to 
release the unsymmetrical phenyl rubin 35e.’^ Bilirubins 35f and 35g were synthesised 

by a base-catalysed (6 M KOH) condensation of dipyrromethane dialdehyde 34
2

(R = Me) with the appropriately substituted pyrrolin-2-one (31f or 31g). 73

Brower et were concerned with the solution and metabolic properties of these

novel bilirubins, in terms of hepatic excretion and ease of glucuronidation. Bilirubins 

35c-g conserved the ridge-tile structure as the energetically most stable configuration 

as confirmed by NMR data. ^/5-Phenyl bilirubins 35c-e were metabolised like bilirubin 

IXa or mesobilirubins-IIIa (R‘ = Et, R^ = Me) and -Xllla (R’ = Me, R^ = Et) but the 

rates of excretion of the generated biphenyl glucuronides were found to be slower 

overall. This may be due to slower uptake by the enzyme (UGTIAI), impaired 

glucuronidation or retarded efflux from the liver. Rates of glucuronidation were 

discovered to be highly dependent on the positions of the phenyl groups. Phenyl 

substituents at the exo positions 35d (R' = Me, R^ = Ph) diminished the proportion of
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diglucuronide more than when the phenyl substituents were at the endo positions 35c 

(R' = Ph, = Me). The unsymmetrical isomer 35e with one endo and one exo phenyl

group yielded an intermediate proportion of diglucuronide 72

Bilirubins 35f and 35g were found to be more lipophilic than bilirubin IXa or 

mesobilirubins-IIIa (R' = Et, R^ = Me) and -Xllla (R' = Me, R^ = Et). With regards to 

hepatic metabolism, the endo /i-butyl compound 35g (R' = «Bu, R^ = Me) was 

metabolised like BR IXa or mesobilirubin Xllla being glucuronidated to the mono- or 

diglucuronide prior to excretion into bile. In contrast the exo-n-butyl analogue 35f 

(R'= Me, R^ = «Bu) was a poor substrate for the UGTIAI enzyme, retarding its 

excretion into bile. This is probably due to the bulky nature of the n-butyl group in the 

exo position which appears to block easy access of the lactam rings to a crucial site on

the UGTIAI enzyme. 73

In summary, in terms of hepatic metabolism and excretion endo derivatives {35c and 

35g) appear to be cleared from the liver into bile more extensively than their exo 

counterparts (35d and 35f), although biliary excretion may be somewhat slower than 

for the corresponding ethyl derivatives.

The above methodology has been developed further by Jacobi et to synthesise 

unsymmetrical substituted phytochromes (II-II + I + III) (Scheme 15). Pd(0)-mediated 

coupling of alkyne amide 36 with bis-iododipyrrin 37 successfully gave 38. 5-Exo dig 

cyclisation of the alkyne amide side chain of 38 led to the formation of iminolactone 

39, which was hydrolysed in situ to give the corresponding lactone 40, instead of the 

desired lactam. Formation of the lactam moiety was left to the end of the synthesis to 

avoid complications associated with decomposition of 40. Thus, Pd(0)-mediated 

coupling of 40 with alkyne carboxylic acid 41, followed by concomitant cyclisation in 

situ gave 42. Bis-lactone 42 was then reacted with liquid NH3 to eventually give 

phytochromobilin dimethyl ester 43.
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41

R', R^ R^ and R‘^ = alkyl, vinyl 
R^ = CH2CH2C02Me

Scheme 15 Jacobi et strategy for the synthesis of linear tetrapyrroles.

1.3.3 Aims and Synthetic Strategy

The [I + II-II + III] route (Scheme 14) was investigated with the aim of producing 

bilirubins 35c, 44 and 45 which could then be oxidised with DDQ^^ to produce the 

corresponding novel biliverdins 46a-c.
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46a R‘ = Me, = n-Pr; 
Et, r2 = n-Pr; 
Me, R2 = Ph.

Figure 3 Synthetic Targets 46a-c.

Biliverdins 46a-c (Figure 3) were chosen as synthetic targets as they possess the two 

propanoic acid residues preferred for ertzymatic activityand also possessed the 

advantage that previous hepatic evaluation of similar lipophilic bilirubins 35f-g and 

the phenyl rubins 35c-e^^ had been carried out.

Therefore, the strategy was as follows. Synthesis of the central dipyrromethane 

dialdehyde 34 (II-II component) would be carried out using easily accessible starting 

materials and robust methodology. A range of lactam rings 31 (I and 111 components) 
could potentially be synthesised using the well-known Barton-Zard reaction.^^ Finally 

condensation of the bicyclic 34 (11-11) and monocyclic 31 (1 and 111) components would 

generate the required linear tetrapyrrole 35c/44/45. This would be followed by methyl 

ester hydrolysis to give the corresponding diacids, and oxidation with DDQ to yield 

biliverdin analogues 46. The strategy is shown schematically below in Scheme 16.
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R',r2 = alkyl, aryl
R^ = Me

R'* = CH2CH2CO2H, CH2CH2C02Me R'

-f
H
47

Scheme 16 A retrosynthetic strategy towards novel biliverdin analogues.

This method of synthesis is fully discussed in Chapter 2, the basic strategy being 

summarised as follows.

• Synthesis of pyrroles 48 using Johnson modified Knorr^^ conditions.

• Development of the Barton-Zard react!on,survey of bases and suitable 

solvents.

• Generation of dipyrromethanones to establish suitable condensation 

conditions.

• Synthesis of novel linear tetrapyrroles 44-46, [I + II-II + III]

1.3.4 a,c-Biladiene synthesis

a,c-Biladienes 49 are derivatives of bilins in which one of the exocylic double bonds is 

reduced. The location of the two remaining double bonds are indicated by the prefix 

a,c (Figure 4).
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1,19-dideoxy-a,c-biladiene 

Figure 4 l,19-dideoxy-a,c-biladiene 49.

a,c-Biladienes 49 are arguably the most important open-chain tetrapyrroles used in 

rational porphyrin syntheses particularly since they permit the introduction of 

unsymmetrically arranged P-substituents around the porphyrin ring.’^ For the 

production of porphyrins the final meso bridge is introduced from formic acid, 

orthoformate ester or from some a substituent on the tetrapyrrole ring, which is then 

subjected to intramolecular cyclisation.^^

One of the first examples of an a,c-biladiene was prepared by Johnson and Kay as 
early as 1961 during their milestone synthesis of vitamin Bi2.*^ Further work in this 

area indicated that both the reaction conditions and the substituents at the 1 and 19 

positions of the biladiene can be varied allowing synthesis of unconjugated
78macrocycles, porphyrins, biliverdins, corroles, azaporphyrins and tetrahydrocorrins. 

The application of a,c-biladienes in bile pigment chemistry consists of only a few 

examples. One of the first examples of rational synthesis of bilverdin compounds was 
discovered accidentally in 1972.^^ As already mentioned, (cf Scheme 8) etiobiliverdin 

IVy 17 was isolated as a side-product during the synthesis of etioporphyrin-1 16, due to 

the alternative tail-to-tail self-condensation of dipyrromethane hydrobromide 15. It was 

assumed that 1,19-dibromo-a,c-biladiene dihydrobromide 53 must be a reaction 

intermediate (not isolated) and this appeared to be a good synthetic target for biliverdin 

synthesis. Accordingly, Smith and Kishore*' succeeded in obtaining substantial 

amounts of l,19-di-t-butoxycarbonyl-a,c-biladiene dihydrobromide 52 by the acid 

catalysed condensation of dicarboxylic acid 51 with two equivalents of 2-formyl 

pyrrole 50 (Scheme 17). Isolation of 52 required bubbling HBr gas through the
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solution to exchange the p-toluenesulfonate counterion and precipitate the a,c-biladiene 
as the dihydrobromide salt.

Scheme 17 Synthesis of l,19-di-/-butoxycarbonyl-a,c-biladiene dihydrobromide 52.

Furthermore, reaction of l,19-di-t-butoxycarbonyl-a,c-biladiene dihydrobromide 52 

with an excess of Br2 in TFA followed by an alkaline work-up gave wei-o-biliverdin 

Xllla 19 (61% over the two steps) (Scheme 18). Careful exclusion of oxygen was 

essential, as failure to do this resulted in the major product possessing some sort of 

bilipurpurin structure.*'

34



Chapter I

R' = CO2/BU

Scheme 18 Synthesis of mesobiliverdin Xllla 19.

Subsequently it appeared more convenient to prepare and isolate l,19-dibromo-a,c- 

biladiene dihydrobromide salts 53. To this end 51 was condensed with two equivalents 

of 2-bromopyrrole-5-carboxaldehyde 53 in the presence of p-toluene sulfonic acid 

(pTSA), followed by treatment with HBr gas to give 53. Pandey et established 

that treatment of 53 with dimethyl sulfoxide (DMSO) in the presence of a catalytic 

amount of /?TSA gave biliverdin 55 as the sole product (Scheme 19). Importantly, this 

method does not require subsequent oxidation of a bilirubin intermediate with DDQ to 

give biliverdin as was outlined for the [I + ll-ll + 111] method.
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l.pTSA 2. HBr(g)

2 eq. 
Br'

// W
'n'

H
'CHO

Scheme 19 l,19-Dibromo-(a!,c-biladiene dihydrobromide salts 53b could be converted

to biliverdin 55 directly.

1.3.5 Aims and Synthetic Strategy

Mesobiliverdin Xllla 19 was chosen as the synthetic target as it would possess two 

propanoic acid residues protected as methyl esters and would be a good model to 

evaluate the o,c-biladiene methodology toward biliverdins.

The most general pathway to a,c-biladienes involves the decarboxylation of a 

dipyrromethane dicarboxylic acid followed by an acid-catalysed reaction with two
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equivalents of a 2-formyl pyrrole in MeOH. Addition of HBr(g) separates the a,c- 

biladiene as the dihydrobromide salt, which is stable and can be stored until subsequent 

generation of the biliverdin by stirring in DMSO in the presence of acid (Scheme
20). 82

Scheme 20 A retrosynthetic strategy towards biliverdin analogues 46 from 1,19-
dibromo-a.c'-biladienes 56.

The strategy for the work described in Chapter 3, shown schematically above, 

(Scheme 20) is as follows:

• Synthesis of dipyrromethane dicarboxylic acid 51 (II-II component) 

from benzyl pyrrole-2-carboxylate 59, optimisation of the 

hydrogenation reaction to remove the benzyl esters.

• Synthesis of 2-bromopyrrole-5-carboxaldehyde 57, attempting to 

dispense with the use of toxic liquid Br2.

• Use of alternative conditions for synthesis of l,19-dibromo-a,c- 

biladiene dihydrobromide salts 56 that removes the requirement for use 

and generation of HBr gas.
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Generation of propanic acid pyrrole/dipyrromethane analogues, which 

will be rigorously purified and characterised so that they can be tested 

as potential inhibitors of BVR-A.

1.4 Unusual Reactions of Pyrrole with SO2CI2 

1.4.1 Introduction

The synthesis of l,19-dibromo-a,c-biladiene dihydrobromides 56*^ by the condensation 

of dihydropyrrin dicarboxylic acid 51 with 2 equivalents of 2-bromopyrrole-5- 

carboxaldehyde 57 as outlined above (Chapter 3) required the construction of pyrrole- 

5-carboxaldehydes from pyrrole-2-carboxylates.

Various methods exist for the introduction of a formyl group into a substituted pyrrole

ring (Scheme 21), including the Vilsmeier-Haack reaction79.83-84 and Clezy

formylation.*^'^^ Both of these methods introduce a formyl group at C-2 at the expense 

of the C-2 ester group, which must be hydrolysed (acid or base) in the process.

HfrOH

2 eq. Pb(OAc)4 

or
4 eq. CAN 

or
2 eq. SO2CI2

DMF/POCh

or
CH(OMe)3/TFA

R , and R^ = alkyl 
R'* = C02H\H

Scheme 21 Synthesis of pyrrolecarboxaldehydes.
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Synthesis of substituted pyrroles that conserves the ester group is obtained by oxidising 

the 5-methyl group of pyrrole-2-carboxylates 60 using either lead tetraacetate 

(Pb(OAc)4), ceric ammonium nitrate (CAN) or sulfiiryl chloride (SO2CI2). Lead 

tetraacetate*’ was seen as being unduly toxic and uneconomical for industrial scale 

production. Ceric ammonium nitrate,** required in 4 mol excess,*^ is an expensive 

alternative. Chlorination with sulfiiryl chloride (SO2CI2) followed by hydrolysis is a 

commonly used technique for the oxidation of a-methyl groups on pyrrole.^'* Our 

strategy was to generate benzyl 5-formylpyrrole-2-carboxylates by reacting pyrrole 

60a with 2 equivalents of SO2CI2 to yield the derived 5-(dichloromethyl)pyrrole-2- 

carboxylate 63, which could then be hydrolysed to the corresponding aldehyde 58a as 

had been reported (Scheme 22).^*^ These reactions proceeded unexpectedly, producing 

a novel highly-functionalised pyrrole lactone 64a, and a pyrrolidin-2-one 65a.

>2 eq. SO2CI2 

(H2O)

H,0

Scheme 22 Reaction of benzyl-5-methylpyrrole-2-carboxylate 60a with SO2CI2.

In general sulfiiryl chloride (SO2CI2) allows electrophilic chlorine to be used in liquid 
form and has been used for the chlorination of aromatics,^' methyl ethers^’ and 

epoxides.A homolytic mechanism has been suggested to operate for aliphatic 

substitutions and for some aromatic substitutions.For the same reagent, highly 

activated aromatic compounds were found to react at room temperature in the absence 

of any initiators, suggestive of electrophilic attack by molecular sulfiiryl chloride.
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To date, studies concerning the chlorination of pyrrole systems with excess SO2CI2 

have revealed the chlorination of a-methyl groups and all vacant ring positions.No 

literature precedent was obtained for the reactivity that led to the production of 65. 

Examples of chlorination reactions of pyrrole-2-carboxylates 66 with SO2CI2 are 

depicted in Scheme 23, and will be discussed below. (Note: 62 = 73, 75, 76, 77 

depending on the substitution pattern being renamed for clarity in the following 

discussion).

Cl c,

H02C^N^C02Me 
H 
67

C, Cl

jri
OHC'^N C02Me 

H
/68

2 eq. SO2CI2 //
R' = MeX^eq. SO2CI2 Y ^1 ^ |^4 = cOjMe

R'' = COjMe \ / r2. r3, r5 = h
R^ Rf r5 = H

/ Cl 1^"^
Xc02Et 6eq. SO2CI2 \—/ 4.5 cq. SO2CI

^ X... ■^:-Xrco2EtR'.R3=C02Et 
Et02C^/''^'-^ ^CCh r2, R-i = Me

Cl 72 R' = ”
NR

66

X'd4 R'-R^ = Me H02C^ ''C02Et
= co,E;t Hj5R’ = H

4 eq. CI2

R'-R3 = U 
R'* = COjMe 

R5 = Ph

c, c,

Ph
69

w

70

H
71'

Scheme 23 Summary of reactions of substituted pyrroles with SO2CI2.

In 1965 chlorination of a number of methyl pyrrole-2-carboxylates had been studied by 
Hodge and Rickards^"^ using either molecular chlorine, /-butyl hypochlorite or sullliryl 

chloride. They established that reaction of 1 equivalent of SO2CI2 in Et20 with methyl 

pyrrole-2-carboxylate 73 (R = H) gave mainly methyl 4- and 5-chloropyrrole-2- 

carboxylates (74a and 74b), reaction with 2 equivalents of SO2CI2 gave mainly 4,5-
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and 3,5-dichloro and some 3,4,5-trichloropyrrole-2-carboxylate (74c-e). They also 

reacted methyl 5-formylpyiTole-2-carboxylate 73 (R = CHO) with 2 equivalents of 

SO2CI2 in Et20 which gave 3,4-dichloropyrrole-5-carboxaldehyde 68. Reaction of 

methyl 5-methylpyrrole-2-carboxylate 73 (R = CH3) with 3 equivalents of SO2CI2 gave 

67. They concluded that ring chlorination with SO2CI2 occurs by both heterolytic and 

homolytic mechanisms to yield a mixture of chloro products (Scheme 24).

X'

Scheme 24 Chlorination of methyl pyrrole-2-carboxylates 73 with SO2CI2. 94

Some time later, in 1971, Durham and Rees^^ described chlorination of methyl pyrrole- 

2-carboxylate 75 with 4 equivalents of chlorine in AcOH, which gave a product that 

was assigned structure 69 (Scheme 25), indicating a-substitution of the pyrrole ring to 

produce a product with lactam functionality.

4 eq. CI2

AcOH O

Scheme 25 Chlorination of pyrrole 75.97
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Later, Scarsella and Sleiter^* reacted ethyl 3,4,5-trimethylpyrrole-2-carboxylate 76 

with 4.5 equivalents of SO2CI2 in Et20 followed by hydrolysis (aqueous acetone) to 

give the expected a side-chain substituted product 70, as well as substantial amounts of 

a P side-chain derivative 71 (Scheme 26). Scarsella and Sleiter indicated the presence 

of other products in trace amounts, which they did not examine further.

>1N
H
76

1. SO2CI2 in CCI4

C02Et 2. CH3COCH3/H2O C02Et

Scheme 26 Chlorination of 72 followed by hydrolysis. 98

Further investigation of the literature revealed that as early as 1928 Fischer et al^'^ 

reported the isolation in high yield of a hexachloro derivative from the reaction of 

Knorr’s pyrrole 77 with 6 equivalents of SO2CI2 in Et20 (Scheme 27). Fischer 

assigned structure 78^^ as the sole product of this reaction.

,C02Et
6 eq. SO2CI2 

ECO

CI3C C02Et

Et02C'^^^^'^CCl3 
H 
78

Scheme 27 Reaction of 77 with 6 eq. of SO2CI2.
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Mathewson^^ later assigned the revised structure 72 to this product, on the basis of 'H 

NMR, IR and analytical data. Subsequently, Treibs and Grimm'^^ concurred with 

Mathewson regarding structure 72, although they hypothesised that isomer 72’ could 

equally well be correct.

1.4.2 Aims and Synthetic Strategy

This aspect of the present work was initiated with the goal of identifying the reaction 

products obtained when 3,4,5-trialkylpyrrole-2-carboxylates 79 are reacted with excess 

sulfuryl chloride, with special emphasis on varying the number of equivalents of 

SO2CI2 and the nature of substituents at the 3, 4 and 5 positions of the pyrrole ring. The 

work was also undertaken to establish whether is might be possible to unambiguously 

identify the product of the reaction of Knorr’s pyrrole 73 with SO2CI2. The results 

obtained from these reactions are presented in Chapter 4. The strategy for Chapter 4 

is as follows (Figure 5):

= -alkyl
R^ R^

= -alkyl, -CO2R

R' = Me, -CO2R
R'

// W
'n'

H
75

.r4

R^ = -Me, -CHO

Figure 5 Proposed pyrrole substrates for reaction with SO2CI2.

» Reaction of a number of pyrrole substrates 75 with SO2CI2, varying R'- 

R"* to establish the number of equivalents of SO2CI2 and the structural 

features of the pyrrole required for different reactions.

» Rigorous characterisation of all novel compounds using standard 

analytical methods (NMR, IR, HRMS).

» Unambiguous identification of the product from the reaction of Knorr’s 

pyrrole 73 with SO2CI2.
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2.0 Synthesis of linear tetrapyrroies using a [I + II-II + III] stratedgy 
2.1 Introduction

Two different methodologies exist for the synthesis of bile pigments.

1. Oxidative ring-opening of the corresponding tetrapyrrole macrocycles
2. Stepwise synthesis of linear tetrapyrroies

This chapter is concerned with the latter approach using a I+Il-lI+l strategy, in which both 

terminal rings (I and I) are attached to a central moiety (II-II). An obvious limitation to the 

generality of this route is that the central rings are symmetric, therefore a symmetric 

tetrapyrrole must result, but since the majority of bile pigments of natural origin bear a 

symmetrical arrangement about the central rings, this is not seen as a major disadvantage. 

In the case of BVR-A enzyme, a substrate must contain the bridging propionate moiety for 

binding and catalytic activity.The approach will involve the condensation of a 

dipyrromethane dialdehyde 32 with two moles of a 3-pyrrolin-2-one 31 in the presence of 

base (Scheme 28).’'’’’^^
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R' R'

r’, = alkyl

Scheme 28 Condensation of 32 with two moles of 31.^^

More recently, Brower et al. have used this method to prepare both symmetrical and 

unsymmetrical bilirubin isomers with the vinyl groups replaced by «-butyl moieties to

give 35a and 35b and by phenyl moieties to give 35c-e (Scheme 29). 72

j2 = !

2>5i(40%) R' = «-Bu, = Me; 35g {43%) R‘ = Me, iC = «-Bu

Scheme 29 Brower et preparation of bilirubin analogs 34.

In the present work, this route was investigated with the aim of producing novel bilirubins 
which could then be oxidised with 2,3-dichloro-5,6-dicyano-l,4-benzoquinone (DDQ)^^ to 

produce the corresponding biliverdins. The strategy (Scheme 28) was to synthesise the
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central dipyrromethane dialdehyde (II-II ring components), from easily accessible starting 

materials. The lactam rings (I and I components) would be synthesised using the well 

known Barton-Zard^^ reaction. Finally, a I + II-II + I condensation, followed by ester 

hydrolysis and oxidation should yield biliverdin analogues.

2.2 Synthesis of 2,2’-diformyl-3,3’-dimethyi-4,4’-bis-(methoxycarbonylethyl)-5,5- 
dipyrromethane 34

Generation of dipyrromethane dialdehyde 34 was achieved in four steps commencing 
from a pyrrole synthesis (Scheme 30). Typical Knorr'®^ and Zanetti-modified Knorr’*’^ 

pyrrole syntheses involve a zinc-reduction of an oximino group to an amine and its 

subsequent condensation with an unsubstituted dicarbonyl species to generate a pyrrole. 

Kleinspehn’*'"' and Johnson et al.’’’' introduced a substituent at the 3-position of the 

dicarbonyl species, allowing the synthesis of pyrroles of biological interest. Using this 

method, t-butyl 4-(2-methoxycarbonylethyl)-3,5-dimethylpyrrole-2-carboxylate 82 (62%) 

was synthesised by reaction of methyl 4-acet>'l-5-oxohexanoate 80 with /-butyl 2- 

oximinoacetoacetate 81.

O O

C02Me
80

O O

-I- O
NOH

81

Zn/NaOAc
AcOH
62%

cat. p-TsOH
AcOH
83 %>

C02Me

Scheme 30 Synthesis of dipyrromethane 84.
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The oxime 81 was generated shortly before use, as failure to do so resulted in the 

production of two pyrrole products, which could be separated by chromatography. One of 

these was the desired pyrrole 82, the other, arising from the condensation of t-butyl 

oximinoacetoacetate 81 with t-butyl acetoacetate derived from 81, was di-t-butyl-3,5- 

dimethylpyrrole-2,4-dicarboxylate.

Acetoxylation of the C-5 methyl group of 82 with 1 equivalent of lead tetra-acetate 

yielded 83 (82%). Acid-catalysed self-condensation of 83 generated di-t-butyl 

dipyrromethane-5,5’-dicarboxylate 84 (83%). The spectroscopic data obtained for 82, 83 

and 84 were consistent with those in the literature.The 'H NMR spectrum of 84 

contains a characteristic singlet at 6h 3.69 ppm corresponding to the C-6 meso protons. 

The corresponding '^C signal appears at 6c 22.1 ppm.

O
O O

R'

85a
R 1 85

85b
R' =H o o ~

'0r2

NOH

81'

\\ O or2

87 88 92 91
Scheme 31 Modes of cyclisation.

47



Chapter 2

The overall yield of 84 over three reaction steps was low (42%). The initial Knorr reaction 

gave 82 in a maximised yield of 62%. The formation of 82 can be accounted for by 

consideration of the reaction mechanism (Scheme 31). In order for intramolecular 

cyclisation to occur for 89 (R' = alkyl), the bulky R' group must be orientated away from 

the reaction centre in the intermediate Schiff base 90. Enol formation followed by reaction 

with the ketone group gives intermediate 91. This is followed by the subsequent slow loss 

of an acetyl group from 91 to give pyrrole 92. This is in contrast to the classic Knorr 

condensation involving oxime 81’ with an unsubstituted diketone 85a (R' = H) to form 

imine 86. The easily formed enamine 86’ then cyclises with the other carbonyl group, this 

is followed by immediate dehydration to achieve aromaticity giving pyrrole product 88, 

generally produced in a higher yield.

Scheme 32 Formylation of dipyrromethane 84.

Formylation of 84 (Scheme 32) was performed in TFA, which causes cleavage and 

decarboxylation of the t-butyl ester groups of 84. The intermediate a-free dipyrromethane 

is then formylated in situ using triethyl orthoformate to afford 2,2’-diformyl-3,3’- 

dimethyl-4,4’-bis-(methoxycarbonylethyI)-5,5’-dipyrryomethane 34 (92%) after column 

chromatography. 2-Formyl-2’-(trifluoroacetyl)dipyrromethane 93 was also isolated (9%),

48



Chapter 2

as had been reported by Xie et The reaction time had to be monitored closely as 

failure to do this caused an increase in the yield of 93, presumably produced by 

trifluoroacetylation of diformyldipyrromethane 34 by TFA.

The spectroscopic data obtained for 34'^'* and 93’°^ were consistent with those reported in 

the literature. Characteristic signals in the *H NMR spectrum of 34 include a singlet at 

§H 4.07 ppm assigned to the C-6 meso protons, and a singlet at 6h 9.53 ppm assigned to 

the C-2 and C-2’ formyl groups. 2,2’-Diformyl-3,3’-dimethyl-4,4’-bis- 

(methoxycarbonylethyl)-5,5’-dipyrromethane 34 is C2v symmetric; this is evident from its 

relatively simple 'H NMR spectrum. In comparison, 93 is no longer C2v symmetric due to 

the presence of the COCF3 group at C-2’, indicated by the appearance of separate signals 

for each of the four P-substituents. The C-6 meso protons resonate at 5h 4.14 ppm, and the 

C-2 formyl proton resonates at 6h 9.54 ppm.

2.3 Synthesis of pyrrolin-2-ones 31

The Barton-Zard^^ reaction refers to the base-induced Michael addition of an a- 

isocyanoacetate 94 to a nitroalkene 96 followed by nucleophilic addition of the resulting 

nitronate anion 97 to the isocyano group to yield a pyrroline 98. This is followed by base- 

induced elimination of nitrite ion from 99 and double bond rearrangement to finally give 

pyrrole 47 (Scheme 33). A precedent for similar cyclisations between Michael acceptors 

and /)-toluenesulfonylmethyl isocyanide (TOSMIC) 94 had been developed by Van 

Leusen in his synthesis of unsubstituted oxazoles.’^^
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CN>Ts
94

96

Base

AcO NO2
M.

95 R

95a R' = Me, = n-?r 
95b R' = Et, R^ = «-Pr 
95c R' = Me, r2 = Ph

Ts-
H

.N,

W
R^ R'

47

-(-NO2
r2 98 R'

BH+
B

H*

B R2 R'
100

Scheme 33 Barton-Zard reaction mechanism.

Two equivalents of base are required for the condensation reaction between TOSMIC 94 

and the nitroalkene 96. It is often more convenient to generate the nitroalkene 96 in situ by 

an elimination reaction from P-nitroacetoxy compounds 95 to avoid possible 

polymerisation reactions. This would, of course, require the presence of an additional 

equivalent of base.
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r’ no, +

n OoN OH OoN OAc
10%NaOH^ ^ \___/ cat. H2SO4 ^ \__ /

J EtOH J AcoO JR 88-93 % R' R^
103

71-81 % R' R^ 
95101 102

a R' = Me, = «-Pr, b R' = Et, R^ = «-Pr, c r' = Me, R^ = Ph

Scheme 34 Preparation of p-acetoxy nitro derivatives 95a-c from nitro alkanes 101 and

aldehydes 102.

P-Acetoxy nitro derivatives 95a-c were chosen as targets due to the availability of the 

starting materials. They were prepared easily by the base-catalysed Henry reaction’ 

between a primary nitroalkane 101 and an aldehyde 102 to give nitroaldols 103a-c 

(Scheme 34). Acetylation of 103 with acetic anhydride in the presence of a catalytic 

amount of H2SO4 afforded 95a-c, all of which were obtained in high yields (71-81 %). The 

spectroscopic data for 95a, 95b and 95c were consistent with those reported in the 

literature.'”’’"^ By using this method various pyrrole P-substituents (R' and R^) can be 

obtained, dependent only on the availability of the nitroalkane giving R' and the aldehyde 

giving R (Scheme 35).

O2N OAc
M.

R' R2

NC
R' R^ Ts-

Base

95 94
N
H
47

Ts

47a R' = Me, R^ = «-Pr (55 %) 
47b R' = Et, r2 = «-Pr (58 %) 
47c R' = Me, r2 = Ph (68 %)

Scheme 35 Synthesis of 2-(/?-tosyl)-3,4-substituted pyrroles 47a-c.

Numerous protocols exist for the generation of pyrroles from the condensation of the P-

acetoxy nitro derivatives 95 with a-isocyanoacetate 94.73,112-114 Pyrrole 47a was taken as a

synthetic target and various conditions were employed for its synthesis (Table 1).
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Table 1 Synthesis of 2-(p-Tosyl)-3-/7-propyl-4-methyl pyrrole 47a under different 

conditions.

Entry Base Solvent Reaction

Time

Yield

ll,3 2.1 eq.NaH Dry Et20-DMS0 (2:1) 20 min 19%

2* 2 eq. DBU THF-'PrOH(l:l) 72 h 73%

3^^ 2.1 eq. TMG THF-'PrOH(l:l) 72 h 23%

4I12 3.1 eq. TMG Dist. THF-'PrOH(l:l) 66 h 55%

5114 2.1 eq. K2CO3 THF-MeOH 72 h 0%

*Entry 2 contained two pyrrole products.

The most reliable method the synthesis of pyrrole 47a used three equivalents of 1,1,3,3- 

tetramethyl guanidine (TMG) in a 1:1 mixture of «o-propanol and distilled THF. These 

conditions gave consistently acceptable results for a variety of pyrrole products 47a-c, 
which could be purified by recrystallisation rather than a laborious chromatography 

procedure. The use of distilled THF was important as commercial THF contains trace 

amounts of butylated hydroxytoluene (BHT), which could potentially interfere with the 

condensation process thereby lowering the yield (cf Entry 3 and 4 in Table 1)."^

Pyrroles 47a and 47b have not been previously reported in the literature. Pyrrole 47c was 

generated in higher yield than had been reported (53% yield of tan coloured crystals). 

Spectroscopic data of 47a-c are reported in the experimental section, some of the more 

diagnostic NMR signals are given in Table 2. The specific assignments and correlations 

were made on the basis of DEPT, HSQC and HMBC experiments.
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1 I "XTable 2 Comparison of some H and C NMR data for 47a-c.

Assignment 47a

R' = Me, = /Pr

47b

R‘ = Et, R^ = /Pr

47c

R* == Me, R^ = Ph

Multiplicity

(Hz)

5h 5c 8h 5c 5h 5c

C-7’, CH3 2.41 21.1 2.42 21.1 2.34 21.6 s

C-4 120.4 122.9 121.5

C-5, H 6.72 120.6 6.74 119.2 6.81 120.2 d 2.5, 3.0, 3.0

The signals assigned to the a-H at C-5 in each of the compounds are diagnostic of the 

presence of substituted pyrroles containing a C-5 a-tfee position.
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R' R'

N
H
47

2.2 eq. FTP 
■Ts CH2CI2

R' R^
C=( l.leq.NaBH^

o- N
H
31

EtOH

R' R^

// W
Br"^ 'Ts

H
104

TFA\H20

R' R^

'Ts

H
105

a R' = Me, = «-Pr, b R' = Et, R^ = /7-Pr, c R' = Me, R^ = Ph 

Scheme 36 Generation of pyrrolin-2-ones 31a-c.

The 2-(/7-tosyl) pyrroles, 47a-c, obtained above were converted into the corresponding 

pyrrolin-2-ones 31 in a sequence of reactions (Scheme 36) involving initial a-bromination 

using 2.2 equivalents of pyridinium tribromide perbromide (FTP), to generate 104. a- 

Bromination allows the regioselective synthesis of 105. Kinoshita et al.^^ reported that 

when 106 was refluxed for 2 h in TFA-MeOH (5:1) solution containing 10 equivalents of 

H2O, the desired product 107 (66%) forms along with the regioisomer 108 (22%) (Scheme 

37). Initial bromination allows selective synthesis of regioisomer 107 only.

//

jj u TFA/MeOH (5:1), H2O (10 eqQ
A 2h

107 108

Scheme 37 Treatment of 106 with TFA/MeOH (5:1), H2O 10 eq. generates regioisomers
107 and 108.^°
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Pyrrole 104 was treated with a solution of TFA-H2O (5:1), to give tosylpyrroiin-2-one 105 

(Scheme 36). The tosyl group was then removed using sodium borohydride in ethanol, 

affording 3, 4-disubsitituted pyrrolin-2-ones 31a-c.

Figure 6 H NMR of transformation of 47a to 31a.

The above reactions were monitored using 'H NMR spectroscopy (Figure 6). 2-Tosyl-3- 

n-propyl-4-methyl pyrrole 47a shows a doublet at 5h 6.72 ppm (7 2.5 Hz) assigned to the 

C-5 a-H in its 'H NMR spectrum. Upon a-bromination of 47a using PTB, this signal 

disappears. In the HRMS (ES'^) spectrum of 104a, a molecular ion was observed that 

matched the calculated mass (378.0139) for [Ci5Hi8^'^BrN02S + Na]"^. There was also the 
characteristic isotope pattern indicating the presence of one bromine atom with nt/z |M^^Br 

+ NaJ"^ and m/z [M^'Br + Na|^ present in 1:1 relative intensities. On treatment of 104a 

with TFA-H2O (5:1), the formation of 105a was confirmed by the appearance of singlets 

in the 'H NMR spectrum at 5n 5.14 ppm and 6n 6.37 ppm representing the a-H adjacent to 

the tosyl group and the NH proton, respectively. The NMR spectrum of 105a included 

a carbonyl signal at 5^ 173.0 ppm assigned to C-5. Removal of the tosyl group with 

NaBH4 was indicated by loss of the doublets at 5ii 7.33 and 7.66 ppm and a singlet at 6h 

2.43 ppm assigned to the tosyl group. Moreover, the presence of pyrrolin-2-one 31a was
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indicated by the appearance of a singlet at 5h 3.84 ppm representing C-5 a-CH2 (Figure 

6). Analogous spectroscopic changes were seen in the syntheses of the pyrrolin-2-ones 31b 

and 31c. The yields of these reactions are reported in Table 3.

Br

R*

N 
H

R' R‘^ R' R‘

Ts O'

104

N
H
105

'Ts O' N
H
31

a R' = Me. R'' = /i-Pr. b R' = Et. R- = /i-Pr, c R' = Me. R“ = Ph.

Table 3 Yields of pyrrolin-2-ones 31a-c synthesised.

Entry Substituent 104 105 31

1 a 93% 72% 77%

2 b 53% 52% 78%

3 c 83% 96% 93%

The syntheses and spectroscopic data for 104b, 105b, 31a and 31b have not been 

previously reported in the literature. Pyrroles 104a^'^ and 105a^^ have been previously 

reported but no spectroscopic data is available, full characterisation (m. p., 'H- and '"'C 

NMR, IR and HRMS) data for these compounds is reported here. Pyrrole 104c, pyrrolin-2- 

ones 105c and 31c have been previously synthesised, and their spectroscopic data agreed 

with that in the literature.^^

2.4 Coupling Reactions

2.4.1 Synthesis of 5-benzylidene-3-niethyl-4-phenyl-l,5-dihydro-pyrrol-2-one 110

In order to find suitable coupling conditions for the synthesis of 35c, 44 and 35 the model 

compound 110 was seen as a sensible target. Compounds of this type have been prepared
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in most instances by a base-catalysed condensation between a nucleophilic species, a 

pyrrolin-2-one, and an aldehyde. Based on reported syntheses of dipyrrinones and

linear tetrapyrroles,^^' piperidine was selected as the base of choice. 3-Methyl-4-phenyl- 

3-pyrrolin-2-one 31c and benzaldehyde 109 were allowed to reflux overnight under 

nitrogen in the presence of piperidine to give 110 (26%) after column chromatography and 

recrystallisation (Scheme 38).

CHO piperidine
MeOH

Scheme 38 Synthesis of 5-benzylidene-3-methy 1-4-phenyl-1,5-dihydro-pyrrol-2-one 110.

The signal corresponding to C-6 appears at 6h 5.99 ppm in the 'H NMR spectrum of 110. 

The corresponding carbon (C-6) resonates at 6c 111.9 ppm in the '^C NMR spectrum, 

providing evidence for a successful coupling reaction. Additionally there is a signal at 6c 

172.2 ppm attributed to the lactam C=0 group. These assignments were made on the basis 
of DEPT, HSQC and HMBC experiments. NMR assignments of the 'H and '^C signals for 

compound 106 are summarised in Table 4.
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Table 4 'H and ‘^C NMR data for 110.

8c ppm) 6h ppm) Multiplicity (Hz) Assignment

9.2 CHs 1.99 s C-3’

111.9 CH 5.99 s C-6

127.9 Ph 7.28 m C-10

128.5 Ph 7.50 w-Ph

128.5 Ph 7.35 C-8

128.6 Ph 7.45 /7-Ph

129.1 Ph7.38 C-9

129.5 Ph 7.37 o-Ph

129.0 C-5

131.7 /■-Ph

135.2 C-7

137.3 C-3

145.7 C-4

C=0 172.2 C-2

'^N 125.5 NH7.88 br s NH

In theory, the condensation of 31c with 109 can result in two isomeric products differing 

only in the configuration of the exocyclic C-5\C-6 double bond. The obtained 

configuration can easily be assigned using nOe NMR spectroscopy, which indicates a Z 

configuration for the C-5\C-6 exocyclic double bond. Strong nOe interactions were found
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between the C-6 H at 5h 5.99 ppm to C-8 H and to the o-H of the C-4 phenyl ring as 

illustrated for 110 in Figure 7. There was no nOe observed between the C-6 H and the NH 

at 6h 7.88 ppm. This is consistent with the suggestion that the Z isomer is the 

thermodynamically more favoured product.

Figure 7 nOe effects found in 110 shown by curved line.

The IR spectrum of 110 showed a strong carbonyl peak at 1683 cm' due to the lactam 
functional group, and a weak absorption at 1642 cm'' corresponding to the C=C bond. In 

the HRMS (ES^) spectrum of 110 a molecular ion was observed that matched the 
calculated mass (284.1051) for [CigHisNO -i- Na]^.

2.4.2 Synthesis of (Z)-2,8-diniethyl-3-phenyI-benzyloxycarbonyI-7-(2’- 
methoxycarbonylethyl)-l,10-dihydro-l l//-dipyrrin-l-one 112

Focus now switched to the synthesis of a product which would be more synthetically 

useful. Benzyl 5-formyl-4-(2-methoxycarbonylethyl)-3-methyl-pyrrole-2-carboxylate 111 

was derived from benzyl 4-(2-methoxycarbonylethyl)-3,5-dimethylpyrrole-2-carboxylate 

59 by reaction with four equivalents of ceric ammonium nitrate (CAN) , which yielded 

111 (96%).
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Ph

o

31c

Scheme 39 Synthesis of (Z)-2,8-dimethyl-3-phenyl-methoxycarbonyl-7-(2’- 

methoxycarbonylethyl)-l,10-dihydro-l l/Z-dipyrrin-l-one 112.

3-Methyl-4-phenyl-3-pyrrolin-2-one 31c and benzyl 5-formyl pyrrole-2-carboxylate 111 

were reacted in the presence of piperidine in MeOH under reflux in an atmosphere of 

nitrogen. The bright yellow product was purified by column chromatography to yield 112 

(~100 %) (Scheme 39). Spectroscopic data of 112 indicated that the C-10 benzyl ester 
group had been transesterified during the course of the reaction to yield the novel 

condensation product 112. This was indicated in the 'H NMR spectrum of the product 112 

by the appearance of a signal at 5h 3.78 ppm assigned to the methyl ester group at C-10 

and in the '^C NMR spectrum of 112 by the appearance of a signal at 5c 161.7 ppm 

assigned to the C-10 C=0 group. Signals corresponding to the benzyl ester group were 

absent, further reinforcing the fact that transesterification had occurred. A characteristic 

signal at 5h 5.97 ppm corresponding to the C-6 methylene proton, and a signal at 5c 100.9 

ppm in the '^C NMR spectrum provided evidence for the successful condensation 

reaction. 'H and '^C NMR assignments for compound 112 are summarised in Table 5.
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Table 5 'll and '^C NMR data for 112.

5c ppm) 5HPpm) Multiplicity (Hz) Assignment

9.2 CH3 2.07 s C-3’

10.3 CH32.3I s C-9’

19.7 CH2 2.72 t, 7.5 C-8’

34.9 CH2 2.40 t, 7.5 C-8”

51.3 CH33.59 s OMe

51.5 CH3 3.78 s C-10”, OMe

100.9 CH 5.96 s C-6

120.2 Py

121.9 Py

126.7 Py

127.7 Py

128.3 Py

128.6 Ph 7.25-7.42 m Ph

128.7

129.5

131.6 /-Ph

135.1 Py

146.2 Py

C=0 161.7 C-10’
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C=0 172.9 C02Me

C=0 173.3 C-2

A number of nOe experiments were also conducted and indicated a Z-configuration 

around the double bond. The IR spectrum of 112 had strong carbonyl absorptions at 1736, 

1701 and 1662 cm'* due to the two methyl ester groups and the lactam functional groups, 

respectively. In the HRMS (ES^) spectrum of 108 a molecular ion was observed that 

matched the calculated mass (431.1583) for [C23H24N2O5 + Na]"^.

In the above example, transesterification caused loss of the benzyl ester group. It was 

considered that use of tBuOH in place of MeOH should circumvent transesterification. 3 - 

Methy 1-4-phenyl-3-pyrrolin-2-one 31c and benzyl 5-formyl pyrrole-2-carboxylate 111 

were reacted in tBuOH using the same conditions as above to yield an orange sticky 
residue, which was purified by column chromatography to yield 113 (~100 %).

In the *H NMR spectrum of 113 peaks assigned to the C-10 benzyl ester group were 

observed at 5n 5.34 ppm for the CH2 moiety and at 5h 7.35-7.53 ppm for the phenyl ring. 
In the '^C NMR spectrum of 113 14 signals were observed in the aromatic region of the 

spectrum. One peak was apparently missing, and this was confirmed to be a phenyl ring 

signal by a DEPT 90 ° experiment, which may be overlapped by another phenyl signal. 'H 

and C NMR assignments for compound 109 are summarised in Table 6.
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Table 6 ‘H and '^C NMR data for 113.

5c ppm) 6h ppm) Multiplicity (Hz) Assignment

9.3 CH32.OI s C-3’

10.6 CH32.3I s C-9’

19.7 CH2 2.73 t7.5 C-8’

34.9 CH22.4I t7.5 C-8”

51.6 CH35I.7 s OMe

66.2 CH2 5.34 s C-10’'

100.7 CH5.95 s C-6

121.7 Py

126.7 Py

127.7 Py

128.5 Py

128.2 Ph 7.35-7.53 m Ph

128.59

128.62

128.8

129.6

131.5 /■-Ph

135.3 /■-Ph
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136.1 Py

145.9 Py

146.1 Py

C=0 161.2 C02Ph

C=0 173.0 C02Me

C=0 173.1 C-2

Basic nOe experiments were also conducted on 113 and appear to indicate a Z 

configuration around the exocyclic C-5\C-6 double bond. Strong nOe interactions were 

found between the C-6 H at 6h 5.95 ppm and the C-8’ protons at 5h 2.41 ppm, and 

between the C-6 H and the o-H of the C-4 phenyl ring.

Figure 8 nOe effects found in 113 shown by curved lines.

The IR spectrum of 113 had strong carbonyl absorptions at 1730, 1701 and 1649 cm"' due 

to the two methyl ester groups and the lactam functional group respectively. In the HRMS 
(ES^) spectrum of 113 a molecular ion was observed that matched the calculated mass 

(485.2070) for [C29H28N2O5 + H]^

2.4.3 Attempted synthesis of linear tetrapyrroles using the [I + II-II + III] 
methodology

Equipped with the above knowledge concerning condensation conditions, the present 

work focused on the synthesis of linear tetrapyrroles using a I + II-II + I methodology to
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generate 35c. This would be followed by ester hydrolysis of the dimethyl esters and DDQ 

oxidation of the C-10 position to yield biliverdin analogues 46c (Scheme 40).

As previously mentioned Brower et al.^^ have reported the piperidine-catalysed 
condensation of 34 with 4 equivalents of 31c to give 3,17-des-vinyl-3,l 7-bis-phenyl- 

bilirubin-llla 35c (56%) (Scheme 41).

Ph

4 eq.
o- N

H
31c

Scheme 41 Synthesis of 35c.
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Accordingly, in the present work 2,2’-diformyl-5,5’-dipyrromethane 34 and 4 equivalents 

of 3-methyl-4-phenyl-3-pyrrolin-2-one 31c in a piperidine-catalysed condensation were 

heated under reflux overnight. Isolation was attempted via column chromatography but 

satisfactory 'H NMR characterisation of this product was unattainable. Instead, starting 

materials 31c and 34 were identified according to ’H NMR and HRMS analysis. The 

reaction was repeated using completely anhydrous conditions, dry piperidine and dry 

MeOH, in the hope of forcing the aldol-like condensation to occur. Again this failed to 

yield product 35c, instead starting materials 31c and 34 were recovered.

Scheme 42 Attempted synthesis of 3,17-des-ethyl-3,17-di-/i-propyl-mej'obilirubin-III a

35a.

Synthesis of a more lipophilic analogue 35a was also attempted. 2,2’-Diformyl-5,5’- 

dipyrromethane 34 and 6.5 equivalents of 3-methyl-4-n-propyl-3-pyrrolin-2-one 31a were 

reacted under reflux in 6 M KOH for 67 h. The resulting dark orange mixture was worked 

up by acidification and the product collected by centrifugation. This was adapted from a 
method previously reported for the synthesis of n-butyl rubin 35g.^^ These authors had 

reacted 34 with 6.5 equivalents of 31g to yield 35g (42.7%). In the present work the 

reaction of 31a with 34 failed to give product. The condensation reaction was also carried 

out using piperidine as had been described by Brower et al. starting materials were again 

observed in the 'H NMR and the HRMS spectra of the product 35a.
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5-TosylpyiTolin-2-ones such as 114 have heen found to undergo Wittig-type coupling 

reactions with various aldehydes.^' Kinoshita et also applied this method to the 

synthesis of pyrromethenone derivatives 116 by reacting 114 with 115 in the presence of 

tri-«-butylphosphine and DBU (Scheme 43).

C02Me

Scheme 43 Synthesis of pyrromethenone derivatives 116. 61

This reaction had not been previously applied using a dialdehyde precursor e.g. 2,2’- 

diformyl-5,5’-dipyrromethane 34. Synthesis of 35a was attempted by reacting 2,2’- 

diformyl-5,5’-dipyrromethane 34 with two equivalents of 3-methyl-4-«-propyl-5-(p- 

tosyl)-3-pyrrolin-2-one 105a in the presence of either triphenylphosphine or the more 

reactive tri-zi-butylphosphine and DBU in dry THF. The reaction mixture was allowed to 
stir for 12 h under nitrogen with the careful exclusion of light before being worked up. 'H 

NMR and HRMS analysis of the product mixture again revealed that no condensation 

reaction had occurred, and signals corresponding to the starting materials 105a and 34 

were again observed.
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Scheme 44 Attempted synthesis of bilirubin 35a using Kinoshita’s method.^' 

A summary of the attempted condensation reactions is given in Table 7.

Table 7 Conditions of attempted condensation reactions.

Entry Aldehyde PyrroIin-2-one

(mol amt)

Base Conditions Result

1 34 31c (4) 10 eq piperidine reflux, 16 h -

2 34 31c (4) 10 eq piperidine anhydrous, reflux, N2, 16 h -

3 34 31a (7) excess KOH reflux, 67 h -

4 34 31a (7) 10 eq piperidine reflux, 16 h -

5 34 31a (2) 2 eq DBU 4.4 eq. PPhj, RT, 16 h, Nj -

6 34 31a (2) 4 eq DBU 4.4 eq. "BujP, RT, 2d, N2 -

2.5 Conclusions and Future Work

The piperidine-catalysed condensation of benzaldeyde 109 with pyrrolin-2-one 31c gave 

the desired product 5-benzylidene-3-methyl-4-phenyl-l,5-dihydro-pyrrol-2-one 110. 

Benzyl 5-formyl-4-(2’-methoxycarbonylethyl)-3-methylpyrrole-2-carboxylate 111 was 

condensed with pyrrolin-2-one 31c to give dipyrrin-1-one 112 and dipyrrin-1-one 113
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under adapted conditions. Application of identical condensation conditions towards the 

synthesis of linear tetrapyrroles 35 by the condensation of dialdehyde 34 with pyrrolin-2- 

ones 31 failed to garner products. Condensation of dialdehyde 34 with pyrrolin-2-one 31c 

had been reported^^ but could not be repeated here. Reluctantly, this method was no longer 

seen as being a viable route towards the synthesis of linear tetrapyrroles, as even forcing 

conditions failed to generate products.

Reasons for the failed linear tetrapyrrole synthesis may be partly accounted for by the 

difference in reactivity between the aldehyde reactants; benzaldehyde 109, benzyl 5- 

formyl-4-(2’-methoxycarbonylethyl)-3-methylpyrrole-2-carboxylate 111 and dialdehyde 

34. Aldehydes 109 and 111 would be relatively electrophilic in nature compared to 

dialdehyde 34. Perhaps dialdehyde 34 was not electrophilic enough to condense with the 

nucleophilic pyrrolin-2-one 31. A possible method to make the condensation occur would 

be to utilise an electrophilic dialdehyde. Reaction of dialdehyde 34 with CAN (ceric 

ammonium nitrate) would give dipyrroketone 117 which would be more reactive towards 

electrophilic attack. After the condensation reaction of 117 with 31, an oxophlorin type 

structure 118 would be generated. The C-10 ketone functional group of 118 could finally 

be removed using NaBH4 to give 45 (Scheme 45). Of course one has to keep in mind that 

the reduction of this ketone group selectively might prove difficult but it would represent 

an interesting approach to linear tetrapyrroles 45. Indeed Jackson et reported the

oxidative ring opening of Fe-complex of y-oxyprotoporpyrin dimethyl ester to give 

biliverdin IXy dimethyl ester.
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Scheme 45 Future work.

In spite of this failure a number of novel 2-tosyl pyrroles 47a, 47b, 104b and 105b, 

pyrrolin-2-ones 31a and 31b, model compound 110 and pyrromethanones 112 and 113 

were synthesised and fully characterised by standard analytical techniques (NMR, IR and 

HRMS). The geometry of the pyrromethanone condensation reaction appears to occur 

primarily to give a Z configuration around the new double bond, as confirmed by nOe 

experiments. This geometry was expected as it gives the most thermodynamically 

favourable product."^

Ultimately, this synthetic approach was cumbersome and required many steps and 

manipulations. Thus, as described in Chapter 3, the objective now was to employ an 

alternative strategy for the synthesis of linear tetrapyrroles.
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2.6 Experimental Section 

General experimental conditions

'H NMR spectra were recorded for CDCI3 solutions unless otherwise stated using=Bruker 

AVANCE -DPX400, AV400 or AV600 instruments operating at 400 or 600 MHz 

respectively. Chemical shifts are quoted in ppm. Coupling constants (J) are recorded in 

Hz. '^C NMR spectra were recorded at 100.6 MHz or 150.6 MHz. Assignement of N 

signals were made using '^N HSQC experiments and were measured relative to NH3 at 
25 °C. Assignments were verified where appropriate by nOe, ’H-’H COSY, TOCSY, '^C- 

'H HSQC, HMBC and '^C-DEPT experiments. IR spectra were either recorded as liquid 

films (L), as nujol mulls (N) between sodium chloride plates or for neat samples using a 

Mattsson Genesis 11 FTIR spectrophotometer or a Perkin Elmer Spectrum One FT-IR 

Spectrometer using the Universal ATR Sampling Accessory. They are reported in 

reciprocal centimetres. Mass spectra were obtained under electrospray conditions for 

solutions in methanol unless otherwise stated using a Micromass high-resolution time-of- 

flight instrument. Melting points (uncorrected) were measured in unsealed capillary tubes 

using a Barnstead Electrothermal lA 9000. Thin layer chromatography was carried out on 

Merck Kieselgel 60 F254 0.2 mm silica gel plates. Gravity chromatography was performed 

using Merck silica gel 60 (70-230 mesh). THF and Et20 solvents were dried over sodium 

metal and benzophenone and were freshly distilled before each use. DMF and DMSO 

solvents were stored over molecular sieves. CH2CI2 was dried over CaCb and Ifeshly 

distilled before use. MeOH was dried over CaH2 and Ifeshly distilled before use. All other 

solvents were used as received.
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/-Butyl 4-(2’-methoxycarbonyIethyl)-3,5-diinethylpyrrole-2-carboxylate 82

O O

105

o o
O

C02Me
80

NOH

81

Zn/NaOAc
AcOH

CO,Me

2-[(E)-hydroxyimino]-3-oxo-butyric acid /-butyl ester 81 (4.30 g, 23.1 mmol) was added 

dropwise over 1 h to methyl 4-acetyl-5-oxohexanoate 80 (4.30 g, 23.1 mmol) in acetic 

acid (26 mL), while simultaneously a mixture of zinc dust (7.58 g, 92.4 mmol) and 

anhydrous sodium acetate (5.03 g, 77.0 mmol) was added ensuring that the zinc 

dust/sodium acetate mixture was always in excess. The temperature was maintained 

between 65-80 °C. After complete addition, the solution was slowly heated to 90 °C. 

After 2.5 h of stirring at this temperature, the hot reaction mixture was decanted Ifom the 

zinc sludge into ice-cold water (150 mL); the zinc was rinsed several times with hot acetic 

acid. After standing in water for 15 min, a precipitate had formed. It was collected, 

washed with water (50 mL), redissolved in CH2CI2 (50 mL), dried over Na2S04, filtered 

and evaporated in vacuo to dryness. The solid was recrystallised (1:1 CH2Cl2-Hex) to 

generate 82 (4.02g, 62%) as clear needles.

M.p. 98.2-99.3 °C (lit.,'®'^ 99-100 °C);

8h (400 MHz, CDCI3): 1.58 (9H, s, ‘Bu), 2.23 (3H, s, CH3), 2.26 (3H, s, CH3), 2.44 (2H, t, 

J7.8 Hz, CH2), 2.72 (2H, t, J7.8 Hz, CH2), 3.68 (3H, s, CH3), 8.80 (IH, brs, NH) ppm;

5c (100 MHz, CDCI3): 10.1 (CH3), 11.0 (CH3), 19.2 (CH2), 28.1 (‘Bu), 34.5 (CH2), 51.1 

(OCH3), 79.7 (q), 117.8 (Py), 119.3 (Py), 125.6 (Py), 128.7 (Py), 160.9 (C=OtBu), 173.2 

(C=OMe) ppm.
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/-Butyl 5-acetoxy-3-inethyl-4-(2’-methoxycarbonyIethyl)-pyrrole-2-carbox>'late 83

COsMe

Pb(OAc)4 

AcOH

106

Pyrrole 82 (3.50 g, 12.4 mmol) was dissolved in AcOH (64.4 mL) containing acetic 

anhydride (1.4 mL). Lead tetra-acetate (5.96 g, 14.93 mmol) was added portion-wise to 

the reaction mixture during 1 hr. The mixture was stirred at room temperature overnight 

and then was poured into water (250 mL). The precipitated product was collected, washed 

with water (50 mL) and dissolved in CH2CI2 (50 mL). The organic layer was washed with 

water (3 x 75 mL), dried over Na2S04, filtered and evaporated in vacuo to yield a red 

sticky residue that was crystallised (1:1 Hex-CH2Cl2) to yield 83 (3.44 g, 82%) of an 

orange crystalline product.

M.p. 81.4 °C (lit.,‘°^ 82-83 °C);

5h (400 MHz, CDCI3): 1.58 (9H, s, ‘Bu), 2.09 (3H, s, CH3), 2.27 (3H, s, CH3), 2.48 (2H, t, 

J 7.8 Hz, CH2), 2.80 (2H, t, J 7.8 Hz, CH2), 3.69 (3H, s, CH3), 5.07 (2H, s, CH2), 8.98 

(IH, hr s, NH) ppm;

8c (100 MHz, CDCI3): 9.9 (CH3), 18.8 (CH2), 20.5 (CH2), 28.0 (‘Bu), 34.8 (CH2), 51.2 

(OCH3), 56.5 (CH3) 80.4 (q), 120.3 (Py), 122.3 (Py), 124.7 (Py), 126.1 (Py), 160.4 

(C=OtBu), 171.2 (C=Oac), 172.8 (C=OMe) Ppm.
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2,2’-Bis(t-butoxycarbonyI)-3,3’-dimethyl-4,4’-bis-(methoxycarbonylethyl)-5,5’-
dipyrromethane 84 106

cat. p-TsOH 

OAc AcOH

Acetoxymethyl pyrrole 83 (2.56 g, 7.5 mmol) was dissolved in aqueous AcOH (42 mL, 80 

%) in the dark under N2 and a catalytic amount of jP-toluene sulfonic acid (126 mg, 9 mol 

%) was added. The N2 line was switched off and the reaction mixture was stirred at room 

temperature overnight. The reaction mixture was diluted with CH2CI2 (50 mL) and water 

(50 mL). The organic layer was separated and the aqueous layer was re-extracted with 

CH2CI2 (2 X 50 mL). The combined organic extracts were washed with aqueous ammonia 

(1 X 50 mL; 10%), water (2 x 25 mL) and brine (1 x 30 mL), dried over Na2S04 and 

concentrated in vacuo. The residue was a dark brown crystalline solid that was 

recrystallised (1:1 Hex-CH2Cl2) to yield 84 (1.7 g, 83%) of a white crystalline solid.

M.p. 139.4 -141.2 °C (lit.,“^^ 141-142 °C);

5h (400 MHz, CDCI3): 1.55 (18H, s, ‘Bu), 2.26 (6H, s, CH3), 2.50 (4H, t, J 7.3 Hz, CH2), 

2.77 (4H, t, J7.3 Hz, CH2), 3.69 (6H, s, CH3), 3.96 (2H, s, CH2), 8.69 (2H, br s, NH) ppm;

5c (100 MHz, CDCI3): 10.2 (CH3, C-3’), 18.9 (CH2, C-4’), 22.1 (CH2, C-6), 28.0 (‘Bu), 

34.3 (CH2, C-4”), 51.33 (C02Me), 79.92 (q, C-2”), 119.19 (Py), 119.50 (Py), 125.11 

(Py), 128.85 (Py), 160.73 (C=OtBu), 173.33 (C^Omc) Ppm.
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2,2’-Di formyl-3,3’-dimethyl-4,4’-bis-(methoxycarbonyIethyi)-5,5-dipyrr>'omethane

34 107

Dipyrromethane 84 (250 mg, 0.46 mmol) was dissolved in trifluoroacetic acid (1.57 mL), 

under N2 and stirred for 45 min. The mixture was cooled to -5 °C using an ice/salt bath, a 

cooled portion of triethyl orthoformate (0.37 mL, 2.2 mmol) was slowly added to the cold 

mixture via syringe. The solution was stirred for 8 min at 0 °C and was stirred for a further 

2 min at room temperature. The mixture was poured into aqueous NaHCOa/ CH2Cl2,The 

organic layer was separated and washed with aqueous NaHC03 (1 x 25 mL), water (1 x 25 

mL), dried over Na2S04 and evaporated in vacuo to yield a dark orange oil (199 mg) 

which was purified by column chromatography (1:1 Hex-EtOAc) to afford two 

compounds.

The first, a white solid 34 (170 mg, 92%) was recrystallised (1:1 Hex-CH2Cl2) and the 

second was 9-(trifluoroacetyl)dipyrromethane 93, obtained as a tan solid (20 mg, 9% 

yield).

M.p. 174-176 °C (lit.,‘“* 179-180 °C);

5h (400 MHz, CDCI3): 2.33 (6H, s, CH3), 2.61 (4H, t, J 6.8 Hz, CH2), 2.82 (4H, t, J 6.8 

Hz, CH2), 3.76 (6H, s, CH3), 4.07 (2H, s, CH2), 9.53 (2H, s, CHO), 9.70 (2H, br s, NH) 

ppm;
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v™x 3343 (NH), 2970, 1733 (C=0, ester), 1616 (C=0), 1445, 1316, 1251, 1164, 774 cm'

9-(Trifluoroacetyl)dipyrromethane 93.

M.p. 140-142 °C (lit.,'®’ 136-138 °C);

5h (400 MHz, CDCI3): 2.33 (3H, s, CH3), 2.37 (3H, s, CH3), 2.62 (2H, t, J 6.5 Hz, 

CH2C//2C02Me) 2.64 (2H, t, J 7.0 Hz, CH2C//2C02Me) 2.80 (2H, t, 6.5 Hz, 

C//2CH2C02Me), 2.85 (2H, t, 7.0 Hz, C//2CH2 C02Me) 3.73 (3H, s, CH3), 3.76 (3H, s, 

CH3), 4.14 (2H, s, CH2), 9.54 (IH, s, CHO), 9.86 (IH, bs, NH), 9.99 (IH, bs, NH) ppm;

5c (100 MHz, CDCI3): 8.6 (CH3), 10.9 (CH3), 18.2 (CH2), 18.5 (CH2), 22.1 (CH2), 33.1 
(CH3), 33.5 (CH2), 51.67 (OCH3), 51.73 (OCH3), 116.6 (CF3, d, 'Jf-c 285 Hz), 120.6 (Py), 

122.5 (Py), 128.7 (Py), 134.4 (Py-CF3, d, Vf-c 5 Hz), 136.4 (Py), 167.9 (COCF3, d, Vf-c 

35 Hz), 173.5 (C=0), 173.6 (C=0), 176.3 (C=0) ppm;

5f (376.5 MHz, CDCI3); -73.3 ppm.

Barton-Zard Pyrrole Synthesis 

2-(/7-Tosyl)-3-/i-propyI-4-methyl-lH-pyrrole 47a

OAc
7Pr TMG

Ts' 'NC
NO2

95a

THF:2-propanol
1:1

94

TOSMIC 94 (2.4 g, 13.8 mmol) was dissolved in dry THF:2-propanol (8 mL, 1:1), 

containing tetramethylguanidine (5.2 mL, 41.4 mmol). A solution of 3-nitro-2-butyl 

acetate 95a (2.0 g, 13.8 mmol) in dry THF:2-propanol (8 mL, 1:1) was added drop-wise 

over 1 h. The solution was allowed to stir for 66 h. The dark red solution was diluted with 

CH2CI2 (10 mL), washed with water (3 x 7.5 mL) and brine (7.5 mL), dried over MgS04,
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filtered and concentrated in vacuo. The crude product was recrystallised (1:1 HexiCHiCy 

to obtain 47a (2.11 g, 55%) as a tan coloured crystalline product.

M.p. 74-76 °C;

5h (400 MHz, CDCI3): 0.91 (3H,t, J7.5 Hz, CH3), 1.36-1.42 (2H, tq, J7.5, 7.5 Hz, CH2), 

1.99 (3H, s, CH3), 2.41 (3H, s, CH3), 2.55 (2H, m, CH2), 6.72 (IH, d, J2.5 Hz, CH), 7.29 

(2H, d, J 8.0 Hz, o-Ph), 7.77 (2H, d, J 8.0 Hz, w-Ph), 8.92 (IH, s, NH) ppm;

5c (100 MHz, CDCI3): 9.6 (CH3, C-4’), 13.8 (CH3, C-3’”), 21.1 (Ph-CH3), 23.1 (CH2, C- 

3”), 25.9 (CH2, C-3’), 120.4 (Py, C-4), 120.6 (CH, C-5), 122.8 (Py, C-2), 126.2 (w-Ph), 

129.1 (Py, C-3), 129.2 (o-Ph), 139.8 (/-Ph), 143.0 (p-Ph) ppm;

Vmax 3340 (NH, s), 2921, 1596, 1457, 1449, 1284 (SO2, s, as), 1213, 1188, 1136 (SO2, s, 

sy), 1090, 1073,809 cm'*;

HRMS {m/z +ES): 300.1037 Calculated for [C15H19NO2S + Na]^ 300.1034.

2-(p-Tosyl)-3-n-propyl-4-ethyl-lH-pyrrole 47b

OAc

Et
fPr

NO2
95b

TMG
TS' 'NC

THE: 2-propanol 
1:1

94

3"'

47b

Pyrrole 47b was synthesised as outlined above using 3-nitro-4-heptanol acetate 95b (1.50 

g, 7.40 mmol) and the solution was allowed to stir for 72 h. The crude product was 

recrystallised (10:1 Hex:CH2Cl2) to yield 47b (1.24 g, 58%) as orange crystals.

M.p. 82 °C;

5h (400 MHz, CDCI3): 0.91 (3H, t, J7.5 Hz, CH3), 1.17 (3H, t, J7.5 Hz, CH3), 1.35-1.41 

(2H, tq, J 7.5, 7.5 Hz, CH2), 2.39 (2H, q, J 7.5 Hz, CH2), 2.42 (3H, s, CH3), 2.53-2.57 (2H,
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m, CH2), 6.74 (IH, d, J3.0 Hz, CH), 7.29 (2H, d, J8.0 Hz, PhH), 7.78 (2H, d, J8.0 Hz, 

PhH),8.96(lH, s, NH) ppm;

5c (100 MHz, CDCI3); 13.8 (CH3, C-3’”), 13.9 (CH3, C-4”), 17.7 (CH2, C-4’), 21.1 (Ph- 

CH3), 23.4 (CH2, C-3”), 25.9 (CH2, C-3’), 119.2 (CH, C-5), 122.9 (Py, C-4), 126.2 (m- 

Ph), 127.4 (Py, C-2), 128.4 (Py, C-3), 129.2 (o-Ph), 139.8 (/-Ph), 143.0 (p-Ph) ppm;

vmax 3347 (NH, s), 2962, 1594, 1560, 1492, 1456, 1376, 1287 (SO2, s, as), 1135 (SO2, s, 

sy), 1094, 1073,817 cm-';

HRMS {m/z+ESy. 314.1183 Calculated for [C16H21NO2S + Na]^ 314.1191.

2-(/7-Tosyl)-3-phenyl-4-methyl-lH-pyrrole 47c72

OAc
Ph + TMG

TS' 'NC
NO2

95c

THF:2-propanol
1:1

94

Ph

\
H N Ts 

H
47c

Pyrrole 47c was synthesised as outlined above using 1-phenyl-2-nitro-1-propanol acetate 

95c (2.00 g, 8.96 mmol) but the mixture was stirred overnight. The crude pyrrole product 

was recrystallised (1:1 Hex:CH2Cl2) to give 47c (1.90 g, 68%) as off-white crystals.

M.p. 198-199 °C (lit.,^^ 202-203 °C);

5h (400 MHz, CDCI3): 1.93 (3H, s, CH3), 2.34 (3H, s, CH3), 6.82 (IH, d, J 3 Hz, CH), 

7.07 (2H, d, J8.0 Hz, w-Ph), 7.18-7.21 (2H, m, Ph), 7.31-7.37 (4H, m, PhH), 7.46 (IH, d, 

J2.0 Hz,/7-Ph), 9.38 (IH, br s, NH) ppm;

Vmax3376 (NH,s), 2917, 1595, 1443, 1311, 1300 (SO2), 1209, 1139, 1109, 1079,832,817, 

770 cm-'.
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2-(p-Tosyl)-3-«-propyl-4-methyl-5-bromo-lH-pyrrole 104a'69

/Pr

w
H

47a

+ ^ 
'N' 
H Br,

CH2CI2

104a

Pyrrole 47a (1.00 g, 3.60 mmol), dissolved in CH2CI2 (10 mL), was stirred in ice-salt bath. 

Pyridinium tribromide perbromide (2.50 g, 7.90 mmol), dissolved in CH2CI2 (225 ml.), 

v/as added dropwise over 25 min maintaining the temperature at 0 °C. The solution was 

allowed to stir for an additional 25 min. The reaction mixture was washed with aqueous 

sodium bisulfate solution (3 x 75 mL), water (1 x 25 niL) and brine (1 x 75 mL), dried 

over MgS04, filtered and concentrated in vacuo to yield 104a (1.197 g, 93%) as a brown 

coloured solid.

M.p. 120 °C;

8h (400 MHz, CDCI3); 0.91 (3H, t, J 7.5 Hz, CH3), 1.34-1.40 (2H, tq, J 7.5, 7.5 Hz, CH2), 

1.93 (3H, s, CH3), 2.43 (3H, s, CH3), 2.54-2.58 (2H, m, CH2), 7.31 (2H, d, J8.0 Hz, Ph), 

7.77 (2H, d, J 8.0 Hz, Ph), 8.92 (IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 9.5 (CH3, C-4’”), 13.7 (CH3, C-3’), 21.1 (Ph-CH3), 22.9 (CH2, C- 

4’), 26.5 (CH2, C-4”), 104.4 (Py, C-2), 120.4 (Py, C-3), 124.1 (Py, C-5), 126.3 (m-Ph), 

129.4 (o-Ph), 130.0 (Py, C-4), 139.2 (p-Ph), 143.4 (/-Ph) ppm;

vmax 3268 (NH, s), 2960, 1455, 1364, 1300, 1288 (SO2, s, as), 1204, 1167, 1137 (SO2, s, 

sy), 1107, 1075 (CBr, s), 815, 710 cm'';

HRMS {m/z +ES): 378.0132 Calculated for [Ci5H,8’‘^BrN02S + Naf 378.0139.
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2-(p-Tosyl)-3-n-propyl-4-ethyI-5-broino-lH-pyrrole 104b

Et

W
H
47b

+

'N'
H Bri

CH2CI2

104b

104b was synthesised as outlined above from pyrrole 47b (850 mg, 2.92 mmol), the crude 

product was recrystallised (1:1, CH2Cl2:Hex) to yield 104b (580 mg, 53%).

M.p.decl29.5 °C;

8h (400 MHz, CDCI3): 0.92 (3H, t, J7.5 Hz, CH3), 1.06 (3H, t, J7.5 Hz, CH3), 1.40 (2H, 

m, CH2), 2.36 (2H, m, CH2), 2.40 (3H, s, CH3), 2.55-2.59 (2H, m, CH2), 7.28 (2H, d, J 8.0 

Hz, m-Ph), 7.81 (2H, d, J8.0 Hz, o-Ph), 9.71 (IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 13.8 (CH3, C-4’”), 14.2 (CH3, C-3”), 17.7 (CH2, C-3’), 21.1 (Ph- 

CH3), 23.8 (CH2, C-4”), 26.3 (CH2, C-4’), 104.1 (Py, C-2), 123.8 (Py, C-3), 126.3 (Py, C- 
5), 126.4 (w-Ph), 129.4 (o-Ph), 129.6 (Py, C-4), 139.2 (/-Ph), 143.4 (p-Ph) ppm;

Vmax 3264 (NH), 2965, 1705, 1596, 1452, 1376 (SO2, s, as), 1303, 1209, 1137 (SO2, s, sy), 

1104, 1079,813 cm'';

HUMS {m/z +ES): 370.0482 Calculated for [Ci6H2i’‘^BrN02S]" 370.0476.

2-(/;-Tosyl)-3-pbenyl-4-metbyl-5-bromo-lH-pyrrole 104c72

Ph

w
H'^N Ts 

H
47c

-N Dr H ^*^3

CH2C12

104c
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104c was synthesised as outlined above from pyrrole 47c (0.940 g, 3.10 mmol), the 

product 104c (1.101 g, 83%) was obtained as an off yellow crystalline solid.

M.p. 166 °C (lit.,^^ 172-174 °C );

8h (400 MHz, CDCb): 1.87 (3H, s, CH3), 2.35 (3H, s, CH3), 7.09 (2H, d, J 8.0 Hz, o-Ph,), 

7.18 (2H, m, Ph), 7.30 (2H, m, Ph), 7.38 (3H, m, Ph) 9.14 (IH, s, NH) ppm;

Vmax 3654 (NH), 3049, 2924, 1698, 1594, 1330 (SO2, s, as), 1150 (SO2, s, sy), 1080 (C-Br, 

St), 809, 701,669 cm"'.

3-Methyl~4-n-propy!-5-(p-tosyl)-3-pyrrolin-2-one 105a'69

104a

TFA/ H2O

3’"

105a

Pyrrole 104a (1.197 g, 3.34 mmol) was dissolved in TFA (28.8 mL) followed by the drop- 

wise addition of water (5.76 mL). The reaction was stirred overnight at room temperature. 

The solution was diluted with CH2CI2 (30 mL), washed sequentially with water (1 x 50 

mL), aqueous NaHC03 (2 x 50 mL) and brine (1 x 50 mL), dried over MgS04, filtered and 

evaporated in vacuo to yield a residue which was crystallised (1:1 Hex-CH2Cl2) to give 

105a as a grey crystalline solid (0.710 g, 72%).

M.p. 142-146 °C;

5h (400 MHz, CDCI3): 1.00 (3H, t, J 7.5 Hz, CH3), 1.49-1.58 (IH, m, CH2), 1.60 (3H, s, 

CH3), 1.72-1.80 (IH, m, CH2), 2.42-2.50 (IH, m, CH2), 2.44 (3H, s, CH3), 2.73-2.78 (IH, 

m, CH2) 5.16 (IH, s, CH), 7.03 (IH, br s, NH), 7.32 (2H, d, J 8.0 Hz, o-Ph), 1.61 (2H, d, J 

8.0 Hz, OT-Ph) ppm;
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5c (100 MHz, CDCI3): 8.1 (CH3, C-4’), 13.5 (CH3, C-3’”), 21.3 (Ph-CH3), 21.5 (CH2, C- 

3”), 28.4 (CH2, C-3’), 76.7 (CH, C-2), 129.0 (m-Ph), 129.2 (o-Ph), 130.0 (/-Ph), 133.4 (C- 

4), 145.5 (;7-Ph), 147.1 (C-3), 173.0 (C=0, C-5) ppm;

v™x3195 (NH), 2960, 1694 (C=0, s, conjugated), 1595, 1319, 1133, 1080, 825,777 cm‘'; 

HRMS {m/z +ES): 294.1162 Calculated for [C15H19NO3S + H]^ 294.1164.

3-Ethyl-4-«-propyl-5-(p-tosyl)-3-pyrrolin-2-one 105b

104b

TFA/ H2O

4"

105b

Pyrrol in-2-one 105b was synthesised as outlined above from pyrrole 104b (520 mg, 1.36 

mmol), to give 105b as a yellow solid (220 mg, 52%).

M.p. 143-145 °C;

5h (400 MHz, CDCI3): 0.62 (3H, t, J 7.5 Hz, CH3), 1.00 (3H, t, J7.3 Hz, CH3), 1.46-1.58 

(IH, m, CH2), 1.73-1.83 (IH, m, CH2), 1.96-2.14 (2H, m, CH2) 2.39-2.47 (IH, m, CH2), 

2.43 (3H, s, CH3), 2.69-2.76 (IH, m, CH2), 5.14 (IH, s, CH) 6.60 (IH, br s, NH), 7.32 

(2H, d, J7.8 Hz, o-Ph), 7.68 (2H, d, J7.8 Hz, w-Ph) ppm;

5c (100 MHz, CDCI3): 12.4 (CH3, C-4”), 14.0 (CH3, C-3’”), 16.7 (CH2, C-4’), 21.6 

(PhCH3), 22.2 (CH2, C-3”), 28.6 (CH2, C-3’), 77.2 (CH, C-2), 129.5 (w-Ph), 129.6 (o-Ph), 

130.1 (/-Ph), 139.2 (C-4), 145.9 (;7-Ph), 146.9 (C-3), 172.7 (C=0, C-5) ppm;

Vmax 3194, 2964, 1697 (C=0), 1597, 1461, 1317 (SO2, as, sy), 1302, 1260, 1204, 1132 

(SO2, s, sy), 1080, 1018, 813, 755, 731 cm'';

HRMS(An/2+ES): 330.1146 Calculated for [C16H21NO3S + Naf 330.1140.
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3-Methyl-4-phenyl-5-(p-tosyl)-3-pyrrolin-2-one 105c

TFA/ H2O

72

Ph

104c
H

105c

105c was synthesised as outlined above from pyrrole 104c (832 mg, 2.230 mmol), to give 

105c (652 mg, 96%) as a brown crystalline solid

M.p. °C (lit.,’^ 80-82 °C);

8h (400 MHz, CDCI3): 1.82 (3H, d, J 1.0 Hz, CH3), 2.44 (3H, s, CH3), 5.70 (IH, m, CH), 

6.64 (IH, br s, NH), 7.25 (2H, d, J 8.0 Hz, PhH, m), 7.30 (2H, m, PhH), 7.42 (2H, d, J 8 

Hz, PhH, o), 7.47-7.49 (3H, m, PliH) ppm;

Vmax 3195 (NH), 3064, 1695 (C=0, s, conjugated), 1595, 1317 (SO2, as, sy), 1133 (SO2, s, 

sy), 1081,814, 761,697 cm'*.

3-Methyl-4-rt-propyI-3-pyrrolin-2-one 31a

O' N

nVx

■Ts

NaBH4

EtOH
H 
105a 31a

Pyrrol in-2-one 105a (120 mg, 0.41 mmol) was dissolved in EtOH (4 mL) containing 

NaBH4 (17 mg, 0.45 mmol). The mixture was stirred for 5 min, filtered, diluted with 

CH2CI2 (10 mL), washed with aqueous AcOH (10 mL, 10%), water (2x10 mL) and brine 

(10 mL), dried over Na2S04 and concentrated in vacuo to yield a viscous golden oil 31a 

(44 mg, 77%).
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5h (400 MHz, CDCI3): 0.95 (3H, t, J 7.5 Hz, CH3), 1.49-1.58 (2H, m, CH2), 2.36 (2H, t, J 

7.5 Hz, CH2), 3.84 (2H, s, CH2), 7.25 (IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 7.9 (CH3, C-4’”), 13.5 (CH3, C-3’), 21.3 (CH2, C-4”), 29.4 (CH2, 

C-4’),48.0(CH2, C-5), 127.9 (C-3), 153.0 (C-4), 176.11 (C=0, C-2) ppm;

Vmax 3224 (NH), 2960, 1676 (C-0, s, conjugated), 1451, 1319, 1172, 1144, 1075, 907, 

863, 759 cm'*;

HRMS(a«/z +ES): 162.0889 Calculated for [CgH^NO + Na]^ 162.0895.

3-Ethyl-4-n-propyl-3-pyrrolin-2-one 31b

Et

o- N
H

;'Pr

Ts

105b

NaBH4

EtOH

3"

31b

4»»i

Pyrrolin-2-one 31b was synthesised as outlined above from pyiTolin-2-one 105b (100 mg, 

0.33 mmol), to give 31b as a yellow oil (39 mg, 78%).

5h (400 MHz, CDCI3): 0.98 (3H, t, J7.3 Hz, CH3), 1.10 (3H, t, J7.6 Hz, CH3), 1.55 (2H, 

q, J7.6 Hz, CH2), 2.31 (2H, m, CH2), 2.38 (2H, t, J7.6 Hz, CH2), 3.84 (2H, s, CH2), 6.53 

(IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 13.6 (CH3), 14.0 (CH3) 16.6 (CH2), 21.8 (CH2), 25.3 (CH2), 

48.07 (C-5,CH2), 141.3 (C-3), 153.0 (C-4), 175.9 (C-2, C=0) ppm;

Vmax 3217 (NH), 2963, 2934, 2874, 1673 (C-0), 1453, 1347, 1261, 1178, 1059, 778, 751 

cm'*;

HRMS(m/z+ES): 154.1239 Calculated for [CgHijNO + H]^ 154.1232.
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3-Methyl-4-phenyl-3-pyrrolin-2-one 31c

Ph
NaBH4

EtOH

105c

Pyrrol in-2-one 31c was synthesised as outlined above from pyrrolin-2-one 105c (515 mg, 

1.42 mmol), to give 31c as an off-white powder (228 mg, 93%).Crystallisation (10:1 

Hex:CH2Cl2) produced off-white needles

M.p. 148-151 °C (lit.,*'* 154 °C);

8h (400 MHz, CDCI3): 2.13 (3H, s, CH3), 4.23 (2H, s, CH2), 7.19 (IH, hr s, NH), 7.40- 

7.48 (5H, m, Ph) ppm;

Vrnax 3181 (NH), 3059, 1682 (C=0, s, conjugated), 1443, 1360, 1260, 10.18, 765 cm'*.

5-benzylidene-3-methyl-4-phenyl-l,5-dihydro-pyrrol-2-one 110

Ph

31c

CHO piperidine
MeOH

Freshly distilled benzaldehyde 110 (0.018 mL, 0.18 mmol) was added via syringe to a 

solution of 3-methyl-4-phenyl-3-pyrrolin-2-one 31c (20 mg, 0.12 mmol) in MeOH (1.5 

mL) under a nitrogen atmosphere at room temperature. Piperidine (0.199 mL, 1.2 mmol) 

was added via syringe in one portion to the stirred solution and the reaction mixture was 

refluxed overnight. TLC indicated that 3-methyl-4-phenyl-3-pyrrolin-2-one 31c had been 

consumed so the reaction was cooled to room temperature and extracted with CHCI3 (3x3 

mL). The combined organic extracts were washed with water (10 mL), dried over MgS04, 

filtered and evaporated. The yellow residue was purified by column chromatography (6:1

85



Chapter 2

CH2Cl2-EtOAc) and recrystallised (1:1 Hex-CH2Cl2) to yield 110 (12 mg, 26%) as 

colourless needles.

M.p. 181.0-181.4 °C;

5h (400 MHz, CDCI3): 1.99 (3H, s, S’-CHs), 5.99 (IH, s, 6-CH), 7.25-7.42 (lOH, m, Ph), 
7.88 (IH, bs, NH) ppm;

5c (100.6 MHz, CDCl3):9.2 (CH3, C-3’), 111.9 (C-6), 127.9 (C-10), 128.5 (m-Ph), 128.5 

(C-8), 128.6 (p-Ph), 129.0 (C-5), 129.1 (C-9), 129.5 (o-Ph), 131.7 (/-Ph), 135.2 (C-7),

137.3 (C-3), 145.7 (C-4), 172.2 (C=0, C-2) ppm;

vmax 3162 (NH), 3026, 1683 (C=0), 1642 (C=C) 1494, 1449, 1386, 1360, 1260, 1149, 

1021,759,689 cm'';

HRMS {m/z +ES) 284.1060 Calculated for [CigHisNO + Na]^ 284.1051.

Benzyl 5-formyi-4-(2’-methoxycarbonylethyl)-3-methylpyrrole-2-carboxylate 111

COjMe COjMe

Ph. 4 eq. CAN / H2O 
MeOH

A method used by Bobal and Lightner^^ was followed (Chapter 4 pg 243) using 59 (400 

mg, 1.27 mmol), and the product was isolated by dissolving the sticky residue in CH2CI2 

(30 mL), the organic phase was washed with water (3 x 30 mL), dried over Na2S04, 

filtered and evaporated to yield a mustard coloured oil (401 mg, 96%). Crystallisation was 

attempted but failed to yield crystalline material. 111 was deemed to be pure enough for 

the next stage of the reaction.

M.p. (lit.,“^ 83-84 °C);
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5h (400 MHz, CDCI3) 2.33 (3H, s, CH3), 2.59 (2H, t, J7.53 Hz, CH2), 3.07 (2H, t, J7.53 

Hz, CH2), 3.67 (3H, s, CH3), 5.35 (2H, s, CH2), 3.67 (3H, s, CH3), 7.38-7.45 (5H, m, Ph), 

9.55 (IH, brs, NH), 9.83 (IH, s, CHO) ppm;

5c (100.6 MHz, CDCI3) 9.4 (CH3), 18.3 (CH2), 34.5 (CH2), 51.3 (OMe), 66.3 (CH2), 123.7 

(Py), 126.6 (Py), 128.1 (Ph), 128.1 (Ph), 128.3 (Ph), 129.6 (Py), 131.6 (/-Ph), 134.9 (Py), 

160.1 (C=Oph), 172.2 (C=OMe), 179.2 (C=Ocho) Ppm.

(Z)-2,8-dimethyl-3-phenyl-methoxycarbonyl-7-(2’-methoxycarbonyiethyl)-l,10- 

dihydro-ll//-dipyrrin-l-one 112

piperidine
MeOH

3-methyl-4-phenyl-3-pyrrolin-2-one 31c (10 mg, 0.06 mmol) and a-formyl pyrrole 111 

(20 mg, 0.06 mmol) were dissolved in dry MeOH (1 mL) under a nitrogen atmosphere. 

Freshly distilled piperidine (0.06 mL, 0.6 mmol) was added dropwise via syringe. The 

flask was allowed to reflux overnight under nitrogen. The mixture was cooled to room 

temperature and diluted with CH2CI2 (3 mL). After the mixture was shaken the organic 

layer was separated and the aqueous layer was re-extracted with CH2CI2 (3x5 mL). The 

combined organic extracts were washed with aqueous AcOH (10 mL, 10%), water (10 

mL), dried over MgS04, filtered and concentrated in vacuo to yield an orange sticky 

residue that had to be purified by column chromatography (gradient system: 2:1 CH2CI2- 

EtOAc to 1:1:0.! CH2Cl2-EtOAc-MeOH) to give (26 mg, -100%) a bright yellow residue 

112 that failed to crystallise (Hex-CH2Cl2, 1:1).

5h (400 MHz, CDCI3) 2.07 (3H, s, 3’-CH3), 2.30 (3H, s, O’-CHs), 2.40(2H, t, J 7.5 Hz, 8’- 

CH2), 2.72 (2H, t, J7.5 Hz, 8”-CH2), 3.59 (3H, s, CH3), 3.78 (3H, s, 10”-CH3), 5.96 (IH,
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s, 6-CH), 7.38-7.40 (2H, m, Ph), 7.48-7.55 (2H, m, Ph), 9.65 (IH, s, NH), 9.75 (IH, s, 

NH) ppm;

5c (100.6 MHz, CDCb) 9.2 (CH3, C-3’), 10.3 (CH3, C-9’), 19.7 (CH2, C-8’), 34.9 (CH2, C- 

8”), 51.3 (OMe), 51.5 (OMe, C-10’), 100.9 (CH, C-6), 120.2 (Py), 121.9 (Py), 126.7 (Py), 

127.7 (Py), 128.3 (Py), 128.6 (Ph), 128.7 (Ph), 129.5 (Ph), 131.6 (/-Ph), 135.1 (Py), 146.2 

(Py), 151.5 (Py), 161.7 (C=0, C-10’) 172.9 (C=OMe), 173.3 (C=Ouctam) ppm;

v^x 3265 (NH), 2951, 1736 (C=OMe), 1701 (C=OMe), 1662 (C=Onh), 1453 (C-N), 1262 
(C-0,s), 1162 (C-0, as), 1085, 1019, 908,798,770, 731,699 cm'';

HRMS {m/z +ES) 431.1586 Calculated for for [C23H24N2O5 + Na]^ 431.1583.

(Z)-2,8-dimethyl-3-phenyl-benzyloxycarbonyl-7-(2’-methoxycarbonylethyi)-l,10- 
dihydro-lli/-dipyrrin-l-one 113

Ph

o
31c

piperidine
tBuOH

9'

3-methyl-4-phenyl-3-pyrrolin-2-one 31c (10 mg, 0.06 mmol) and a-formyl pyrrole 111 

(20 mg, 0.06 mmol) were dissolved in dry /BuOH (1.5 mL) under a nitrogen atmosphere. 

Freshly distilled piperidine (0.06 mL, 0.6 mmol) was added dropwise via syringe. The 

flask was allowed to reflux overnight under nitrogen. The mixture was cooled to room 

temperature and diluted with CH2CI2 (3 mL). After the mixture was shaken the organic 

layer was separated and the aqueous layer was re-extracted with CH2CI2 (3x5 mL). The 

combined organic extracts were washed with aqueous AcOH (10 mL, 10%), water (10 

mL), dried over MgS04, filtered and concentrated in vacuo to yield an orange sticky 

residue that had to be purified by column chromatography (gradient system: 3:1 CH2CI2-
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EtOAc to 100 % EtOAc) to give 113 (29 mg, -100%) a bright yellow residue which failed 

to crystallise (1:1 CH2Cl2-Hex).

5h (400 MHz, CDCI3): 2.01 (3H, s, S’-CHj), 2.31 (3H, s, 9’-CH3), 2.41 (2H, t, J 7.5 Hz, 

8’-CH2) 2.73 (2H, t, J 7.5 Hz, 8”-CH2), 3.59 (3H, s, OCH3), 5.34 (2H, s, CH2Ph), 5.95 

(IH, s, 6-CH) 7.35-7.53 (lOH, m, Ph), 9.36 (IH, hr s, NH) 9.52 (IH, hr s, NH) ppm;

8c (100.6 MHz, CDCI3): 9.3 (CH3, C-3’), 10.6 (CH3, C-9’), 19.7 (CH2, C-8’), 35.0 (CH2, 

C-8”), 51.7 (OCH3), 66.2 (CH2, C-10”), 100.7 (CH, C-6), 121.7 (Py), 126.7 (Py), 

127.7(Py), 128.2 (Ph), 128.5(Py), 128.59 (Ph), 128.62 (Ph), 128.8 (Ph), 129.6 (Ph), 131.5 

(/-Ph), 135.3 (/-Ph), 136.1(Py), 145.9(Py), 146.1(Py), 161.2 (C=Oph), 173.0 (C=OMe), 

173.1 (C=OLactam) ppm;

Vmax 3356 (NH), 3175, 2919, 2851, 1730 (C=0), 1701 (C=0), 1649 (C=0), 1437, 1378, 

1361, 1283, 1257, 1221, 1153, 1095, 1015,968,796, 749,730, 698,566 cm’’;

HRMS {m/z +ES): 485.2070 Calculated for [C29H28N2O5 + H]^ 485.2076.

Attempted Synthesis of 3,17-des-vinyl-3,17-bis-phenyl-bilirubin-IIl-a 35c

Ph

72

O' N
H
31c

3-Methyl-4-phenyl-3-pyrrolin-2-one 31c (57 mg, 0.33 mmol) and dialdehyde 34 (33 mg, 

0.08 mmol) were dissolved in MeOH (1.7 mL) and piperidine (0.33 mL). The solution was 

heated at reflux overnight. The reaction mixture was cooled on ice and when precipitation
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failed, the solution was extracted -with CH2CI2 (3x2 mL), dried over Na2S04, filtered and 

concentrated in vacuo to yield a brown residue which was analysed by 'H NMR, a mixture 

of products was observed.

Attempted Synthesis of 3,17-des-vinyl-3,17-bis-phenyl-bilirubin-III-a 35c using dry 

solvents

3-Methyl-4-phenyl-3-pyrrolin-2-one 31c (69 mg, 0.4 mmol) and dialdehyde 34 (40 mg, 

0.1 mmol) were dissolved in dry MeOH (2.0 mL) and distilled piperidine (0.4 mL). The 

solution was heated under reflux overnight in an atmosphere of nitrogen. The reaction 

mixture was cooled on ice and the percipitated solid was collected and air dried to give 

and orange powder but again 'H NMR and HRMS analysis did not indicate the presence 

of35c.

Attempted Synthesis of 3,17-des-ethyl-3,l’7-di-/f-propyl-bilirubin-III-a 35a

3-Methyl-4-n-propyl-3-pyrrolin-2-one 31a (114 mg, 0.82 mmol) and dialdehyde 34 (52 

mg, 0.13 mmol) were dissolved in MeOH (30 mL) and aqueous 6M KOH (10 mL). The 

mixture was allowed to reflux for 67 hours in the dark. The dark orange solution was 

poured into water (50 mL) containing ascorbic acid (10 mg) and cooled in an ice bath. The
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resulting solution was acidified to pH 2 with AcOH. After centrifugation the liquid layers 

were decanted and the sticky yellow-brown pellet was collected and dried by suction 

filtration. The crude product was analysed by *H NMR 'H NMR and HRMS analysis 

proved the residue contained starting materials 31a and 34.

Attempted Synthesis of 3,17-des-ethyl-3,17-di-n-propyl-bilirubin-III-a 35a

a. Z = Ph

DBU (0.008 mL, 0.05 mmol) in dry THF (0.11 mL) was added to a mixture of 3-Methyl- 

4-phenyl-5-(p-tosyl)-3-pyrrolin-2-one 105a (15 mg, 0.05 mmol), dialdehyde 34 (10 mg, 

0.03 mmol) and PPha (29 mg, 0.11 mmol) in dry THF (0.44 mL). The reaction mixture 

was allowed to stir under nitrogen for 12 h at room temperature in the dark. The mixture 

was diluted with CH2CI2 (4 mL), washed with 1 % HCl (2 mL), H2O (3x2 mL), dried 

over MgS04, filtered and evaporated to yield a yellow residue which after 'H NMR and 

HRMS analysis proved the residue contained starting materials 105a, 34 and triphenyl 

phosphine oxide.

b. Z = «Bu

DBU (0.044 mL, 0.30 mmol) in THF (0.34 mL) was added to a mixture of 3-Methyl-4- 

phenyl-5-(/7-tosyl)-3-pyrrolin-2-one 105a (40 mg, 0.14 mmol), dialdehyde 34 (20 mg, 0.07
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mmol) and PPh3 (0.075 mL, 0.3 mmol) in THF (1.2 ml.)- The reaction mixture was 

allowed to stir under nitrogen for 12 h at room temperature in the dark. The mixture was 

diluted with CH2CI2 (8 mL), washed with 1 % HCl (8 mL), H2O (3x8 mL), dried over 

MgS04, filtered and evaporated to yield a yellow residue which after *H NMR and HRMS 

analysis was seen to contain starting materials 105a, 34 and tributyl phosphine oxide.
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Chapter 3

3.0 a,c-Biliadiene synthesis as a route to biliverdins 
3.1 Introduction

Syntheses of biliverdin analogues by the method outlined in Chapter 2 were arduous and 

only allowed the preparation of small quantities of material. For this reason it

appeared necessary to find an alternative route for the preparation of biliverdin analogues. 

The a,c-biladienes are arguably the most important open-chain tetrapyrroles used in 

rational porphyrin syntheses. However, in bile pigment chemistry there are only a few 
examples in which bilindione derivatives have been synthesised via this method.' This 

chapter reports the synthesis of mesobiliverdin Xlla dimethyl ester 19 via a,c-biladienes 

under modified conditions with nearly quantitative yield.

One of the first examples of an a,c-biladiene was prepared by Johnson and Kay as early as
Q A

1961. Further work in this area indicated that the substituents at the 1 and 19 positions of 

the biladiene can be varied, allowing synthesis of unconjugated macrocycles, porphyrins, 

biliverdins, corroles, azaporphyrins and tetrahydrocorrins.^^ One of the first examples of 

rational synthesis of bilverdin compounds was discovered accidentally as a side product of 

etioporphyrin-I 16 synthesis due to the tail to tail self-condensation of a dipyrromethane

hydrobromide 15 to give small quantities of etiobiliverdin IVy 17 56
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Et Et

Scheme 46 Accidental synthesis of etiobilivedin IVy 17.

It was assumed that l,19-dibromo-a,c-biladiene dihydrobromide was a reaction 

intermediate and this appeared to be a good synthetic target for biliverdin synthesis. 

Accordingly Smith and Kishore*’ succeeded in obtaining substantial amounts of the 1,19- 

di-t-butoxycarbonyl a,c-biladiene dihydrobromide 52, which upon further reaction with an 

excess of bromine in TEA followed by an alkaline work-up gave mesobiliverdin Xllla 19 

(61%) (Scheme 47).

Scheme 47 Synthesis of mesobiliverdin Xllla 19.
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Subsequently it appeared more convenient to prepare and isolate the l,19-dibromo-a,c- 

biladiene dihydrobromide salt 53b. When 53b was stirred with DMSO in the presence of a 

catalytic amount of/7-toluenesulfonic acid (pTSA)^^ biliverdin 55 was isolated as the sole 

product (Scheme 48). Importantly, this method does not require subsequent oxidation of a 

bilirubin intermediate with DDQ to give biliverdin.

cat. pTsOH 

DMSO

Scheme 48 l,19-Dibromo-a,c-biladiene dihydrobromide salts 53b could be converted to

bilverdin 55 directly.

The goal of the work described in this chapter was to utilise this method to synthesise 

biliverdins, with special emphasis on the use of easily obtained starting materials and 

robust reactions.
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3.2 Preparation of Starting Materials

3.2.1 4, 4'-di-(2’-niethoxycarbonylethyl)-3, 3'-diniethyIdipyrroniethane-2, 2'- 

dicarboxylic acid 51

Generation of 4,4'-di-(2’-methoxycarbonylethyl)-3,3'-dimethyldipyrromethane-2,2'- 

dicarboxylic acid 51 was again achieved over four steps from the initial condensation of 

119 with 80 according to the Johnson modified Knorr reaction, Acetoxylation of the 

C-5 methyl group of 59 with one equivalent of lead tetra-acetate and subsequent acid 

catalysed self-condensation of 120 gave dibenzyl dipyrromethane-2,2’-dicarboxylate 121 

in three steps (45%) (Scheme 49).

O O
o o

+ OBn

C02Me
80

NOH

119

Zn/NaOAc
AcOH

cat. p-TsOH 
AcOH

,C02Me

Scheme 49 Generation of dibenzyl dipyrryomethane-5,5’-dicarboxylate 121 from 80 and

119.
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Benzyl esters are generally easily removed by catalytic hydrogenolysis over 10% Pd-C to 
give dipyrromethane dicarboxylic acid 51 (Scheme 50)'*’^ This reaction gave inconsistent 

results and modifications of the literature method were required in order to obtain a pure 

product and a reliable method. It proved necessary to use distilled THF, as the presence of 

possible peroxide stabilisers seemed to interfere with the reliability of the process leading 

to the production of polypyrrole materials, which were not further analysed, and none of 

the required dicarboxylic acid.

Scheme 50 Catalytic hydrogenation of 121 to give 51.

Compound 51 was obtained in high yield (> 73%) when the reaction was conducted in the 

solvent system distilled THF:EtOH:NEt3; 2.8:1:0.1 and allowed to stir overnight. In a 

further modification, the product was isolated by precipitation with acetic acid (10%) to 

give 51 (92%), free from contaminants. The spectroscopic data obtained for 51 were

consistent with the literature values. 121

3.2.2 Synthesis of 2-Bromo-4-ethyl-3-methylpyrrole-5-carboxaldehyde 127

The earliest attempt to generate a 2-bromopyrrole-5-carboxaldeyde in low yield was 

conducted in 1933'^^ by ester hydrolysis of ethyl 2-formyl-3-ethyl-4-methylpyrrole-5- 

carboxylate, followed by bromination with Br2. This method was developed by

Woodward,and was later used by Paine et a/.*"* and most recently was further modified84

by Pandey et al. 82
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In the present study the starting material was /-butyl 3,5-dimethyl-4-ethylpyrrole-2- 
carboxylate 122 which was synthesised from a Zanetti-modified’^'^ Knorr reaction between 

2-[(Z)-hydroxyimino]-3-oxo-butyric acid /-butyl ester 81 and pentane-2,4-dione 85a, 
followed by reduction of the acetyl moiety at C-4 to give the required C-4 ethyl group of 

122 in good yield (58%) over 2 steps. Methods to convert the C-5 methyl group to a 

formyl group were then explored (Scheme 51). Compound 123 could be synthesised from 

122 in high yield using either two equivalents of lead tetra-actate or four equivalents of 

ceric ammonium nitrate (CAN).

'X'

Scheme 51 Synthesis of /-butyl 4-ethyl-5-formyl-3-methyl pyrrole-2-carboxylate 123.

Attempts to convert pyrrole 122 into 123 using sulfuryl chloride would have been 

favourable given the fact that it is convenient to use and inexpensive. To this end, /-butyl 

pyrrole-2-carboxylate 122 was reacted with two equivalents of sulfuryl chloride in the 

presence of anhydrous K2CO3 in dry Et20 but failed to yield any of the desired product 

123. Further studies regarding the use of sulfuryl chloride to oxidise the 5-methyl group of 

substituted pyrrole-2-carboxylates are discussed in Chapter 4. Table 8 summarises the 

results of these reactions.

Table 8 Synthesis of 123 using different reagents.

Reagent‘X’ Eq. Conditions Yield of 123
Pb(OAc)4 2 reflux, 1 h -100%

CAN 4 rt, 6 h 71%

SO2CI2/K2CO3 2 0 °C, 2h, N2 0%
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The next step in the reaetion sequence was to protect the C-5 formyl group which would 

be susceptible to decomposition in the subsequent transformations. This was achieved 

using the methodology of Woodward'^^ and Paine et Thus, the aldehyde group was 

protected as its cyanovinyl derivative by reaction with ethyl cyanoactetate in the presence 

of methylamine catalyst (40 wt%), which resulted in the production of 124, which had not 

been previously described in the literature. The bright yellow compound 124 was isolated 

easily by simple crystallisation from the reaction mixture in good yield (70%).

NCCH2C02Et^
NH2Me/EtOH

70%

C02Et

PTP
CH2CI2

74%

TEA 77%

C02Et

Scheme 52 Synthesis of 2-bromo-5-{(E)-2-cyano-2-ethoxycarbonylvinyl}-4-ethyl-3-

methylpyrrole 126.

/-Butyl 5-{(Z)-2-cyano-2-ethoxycarbonylvinyl}-4-ethyl-3-methylpyrrole-2-carboxylate 

124 was then treated with TEA to produce the novel carboxylic acid 125 which was again 

easily isolated as a yellow powder (77%). Pyrrole 125 was subsequently reacted with 1.2 

equivalents of pyridinium tribromide perbromide (PTP) to generate the novel pyrrole 126 

in good yield (74%). PTP was an excellent alternative to the more toxic liquid Br2 as it 

easy to weigh out and use The spectroscopic data for 123, 124 and 125 are reported in
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Table 9 and Table 10, respectively. The specific assignments and correlations are made 

on the basis of HMBC, HSQC and DEPT experiments.

4’

124 R = CO2/BU
125 R = CO2H
126 R = Br

Table 9 Comparison of H NMR data for 124,125 and 126.

124
R = C02mu

5h (ppm)

125
R = CO2H
6h (ppm)

126
R = Br

5h (ppm)

Multiplicity
(Hz)

Assignment

1.14 1.17 1.15 t, 7.8, 7.5, 7.5 CO2CH2CH3

1.40 1.42 1.39 t, 7.8, 7.2, 7.2 CH3, C-4”
1.62 s tBu
2.31 2.37 2.04 s CH3,C-3’
2.65 2.67 2.64 q,7.8, 7.5, 7.5 CH2, C4’
4.37 4.39 4.39 q,7.8, 7.2, 7.2 CO2CH2CH3

8.04 8.08 7.91 s CH, C-6

10.23 10.27 9.64 br s NH

The H NMR chemical shift data for 124-126 does not vary that much according to the C- 

2 substituent (R = CO2/BU, CO2H and Br). This is due to the strong electron-withdrawing 

effect of the cyano(ethoxycarbonyl) vinyl group compared with the C-2 electron- 

withdrawing groups. Thus, it dominates the chemical features of 124-126 and therefore 

diminishes the effect that changing the substituent at C-2 has on the ’H NMR chemical 

shifts. In comparison, differences in the '^C NMR spectra of 124-126 are observed, as the 

C-2 group is transformed (R = C02tBu, CO2H to Br), and these are collated in Table 10. 

Noteworthy is the resonance assigned to C-7, which as the C-2 R group changes Ifom 

C02/‘Bu, CO2H to Br, causes an initial downfield shift followed by an upfield shift (5c 

94.1 ppm to 95.9 ppm to 89.0 ppm respectively). This corresponds to the diminished 

electron-withdrawing power of a halogen group relative to a carboxylic acid derivative.
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Table 10 ’^C NMR assignments for 124, 125 and 126.

124
R = CO2/BU 

5c (ppm)

125
R = CO2H 
5c (ppm)

126
R = Br

5c (ppm)

Assignment

9.7 9.8 9.2 CH3, C-3’

14.2 14.2 13.9 CH3, C-4”

16.1 16.1 15.5 OCH2CH3

17.4 17.4 17.8 C-4’

28.2 C(CH3)

62.3 62.5 61.5 OCH2CH3

82.5 C(CH3)3

94.1 95.9 89.0 C-7

118.2 117.7 113.0 CN

124.2 125.2 118.8 Py

125.7 125.7 121.0 Py

127.8 128.0 124.0 Py

139.0 139.0 137.7 C-6

139.9 139.6 140.6 Py

159.4 C=0,Bu

163.2 162.8 163.4 C=OoEt

164.8 C=OoH

The use of alkyl cyanoacrylate protecting groups can lead to the production of E and Z 

isomers, formed during the Knoevenagel condensation. Interestingly the present work 

indicates that the cyanoacrylate 124 has a sharp melting point (M.p. 122.3-124.3 °C), 

indicating the presence of only one isomer, in this case the Z isomer which is contrary to 

the case of the methyl cyanoacrylate derivatives, which generally possess an E orientation 

around the double bond.^° Some nOe experiments carried out on 124 appear to indicate the
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presence of the Z isomer. Strong nOe’s were found between the C-6 proton resonating at 

§H 8.04 ppm and the C-4’ and C-4” protons of the ethyl group, as illustrated for 124 in 

Figure 9. Furthermore, there are no nOe’s to the protons of the C-7 ethyl ester group, 

which would be expected if the E isomer was present, hence the isomer isolated appears to 

possess the Z configuration about the C-6 external double bond.

For compound 125 there were also strong nOe’s between the C-6 proton at 5h 8.08 ppm 

and the C-4’ and C-4” protons, but there are also small responses to the C-7 ethyl ester 

protons indicating a small portion of the E isomer, which reaches a maximum for the 2- 

bromo-pyrrole-5-carboxaldehyde 126, which exhibits a much stronger nOe between the C- 

6 proton at 5h 7.91 ppm and the C-7 ethyl ester protons. Since the presence of two isomers 

did not appear to interfere in the subsequent manipulations, no separation was carried out 

as the protecting group would ultimately be removed in the next step.

Figure 9 Important nOe effects found in 124,125 and 126 are shown by curved lines.

The IR spectrum of 124 showed a broad absorption at 1709 cm''c orresponding to a C=0 

bond of a carbonyl group, there was also a sharp absorption at 3416 cm'* assigned to the 

NH group. A distinctive absorption at 2209 cm'* corresponding to the CN functional group 

was observed. Additional strong stretching vibrations at 1595 cm'* for C=C, 1250 cm'* for 

C-0 and 1160 cm’* for C-N are consistent with compounds of type 124. Hydrolysis of the 

t-butyl ester at C-4 to give 125 results in significant changes in the region attributed to 
C=0 stretching vibrations. Two peaks at 1732 cm'* and 1669 cm'* are attributed to C-9 

ethyl ester and the C-4 carboxylic acid, respectively. Bromination of 125 afforded the
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corresponding 5-bromopyrrole 126, and this transformation was established from the IR 

spectrum due to the loss of a C=0 absorption, and which now contained a single 

absorption at 1709 cm’’ attributed to the ethyl ester group. A strong stretching vibration at 

1017 cm'' corresponding to the C-Br functional group was also observed in the IR 

spectrum of 126. In the HRMS (ES^) spectra of 124-126 molecular ions were obtained 

which matched the calculated mass for each of the compounds 124-126, as illustrated in 

Table 11. For compound 126 the characteristic isotope pattern indicating the presence of 

one bromine atom with m/z [M^^Br + Na]"^ and m/z [M*'Br + Na]"^ was present in 1:1 

relative intensities.

Table 11 Compilation of HRMS (ES^) data for 124,125 and 126.

Compound Formula Calculated Mass, m/z Observed Mass, m/z

124 C,8H24N204 + Na" 355.1634 355.1624

125 Ci4Hi6N204 + Na^ 299.1008 299.1008

126 CnHisSrN 202 + Na" 333.0215 333.0226

Deprotection of the formyl group was accomplished in aqueous sodium hydroxide to yield 

127 (30%) after column chromatography (Scheme 53). The purity of 127 was confirmed 

from its spectroscopic data.'^^ The 'H and '■^C NMR spectra of 127 signals at 5h 9.48 ppm 

and at 6c 175.7 ppm confirmed the presence of a C-6 formyl functional group.

4'

NaOH
H,0

Scheme 53 Deprotection of 126 to yield 127.
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3.3 Synthesis of a,c-Biladienes

3.3.1 Synthesis of l,19-diniethyl-8,12-bis-(2niethoxycarbonylethyl)-2,18-diethyl- 

3,7,13,17-tetramethyl-a,c-biladiene dihydrobromide 131

The a,c-Biladienes 131 and 53a were synthesised with relative ease and in good purity via 

a method used by Chepelev et al}^^ These authors reacted dicarboxylic acid 129 with two 

equivalents of 4-ethyl-3,5-dimethylpyrrole-2-carboxylate 128 in the presence of HBr to 

give dihydrobromide 130 (19%) (Scheme 54).

HBr
THF:MeOH

128

Scheme 54 Synthesis of dihydrobromide 130.

81Alternative methods used for the synthesis of a,c-biladienes dihydrobromides utilised p- 

TSA followed by subsequent exchange of the />-toluenesulfonate counter ion by bubbling 

HBr gas through the solution generating a,c-biladiene dihydrobromide salts (70%). 

Chepelev’s method has the advantage that there is no requirement for HBr gas generation 

and it produces the a,c-biladiene dihydrobromides easily by precipitation with peroxide- 

free diethyl ether, dispensing with the need for the laborious work-up described by Smith 

et fl/.*' In the present work, the procedure'^^ was modified further, in that the dicarboxylic 

acid 51 was first isolated prior to the coupling reaction. This modification produces a 

much higher yield of the coupled product, 72% compared to 19% as reported by Chepelev

et al. 125
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Scheme 55 Synthesis of a,c-biladiene 131.

Dicarboxylic acid 51 and two equivalents of pyrrole-2-carboxaldehyde 128 in the presence 

of HBr were stirred under nitrogen at room temperature overnight. a,c-Biladiene 

dihydrobromide 131 (72%) (Scheme 55) was obtained as a red powder and its structure 

was confirmed from its spectroscopic data.

The a,c-biladiene dihdrobromide 131 is a C-2 symmetric molecule and this greatly 

simplifies the NMR data. In the 'H NMR spectrum of 131 there is a signal at 6h 7.13 ppm 

attributable to the two C-5 methylene protons. A downfield shift for C-10 bridge protons 

was observed, from 6h 3.80 ppm for the starting material 51 to 5h 5.26 ppm for 131. The 

C-2’ protons resonate at 5n 2.48 ppm and the C-3’ protons resonate at 6h 2.33 ppm. The 

NH protons now resonate downfield at 5h 13.29 and 13.40 ppm. The observed downfield 

shifts indicate the presence of the dihydrobromide salt which causes deshielding of these 

protons.

In the '^C NMR spectrum of 131 there was also significant deshielding observed for all 

signals. A diagnostic signal assigned to C-5 was observed at 5c 119.8 ppm, comparable
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with similar compounds in the literature.A considerable downfield shift for C-10 was 

also observed, now resonating at 6c 25.4 ppm. ’H and C NMR assignments for 131 are 

summarised in Table 12. These assignments were made on the basis of DEPT, HSQC and 

HMBC experiments.

Table 12 ‘H and '^C NMR assignments for 131.

6c (ppm) 6n(ppm) Multiplicity (Hz) Assignment

10.0 CH32.28 s C-T

10.0. CH3 2.33 s C-3’

13.0 CH3 2.74 s c-r
14.3 CH3 1.10 t,7.5 C-2”

17.2 CH2 2.48 q,7.5 C-2’

19.5 CH22.86 t,8.0 C-8’

25.4 CH2 5.26 s C-10

33.9 CH2 2.06 t,8.0 c-8”
51.3 CH33.47 OMe

119.8 CH7.13 C-5

125.4 Py C-6

127.5 Py C-3
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127.8 Py C-8

131.9 Py C-2

141.9 Py C-7

142.9 Py C-4

147.6 Py C-9

157.4 Py C-1

C=0 172.9 C=OMe

'^N 166.3 NH 13.29 s

‘^N 169.7 NH 13.40 s

nOe experiments on 131 appear to indicate a Z configuration for the exocyclic C-4\C-5 

double bond.

Figure 10 nOe effects found in 131.

Upon irradiation of the C-5 proton at 6h7.13 ppm, there were strong nOe responses 

visible for both C-7’ methyl group at 6h 2.28 ppm and the C-3’ methyl group at 5h 2.33 

ppm. There is no obvious effect on the protons attached to the nitrogen atoms of the 

pyrrole rings. Upon irradiation of the NH proton at 5n 13.40 ppm, the only nOe response 

was seen for the NH at 5h 13.29 ppm, and vice versa. There was no nOc response seen to 

C-5 proton at 5}^ 7.21 ppm. These results reinforce a Z configuration at C-4\C-5.
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The IR spectrum of 131 shows a characteristic absorption at 1730 cm' corresponding to 

the C='0 bond of the C-8 propionic methyl ester. There was also a sharp singlet at 

1612 cm' which corresponds to the newly formed C=C bond. In the HRMS (ES^) 

spectrum of 131 a molecular ion was observed that matched the calculated mass 

(613.3754) for [C37H48N4O4 + Hf.

3.3.2 Synthesis of l,19-dibromo-8,12-bis (2-methoxycarbonylethyl)-3,17-diethyl-2, 7, 

13,18-tetramethyl-ac-biladiene dihydrobromide 53a

The above route synthesised 131 using novel conditions which were now applied in the 

synthesis of a,c-biladiene 53a. An obvious limitation of compound 131 is that it does not 

allow for the introduction of the key lactam rings at the terminal positions in a reasonable 

manner. For this specific requirement it was necessary to generate a 1,19-dibromo-ac- 

biladiene dihydrobromide 53a, which could then be transformed into a biliverdin moiety 

according to a method reported by Pandey et Reaction of two equivalents of 127 with 

one equivalent of dicarboxylic acid 51 in the presence of HBr gave 53a (78%) as a red 

powder (Scheme 56).

127

Scheme 56 Synthesis of a,c-biladiene 53a. 
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Synthesis of 53a has never previously been accomplished in this particular way, and in 

fact 53a had never previously been isolated or characterised. The structure of 53a was 

confirmed from its spectroscopic data. Obtaining NMR spectra of 53a proved difficult due 

to its insolubility in numerous deuteriated solvents, eventually a 'H NMR spectrum of 53a 

was run in (ig-DMSO but there was insufficient time to obtain a C NMR spectrum as 53a 

was converted into a biliverdin in situ. The 'H NMR spectrum of 53a is greatly simplified 

since the compound is C2V symmetric. A singlet at 5h 6.84 ppm represents the two C-5 

protons. There is also a downfield shift for the C-10 bridge protons, which resonate at 

5h 5.98 ppm. The NH protons resonate at 5h 9.52 and 11.03 ppm, the observed downfield 

shifts indicate the presence of the dihydrobromide salt which causes deshielding of all 

protons. The 'H NMR assignments for compound 53a are summarised in Table 13.

Table 13 H NMR assignments for 53a.

5h (ppm) Multiplicity (Hz) Assignment

CH3 1.11 t,7.5 C-3”

CH32.I3 s C-T

CH3 2.36 s C-T

CH32.6I t,7.5 C-8”

CH2 2.78 q,7.5 C-3’

CH2 3.00 t,7.5 C-8’
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CH3 3.60 s OMe

CH5.98 s C-5

CH2 6.83 s C-10

NH9.52 s

NH 11.03 s

The IR spectrum of 53a displays characteristic absorptions at 1735 cm"' corresponding to 

the C=0 bond of the C-8 propionic methyl ester, and a sharp absorption at 1603 cm'' 

which corresponds the presence of the newly formed C=C bond. In the HRMS (ES"^) 

spectrum of 53a a molecular ion was observed that matched the calculated mass 

(741.1651) for [C35H42’^Br2N404 + H]"^. Due to the presence of two bromine atoms, an 

isotopic pattern of peaks with m/z [M’^Br2 + H] \ m/z [M’‘'Br*‘Br + H]^ and m/z [M*'Br2 + 

H]"^ present in the 1:2:1 relative intensities was observed.

When 53a was stirred with DMSO in the presence of a catalytic amount of p-TSA at room 

temperature for 2 h under nitrogen in the dark, the corresponding biliverdin 19 was 

obtained (Scheme 57).*^ The crude product was purified by column chromatography and 

recrystallised to afford mesobiliverdin Xtlla 19 (~95%) as dark blue needles. Pandey et 

al. purported that DMSO most likely attacks at the 1- and 19-positions of 53a, 
eliminating bromide and dimethyl sulfide to give biliverdin. Mesobiliverdin 

Xllla dimethyl ester 19 is not a novel compound but this method of synthesis had not 

been previously exploited.
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Scheme 57 Synthesis of mesobiliverdin XIII a dimethyl ester 19.

In the 'H NMR spectrum of 19 new peaks were observed at 5h 5.94 ppm representing the 

two C-5 protons and a signal at 6h 6.77 ppm representing the C-10 proton. In the '^C 

NMR spectrum, signals at 5c 95.7 ppm for C-5, 5c 113.8 ppm for C-10 and 5c 172.7 ppm 

for the C-1 carbonyl groups of the lactam rings confirm structure 19. These assignments 

were made on the basis of DEPT, HSQC and HMBC experiments. 'H and C NMR 

assignments for compound 19 are summarised in Table 14.
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Table 14 'H and '^C NMR assignments for 19.

8c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

7.9 CH3 1.82 s C-2’

9.1 CH32.ll s C-7’

14.0 CH3 1.23 t,7.5 C-3”

17.4 CH22.52 q,7.5 C-3’

19.4 CH2 2.95 t,7.5 C-8’

34.8 CH22.58 t, 7.5 C-8”

51.3 CH3 3.70 s OMe

95.7 CH5.94 s C-5

113.8 CH 6.77 s C-10

127.7 Py C-2

127.9 Py C-7

137.1 Py C-8

139.4 Py C-4

140.5 Py C-9

146.3 Py C-3

149.5 Py C-6

C=0 172.1 Py C=OMe
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C=0 172.7 C-1

NH 9.64 s

NH 13.23 s

nOe experiments carried out on 19 appear to indicate Z configurations for the exocyclic C- 

4\C-5 and C-9\C-10 double bonds. Upon irradiation of the C-5 proton at 6h 5.94 ppm, 

there were strong nOe responses visible for both C-7’ methyl protons at 5h 2.11 ppm and 

the C-3’ ethyl protons at 6h 2.52 ppm. Upon irradiation of the C-10 proton at 5h 6.77 ppm, 

a strong nOe was observed for 5h 2.95 ppm. These results indicate a Z,Z,Z configuration 

for 19.

Figure 11 nOe effects found in 19 shown by curved lines.

In the IR spectrum of 19 there were absorptions at 1742, 1734 and 1676 cm'', all assigned 

to C=0 stretching vibrations. Other characteristic vibrations include 1591 cm'' assigned to 

the C=C stretching vibration and 1579 cm' assigned to the C-N stretching vibration. In 

the HRMS (ES"^) spectrum of 19 a molecular ion was observed that matched the calculated 

mass m/z (615.3183) for [C35H42N4O6 + H]^.
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3.4 Synthesis of BR/BV derivatives 

3.4.1 Synthetic Targets

In this section the synthesis of model compounds of bilirubin and biliverdin is described. 

Synthetic targets 132-136 (Figure 12) were chosen as they contain some of the functional 

groups necessary for binding in the active site of the enzyme, BVR-A and may produce 

lead compounds for inhibitor development.

CO2H

134 R = CH2Ph

Bn02C 136 C02Bn Bn02C 135 C02Bn 

Figure 12 Synthetic targets 132-136 for development of inhibitors of BVR-A.

Compounds 132-136 contain the propanoic acid functional group that is necessary for 

binding at the active site of BVR-A.^^’^^ Compounds 133-136 are C2v symmetric, 

containing two propionic acid residues. Compounds 135 and 136 incorporate a sp^ 

hybridised carbon atom at the central bridge, conferring restricted rotation about the 

central carbon atom.
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3.4.2 Synthesis of compounds 132-134

Benzyl 3,5-dimethyl-4-(propionic acid)pyrrole-2-carboxylate 132 was prepared by the 

hydrolysis of 59 using lithium hydroxide monohydrate at room temperature for 24 h 

(71%) according to a previously published procedure (Scheme 58).'^’ However, the 

reaction only yielded the desired product when distilled THF was used, presumably due to 

the absence of the peroxide stabiliser present in commercial THF. The spectroscopic data 

obtained for 132 was consistent with literature.

Ph

,C02Me

Li0H.H20

dry THF:H20 
1;1

CO2H

Scheme 58 Hydrolysis of pyrrole-2-carboxylate 59.

2,2’-Bis(t-butoxycarbonyl)-5,5’-dipyrromethane 84 was heated under reflux for 24 h with 

KOH (1 M) to give the previously unreported di-t-butyl 4,4’-di-(propionic acid)-3,3’- 

dimethyldipyrromethane-2,2’-dicarboxylate 133 (58%). Treatment of 121 with two 

equivalents of lithium hydroxide monohydrate according to the procedure utilised above 

for the synthesis of 132 yielded the previously unreported compound 134 (99%) (Scheme 

59). Dibenzyl 4,4’-di-(propionic acid)-3,3’-dimethyldipyrromethane-2,2’-dicarboxylate 

134 was isolated pure by precipitation with acetic acid (10%) according to a method that 

had been used by Lash and Arminger’^® in their preparation of 4,4’-bis(2- 

methoxycarbonylethyl)-3,3’-dimethyl-2,2’-dipyrromethane-5,5’-dicarboxylic acid.
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121 R = CH2Ph

Base

KOH
or

LiOH. H2O

134 R = CH2Ph

Scheme 59 Hydrolysis of 84/121 to give 133/134.

In the ’H NMR spectrum of 133 and 134 there was disappearance of the signal assigned to 

protons of the methyl ester groups in the starting materials 84 and 121, respectively. In the 

'^C NMR spectrum of 133 there was absence of peaks at 5c 51.3 and 173.3 ppm assigned 

to the C-4 methyl ester of 84, but the appearance of a carboxylic acid signal at 5c 176.2 

ppm. The '^C NMR spectrum of 134 mirrored these findings, signals at 5c 51.3 and 173.5 

ppm assigned to the C-4 methyl ester group of 121 were absent and a new signal was 

observed for the carboxylic acid at 5c 174.3 ppm. The specific assignments for 133 and 

134 were made on the basis of DEPT, HSQC and HMBC experiments and are summarised 

in Table 15 and Table 16.
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Table 15 ’H and '^C NMR assignments for 133.

5c (ppm) 5n (ppm) Multiplicity (Hz) Assignment

10.7 CH3 2.26 s C-3’

18.9 CH2 2.82 t,6.3 C-4’

21.6 CH2 3.95 s C-6

28.1 CH3 1.55 s /Bu

33.2 CH3 2.66 t6.3 C-4”

80.4 s C-2”

116.0 C-3

119.1 C-4

125.2 C-2

131.2 C-5

161.9 C=0,Bu

176.2 C=OoH

The IR spectrum of 133 shows two carbonyl absorptions at 1718 cm'* and 1654 cm’' that 

are assigned to the carboxylic acid and t-butyl ester groups, respectively. In the HRMS 

(ES^) spectrum of 133 a molecular ion was observed that matched the calculated mass 

(541.2546) for [C27H38N2O8 + Na]^. NMR data for 134 is reported in Table 16 below, and 

can also be seen to be broadly similar to the NMR data for 133 above (Table 15).
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Table 16 ’H and '^C NMR assignments for 134.

5c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

10.3 CH32.I6 s C-3’

19.4 CH22.57 t,7.5 C-4’

21.9 CH23.9O s C-6

35.7 CH32.IO t, 7.5 C-4”

64.4 CH2 5.27 s COCH2Ph

116.3 C-3

120.3 C4

126.3 C-2

127.6 CH 7.42 d, 7.2 o-Ph

127.8 CH7.33 t,7.2 /7-Ph

128.4 CH7.39 t, 7.2 /n-Ph

131.6 C-5

136.9 i-Ph

160.6 C=Oph

174.3 C=OoH

NH 11.08 br s

The IR spectrum of 134 displays two carbonyl absorptions at 1691 and 1648 cm"' assigned 

to the benzyl ester group and propionic acid group, respectively. There was also a sharp 

OH absorption at 3282 cm"', which could be assigned to the newly generated carboxylic
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acid. In the HRMS (ES') spectrum of 134 a molecular ion was observed that matched the 

calculated mass (585.2237) for [C33H33N208]’.

3.4.3 Synthesis of dibenzyl 4,4’-di-(propionic acid)-3,3’-diniethyldipyrroniethene- 
2,2’-dicarboxylate 135

Dibenzyl 4,4’-di-(propionic acid)-3,3’-dimethyldipyrromethene-2,2’-dicarboxylate 135 

was seen as an interesting target as it would contain both propionic acid residues and the 

propitious unsaturated double bond at C-5.

Scheme 60 Retrosynthesis of 135.

Various strategies were employed using materials at hand. Firstly it was envisioned that 

reaction of 121 with DDQ in refluxing toluene would yield 137, which could subsequently 

be hydrolysed to provide the dipyrromethene-2,2’-dicarboxylate 135 (Scheme 61).
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COjBn

Scheme 61 Reaction of 121 with DDQ to give geometrical isomers 137a-c.

Four individual products were observed in the ’H NMR spectrum of the crude reaction 
mixture. One of them was identified as starting material 121 by comparison with the 'H 

NMR data of 121. The other three were assigned structures of type 137a-c on the basis of 
'H NMR and HRMS spectroscopic studies. Attempts at separation of the geometrical 

isomers via recrystallisation and column chromatography proved unsuccessful. The 

presence of 137a-c is possibly due to the free rotation around the C-5 methylene bond, 

oxidation can therefore result in the formation of the three geometrical isomers, depending 

on which rotamer is present during the DDQ oxidation (Scheme 61). A possible way to 

combat this problem was to react 134 with DDQ. The presence of propionic acid chains at 

C-4, which can form intramolecular hydrogen bonds would stabilise one of the rotamers
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preferentially (Figure 13) whieh in theory eould be oxidised to produce one isomer of

135.

Figure 13 Stabilisation of rotamer of 134 via hydrogen bonding.

Dibenzyl 4,4’-di-(propionic acid)-3,3’-dimethyldipyrromethane-2,2’-dicarboxylate 134 

was treated with DDQ in EtOAc to generate dipyrromethene-2,2’-dicarboxylate 135. 
Unexpectedly, after column chromatography dipyrroketone-5,5’-dicarboxylate 136 (=135) 
was obtained as an orange coloured residue (28%). At this juncture it is pertinent to 

emphasise that oxidation of 5-unsubstituted or 5-alkyl substituted dipyrromethanes with 

DDQ has previously been shown to be unsuccessful, failing to yield product but

consuming the dipyrromethane starting material. 128-129 This appears also to be the case

here, although it was hoped that the presence of the benzyl ester electron-withdrawing 

groups at C-2 might permit the production of dipyrromethene 135.

Dibenzyl 3,3’-di-(2’-carbonylethyl)-4,4’-dimethyldipyrroketone-5,5’-dicarboxylate 136 

could also be synthesised using either lead dioxide/lead tetra-acetate or the less toxic ceric 

ammonium nitrate (CAN). Dipyrromethane-2,2’-dicarboxylate 134 was reacted with four 

equivalents of CAN to give the novel pyrroketone 136 (88%). Comparison of the 

spectroscopic data of 136 from the DDQ reaction with 136 from the CAN reaction 

indicated that both samples were identical (Scheme 62).
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Scheme 62 Oxidation of 134 with DDQ or CAN gives 136.

In the 'H NMR spectrum of 136 the peak assigned to C-6 central bridge in the starting 

material 134 at 5h 3.90 ppm is absent as would be expected. The C NMR spectrum of 

136 demonstrates the conversion more clearly, a peak at 5c 21.9 ppm assigned to C-6 in 

134 had disappeared to be replaced by a new peak in the carbonyl region of the spectrum 

at 6c 178.2 ppm. These assignments were made on the basis of DEPT, HSQC and HMBC 

DEPT experiments and are summarised in Table 17.
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Table 17 ‘H and '^C NMR assignments for 136.

8c (ppm) 8h (ppm) Multiplicity (Hz) Assignment

9.9 CH3 2.27 s C-4’

19.6 CH2 2.73 t, 7.9 C-3’

34.8 CH32.4I t, 7.9 C-3”

65.2 CH25.32 s COCH2Ph

121.2 C-4

126.2 C-3

127.8 CH 7.46 d,7.5 o-Ph

127.9 CH7.34 t,7.5 p-?h

128.4 CH7.39 t,7.5 m-Ph

128.6 C-5

131.8 C-2

136.4 i-Ph

160.5 C=Oph

173.9 OH, 12.04 s C=OoH

178.2 C-2”,C=0

NH 11.81 s

The IR spectrum of 136 contains three carbonyl stretching frequencies at 1706, 1655 and 

1622 cm'' assigned to the C-4 benzyl ester, the C-3 propionic acid and the C-2”
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pyrroketone carbonyl groups, respectively. The low .stretching frequency of the C-2” 

carbonyl group is characteristic of dipyrroketones,'^'’ which are often found below 1600 

cm'' due to the high degree of dipolar character in the molecule arising from mesomeric 

contributions of type 136’ (Scheme 63).

Scheme 63 Mesomeric structures of 136.

In the HRMS (ES ^) of 136 a molecular ion was observed that matched the calculated mass 

(601.2186) for [C33H33N209]^

3.4.4 Treatment of dipyrroketone-5,5’-dicarboxylate 136 with NaBH4

Reduction of the carbonyl group of dipyrroketone-5,5’-dicarboxylate 136 to the 

corresponding dipyrromethene 135 was now attempted (Scheme 64). Use of LiAlH4 was 

not favourable as it would unselectively also reduce the C-2 benzyl ester groups to give 

138. Diborane was an unfavourable choice as it was difficult to prevent complete 

reduction to the dipyrromethane 134 oxidation level. Pyrroketones are believed to form
131conjugates, which are rapidly redueed further to the dipyrromethane oxidation level.
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Scheme 64 Reduction of dipyrroketone 136.

Previous studies carried out in this laboratory on the reduction of diketone 139 with 
NaBH4 followed by acidification to give 140 (Scheme 65) encouraged the idea that use of 

NaBH4 might allow the synthesis of dipyrromethene 135.

H
-N

H
O N l.NaBH4^

2.10% AcOH
O
139

H

Scheme 65 Reduction of diketone 139.

With this in mind dibenzyl 3,3’-di-(2’-carbonylethyl)-4,4’-dimethyldipyrroketone-5,5’- 

dicarboxylate 136 was therefore treated with one equivalent of sodium boro hydride 

followed by an acidic work-up (10% AcOH), but this failed to yield product. Sodium 

borohydride is classified as an essentially nucleophilic species but it was hoped that the
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additional effect of the C-2 benzyl ester electron-withdrawing groups would remove 

sufficient electron density so that NaBH4 could reduce the ketone group at C-2” to the 

corresponding alcohol, which upon acidification of the reaction mixture would undergo an 

elimination reaction to generate pyrromethene 135 (Scheme 64). Dipyrroketone-5,5’- 

dicarboxylate 136 was reacted with 1, 5 and 10 equivalents of NaBH4 but failed to yield 

135. NMR spectroscopic data was inconclusive, in the 'H NMR spectrum of 135 there was 

appearance of a signal at 5h 5.92 ppm which was initially assigned to the proton attached 

to C-6 of dipyrromethene 135, but after carrying out HSQC, HMBC and DEPT 

experiments, this signal could not be assigned to a corresponding carbon atom. In contrast, 

the IR spectrum of 135 indicated a strong absorption at 3243 cm'' assigned to the 

carboxylic acid and a strong broad absorption at 1670 cm'' assigned to the carbonyl 

functional group. In the HRMS (ES') spectrum of 135 a molecular ion was observed that 

matched the calculated mass (583.2088) for [C33H31N2O8]'. It may be that the reduction 

was successful yielding a carbinol type species, but efforts to force the elimination 

reaction by acidification failed to give a pure sample of dipyrromethene 135.

3.5 Conclusions and Future Work

The a,c-biladiene dihydrobromides 131 and 53a were thus prepared with relative ease and 
good purity via a method developed from work by Chepelev et al}^^ Yields as high as 

78% could be routinely obtained when prior isolation and purification of 3,3'-di-(2’- 

methoxycarbonylethyl)-4,4'-dimethyldipyrromethane-5,5'-dicarboxylic acid 51 was 

carried out before the condensation reaction. The a,c-biladiene dihydrobromides 131 and 

53a were fully characterised by standard analytical techniques (NMR, IR and HRMS).
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H
128R‘=Me, R2 = Et, R^ = Me 
127R'=Br, R2 = Me, R^ = Et

aq. HBr
THFiMeOH

131 R' =Me, R2 = Et, R^ = Me 
53a R' = Br, R^ = Me, R^ = Et

Scheme 66 Synthesis ofa,c-biladienes 131 and 53a.

This method should lend itself to the synthesis of a wide variety of symmetrical linear 

tetrapyrroles. Importantly, when 53a was stirred with DMSO in the presence of a catalytic 
amount of /:>-TSA at room temperature for 2 h under nitrogen in the dark, the 

corresponding mesobiliverdin Xllla dimethyl ester 19 was obtained. This procedure was 

adapted from Pandey et al.^ho produce 19 in high yield (95%).

Scheme 67 Generation of biliverdin IXa 19.
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For a,c-biladiene 131 and biliverdin 19, nOe experiments indicate an all Z geometry for 

the double bonds at C-5 and C-15 and for the C-10 bond of 19. Dimethyl ester 19 could be 

hydrolysed to give mesobiliverdin XIII a, which will almost definitely be a substrate for 

BVR-A.

A number of interesting analogues of biliverdin, compounds 132-134 and 136 were also 

synthesised utilizing known methods to give previously unpublished compounds (Scheme 

66). A reliable synthesis of 135 failed to produce pure product. In retrospect a more 

thorough survey of reducing agents may eventually generate dipyrromethene via this 

route. Compounds 132, 133, 134 and 136 were fully characterised by standard analytical 

techniques (NMR, IR and HRMS). It would be interesting to establish if any of these 

compounds were indeed substrates for the enzyme BVR-A. Testing is beyond the scope of 

this thesis.

134 R = CH2Ph

Scheme 68 Potential BVR-A analogues.

It might be interesting to investigate the possibility of introduction of '^C and '^N isotopes 

into the synthesis, which would provide interesting analogues to probe the mechanism of 

reduction of the BVR-A enzyme. Generally speaking, however, the skills and procedures 

required have been carefully collated and examined here so that a springboard for 

extensive variation is provided.
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3.6 Experimental Section

General experimental conditions are the same as in Chapter 2.

Benzyl 4-(2’-methoxycarbonyl-ethyl)-3,5-dimethyl pyrrole-2-carhoxylate 59 132

O O
o o

CO^Me 
80 ‘

OBn
Zn/NaOAc

AcOH

COaMe

The method outlined in Chapter 2 pg 72 was followed using 2-[(E)-hydroxyimino]-3- 

oxo-butyric acid benzyl ester 119 (16.0 g, 72.3 mmol) and methyl 4-acetyl-5- 

oxohexanoate 80 (13.5 g, 72.3 mmol), the crude product was recrystallised (1:1 CH2CI2- 

Hex) to generate 59 (14.02g, 61.5%) as colourless needles.

M.p. 93.5-94.5 °C (lit.,‘^^ 99-101 °C);

5h (400 MHz, CDCI3): 2.23 (3H, s, CH3), 2.32 (3H, s, CH3), 2.45 (2H, t, J Hz, CH2), 2.73 

(2H, t, J Hz, CH2), 3.68 (3H, s, CH3), 5.31 (2H, s, CH2Ph), 7.35-7.45 (5H, m, Ph), 8.58 

(IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 10.6 (CH3), 11.5 (CH3), 19.6 (CH2), 35.0 (CH2) 51.6 (OCH3), 65.5 

(CH2Ph), 116.6 (py), 120.2 (py), 128.1(Ph), 128.2(Ph), 128.3(Ph), 128.6(Ph), 130.1 (py), 

136.6 (py), 162.5 (C=Oph), 173.6 (C=OMe) Ppm.
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Benzyl 5-acetoxymethyl-4(2’-ethoxycarbonylethyi)-3-niethylpyrroIe-2-carboxylate
120 105

,C02Me

Pb(OAc)4

AcOH

Pyrrole 120 was synthesised according to the method outlined in Chapter 2 pg 73, from 

pyrrole 59 (8.50 g, 26.9 mmol), to give 120 (7.99 g, 80%) as an orange crystalline product 

after recrystallisation (1:1 Hex-CH2Cl2).

M.p. 106.7-107.8 °C (^.,'*^^111-112 °C);

5h (400 MHz, CDCI3): 2.09 (3H, s, CH3), 2.31 (3H, s, CH3), 2.49 (2H, t, J 7.7 Hz, CH2), 

2.81 (2H, t, J 7.7 Hz, CH2), 3.69 (3H, s, CH3), 5.08 (2H, s, CH2OAC), 5.33 (2H, s, 

CH2Ph), 7.41-7.44 (5H, m. Ph), 9.10 (IH, hr s,NH) ppm;

6c (100 MHz, CDCI3); 10.4 (CH3), 19.3 (CH3), 21.0 (CH2), 35.1 (CH2), 51.7 (OCH3), 

56.9 (CH2), 65.8 (CH2Ph), 119.1 (py), 123.0 (py), 126.6 (py), 127.7 (/-Ph), 128.2 (Ph), 

128.6 (Ph), 136.3 (py), 161.1 (C=Oph), 171.6 (C=Oac), 173.3 (C=OMe) Ppm.

Dibenzyl 
dicarboxylate 121

4,4’-di-(2’-ethoxycarbonylethyl)-3,3’-dimethyldipyrromethane-2,2’-
105

Ph
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Dipyrromethane-2,2’-dicarboxylate 121 was synthesised according to the method outlined 

in Chapter 2 pg 74, from pyrrole 120 (4.49 g, 12.0 mmol), to give 121 (3.33 g, 90%) as 

off-white needles after recrystallisation (1:1 Hex-CHaCh).

M.p. 98.6-99.6 °C (lit.,**^^ 96-97 °C);

5h (400 MHz, CDCI3): 2.31 (6H, s, CH3), 2.54 (4H, t, J 6.5, 7.0 Hz, CH2), 2.78 (4H, t, J 

6.5, 7.0 Hz, CHi), 3.59 (6H, s, CH3), 4.00 (2H, s, CH2), 5.28 (4H, s, CH2Ph), 7.31-7.41 

(1 OH, m, Ph) 9.07 (2H, hr s, NH) ppm;

8c (100 MHz, CDCI3): 10.4 (CH3, C-3’), 18.7 (CH2, C-4”), 22.0 (CH2, C-4’), 33.9 (CH2, 

C-6), 51.3 (OCH3), 65.0 (CH2Ph), 117.6 (Py), 119.8 (Py), 127.5 (Ph), 128.0 (Ph), 130.3, 

136.1, 160.8 (C=Oph), 173.5 (C=OMe) Ppm.

4,4'-di-(2’-methoxycarbonylethyl)-3,3'-dimethyldipyrromethane-2,2'-dicarboxylic

acid 51 107

10% Pd/C
THF:EtOH:NEt3

Dipyrromethane-2,2’-dicar boxy late 121 (500 mg, 0.81 mmol) dissolved in THE (24.9 

mL), NEt3 (0.5 mL) and EtOH (13.8 mL) was hydrogenated over 10% Pd-C (80 mg) at 

room temperature overnight before being filtered through Celite to remove the catalyst. 

The solvent was evaporated to yield an orange coloured residue which was taken up in 

aqueous ammonia solution (5%).'^*^ The aqueous solution was cooled in an ice-salt bath 

and neutralised slowly with aqueous AcOH (10%). The resulting white precipitate was 

removed by suction filtration, dried for 1 h on the water aspirator and then allowed to dry 

overnight to yield 51 (324 mg, 92%) as an off-white powder.

M.p. 183.9 °C (lit.,’^' 194-197 °C);
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5h (600 MHz, J-DMSO): 2.13 (6H, s, CH3), 2.14 (4H, t, J 8 Hz, CH2), 2.57 (4H, t, J 8 Hz, 

CH2), 3.57 (6H, s, CH3), 3.80 (2H, s, CH2), 11.07 (2H, s, NH) 12.01 (2H, s, CO2H) ppm;

5c (150 MHz, fi?-DMSO): 10.1 (CH3, C-3’), 19.0 (CH2, C-4”), 21.8 (CH2, C-6), 34.3 (CH2, 

C-4’), 51.1 (OCH3), 117.3 (Py, C-2), 118.9 (Py, C4), 125.2 (Py, C-3), 130.7 (Py, C-5), 

162.4 (C=Oh), 172.7 (C=OMe) ppm.

/-Butyl 3,5-dimethyl-4-acetylpyrrole-2-carboxylate 141 133

O O
+

85a

O O

O
NOH
81

Zn/NaOAc

AcOH

Method X (Chapter 4 pg 223) was followed using 2-[(Z)-hydroxyimino]-3-oxo-butyric 

acid /-butyl ester 81 (13.991 g, 75 mmol), and the crude product was recrystallised (EtOH) 

to generate 141 (11.0 g, 62%) as colourless needles.

M.p. 140.2 °C (lit.,*” 148 °C);

5h (400 MHz, CDCI3); 1.60 (9H, s, /Bu), 2.47 (3H, s, CH3), 2.53 (3H, s, CH3), 2.59 (3H, s, 

CH3), 8.81 (IH, br s, NH) ppm;

8c (100 MHz, CDCI3): 12.7 (CH3), 15.2 (CH3), 28.5 (CH3, /Bu), 31.4 (CH3), 81.4 

(C(CH3)3), 119.1 (Py), 123.5 (Py), 128.4 (Py), 137.5 (Py), 161.1 (C=0,bu), 195.6 

(C=OoAc) ppm.
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^-Butyl 3,5-dimethyl-4-ethylpyrrole-2-carboxylate 122

BF30Et2/ NaBH4

105

THF

Method X (Chapter 4 pg 224) was followed using 141 (10.350 g, 43.6 mmol), and the 

crude product was recrystallised (MeOH) to generate 122 (9.05 g, 93%) as off-white 

needles.

M.p. 133.5-134.7 °C (lit.,'°^ 134-135 °C);

5h (400 MHz, CDCb); 1.07 (3 H, t, J7.5 Hz, CH3) 1.59 (9 H, s, /Bu), 2.23 (3 H, s, CH3), 

2.28 (3 H, s, CH3), 2.40 (2 H, q, J 7.5 Hz, CH2), 8.56 (1 H, hr s, NH) ppm;

6c (100 MHz, CDCI3): 10.5 (CH3), 11.4 (CH3), 15.4 (CH3), 17.3 (CH2), 80.0 (C(CH3)3), 

117.9 (Py), 123.7 (Py), 125.9 (Py), 128.3 (Py), 161.3 (C=0) ppm.

t-Butyl 4-ethyl-5-formyl-3-inethylpyrroIe-2-carboxylate 123

2.2 eq Ph(OAc)4

AcOH

A solution of pyrrole 122 (4.50 g, 20.15 mmol) in acetic acid (20 mL) was heated to 60 °C 

for 5 min. Lead tetra-acetate (19.65 g, 44.33 mmol) was added portionwise over 20 min to 

the stirred mixture. The reaction was then heated to 80 °C for 30 min. Ethylene glycol 

(1 mL) was added to destroy any unreacted lead tetra-acetate. The mixture was cooled to 

room temperature and diluted with water (120 mL), extracted with CH2CI2 (3 x 70 mL). 

The combined organic extracts were washed with water (150 mL), dried over Na2S04, 

filtered and evaporated in vacuo to yield a dark green residue. The crude product was
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rcdissolved in THF:H20 (60 mL, 1:1) and refluxed for 2 h. The mixture was cooled, 

diluted with Et20 (60 mL), washed with NaHCOs (60 mL), water (2 x 60 mL), brine 

(60 mL), dried over Na2S04, filtered and evaporated to yield 123 (4.78 g, 100%) as an 

orange oil.

8h (400 MHz, CDCI3): 1.13 (3H, t, J 7.8, CH3), 1.53 (9H, s, tBu), 2.21 (3H, s, CH3), 

2.69 (2H, q, J7.8 Hz, CH2), 9.71 (IH, s, CHO), 9.78 (IH, hr s, NH) ppm;

5c (100 MHz, CDCI3): 9.0 (CH3), 15.7 (CH3), 16.3 (CH2), 27.6 (tBu), 81.3 (C(CH3)3), 

124.8 (Py), 125.6 (Py), 128.6 (Py), 136.2 (Py), 159.9 (C=0,bu), 179.9 (C=Ocho) Ppm.

t-Butyl 4-ethyl-5-formyl-3-methylpyrrole-2-carboxylate 123

4 eq. CAN / H2O 

MeOH

An alternative method X (Chapter 4 pg 243) was followed using 122 (1.50 g, 6.7 mmol), 

and the crude product obtained as an orange oil 123 (1.11 g, 70%).

5h (400 MHz. CDCI3): 1.19 (3H, t, J 7.5, CH3), 1.58 (9H, s, tBu), 2.27 (3H, s, CH3), 

2.74 (2H, q, J 7.5, CH2), 9.52 (IH, br s, NH), 9.76 (IH, s, CHO) ppm;

5c (100 MHz, CDCI3): 9.2 (CH3), 16.1 (CH3), 16.4 (CH2), 27.9 (‘Bu), 81.7 (C(CH3)3), 

125.2 (Py), 125.5 (Py), 128.4 (Py), 136.6 (Py), 159.8 (C=0,bu), 178.6 (C=Ocho) Ppm.
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Attempted Synthesis of t-Butyl 4-ethyl-5-formyl-3-methyIpyrro!e-2-earboxyIate 123

2 eq.S02Cl2/K2C03 

Et20

122

A 1 M solution of SO2CI2 in dry Et20 (0.6 mL, 0.6 mmol) was added dropwise via syringe 

to a stirred solution of 118 (67 mg, 0.3 mmol) and K2CO3 (104 mg, 0.75 mmol) in dry 

Et20 (1.35 mL) at 0 °C under a nitrogen atmosphere. After stirring at 0 °C for 2 h, water 

(0.13 mL) was added and the reaction was stirred for 30 mins at room temperature. The 

solvent was removed in vacuo. The content of the flask was then diluted with water (2 

mL), extracted with CH2CI2 (2x2 mL). The combined organics were washed with water 

(4 mL), dried over Na2S04, filtered and evaporated to yield an unidentified orange oil with 

no product 123 visible.

^Butyl 5-{(Z)-2-cyano-2-ethoxycarbonylvinyi}-4-ethyl-3-methylpyrrole-2- 
carboxylate 124

EtCOjCHjCN / cat. NHjMe 

EtOH

Methylamine solution (40 wt%aq, 0.58 mL, 5.10 mmol) was added dropwise to a warmed 

solution of 123 (5.257g, 22.10 mmol) and ethyl cyanoacetate (3.14 mL, 29.50 mmol) in 

EtOH (11 mL). The reaction flask was heated for a further 10 min until 124 precipitated 

from solution. The reaction flask was then cooled in an ice-salt bath, the product was 

collected by filtration and rinsed with cold EtOH (50 mL). The yellow powder was 

crystallized (EtOH) to yield 124 (5.123 g, 70%) as yellow needles.

M.p. 122.3-124.3 °C;

135



Chapter 3

5h (400 MHz, CDCI3): 1.14 (3H, t, J 7.8 Hz, CO2CH2CH3), 1.40 (3H, t, J 7.8 Hz, 4”- 

CH3), 1.62 (9H, s, ‘Bu), 2.31 (3H, s, 3’-CH3), 2.65 (2H, q, 7 7.8 Hz, 4’-CH2) 4.37 (2H, q, J 

7.8 Hz, CO2CH2), 8.04 (IH, s, 6-CH), 10.23 (IH, br s, NH) ppm;

6c (100.6 MHz; CDCI3): 9.7 (CH3, C-3’), 14.2 (CH3, C-4”), 16.1 (OCH2CH3), 17.4 (CH2, 

C-4’), 28.2 (C(CH3)3), 62.3 (OCH2CH3), 82.5 (C(CH3)3), 94.1 (q, C-7), 118.2(Py), 

124.2 (Py), 125.7 (Py), 127.8 (Py), 139.0 (CN). 139.9 (CH, C-6), 159.4 (C=0,bu), 163.2 

(C=OEt) ppm;

Vmax 3416, 2978, 2936, 2861, 2209 (CN), 1709 (C=0), 1595 (C=C), 1451, 1367, 1283, 
1263, 1250 (st, C-0), 1160 (st, C-N), 1112, 1077, 1019, 895, 855, 840, 755 cm'';

HRMS(/w/z +ES): 355.1624 Calculated for [C18H24N2O4 + Na]^ 355.1634.

5-{(Z)-2-cyano-2-ethoxycarbonylvinyl}-4-ethyI-3-methylpyrrole-2-carboxylic acid 
125

4'

TFA

CN

Pyrrole 124 (4.62 g, 13.91) was stirred in TFA (21 mL) at room temperature for 1 h after 

which time the reaction mixture was poured into iee-water (85 niL). The precipitate was 

filtered, washed with water and air-dried to give a yellow powder whieh was crystallised 

(1:1 Hex-CHiCb) to yield 125 (3.00 g, 77%).

M.p. 180.0-182.0 °C;

5h (400 MHz, CDCI3): 1.17 (3H, t, J 7.5 Hz, CO2CH2CH3), 1.42 (3H, t, J 12 Hz, 4”- 

CH3), 2.37 (3H, s, 3’-CH3), 2.67 (2H, q, J 7.5 Hz, CO2CH2) 4.39 (2H, q, J 12 Hz, 4”- 

CH2), 8.08 (IH, s, 6-CH), 10.27 (IH, br s,NH) ppm;
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5c (100.6 MHz; CDCI3): 9.8 (CH3, C-3’), 14.2 (CH3, C-4”), 16.1 (OCH2CH3), 17.4 (CH2, 

C-4’), 62.5 (OCH2CH3), 95.9 (C-7), 117.7 (q, CN), 125.2 (Py), 125.7 (Py), 128.0 (Py, C- 

2), 139.0 (CH, C-6), 139.6 (Py, C-4), 162.8 (C=OEt), 164.8 (CO2H) ppm;

v,nax 3408, 2977, 2615, 2212 (CN), 1732 (C=OoEt), 1669 (C=Ooh), 1591 (C=C), 1481, 

1452, 1279, 1236, 1220 (st, C-0), 1175,1119, 1084, 931,759,718 cm'';

HRMS(m/z +ES): 299.1008 Calculated for [C14H16N2O4 + Na]^ 299.1008

2-Bromo-5-{(E)-2-cyano-2-ethoxycarbonylvinyl}-4-ethyl-3-methyIpyrrole 126

3' ...

CN

+ ^ 
'N' 
H Br^

AcOH

A solution of pyridinium tribromide perbormide (PTP) (4.11 g, 12.84 mmol) in AcOH (26 

mL) was added dropwise over 40 min to a stirred solution of 125 (3.00 g, 10.71 mmol) in 

acetic acid (26 mL) at 60-70 °C. The mixture was stirred at 70 °C for 40 min. The reaction 

was allowed to cool to room temperature and was partitioned between CH2Cl2:H20 (1:1, 

80mL). The organic layer was vigorously shaken with NaHS03 (3 x 80 mL), washed with 

water (80 mL), brine (80 mL), dried over MgS04, filtered and evaporated to yield a yellow 

residue. The erude product was purified by column chromatography (gradient system: 8:1 

CH2Cl2-EtOAc to 2:1 CH2Cl2-EtOAc) to yield 126 (2.48 g, 74%).

M.p. 115.7-117.1 °C;

5h (400 MHz, CDCI3): 1.15 (3H, fT 7.5 Hz, CO2CH2CH3), 1.39 (3H, t,J7. Hz, 4”-CH3), 

2.04 (3H, s, 3’-CH3), 2.64 (2H, q, J 7.5 Hz, 4’-CH2) 4.39 (2H, q, J 7.Hz. CO2CH2), 7.91 

(IH, s, 6-CH), 9.64 (IH, br s, NH) ppm;
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8c (100.6 MHz; CDCI3): 9.2 (CH3, C-3’), 13.9 (CH3. C-4”), 15.5 (OCH2CH3), 17.8 (CH2, 

C-4’), 61.5 (OCH2CH3), 89.0 (q, C-7), 113.0, 118.8, 121.0, 124.0, 137.1, 137.7 (CH, C-6), 

140.6, 163.4 (C=OEt) ppm;

vmax 3261, 2927, 2215 (CN), 1709 (C=0), 1685 (C=C), 1577, 1532, 1486, 1415, 1328, 

1264,1244, 1203, 1109, 1017 (st, C-Br), 978, 889, 761 cm'';

HRMS(m/z +ES): 333.0226 Calculated for [Ci3H,5^‘^BrN202 + Na]^ 333.0215.

5-Bromo-3-ethyl-4-methyl-2-pyrrolecarboxaldehyde 127

4'

NaOH
H2O

CN

Pyrrole 122 (1.50 g, 4.82 mmol) was refluxed in an aqueous solution of sodium hydroxide 

(29 rtiL, 1.25 M) under a nitrogen atmosphere for 2.5 h. The solution was then cooled in 

an ice bath and the pH was adjusted to 7 with aqueous AcOH (10%). The precipitated 

product was filtered off, washed with water and purified by column chromatography 

[CH2Cl2MeOH (3%)] to yield 123 (312 mg, 30%).

M.p. 107.8-108.4 °C,(lit.,'^Ml5 °C);

5h (400 MHz, CDCI3): 1.23 (3H, t, J 7.5 Hz, 4”-CH3), 2.01 (3H, s, 3’-CH3), 2.75 (4H, q, J 

7.5 Hz, 4’-CH2), 9.48 (IH, s, CHO), 10.01 (IH, br s, NH) ppm;

5c (100.6 MHz; CDCI3): 8.9 (CH3), 15.9 (CH3), 17.2 (CH2, C-6), 111.5 (Py), 119.7 (Py), 

128.9 (Py), 138.1 (Py), 175.7 (CHO, C-8) ppm.
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1,19-Diinethyl-8,l 2-bis-(2-methoxycarbonyIethyl)-2,l 8-diethyl-3,7,l 3,17-tetramethy 1- 

ac-biladiene dibydrobromide 131

Dipyrromethane-2,2’-dicarboxylic acid 51 (75 mg, 0.17 mmol) was dissolved in a 1:1 

(v/v) distilled THFiMeOH solution (0.93 mL). The resulting solution was purged wdth N2 

during the addition of 4-ethyl-3,5-dimethylpyrrole-2-carboxaldehyde 128 (52 mg, 0.34 

mmol). The reaction mixture was sparged for an additional 5 min prior to the addition of 

HBr (48%, 0.06 mL in 0.24 mL MeOH) and was stirred under nitrogen at room 

temperature overnight. The reaction mixture was then concentrated slightly and 

precipitated by the addition of peroxide-free Et20 to yield 130 (94 mg, 72%) as a red 

powder.

M.p. 244-245 °C dec;

5h (600 MHz, CDCI3): 1.10 (3H, t, J 7.5 Hz, 2”-CH3), 2.06 (4H, t, J 8.0 Hz, 8”-CH2), 

2.28 (6H, s, 7’-CH3), 2.33 (6H, s, 3’-CH3), 2.48 (4H, q, J 7.5 Hz, 2’-CH2), 2.74 (6H, s, 1 ’- 

CH3), 2.86 (4H, t, J 8 Hz, 8’-CH2), 3.47 (6H, s, OCH3), 5.26 (2H, s, IO-CH2), 7.13 (2H, s, 

5-CH), 13.29 (2H, s, NH), 13.40 (2H, s, NH) ppm;

5c (150 MHz, CDCI3): 9.99 (CH3, C-7’) 10.03 (CH3, C-3’), 13.0 (CH3, C-1’), 14.3 (CH3, 

C-2”), 17.2 (CH2, C-2’), 19.5 (CH2, C-8’), 25.4 (CH2, C-10), 33.9 (CH2, C-8”), 51.3 

(OCH3), 119.8 (CH, C-5), 125.4 (Py, C-6), 127.5 (Py, C-3), 127.8 (Py, C-8), 131.9 (Py, C- 

2), 141.9 (Py, C-7), 142.9 (Py, C-4), 147.6 (Py, C-9), 157.4 (Py, C-1), 172.9 (C=OMe) 

ppm;
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Vmax 3053, 2968, 2871, 1730 (C=0), 1612 (C=C, st), 1509, 1486, 1278, 1244, 1161, 948, 
758,688 cm'‘;

HRMS(w/z +ES): 613.3754 Calculated for [C37H49N404f 613.3754.

l,19-Dibroiiio-8,12-bis (2methoxycarbonylethyl)-3,17-diethyl-2, 7,13,18-tetramethyl- 

ac-biladiene dihydrobromide 53a

The above method was followed using 51 (116 mg, 0.27 mmol) and 127 (115 mg, 0.53 

mmol) to generate 53a (188 mg, 78%) as a red powder.

M.p.>300 °C;

5h(400 MHz, DMSO-i/6): 1.11 (3H, t, J 7.5, 3”-CH3), 2.13 (6H, s, 7’-CH3), 2.36 (6H, s, 

2’-CH3), 2.61 (4H, t, J 7.5 Hz, 8”-CH2), 2.78 (4H, q, J 7.5 Hz, 3’-CH2), 3.00 (4H, t, J 7.5 

Hz, 8’-CH2), 3.60 (6H, s, OCH3), 5.98 (2H, s, 5-CH2), 6.83 (2H, s, 10-CH), 9.52 (2H, s, 

NH), 11.03 (2H, s, NH) ppm;

Vmax 3028, 2929, 2857, 1735 (C=0), 1603 (st, C=C), 1484, 1434, 1282, 1220, 1160, 950 

(C-Br), 830,712, 675 cm'';

HRMS(»7/z +ES); 741.1655 Calculated for [C35H43’^Br2N404]^ 741.1651.
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Mesobilverdin Xllla dimethyl ester 19

53a

a,c-Biladiene dihydrobromide 53a (125 mg, 0.14 mmol) was dissolved in dry DMSO (60 

niL) containing a catalytic amount of pTSA (3 mg). The solution was stirred at room 

temperature under nitrogen in the dark for 2 h. The reaction was then diluted with water 

(600 mL), extracted with Et20 (3 x 180 mL). The combined organic layers were washed 

with water (900 mL), dried over Na2S04, filtered and evaporated. The residue was purified 

by column chromatography [CH2Cl2-MeOH (2%)] and recrystallisation (1:1, Hex-CH2Cl2) 

to afford 19 (81 mg, 95%) as a dark blue needles.

M.p. 235.6-236.4 °C (lit., 244-245 °C);

5h (400 MHz, CDCb): 1.23 (6H, t, J7.5, 3”-CH3), 1.82 (6H, s, 2’-CH3), 2.11 (6H, s, 7’- 

CH3), 2.52 (4H, q, J 7.5, 3’-CH3), 2.58 (4H, t, J 7.5, 8”-CH2), 2.95 (4H, t, J 7.5, 8’-CH3), 

3.70 (6H, s, OCH3), 5.94 (2H, s, 5-CH), 6.77 (IH, s, 10-CH), 9.64 (2H, br s, NH), 13.23 

(IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 7.9 (CH3, C-2’), 9.1 (CH3, C-7’), 14.0 (CH3, C-3”), 17.4 (CH2, C- 

3’), 19.4 (CH2, C-8’), 34.8 (CH2, C-8”), 51.3 (OCH3), 95.7 (CH, C-5), 113.8 (CH, C-10), 

127.7 (C-2), 127.9 (C-7), 137.1 (C-8), 139.4 (C-4), 140.5 (C-9), 146.3 (C-3), 149.5 (C-6), 

172.1 (C=OoMe), 172.7 (C=0, C-1) ppm;

Vmax 3341 (NH), 2946 (CH), 1734 (C=OMe), 1701 (C=0), 1676 (C=0), 1591 (C=C), 1579 

(C-N), 1435, 1342 (C-N), 1238, 1196, 1159,1 140, 1095,955,881,818, 746,710, 670 cm'
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HRMS(w/z +ES); 615.3185 Calculated for [C35H43N406]^ 615.3183.

Benzyl 3,5-dimethyl-4-(propionic acid) pyrrole-2-carboxylate 132

C02Me

Li0H.H20

127

Ph THF:H20
1:1

CO2H

Lithium hydroxide monohydrate (19.9 mg, 0.47 mmol) in a 1:1 (v/v) distilled THF:H20 

solution (1.87 mL) was added to a stirred solution of 59 (150 mg, 0.47 mmol) dissolved in 

a 1:1 (v/v) distilled THF:H20 solution (0.57 mL). The reaction was stirred at room 

temperature for 24 h. The reaction mixture was then concentrated in vacuo to remove 

THF, and diluted with water (1.5 mL). The aqueous layer was washed with CH2CI2 (2x3 

mL), acidified with an aqueous solution of HCl (5%; v/v) to precipitate a white solid. 

Pyrrole 132 was collected by suction filtration, washed with water, dried overnight to 

yield 132 as a white powder (101 mg, 71%).

M.p. 130.6-131.0 °C, (lit.,'^’ 126-127 °C);

8h (400 MHz, DMSO-t/6): 2.13 (3H, s, CH3), 2.18 (3H, s, CH3), 2.27 (2H, t, J 7.5 Hz, 

CH2), 2.54 (2H, t, J7.5 Hz, CH2), 5.24 (2H, s, CH2Ph), 7.31-7.43 (5H, m, Ph), 11.15 (IH, 

br s, NH) ppm

5c (100 MHz, DMSO-i/6); 10.4 (CH3), 10.8 (CH3), 19.2 (CH2), 34.8 (CH3), 64.2 (CH2Ph), 

115.4 (Py), 119.7 (Py), 126.4 (Py), 127.6 (Ph), 127.8 (Ph), 128.4 (Ph), 131.1 (/-Ph), 137.1 

(Py), 160.5 (C=0), 174.0 (CO2H) ppm.
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Di-/-butyl 4,4’-di-(propionic acid)-3,3’-dimethyl dipyrromethane-2,2’-dicarboxylate 

133

3’

Dipyrromethane 84 (51 mg, 0.1 mmol) was suspended in aqueous KOH (1 M, 0.3 mL) 

and refluxed for 24 h. The reaction mixture was acidified with aqueous 1 M HCl to pH 1 

to precipitate the product, which was collected and dried in vacuo to yield a salmon pink 

solid 133 (30 mg, 58%).

M.p. 126-127 °C;

5h (400 MHz, CDCI3): 1.55 (18H, s, 'Bu), 2.26 (6H, s, 3’-CH3), 2.66 (4H, t, J6.3 Hz, 4”- 

CH2), 2.82 (4H, t, J6.3 Hz, 4’-CH2), 3.95 (2H, s, 6-CH2), 8.69 (2H, br s, NH) ppm;

5c (100 MHz, CDCI3): 10.7 (CH3, C-3’), 18.9 (CH2, C-4’), 21.6 (CH2, C-6), 28.1 (‘Bu), 

33.2 (CH2, C-4”), 80.4 (q, C-2”), 116.0(Py, C-3), 119.1 (Py, C-4), 125.2 (Py, C-2), 131.2 

(Py, C-5), 161.9 (C=OtBu), 176.2 (C=Ooh) Ppm;

Vniax 3313 (NH), 2974, 1718 (C=Ooh), 1654 (C=OtBu), 1437, 1367, 1273, 1252, 1151, 
1094, 941,847,776 cm'';

HRMS(ot/z +ES): 541.2546 Calculated for [C27H38N2O8 + Na]^ 541.2526.
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Dibenzyl 4,4’-di-(propionic acid)-3,3’-dimethyl dipyrromethane-2,2’-dicarboxylate 

134

The above method was followed using 121 (500 mg, 0.81 mmol) and the reaction was 

allowed to stir for 48 h. The solvent was removed in vacuo and the residue was taken up in 

aqueous ammonia solution (5%). The aqueous solution was cooled in an ice bath and 

neutralised with an aqueous AcOH solution (10%). The resulting precipitate was filtered, 

washed with water (2x5 mL) and dried in vacuo to yield 134 as a white powder (471 mg, 

99%).

M.p. 186.6-188.1 °C;

5h (600 MHz, DMSO-de): 2.10 (4H, t, J7.5 Hz, 4”-CH2), 2.16 (6H, s, 3’-CH3), 2.57 (4H, 

t, J 7.5 Hz, 4’-CH2), 3.90 (2H, s, 6-CH2), 5.27 (4H, s, CH2Ph), 7.33 (2H, t, J 12 Hz, p- 
Ph), 7.39 (4H, t, J11 Hz, w-Ph), 7.42 (4H, d, J 7.2 Hz, o-Ph), 11.08 (2H, br s, NH) ppm;

5c (150 MHz, DMSO-r/ft): 10.3 (CH3, C-3’), 19.4 (CH2, C-4’), 21.9 (CH2, C-6), 35.7 

(CH2,C-4”), 64.4 (CH2, COCH2), 116.3 (Py, C-3), 120.3 (Py, C-4), 126.3 (Py, C-2), 

127.6 (o-Ph), 127.8 (p-Ph), 128.4 (w-Ph), 131.6 (Py, C-5), 136.9 (/-Ph), 160.6 (C=Oph), 

174.3 (C=Ooh) ppm;

Vmax 3282 (OH), 2927, 1691 (s, C=Oph), 1648 (s, C=Oou), 1580, 1498, 1437, 1255 (s), 
1221, 1165, 1093, 1071,964, 912, 769, 695 cm'*;

HRMS(ot/z .ES): 585.2217 Calculated for [C33H33N208]' 585.2237.
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Attempted Synthesis of dibenzyl 4,4’-di-{propionic acid)-3,3’- 
dimethyldipyrromethene-2,2’-dicarboxylate 137

A solution of DDQ (37 mg, 0.16 mmol) in toluene (2 mL) was added to a stirred solution 

of 121 (100 mg, 0.16 mmol) in toluene (2 mL) under an atmosphere of nitrogen. The 

solution was heated at reflux for 24 h. The reaction mixture was then concentrated in 

vacuo. The residue was dissolved in CH2CI2 and purified by column chromatography 

(gradient system; 8:1 CH2Cl2-EtOAc to 100% EtOAc) to give an orange coloured residue 

(27 mg, 27%) which contained starting material 121 and geometrical isomers of 137 

which could not be separated.

HRMS(w/z +ES): 635.2396 Calculated for [C35H36N2O8 + Na]^ 635.2369.

Attempted synthesis of dibenzyl 4,4’-di-(propionic acid)-3,3’- 
dimethyldipyrromethene-2,2’-dicarboxylate 135

A solution of DDQ (46 mg, 0.20 mmol) in distilled EtOAc (1.2 mL) was added dropwise 

to a stirred solution of 134 (100 mg, 0.17 mmol) in distilled EtOAc (4.0 mL) under a 

nitrogen atmosphere. The solution was heated under reflux for 24 h. The reaction mixture 

was then concentrated in vacuo. The residue was redissolved in CH2CI2 and purified by
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column chromatography (8:1 CHiCh-MeOH) to give 135 as an orange coloured residue 

(34 mg, 28 %).

8h (600 MHz, DMSO-Je): 2.26 (6H, s, 4’-CH3), 2.36 (4H, t, J 7.9 Hz, 3’-CH2), 2.69 (4H, 
t, J 7.9 Hz, 3”-CH2), 5.32 (4H, s, CH2Ph), 7.34 (2H, t, J 7.5 Hz, p-Ph), 7.39 (4H, t, J 7.5 

Hz, m-Ph), 7.46 (4H, t, J7.5 Hz, o-Ph), 11.81 (2H, s, NH), 12.02 (2H, hr s, CO2H) ppm;

5c (150 MHz, DMSO-t/e): 10.3 (CH3, C-4’), 19.9 (CH2, C-3’), 35.0 (CH2, C-3”), 65.5 

(CH2, COCH2), 121.5 (Py, C-4), 126.5 (Py, C-3), 128.1 (o-Ph), 128.3 (p-Ph), 128.7 (m- 

Ph), 128.9 (Py, C-5), 132.1 (Py, C-2), 136.7 (/-Ph), 160.8 (C=Oph), 174.1 (C=Oh), 178.6 
(C=0, C-2”) ppm;

Vmax: 3292 (OH), 2952, 1735 (s, C=Oph), 1686 (C=Ooh), 1625 (C=Opy), 1440, 1258 (s) 
(St), 1169, 1105, 862, 734, 697 cm'';

HRMS(w/z .ES): 599.2015 Calculated for [C33H3iN209]‘ 599.2030.

Dibenzyl 3,3’-di-(2’-carbonyIethyi)-4,4’-dimethyldipyrroketone-5,5’-dicarboxylate 

136
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Dipyrromethane-2,2’-dicarboxylate 134 (100 mg, 0.17 mmol) and anhydrous sodium 

acetate (55 mg, 0.67 mmol) were heated in acetic acid (2.5 mL) until the mixture was 

homogenous. The solution was cooled and a solution of ceric ammonium nitrate (0.373 g, 

0.68 mmol) in water (0.4 mL) was added in one portion. The mixture was stirred for a 

further 10 min and was then poured into cold water (16 mL) to precipitate the product. 

The solid was collected on a Hirsch funnel, washed with cold water (16 mL) and dried to 

yield 136 as a orange coloured powder (90 mg, 88%).

M.p. 202.3-204.1 °C

5h (600 MHz, DMSO-r/6): 2.27 (6H, s, 4’-CH3), 2.41 (4H, m, 3’-CH2), 2.73 (4H, m, 3”- 

CH2), 5.32 (4H, s, CH2Ph), 7.34-7.46 (lOH, m, Ph), 11.81 (2H, s, NH), 12.04 (2H, hr s, 

CO2H) ppm;

5c (150 MHz, DMSO-r/6): 9.9 (CH3, C-4’), 19.6 (CH2, C-3”), 34.8 (CH2, C-3’), 65.2 

(CH2Ph), 121.2 (Py, C-4), 126.2 (Py, C-3), 127.8 (o-Ph), 127.9 (/7-Ph), 128.4 (m-Ph), 

128.6 (Py,C-5), 131.8 (Py, C-2), 136.4 (/-Ph), 160.5 (C=Oph), 173.9 (C=Oh), 178.2 (C=0, 

C-2”) ppm;

Vmax; 3238, 2923, 1706 (C=Oph), 1655 (C=Ooh), 1622 (C=Opy), 1554, 1438, 1253 (s), 

1173, 1094, 965, 862, 771, 738, 696 cm'';

HRMS(/n/z +ES): 601.2195 Calculated for [C33H32N2O9 + H]^ 601.2186.

Treatment of dibenzyl 3,3’-di-(2’-carbonylethyl)-4,4’-dimethyldipyrroketone-5,5’- 

dicarboxylate 136 with NaBH4

NaBH.

THFiHjO
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Dipyrroketone-5,5’dicarboxylate 136 (60 mg, 0.1 mmol) was dissolved in MeOH (0.5 

mL) containing H2O (0.01 mL) and cooled to 0 °C. NaBH4 (38 mg, 1.0 mmol) was added 

in one portion under a stream of nitrogen. The reaction was stirred at room temperature 

overnight under nitrogen. The reaction was cooled to 0 °C and was then quenched with 

10% AcOH, to pH 7 producing a pink precipitate that was collected and dried overnight to 

yield 135 (51 mg, 88%).

5h (400 MHz, DMSO-t/6): 2.09 (6H, s, 3’-CH3), 2.37 (4H, t, J 8.3 Hz, 4”-CH2), 2.69 (4H, 

t, J 8.3 Hz, 4’-CH2, H-4’), 5.29 (2H, s, CH2Ph), 5.30 (2H, s, CH2Ph), 5.92 (IH, brs, 6-CH) 

7.31 -7.46 (1 OH, m, Ph), 11.11 (1H, s, NH), ppm, 11.86 (2H, br s, CO2H);

5c (150 MHz, DMSO-^^6): 10.0 (CH3, C-3’), 10.2 () , 19.3 (CH2), 31.0 (CH2), 64.9, 65.5 

(CH2Ph), 117.2, 119.7 126.2 (Py), 127.8 (Ph), 127.9 (Ph), 128.4 (Ph), 128.6 (Py), 131.8 

(Py), 136.4 (/-Ph), 160.5 (C=Oph), 161.0 (C=Oph), 174.2 (C=Oh) ppm;

Vrnax: 3243 (OH), 2927, 1670 (C=0, br), 1626 (C=C) 1444, 1252 (s), 1167, 1094, 964, 734, 

696 cm’';

HRMS(w/z +ES): 607.2050 Calculated for [C33H32N2O8 + Na]' 607.2056.
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4.0 Unusual reactions of pyrroles with sulfuryl chloride, SO2CI2 
4.1 Introduction

In this chapter a synthetic approach towards 3,4-disubstituted pyrrole-2-carbaldehydes 60 

will be described which proceeded unexpectedly, producing a novel highly-functionalised 

pyrrole lactone 64 and a pyrrolidin-2-one 65 (Scheme 69).

SO2CI2

Scheme 69 Novel products of the sulfuryl chloride reaction.

3,4-Disubstituted pyrrole-5-carboxaldehydes 58 are important precursors for the synthesis 

of l,19-dibromo-a,c-biladienes obtained from the condensation of dihydropyrrin-1,9- 

dicarboxylic acid 51 with 2 equivalents of 2-bro mo pyrrole-5-carboxaldehyde 57 as 

outlined in Chapter

2-Bromopyrrole-5-carboxaldehyde 57 can be prepared from pyrrole-2-carboxylates 60, 

which are readily obtained from the Zannetti-modified'^'' Knorr reaction. Our strategy was
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to react an appropriately subsitituted pyrrole-2-carboxylate 60 with sulfuryl chloride 

(SO2CI2) to give the desired 5-(dichloromethyl)pyrrole 63, which could then be 

hydrolysed to the corresponding aldehyde 58 (Scheme 70).^° The aldehyde group would 

then be protected by condensation with ethyl cyanoacetate so that further transformations 

of the ester functional group could be carried out to eventually give the 2-bromopyrrole-5- 

carboxaldhyde 57.

Scheme 70 Synthesis of pyrrole-5-carboxaldehydes 58.

4.2 Synthesis of Pyrrole Starting Materials 

4.2.1 Synthesis of pyrrole-2-carboxylates

Benzyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate 60a and ethyl 4-ethyl-3,5- 

dimethylpyrrole-2-carboxylate 60b were synthesised using the Zanetti-modified'^'* Knorr 

reaction (Scheme 71). This methodology involves condensation of the benzyl/ethyl a- 

amino acetoacetate, generated in situ from oxime 119, with pentane-2,4-dione 85a. It was 

necessary to add anhydrous sodium acetate with the zinc powder to avoid clumping of 

zinc salts formed during the reaction.A second equivalent of pentane-2,4-dione 85a and 

acetic acid were added halfway through the reaction to maximise the yield (75%) of 

pyrrole product 142.
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O O

OR

141

NaNO,
AcOH

O O

a R = CHjPh 
bR = Et

OR
NOH

119

^ 85a^ O O

Zn/NaOAc
AcOH

BF30Et2/NaBH, THE

Scheme 71 Synthesis of pyrrole-2-carboxylates 60. 124

The acetyl group at the P position of 142 was reduced using diborane generated from 

reaction of boron trifluoride diethyl etherate with sodium borohydride in dry THE under 

an atmosphere of nitrogen.Substituted pyrrole-2-carboxylates 60a and 60b were thus 

obtained in two steps from oxime 119 with overall yields of 58% and 63%, respectively.
1 'K') 1 T7The spectroscopic data for 60a and 60b were consistent with those in the literature. ’

4.2.2 Synthesis of 5-formylpyrrole-2-carboxylates

The aldehyde group is one of great importance in pyrrole chemistry. 5-Formylpyrrole-2- 

carboxylates can condense very readily with 2-unsubstituted pyrroles under acidic 

conditions to generate linear tetrapyrrole systems. This reaction forms the basis of several
SI 1^8well-known routes to porphyrins and linear polypyrroles. ’
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As a result of its synthetic importance, the generation of an aldehyde functionality on a 

substituted pyrrole ring has been described extensively in the literature. Lead tetra-acetate 

(Pb(OAc)4), ceric ammonium nitrate (CAN) and sulfuryl chloride (SO2CI2) are generally 

useful for the preparation of substituted 5-formylpyrrole-2-carboxylates. Sulfuryl chloride 

(SO2CI2) was seen as an attractive reagent as it is easy to use, relatively inexpensive and is 

less toxic than the aforementioned reagents, its use here appeared to be straightforward as 

it involved a well known reaction.In general sulfuryl chloride allows electrophilic 
chlorine to be used in liquid form and has been used for the chlorination of aromatics,^' 

methyl ethers^^ and epoxides.^^

Scheme 72 Synthesis of 5-formylpyrrole-2-carboxylates 58 using SO2CI2.

It was expected that reaction of 2 equivalents of sulfuryl chloride with either benzyl 4 - 

ethyl-3,5-dimethylpyrrole-2-carboxylate 60a or ethyl 4-ethyl-3,5-dimethylpyrrole-2- 

carboxylate 60b followed by subsequent hydrolysis would furnish 5-formylpyrrole-2- 

carboxylates 58 (Scheme 72).Limitations of this reagent are imposed by the stability 

towards acidic conditions of the ester group of the pyrrole. HCl is produced during the 

course of the reaction. Therefore t-butyl 5-methyl pyrrole-2-carboxylates cannot be used 

due to the acid-induced cleavage of the t-butyl ester group, decarboxylation and 

polymerisation that is likely to occur.*^

Once the aldehyde group is in place it is necessary to protect it immediately. Aldehydes 

are unstable towards many of the reagents used in pyrrole chemistry, being susceptible to 

decomposition under acidic conditions, and by oxidation and reduction. The aldehyde
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group can be protected as an oxime, hydrazone or acetal but among the most useful 

protecting groups is the cyanovinyl group.^^’'^^ The cyanovinyl group is an electron- 

withdrawing protecting group, and is easy to introduce by reacting the 5-formylpyrrole-2- 

carboxylate 58 with either malononitrile or esters of cyanoacetic acid via the Knoevenagel 

reaction to generate 5-dicyanovinyl pyrrole or alkyl cyanoacrylate 124 (Scheme 73).

CN'
cat. Base

Scheme 73 Aldehyde group protection; R, R’, = alkyl, R‘^ = CN or CO2R.

The 5-dicyanovinyl pyrroles are almost insoluble, and although a mixture of E/Z isomers 

of the alkyl cyanoacrylates are formed, this is not thought to be significant as ultimately 
this protecting group will be removed.*'*’^*' Regeneration of the aldehyde group requires 

strongly alkaline conditions which can be a disadvantage depending on the other 

substituents attached to the pyrrole nucleus.

Under high dilution conditions^® 60a was reacted in CH2CI2 at 0 °C with 2 equivalents of a 

freshly-prepared solution of 1 M SO2CI2 in CH2CI2. The derived 5- 

(dichloromethyl)pyrrole 63a was subsequently hydrolysed in aqueous THE to give 5- 

formyl pyrrole-2-carboxylate 58a. Pyrrole 58a was not isolated, but was immediately 

reacted with ethyl cyanoacetate in the presence of a catalytic amount of aqueous 

methylamine (40 %) but failed to yield cyanovinyl pyrrole, 124a (Scheme 74).
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BnO

124a

Scheme 74 Synthesis of cyanovinyl pyrrole 124a.

The presence of 124a would have been indicated in the 'H NMR spectrum of 124a by the 

appearance of a diagnostic singlet resonating at about 6h 7.97 ppm corresponding to the C- 

5 vinyl proton, as had been reported for the almost identical pyrrole 124a’ (COiMe instead 
ofC02Et).

According to the literature,there are a number of possible impurities which may arise 

during the course of the reaction e.g. 144 and 145 (Scheme 75). The 5-carboxylic acid 145 

forms due to over-oxidation of the methyl group to generate a 5-trichloromethylpyrrole 

followed by subsequent hydrolysis to give 145. Symmetrical dipyrromethane 144 results 

from the self-condensation of the intermediate 5-(chloromethyl)pyrrole 143.
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145

Scheme 75 Possible impurities of sulfuryl chloride oxidation, (a) SO2CI2/CH2CI2, 0° C;

(b) H2O/THF.

Another possible impurity may arise due to the formation of dipyrrolopyrazinediones 

(pyrrocolls) from the trichlorinated pyrrole moiety mentioned above (Scheme 75). The 
formation of 147 would require basic hydrolysis of the 5-(trichloromethyl)pyrrole 146b

(Scheme 76), generally hydrolysis is performed under acidic conditions. 90

HO

146b

Scheme 76 Formation of dipyrrolopyrazinediones 147.90
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4,3 Purification and characterisation of products 64a and 65a

The sulfuryl chloride reaction on benzyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate 60a 

was carried out but gave the same result, i.e., no aldehyde was observed in the product *H 

NMR spectrum. The starting material had been consumed and the nature of the product 

did not correspond to any of the possibilities outlined above. The reaction mixture was 

separated via column chromatography followed by recrystallisation to remove unreacted 

ethyl cyanoacetate to give two products 64a (47%) and 65a (3%). Both compounds are 

unknown in the literature (Scheme 77).

Ph 1. SO2CI2

2. EtC02CH2CN
Ph

65a

Scheme 77 The products of the sulfuryl chloride reaction with benzyl 4-ethy 1-3,5-

dimethylpyrrole-2-carboxylate 60a.

4.3.1 Characterisation of 3,4-dimethyI-6-oxo-4,6-dihydro-lH-furo[3,4-b]pyrrole-2- 
carhoxylic acid benzyl ester 64a

The pyrrole lactone 64a was obtained as colourless needles, and its structure was 

elucidated from its spectroscopic data. In the 'H NMR spectrum of 64a, there was a 

disappearance of the quartet at 5h 2.40 ppm (J 7.5 Hz) and the triplet at 5h 1.07 ppm (J 7.5 

Hz), corresponding to proton signals of the C-4 ethyl group of 60a. The 'H NMR 

spectrum of 64a contained a quartet integrating for one proton at 5h 5.48 ppm (J 6.5 Hz) 

representing the C-3’ proton and a 3H doublet at 8h 1 -62 ppm (J6.5) assigned to the C-3” 
methyl group.

156



Chapter 4

The '^C NMR of 64a exhibited quaternary signals at 5c 160.8 and 162.0 ppm assigned to 

the carbonyl groups of the benzyl ester and lactone, respectively. The methylene signal at 

5c 16.8 ppm assigned to the C-4 ethyl group in 60a was no longer present. A new signal 

was observed at 5c 75.2 ppm, and a DEPT 90 experiment confirmed that this carbon atom 

had one proton attached to it. A signal assignable to C-5 was not observed in the C NMR 

spectrum, but this may be obscured by the phenyl signals appearing in this region, in fact 

for 60a the resonance for C-2 occurred at 5c 128.1 ppm. These signals were assigned 

using HSQC and DEPT experiments. 'H and '^C NMR assignments are summarised in 

Table 18.

Table 18. ’ft and ''^C NMR assignments for 64a.

5c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

10.8 CH3 2.38 s C-4’

19.9 CH3 1.62 d,6.5 C-3”

66.9 CH2Ph5.38 s C-5”

75.7 CH5.48 q,6.5 C-3’

120.7 C-4

124.4 C-2

128.4 Ph 7.37-7.46 m /w-Ph

128.6 o-Ph

128.8 ;7-Ph

135.3 /-Ph

145.9 C-3

C=0 160.8 C-5’
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C=0 162.0 C-2’

‘^N 133.0 NH 9.45 br s NH

In the IR spectrum of 64a absorption bands were observed at 1747 and 1696 cm'' for the 

lactone and ester groups respectively. Other characteristic frequencies included weak 

absorptions at 1566 and 1532 cm'' assigned to the pyrrole ring, strong ester absorptions at 

1251 and 1235 cm'', and a sharp absorption at 1060 cm'' which can also be assigned to C- 

O stretching region. In the HUMS (ES"^) spectrum of 64a a molecular ion was observed 

that matched the calculated mass (286.1079) for [C16H15NO4 + H]^.

4.3.2 Possible mechanism for the production of 3,4-dimethyl-6-oxo-4,6-dihydro-lH- 
furo|3,4-b]pyrroie-2-carboxylic acid benzyl ester 64a

A possible route for the production of pyrrole lactone 64a is given below (Scheme 78). It 

requires at least four equivalents of sulfiiryl chloride. One equivalent of reagent produces 
the known monochloro species 143a, two equivalents produces the dichloro species 58a, 

and the third equivalent gives the trichloro species 146a. Once the trichloro species 146a 

has formed there are no further a-methyl positions to react with chlorine, and the next 

most reactive position is a P position.'''" Side chain chlorinations with sulfuryl chloride 

were assumed to occur by a free radical mechanism.''" Indeed a radical mechanism had 

been suggested for aliphatic substitutions by this reagent.It has also been shown that 

side-chain chlorination of a-methylpyrroles in the dark are electrophilic in nature.'" The 

process involves electrophilic attack of chlorine at a ring carbon leading to the formation 

of a a adduct followed by migration of chlorine or another moiety to a side chain position. 

Halogen migration from a nuclear a position to a P side-chain is unexpected, but it can 

occur in the presence of excess electrophile. It is therefore seems resonable that reversible 

chlorination occurs at a ring position followed by formation of a a adduct and migration of 

a chlorine atom to give the side chain substituted product 148a. Intermediate 148a was not 

isolated but was immediately refluxed in THE: H2O for 10 min resulting in hydrolysis to
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give 149a, and ring closure via 5-exo-trig mechanism would then lead to the isolated 

product 64a.

Et Et
// \\ 1 eg. SO2CI2

Bn02C''
H
60a

I 3Bn02C'' '"CH2CI
eq. SO2CI2

147a

H
143a

CHO

149a

Scheme 78 The proposed mechanism for the synthesis of pyrrole lactone 64a.

Interestingly, P side chain chlorination, as seen for 149a, has only been observed in an 

isolated case when the a positions of the pyrrole nucleus were blocked by ethoxycarbonyl 

groups.Baciocchi et al used phosphorus pentachloride in chlorobenzene at 110 °C to 

produce 151 (Scheme 79), and they suggested the operation of an electron-transfer 

mechanism. They observed chlorination at the C-3 methyl group, with no chlorination
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observed at the C-4 ethyl group. A variety of chlorinating agents were tested including N- 

chlorosuccinimide, SO2CI2 and trichloroisocyanuric acid, but no p chlorinated compounds 

were detected among the reaction products.

i 3Et02C'' ^C02Et
H
150

PCI,
CIH2C

Chlorobenzene
110°C

Scheme 79 Synthesis of P-(chloroalk.yl)pyrroles 151 with phosphorus pentachloride 140

A similar compound to 64a was prepared by Scarsella and Sleiter^* when ethyl 3,4,5- 

trimethylpyrro!e-2-carboxylate 76 was reacted with an excess of sulfuryl chloride. The 

expected a side-chain substituted product was obtained, as well as substantial amounts of 

P side-chain derivatives. If the chlorination mixture was hydrolysed (aqueous acetone), the 

expected ester-acid 70 and the pyrrole lactone 71 were isolated (Scheme 80).

C02Et

Scheme 80 Chlorination of 76 followed by hydrolysis.^*

These authors eoncluded that this reaction must be electrophilic in nature due to the 

observed regioselectivity, the independence of the reaction to temperature, illumination, 

the presence of a radical scavenger and the nature of the chlorinating agent (elemental CI2 

gave identical results). They proposed an initial attack of chlorine at a C-nuclear position
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followed by allylic migration of the chlorine from the a-sigma adduct to the adjacent j3 

side-chain to give 154. This is followed by hydrolysis to eventually give the final product 

71 (Scheme 81).

1 eg. SO2CI2 CL
Cl3C^N^C02Et

I
H

-H +H^

Scheme 81 Proposed mechanism for the synthesis of 71 98
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4.3.3 Characterisation of benzyl 4-chIoro-5-hydroxy-3-mcthyl-2-oxo-5- 
(trichloromethyl)pyrroIidine-3-carboxylate 65a

The structural determination of compound 65a (Scheme 82) proved more difficult and 

required a combination of NMR spectroscopy, mass spectrometry, IR and X-Ray 

crystallography.

Ph \^0 SO2CI2

65a

Scheme 82 The products of the sulfuryl chloride reaction of 60a.

The H NMR spectrum of 65a showed upheld shifts for all signals indicating a loss of 

aromatic character around the pyrrole ring. The signal for the C-3 methyl group had 

moved upheld by 0.53 ppm; from 5n 2.22 ppm to 6h 1-69 ppm. A singlet at 6h 2.32 ppm 

representing the C-5 methyl group of 60a was no longer present. There was also 

significant splitting of the C-4’ CH2 group (dq J 15.0, 7.3 Hz) indicative of introduced 

chirality. A signal at 5h 5.32 ppm corresponding to the CH2 benzyl group of 60a had 

changed from being a singlet to an AB quartet 6h 5.30 {J 12.0 Hz), again indicating the 

presence of diastereotopic protons.

The '^C NMR spectra of the starting material 60a and of the product 65a are shown below 

(Figure 14). The contrast is striking, particularly in the aromatic region of the spectrum. 

Signals assigned to the pyrrole ring of 60a 6c 115.8, 123.6, 127.60 and 127.64 ppm are no 

longer present, this is combined with the appearance of new signals upheld in the aliphatic 

region of the spectrum at 6c 62.8, 81.4, 93.9 and 102.4 ppm. The observed upheld shifts 

point to loss of aromaticity of the pyrrole ring. The aliphatic signals have also altered
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considerably by shifting downfield to 5c 18.5 and 29.7 ppm. Two new carbonyl signals at 

5c 171.7 and 172.5 ppm are observed, both are shifted downfield relative to the benzyl 

ester carbonyl signal in the starting material 60a, (5c 160.8 ppm).

Product 65a

•mvmi** 1|
180 160 110 1-0 100 80

ft> p m )

4 0

Figure 14 Comparison of ''^C NMR spectra of 60a and 65a.

The carbon NMR signals of 65a were assigned using HSQC, HMBC and DEPT 

experiments. '^C and 'H NMR assignments for compound 65a are summarised in Table 

19.
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Table 19. 'H and '^C NMR assignment for 65a.

5c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

9.0 CH, 1.01 t, 7.3 C-4”

18.5 CH., 1.69 s C-3’

29.7 CH2 2.28, 2.55 dq 15.0,7.3 C-4’

62.8 C-3

69.4 CH2 5.26, 5.35 qAB, 12.0 C-3’”

81.4 C-4

93.9 C-5

OH 6.06 s OH

CCb 102.4 C-5’

128.8 Ph 7.40-7.41 hr s Ph

128.9 Ph

129.1 Ph

133.8 /-Ph

C=0 171.7 C-3”

C=0 172.5 C-2

'-“’N 135.0 NH 7.36 br s NH

The IR spectrum of 65a showed C=0 stretching frequencies at 1726 and 1699 cm' , 

indicating the presence of two carbonyl functional groups in the molecule. A broad 

absorption at 3256 cm"' indicated the presence of a hydroxyl group with some 

intermolecular association.
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After careful and repeated crystallisation (1:1 Hex-CH2Cl2), it was possible to obtain pure 

crystals of 65a that were suitable for X-Ray structure determination (Figure 15).

Figure 15 X-Ray crystal structure of 65a.

The X-Ray structure depicts a highly substituted 5-membered ring incorporating three new 

chiral centres possessing (R,R,R)/(S,S,S) relative stereochemistry. Four chlorine atoms are 

present in the molecule and there appears to have been a migration of the benzyl ester 

group from C-2 to C-3. The 5-membered pyrrolidin-2-one 65a adopts an envelope 

conformation as depicted below (Figure 16).

Bn02C ^ Et

H CCI3

Cl

Figure 16 Envelope conformation of 65a.
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The amide bond has a strong tendeney to be planar, thereby foreing the ring structure to 

adopt an envelope conformation. The C-5 OH group occupies a pseudoaxial position and 

has a dihedral angle of approximately 180 °C with the Cl atom trans to it at C-4. The 

benzyl ester group has migrated from C-2 in the starting material 60a to a C-3 axial 

position and is also trans to the Cl group at C-4. The bulky CCI3 group at C-5 has assumed 

an equatorial position. Bond lengths were obtained using the X-ray data (Figure 17).

Figure 17 Enlarged view of X-ray crystal structure of 65a viewed along the
crystallographic a* axis.

The carbon-nitrogen single bond between C-2 and NH group has a bond length of 1.337 

A. This is consistent with a degree of double bond character resulting from delocalisation 

of the nitrogen lone pair to the carbonyl group. y-Lactam has similar bond lengths for the 

C-N single bond (1.335 A).''^ The C-C single bonds between C-2\C-3, and C-3\C-4 at 

1.539 A and 1.579 A respectively are as expected for a y-lactam.''*"' The C-C single bond 

between C-4\C-5 is unusually long at 1.599 A. This is presumably due to the bulky groups 

attached at C-4 and C-5.
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In the expanded crystal structure (Figure 18), each bonding pair is rotated by 180 °C and 

inverted relative to each other. There are H-bond interactions between the NH group of 

one molecule and the benzyloxycarbonyl group of the second molecule. There are also Id- 

bond interactions between the lactam carbonyl group of one molecule and the OH group 

of the adjacent moleucle.

* W -r-vx
t 'I

Figure 18 X-ray crystal structure of 65a viewed along the crystallographic a axis indicates
H-bond interactions.

In the HRMS (ES"^) spectrum of 65a a molecular ion was observed that matched the 
calculated mass (449.9809) for |Ci6Hi7'*‘^Cl4N04 + Na]”^. The observed isotopic 

distribution pattern in the mass spectrum, with M, M -i- 2, M -i- 4 and M -(- 6 peaks in the 

expected ratios was indicative of the presence of a tetrachloro compound (Figure 19).
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Figure 19 Comparison of the isotope model with mass spectrum of 65a.

4.3.4 Proposed mechanism for the formation of 65a

A possible pathway for the formation of 65a is given below (Scheme 83) starting from the 

trichlorinated species 146a whose production was outlined previously (Scheme 78). The 

stereochemistry depicted in Scheme 83 is inferred from the stereochemistry observed in 

the X-ray crystal structure of the final product 65a.

168



Chapter 4

SO2CI
1 eq. SO2CI2

Scheme 83 Suggested mechanism for the formation of 65a

As already mentioned, side-chain chlorination of a-methylpyrroles in the dark is assumed 

to be electrophilic in nature.Initial electrophilic addition of SO2CI2 across the C-4\C-5 

double bond of 146a is rapidly followed by a second electrophilic addition across the C- 

2\C-3 double bond to give 158a. Intermediate 158a is higlily substituted with Cl atoms 

and would be expected to be rather unstable.
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Two alternative reaction pathways may now be postulated. Firstly, an elimination reaction 

analogous to an E2 elimination occurs. This would involve the benzyl ester carbonyl 

group being attacked by a chloride ion causing the C-2 ester bond to break, concurrent loss 

of Cl from C-3 of 158a leads to the formation of the C-2/C-3 double bond to give 159a. 

The benzyl chloroformate, now in solution, is then attacked by the C-2/C-3 nucleophilic 

double bond and in this way migrates from C-2 to C-3 to give the imidoyl chloride 160a. 

Subsequent hydrolysis of 160a produces the highly substituted pyrrolidin-2-one 65a 

(Scheme 83).

An alternative mechanistic pathway involves the solvolytic loss of cliloride ion from C-4 

of 158a to give a carbocation 161a, which generates the chloronium ion species 162a. 

Intramolecular migration of Cl to give 163a could occur but after addition of intra- 

articular HCl would regenerate 158a. Alternatively, 1,2-migration of the benzyl ester 

moiety would lead to the production of imidoyl chloride 160a, and subsequent hydrolysis 

would give 65a. The plausibility of this mechanism route is reinforced by the relative 

stereochemistry of the final product. There is a precedent for 1,2-ester migration, in a 

studied pinacol rearrangement the migratory aptitude of an ethoxycarbonyl group was 

found to be comparable to that of ethyl and greater than that of methyl or hydrogen, but 

smaller than that of phenyl.

A limited study of the mechanism for the conversion of 60a into 65a was carried out to

a) Establish the precise number of moles of SO2CI2 required to give 65a
b) Clarify the ester migration step (Scheme 83)

Experiments were performed in a NMR sample tube fitted with a septum screwcap. The 

NMR tube was charged with pyrrole 60a dissolved in CDCI3. A spectrum of the starting 

pyrrole was run, and one equivalent of a 1 M SO2CI2 solution in CDCI3 was added by 

syringe. Spectra were recorded at intervals of 20 mins after which time another equivalent 

of 1 M SO2CI2 solution was added. This allowed observation of reaction intermediates 

during the course of the reaction.
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O O

Figure 20 Possible Products of the NMR tube reactions and cross-over experiments.

Pyrroles 143a, 58a and 146a were observed to be formed sequentially in the ’H NMR 

spectra which, are reported in full in the experimental section but will be briefly discussed 

here. In the 'H NMR spectrum of 143a, there was disappearance of the C-5 methyl signal 

of 60a at 6ii 2.22 ppm. This was accompanied by the appearance of a singlet at 6h 4.61 

ppm assignable to the two C-5 chloromethyl protons. After addition of two equivalents of 

1 M SO2CI2 solution, the 'H NMR spectrum of 58a displays a new singlet at 5h 6.82 ppm 

indicating the presence of the dichloro compound 58a. The 'H NMR spectrum of benzyl 

4-ethyl-3-methyl-5-(trichloromethyl)-pyrrole-2-carboxylate 146a clearly shows the 

presence of a single product following the addition of 3 equivalents of 1 M SO2CI2. No 

signal was observed for the C-5 group in the 'H NMR spectrum of 146a, but signals were 

observed for the C-2 benzyl ester, C-3 and C-4 alkyl groups. Subsequent additions 

indicated the production of unidentified intermediates until finally, after the addition of 6 
equivalents of 1 M SO2CI2 solution, 160a was observed as the major product. The *H 

NMR spectrum of 160a contained an AB quartet {J= 12.0 Hz) at 6h 5.32 ppm assigned to 

the CH2 benzyl group. There was also significant splitting observed for the two C-4’ 

methylene protons at 5h 2.68 and 2.93 ppm. Further evidence for the presence of 160a was 

obtained in the FIRMS (ES^) spectrum of the crude product, where a molecular ion was 
observed that matched the calculated mass 485.9118 for [Ci6Hi5^^Cl6N02 + Na]"^. A 

pattern of peaks, typical for the presence of six chlorine atoms, was observed in the
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HRMS (ES^) spectrum as a binomial distribution of peaks with M, M + 2, M + 4, M + 6, 

M + 8 and M + 10 in the relative intensities expected. The results of these experiments are 

summarised in Table 20 below.

A NMR experiment was now conducted to try to establish whether or not the migration 

step was intermolecular. The first pathway described above, involves an unprecedented 

cleavage of the benzyl ester group to give benzyl chloroformate, which is then captured by 

the intermediate 159a (Scheme 84).

CL Et

BzO^Cl
H Cl

159a

N *..CCl3 

160a

Scheme 84 Intermolecular migration of benzyl chloroformate.

It was postulated that the addition of the analogous reagent methyl chloroformate at the 

significant moment of migration might competitively trap the intermediate 159a leading to 

a mixture of 160a and the cross-over product 164 (Scheme 85).

l)S02Cl2
2) MeOCOCl

Bn02C
—(^"Cl

160a 164

Scheme 85 Cross-over experiment with methyl chloroformate.

A NMR tube was therefore charged with pyrrole 60a dissolved in CDCI3, a spectrum of 

starting pyrrole 60a was run, and one equivalent of 1 M SO2CI2 solution in CDCI3 was
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added. Spectra were recorded at intervals of 20 mins after which time further equivalents 

of 1 M SO2CI2 solution were added to give 146a. Next, one equivalent of methyl 

chloroformate was added to the NMR tube and a spectrum was run to ensure that there had 

been no reaction, then subsequent equivalents of 1 M SO2CI2 were added. Imidoyl 

chloride 160a was the only product observed. The reaction was repeated, 6 equivalents of 

methyl chloroformate was added initially prior to the addition of SO2CI2 but again no 

cross-over product was observed. It was hoped that these two experiments would indicate 

cross-over product 164, but when 'H NMR and HRMS spectroscopic analysis were 

carried out only 160a could be detected. The spectroscopic evidence of 160a here was 

consistent with that described above. The results of these experiments are summarised in 

Table 20 below.
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Table 20 Results ofNMR tube and cross-over experiments.

Exp Eq. of
SO2CI2

Eq of methyl chloroformate Product

1 1 143a

2 58a

3 146a

4-6 160a

2 1-3 1 eq. added after 3 eq SO2CI2 146a

4-6 160a

3 1-6 1 eq. added at start 160a“

4 1-6 6 eq. added at start 160a“

“160 was observed using 'H NMR and HRMS.

This result (cf. Exp 2-4) contradicts the concept of intermolecular migration of the ester 

group from C-2 to C-3. The second postulated pathway, involving formation of a 

carbocation and subsequent intramolecular migration of a carboxyalkyl group appears to 

be a viable alternative and could be tested by a double-labeling experiment. If 60a is 

prepared with two '^C labels, one on the ester carbonyl carbon atom and one on the C-3
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atom of 60a, then the '^C NMR spectrum of the rearranged product should indicate if this 

mechanism (Scheme 83) is correct. In fact, the two '^C labels will end up next to each 

other and this will be indicated by the observation of direct coupling in the

NMR spectrum of 65a” (Scheme 86).

Scheme 86 Suggested labelling experiment to confirm intramolecular mechanism above.

Another experiment to verify the nature of the ester group migration could be carried out 

by using a 50:50 mixture of doubly '^C labelled and unlabelled starting material 60a. If the 

mechanism is an intermolecular one, a mixture of unlabelled 65a, singly labelled 65a’, and 

doubly labelled 65a” products in the ratio of 1:2:1 would be obtained (Figure 21). On the 

other hand if the product mixture consists entirely of a 50:50 mixture of unlabelled or 

doubly labelled products then the migration step must be wholly intramolecular.

H OH
doubly labelled

65a"

H OH
singly labelled (two types)

65a'

H OH
unlabelled

65a

Figure 21 Crossover experiment products.

Doubly labelled '^C-labelled benzyl/ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylates 

60a” and 60b” are not commercially available and would necessitate synthesis using the 

Zanetti-modified'^'* Knorr reaction using doubly labelled oxime as seen in Scheme 71.
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Doubly labelled benzyl acetoacetate-l,3-'^C2 was also not obtainable but fortunately ethyl 

acetoacetate-1,3- C2 was commereially available. Ethyl acetoacetate-1,3- C2 141” was 

initially nitrosated to give 2-[(Z)-hydroxyimino]-3-oxo-butyric acid ethyl ester-1,3-'^€2 

119” which was reacted under zinc-reduction with pentan-2,4-dione 85a to give doubly 

labelled ethyl 4-acetyl-3,5-dimethylpyrrole-2-carboxylate 142” (Scheme 87).

O OX X
141"

O O

o o
85a I

NaNO,
AcOH * >1^ * 'OEt 

NOH

119"

Zn/NaOAc
AcOH

BF30Et2/NaBH4 THF

Scheme 87 Synthesis of doubly labelled ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate
60b”.

The acetyl group at the p position of 142” was reduced using boron trifluoride diethyl 

etherate with sodium borohydride in dry THF under an atmosphere of nitrogen,to give 

the '^C doubly labelled product 60b”. ’^C Doubly labelled 60b” was then reacted with 10 
equivalents of a 1 M solution of SO2CI2 in CH2CI2. Interestingly, 'H and '^C NMR spectra 

of the crude product indicated the presence of 163b” as the major product. The 'H NMR 

spectrum of 163b” displayed multiplicity for C-2’” and C-4’ protons. In '^C NMR 

spectrum of 163b”, '^C enriched signals were observed at 5c 81.7 ppm assigned to C-3 

and at 5c 164.4 ppm assigned to C-2 of the ester group. There was no direct 

coupling observed indicating that ester migration had not yet occured. It was therefore 

postulated that treatment of the crude reaction mixture with an aqueous solution of HCl
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would regenerate intermediate 158b” and subsequently 1,2-migration of the ester group 

followed by hydrolysis would lead to the irreversible formation of 65b”, as a crystalline 

material (Scheme 88). This hypothesis would also account for the slow evolution of 

product that was generally observed for the SO2CI2 reaction.

EtO.C Cl Et

N *"CCl3 
H Cl

65b

Cl
migration

Et02C’^-\T/V"CCl3 
Cl H Cl

162b

ester
migration

HCl

Scheme 88 Proposed mechanism for the 1,2 intramolecular migration step. (Labels are
excluded for clarity).

1 13Doubly labelled pyrrolidin-2-one 65b” was eventually observed in the H and C NMR 

spectra of 65b”. Interestingly the signal assigned to C-3’ methyl group at 6h 1.70 ppm 

was observed as an apparent triplet (Jch 4.5 Hz) instead of the expected double doublet 

that would arise from the coupling between the two adjacent '^C nuclei at C-3 and C-3”. 

In the '^C NMR of 65b”, the '^C labels ended up next to each other with a coupling 

constant ’jcc = 54 Hz, indicating that the ester group has indeed migrated. Longer range 

couplings were also observed for the C-3’ carbon (Jcc = 41 Hz) and the C-4 carbon (Jcc = 

38 Hz). Full ’H and *^C NMR spectroscopic assignments for 65b” are given in Table 21 

below.
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Table 21 ’H and '^C NMR assignments for 65b”.

5c (ppm) Multiplicity
(Hz)

5H(ppm) Multiplicity

(Hz)

Assignment

8.8 CH3 1.16 t,7.5 C-4”

13.8 CH3 1.39 t, 7.0 C-3

18.3 ^^1 CH3 1.70 t, Jew 4.5 C-3’

29.7 CH2 2.42, 2.61 dq, 16.0,7.3 C-4’

62.7 Vcc 54 C-3

63.8 CH24.34, 4.39 m C-3’”

81.0 'Jcc 38 C-4

93.8 C-5

OH 6.25 s OH

102.2 (CCI3) C-5’

C=0 172.52 ‘Jcc 54 C-3”

C=0 172.53 C-2

NH7.14 br s NH

In the HRMS(w/z ES^ of 65b” a molecular was observed at 389.9721 for ['^Cg 

'^C2H,5^^Cl4 N04 + Naf.
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EC C' Et
^.i3c_/.,Cl

O^ A'cci3
N •H OH

doubly labelled

Ef^ T Et 
^.I3c_/,,ci

H OH

.On -.O

singly labelled (two types)

Chemical Formula: C9*^C2Hi5Cl4N04 Chemical Formula: Cio'^CH|5Cl4N04 Chemical Formula: C11H15CI4NO4 

Exact Mass: 366.9822 Exact Mass: 365.9789 Exact Mass: 364.9755

Figure 22 Monoisotopic masses of the possible products of the ester migration step in the
cross-over experiment.

In 'H NMR spectrum of the cross-over experiment, reacting pyrrole 60b and 60b” with 

10 equivalents of 1 M solution of SO2CI2, signals were observed for the unlabelled 

product 65b and the '^C doubly labelled product 65b” (Figure 22). This result was 

substantiated by obtaining a HRMS(w/z ES'^ spectrum of the reaction mixture, which 

indicated the isotopic distribution pattern in the expected ratios for the presence of 65b” 

and 65b (Figure 23). Molecular ions were observed for 65b” at 389.9721 

[’A9‘A2^^Cl4Hi5N04 + Na]^ and for 65b at 387.9649 [’^CiiHi5^Al4N04 + Na]^ The 

pattern for 65b” is overlayed with the pattern from 65b to give the spectrum of the cross

over experiment mixture as seen in Figure 23. Singly labeled products 65b’ were not 

observed in the HRMS spectrum of the cross-over experiment, this strongly suggests that 

the migration step must be wholly intramolecular.
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Figure 23 Comparison of mass spectrum of 50:50 mixture (cross-over experiment) with
isotope model for 65b” and 65b.

4.4 Precedent for the reactivity observed 

4.4.1 Pyrrole Lactones

Needless to say, the nature of the reaction and products described above are highly 

unusual. Pyrrole lactones comparable to 64a had been prepared by DeShong et from 

a thermal intramolecular dipolar cycloadditon of aziridine 164 to give a 2,5 dihydropyrrole 

165, which on exposure to oxygen for 24 h caused aromatisation of 165 to give pyrrole 

lactone, 166 (Scheme 89).
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H
FVP

300-400 °C

r=< o 

oN
Bn

165

24h

166

Scheme 89 Dipolar cycloaddition of 164 to give 166. 146

Boger et attempted to promote the reductive ring contraction of l,4-dihydro-l,2- 

diazine lactone 168 to produce the pyrrole lactone 169, (Scheme 90). Eventually catalytic 

hydrogenation was employed but no conditions were found to effect the concurrent 

‘benzylic’ lactone cleavage to produce 170, a precursor of prodigiosin.

167

(a) Zn, HOAc (CF3CO2H), 25°C, 0.5-2h
(b) H2/Pt02, CH3OH, 25°C

168

H3CO2C-
H

.N.

W h CO2H

170 ^5^11

Scheme 90 Reductive ring contraction of the 1,2-diazine lactone 168. 147

As mentioned in Section 3.3.2 above, Scarsella and Sleiter^* had investigated the reaction 

of a series of ethyl 3,4,5-trialkyl-substituted pyrrole-2-carboxylates with an excess of 

sulfuryl chloride. Ethyl 3,4,5-trimethylpyrrole-2-carboxylate 76 was reacted with 4.5 

equivalents of SO2CI2 at -15 °C, followed by hydrolysis to produce the ester acid 70 

together with the lactone 71 (Scheme 80).
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It therefore became necessary to clarify whether carrying out the reaction at low 

temperatures would prevent the formation of 65a, or if in fact 65a was formed and was not 

noticed by the Italian authors since it was only formed in trace amounts in the reaction 

flask. To this end 60a was reacted with 4.5 equivalents of SO2CI2 at -15 °C in CH2CI2 and 

the reaction was held at -15 °C overnight. The reaction mixture was then concentrated in 

vacuo and subsequently hydrolysed to yield an oily residue which was crystallised to 

firstly yield the compound 171 as white needles (5%) which appeared to be structurally 

related to 65a, and another compound 172 as brown needles (50%) which was precipitated 

on the addition ofNH40H (Scheme 91).

50%
172

Scheme 91 Reaction of 60a with SO2CI2 at -15 °C.

Complete 'H and '^C NMR data of 171 is presented in the experimental section. 

Comparison of the '^C signals of for 171 with those observed for 60a is shown below

(Table 22).
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2 N 
H OH

Table 22 Comparison of '^C NMR data for 65a with that for 171.

65a 5( (ppm) 171 5c (ppm) Assignment

18.5 23.0 C-3’

62.8 60.6 C-3

69.4 68.1 C-3’”

81.4 88.6 C-4

93.9 93.9 C-5

CCI3 102.4 CCI3 101.3 C-5’

C=0 172.5 C=0 171.9 C-2

The IR spectrum of 171 showed three carbonyl absorptions, at 1752, 1721 and 1698 cm' . 

This is in contrast to 65a which showed only two carbonyl absorptions, at 1726 and 1699 

cm'', that were assigned to the benzyl ester and lactam groups respectively. The HRMS 

(ES'^) spectrum of 171 showed a molecular ion that matched the calculated mass ui/z 

(449.9809) for |C|6H|7'^"'C14N04 + Na]'^. Reviewing the above data led to the hypothesis 

that the structure in question could either be a ring-opened tautomer 173 of 65a or a 

stereoisomer 171 of 65a (Figure 24).

Figure 24 Ring-opened tautomer 173 of 65a or stereoisomer of 171 of 65a.
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Obtainment of X-ray crystal structural data indicated a hindered S-membered ring 

structure that was diastereoisomeric with 65a. Comparison of X-ray structures of 171 with 

65a indicates one point of difference at C-3 which has an inverted stereochemistry relative 

to 65a as seen in Figure 25.

Figure 25 X-Ray structure of 171.

As a result of the alternative arrangement of the C-3 ester group, 7t-7t stacking interactions 

are now observed (Figure 26) between the phenyl rings of different molecules (3.376 A), 
the required separation for 7t-7C interactions is 3.4-3.6
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Figure 26 View of X-ray crystal structure in the direction of the crystallographic b axis.

In the course of the structural determination of 171, NMR data of 65a was recorded in df,- 

DMSO (a dipolar solvent). Surprisingly, signals for CHCI3 appeared in the spectrum, 

suggestive that a fragmentation reaction had occurred. These signals were observed at 5h 

8.33 ppm in the 'H NMR spectrum and at 5c 79.8 ppm in the '^C NMR spectrum. Also 

surprisingly, when the NMR spectrum of the isomeric pyrrolidin-2-one 171 was measured 

in the same solvent, an identical set of products was formed. The same was true of their 

'■^C NMR spectra. Isolation of the products (H2O, then Et20), then a NMR in CDCI3, and 

subsequently placing the sample back into r/6-DMSO, indicated chemical shifts were the 

same as before, minus the peaks associated with CHCI3 presumedly removed via 

evapouration. Analysis of the NMR spectra of products formed when either 65a or 171 

was treated with c/^-DMSO showed the benzyl CH2 AB quartet in 65a at 5h 5.26, 5.35 

ppm had collapsed to a singlet at 5h 5.26 ppm. Additionally a singlet at 8h 12.26 ppm was 

assigned to the NH group of the proposed succinimide structure 174. An authentic sample 

of succinimide was recorded in r/^-OMSO, the NH peak appeared more upfield at 5h 11.07 

ppm.

In the '"’C NMR spectrum of 174, three carbonyl peaks were observed at 5c 174.8, 174.4 

and 167.5 ppm representing the carbonyl at C-2, C-5 and the C-4 ester group, respectively. 

'H and ''^C NMR spectroscopic assignments are given in Table 23 below.
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X = OH or Cl

Table 23 'H and '^C NMR in t/^-DMSO assignments for 174.

5c (ppm) 5ii (ppm) Multiplicity (Hz) Assignment

8.2 CH3 1.01 t, 7.3 C-3”

16.5 CH, 1.69 s C-4’

27.3 CH2 2.28, 2.55 m C-3’

61.2 C-4

68.4 CH2 5.26 s C-4’”

74.9 C-3

128.5 Ph 7.32-7.42 m Ph

128.88 Ph

128.91 Ph

134.9 i-Ph

C=0 167.5 C-4”

C=0 174.4 C-5

C=0 174.8 C-2

'■‘’N 135.0 NH 12.26 s NH

These data suggested the gross structure 174 (X = Cl or OH) for the product. It must be 

said, however, that there is a strong argument in favour of structure 174 (X = OH), since 

according to the reaction mechanism (Scheme 92), 65a or 171 could give rise to the same 

stereoisomer. When the chlorine atom at C-4 leaves 65a or 171 this would produce the 

carbocation 175 as a single stereoisomer. This carbocation 175 could then be trapped by 

DMSO, the most stable orientation would require the bulky DMSO molecule to assume a
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position trans to the bulky ester group at C-3 as seen for 176. Subsequent hydrolysis and 

loss of chloroform would give the proposed structure 174 (Scheme 92).

BnO

65a or 171

BnO

BnO

CHCI3

H,0

BnO

BnO

DMSO

SMen

176

^ H3O BnO-^ ^

OH - k " OH
CCI3

174 178

Scheme 92 Suggested mechanism for the production of 174 from 65a or 171.

The IR spectrum of 174 contains a weak absorption in the carbonyl region at 1800 cm' 

'and a broad carbonyl absoption at 1718 cm"'. There is also a NH absorption at 3256 cm"'. 

In the HRMS (ES') spectrum of 174 a molecular ion was observed that matched the 

calculated mass (290.1024) for [C15H16NO5 ]' which confirms 174 (X = OH) as the final 

structure.

The major product of this reaction appeared to be 172, which was contrary to that 

observed by Scarsella and Sleiter.^^ Structure 172 was proposed and was supported by the 

spectral data. In the *H NMR spectrum of 172, the C-4’ methyl group resonates at 5h 2.31 

ppm, characteristic of its location on a double bond. The protons at C-3’ appear as 

multiplets at 6h 2.19 and 2.45 ppm indicating nearby chirality. The benzyl CHi appears as 

a singlet at 5h 5.35 ppm.
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In the '^C NMR spectrum of 172, there were two carbonyl peaks at 6c 159.4 and 172.1 

ppm assigned to the benzyl ester and C=N groups, respectively. After performing a DEPT 

135 experiment, signals corresponding to the pyrrole ring could be observed at 5c 129.4 

and 129.8 ppm. The remaining quaternary signal at 5c 71.5 ppm was assigned to the C-3 

carbon. These assignments were made on the basis of HSQC and HMBC experiments and 

are summarised in Table 24.

3"

Ph

Table 24 'H and NMR assignments for 172.

6c (ppm) SuCppm) Multiplicity (Hz) Assignment

8.2 CH3 0.82 t,7.2 C-3”

12.9 CH32.3I s C-4’

25.0 CH2 2.19, 2.45 m C-3’

67.5 5.35 s C-5”

71.4 C-3

99.4 CCI3

128.4 Ph 7.41-7.44 m Ph

128.67 Ph

128.71 Ph

129.4 C-5

129.8 C-4

134.5 /-Ph

C=0 159.4 C-5’

C=0 172.1 C-2
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The IR spectrum of 172 shows no absorption in the pyrrole NH stretching region. 

Absorptions were observed at 1716 cm"' assigned to a carbonyl group of the ester, and at 

1647 cm"' for C=C bond. The HRMS (ES^) spectrum of 172 shows a molecular ion that 

matched the calculated mass (398.0093) for [Ci6Hi6^^Cl3N03 + Na]"^.

4.4.2 Polychlorination of pyrroles with SO2CI2

After an extensive literature search, reports of compounds similar to 65a were not found 

but studies on the polychlorination of pyrroles with SO2CI2 had previously been carried 

out. Fischer et reported the isolation in high yield of a hexachloroderivative, when 

pyrrole 77 was reacted with 6 equivalents of SO2CI2 (Scheme 93). Fischer assigned 

structure 78 (m. p. 72 °C) to the sole product of the reaction.

Et02C

,C02Et
6 eq. SO2CI2 

Et,0

CFC COoEt

Et02C'^^^'^^CCl3 
H 
78

Scheme 93 Reaction of 77 with 6 equivalents of SO2CI2.

Later Mathewson^^ assigned the revised structure 72 to this product (M.p. 72 °C), on the 

basis of 'H NMR, 1R and analytical data. The 'H NMR spectrum (CDCI3, 60 MHz) of 72 

showed a triplet at §h 1.37 ppm, a singlet at 5h 2.24 ppm and two coincident quartets at 

5h 2.62 and 2.64 ppm. The latter signals were assigned to the methylene groups of the two 

ethyl ester functions, and are very considerably upfield of where they would be expected 

to resonate. The IR spectrum of 72 measured as a KBr disc, showed two carbonyl 

absorptions at 1740 and 1760 cm"'.
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Subsequently, Treibs and Grimmreinvestigated the reaction and assigned structure 72 

to the product, although they admitted that isomer 72’ could equally well be the correct 

product structure. The 'H NMR spectrum observed by these authors (CDCI3, 60 MHz) of 

72 (or 72’) showed a triplet at 6h 1.38 ppm, a singlet at 5h 2.30 ppm and two coincident 

quartets, now at 5h 4.37 and 4.40 ppm, resonance positions much more plausible for the 

methylene groups of the ethyl ester functions than those proposed by Mathewson.^^ The 

IR spectrum of 72 (or 72’), also measured in KBr, displayed a single C=0 absorption at 
1750 cm'*. Because of these differences in the literature it was deemed appropriate to 

repeat the reaction of Knorr’s pyrrole 77 with sulfuryl chloride and to unambiguously 

confirm the identity of the reaction product. This was done, and '“C and *H NMR data for 

72 are assigned unequivocally (see below for confirmation of structure by X-ray 

crystallography) for the first time in Table 25.
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Table 25 and '^C NMR assignments for 72.

6c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

13.7 CH? 1.41 t, 7.2 C-5’”

13.9 CH,, 1.40 t, 7.2 C-3”’

23.4 CH, 2.33 s C-4’

63.4 CH2 4.43 m C-5”

63.8 CH2 4.39 m C-3”

77.9 C-3

78.3 C-4

89.7 CCb

94.3 c-5

C=0 163.0 C-3’

C=0 163.8 C-5’

C=N 174.0 C-2

The IR spectrum of 72 showed no absorption in the pyrrole NH stretching region. An ester 
C=0 absorption was observed at 1752 cm '. Ir. the HRMS (ES^) spectrum of 72 a 

molecular ion was ob.served that matched .he calculated mass (467.8873) for 

|Ci2Hi3'^^Cl6N04 + Na]\ the expected distribution of isotopic peaks due to the presence of 

6 Cl atoms was also observed. In order to distinguish between 72 and 72’ X-ray data was 

required as 'H-, ''^C NMR, IR and HRMS data alone were clearly not sufficient to make 

this di.stinction (Figure 27).
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Figure 27 X-ray crystal structure of 72.

At first glance it can be seen that chlorination occurs in an all-rra/!5 fashion around the 

pyrrole ring. At a more detailed level, the carbon-nitrogen double bond between N and C- 

2 of 72 has a bond length of 1.273 A characteristic of double bond character. The carbon- 

carbon single bond between C-1 and the CCI3 group of 72 is long at 1.541 A but this may 

be due to the presence of the bulky CCI3 group.

Interestingly, in the case of the reaction of 77 with sulfuryl chloride, carboalkoxy 

migration was not observed in the product 72. Generally, it would be expected that the 

presence of an electron-withdrawing group on the 5-membered ring would retard the 

formation of a carbocation P to it. This is the case for 77, which contains electron- 

withdrawing groups at both C-2 and C-4, thereby reducing the ease with which a 

carbocation can form at any of the other ring positions. This serendipitous observation 

further reinforces the suggested mechanistic pathway for the production of 65a (Scheme 

83), where formation of an intermediate carbocation is now possible at C-4, this is
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followed by the formation of a chloronium ion, and sequential intramolecular migration of 

carboxyl ester from C-2 to C-3 to give 160a.

A summary of the results obtained thus far is shown in Scheme 94.

O'

172
+

\

N
H
174

-OH

-o

Scheme 94 Summary of reactions of 60 with SO2CI2.

It is the purpose of the work described in the rest of this chapter to investigate some basic 

rules of reactivity for the ester rearrangement process in terms of substrate requirements, 

and to isolate reaction intermediates in order to validate the proposed reaction mechanism 

shown in Scheme 83. Research reported now focuses on the synthesis of highly-
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substituted pyrrolidin-2-one products, small amounts of pyrrole lactones were observed in 
the 'H NMR spectra of product mixtures but efforts that were made to isolate them met 

with failure.

4,5 Reactions of a variety of pyrroles with SO2CI2

4.5.1 Reaction of Ethyl 4-ethyl-3,5-diniethylpyrroie-2-carboxylate 60b with SO2CI2

The substrates used were chosen because they had interesting structural features. Firstly, 

the effect of varying the nature of the C-2 ester group was investigated. Ethyl 4-ethyl-3,5- 

dimethylpyrrole-2-carboxylate 60b, was reacted with 10 equivalents of a 1 M solution of 

sulfliryl chloride in CH2CI2 to give compound 65b (Scheme 95).

10 eq. SO2CI2

CH2CI2

Scheme 95 Reaction of 60b with SO2CI2.

Intermediate 163b, originally thought to be an imidoyl chloride species, was observed in 
the 'H NMR spectrum of the reaction mixture obtained from 60b but it could not be 

isolated for full analysis. The 'H NMR spectrum of the final product 65b again showed 

upfield shifts for all signals indicating a loss of aromatic character around the pyrrole ring. 

There was significant splitting observed for the C-4 CH2 group, which appeared as an AB 

system of quartets at 5h 2.40 and 2.67 ppm (dq, 16.5, 7.3 Hz). Significant

diastereotopic splitting of the signal due to the CH2 group of the ethyl ester at 6h 4.35 was 

also observed, further confirming the introduction of chirality into the molecule. A signal
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assigned to the OH at C-5 was observed at 6h 6.35 ppm, and the resonance for the NH 

group appeared at 5h 7.93 ppm.

The '^C NMR spectrum of 65b also showed a complete loss of aromatic character, as had 

been observed for compound 65a described above. Signals assigned to the pyrrole ring 

carbon atoms of 60b at 5c 116.2, 123.4, 126.4 and 128.6 ppm had disappeared. This was 

accompanied by the appearance of new signals at 5c 62.9, 81.5, 94.1 ppm. A signal 

resonating at 5c 102.6 ppm is assigned to the C-5 CCI3 moiety. New carbonyl signals were 

observed at 5c 172.5 and 172.6 ppm. These signals were assigned using DEPT, HSQC and 

HMBC experiments. 'H and '^C NMR assignments for compound 65b are summarised in 

Table 26.

Table 26 'H and ’’C NMR assignments for 65b,

5c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

9.2 CH3 1.19 t, 7.3 C-4”

13.8 CH3 1.38 t,7.2 C-3

18.6 CH3 1.67 s C-3’

29.6 CH2 2.40, 2.67 dq, 16.5,7.3 C-4’

62.9 C-3

63.8 CH2 4.35 m C-3’”

81.5 C-4

94.1 C-5

OH 6.35 s OH

102.6 (CCI3) C-5’

C=0 172.5 C-2
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C=0 172.6 C-3”

'■‘’N 135.0 NH 7.93 br s NH

In the IR spectrum of 65b absorptions for the carbonyl groups appear at 1731 cm' and 

1699 cm'', and are assigned to the ethyl ester and lactam groups, respectively. In the 

HRMS (ES”^) spectmm of 65b a molecular ion is observed which matches the calculated 

mass (387.9653) for |CiiHi5^^Cl4N04 + Na]”^ and contains the expected isotopic 

distribution of peaks indicating the presence of four chlorine atoms. This structural 

assignment is fully confirmed by the obtainment of X-Ray crystal data. The X-ray crystal 

data for 65b indicates identical relative stereochemistry around the 5-membered ring 

compared with 65a (Figure 28). The unit cell for 65b contains four molecules, two of 

each optical antipode (RRR and SSS). The two enantiomers {RRR and SSS) are depicted in 

Figure 28 below.

Figure 28 X-ray crystal structure of 65b viewed along the crystallographic c axis.

A compari.son of bond lengths of 65a with those for the related compounds 171 and 65b is 
shown in Table 27 below.
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Bn02C^ y
,.•••3 —4-hCI

H OH 
65a

Bn02C, )
o-

-3—4'>C1 / \
-2. .\'CCl3

N ^H OH
171

. )Et02C
,,.••3 —4''>ci

o:./. V.CCI3 

H OH 
65b

Table 27 Comparison of bond lengths of 65a with 171 and 65b.

Bond 65a (A) 171 (A) 65b (A)
N1-C2 1.337 1.349 1.347

C2-C3 1.536 1.531 1.535

C3-C4 1.579 1.555 1.593

C4-C5 1.599 1.595 1.585

C5-N1 1.422 1.439 1.440

In general the N1-C2 bond is short (1.337-1.349 A) indicating the presence of some 

double bond character, which is characteristic of lactam type molecules. y-Lactam has 

similar bond lengths for the C-N single bond (1.335 A).'"*'* The remaining bonds are longer 

around the hindered 5-membered ring as bulky groups are being accommodated. From the 

comparison it can be seen that the C3-C4 bond is at its longest for 65b (1.593 A). The C5- 

N1 bond length is characteristic of a single bond.

4.5.2 Reaction of benzyl 4-(2’-niethoxycarbonyl-ethyl)-3,5-diniethylpyrrole-2- 
carboxylate 59 with SO2CI2

Now it was interesting to investigate if pyrroles containing bulky groups at the C-4 P 

position would affect the course of the reaction. Benzyl 4-(2’-methoxycarbonyl-ethyl)-3,5- 

dimethylpyrrole-2-carboxylate 59, synthesised for an alternative project, contained a bulky 
propionate methyl ester group at C-4. Benzyl 4-(2’-methoxycarbonyl-ethyl)-3,5-dimethyl 

pyrrole-2-carboxylate 59 was reacted with 10 equivalents of a 1 M solution of SO2CI2
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under nitrogen at 0 °C, Pyrrole lactone formation was not observed in the 'H NMR 

spectrum of the product obtained from 59, the sole products of the reaction were a highly 

substituted pyrrolidin-2-one 180 and, more interestingly, intermediate 179 (Scheme 96). 
Spectroscopic data of this intermediate was obtained before it eventually converted into 

180 by residual HCl present in the reaction flask and serendipitous hydrolysis in air. 

Initially it was thought that product 179 was imidoyl chloride 181, the HRMS data of both 

would be identical. After performing the '^C doubly labelled NMR experiments above, it 

appears more likely that the intermediate is compound 179, (see 163a in Scheme 83). It is 

conceivable that the relative stereochemistry of 180 would be identical to 65a and 65b, 
this will be assumed here despite the fact that no X-ray data for 179 or 180 were obtained.

COjMe CO-,Me

COoMe

Scheme 96 Reaction of 59 with sulftiryl chloride.

The H NMR spectrum of 179 displayed downfield shifts for all protons relative to pyrrole 

59. A signal at 5h 2.32 ppm assigned to the C-5 CH3 group of the starting material 59 had 

vanished. The C-4’ methyl group resonated at 6h 2.26 ppm indicating its location adjacent 

to a double bond. The signals for the C-3’ and C-3” methylene groups of the propanoic 

ester side-chain of 59 had moved downfield by 0.38 ppm and 0.34 ppm, respectively.
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There was also significant splitting due to diastereotopicity observed for both signals. The 

benzyl ester methylene group signal transformed from being a singlet at 5h 5.31 ppm for 

59 to an AB quartet (J 12.0 Hz) at 6h 5.34 and 5.39 ppm, again indicating the presence of 

diastereotopic protons. The C-4’ methyl group resonated at 6 2.26 ppm indicating its 

position adjacent to a double bond.

The '^C NMR spectrum of 179 exhibited differences in the aromatic region of the 

spectrum. Signals assigned to the pyrrole nucleus of 59 at 6c 116.6, 120.2, 128.3 and 

130.1 ppm were absent. There were new signals at 5c 78.9, 81.4, 92.0 ppm. Additionally 

there was one less aliphatic signal in the spectrum and this was accompanied by a 

downfield shift of the remaining aliphatic signals. There was also the appearance of a peak 

at 5c 172.3 ppm which is characteristic of a C=N with an electron withdrawing group 

attached. Two additional quaternary peaks were observed at 6c 164.0 and 172.0 ppm, and 

were assigned to the benzyl and methyl ester groups, respectively. These specific 

assignments were made on the basis of DEPT, HSQC and HMBC experiments and are 

summarised in Table 28.

Table 28 'H and '^C NMR assignments for 179.

/ 3"'

O

6c (ppm) 5h (ppm) Multiplicity (Hz) Assignment

24.5 CH3 2.26 s C-4’

28.3 CH2 2.79 m C-3”

32.9 CH23.ll m C-3’

52.1 CH3 3.75 s C-3’”
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68.6 CH2 5.34 ,5.39 qAB, 12.0 C-5”

78.9 C-3

81.4 C-4

92.0 C-2

128.4 Ph 7.46-7.36 m Ph

128.59 Ph

128.63 Ph

134.4 /-Ph

C=0 164.0 C-5’

C=0 172.0 C02Me

C=N 172.3 C-5

Appropriate nOe experiments could be conducted to demonstrate that the conformation of 

179 might be similar to the envelope structure of 65a or 65b. The C=N bond of this 

molecule has again a strong tendency to be planar. nOe exeperiments were inconclusive 

and X-ray data could not be obtained but a possible conformation is depicted (Figure 29).

/
O

Figure 29 Proposed envelope conformation of 179.

In the IR spectrum of 179 a broad absorption corresponding to a C=0 group occurs at 
1737 cm’’, which is similar to the absorption frequency of the IR band due to the methyl 

ester group in the starting material 59 (1734 cm'*). Finally, no absorption was observed for 

a pyrrole NH stretch (expected at -3300 cm”'). A signal corresponding to the quaternary 

carbon atom of the C-2 trichloromethyl group was not observed in the '^C spectrum of 179
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(cf Table 28). Evidence for its existence was obtained in the HRMS (ES^) spectrum of 

179, where a molecular ion was observed that matched the calculated mass (543.9186) for 

[Ci8Hi6^^Cl6N04]'^. A pattern of peaks, typical for the presence of six chlorine atoms, was 

observed in the HRMS (ES^) spectrum as a binomial distribution of peaks with M, M + 2, 

M + 4, M + 6, M + 8 and M + 10 in the relative intensities expected (Figure 30).

Figure 30 Comparison of mass spectrum of 179 with Isotope Model.

/4"'

o

Figure 31 Pyrrolidin-2-one 180.

201



Chapter 4

Subsequently pyiTolidin-2-one 180 was isolated as the sole product from the reaction 

mixture, presumably arising from hydrolysis of the initially-formed imidoyl chloride. In 

the ’H NMR spectrum of 180 there is again the appearance of an AB quartet (J 11.7 Hz) at 

5h 5.26 and 5.32 ppm for the C-3’” diastereotopic methylene protons. The signals for the 

C-4’ and C-4” methylene groups of the propanoic ester side-chain of 180 also displayed 

significant splitting. Broadening of the signal assigned to the phenyl group protons and the 

appearance of signals at 5h 5.78 ppm for the OH group at C-2 and at 8h 7.72 ppm for the 

NH group was also observed. This was consistent with the signals observed for OH and 

NHfor 65a (Table 19).

1 TThe C NMR spectrum of 180 again indicated dramatic change in the aromatic region of 

the spectrum, showing almost identical signals to those for the ring carbons of 65a (Table 

29). The signal observed for the CCI3 group was almost identical with that in the spectrum 

of 65a. Comparison of'^C signals of 180 with 65a is shown below in Table 29.

/ 4"'

o

Table 29 Comparion of '^C NMR of 65a with 180.

65a 5c (ppm) 180 5c (ppm) Assignment

18.5 18.1 C-3’

62.8 62.5 C-3

69.4 69.3 C-3’”

81.4 79.8 C-4

93.9 93.7 C-5

CCI3 102.4 102.2 C-5’

135.0 135.0 >5n
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The 'H and '^C NMR chemical shift assignments for 180 are listed in Table 30.

/ 4"'

O

Table 30 'H and '^C NMR assignments for 180.

6c (ppm) 6h (ppm) Multiplicity (Hz) Assignment

18.1 CH3 1.66 s C-3’

29.3 CH2 2.55, 2.73 m C-4”

31.4 CH2 2.59, 3.01 m C-4’

51.6 CH33.66 s C-4’”

62.5 C-3

69.3 CH2 5.26, 5.32 Qab, 11 -7 C-3’”

79.8 C-4

93.7 C-5

OH 5.78 s OH

CCI3 102.2 C-5’

128.7 Ph 7.40 hr s o-Ph

128.8 OT-Ph

128.9 /7-Ph

133.7 /-Ph

C=0 171.6 C-2

C=0 171.8 C-3”

C=0 172.4 C-4’”

'^N 135.0 NH 7.72 hr s
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The IR spectra] data for 180 was analogous to that for 65a, presenting stretching 

frequencies at 1734 and 1707 cm’’ characteristic of two carbonyl functional groups being 

present in the molecule, and corresponding to ester and lactam stretching absorptions, 

respectively. A broader absorption at 3234 cm’’ indicated the presence of a hydroxyl 

group or NH with intermolecular association. A C-Cl stretching absorption at 697 cm’’ 

was detected and appears to be characteristic of these compounds. In the HRMS spectrum 

of 180 a molecular ion was observed which did not correspond to the expected calculated 

mass of 484.9966 for the parent molecule Ci8Hi9^^Cl4N06. Mass spectrometry of 180 

indicated a molecular formula of Ci8H22^^Cl4N07, which suggests that during 

determination of elemental mass, a ring opening reaction occurs followed by hydration 

producing the molecular ion 183 (Scheme 97). This agrees with the determined elemental 

mass; HRMS (ES"): 504.0164 calculated for [Ci8H22^^Cl4N07]^ 504.0150. The sample 

was prepared in MeOH so the hydration must have been due to water being present in the 

solvent. This phenomemon was only observed for 180. Cyclisation of 183 to give 184 was 

in theory possible, but 184 was not observed in the HRMS spectrum of 180.

Chemical Formula: C,8H,9Cl4N06 
Exact Mass: 484.9966

Chemical Formula: CiyHiyCENO^ 
Exact Mass: 470.981

Chemical Formula: CigHyyChNO^ 
Exact Mass: 465.0513

Chemical Formula: CigHyiChNOy 
Exact Mass: 503.0072

Scheme 97 Plausible mechanism for rearrangement of the parent molecular ion.
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4.5.3 Reaction of Ethyl 3-ethyl-2-formyl-4-methyipyrrole-5-carboxylate 58b with 
SO2CI2

Investigation on the polychlorination of substituted pyrrole rings was now extended to 

include a formyl substituted pyrroles. This was carried out to investigate the necessary 

pyrrole structural features required for polychlorination. It was interesting to establish if 

the presence of an additional aldehyde moiety would prevent polychlorination, as now the 

pyrrole nucleus would contain two electron-withdrawing groups which should make it 

very electron deficient and, as a result, too deactivated for reaction.

Ethyl 3-ethyl-2-formyl-4-methyl-pyrrole-5-carboxylate 58b was synthesised fi'om 60b by 

reaction with ceric ammonium nitrate (CAN). CAN is an effective single electron oxidant, 

used to generate an aldehyde function on the C-5 methyl group (Scheme 98). The product 
was obtained in pure form after recrystallisation according to its spectroscopic data.*^’’"'^

4 eq.CAN 
MeOH/H,0

Scheme 98 Synthesis of 58b from 60b.

Ethyl 3-ethyl-2-formyl-4-methylpyrrole-5-carboxylate 58b was reacted with 5 equivalents 

of IM SO2CI2 in dry CH2CI2 at 0 °C, and then stirred for 2 h at room temperature (Scheme 

99). After concentration of the contents of the reaction fiask in vacuo, followed by careful 

recrystallisation, the novel compound 185 was obtained as colourless needles. Its 

spectroscopic data indicated that a transformation had occurred with loss of aromaticity of 

the pyrrole nucleus.
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V-o 5 eq. SO2CI2

Scheme 99 Reaction of 58b with sulfiiryl chloride.

The 'H NMR spectrum of 185 showed upheld shifts for the protons on C-4’ by 0.19 ppm 

and for the C-3’ protons by 0.47 ppm. There was also considerable splitting characteristic 

of diastereoptopicity observed for C-5’. The signals for C-3” 6h 1.26 ppm and for C-5” 

5h 1-41 ppm had not changed significantly. The signal at 5h 9.79 ppm, assigned to the C-5 

aldehyde group of 58b, had also disappeared.

The comparative '^C NMR spectra of the starting material 58b and product 185 are shown 

below (Figure 32). Again, there is a major change in the aromatic portion of the spectrum. 

Signals assigned to the pyrrole ring of 58b at 6c 124.2, 125.9, 128.9 and 136.5 ppm have 

vanished. This is accompanied by the appearance of three new upheld signals at 5c 72.8, 

76.2, 90.1 ppm. This indicates a loss of aromaticity around the pyrrole ring to generate a 

saturated heterocycle 185. The C-5 aldehyde C=0 resonance at 6c 178.7 ppm has also 

disappeared, and this is accompanied by the appearance of a new signal at 6c 170.9 ppm. 

In the aliphatic portion of the spectrum the signals are now widely dispersed.
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Pyrrole 58b

-20 iOO 80 60 >10 20

Figure 32 Comparison of '"’C NMR spectra of 58b and 185.

The carbon signals of compound 185 were assigned using HSQC and DEPT experiments. 
'H and ''^C NMR assignments for compound 185 are summarised in Table 31.

3"

Table 31 ’H and '^C NMR assignments for 185.

6 c (ppm) 5 H (ppm) Multiplicity (Hz) Assignment

7.9 CH3 1.26 t, 7.2 C-3”

13.9 CHr 1.41 t, 7.2 C-5”

21.1 CHr 2.12 s C-4’

28.6 CH2 2.28-2.33 m C-3 ’
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OH 3.49 s

63.2 CH2 4.33-4.44 m C-5’

72.8 C-3

76.2 C-4

90.1 C-5

C=0 166.1 C02Et

C=0 170.9 C-2

'■“'N 124.3 NH 6.76 br s NH

The IR spectaim of 185 showed a sharp absorption at 3457 cm" characteristic of a free 

NH vibration. A distinctive strong absorption at 1714 cm ' is be.st assigned to a carbonyl 

group of either the ester or the lactam. There was also a weaker absorption at 1770 cm '. 

Durham and Rees^^ described the chlorination of ester 75 with 4 equivalents of chlorine to 

give a product which was assigned structure 69 (Scheme 100). They observed carbonyl 

absorptions at 1770 cm ', which they assigned to the a-chloroester function, and at 1740 

cm ' assigned to the lactam carbonyl group.

-o. 4eq. CI2

O
N
Ph

75

AcOH O

97Scheme 100 Chlorination of pyrrole75.

It would have been difficult to confirm structure 185 without obtaining X-Ray data for it. 

This revealed that a molecule of chloroform of crystallisation was present in the unit cell, 

which was not observed in the NMR spectral data. Additional NMR experiments were 

conducted in acetone-J^ but unfortunately it was not possible to observe chloroform of 

crystallization, possibly owing to thermal instability of the solvated material, but its 

presence was observed in the molecular structure (Figure 33).
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The 5-membered ring conformation is very similar to that described for 65a but it possess 

a 5,/?,/? relative stereochemistry (Figure 32). The amide bond has a strong tendency to be 

planar and this causes the 5-membered ring to adopt an envelope conformation, as shown 

in Figure 34. The chlorine atom at C-3 is pseudo-axial and has a dihedral angle of almost 

180° with the chlorine substituent trans to it on C-4. The magnetic environments 

experienced by the alkyl groups at C-3 and C-4 are accidentally equivalent and as a result 

no coupling was observed between the C-4 methyl group and the CH2 of the C-3 ethyl 

group. The C-5 ester group is a bulky group and occupies a pseudo-equatorial position.
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EtOiC c N 2 ®
HO H

Cl

o

Figure 34 X-Ray crystal structure and conformation of 185.

Measurement of inter-atomic distances indicated a bond length of 1.337 A between N and 

C-2, suggestive of partial double bond character. The C=0 bond at C-2 is also short with a 

distance of 1.226 A. There is a considerably lengthened bond of 1.580 A between C-4 and 

C-5 (Figure 35). This may be due to the presence of the bulky ester group.
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Figure 35 X-ray crystal structure of 185 viewed along b axis showing bond lengths of
interest.

Figure 36 X-ray crystal structure of the unit cell of 185 viewed along the b axis.

In a larger view of the X-Ray crystal structure, incorporating one unit cell, the molecules 

observed to be held together in pairs in the crystal lattice by hydrogen bonding between 

the C-2 carbonyl of one molecule and the NH of another molecule. Each bonded pair in 

the crystal consists of two molecules that are inverted and rotated by 180° relative to each
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other. It is also evident from Figure 36 that there is a moleeule of ehloroform of solvation 

for each pyrrolidin-2-one molecule.

In the HRMS (ES”^) spectrum of 185 a molecular ion was observed which matched the 

calculated mass (282.0300) for [CioHi5"’^Cl2N04]^. An isotopic pattern of peaks was also 

observed, with the relative intensities expected for the presence of two chlorine atoms.

H,o

4 eq. SOjCl,

Scheme 101 Proposed mechanism for formation of 185.

A possible mechanism for the above reaction is proposed (Scheme 101). Initial attack by 

sulfuryl chloride on the pyrrole nucleus gives 186. Chloride ion attack at the C-5 aldehyde 

carbon results in the loss of formyl chloride accompanied by the restoration of aromaticity 

to give intermediate 187. Again a polychlorination step must occur to produce 188, which 

subsequently undergoes elimination to give 189, followed by hydrolysis in a stepwise
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manner to give 190 and then finally 185. There was no 1,2-rearrangement of the ester 

group observed, possibly due to the presence of two electro-withdrawing groups at C-2 

and C-5 which prevent the formation of a carbocation intermediate. The reaction therefore 

proceeds in a more stepwise and logical manner.

4.5.4 Reaction of 4-Ethyl-3,5-diniethyIpyrrole-2-caboxaldehyde 128 with SO2CI2

Requirements of pyrrole substrate for the above reaction were now investigated. There 

appeared to be little advantage in varying the alkyl groups at positions 3 and 4, as this 

would just result in a variety of analogues with different alkyl groups. It was decided 

instead to synthesise an a-formylpyrrole lacking the ester functionality.

4-Ethyl-3,5-dimethylpyrrole-2-carboaldehyde 128 was synthesised using a method 

described by Lash et al}^^ It was purified by recrystallisation and the spectroscopic data 

obtained for 128 were consistent with literature values.'"^'’ 4-Ethyl-3,5-dimethylpyrrole-2- 

carboxaldehyde 128 was reacted with 6 equivalents of a 1 M solution of SO2CI2 in dry 

CH2CI2 at 0 °C (Scheme 102). The reaction mixture was allowed to stir for 2 h at room 

temperature before concentrating it in vacuo to yield a sticky brown oil, which was 

purified by column chromatography to yield 191 (32%) as colourless needles.

6 eq. SO2CI2 

CH2CI2 CbC3^ / ^'2
HO H

191
32%

Scheme 102 Reaction of 128 with SO2CI2.
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In the 'H NMR spectrum of 191, there were significant changes observed for the C-3 

methyl group of 128, moving upheld from 5h 2.29 ppm in the spectrum of 128 to 5h 1.85 

ppm for 191. There was also disappearance of the C-5 methyl signal at 6h 2.28 ppm in 

128. Significant splitting was observed for C-4’, assigned to a resonance at 6h 2.62 ppm, 

indicating chirality in the molecule. A decoupling experiment was carried out, where the 

NMR sample was irradiated with a frequency corresponding to the methyl group assigned 

to C-4” at 5h 1.25 ppm, which caused the multiplet to collapse to a double doublet with J 

15.6 Hz indicating geminal coupling between the diastereotopic protons.

The NMR spectrum of 191, was considerably more revealing, again signals assigned 

to the pyrrole ring of 128 at 6c 124.4, 127.3, 131.7 and 135.0 ppm, and a signal at 6c 

175.1 ppm for the C-2 aldehyde group had disappeared. There was the appearance of new 

quaternary signals at 6c 94.5 ppm assigned to C-5, and at 6c 101.9 ppm assigned to the 

CCI3 group of 191. Signals at 6c 132.8 and 155.0 ppm indicated the presence of some 

double bond character in the ring. A carbonyl signal at 6c 173.0 ppm could be assigned to 

C-2. Full assignment of the 'H and '^C NMR signals was assisted by HSQC and HMBC 

experiments and is reported in Table 32.

214



Chapter 4

Table 32 'H and '^C NMR assignments for 191.

5 c (ppm) 5 n (ppm) Multiplicity (Hz) Assignment

8.5 CH3 1.85 s C-3’

12.1 CH3 1.25 t,7.7 C-4”

19.5 CH22.I2 m C-4’

OH 3.85 s OH

94.5 C-5

101.9 CCI3

132.8 C-3

154.9 C-4

C=0 173.0 C-2

'^N 127.5 NH6.71 br s NH

The IR spectrum of 191 showed an absorption at 3208 cm'' corresponding to the OH 

group. There were also two strong carbonyl absorptions at 1701 and 1672 cm"' and an 

absorption at 1659 cm'' that can be assigned to the enone functional group. The HRMS 

(ES^) spectrum of the compound contained a molecular ion that matched the calculated 

mass (257.9855) for [C8Hii'^^Cl3N02]^. The isotopic pattern of peaks indicated the 

presence of three chlorine atoms, with the expected relative intensities.
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N
H

SO2CI2
Et,0

Cl Cl

Scheme 103 Reaction of pyrrole with SO2CI2. 151

A similar type of product had been obtained from the reaction of pyrrole with SO2CI2 in 

Et20 to produce pentachloropyrrole 192, subsequent boiling in water produced 

dichloromaleimide 193 (Scheme 103).'^’

The proposed mechanism for the formation of compound 191 is shown in Scheme 104. 

After formation of the intermediate 194, further chlorination occurs generating 195 (a 

substitution). The carbonyl group of this aldehyde is then attacked by a chloride ion, 

which results in loss of formyl chloride accompanied by concurrent restoration of 

aromaticity to give 196. Another SO2CI2 molecule is subsequently attacked by the 

nucleophilic ring to generate 197. Quenching with water causes hydrolysis of the imidoyl 

chloride and loss of the C-5 chlorine atom to give the product 191.
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CI3C' N HO B

191

Cl Cl

Scheme 104 Proposed mechanism for the reaction of 191 with SO2CI2.

4.6 Conclusions and Future Work

A new reaction between SO2CI2 and pyrrole-2-carboxylates has been presented. The 

reaction has produced a number of isolated novel products; including a pyrrole lactone 

64a and pyrrolidin-2-ones 65a, 65b and 180 as well as the intermediate 179 (Figure 37). 
A diastereoisomer of 65a, compound 171, was isolated when the reaction was performed 

at -15 °C, together with the major product 172. The products have been characterised by 

standard analytical procedures (NMR, IR and HRMS). X-ray crystal data was obtained for 

65a, 65b and 171.
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Figure 37 Products of the SO2CI2 reaction with various pyrroles.

Limited studies into probing the mechanism were undertaken by performing both NMR 

tube experiments and bench experiments. Initial results indicated the stepwise production 

of a trichloromethyl species, this was followed by further chlorination and an ester group 

‘migration’ to produce an imidoyl chloride of type 160a. In fact imidoyl chlorides were 

observed by NMR and HRMS as precursors to the more stable products 65a and 65b. 

Attempts were made to probe the migration step by the addition of methyl chloroformate, 

but no cross-over product was observed. This led to the view that the migration might be 

intramolecular. To examine this, doubly labelled ethyl 4-acetyl-3,5-dimethylpyrrole-2- 

carboxylate 60b” was reacted with 1 M SO2CI2 solution to give doubly labelled 

pyrrolidin-2-one 65b”, confirmed by NMR and HRMS analysis. Interestingly the labelled 

experiment indicated intermediate 179 was more than likely the intermediate observed in 

the NMR tube experiements instead of the aforementioned imidoyl chlorides. The 

labelling experiment also highlighted the requirement of acidic conditions and the rather 

slow evolution of the rearranged product. Further review of the proposed reaction 

mechanism (Scheme 83) to fully incorporate these results will be carried out. The reaction
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of the 50:50 mixture of unlabeled and doubly labeled pyrrole produced none of the single 

cross-over product confirming that the migration step must be wholly intramolecular.

Similar compounds to 65a, 65b and 180 have been recognised to be highly useful in 

medicinal chemistry and are known to exhibit important biological activities in the brain. 

They are similar in structure to kainic acid (KA) 198, which is an excitatory amino acid. 

Naturally occurring kainoid amino acids all possess a trisubstituted ring with three 

contiguous stereocentres (198-200). Generally a carboxy substituent is attached at C-2, a 

carboxymethyl residue at C-3 and a group of high % electron density at C-4 (Figure 38).

J/ GH2CO2H

N/-CO2H
H
198 200

Figure 38 Examples of some kainoid amino acids.

One methodology for the construction of kainoids and their analogues has made use of 

pyroglutamate 201, which can be converted into the unsaturated ester 202. This compound 

can undergo conjugate additions with a variety of carbon nucleophiles to give 203 with all

trans stereochemistry (Scheme 105). 152
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Ph- Ph- Nu
i^COsEt

C02Me
202

Nu (
N'^"C02Et

C02Me
203

3 steps 48% HC1(6M)

Ph—'.

reflux

R

Oj:\N C02Et 
C02Me
201

''C02Et 
H.HCl 

204
R = CH2CO2H, CH2C02Me, 

Me, Ph

Scheme 105 Route to allokainoids using pyroglutamate 201. 152

Interestingly, conversion of 65 into 205 should be possible, after which hydrolysis of the 

CCI3 group of 205 would yield a highly substituted pyrrolidine product 206 (Scheme 106), 
opening up a whole new line of research which is beyond the scope of this thesis.

Scheme 106 Conversion of 65 into 206.

2,5-Dimethyl-3,5 dicarbethoxypyrrole 77 was also reacted with 6 equivalents of SO2CI2 to 
give 72, which is contrary to what Fischer^^ postulated but in agreement with the structure 

proposed, despite the reporting of implausible NMR data, by Mathewson,^^ Treibs and
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Grimm. An X-ray structure was obtained which unambiguously confirmed 72 as being 

the product of this reaction. Compound 72 was also fully characterised by standard 

analytical procedures (NMR, IR and HRMS).

Et02C

C02Et
6 eq. SO2CI2 

Ego

Cl , C(C02Et
Cl

Et02C^ N 
Cl

72

CCE

Scheme 107 Reaction of 77 with SO2CI2.

The chlorinating reagent SO2CI2 was also reacted with the two pyrrole-2-carboxaldhydes 

58b and 128 to establish the necessary structural features required in the pyrrole substrate. 

The reaction of 58b (Scheme 108), which contained both an ester group and an aldehyde 

group, with SO2CI2 resulted in the formation of 185, for which an X-ray structure was 

obtained. Pyrrolidin-2-one 185 was also characterised by standard analytical procedures 

(NMR, IR. HRMS and X-ray).

5 eq. SO2CI2 

CH2CI2

Scheme 108 Reaction of 58b with SO2CI2 to produce 185.

The reaction of 128 (a substrate lacking an ester group) with SO2CI2 resulted in the 

formation of 191 (Scheme 109), which was also characterised by standard analytical 

procedures (NMR, IR and HRMS).
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O

Scheme 109 Reaction of 128 with SO2CI2 to produce 191.

A brief summary of these results is depicted in the clock diagram in Scheme 110.

R'. R^ and R'* = H 

Cl Cl
R' = CHO. R^ and R^ = alkyl, R'' = Me R' = -CO2R. R^ and R^ = alkyl, R'' = Cl 10

H

-OH

R' 'n ecu

Scheme 110 Summary of novel reactions that were investigated.
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4.7 Experimental Section

General experimental conditions are the same as in Chapter 2.

Benzyl 4-acetyl-3,5-dimethylpyrrole-2-carboxylate 142a 132

O O
o o

O Ph
Zn/NaOAc

AcOH

85a
NOH
119a

2-[(Z)-Hydroxyimino]-3-oxo-butyric acid benzyl ester 119a (17.00 g, 77 mmol) was 

added dropwise over 1 h to pentane-2,4-dione 85a (7.9 mL, 77 mmol) in acetic acid (80 

mL), while simultaneously a mixture of zinc dust (20.14 g, 308 mmol) and anhydrous 

sodium acetate (21.02g, 256 mmol) was added ensuring that the zinc dust/sodium acetate 

mixture was always in excess. The temperature was maintained between 65-80 °C. 

Halfway through the addition, another equivalent of pentane-2,4-dione 85a (7.9 mL, 77 

mmol) was added. After complete addition, the solution was slowly heated to 90 °C. After 

1 h of stirring at this temperature, the hot reaction mixture was decanted from the zinc 

sludge into ice-cold water (400 mL); the zinc was rinsed several times with hot acetic acid. 

After standing in water for 15 min a precipitate had formed. This was collected, washed 

with water (100 mL), redissolved in CH2CI2 (300 mL), dried over Na2S04, filtered and 

evaporated in vacuo to dryness. The solid was recrystallised from MeOH to give 142a 

(15.244g, 73%) as off-white needles.

M.p. 136.6 °C (lit.,'^^135 °C);

5h (400 MHz, CDCI3): 2.47 (3H, s, CH3), 2.53 (3H, s, CH3), 2.63 (3H, s, COCH3), 

5.34(2H, s, OCH2Ph), 7.37-7.46 (5H, m, Ph) 9.00 (IH, br s, NH) ppm;

5c (100 MHz, CDCI3): 12.3 (CH3), 14.8 (CH3), 30.9 (CH3), 65.7 (CH2Ph), 117.1 (Py), 

123.2 (Py), 127.8 (Ph), 127.9 (Ph), 128.2 (Ph), 129.5 (Py), 135.5 (i-Ph), 137.9 (Py), 160.7 

(C=Oph), 195.0 (C=Oac) ppm.
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Ethyl 4-acetyl-3,5-dimethylpyrrole-2-carboxylate 142b'^^

0 O
o o

Zn/NaOAc
O'

\^0
AcOH

85a
NOH
119b

The above method was followed using 2-[(Z)-hydroxyimino]-3-oxo-butyric acid ethyl 

ester 119b (28.30 g, 178 mmol), and the crude product was recrystallised (3:1 CH2CI2- 

Hex) to generate 142b (25.10 g, 67%) as off-white needles.

M.p. 140.2 °C (lit.,'^^ 143 °C);

5h (400 MHz, CDCI3): 1.41 (3H, t, J7.0 Hz, CH3), 2.49 (3H, s, CH3), 2.57 (3H, s, CH3), 

2.63 (3H, s, CH3), 4.37 (2H, q, J 7.0 Hz, CH2), 9.29 (IH, hr s, NH) ppm;

5c (100 MHz, CDCI3): 12.3 (CH3), 14.0 (CH3), 14.8 (COCH3), 30.9 (OCH2CH3), 60.0 

(OCH2CH3), 117.5 (Py), 123.1 (Py), 128.9 (Py), 137.8 (Py), 161.3 (C=Oac), 195.1 (C=Oe,) 

ppm.

Benzyl 4-ethyl-3,5-dimethylpyrroIe-2-carboxylate 60a 136

THF

BF3.0Et2 (29.30 g, 25.5 mL, 0.207 mol) was added slowly over 1 h to a cooled stirred 

solution of pyrrole 142a (11.68 g, 0.043 mol) and NaBH4 (3.90 g, 0.1032 mol) in dry THF 

(100 mL) under nitrogen. The temperature was monitored and kept below 5 °C. The 

solution was warmed slowly to room temperature and was stirred overnight. The solution 

was cooled in an ice salt-bath, the pH was adjusted to pH 4 with 5% HCl and was 

extracted with CHCI3 (3 x 100 mL). The combined organic extracts were washed with
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water (300 mL), dried over Na2S04, filtered and concentrated in vacuo to yield a salmon 

coloured powder which was recrystallised (1:1 MeOH-water) to yield 60a (8.75 g, 79%) 

as pale orange coloured crystals.

M.p. 101.6-103.5 °C (lit.,'^^ 103 °C);

5h (400 MHz, CDCI3): 1.07 (3H, t, J 7.5 Hz, CH2CH3), 2.22 (3H, s, CH3), 2.32 (3H, s, 

CH3), 2.40 (2H, q, J 7.5 Hz, CH2CH3), 5.32 (2H, s, CHaPh), 7.35-7.44 (5H, m, Ph), 8.61 

(IH, hr s, NH) ppm;

5c (100 MHz, CDCI3): 10.1 (CH3), 11.0 (CH3), 14.9 (CH3), 16.8 (CH2CH3), 64.9 (CH2Ph), 

115.8 (Py), 123.6 (Py), 127.60 (Ph), 127.64 (Ph), 128.0 (Py), 128.1 (Ph), 129.0 (Py), 136.2 

(/■-Ph), 160.8 (C=Oph) ppm.

Ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate 60b

BF30Et2/ NaBH4

136

THF

The above method was followed using 142b (17.30 g, 0.083 mol), and the crude product 

was recrystallised (95% EtOH) to generate 60b (15.21 g, 94%) as off-green crystals.

M.p. 85.6 °C (lit.,*^^ 89-90 °C);

5h (400 MHz, CDCI3) : 1.07 (3H, t, J 7.5 Hz, CH2CH3), 1.37 (3H, t, J 7 Hz, OCH2CH3) 

2.23 (3H, s, CH3), 2.30 (3H, s, CH3), 2.40 (2H, q, J 7.5 Hz CH2CH3), 4.32 (2H, q, J 7 Hz 

OCH2CH3), 8.67 (IH, br s, NH) ppm;

5c (100 MHz, CDCI3) : 10.0 (CH3), 10.9 (CH3), 14.2 (CH3), 14.9 (CH3), 16.8 (CH2), 59.1 

(COCH2), 116.2 (Py), 123.4 (Py), 126.4 (Py), 128.6 (Py), 161.3 (C=OEt) ppm.
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Attempted synthesis of benzyl-4-ethyl-5-formyl-3-methylpyrrole-2-carboxylate

Et

Ph

60a

1. SO2CI2

2. EtC02CH2CN
Ph V-O 

5"

+ 65a

A solution of SO2CI2 (0.17 mL, 2.1 mmol) in CH2CI2 (2 mL) was added via syringe to an 

ice-cooled solution of 60a (0.250 g, 1.0 mmol) in CH2CI2 (1 mL) under a nitrogen 

atmosphere. The solution was stirred for 2 h at room temperature after which time the 

reaction was concentrated in vacuo. The residue was redissolved in THF (2 mL) and 

treated with H2O (1 mL). After the exothermic reaction the mixture was refluxed for 10 

min and then cooled to room temperature. The organic phase was isolated and the aqueous 

phase was extracted once with EtOAc. The combined organic phases were evaporated in 

vacuo to yield a brown-gold residue that was used without further purification in the next 

step. The crude material was dissolved in toluene (2 mL) containing ethyl cyanoacetate 

(0.11 mL, 1.1 mmol) and NEt3 (1 drop) and was heated at reflux for 45 min. The content 

of the flask was concentrated to an orange oil which was purified by chromatography (5:1 

Hex-EtOAc) to give 64a as colourless residue (0.131 g, 47%), which was recrystallised 

(1:1 Hex-CH2Cl2) to yield white needles.

M.p. 159.7-160.4 °C;

5h (400 MHz, CDCI3) :1.62 (3H, d, J6.52, 3”-CH3), 2.38 (3H, s, 4’-CH3) 5.38 (2H, s, 5”- 

CH2), 5.48 (IH, q, J6.52, 3’-CH) 7.37-7.46 (5H, m, Ph), 9.45 (IH, s, NH) ppm;

5c (100.6 MHz; CDCI3) 10.8 (CH3, C-4’), 19.9 (CH3, C-3”), 66.9 (CH2, C-5”), 75.7 (CH, 

C-3'), 120.7 (Py, C-4), 124.4 (Py, C-2), 128.4 (m-Ph), 128.6 (o-Ph), 128.8 (p-Ph), 135.3 (/- 

Ph), 145.9 (Py, C-3), 160.8 (C=0, C-5’), 162.0 (C=0, C-2’) ppm;

Vmax: 3268, 2933, 1747 (C=0), 1696 (C=0), 1566 (C=C), 1532, 1442, 1374, 1293, 1251, 
1235, 1104, 1080, 1050,958,910, 776, 746,714, 697 cm'';

HRMS(w/z +ES): 286.1075 Calculated for [C16H15NO4 + H]^ 286.1079.
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Ph. 1. SO2CI2

2. EtC02CH2CN
OH

65a

65a (10 mg, 3%) was also isolated from the chromatography column as a crystalline 

material.

M.p. 181.7 °C;

5h(600 MHz, CDCI3) : 1.01 (3H, t,J7.3 Hz,4”-CH3), 1.69 (3H, s, 3’-CH3), 2.28 (IH, dq, 
V 15 and V 7.3 Hz, d’-CIH), 2.56 (IH, dq, V 15.0 and V7.3 Hz, 4’-CH2), 5.26 (2H, d, V 

12.0 Hz, 3’”-CH2), 5.35 (2H, d, V 12.0 Hz, 3”’-CH2), 6.06 (IH, s, OH), 7.36 (IH, hr s, 

NH), 7.40-7.41 (5H, m, Ph) ppm;

5c (150.9 MHz; ) 9.0 (CH3, C-4”), 18.5 (CH3, C-3’), 29.7 (CH2, C-4’), 62.8 (C-3), 69.4 
(CH2, C-3”0, 81.4 (C-4), 93.9 (C-5), 102.4 (CCI3, C-5’), 128.8 (Ph), 128.9 (Ph), 129.1 

(Ph), 133.8 (z-Ph), 171.7 (C=0,C-3”), 172.5 (C=0, C-2) ppm;

Vniax: 3256 (OH), 3005, 2958, 1726 (C=Oph), 1699 (C=Onh), 1443, 1388, 1356, 1259, 
1171,1137, 1104, 1064, 963, 885, 867, 828, 801, 736 (C-Cl), 697 cm'';

HRMS(zzz/z +ES): 449.9807 Calculated for [Ci6H,7^^Cl4N04 + Na]^ 449.9809.
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4-Chloro-4-ethyI-3,5-dimethyl-2-oxo-5-trichloroinethyl-pyrrolidine-3-carboxylic acid 

benzyl ester 65a

Ph 6 eq. SO2CI2

Pyrrole 60a (262 mg, 1.02 mmol) was dissolved in dry CH2CI2 (5.1 mL) and cooled to 

0 °C under a nitrogen atmosphere. A 1 M solution of SO2CI2 in CH2CI2 (6.12 mL, 6.12 

mmol) was added dropwise via syringe to the flask. The reaction was allowed to warm 

slowly to room temperature and stirred for a further 2 h under nitrogen. The solution was 

concentrated in vacuo to yield a golden oily residue which was dissolved in THF (6 mL) 

containing aqueous HCl (3.4 mL, L7M) and allowed to stir for 2 h. The mixture was 

diluted with EtOAc. The aqueous layer was re-extracted with EtOAc (2x3 mL). The 

combined organic layer was washed with water (3x9 mL), dried over Na2S04, filtered 

and evaporated at reduced pressure to yield an off-yellow sticky residue which was 

recrystallised (1:1 HexiCPLCL) to give 65a as a colourless crystalline solid (130 mg, 

30%).

M.p.; 'H, ’^C, IR and HRMS as reported above for 65a.

Effect of performing the reaetion at -15 °C
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Pyrrole 60a (262 mg, 1.02 mmol) was dissolved in dry CH2CI2 (3.4 mL) and cooled to - 

15 °C under a nitrogen atmosphere. A 1 M solution of SO2CI2 in CH2CI2 (4.5 mL, 4.5 

mmol) was added dropwise via syringe ensuring that the temperature remained below - 

15 °C. The reaction mixture was left stirring overnight at -15 °C. The solution was 

concentrated in vacuo to yield a golden oily residue which was dissolved in THF:H20 (9 

mL, 1:1) and refluxed strongly for 15 mins. The reaction flask was allowed to cool to 

room temperature over 1 h, before being concentrated in vacuo. The mixture was diluted 

with EtOAc (5 mL). The aqueous layer was re-extracted with EtOAc (2x5 mL). The 

combined organic layer was washed with water (2x10 mL), dried over Na2S04, filtered 

and evaporated at reduced pressure to yield an off-yellow sticky residue which was 

reciy'stallised (1:1 Hex:CH2Cl2) to initially give 171 as a colourless crystalline solid (23 

mg, 5%) and another compound 172 as brown needles (192 mg, 50%) which was 

precipitated on addition of NH4OH to the mixture.

6h (600 MHz, CDCI3) : 1.07 (3H, t, J 7.3 Hz, 4”-CH3), 1.82 (3H, s, 3’-CH3), 2.58 (1H, m, 

4’-CH2), 2.67 (IH, m, 4’-CH2), 5.20 (IH, d, V 12.0 Hz, 3”’-CH2), 5.23 (IH, d, V 12.0 

Hz, 3”’-CH2), 4.60 (IH, s, OH), 6.62 (IH, br s, NH), 7.36-7.41 (5H, br s, Ph) ppm;

5c (150.9 MHz; ) 11.0 (CH3, C-3”), 23.0 (CH3, C-4’), 30.4 (CH2, C-3’), 60.6 (C-3), 68.1 

(CH2, C-4’”), 88.6 (C-4), 93.9 (C-5), 101.3 (CCI3, C-2’), 128.3 (Ph), 128.5 (Ph), 128.6 

(Ph), 134.5 (/-Ph), 168.2 (C=0, C-3”), 171.5 (C=0, C-2) ppm;

Vniax; 3304, 3238 (OH), 1752 (C=Occi3), 1721 (C=Oph), 1698 (C=Onh), 1450, 1371, 1342, 

1277, 1151, 1123, 1072, 1064, 955, 942, 911, 839, 813, 758, 733 (C-Cl), 687 cm'';

HRMS(w/z +ES): 449.9796 Calculated for [Ci6Hi7^-'Cl4N04 + Na]^ 449.9809.
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Ph

M.p. 149.8 °C;

5h (600 MHz, CDCb) : 0.82 (3H, t, J7.2, 3”-CH3), 2.19 (IH, m, 3’-CH2), 2.31 (3H, s, 4’- 

CH3), 2.45 (IH, m, 3’-CH2), 5.35 (2H, s, 5”-CH2Ph), 4.60 (IH, s, OH), 7.41-7.44 (5H, m, 

Ph) ppm;

5c (150.9 MHz; ) 8.2 (CH3, C-3”), 12.9 (CH3, C-4’), 25.0 (CH2, C-3’), 67.5 (CH2, C-5”), 

71.4 (C-3), 99.4 (CCI3, C-2’), 128.4 (Ph), 128.67 (Ph), 128.71 (Ph), 129.4 (C-5), 129.8 (C- 

4), 134.5 (/-Ph), 159.4 (C=0, C-5’), 172.1 (C=N, C-2) ppm;

Vmax: 3176, 3112, 2976, 1716 (C=Oph), 1647, 1431, 1275, 1228, 1176, 1148, 1057, 782, 
743,695 cm-';

HRMS(m/2 +ES): 398.0083 Calculated for [Ci6Hi6^^Cl3N03 + Na]^ 398.0093.

Hydrolysis of pyrrolin-2-one 65a in DMSO

PyiTolin-2-one 65a (or 171) (50 mg, 0.12 mmol) in DMSO (1 mL) containing a few drops 

of water was stirred at 50 °C for 1 week. The reaction mixture was then diluted with H2O 

(10 mL) and extracted several times with Et20 (5x10 mL). The combined ethereal extract 

was washed with water (2x30 mL), dried over Na2S04 filtered and evapourated to give a 

golden oil which was purified by column chromatography (16:1 CH2Cl2:EtOAc) to give 

174 (27 mg, 77%).

230



Chapter 4

5h(400 MHz, DMSO-i/6) : l-Ol (3H,t, J7.3, 3”-CH3), 1.69 (3H, s, 4’-CH2), 2.28 (IH, m, 
3’-CH2), 2.55 (IH, m, 3’-CH3), 5.26 (2H, s, 5”-CH2Ph), 7.32-7.42 (5H, m, Ph), 12.26 

(lH,s, NH) ppm;

5c (100 MHz, DMSO-Je) 8.2 (CH3, C-3”), 16.5 (CH3, C-4’), 27.3 (CH2, C-3’), 61.5 (C-4), 

68.4 (CH2, C-4”’), 74.9 (C-3), 128.5 (Ph), 128.88 (Ph), 128.91 (Ph), 134.9 (/-Ph), 167.5 

(C-4”), 174.4 (C=0, C-5), 174.8 (C-0, C-2) ppm;

vmax: 3256, 1800 (w), 1750 (C=0), 1718 (C=0, s hr) 1455, 1254, 1214, 1116, 1085, 782, 

733,696 cm-';

HRMS(ot/z .ES): 290.1024 Calculated for [Ci5Hi6N05]- 290.1028.

NMR experiments

1 Effect of using different equivalents of SO2CI2

Ph.

Experiments were performed in a NMR sample tube fitted with a septum. The NMR tube 

was charged with pyrrole 60a (25 mg, 0.1 mmol) dissolved in CDCI3 (0.5 mL), a spectrum 

of the starting pyrrole was run, and one equivalent of 1 M SO2CI2 (0.1 mL, 0.1 mmol) 

solution in CDCI3 was added. Spectra were recorded at intervals of 20 mins after which 

time another equivalent of 1 M SO2CI2 (0.1 mL, 0.1 mmol) solution was added up to 7 

equivalents. Results are given in Table 33 below.
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2 Cross-over experiment with 1 equivalent of methyl chloroformate

Ph \^0
a 1-3 eq. SO2CI2

b 1 eq MeC02Cr
c 4-6 eq. SO2CI2

60a

A cross-over NMR experiment was conducted. The NMR tube was charged with pyrrole 

60a (26 mg, 0.1 mmol) dissolved in CDCI3 (0.3 mL), a spectrum of the starting pyrrole 

was run, and one equivalent of 1 M SO2CI2 solution in CDCI3 (0.1 mL, 0.1 mmol) was 

added. Spectra were recorded at intervals of 20 mins after which time further equivalents 

of 1 M SO2CI2 solution were added up to a total of three equivalents to produce 146a. 

Then one equivalent of 1 M methyl chloroformate solution in CDCI3 (0.1 mL, 0.1 mmol) 

was added to the NMR tube and spectra were run to ensure that there was no reaction. 

Subsequent equivalents of 1 M SO2CI2 were added, but 16()a was the only product 

observed.

3 Cross over experiment using 1-6 equivalents of methyl chloroformate

Ph.

The experiment was also performed by adding (i) one equivalent of 1 M methyl 

chloroformate solution in CDCI3 (0.1 mL, 0.1 mmol) at the start of the reaction, and (ii) 

six equivalents of methyl chloroformate (0.05 mL, 0.6 mmol) but only 160a was observed.
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Table 33 Results ofNMR tube and cross-over experiments.

Exp Eq. of 
SO2CI2

Eq of methylchloroformate Product

1 1 143a

2 58a

3 146a

4-6 160a

2 1-3 1 eq. added after 3 eq SO2CI2 146a

4-6 160a

3 1-6 1 eq. added at start 160a"

4 1-6 6 eq. added at start 160"

^160 was observed using 'H NMR and HMDS.

143a: 5h (400 MHz, CDCI3): 1.13 (3H, t, J7.5 Hz, CH2CH3), 2.32 (3H, s, CH3), 2.42 (2H, 

q, J7.5 Hz, CH2CH3), 4.61 (2H, s, CH2CI), 5.36 (2H, s, CHsPh), 7.37-7.46 (5H, m, Ph), 

9.14(lH,br s, NH) ppm;
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58a: 5h (400 MHz, CDCI3): 1.14 (3H, t, J7.5 Hz, CH2CH2), 2.30 (3H, s, CH3), 2.50 (2H, 

q, J7.5 Hz, CH2CH3), 5.38 (2H, s, CH2Ph), 6.82 (2H, s, CH2CI), 7.42-7.46 (5H, m, Ph), 

9.15 (1H, br s, NH) ppm;

146a: 5h (400 MHz, CDCI3): 1.20 (3H, t, J13 Hz, CH2C^, 2.33 (3H, s, CH3), 2.80 (2H, 

q, J7.5 Hz, CH2CH3), 5.37 (2H, s, CH2Ph), 6.82 (2H, s, CH2CI), 7.37-7.47 (5H, m, Ph), 

9.19(lH,br s, NH) ppm;

160a: 5h (600 MHz, CDCI3) : 1.28 (3H, t, J7.3, 4”-CH3), 2.28 (3H, s, 3’-CH3), 2.68 (IH, 
V 15.0 and V7.3 Hz, 4’-CH2), 2.93 (IH, V 15.0 and V7.3 Hz, 4’-CH2), 5.32 (2H, qAs, J 

12.0 Hz, 3”-CH2), 132-131 (5H, m, Ph) ppm;

8c (150.9 MHz;) 7.5 (CH3, C-4”), 24.2 (CH3, C-3’), 30.7 (CH2, C-4’), 68.1 (CH2, C-3’”), 

79.9 (C-4), 81.1 (C-3), 91.7 (C-5), 127.9 (Ph), 128.1 (Ph), 128.2 (Ph), 134.0 (/-Ph), 163.7 

(C=0, C-3”), 172.6 (C=N, C-2) ppm;

Vmax: 3259 (OH), 2979, 1743 (C=Oph), 1719 (C=Onh), 1455, 1386, 1261, 1102, 865, 832, 
732 (C-C1) cm'';

HRMS(w/z +ES): 485.9118 Calculated for [Ci6Hi5^^Cl6N02 + Na]^ 485.9132.
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Ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate-2’,3-’^C2 60b”

O O

o o
A
* 'OEt

141b"

O 0
NaNO,
AcOH

Zn/NaOAc
AcOH

BF30Et2/NaBH4 THE

The above methods (Chapter 4 pg 231 and 232) were followed using ethyl acetoacetate- 

1,3-*^C2 (250 mg, 1.92 mmol) to yield ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate- 
2’,3-'^C2 60b” (118 mg, 33% over three steps).

4"

5h (400 MHz, CDCI3) : 1.08 (3H, t, J 7.5 Hz, 4”-CH3), 1.37 (3H, t, J 7.0 Hz, 2’”-CH3) 

2.23 (3H, s, 5’-CH3), 2.31 (3H, d, Vch 6.4 Hz, 3’-CH3), 2.41 (2H, m, 4’-CH2), 4.31 (2H, 

m, 2”-CH2), 8.50 (IH, br s, NH) ppm;

5c (100 MHz, CDCI3) : 10.2 (CH3, C-3’), 11.4 (CH3, C-5’), 14.6 (Jcc 2.2 Hz CH3, C-2’”), 
15.3 (CH3, C-4”), 17.2 (CH2, C-4’), 59.1 (CH2, C-2”), 118.0 (Py), 123.7 (Py), 126.9 (‘jcc 

4.4 Hz, Py, C-3), 128.9 (Py), 161.6 ('jcc 4.4 Hz, C=OEt) ppm.
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Reaction of ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate-2’,3-'^C2 60b” with 

SO2CI2

SO2CI2
CH2CI2

Pyrrole 60b” (60 mg, 0.30 mmol) was dissolved in dry CH2CI2 (0.3 mL) and cooled to 

0 °C under a nitrogen atmosphere. A 1 M solution of S02Ci2 in CH2CI2 (3.0 mL, 3.00 

mmol) was added dropwise via syringe to the flask. The reaction was allowed to warm 

slowly to room temperature and stirred for a further 2 h under nitrogen. The solution was 

concentrated in vacuo to yield a golden oily residue which was crystallised (1:1 Hex- 

CHCI3) to give 65b” (15 mg, 14%) as white needles.

8h (600 MHz, CDCI3) : 1.16 (3H, t, J 7.5 Hz, 4”-CH3), 1.39 (3H, t, J 7.0 Hz, 3’ 'CH3), 

1.70 (3H, t, J4.5 Hz, 3’-CH3), 2.42 (IH, dq, V 16 and V 7.3 Hz, 4’-CH2), 2.61 (IH, dq, V 

16 and V 7.3 Hz, 4’-CH2), 4.34 (IH, m, 3’”-CH2), 4.39 (IH, m, 3’”-CH2), 6.25 (IH, hr s, 

OH), 7.14 (IH, s, NH) ppm;

8c (100.6 MHz, CDCI3) 8.8 (CH3, C-4”), 13.6 (CH3, C-3””), 18.3 (CH3, Jcc 40.5 Hz, C- 

3’), 29.7 (CH2, C-4’), 62.7 ('Jcc 54.0 Hz, C-3), 63.8 (CH2, C-3’”), 81.0 (Jcc 33.7 Hz, C- 

4), 93.8 (C-5), 102.2 (CCI3, C-5’), 172.52 (C=0, ’Jcc 54.3 Hz, C-3”), 172.53 (C-0, C-2) 

ppm.

HRMS(w/z+ES): 389.9721 Calculated for ['^C9'^C2H,5^^Cl4N04 + Na]^ 389.9720.

236



Chapter 4

Reaction of ethyl 4-ethyl-3,5-dimethylpyrrole-2-carboxylate 60b and ethyl 4-ethyl- 
3,5-dimethylpyrrole-2-carboxylate-2’,3-*^C2 60b” with SO2CI2

Pyrrole 60b (30 mg, 0.15 mmol) and pyrrole 60b” (29 mg, 0.15 mmol) was dissolved in 

dry CH2CI2 (3.0 mL) and eooled to 0 °C under a nitrogen atmosphere. A 1 M solution of 

SO2CI2 in CH2CI2 (2.40 mL, 2.40 mmol) was added dropwise via syringe to the flask. The 
reaction was allowed to warm slowly to room temperature and stirred for a further 2 h 

under nitrogen. The solution was concentrated in vacuo to yield a golden oily residue 
which was crystallised (1;1 Hex-CHCb) but failed to give crystalline material. The 'H 

NMR spectrum of the reaction mixture indicated peaks for 65b and 65b”, displaying 

assignments discussed above.

HRMS(w/z +ES): 387.9651 Calculated for ['^CiiHi5^Tl4N04 + Na]^ 387.9653 and 
HRMS(w/z +ES); 367.9902 Calculated for ['^C2'^C9Hi6^^Cl4N04]^ 367.9901.
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2,5-Dimethyl-3,5 dicarbethoxypyrrole 77

O O o o

o' o'
Zn/NaOAc

AcOH

141b
NOH
119b

O

The above method (Chapter 4 pg 231) was followed using 2-[(Z)-hydroxyimino]-3-oxo- 

butyric acid ethyl ester 119b (14.0 g, 88 mmol) and ethyl acetoacetate 141b (11.13 mL, 

0.88 mmol), and the crude product was recrystallised (EtOH) to generate 77 (lO.Olg, 

48%) as pale lemon needles.

M.p. 135.3 °C (lit.,'^^ 136-137 °C);

5h (400 MHz, CDCI3): 1.29 (3H, t, J 7.0 Hz, CH3) 1.37 (3H, t, J 7.0 Hz, CH3), 2.54 (3H, s, 

CH3), 2.58 (3H, s, CH3), 4.32 (2H, q, J 7.0 Hz, CH2), 4.35 (2H, q, J 7.0 Hz, CH2) 9.16 
(IH, brs, NH) ppm;

6c (100 MHz, CDCI3): 12.0 (CH3), 14.36 (CH3), 14.42 (CH3), 14.5 (CH3), 59.5 (CH2), 

60.3 (CH3), 113.6 (Py), 117.9 (Py), 130.9 (Py), 138.9 (Py), 161.7 (C=0), 165.5 (C=0) 
ppm.

3,4,5-Trichloro-4-methyl-2-trichIoromethyl-3, 5-diethyoxycarbonyl-pyrroline 72 99

O
3"

A freshly prepared 1.75 M solution of SO2CI2 in dry Et20 (3.5 mL, 6.12 mmol) was added 

to a stirred solution of pyrrole 77 (244 mg, 1.02 mmol) in dry Et20 (4.1 mL) at 0 °C via 

syringe under a nitrogen atmosphere. The ice bath was removed and the flask was allowed 

to stand at room temperature for 4 h. The reaction mixture was split. Part A was 

concentrated in vacuo to yield a colourless oily residue. Part B was taken up in THF:H20
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(2:1, 3 mL). The reaction mixture was allowed to stir for 2 h at room temperature. The 

flask was the concentrated to remove THF, the aqueous layer was further diluted with 

water (3 mL), and extracted with EtOAc (3x4 mL). The combined organic extracts were 

washed with water (8 mL), dried over Na2S04, filtered and evaporated to yield a clear oil. 

Both samples were homogenous as established by *H NMR. Parts A and B were combined 

and purified by column chromatography (5:2 Hex-EtOAc) and recrystallised (Hex) to 

give 72 (177 mg, 39%) as white needles.

M.p. 69.5-70.6 °C (lit.,^^ 72 °C);

8h(600 MHz, CDCI3): 1.40 (3H, t,J7.2 Hz, 3”’-CH3), 1.41 (3H,t,J7.2, 5”’-CH3), 2.33 

(3H, s, 4’-CH3), 4.39 (2H, m, 3”-CH2), 4.43 (2H, m, 5”-CH2) ppm;

5c (150 MHz, CDCI3): 13.7 (CH3, C-5’”), 13.9 (CH3, C-3’”), 23.4 (CH3, C-4’), 63.4 

(CH2, C-5”), 63.8 (CH2, C3”), 77.9 (C-3), 78.3 (C-4), 89.7 (CCI3), 94.3 (C-5), 163.0 

(C=0,C-3’), 163.8 (C=0, C-5’), 174.0 (C=N, C-2) ppm;

Vmax: 2981, 1752 (C=0), 1619 (C=N), 1446, 1382, 1369, 1252 (C-0), 1158, 1095, 1042, 

907, 852, 788, 760 (C-Cl), 742 cm'';

HRMS(w/z +ES): 467.8892 Calculated for [Ci2H,3^^Cl6N04 + Na]^ 467.8873.

Synthesis of 4-Chloro-4-ethyl-3,5-dimethyl-2-oxo-5-trichloromethyl-pyrrolidine-3- 

carboxylic acid ethyl ester 65b

Pyrrole 60b (100 mg, 0.51 mmol) was dissolved in dry CH2CI2 (2.5 mL) and cooled to 

0 °C under a nitrogen atmosphere. A solution of IM SO2CI2 in CH2CI2 (5.41 mL, 5.12 

mmol) was added dropwise via syringe over 15 mins. TLC analysis indicated that the
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starting material had been eonsumed so the reaction was worked up in the following way. 

The content of the flask was split as described above, and Part A was concentrated in 

vacuo to give an oily residue. Part B was quenched with water (4 mL), washed with 

NaHC03aq (5 mL), water (5 mL), dried overNa2S04, filtered and concentrated in vacuo to 

yield an oil. Both samples were homogenous by ’H NMR and were crystallised (1:1 Hex- 

CH2CI2) to yield 65b as crystalline solid, (67 mg, 36%).

M.p. 181.1-182.7 °C;

5h (400 MHz, CDCI3) : 1.19 (3H, t, J 7.3 Hz, 4”-CH3), 1.38 (3H, t, J 11 Hz, 3^-CH3), 

1.67 (3H, s, 3’-CH3), 2.40 (IH, dq, V 16.5 and V 7.3 Hz, 4’-CH2), 2.67 (IH, dq, V 16.5 
and V 7.3 Hz, 4’-CH2), 4.31-4.41 (2H, m, 3”’-CH2), 6.34 (IH, s, OH), 7.74 (IH, br s, 

NH) ppm;

5c (100.6 MHz, CDCI3) 9.2 (CH3, C-4”), 13.8 (CH3,C-3””), 18.6 (CH3, 0-3 ), 29.6 (CH2, 
C-4’), 62.9 (C-3), 63.8 (CH2, C-3” ), 81.5 (C-4), 94.1 (C-5), 102.6 (CCI3, C-5’), 172.5 

(C=0, C-2), 172.6 (C=0, C-3”) ppm;

Vmax: 3257 (OH), 1731 (C=0), 1699 (C=0), 1382, 1269, 1143, 1066, 1015,887, 855, 831, 

799, 693 (C-Cl) cm’’;

HRMS(/n/z+ES): 387.9650 Calculated for [CiiHi5^^Cl4N04 + Na]^ 387.9653.
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Synthesis of 4-Chloro-4-(2-methoxycarbonyl-ethyl)-3,5-dimethyl-2-oxo-5-

trichloromethyl-pyrrolidine-3-carboxylic acid benzyl ester 180

COoMe

SO2CI2
CH2CI2

C02Me

Pyrrole 59 (50 mg, 0.16 mmol) was dissolved in CH2CI2 (1 mL) and cooled to 0 °C under 

a nitrogen atmosphere. A 1 M solution of SO2CI2 in CH2CI2 (1.6 mL, 1.60 mmol) was 

added dropwise via syringe. The reaction was allowed to warm slowly to room 

temperature and stirred overnight. The solution was concentrated in vacuo to yield a 

golden oily residue which was dissolved in THF (1 mL) and aqueous NaHCOs (0.08 g in 

1.7 mL). The mixture was stirred at room temperature for 24 h. The mixture was 

partitioned between CH2CI2 and water. The aqueous layer was re-extracted with CLI2CI2 (2 

X 3 mL). The organic layers were combined, washed with brine, dried over Na2S04, 

filtered and evaporated at reduced pressure to yield an orange residue which was purified 

by chromatography (7:3:0.1 HexiEtOAciNEta) to give 179 as an orange residue (27 mg, 

32%) and 180 as a white crystalline solid (16 mg, 20%). Intermediate 179 eventually 

converted to 180.
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/3'”

o

5h (600 MHz, CDCI3) :2.26 (3H, s, 4’-CH3), 2.79 (2H, m, 3”-CH2), 3.11 (2H, m, 3’-CH2) 
3.75 (3H, s, OCH3), 5.34 (IH, d, V 12.0 Hz, 5”-CH2), 5.39 (IH, d, V 12.0 Hz, 5”-CH2), 

7.36-7.44 (5H, m, Ph) ppm;

5c (100.6 MHz, CDCI3) 24.5 (CH3, C-4’), 28.3 (CH2, C-3”), 32.9 (CH2, C-3’), 52.1 

(OCH3), 68.6 (CH2, C-4”’), 78.9 (q, C-3), 81.4 (q, C-4), 92.0 (q, C-2), 128.4 (Ph), 128.59 

(Ph), 128.63 (Ph), 134.4 (/-Ph), 164.0 (C=0, C-5’), 172.0 (C=OMe), 172.3 (C=N, C-5) 
ppm;

Vmax; 2955, 1739 (C=0, hr), 1623 (C=N), 1440, 1261. 1203, 1082 (C-Cl), 1025, 908, 785, 
767, 731 (C-Cl), 696 cm’’;

HRMS(w/z +ES): 543.9190 Calculated for [Ci8Hi7^^Cl6N04 + Na]^ 543.9198

/3-
O

M.p. 194.5-195.8 °C;

5h (600 MHz, CDCI3): 1.66 (3H, s, CH3), 2.52-2.59 (2H, m, CH2), 2.73 (IH, m, CH2), 

ppm; 3.01 (IH, m, CH2), 3.66 (3H, s, CH3), 5.26 (IH, d, V 11.7 Hz, 3’”-CH2) 5.32 (IH, d, 
V 11.7 Hz, 3’”-CH2) 5.78 (IH, s, OH), 7.41 (5H, m, Ph), 7.72 (IH, s, NH) ppm;

5c (150.9 MHz, CDCI3): 18.1 (CH3, C-3’), 29.3 (CH2, C-4”), 31.4 (CH2, C-4’), 51.6 (CH3, 

C-4’”), 62.5 (C-3), 69.3 (CH2, C-3’”), 79.8 (C-4), 93.7 (C-5), 102.2 (CCI3), 128.7 (o-Ph), 

128.8 (m-Ph), 128.9 (p-Ph), 133.7 (/-Ph), 171.6 (C=0, C-2), 171.8 (C=0, C-3’”), 172.4 
(C=0, C-4’”) ppm;
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Vmax: 3234 (OH), 2956, 1734 (C=Oph), 1707 (C=Onh), 1449, 1391, 1261 (C-N), 1173(C- 
O), 1133, 1076, 1030 (C-Cl), 877, 863, 824, 804, 752, 740 (C-Cl), 697 cm'*;

HRMS(w/z +ES): 504.0164 Calculated for [CisHii^^CUNOy + H] '504.0150.

Ethyl 3-ethyl-2-formyl-4-methylpyrrole-5-carboxylate 58b'89

\^o CAN / H2O 
MeOH

A freshly prepared solution of ceric ammonium nitrate (11.51 g, 21 mmol) in water (5 

mL) was added to a vigorously stirred solution of pyrrole 60b (1.00 g, 5.1 mmol) in 

MeOH (20 mL). The reaction mixture was stirred at room temperature for 3 h. The flask 

was cooled using an ice-salt bath, and water (30 mL) was added dropwise over 2 h. The 

precipitated product was collected, dried and recrystallised (1:1 MeOH-H20) to yield 58b 

(0.705 g, 66%) as a colourless solid.

M.p. 88.2 C (lit.,''*^ 90 °C);

6,1 (400 MHz, CDCI3): 1.23 (3H, t, J 7.5 Hz, CH3), 1.41 (3H, t, J 7.0 Hz, CH3), 2.30 (3H, 

s, CH3), 2.77 (2H, q, J 7.5 Hz, CH2), 4.38 (2H, q, J 7.0 Hz, CH3), 9.46 (IH, br s, NH), 

9.79 (IH, s, CHO) ppm;

5c (100.6 MHz, CDCI3): 9.2 (CH3), 13.9, 16.1, 16.4, 60.5 (COCH2CH3), 124.2 (Py), 125.9 

(Py), 128.9 (Py), 136.5 (Py), 160.5 (C=0), 178.7 (CHO) ppm.
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3,4-Dichloro-4-ethyl-2-hydroxy-3-methyl-5-oxo-pyrrolidine-2-carboxylic acid ethyl 
ester 185

A freshly prepared IM solution of SO2CI2 in dry CH2CI2 (2.5 mL, 2.5 mmol) was added to 

a stirred solution of pyrrole 58b (0.105 g, 0.5 mmol) in dry CH2CI2 (2.5 mL) at 0 °C via 

syringe under a nitrogen atmosphere. The ice bath was removed and the flask was allowed 

to warm slowly to room temperature. TLC analysis indicated disappearance of the starting 

material so the reaction mixture was concentrated in vacuo to yield a clear sticky residue 

which was recrystallised (CHCI3) to yield 185 (67 mg, 47%) as white crystals.

M.p. 153.5-154.6 °C;

5'

5h (600 MHz, CDCI3): 1.26 (3H, t, J 7.15, 3”-CH3), 1.41 (3H, t, J 7.15, 5”-CH3), 2.12 

(3H, s, 4’-CH3), 2.28-2.33 (2H, m, 3’-CH2), 3.49 (IH, s, OH) 4.33-4.44 (2H, m, 5’-CH2) 

6.76 (IH, br s, NH) ppm;

5c (150 MHz, CDCI3): 7.9 (CH3, C-3”), 13.9 (CH3, C-5”), 21.1 (CH3, C-4’), 28.6 (CH2, 

C-3’), 63.2 (CH2, C-5’), 72.8 (C-3), 76.2 (C4), 90.1 (C-5), 166.1 (C=0), 170.9 (C- 

2) ppm;

Vrnax: 3457, 3238, 3127, 2918, 2850, 1771, 1714 (C=0), 1469, 1382, 1370, 1325, 1240, 
1137,1118, 1087, 1058, 1027, 935, 855, 730 cm'';

HRMS(m/z .ES): 282.0290 Calculated for [CioHi4^^Cl2N04 + H]^ 282.0300.
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4-Ethyl-3,5-dimethylpyrrole-2-caboxaldehyde 128

V-o

150

1, Na0H/(CH20H)2
2. PHCOCl/DMF

60b

Pyrrole 60b (1.00 g, 5.12 mmol) was refluxed for 45 min with NaOH (1.024 g, 25.6 

mmol) in ethylene glycol (10 mL). The mixture was then dispersed between hexane (20 

mL) and water (10 mL). The aqueus layer was extracted with hexane (2x10 mL) and the 

combined organic extracts were washed with water (30 mL) dried over Na2S04, filtered 

and evaporated to yield 4-ethyl-3,5-dimethylpyrrole-2-carboxylic acid as a dark yellow 

oil. DMF (3 mL, 38.9 mmol) was added to the residual oil and the solution that was cooled 

to 0 °C using an ice-salt bath. Benzoyl chloride (0.2 ml., 1.7 mmol) was added slowly. 

The reaction flask was allowed to cool back to -5 °C, and then the ice-salt bath was 

removed and the flask was stirred at room temperature for 15 min. Toluene (10 mL) was 

added and the mixture was cooled and kept at 0 °C for 1 h. The beige precipitate that 

formed was collected and washed with toluene (4 mL). The solid was dissolved in EtOH 

and a solution of aqueous sodium carbonate (1 g in 8 mL of water) was added. The 

mixture was stirred on a boiling water bath for 15 min. Water (20 mL) was added and the 

mixture was stirred at room temperature overnight. The mixture was then cooled using an 

ice-salt bath and filtered to give a yellow solid, which was recrystallised (EtOFl) to yield 

128 (240 mg, 31%).

M. p.99-100 °C (lit.,'^^ 105-106 °C);

5h (400 MHz, CDCI3): 1.08 (3H, t, J 7.8 Hz, CH2CH3), 2.28 (3H, s, CH3), 2.29 (3H, s, 

CH3), 2.41 (2H, q, J7.8 Hz, CH2CH3), 9.46 (IH, s, CHO) 9.67 (IH, br s, NH) ppm;

8c (100 MHz, CDCI3): 8.3 (CH3), 11.1 (CH3), 14.6 (CH2CH3), 16.5 (CH2CH3), 124.4 (Py), 

127.3 (Py), 131.7 (Py), 135.0 (Py), 175.1 (CHO) ppm.
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4-Ethyl-5-hydroxy-3-methyl-5-trichloromethyl-l,5-dihydro-pyrrol-2-one 191

6 eq. SO2CI2

CH2CI2

A freshly prepared 1 M solution of SO2CI2 in dry CH2CI2 (4.6 mL, 3.97 mmol) was added 

to a stirred solution of pyrrole 128 (100 mg, 0.66 mmol) in dry CH2CI2 (3.3 mL) at 0 °C 

via syringe under a nitrogen atmosphere. The ice bath was removed and the mixture was 

allowed to warm slowly to room temperature. The reaction was allowed to stir for 2 h 

before concentrating in vacuo to yield a brown residue which was dissolved in THF:H20 

(1:1, 6 mL). The reaction mixture was allowed to stir for 2 h at room temperature. THF 

was removed, and the aqueous layer was diluted with EtOAc (3 mL). The aqueous layer 

was extracted with further EtOAc (3x3 mL). The combined organic extracts were washed 

with NaHC03 (12 mL), water (2x12 mL), dried over Na2S04, filtered and evaporated to 

yield a brown residue which was purified by column chromatography (gradient system: 

6:1 CH2Cl2-EtOAc to 100% EtOAc) and recrystallisation (1:1 CHCF-Hex) to give 191 
(70 mg, 32%) as white needles.

M.p.l 12.2-113.0 °C;

8h (600 MHz, CDCl3):1.25 (3H, t, J7.7 Hz, 4”-CH3), 1.85 (3H, s, 3’-CH3), 2.62 (2H, m, 

4’-CH2), 5.88 (IH, s, OH), 6.71 (IH, br s, NH) ppm;

5c (150 MHz, CDCI3): 8.5 (CH3, C-3’), 12.1 (CH3, C-4”), 19.5 (CH2, C-4’), 94.5 ( C-5), 

101.9 (CCI3), 132.8 (C-3), 154.9 (C-4), 173.0 (C=0, C-2) ppm;

vmax: 3233, 2978, 1701 (C=0), 1672 (C=0), 1659 (C=C), 1456, 1378, 1356, 1245, 1168, 

1142, 1104, 1055, 1036, 979, 873, 833, 822, 749, 697 cm'';

HRMS(w/z .ES): 257.9845 Calculated for [C8Hio^^Cl3N02 + H]^ 257.9855.
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Data were collected on a Bruker SMART APEX diffractometer with CCD detector. The 

diffractometer utilised graphite-monochromated Mo-Ka radiation (k= 0.71070 A). The omega 
scan method was used to collect a full sphere of data for each crystal with detector-to-crystal 

distance of either 5 or 6 cm at 20 °C. Data were collected, processed and corrected from Lorentz 

and polarisation effects using SMART' and SAINT-NT^ software. Absorption corrections for 

single crystals were applied using SADABS.^ The structures were solved using direct methods and 

refined on HKLF4 data with the SHELXTL program package.All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were assigned to calculated positions using a riding 

model with appropriately fixed isotropic thermal parameters. Figures were drawn using 

MERCURY^ and ORTEPS.^ The crystallographic details and experimental parameters as well as 

are bond lengths and bond angles are found in the tables below.

'Bruker SMART, Version 5.625, 1997-2001, Bruker-AXS Inc. 

^Bruker SMART-NT, Version 6.02a, 1997-2001, Bruker-AXS Inc. 

^ SADABS, Version 2.03, 1999, Bruker-AXS Inc.

''G.M. Sheldrick, SHELXTE, Version 5.1, 1998, Bruker-AXS Inc. 

^Free download from the CCEX2 website ('www.ccdc.cam.ac.uk~) 

^E.J. Farrugia, J. Appl. Cryst., 1997, 30, 565
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Table 1. Crystal data and structure refinement for 65a.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F^

Final R indices [I>2sigma(I)]

amh350

CI6H17CI4N04

429.1225

150(2)K

0.71075 A

Triclinic

P-1

a = 6.1871(15) A a= 68.232(4)°.

b= 12.362(3) A 13= 86.774(8)°.

c= 12.514(3) A 7 = 86.561(8)°.

886.7(4) A3 

1

1.607 Mg/m3 

0.689 mm '

440

0.5 X 0.2 X 0.1 mm3 

1.75 to 25.00°.

-7<=h<=7, -14<=k<=14, -14<=l<=14 

10780

2964 [R(int) = 0.0739]

94.8 %

Full-matrix least-squares on F^

2964 / 0 / 229 

1.267

R1 =0.0328, wR2 = 0.1010
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R indices (all data)

Largest diff. peak and hole

R1 =0.0393, wR2 = 0.1357 

0.687 and -0.713 e.A'^

Table 2. Atomic coordinates ( x 10“*) and equivalent isotropic displacement parameters (A^x 10^) 

for ml. U(eq) is defined as one third of the trace of the orthogonalized U‘J tensor.

X y z U(eq)

C1(1) 7252(1) 9870(1) -3262(1) 17(1)

Cl(2) 5517(1) 7349(1) -1978(1) 14(1)

Cl(3) 3928(1) 11541(1) -3209(1) 21(1)

Cl(4) 2873(1) 9651(1) -3859(1) 19(1)

0(1) 1773(3) 6597(1) 1528(1) 15(1)

0(10) 2305(3) 8463(1) 1225(2) 15(1)

0(6) 7370(3) 8428(1) 686(1) 14(1)

N(7) 5521(3) 9449(2) -935(2) 12(1)

C(10) 5994(4) 8507(2) -3(2) 10(1)

C(ll) 4462(4) 10023(2) -2925(2) 14(1)

C(12) 1348(4) 7578(2) -1277(2) 14(1)

C(13) -87(4) 5287(2) 3207(2) 16(1)

C(I4) 3622(4) 7942(2) -1168(2) 12(1)

C(15) 4478(4) 7537(2) 91(2) 11(1)

C(16) 400(4) 6540(2) 2531(2) 16(1)

C(17) 1146(4) 6279(2) -1003(2) 17(1)

C(18) 2699(4) 7614(2) 981(2) 12(1)

C(19) -2132(5) 5014(2) 3721(2) 24(1)

C(20) 1021(5) 3250(2) 4050(2) 28(1)

C(21) 3814(4) 9322(2) -1611(2) 11(1)

C(22) 1489(4) 4394(2) 3378(2) 20(1)

C(23) -1015(5) 2987(2) 4561(2) 31(1)

C(24) 5680(4) 6345(2) 566(2) 15(1)
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C(25)

0(5)

-2599(5)

1792(3)

3874(3)

9744(1)

4400(3)

-1373(1)

31(1)

13(1)

Table 3. Bond lengths [A] and angles [°] for ml.

Cl(l)-C(ll) 1.769(2)

Cl(2)-C(14) 1.804(2)

Cl(3)-C(ll) 1.790(2)

Cl(4)-C(ll) 1.768(2)

0(1)-C(18) 1.336(3)

0(1)-C(16) 1.457(3)

O(10)-C(18) 1.204(3)

O(6)-C(10) 1.220(3)

N(7)-C(10) 1.339(3)

N(7)-C(21) 1.440(3)

N(7)-H(7) 0.8600

C(10)-C(15) 1.533(3)

C(ll)-C(21) 1.590(3)

C(12)-C(17) 1.524(3)

C(12)-C(14) 1.531(3)

C(12)-H(12A) 0.9700

C(12)-H(12B) 0.9700

C(13)-C(19) 1.388(4)

C(13)-C(22) 1.391(4)

C(13)-C(16) 1.504(3)

C(14)-C(15) 1.578(3)

C(14)-C(21) 1.596(3)

C(15)-C(24) 1.532(3)

C(15)-C(18) 1.546(3)

C(16)-H(16A) 0.9700
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C(16)-H(16B) 0.9700

C(17)-H(17A) 0.9600

C(17)-H(17B) 0.9600

C(17)-H(17C) 0.9600

C(19)-C(25) 1.387(4)

C(19)-H(19) 0.9300

C(20)-C(23) 1.380(4)

C(20)-C(22) 1.390(4)

C(20)-H(20) 0.9300

C(21)-0(5) 1.386(3)

C(22)-H(22) 0.9300

C(23)-C(25) 1.390(5)

C(23)-H(23) 0.9300

C(24)-H(24A) 0.9600

C(24)-H(24B) 0.9600

C(24)-H(24C) 0.9600

C(25)-H(25) 0.9300

0(5)-H(5) 0.8200

C(18)-0(l)-C(16) 115.04(18)

C(10)-N(7)-C(21) 115.42(18)

C(10)-N(7)-H(7) 122.3

C(21)-N(7)-H(7) 122.3

O(6)-C(10)-N(7) 126.1(2)

O(6)-C(10)-C(15) 124.6(2)

N(7)-C(10)-C(15) 109.20(19)

C(21)-C(I1)-CI(4) 111.64(16)

C(21)-C(11)-C1(1) 113.43(16)

CI(4)-C(11)-CI(1) 110.41(13)

C(21)-C(11)-C1(3) 107.80(15)

C1(4)-C(1I)-C1(3) 107.20(13)
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C1(1)-C(11)-C1(3) 105.97(12)

C(17)-C(12)-C(14) 115.03(19)

C(17)-C(12)-H(12A) 108.5

C(14)-C(12)-H(12A) 108.5

C(17)-C(12)-H(12B) 108.5

C(14)-C(12)-H(12B) 108.5

H(12A)-C(12)-H(12B) 107.5

C(19)-C(13)-C(22) 118.8(2)

C(19)-C(13)-C(16) 119.4(2)

C(22)-C(13)-C(16) 121.7(2)

C(12)-C(14)-C(15) 116.37(19)

C(12)-C(14)-C(21) 113.02(18)

C(15)-C(14)-C(21) 101.92(17)

C(12)-C(14)-C1(2) 108.48(15)

C(15)-C(14)-CI(2) 107.05(15)

C(21)-C(14)-C1(2) 109.65(15)

C(24)-C(15)-C(10) 110.27(18)

C(24)-C(15)-C(18) 109.08(18)

C(10)-C(15)-C(18) 103.83(17)

C(24)-C(15)-C(14) 117.37(18)

C(10)-C(15)-C(14) 102.46(17)

C(18)-C(15)-C(14) 112.78(18)

0(1)-C(16)-C(13) 108.68(19)

0(1)-C(16)-H(16A) 110.0

C(13)-C(16)-H(16A) 110.0

0(1)-C(16)-H(16B) 110.0

C(13)-C(16)-H(16B) 110.0

H(16A)-C(16)-H(16B) 108.3

C(12)-C(17)-H(17A) 109.5

C(12)-C(17)-H(17B) 109.5

H(17A)-C(17)-H(17B) 109.5

Appendix
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C(12)-C(17)-H(17C) 109.5

H(17A)-C(17)-H(17C) 109.5

H(17B)-C(17)-H(17C) 109.5

0(10)-C(18)-0(I) 123.3(2)

O(10)-C(18)-C(15) 124.2(2)

0(1)-C(18)-C(15) 112.16(19)

C(25)-C(19)-C(13) 120.8(3)

C(25)-C(19)-H(19) 119.6

C(13)-C(19)-H(19) 119.6

C(23)-C(20)-C(22) 120.3(3)

C(23)-C(20)-H(20) 119.8

C(22)-C(20)-H(20) 119.8

0(5)-C(21)-N(7) 114.49(19)

0(5)-C(21)-C(l 1) 108.32(18)

N(7)-C(21)-C(ll) 107.13(18)

0(5)-C(2l)-C(l4) 105.06(18)

N(7)-C(21)-C(14) 102.80(17)

C(ll)-C(21)-C(14) 119.31(18)

C(20)-C(22)-C(13) 120.5(3)

C(20)-C(22)-H(22) 119.7

C(13)-C(22)-H(22) 119.7

C(20)-C(23)-C(25) 119.6(3)

C(20)-C(23)-H(23) 120.2

C(25)-C(23)-H(23) 120.2

C(15)-C(24)-H(24A) 109.5

C(15)-C(24)-H(24B) 109.5

H(24A)-C(24)-H(24B) 109.5

C(15)-C(24)-H(24C) 109.5

H(24A)-C(24)-H(24C) 109.5

H(24B)-C(24)-H(24C) 109.5

C(19)-C(25)-C(23) 120.0(3)
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C(19)-C(25)-H(25) 120.0

C(23)-C(25)-H(25) 120.0

C(21)-0(5)-H(5) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A10^) for ml. The anisotropic 

displacement factor exponent takes the form: -2Td{ h^ a*^U" + ... + 2 h k a* b* ]

U" U22 U33 U23 U'3 U'2

Cl(l) 15(1) 21(1) 14(1) -4(1) 3(1) -4(1)

Cl(2) 15(1) 15(1) 16(1) -9(1) 2(1) 0(1)

Cl(3) 31(1) 12(1) 15(1) 0(1) 1(1) 0(1)

Cl(4) 20(1) 27(1) 12(1) -8(1) -2(1) -4(1)

0(1) 21(1) 10(1) 12(1) -4(1) 6(1) -5(1)

0(10) 17(1) 12(1) 19(1) -7(1) 3(1) -3(1)

0(6) 14(1) 13(1) 15(1) -5(1) -4(1) 0(1)

N(7) 14(1) 9(1) 12(1) -4(1) 0(1) -4(1)

C(10) 10(1) 10(1) 11(1) -5(1) 1(1) 1(1)

C(ll) 17(1) 13(1) 13(1) -4(1) 0(1) -1(1)

C(12) 13(1) 13(1) 16(1) -7(1) 1(1) -2(1)

C(13) 21(1) 16(1) 10(1) -4(1) 0(1) -5(1)

C(14) 14(1) 10(1) 13(1) -6(1) 3(1) -1(1)

C(15) 12(1) 11(1) 12(1) -5(1) 2(1) -2(1)

C(16) 20(1) 15(1) 13(1) -4(1) 5(1) -2(1)

C(17) 15(1) 13(1) 25(1) -7(1) -2(1) -3(1)

C(18) 12(1) 12(1) 12(1) -3(1) -2(1) -2(1)

C(19) 21(1) 26(1) 19(1) -4(1) 2(1) -4(1)

C(20) 46(2) 15(1) 18(1) -3(1) 2(1) 3(1)

C(21) 12(1) 11(1) 11(1) -4(1) -1(1) 0(1)
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C(22) 24(1) 18(1) 17(1) -4(1) 3(1) -1(1)

C(23) 50(2) 19(1) 20(1) -3(1) 5(1) -16(1)

C(24) 18(1) 9(1) 16(1) -3(1) -3(1) 3(1)

C(25) 29(2) 34(2) 24(1) -4(1) 9(1) -16(1)

0(5) 12(1) 12(1) 16(1) -7(1) 0(1) 0(1)

Table 5. Hydrogen coordinates (x 10"*) and isotropic displacement parameters (A^x 10 3)

for ml.

X y z U(eq)

H(7) 6191 10086 -1118 14

H(12A) 357 7811 -764 16

H(12B) 894 8003 -2057 16

H(16A) -938 6997 2287 19

H(16B) 1135 6858 3007 19

H(17A) 2150 6032 -1489 26

H(17B) -303 6136 -1137 26

H(17C) 1464 5852 -211 26

H(19) -3203 5603 3610 28

H(20) 2083 2658 4155 33

H(22) 2867 4564 3041 25

H(23) -1325 2221 5011 37

H(24A) 6981 6353 108 23

H(24B) 4767 5754 540 23

H(24C) 6045 6180 1348 23

H(25) -3970 3703 4746 37

H(5) 1936 10292 -1168 19
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Table 6. Torsion angles [°] for ml.

Appendix

C(21)-N(7)-C(10)-O(6) -179.6(2)

C(21)-N(7)-C(10)-C(15) -1.4(3)

C(17)-C(12)-C(14)-C(15) -69.6(3)

C(17)-C(12)-C(14)-C(21) 172.90(19)

C(17)-C(12)-C(14)-C1(2) 51.1(2)

O(6)-C(10)-C(15)-C(24) -37.2(3)

N(7)-C(10)-C(15)-C(24) 144.58(19)

O(6)-C(10)-C(15)-C(18) 79.6(3)

N(7)-C(10)-C(15)-C(18) -98.7(2)

O(6)-C(10)-C(15)-C(14) -162.9(2)

N(7)-C(10)-C(15)-C(14) 18.9(2)

C(12)-C(14)-C(15)-C(24) 88.8(2)

C(21)-C(14)-C(15)-C(24) -147.8(2)

Cl(2)-C(14)-C(15)-C(24) -32.7(2)

C(12)-C(14)-C(15)-C(10) -150.30(19)

C(21)-C(14)-C(15)-C(10) -26.9(2)

Cl(2)-C(14)-C(15)-C(10) 88.22(17)

C(12)-C(14)-C(15)-C(18) -39.3(3)

C(21)-C(14)-C(15)-C(18) 84.1(2)

Cl(2)-C(14)-C(15)-C(18) -160.79(15)

C(18)-0(l)-C(16)-C(13) -166.7(2)

C(19)-C(13)-C(16)-0(l) -142.0(2)

C(22)-C(13)-C(16)-0(l) 41.0(3)

C(16)-O(l)-C(18)-O(10) -6.1(3)

C(16)-0(l)-C(18)-C(15) 168.29(18)

C(24)-C(15)-C(18)-O(10) 137.8(2)

C(10)-C(15)-C(18)-0(10) 20.3(3)

C(14)-C(15)-C(18)-O(10) -89.9(3)

C(24)-C(15)-C(18)-0(l) -36.5(3)
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C(10)-C(l5)-C(18)-O(l) -154.04(18)

C(14)-C(15)-C(18)-0(l) 95.8(2)

C(22)-C(13)-C(19)-C(25) 0.4(4)

C(I6)-C(13)-C(19)-C(25) -176.7(2)

C(10)-N(7)-C(21)-O(5) 96.8(2)

C(10)-N(7)-C(21)-C(ll) -143.09(19)

C(10)-N(7)-C(21)-C(14) -16.6(2)

Cl(4)-C(ll)-C(21)-0(5) -70.6(2)

Cl(l)-C(ll)-C(21)-0(5) 163.91(15)

Cl(3)-C(ll)-C(21)-0(5) 46.9(2)

Cl(4)-C(ll)-C(21)-N(7) 165.43(15)

C1(1)-C(I1)-C(21)-N(7) 39.9(2)

Cl(3)-C(ll)-C(21)-N(7) -77.1(2)

CI(4)-C(11)-C(2I)-C(14) 49.4(2)

Cl(l)-C(ll)-C(21)-C(14) -76.1(2)

Cl(3)-C(ll)-C(21)-C(14) 166.88(16)

C(I2)-C(14)-C(21)-0(5) 31.9(2)

C(15)-C(14)-C(21)-0(5) -93.74(19)

Cl(2)-C(14)-C(21)-0(5) 153.08(15)

C(12)-C(14)-C(21)-N(7) 152.00(19)

C(15)-C(14)-C(21)-N(7) 26.3(2)

Cl(2)-C(14)-C(21)-N(7) -86.84(18)

C(12)-C(14)-C(21)-C(ll) -89.7(2)

C(15)-C(14)-C(21)-C(ll) 144.6(2)

Cl(2)-C(14)-C(21)-C(ll) 31.4(2)

C(23)-C(20)-C(22)-C(13) -0.4(4)

C(19)-C(13)-C(22)-C(20) 0.2(4)

C(16)-C(13)-C(22)-C(20) 177.1(2)

C(22)-C(20)-C(23)-C(25) 0.1(4)

C(13)-C(19)-C(25)-C(23) -0.7(4)

C(20)-C(23)-C(25)-C(19) 0.4(4)
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Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for ml [A and °].

D-H..,A d(D-H) d(H...A) d(D...A) <(DHA)

Table 1. Crystal data and structure refinement for 171

Identification code amh 632a

Empirical formula C16H17CI4N04

Formula weight 429.1225

Temperature 150(2) K

Wavelength 0.71075 A

Crystal system orthorhombic

Space group Pbca

Unit cell dimensions a = 6.890(2) A a= 90°.

b= 17.853(7) A p= 90°.

c = 29.283(11) A Y = 90°.

Volume 3602(2) h?

Z 1

Density (calculated) 1.579 Mg/m3

Absorption coefficient 0.679 mm"'

F(OOO) 1752

Crystal size 0.50x 0.20 X 0.13 mm^

Theta range for data collection 2.28 to 25.00°.
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Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Refinement method

Data / restraints / parameters

Goodness-of-fit on

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

-8<=h<=8, -20<=k<=21, -34<=1<=34 

14821

3140 [R(int) = 0.0720]

99.0 %

Full-matrix least-squares on F^

3140/0/229

1.213

R1 =0.0632, wR2 = 0.1904 

R1 =0.0786, wR2 = 0.2222 

0.886 and-0.781 e.A'^

Table 2. Atomic coordinates ( x 10“') and equivalent isotropic displacement parameters (A^x 10^) 

for shelxl. U(eq) is defined as one third of the trace of the orthogonalized U'J tensor.

X y z U(eq)

C1(1) 10959(2) 2026(1) 1182(1) 27(1)

Cl(3) 6434(2) 367(1) 369(1) 23(1)

Cl(5) 10443(2) 748(1) 435(1) 22(1)

Cl(6) 8217(2) 463(1) 1253(1) 21(1)

0(2) 8591(5) 3192(2) -28(1) 17(1)

0(3) 10197(5) 3937(2) 1238(1) 19(1)

0(6) 11677(5) 3503(2) 610(1) 18(1)

0(8) 5518(5) 1722(2) 837(1) 18(1)

N(l) 7893(6) 2050(2) 284(1) 14(1)

C(l) 11044(8) 5974(4) 2153(2) 29(1)

C(2) 11042(8) 5613(3) 2568(2) 24(1)

0(3) 11324(8) 4843(3) 2586(2) 26(1)

0(4) 11636(8) 4439(3) 2187(2) 25(1)

0(5) 11604(7) 4811(3) 1764(2) 22(1)

0(6) 11315(8) 5576(3) 1752(2) 26(1)
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C(7) 11934(8) 4380(4) 1331(2) 28(1)

C(15) 8485(7) 2285(3) 1076(2) 15(1)

C(16) 8467(7) 3030(3) 801(2) 12(1)

C(17) 8362(7) 2783(3) 301(2) 13(1)

C(18) 7484(7) 1725(3) 723(2) 13(1)

C(23) 10303(7) 3505(3) 864(2) 15(1)

C(26) 8170(8) 872(3) 704(2) 17(1)

C(27) 6639(7) 3509(3) 886(2) 17(1)

C(28) 7430(6) 2287(2) 1566(1) 3(1)

C(31) 8309(1 1) 2731(4) 1925(2) 40(2)

Table 3. Bond lengths [A] and angles [°] for shelxl.

Cl(l)-C(15) 1.794(5)

Cl(3)-C(26) 1.791(5)

Cl(5)-C(26) 1.768(5)

Cl(6)-C(26) 1.765(5)

0(2)-C(17) 1.220(6)

0(3)-C(23) 1.342(6)

0(3)-C(7) 1.460(6)

0(6)-C(23) 1.203(6)

0(8)-C(18) 1.395(6)

0(8)-H(8) 0.8400

N(l)-C(17) 1.349(6)

N(l)-C(18) 1.438(6)

C(l)-C(2) 1.374(8)

C(l)-C(6) 1.387(8)

C(l)-H(l) 0.9500

C(2)-C(3) 1.389(9)

C(2)-H(2) 0.9500
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C(3)-C(4)

C(3)-H(3)

C(4)-C(5)

C(4)-H(4)

C(5)-C(6)

C(5)-C(7)

C(6)-H(6)

C(7)-H(7A)

C(7)-H(7B)

C(15)-C(16)

C(15)-C(18)

C(15)-C(28)

C(16)-C(17)

C(16)-C(23)

C(16)-C(27)

C(18)-C(26)

C(27)-H(27A)

C(27)-H(27B)

C(27)-H(27C)

C(28)-C(3I)

C(28)-H(28A)

C(28)-H(28B)

C(3I)-H(31A)

C(31)-H(31B)

C(31)-H(31C)

1.390(8)

0.9500

1.407(8)

0.9500

1.380(8)

1.501(7)

0.9500

0.9900

0.9900

1.553(7)

1.595(6)

1.608(6)

1.531(6)

1.535(7)

1.543(6)

1.595(7)

0.9800

0.9800

0.9800

1.450(7)

0.9900

0.9900

0.9800

0.9800

0.9800

C(23)-0(3)-C(7)

C(18)-0(8)-H(8)

C(17)-N(l)-C(18)

C(2)-C(l)-C(6)

C(2)-C(l)-H(l)

114.7(4)

109.5

113.8(4)

120.5(6)

119.7
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C(6)-C(l)-H(l) 119.7

C(l)-C(2)-C(3) 119.9(5)

C(l)-C(2)-H(2) 120.0

C(3)-C(2)-H(2) 120.0

C(2)-C(3)-C(4) 120.2(5)

C(2)-C(3)-H(3) 119.9

C(4)-C(3)-H(3) 119.9

C(3)-C(4)-C(5) 119.5(5)

C(3)-C(4)-H(4) 120.2

C(5)-C(4)-H(4) 120.2

C(6)-C(5)-C(4) 119.4(5)

C(6)-C(5)-C(7) 120.5(5)

C(4)-C(5)-C(7) 120.0(6)

C(5)-C(6)-C(l) 120.4(5)

C(5)-C(6)-H(6) 119.8

C(l)-C(6)-H(6) 119.8

0(3)-C(7)-C(5) 108.0(4)

0(3)-C(7)-H(7A) 110.1

C(5)-C(7)-H(7A) 110.1

0(3)-C(7)-H(7B) 110.1

C(5)-C(7)-H(7B) 110.1

H(7A)-C(7)-H(7B) 108.4

C(16)-C(I5)-C(18) 101.4(4)

C(16)-C(15)-C(28) 117.2(4)

C(18)-C(15)-C(28) 112.6(4)

C(16)-C(I5)-C1(1) 108.5(3)

C(18)-C(15)-C1(1) 111.1(3)

C(28)-C(I5)-C1(1) 106.1(3)

C(17)-C(16)-C(23) 108.2(4)

C(17)-C(16)-C(27) 105.9(4)

C(23)-C(16)-C(27) 110.3(4)
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C(17)-C(16)-C(15) 104.5(4)

C(23)-C(16)-C(15) 113.9(4)

C(27)-C(16)-C(15) 113.4(4)

0(2)-C(17)-N(l) 125.5(4)

0(2)-C(17)-C(16) 125.3(4)

N(l)-C(17)-C(16) 109.1(4)

0(8)-C(l8)-N(l) 113.9(4)

0(8)-C(18)-C(26) 107.0(4)

N(l)-C(18)-C(26) 107.2(4)

0(8)-C(18)-C(15) 105.5(4)

N(l)-C(18)-C(15) 104.0(4)

C(26)-C(18)-C(15) 119.5(4)

0(6)-C(23)-0(3) 123.3(5)

0(6)-C(23)-C(16) 125.0(4)

0(3)-C(23)-C(16) 111.7(4)

C(18)-C(26)-C1(6) 111.7(3)

C(18)-C(26)-CI(5) 113.5(3)

C1(6)-C(26)-C1(5) 109.7(3)

C(I8)-C(26)-C1(3) 107.6(3)

CI(6)-C(26)-C1(3) 107.6(3)

CI(5)-C(26)-C1(3) 106.5(3)

C(16)-C(27)-H(27A) 109.5

C(16)-C(27)-H(27B) 109.5

H(27A)-C(27)-H(27B) 109.5

C(16)-C(27)-H(27C) 109.5

H(27A)-C(27)-H(27C) 109.5

H(27B)-C(27)-H(27C) 109.5

C(31)-C(28)-C(15) 117.4(4)

C(31)-C(28)-H(28A) 108.0

C(15)-C(28)-H(28A) 108.0

C(31)-C(28)-H(28B) 108.0
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C(15)-C(28)-H(28B) 108.0

H(28A)-C(28)-H(28B) 107.2

C(28)-C(31)-H(31A) 109.5

C(28)-C(31)-H(31B) 109.5

H(31A)-C(31)-H(31B) 109.5

C(28)-C(31)-H(31C) 109.5

H(31A)-C(31)-H(31C) 109.5

H(31B)-C(31)-H(3IC) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A^x 10^) for shelxl. The anisotropic 

displacement factor exponent takes the form: -27r^[ h^ a^^U" + ... + 2 h k a* b* ]

U" U22 U33 U23 U>3 U'2

Cl(l) 28(1) 23(1) 29(1) -2(1) -8(1) 3(1)

Cl(3) 31(1) 16(1) 23(1) -4(1) -9(1) -2(1)

Cl(5) 24(1) 20(1) 22(1) -5(1) 3(1) 5(1)

Cl(6) 32(1) 14(1) 16(1) 2(1) -4(1) 0(1)

0(2) 16(2) 22(2) 15(2) 5(2) 0(1) 1(2)

0(3) 18(2) 24(2) 15(2) -8(2) 3(1) -8(2)

0(6) 15(2) 22(2) 18(2) -3(2) 4(1) -3(2)

0(8) 17(2) 21(2) 15(2) 1(2) -1(1) 0(2)

N(l) 18(2) 15(2) 9(2) 1(2) 1(2) -1(2)

C(l) 25(3) 29(3) 33(3) -6(3) -7(3) 1(3)

C(2) 16(3) 36(3) 20(3) -10(2) -2(2) -3(2)

C(3) 29(3) 33(3) 15(3) -3(2) -4(2) -5(3)

C(4) 25(3) 22(3) 29(3) 0(2) -1(2) -5(2)

C(5) 16(2) 34(3) 16(3) -6(2) 1(2) -8(2)

C(6) 27(3) 29(3) 21(3) 0(2) -8(2) -11(3)
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C(7) 20(3) 40(4) 24(3) -12(3) 4(2) -17(3)

C(15) 21(3) 13(3) 12(2) -2(2) 1(2) -2(2)

C(I6) 11(2) 11(2) 15(2) -2(2) 1(2) -1(2)

C(17) 12(2) 11(2) 15(2) -1(2) 0(2) 0(2)

C(18) 17(2) 9(2) 14(2) -1(2) -3(2) -1(2)

C(23) 16(3) 13(2) 15(2) -3(2) -3(2) 4(2)

C(26) 25(3) 10(3) 15(2) 0(2) -1(2) 3(2)

C(27) 16(2) 12(2) 23(3) -1(2) 0(2) 6(2)

C(28) 7(2) 0(2) 2(2) 0(2) 9(2) -1(2)

C(31) 58(4) 35(4) 26(3) -9(3) 8(3) -11(3)
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Table 5. Hydrogen coordinates ( x 10'') and isotropic displacement parameters (A^x 10 

for shelxl.

X y z U(eq)

H(8) 4850 1706 597 26

H(l) 10859 6501 2142 35

H(2) 10848 5889 2841 29

H(3) 11303 4592 2872 31

H(4) 11870 3915 2200 30

H(6) 11302 5830 1467 31

H(7A) 12184 4729 1075 34

H(7B) 13074 4047 1364 34

H(27A) 6622 3678 1204 25

H(27B) 5477 3209 825 25

H(27C) 6656 3945 682 25

H(28A) 6084 2467 1522 4

H(28B) 7349 1763 1674 4

H(31A) 9711 2639 1931 59

H(31B) 7743 2590 2220 59

H(31C) 8066 3263 1868 59

Table 6. Torsion angles [°] for shelxl.

C(6)-C(l)-C(2)-C(3) 0.4(9)

C(l)-C(2)-C(3)-C(4) 0.9(8)

C(2)-C(3)-C(4)-C(5) -2.0(8)

C(3)-C(4)-C(5)-C(6) 1.8(8)

C(3)-C(4)-C(5)-C(7) -179.9(5)

C(4)-C(5)-C(6)-C(l) -0.5(8)

C(7)-C(5)-C(6)-C(l) -178.8(5)
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C(2)-C(l)-C(6)-C(5) -0.6(9)

C(23)-0(3)-C(7)-C(5) -178.5(5)

C(6)-C(5)-C(7)-0(3) -108.2(6)

C(4)-C(5)-C(7)-0(3) 73.4(6)

C(18)-C(15)-C(16)-C(17) -23.6(4)

C(28)-C(15)-C(16)-C(17) -146.5(4)

Cl(l)-C(15)-C(16)-C(17) 93.5(4)

C(18)-C(15)-C(16)-C(23) -141.4(4)

C(28)-C(15)-C(16)-C(23) 95.7(5)

C1(1)-C(I5)-C(16)-C(23) -24.3(5)

C(18)-C(15)-C(16)-C(27) 91.3(4)

C(28)-C(15)-C(16)-C(27) -31.6(6)

Cl(l)-C(15)-C(16)-C(27) -151.6(3)

C{l8)-N(l)-C(17)-0(2) -172.9(5)

C(18)-N(l)-C(17)-C(16) 4.4(5)

C(23)-C(16)-C(17)-0(2) -47.5(6)

C(27)-C(16)-C(17)-0(2) 70.8(6)

C(15)-C(16)-C(17)-0(2) -169.2(5)

C(23)-C(16)-C(17)-N(l) 135.2(4)

C(27)-C(16)-C(17)-N(l) -106.6(4)

C(15)-C(16)-C(I7)-N(1) 13.5(5)

C(17)-N(l)-C(18)-0(8) 94.4(5)

C(17)-N(l)-C(18)-C(26) -147.5(4)

C(17)-N(l)-C(18)-C(15) -19.9(5)

C(16)-C(15)-C(18)-0(8) -94.1(4)

C(28)-C(15)-C(l8)-0(8) 32.0(5)

Cl(l)-C(l5)-C(18)-0(8) 150.8(3)

C(16)-C(15)-C(18)-N(l) 26.1(5)

C(28)-C(15)-C(18)-N(l) 152.2(4)

CI(1)-C(I5)-C(I8)-N(1) -89.0(4)

C(I6)-C(15)-C(18)-C(26) 145.6(4)
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C(28)-C(15)-C(18)-C(26) -88.4(5)

Cl(l)-C(15)-C(18)-C(26) 30.4(5)

C(7)-0(3)-C(23)-0(6) -3.2(7)

C(7)-0(3)-C(23)-C(16) 177.4(4)

C(17)-C(l6)-C(23)-0(6) -19.6(7)

C(27)-C(16)-C(23)-0(6) -135.0(5)

C(l5)-C(16)-C(23)-0(6) 96.1(6)

C(17)-C(16)-C(23)-0(3) 159.9(4)

C(27)-C(16)-C(23)-0(3) 44.4(5)

C(15)-C(16)-C(23)-0(3) -84.5(5)

0(8)-C(18)-C(26)-Cl(6) -69.7(4)

N(1)-C(18)-C(26)-C1(6) 167.8(3)

C(15)-C(18)-C(26)-C1(6) 50.0(5)

0(8)-C(18)-C(26)-Cl(5) 165.7(3)

N(1)-C(18)-C(26)-C1(5) 43.1(5)

C(I5)-C(18)-C(26)-C1(5) -74.7(5)

0(8)-C(18)-C(26)-Cl(3) 48.2(4)

N(1)-C(18)-C(26)-C1(3) -74.4(4)

C(15)-C(I8)-C(26)-C1(3) 167.8(3)

C(16)-C(15)-C(28)-C(31) -67.9(6)

C(18)-C(15)-C(28)-C(31) 175.2(5)

Cl(l)-C(15)-C(28)-C(31) 53.4(5)

Symmetry transformations used to generate equivalent atoms: 

Table 7. Hydrogen bonds for shelxl [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
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Table 1. Crystal data and structure refinement for 181

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F^

Final R indices [I>2sigma(I)]

R indices (all data)

amh616

C12H13C16N04

447.9539

150(2)K

0.71075 A

orthorhombic

Pbca

a = 6.890(2) A a= 90°.

b= 17.853(7) A P=90°.

c = 29.283(11) A y = 90°.

3602(2) A3

1

1.579 Mg/m3 

0.679 mm '

1752

0.50x 0.20 X 0.13 mm3 

2.28 to 25.00°.

-8<=h<=8, -20<=k<=21, -34<=1<=34 

14821

3140 [R(int) = 0.0720]

99.0 %

Full-matrix least-squares on F^

3140/0/229

1.213

R1 =0.0632, wR2 = 0.1904 

R1 = 0.0786, wR2 = 0.2222
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Largest diff. peak and hole

Appendix

0.886 and -0.781 e.A'^

Table 2. Atomic coordinates ( x 10“*) and equivalent isotropic displacement parameters (A10^) 

for shelxl. U(eq) is defined as one third of the trace of the orthogonalized U'J tensor.

X y z U(eq)

CI(1) 10959(2) 2026(1) 1182(1) 27(1)

Cl(3) 6434(2) 367(1) 369(1) 23(1)

Cl(5) 10443(2) 748(1) 435(1) 22(1)

Cl(6) 8217(2) 463(1) 1253(1) 21(1)

0(2) 8591(5) 3192(2) -28(1) 17(1)

0(3) 10197(5) 3937(2) 1238(1) 19(1)

0(6) 11677(5) 3503(2) 610(1) 18(1)

0(8) 5518(5) 1722(2) 837(1) 18(1)

N(l) 7893(6) 2050(2) 284(1) 14(1)

C(l) 11044(8) 5974(4) 2153(2) 29(1)

C(2) 11042(8) 5613(3) 2568(2) 24(1)

C(3) 11324(8) 4843(3) 2586(2) 26(1)

C(4) 11636(8) 4439(3) 2187(2) 25(1)

C(5) 11604(7) 4811(3) 1764(2) 22(1)

C(6) 11315(8) 5576(3) 1752(2) 26(1)

C(7) 11934(8) 4380(4) 1331(2) 28(1)

C(15) 8485(7) 2285(3) 1076(2) 15(1)

C(16) 8467(7) 3030(3) 801(2) 12(1)

C(17) 8362(7) 2783(3) 301(2) 13(1)

C(18) 7484(7) 1725(3) 723(2) 13(1)

C(23) 10303(7) 3505(3) 864(2) 15(1)

C(26) 8170(8) 872(3) 704(2) 17(1)

C(27) 6639(7) 3509(3) 886(2) 17(1)

C(28) 7430(6) 2287(2) 1566(1) 3(1)
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Appendix

2731(4) 1925(2) 40(2)

Table 3. Bond lengths [A] and angles [°] for shelxl.

Cl(l)-C(15) 1.794(5)

Cl(3)-C(26) 1.791(5)

Cl(5)-C(26) 1.768(5)

Cl(6)-C(26) 1.765(5)

0(2)-C(17) 1.220(6)

0(3)-C(23) 1.342(6)

0(3)-C(7) 1.460(6)

0(6)-C(23) 1.203(6)

0(8)-C(18) 1.395(6)

0(8)-H(8) 0.8400

N(1)-C(17) 1.349(6)

N(l)-C(18) 1.438(6)

C(l)-C(2) 1.374(8)

C(l)-C(6) 1.387(8)

C(l)-H(l) 0.9500

C(2)-C(3) 1.389(9)

C(2)-H(2) 0.9500

C(3)-C(4) 1.390(8)

C(3)-H(3) 0.9500

C(4)-C(5) 1.407(8)

C(4)-H(4) 0.9500

C(5)-C(6) 1.380(8)

C(5)-C(7) 1.501(7)

C(6)-H(6) 0.9500

C(7)-H(7A) 0.9900

C(7)-H(7B) 0.9900
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C(15)-C(16) 1.553(7)

C(15)-C(18) 1.595(6)

C(15)-C(28) 1.608(6)

C(16)-C(17) 1.531(6)

C(16)-C(23) 1.535(7)

C(16)-C(27) 1.543(6)

C(18)-C(26) 1.595(7)

C(27)-H(27A) 0.9800

C(27)-H(27B) 0.9800

C(27)-H(27C) 0.9800

C(28)-C(31) 1.450(7)

C(28)-H(28A) 0.9900

C(28)-H(28B) 0.9900

C(31)-H(31A) 0.9800

C(31)-H(31B) 0.9800

C(31)-H(31C) 0.9800

C(23)-0(3)-C(7) 114.7(4)

C(18)-0(8)-H(8) 109.5

C(I7)-N(1)-C(18) 113.8(4)

C(2)-C(l)-C(6) 120.5(6)

C(2)-C(l)-H(l) 119.7

C(6)-C(l)-H(l) 119.7

C(l)-C(2)-C(3) 119.9(5)

C(l)-C(2)-H(2) 120.0

C(3)-C(2)-H(2) 120.0

C(2)-C(3)-C(4) 120.2(5)

C(2)-C(3)-H(3) 119.9

C(4)-C(3)-H(3) 119.9

C(3)-C(4)-C(5) 119.5(5)

C(3)-C(4)-H(4) 120.2
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C(5)-C(4)-H(4) 120.2

C(6)-C(5)-C(4) 119.4(5)

C(6)-C(5)-C(7) 120.5(5)

C(4)-C(5)-C(7) 120.0(6)

C(5)-C(6)-C(l) 120.4(5)

C(5)-C(6)-H(6) 119.8

C(l)-C(6)-H(6) 119.8

0(3)-C(7)-C(5) 108.0(4)

0(3)-C(7)-H(7A) 110.1

C(5)-C(7)-H(7A) 110.1

0(3)-C(7)-H(7B) 110.1

C(5)-C(7)-H(7B) 110.1

H(7A)-C(7)-H(7B) 108.4

C(I6)-C(I5)-C(18) 101.4(4)

C(I6)-C(15)-C(28) 117.2(4)

C(18)-C(15)-C(28) 112.6(4)

C(16)-C(15)-C1(1) 108.5(3)

C(I8)-C(I5)-C1(I) 111.1(3)

C(28)-C(15)-C1(1) 106.1(3)

C(17)-C(16)-C(23) 108.2(4)

C(17)-C(16)-C(27) 105.9(4)

C(23)-C(16)-C(27) 110.3(4)

C(17)-C(16)-C(15) 104.5(4)

C(23)-C(16)-C(I5) 113.9(4)

C(27)-C(16)-C(15) 113.4(4)

0(2)-C(17)-N(l) 125.5(4)

0(2)-C(17)-C(16) 125.3(4)

N(1)-C(17)-C(I6) 109.1(4)

0(8)-C(18)-N(l) 113.9(4)

0(8)-C(18)-C(26) 107.0(4)

N(l)-C(18)-C(26) 107.2(4)
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0(8)-C(18)-C(15) 105.5(4)

N(l)-C(18)-C(15) 104.0(4)

C(26)-C(18)-C(15) 119.5(4)

0(6)-C(23)-0(3) 123.3(5)

0(6)-C(23)-C(16) 125.0(4)

0(3)-C(23)-C(16) 111.7(4)

C(18)-C(26)-C1(6) 111.7(3)

C(18)-C(26)-C1(5) 113.5(3)

C1(6)-C(26)-C1(5) 109.7(3)

C(18)-C(26)-C1(3) 107.6(3)

C1(6)-C(26)-C1(3) 107.6(3)

C1(5)-C(26)-CI(3) 106.5(3)

C(16)-C(27)-H(27A) 109.5

C(16)-C(27)-H(27B) 109.5

H(27A)-C(27)-H(27B) 109.5

C(16)-C(27)-H(27C) 109.5

H(27A)-C(27)-H(27C) 109.5

H(27B)-C(27)-H(27C) 109.5

C(31)-C(28)-C(15) 117.4(4)

C(31)-C(28)-H(28A) 108.0

C(15)-C(28)-H(28A) 108.0

C(31)-C(28)-H(28B) 108.0

C(15)-C(28)-H(28B) 108.0

H(28A)-C(28)-H(28B) 107.2

C(28)-C(31)-H(31A) 109.5

C(28)-C(31)-H(31B) 109.5

H(31A)-C(31)-H(31B) 109.5

C(28)-C(31)-H(31C) 109.5

H(31A)-C(31)-H(31C) 109.5

H(31B)-C(31)-H(3IC) 109.5
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Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A^x 10^) for shelxl. The anisotropic 

displacement factor exponent takes the form: -2Td{ h^ a*2U’' + ... + 2 h k a* b* U'^ ]

U" U22 U33 U23 U'3 U'2

C1(1) 28(1) 23(1) 29(1) -2(1) -8(1) 3(1)

Cl(3) 31(1) 16(1) 23(1) -4(1) -9(1) -2(1)

Cl(5) 24(1) 20(1) 22(1) -5(1) 3(1) 5(1)

Cl(6) 32(1) 14(1) 16(1) 2(1) -4(1) 0(1)

0(2) 16(2) 22(2) 15(2) 5(2) 0(1) 1(2)

0(3) 18(2) 24(2) 15(2) -8(2) 3(1) -8(2)

0(6) 15(2) 22(2) 18(2) -3(2) 4(1) -3(2)

0(8) 17(2) 21(2) 15(2) 1(2) -1(1) 0(2)

N(l) 18(2) 15(2) 9(2) 1(2) 1(2) -1(2)

C(l) 25(3) 29(3) 33(3) -6(3) -7(3) 1(3)

C(2) 16(3) 36(3) 20(3) -10(2) -2(2) -3(2)

C(3) 29(3) 33(3) 15(3) -3(2) -4(2) -5(3)

C(4) 25(3) 22(3) 29(3) 0(2) -1(2) -5(2)

C(5) 16(2) 34(3) 16(3) -6(2) 1(2) -8(2)

C(6) 27(3) 29(3) 21(3) 0(2) -8(2) -11(3)

C(7) 20(3) 40(4) 24(3) -12(3) 4(2) -17(3)

C(15) 21(3) 13(3) 12(2) -2(2) 1(2) -2(2)

C(16) 11(2) 11(2) 15(2) -2(2) 1(2) -1(2)

C(17) 12(2) 11(2) 15(2) -1(2) 0(2) 0(2)

C(18) 17(2) 9(2) 14(2) -1(2) -3(2) -1(2)

C(23) 16(3) 13(2) 15(2) -3(2) -3(2) 4(2)

C(26) 25(3) 10(3) 15(2) 0(2) -1(2) 3(2)

C(27) 16(2) 12(2) 23(3) -1(2) 0(2) 6(2)

C(28) 7(2) 0(2) 2(2) 0(2) 9(2) -1(2)
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C(31) 58(4) 35(4) 26(3) -9(3) 8(3) -11(3)

Table 5. Hydrogen coordinates ( x 10'*) and isotropic displacement parameters (A^x

for shelxl.

10 3)

X y z U(eq)

H(8) 4850 1706 597 26

H(l) 10859 6501 2142 35

H(2) 10848 5889 2841 29

H(3) 11303 4592 2872 31

H(4) 11870 3915 2200 30

H(6) 11302 5830 1467 31

H(7A) 12184 4729 1075 34

H(7B) 13074 4047 1364 34

H(27A) 6622 3678 1204 25

H(27B) 5477 3209 825 25

H(27C) 6656 3945 682 25

H(28A) 6084 2467 1522 4

H(28B) 7349 1763 1674 4

H(31A) 9711 2639 1931 59

H(31B) 7743 2590 2220 59

H(31C) 8066 3263 1868 59

Table 6. Torsion angles [°] for shelxl.

C(6)-C(l)-C(2)-C(3)

C(l)-C(2)-C(3)-C(4)

C(2)-C(3)-C(4)-C(5)

0.4(9)

0.9(8)

-2.0(8)
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C(3)-C(4)-C(5)-C(6) 1.8(8)

C(3)-C(4)-C(5)-C(7) -179.9(5)

C(4)-C(5)-C(6)-C(l) -0.5(8)

C(7)-C(5)-C(6)-C(l) -178.8(5)

C(2)-C(l)-C(6)-C(5) -0.6(9)

C(23)-0(3)-C(7)-C(5) -178.5(5)

C(6)-C(5)-C(7)-0(3) -108.2(6)

C(4)-C(5)-C(7)-0(3) 73.4(6)

C(18)-C(15)-C(16)-C(17) -23.6(4)

C(28)-C(15)-C(16)-C(17) -146.5(4)

CI(1)-C(I5)-C(16)-C(17) 93.5(4)

C(18)-C(15)-C(16)-C(23) -141.4(4)

C(28)-C(15)-C(16)-C(23) 95.7(5)

Cl(l)-C(15)-C(16)-C(23) -24.3(5)

C(18)-C(15)-C(16)-C(27) 91.3(4)

C(28)-C(15)-C(16)-C(27) -31.6(6)

C1(I)-C(15)-C(I6)-C(27) -151.6(3)

C(l8)-N(l)-C(17)-0(2) -172.9(5)

C(I8)-N(1)-C(17)-C(16) 4.4(5)

C(23)-C(16)-C(17)-0(2) -47.5(6)

C(27)-C(16)-C(17)-0(2) 70.8(6)

C(15)-C(16)-C(17)-0(2) -169.2(5)

C(23)-C(16)-C(I7)-N(1) 135.2(4)

C(27)-C(16)-C(I7)-N(1) -106.6(4)

C(15)-C(I6)-C(17)-N(1) 13.5(5)

C(17)-N(l)-C(18)-0(8) 94.4(5)

C(17)-N(l)-C(18)-C(26) -147.5(4)

C(17)-N(l)-C(18)-C(15) -19.9(5)

C(16)-C(15)-C(18)-0(8) -94.1(4)

C(28)-C(15)-C(18)-0(8) 32.0(5)

Cl(l)-C(15)-C(18)-0(8) 150.8(3)
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C(16)-C(15)-C(18)-N(l) 26.1(5)

C(28)-C(15)-C(18)-N(l) 152.2(4)

Cl(l)-C(15)-C(18)-N(l) -89.0(4)

C(16)-C(15)-C(18)-C(26) 145.6(4)

C(28)-C(15)-C(18)-C(26) -88.4(5)

Cl(l)-C(15)-C(18)-C(26) 30.4(5)

C(7)-0(3)-C(23)-0(6) -3.2(7)

C(7)-0(3)-C(23)-C(16) 177.4(4)

C(17)-C(16)-C(23)-0(6) -19.6(7)

C(27)-C(16)-C(23)-0(6) -135.0(5)

C(15)-C(16)-C(23)-0(6) 96.1(6)

C(17)-C(16)-C(23)-0(3) 159.9(4)

C(27)-C(16)-C(23)-0(3) 44.4(5)

C(15)-C(16)-C(23)-0(3) -84.5(5)

0(8)-C(18)-C(26)-Cl(6) -69.7(4)

N(1)-C(18)-C(26)-C1(6) 167.8(3)

C(15)-C(18)-C(26)-C1(6) 50.0(5)

0(8)-C(18)-C(26)-Cl(5) 165.7(3)

N(1)-C(18)-C(26)-C1(5) 43.1(5)

C(15)-C(18)-C(26)-C1(5) -74.7(5)

0(8)-C(18)-C(26)-Cl(3) 48.2(4)

N(1)-C(18)-C(26)-C1(3) -74.4(4)

C(15)-C(18)-C(26)-C1(3) 167.8(3)

C(16)-C(15)-C(28)-C(31) -67.9(6)

C(18)-C(15)-C(28)-C(31) 175.2(5)

Cl(l)-C(15)-C(28)-C(31) 53.4(5)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for shelxl [A and “].
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D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

EtOoC Cl Et

N ^'"CCl3 
H OH
65b

Table 1. Crystal data and structure refinement for 65b.

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Refinement method

amh397a2

Cll H15 C14N 04

367.0531

150(2) K

0.71075 A

orthorhombic

Pbca

a = 6.890(2) A a= 90°

b= 17.853(7) A P=90°

c = 29.283(11) A y = 90°

3602(2) A3 

1

1.579 Mg/m3 

0.679 mm''

1752

0.50x 0.20 X 0.13 mm3 

2.28 to 25.00°.

-8<=h<=8, -20<=k<=21, -34<=1<=34 

14821

3140 [R(int) = 0.0720]

99.0 %

Full-matrix least-squares on F^
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Data / restraints / parameters 

Goodness-of-fit on 

Final R indices [I>2sigma(I)] 

R indices (all data)

Largest diff. peak and hole

3140/0/229

1.213

R1 =0.0632, wR2 = 0.1904 

R1 =0.0786, wR2 = 0.2222 

0.886 and -0.781 e.A-^

Table 2. Atomic coordinates ( x 10'') and equivalent isotropic displacement parameters (A^x 10^) 

for shelxl. U(eq) is defined as one third of the trace of the orthogonalized U'j tensor.

X y z U(eq)

C1(1) 10959(2) 2026(1) 1182(1) 27(1)

Cl(3) 6434(2) 367(1) 369(1) 23(1)

Cl(5) 10443(2) 748(1) 435(1) 22(1)

Cl(6) 8217(2) 463(1) 1253(1) 21(1)

0(2) 8591(5) 3192(2) -28(1) 17(1)

0(3) 10197(5) 3937(2) 1238(1) 19(1)

0(6) 11677(5) 3503(2) 610(1) 18(1)

0(8) 5518(5) 1722(2) 837(1) 18(1)

N(l) 7893(6) 2050(2) 284(1) 14(1)

C(l) 11044(8) 5974(4) 2153(2) 29(1)

C(2) 11042(8) 5613(3) 2568(2) 24(1)

C(3) 11324(8) 4843(3) 2586(2) 26(1)

C(4) 11636(8) 4439(3) 2187(2) 25(1)

C(5) 11604(7) 4811(3) 1764(2) 22(1)

C(6) 11315(8) 5576(3) 1752(2) 26(1)

C(7) 11934(8) 4380(4) 1331(2) 28(1)

C(I5) 8485(7) 2285(3) 1076(2) 15(1)

C(16) 8467(7) 3030(3) 801(2) 12(1)

C(17) 8362(7) 2783(3) 301(2) 13(1)

C(18) 7484(7) 1725(3) 723(2) 13(1)
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C(23) 10303(7) 3505(3) 864(2) 15(1)

C(26) 8170(8) 872(3) 704(2) 17(1)

C(27) 6639(7) 3509(3) 886(2) 17(1)

C(28) 7430(6) 2287(2) 1566(1) 3(1)

C(31) 8309(11) 2731(4) 1925(2) 40(2)

Table 3. Bond lengths [A] and angles [°] for shelxl.

Cl(l)-C(15) 1.794(5)

Cl(3)-C(26) 1.791(5)

Cl(5)-C(26) 1.768(5)

Cl(6)-C(26) 1.765(5)

0(2)-C(17) 1.220(6)

0(3)-C(23) 1.342(6)

0(3)-C(7) 1.460(6)

0(6)-C(23) 1.203(6)

0(8)-C(18) 1.395(6)

0(8)-H(8) 0.8400

N(l)-C(17) 1.349(6)

N(l)-C(18) 1.438(6)

C(l)-C(2) 1.374(8)

C(l)-C(6) 1.387(8)

C(l)-H(l) 0.9500

C(2)-C(3) 1.389(9)

C(2)-H(2) 0.9500

C(3)-C(4) 1.390(8)

C(3)-H(3) 0.9500

C(4)-C(5) 1.407(8)

C(4)-H(4) 0.9500

C(5)-C(6) 1.380(8)
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C(5)-C(7) 1.501(7)

C(6)-H(6) 0.9500

C(7)-H(7A) 0.9900

C(7)-H(7B) 0.9900

C(15)-C(16) 1.553(7)

C(15)-C(18) 1.595(6)

C(15)-C(28) 1.608(6)

C(16)-C(17) 1.531(6)

C(16)-C(23) 1.535(7)

C(16)-C(27) 1.543(6)

C(I8)-C(26) 1.595(7)

C(27)-H(27A) 0.9800

C(27)-H(27B) 0.9800

C(27)-H(27C) 0.9800

C(28)-C(31) 1.450(7)

C(28)-H(28A) 0.9900

C(28)-H(28B) 0.9900

C(31)-H(31A) 0.9800

C(31)-H(31B) 0.9800

C(31)-H(31C) 0.9800

C(23)-0(3)-C(7) 114.7(4)

C(l8)-0(8)-H(8) 109.5

C(17)-N(l)-C(18) 113.8(4)

C(2)-C(l)-C(6) 120.5(6)

C(2)-C(l)-H(l) 119.7

C(6)-C(l)-H(l) 119.7

C(l)-C(2)-C(3) 119.9(5)

C(l)-C(2)-H(2) 120.0

C(3)-C(2)-H(2) 120.0

C(2)-C(3)-C(4) 120.2(5)
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C(2)-C(3)-H(3) 119.9

C(4)-C(3)-H(3) 119.9

C(3)-C(4)-C(5) 119.5(5)

C(3)-C(4)-H(4) 120.2

C(5)-C(4)-H(4) 120.2

C(6)-C(5)-C(4) 119.4(5)

C(6)-C(5)-C(7) 120.5(5)

C(4)-C(5)-C(7) 120.0(6)

C(5)-C(6)-C(l) 120.4(5)

C(5)-C(6)-H(6) 119.8

C(l)-C(6)-H(6) 119.8

0(3)-C(7)-C(5) 108.0(4)

0(3)-C(7)-H(7A) 110.1

C(5)-C(7)-H(7A) 110.1

0(3)-C(7)-H(7B) 110.1

C(5)-C(7)-H(7B) 110.1

H(7A)-C(7)-H(7B) 108.4

C(16)-C(15)-C(18) 101.4(4)

C(16)-C(15)-C(28) 117.2(4)

C(18)-C(15)-C(28) 112.6(4)

C(16)-C(15)-C1(1) 108.5(3)

C(18)-C(15)-C1(1) 111.1(3)

C(28)-C(15)-C1(1) 106.1(3)

C(17)-C(16)-C(23) 108.2(4)

C(17)-C(16)-C(27) 105.9(4)

C(23)-C(16)-C(27) 110.3(4)

C(17)-C(16)-C(15) 104.5(4)

C(23)-C(16)-C(15) 113.9(4)

C(27)-C(16)-C(I5) 113.4(4)

0(2)-C(17)-N(l) 125.5(4)

0(2)-C(17)-C(16) 125.3(4)
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N(l)-C(17)-C(16) 109.1(4)

0(8)-C(18)-N(l) 113.9(4)

0(8)-C(18)-C(26) 107.0(4)

N(l)-C(18)-C(26) 107.2(4)

0(8)-C(18)-C(15) 105.5(4)

N(l)-C(18)-C(15) 104.0(4)

C(26)-C(18)-C(15) 119.5(4)

0(6)-C(23)-0(3) 123.3(5)

0(6)-C(23)-C(16) 125.0(4)

0(3)-C(23)-C(16) 111.7(4)

C(18)-C(26)-C1(6) 111.7(3)

C(18)-C(26)-C1(5) 113.5(3)

C1(6)-C(26)-C1(5) 109.7(3)

C(18)-C(26)-C1(3) 107.6(3)

C1(6)-C(26)-C1(3) 107.6(3)

C1(5)-C(26)-C1(3) 106.5(3)

C(16)-C(27)-H(27A) 109.5

C(16)-C(27)-H(27B) 109.5

H(27A)-C(27)-H(27B) 109.5

C(16)-C(27)-H(27C) 109.5

H(27A)-C(27)-H(27C) 109.5

H(27B)-C(27)-H(27C) 109.5

C(31)-C(28)-C(15) 117.4(4)

C(31)-C(28)-H(28A) 108.0

C(15)-C(28)-H(28A) 108.0

C(31)-C(28)-H(28B) 108.0

C(15)-C(28)-H(28B) 108.0

H(28A)-C(28)-H(28B) 107.2

C(28)-C(31)-H(31A) 109.5

C(28)-C(31)-H(31B) 109.5

H(31A)-C(31)-H(31B) 109.5
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C(28)-C(31)-H(31C) 109.5

H(31A)-C(31)-H(31C) 109.5

H(31B)-C(31)-H(31C) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A^x 10^) for shelxl. The anisotropic 

displacement factor exponent takes the form: -27r^[ h^ a*^U" + ... + 2 h k a* b* U'^ ]

U" U22 U33 U23 U'3 U'2

C1(1) 28(1) 23(1) 29(1) -2(1) -8(1) 3(1)

Cl(3) 31(1) 16(1) 23(1) -4(1) -9(1) -2(1)

Cl(5) 24(1) 20(1) 22(1) -5(1) 3(1) 5(1)

Cl(6) 32(1) 14(1) 16(1) 2(1) -4(1) 0(1)

0(2) 16(2) 22(2) 15(2) 5(2) 0(1) 1(2)

0(3) 18(2) 24(2) 15(2) -8(2) 3(1) -8(2)

0(6) 15(2) 22(2) 18(2) -3(2) 4(1) -3(2)

0(8) 17(2) 21(2) 15(2) 1(2) -1(1) 0(2)

N(l) 18(2) 15(2) 9(2) 1(2) 1(2) -1(2)

C(l) 25(3) 29(3) 33(3) -6(3) -7(3) 1(3)

0(2) 16(3) 36(3) 20(3) -10(2) -2(2) -3(2)

0(3) 29(3) 33(3) 15(3) -3(2) -4(2) -5(3)

0(4) 25(3) 22(3) 29(3) 0(2) -1(2) -5(2)

0(5) 16(2) 34(3) 16(3) -6(2) 1(2) -8(2)

0(6) 27(3) 29(3) 21(3) 0(2) -8(2) -11(3)

0(7) 20(3) 40(4) 24(3) -12(3) 4(2) -17(3)

0(15) 21(3) 13(3) 12(2) -2(2) 1(2) -2(2)

0(16) 11(2) 11(2) 15(2) -2(2) 1(2) -1(2)

0(17) 12(2) 11(2) 15(2) -1(2) 0(2) 0(2)

0(18) 17(2) 9(2) 14(2) -1(2) -3(2) -1(2)
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C(23) 16(3) 13(2) 15(2) -3(2) -3(2) 4(2)

C(26) 25(3) 10(3) 15(2) 0(2) -1(2) 3(2)

C(27) 16(2) 12(2) 23(3) -1(2) 0(2) 6(2)

C(28) 7(2) 0(2) 2(2) 0(2) 9(2) -1(2)

C(31) 58(4) 35(4) 26(3) -9(3) 8(3) -11(3)

Tables. Hydrogen coordinates (x 10“*) and isotropic displacement parameters (A^x 10 3)

for shelxl.

X y z U(eq)

H(8) 4850 1706 597 26

H(l) 10859 6501 2142 35

H(2) 10848 5889 2841 29

H(3) 11303 4592 2872 31

H(4) 11870 3915 2200 30

H(6) 11302 5830 1467 31

H(7A) 12184 4729 1075 34

H(7B) 13074 4047 1364 34

H(27A) 6622 3678 1204 25

H(27B) 5477 3209 825 25

H(27C) 6656 3945 682 25

H(28A) 6084 2467 1522 4

H(28B) 7349 1763 1674 4

H(31A) 9711 2639 1931 59

H(31B) 7743 2590 2220 59

H(31C) 8066 3263 1868 59

Table 6. Torsion angles [°] for shelxl.
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C(6)-C(l)-C(2)-C(3) 0.4(9)

C(l)-C(2)-C(3)-C(4) 0.9(8)

C(2)-C(3)-C(4)-C(5) -2.0(8)

C(3)-C(4)-C(5)-C(6) 1.8(8)

C(3)-C(4)-C(5)-C(7) -179.9(5)

C(4)-C(5)-C(6)-C(l) -0.5(8)

C(7)-C(5)-C(6)-C(l) -178.8(5)

C(2)-C(l)-C(6)-C(5) -0.6(9)

C(23)-0(3)-C(7)-C(5) -178.5(5)

C(6)-C(5)-C(7)-0(3) -108.2(6)

C(4)-C(5)-C(7)-0(3) 73.4(6)

C(18)-C(15)-C(16)-C(17) -23.6(4)

C(28)-C(15)-C(l6)-C(i7) -146.5(4)

Cl(l)-C(15)-C(16)-C(17) 93.5(4)

C(18)-C(15)-C(16)-C(23) -141.4(4)

C(28)-C(15)-C(16)-C(23) 95.7(5)

Cl(l)-C(15)-C(16)-C(23) -24.3(5)

C(I8)-C(15)-C(I6)-C(27) 91.3(4)

C(28)-C(15)-C(16)-C(27) -31.6(6)

Cl(l)-C(15)-C(16)-C(27) -151.6(3)

C(18)-N(l)-C(17)-0(2) -172.9(5)

C(I8)-N(1)-C(17)-C(16) 4.4(5)

C(23)-C(16)-C(17)-0(2) -47.5(6)

C(27)-C(16)-C(17)-0(2) 70.8(6)

C(15)-C(16)-C(17)-0(2) -169.2(5)

C(23)-C(16)-C(I7)-N(1) 135.2(4)

C(27)-C(16)-C(17)-N(l) -106.6(4)

C(15)-C(16)-C(17)-N(l) 13.5(5)

C(17)-N(l)-C(18)-0(8) 94.4(5)

C(17)-N(I)-C(I8)-C(26) -147.5(4)

C(17)-N(l)-C(18)-C(15) -19.9(5)
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C(16)-C(15)-C(18)-0(8) -94.1(4)

C(28)-C(15)-C(18)-0(8) 32.0(5)

Cl(l)-C(15)-C(18)-0(8) 150.8(3)

C(16)-C(15)-C(18)-N(l) 26.1(5)

C(28)-C(15)-C(18)-N(l) 152.2(4)

Cl(l)-C(15)-C(18)-N(l) -89.0(4)

C(16)-C(I5)-C(18)-C(26) 145.6(4)

C(28)-C(15)-C(18)-C(26) -88.4(5)

Cl(l)-C(15)-C(18)-C(26) 30.4(5)

C(7)-0(3)-C(23)-0(6) -3.2(7)

C(7)-0(3)-C(23)-C(16) 177.4(4)

C(17)-C(16)-C(23)-0(6) -19.6(7)

C(27)-C(16)-C(23)-0(6) -135.0(5)

C(15)-C(16)-C(23)-0(6) 96.1(6)

C(17)-C(16)-C(23)-0(3) 159.9(4)

C(27)-C(16)-C(23)-0(3) 44.4(5)

C(15)-C(l6)-C(23)-0(3) -84.5(5)

0(8)-C(18)-C(26)-Cl(6) -69.7(4)

N(I)-C(18)-C(26)-CI(6) 167.8(3)

C(15)-C(18)-C(26)-C1(6) 50.0(5)

0(8)-C(18)-C(26)-Cl(5) 165.7(3)

N(1)-C(18)-C(26)-C1(5) 43.1(5)

C(15)-C(18)-C(26)-C1(5) -74.7(5)

0(8)-C(18)-C(26)-Cl(3) 48.2(4)

N(1)-C(18)-C(26)-C1(3) -74.4(4)

C(15)-C(18)-C(26)-CI(3) 167.8(3)

C(16)-C(15)-C(28)-C(31) -67.9(6)

C(18)-C(15)-C(28)-C(31) 175.2(5)

Cl(l)-C(15)-C(28)-C(31) 53.4(5)

Symmetry transformations used to generate equivalent atoms:

288

i



Appendix

Table 7. Hydrogen bonds for shelxl [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
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Table 1. Crystal data and structure refinement for 187. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters

amh445b

CIO H15 C12N 04 

284.1364 

165(2) K 

0.71075 A 

Monoclinic 

P21/C

a = 7.067(3) A 

b= 18.612(8) A 

c= 12.513(6) A 

1627.2(13) A3 

1

1.565 Mg/m3 

0.896 mm '

752

0.40 X 0.20 X 0.20 mm^

2.74 to 25.00°.

-8<=h<=8, -22<=k<=22, -14<=1<=14 

10741

2787 [R(int) = 0.0345]

97.3 %

Semi-empirical from equivalents 

1.00000 and 0.69970 

Full-matrix least-squares on F^ 

2787/0/ 194

a= 90°.

P= 98.625(8)° 

Y = 90°.

290



Appendix

Goodness-of-fit on

Final R indices [l>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

1.138

R1 =0.0334, wR2 = 0.0886 

R1 =0.0347, wR2 = 0.0982 

0.475 and -0.388 e.A'^

Table 2. Atomic coordinates ( x 10“*) and equivalent isotropic displacement parameters (A10^) 

for ml. U(eq) is defined as one third of the trace of the orthogonal ized U'-i tensor.

X y z U(eq)

Cl(3) 7761(1) -1607(1) 2588(1) 18(1)

Cl(l) 7134(1) 627(1) 1600(1) 15(1)

0(2) 5977(2) 1179(1) 3984(1) 17(1)

0(3) 3442(2) 743(1) 2851(1) 17(1)

C(2) 2440(3) 1437(1) 2869(2) 20(1)

C(3) 5183(3) 710(1) 3429(2) 14(1)

C(4) 6035(3) -47(1) 3329(2) 12(1)

C(7) 6490(3) -226(1) 2159(2) 12(1)

C(!l) 8359(3) -675(1) 2388(2) 11(1)

Cl(5) 7040(1) 2628(1) 2373(1) 24(1)

Cl(7) 4494(1) 2278(1) 416(1) 33(1)

Cl(9) 8546(1) 2381(1) 389(1) 38(1)

C(23) 6609(4) 2731(1) 953(2) 21(1)

0(10) 10922(2) -489(1) 3910(1) 16(1)

N(l) 7885(2) -84(1) 3977(1) 13(1)

C(20) 9240(3) -410(1) 3515(2) 12(1)

C(27) 9813(3) -644(1) 1600(2) 13(1)

C(25) 4815(3) -543(1) 1405(2) 15(1)

C(26) 9093(3) -868(1) 450(2) 22(1)

0(40) 4837(2) -567(1) 3697(1) 15(1)

C(30) 1311(3) 1470(1) 3789(2) 24(1)
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Table 3. Bond lengths [A] and angles [°] for ml.

Cl(3)-C(ll) 1.811(2)

Cl(l)-C(7) 1.820(2)

0(2)-C(3) 1.202(3)

0(3)-C(3) 1.332(3)

0(3)-C(2) 1,474(3)

C(2)-C(30) 1.496(3)

C(2)-H(2A) 0.9900

C(2)-H(2B) 0.9900

C(3)-C(4) 1.544(3)

C(4)-O(40) 1.408(3)

C(4)-N(l) 1.433(3)

C(4)-C(7) 1.580(3)

C(7)-C(25) 1,519(3)

C(7)-C(ll) 1.553(3)

C(ll)-C(27) 1.528(3)

C(ll)-C(20) 1.535(3)

Cl(5)-C(23) 1.767(2)

Cl(7)-C(23) 1.760(3)

Cl(9)-C(23) 1.756(3)

C(23)-H(23) 1.0000

O(10)-C(20) 1.226(3)

N(l)-C(20) 1.336(3)

N(l)-H(l) 0.8800

C(27)-C(26) 1.511(3)

C(27)-H(27A) 0.9900

C(27)-H(27B) 0.9900

C(25)-H(25A) 0.9800
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C(25)-H(25B) 0.9800

C(25)-H(25C) 0.9800

C(26)-H(26A) 0.9800

C(26)-H(26B) 0.9800

C(26)-H(26C) 0.9800

0(40)-H(40) 0.8400

C(30)-H(30A) 0.9800

C(30)-H(30B) 0.9800

C(30)-H(30C) 0.9800

C(3)-0(3)-C(2) 116.04(17)

O(3)-C(2)-C(30) 111.10(19)

0(3)-C(2)-H(2A) 109.4

C(30)-C(2)-H(2A) 109.4

0(3)-C(2)-H(2B) 109.4

C(30)-C(2)-H(2B) 109.4

H(2A)-C(2)-H(2B) 108.0

0(2)-C(3)-0(3) 126.4(2)

0(2)-C(3)-C(4) 123.77(19)

0(3)-C(3)-C(4) 109.76(17)

O(40)-C(4)-N(l) 108.92(16)

O(40)-C(4)-C(3) 109.86(16)

N(l)-C(4)-C(3) 109.37(17)

O(40)-C(4)-C(7) 111.90(16)

N(l)-C(4)-C(7) 102.64(16)

C(3)-C(4)-C(7) 113.82(16)

C(25)-C(7)-C(ll) 117.84(17)

C(25)-C(7)-C(4) 114.21(17)

C(ll)-C(7)-C(4) 103.21(15)

C(25)-C(7)-C1(1) 108.43(14)

C(1I)-C(7)-C1(1) 106.61(14)
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C(4)-C(7)-C1(1) 105.65(13)

C(27)-C(ll)-C(20) 111.21(16)

C(27)-C(ll)-C(7) 119.74(17)

C(20)-C(ll)-C(7) 102.28(16)

C(27)-C(11)-C1(3) 108.56(14)

C(20)-C(11)-CI(3) 104.57(13)

C(7)-C(11)-C1(3) 109.37(14)

C1(9)-C(23)-C1(7) 109.71(13)

C1(9)-C(23)-C1(5) 109.69(13)

C1(7)-C(23)-C1(5) 109.88(13)

Cl(9)-C(23)-H(23) 109.2

Cl(7)-C(23)-H(23) 109.2

Cl(5)-C(23)-H(23) 109.2

C(20)-N(l)-C(4) 115.41(17)

C(20)-N(l)-H(l) 122.3

C(4)-N(l)-H(l) 122.3

0(10)-C(20)-N(1) 126.51(19)

0(10)-C(20)-C(11) 124.50(18)

N(l)-C(20)-C(ll) 108.98(17)

C(26)-C(27)-C(ll) 116.20(18)

C(26)-C(27)-H(27A) 108.2

C(11)-C(27)-H(27A) 108.2

C(26)-C(27)-H(27B) 108.2

C(11)-C(27)-H(27B) 108.2

H(27A)-C(27)-H(27B) 107.4

C(7)-C(25)-H(25A) 109.5

C(7)-C(25)-H(25B) 109.5

H(25A)-C(25)-H(25B) 109.5

C(7)-C(25)-H(25C) 109.5

H(25A)-C(25)-H(25C) 109.5

H(25B)-C(25)-H(25C) 109.5
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C(27)-C(26)-H(26A) 109.5

C(27)-C(26)-H(26B) 109.5

H(26A)-C(26)-H(26B) 109.5

C(27)-C(26)-H(26C) 109.5

H(26A)-C(26)-H(26C) 109.5

H(26B)-C(26)-H(26C) 109.5

C(4)-0(40)-H(40) 109.5

C(2)-C(30)-H(30A) 109.5

C(2)-C(30)-H(30B) 109.5

H(30A)-C(30)-H(30B) 109.5

C(2)-C(30)-H(30C) 109.5

H(30A)-C(30)-H(30C) 109.5

H(30B)-C(30)-H(30C) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A10^) for ml. The anisotropic 

displacement factor exponent takes the form: -27t^[ h^ a*2U" + ... + 2 h k a* b*

U" U22 U33 U23 U'3 U'2

Cl(3) 18(1) 13(1) 22(1) 2(1) 2(1) 0(1)

Cl(l) 20(1) 14(1) 12(1) 3(1) 3(1) 1(1)

0(2) 21(1) 17(1) 14(1) -4(1) 2(1) 0(1)

0(3) 14(1) 18(1) 17(1) 0(1) -1(1) 5(1)

C(2) 21(1) 17(1) 23(1) 3(1) 1(1) 9(1)

C(3) 16(1) 18(1) 9(1) 3(1) 4(1) 1(1)

C(4) 12(1) 15(1) 8(1) 2(1) 1(1) -1(1)

C(7) 14(1) 12(1) 9(1) 1(1) 2(1) -1(1)

C(ll) 12(1) 9(1) 11(1) 0(1) 0(1) -1(1)

Cl(5) 27(1) 27(1) 17(1) 2(1) 1(1) 2(1)
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Cl(7) 32(1) 32(1) 32(1) -2(1) -9(1) -4(1)

Cl(9) 37(1) 51(1) 29(1) 1(1) 15(1) 9(1)

C(23) 27(1) 18(1) 17(1) 2(1) 2(1) 0(1)

0(10) 12(1) 23(1) 12(1) 1(1) -2(1) 0(1)

N(l) 13(1) 18(1) 7(1) -1(1) 0(1) 2(1)

C(20) 14(1) 13(1) 9(1) 2(1) 2(1) 0(1)

C(27) 11(1) 15(1) 15(1) 0(1) 4(1) 1(1)

C(25) 15(1) 21(1) 10(1) -3(1) 0(1) 0(1)

C(26) 24(1) 29(1) 15(1) -4(1) 6(1) -1(1)

0(40) 12(1) 17(1) 16(1) 5(1) 3(1) 0(1)

C(30) 20(1) 21(1) 31(1) -4(1) 7(1) 2(1)

Table 5. Hydrogen coordinates ( x 10“*) and isotropic displacement parameters (A^x 10 ^)

for ml.

X y z U(eq)

H(2A) 1570 1503 2179 24

H(2B) 3388 1832 2940 24

H(23) 6466 3253 773 25

H(l) 8113 96 4634 15

H(27A) 10299 -146 1588 16

H(27B) 10910 -955 1883 16

H(25A) 5209 -645 702 23

H(25B) 3752 -200 1310 23

H(25C) 4403 -990 1715 23

H(26A) 8564 -1355 446 33

H(26B) 10155 -861 28 33

H(26C) 8095 -535 129 33

H(40) 3690 -440 3535 22

H(30A) 328 1094 3699 35
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H(30B)

H(30C)

699

2168

1942

1395

3798

4471

35

35

Table 6. Torsion angles [°] for ml.

C(3)-O(3)-C(2)-C(30) -88.8(2)

C(2)-0(3)-C(3)-0(2) 2.5(3)

C(2)-0(3)-C(3)-C(4) 179.94(17)

O(2)-C(3)-C(4)-O(40) 118.6(2)

O(3)-C(3)-C(4)-O(40) -58.9(2)

0(2)-C(3)-C(4)-N(l) -0.9(3)

0(3)-C(3)-C(4)-N(l) -178.41(16)

0(2)-C(3)-C(4)-C(7) -115.0(2)

0(3)-C(3)-C(4)-C(7) 67.5(2)

O(40)-C(4)-C(7)-C(25) 37.9(2)

N(l)-C(4)-C(7)-C(25) 154.51(17)

C(3)-C(4)-C(7)-C(25) -87.4(2)

O(40)-C(4)-C(7)-C(ll) -91.29(19)

N(l)-C(4)-C(7)-C(ll) 25.34(19)

C(3)-C(4)-C(7)-C(ll) 143.42(17)

O(40)-C(4)-C(7)-Cl(l) 156.95(13)

N(I)-C(4)-C(7)-C1(1) -86.42(16)

C(3)-C(4)-C(7)-C1(1) 31.7(2)

C(25)-C(7)-C(ll)-C(27) 83.9(2)

C(4)-C(7)-C(ll)-C(27) -149.22(17)

Cl(l)-C(7)-C(ll)-C(27) -38.2(2)

C(25)-C(7)-C(ll)-C(20) -152.70(17)

C(4)-C(7)-C(ll)-C(20) -25.81(19)

Cl(l)-C(7)-C(ll)-C(20) 85.25(15)

C(25)-C(7)-C(11)-C1(3) -42.2(2)
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C(4)-C(7)-C(11)-C1(3) 84.65(16)

C1(1)-C(7)-C(11)-C1(3) -164.30(10)

O(40)-C(4)-N(l)-C(20) 103.1(2)

C(3)-C(4)-N(l)-C(20) -136.80(18)

C(7)-C(4)-N(l)-C(20) -15.6(2)

C(4)-N(l)-C(20)-0(10) 178.4(2)

C(4)-N(l)-C(20)-C(ll) -1.3(2)

C(27)-C(ll)-C(20)-0(10) -32.8(3)

C(7)-C(ll)-C(20)-0(10) -161.79(19)

Cl(3)-C(ll)-C(20)-0(10) 84.2(2)

C(27)-C(ll)-C(20)-N(l) 146.94(17)

C(7)-C(ll)-C(20)-N(l) 18.0(2)

Cl(3)-C(ll)-C(20)-N(l) -96.08(17)

C(20)-C(ll)-C(27)-C(26) -177.99(18)

C(7)-C(ll)-C(27)-C(26) -59.0(3)

Cl(3)-C(ll)-C(27)-C(26) 67.5(2)

Symmetry transformations used to generate equivalent atoms: 

Table 7. Hydrogen bonds for ml [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
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