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(i) 

ABSTRACT 

The present investigation has involved a kinetic and mechanistic study of the thermal 

cyclization of 3-acetoxy-3-(2-pyridyl)-2-methylenepropanoate esters and related compounds to 

2-substituted indolizines. Substrates for the kinetic study were prepared via the Baylis-Hillmann 

reaction of pyridine-2-carboxaldehydes with acrylate esters, acrylonitrile and methyl vinyl 

ketone. The resulting hydroxy compounds were then acetylated to afford the acetoxy 

derivatives, thermal cyclization of which gave the corresponding 2-substituted indolizines. The 

cyclization reactions was followed using 'H NMR spectroscopy and were shown to follow first­

order kinetics. The influence of the various substituents on the observed first-order rate 

constants has been examined and variable temperature studies have permitted evaluation of 

activation parameters for the formation of methyl indolizine-2-carboxylate and ethyl indolizine-

2-carboxylate. 

An alternative route to 2-substituted indolizines via halogenated derivatives was explored and 

several halogenated 2-pyridyl derivatives were synthesised and their thermal cyclization to 

indolizines was attempted. 

Novel 5-methylindolizine-2-carboxamides were prepared as part of this investigation and 

dynamic NMR spectroscopy was used to study internal rotation about the amide N-CO bond in 

these compounds. 
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If"(J'RODUCTION SECTION 1.1 

1. INTRODUCTION 

1.1 HISTORICAL BACKGROUND 

The history of indolizine goes back to 1890 when an Italian chemist,Angeli,' reported the 

preparation of the imine-anhydride (1) of pyrroylpyruvic acid and suggested the name pyrindole 

for the completely unsaturated parent base (2). Twenty-rwo years later, in 1912, Scholtz ! 

reported the first synthesis of compound (2). He treated 2-methylpyridine with acetic anhydride 

at 200-220oC to give what he called "picolide", acid hydrolysis of which afforded a colourless 

crystalline solid [subsequently identified as compound (2)] which had weakly basic properties. 

In view of this observation, it was speculated that this compound could not be a true derivative 

of pyridine. Furthermore,this new compound gave reactions characteristic of pyrroles and 

indoles and had the same empirical formula (C,H,N) as indole and isoindole. In light of these 

observations, Scholtz ascribed the pyrrolopyridine structure (2) to his new compound and named 

it pyrrocoline, but later adopted the name pyrindole as suggested by Angeli. The validity of 

Scholtz's formulation was confirmed by Diels and Alder,! who established the presence of four 

double bonds by catalytic reduction of indolizine to a derivative (3), which on treatment with 

cyanogen bromide gave a product shown to be identical in all respects with a-coniceine (4) 

previously prepared by Loffler er al. Today, the compound previously known as pyrrocoline 

or pyrindole,is known as indolizine with the following numbering:-

8 1 

7~2 
6~~~3 

5 4 

1 2 



INTRODUCl10N SECI10N 1.2.1 

1.2 SYNTHESIS OF INDOLIZINES 

Generally speaking, there are three major approaches to indolizine synthesis, viz., (i) 

condensation reactions; (ii) 1 ,3-dipolar cycloadditions; and (iii) 1 ,5-dipolar cycloadditions. 

1.2.1 SYNTHESIS OF INDOLIZINES BY 

CONDENSATION REACTIONS 

1.2.1.1 SYNTIIESIS OF INDOLIZINES BY REACTIONS OF 2-METHYLPYRIDINE 

AND IT'S DERIVATIVES WITH ACETIC ANHYDRIDE (Scholtz reaction). 

Sholtz's synthesis 1 of the first indolizine simply involved treating 2-methylpyridine with acetic 

anhydride at very high temperature to yield a crystalline compound, which he called "picolide" 

and which,upon hydrolysis,afforded the indolizine (2) (Scheme I ,p 4) . The principal difficulty 

Scholtz faced was in elucidating the structure of "picolide" and in rationalising it's formation. 

The presence of one carbonyl group in "picolide" was clearly established by the formation of 

oxime, hydrazone and semicarbazone derivatives. However , it did not give any reactions 

typical of aldehydes. Furthermore," picolide" was found to possess only feeble basic 

properties. Taking into account the above observations , Scholtz and Fraude 1 speculated that 

the nitrogen was acylated and proposed the most suitable structure for "picolide"to be 

2 



INTRODUCTION SECTION 1.2.1.1 

1-acetyl-2-methyl-4-ketopyrridocoline (5). If"picolide" were to have the above-mentioned 

structure, it would be necessary for it to undergo a complicated initial cleavage, followed by 

ring closure to a 5-membered pyrrole in order to explain satisfactorily the formation of 

indolizine (2) upon its hydrolysis . Moreover, this structure did not explain the observed 

formation of " picolide" from the reaction of one mole of propionic anhydride with 

2-methylpyridine, and consequently ,it was suggested that "picolide" be assigned structure (6) 

(Scheme 2,p 5). However, Tshitschibabin and Stepanow I doubted the validity of Scholtz's 

conclusions and,in 1929, they re-investigated the synthesis and formulated "picolide" as 1,3-

diacetylindolizine (11) (see Scheme 3,p 5), Since 1929, the Scholtz reaction has gained 

widespread popularity and has been adopted as a general route to indolizines. 

1.2.1.2 SYNTHESIS OF INDOLIZINES BY RING CLOSURE OF THE PYRIDINIUM 

SALTS (Tschitschibabin reaction). 

A novel approach to the synthesis of 2-substituted indolizines was developed, in 1927, by 

Tschitschibabin.' He speculated the existence of tautomerism in (¥- and B-alkylated pyridines 

and suggested that if, for instance,2-methylpyridine (12) and an (¥-halogenoketone were reacted 

in the presence of an alkali, 2-methylpyridine could react as the aromatic system (12) or as it's 

tautomer (13) ; reaction in the latter form (13) would then present good possibilities for ring 

3 
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INTRODUCITON SECITON 1.2.1.2 

closure, analogous to that observed for compound (14) (Scheme 4,p 7). Speculative as this 

was,it led to the successful synthesis of 2-substituted indolizines (17) via cyclization of 

quaternary pyridinium salts (16) (Scheme 5,p 7). This approach was fully exploited and 

several 2-alkyl- and 2-aryl-indolizines were synthesised. Krohnke el ai, I demonstrated that 

quaternary compounds would react with bases of suitable strength to afford "enol-betaines" 

which then undergo "acid cleavage" losing an acyl group. In view of this observation, these 

authors suggested formation of an "enol-betaine" as an intermediate in the Tshitshibabin 

reaction,ring closure of which would afford an indolizine (Scheme 5,p 7). However, before 

long, certain drawbacks become apparent. When O'-halogenenated aldehydes were used, the 

quaternary salts were not very easily formed and did not always cyclize to form the required 

indolizines.' In 1965, Wibberly and co-workers 3 observed that the Tshitschibabin reaction of 

ethyl2-quinolylacetate with phenacyl bromide afforded 2-ethoxycarbonylmethylene-1-phenacyl-

1,2-dihydroquinoline (18) which, upon treatment with sodium bicarbonate,did not undergo ring 

closure as expected. Nevertheless,when treated with boiling acetic anhydride,compound (18) 

underwent an intramolecular aldol type condensation to afford the benzindolizine (19) .4 

6 
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INTROOUl"IlON SECJlON 12.1.2 

This modified Tshitschibabin indoIizine synthesis was successfully extended to the synthesis of the 

indoIizines (25), (27) and (28) from the intramolecular aldol type condensation of the corresponding 

acyl methines (24) (Scheme 6,p 9).5 In 1946, Borrows and co-workers 6.7 attempted the synthesis 

of acyl- and alkoxycarbonyl indolizines from ex -halogeno-l3-diketones and ex -halogeno-13-ketoesters 

using Tshitschibabin's method. However,they could not form the quaternary salt,and the attempt 

failed Almost two decades later, Bragg and Wibberly' successfully synthesised ethyl 3-acetyl-2-

methylindolizine-l-carboxylate and diethyl 2-methylindolizine-l,3-dicarboxylate from ethyl 

chloroacetate and 3-chloro-pentane-2,4-dione, using a method which did not require isolation of the 

quaternary salt. Bragg and Wibberly also synthesised alkyl- and arylindolizine-l-carboxylates from 

ex-halogenoketones and ethyI2-pyridylacetate. 8 When they treated phenacyl bromide with ethyl 2-

pyridylacetate (29),ethyI2-pyridylacetate hydrogen bromide (30), instead of the quaternary salt was 

formed from which the ethyl2-phenylindoIizine (31) crystallised (Scheme 7,p 10). From the above 

results,the authors suggested that a part of the ester was behaving as a base,removing hydrogen 

bromide and leading to ring closure. This approach opened new doors to indolizine synthesis. 

1.2.1.3 SYNTHESIS OF INDOLIZINES BY RING CLOSURE OF 3-(2-PYRIDYL)-1-

PROPANOLS AND THEIR ANALOGUES 

In 1955,Boekelheide and co-workers9 treated 3-(2-quinolyl)-1 ,2-propanediol (32) with 

8 
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lNIRO!lOCIION SECTION 1.2.1.3 

hydrobromic acid and subjected the product (33) to steam distillation from alkali to afford 

5,6-benzindolizine (34) in very high yield (Scheme 8,p 10). This remarkable success caught the 

interest of chemists all over the world. A year later,two German chemists Hoffmann and Heer,' 

successfully extended this novel approach to the synthesis of the highly substituted indolizines (37) 

and (38) from the unsaturated alcohols (35) and (36) (Scheme 9,p 12). 

During the next two years, Barret et al., 10 re-investigated Boekelheide's method and conclusively 

established the ability of amino groups to act as good leaving groups. When they refluxed 3-arnino­

l-aryl-l-(2-pyridyl)-alkan-I-ols (39) with acetic anhydride, compounds (40) formed, which 

cyclised with the elimination of the amino and acetoxy groups to afford the l-arylindolizines (41) 

(Scheme 10,p 12). This approach was used to synthesise several indolizines including some 

azaindolizines in high yield. 11,12 

Before 1957, many chemists like Scholtz, I Borrows and Holland,13 Diels and Alder,' to mention 

a few, had reported the synthesis of the parent indolizine (2), but never in satisfactory yield. 

Boekelheide and co-workers2 subsequently synthesised the parent indolizine with an overall yield 

of 35% from 2-(3-hydroxypropyl)-pyridine-N-oxide (42) (Scheme II,p 13); not long after, 

Boekelheide and Windgassen Jr, bettered this yield. " They found that pyrolysis of 

11 
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INTRODUcnON SECTION 1.2.1.4 

the easily available 3-(2-pyridyl)-l-propanol (44) at 280°C in the presence of palladium-carbon 

afforded indolizine (2) in SO% yield (Scheme 12,p 13). Boekelheide and co-workers,'4 also 

developed methods for synthesising indolizines with no substituents on the S-membered ring . 

For example, they treated 6-methylpyridine-2-carboxaldehyde (45) with vinylmagnesium 

bromide to give (in 68% yield) the vinyl alcohol (46; R=H), which was acetylated and the 

resulting acetate was then subjected to pyrolysis at 4S0oC to afford the 5-methyl indolizine (45) 

(Scheme 13,p IS). 

1.2.1.4 SYNTHESIS OF INDOLIZINES BY CONDENSATION REACTIONS OF 

HETEROCYCLIC NITROGEN COMPOUNDS WITH ACETYLENIC AND 

OLEFINIC COMPOUNDS. 

This approach was flrst introduced by Diels and co-workers 2 in 1932. They isolated 

indolizines (50) and (51) from the intermolecular condensation of pyridine with acety lene 

dicarboxylate (48) (Scheme 14,p 15). This approach aroused the interest of Wiley and 

Knabeshuch 1l and, in 1953 ,they synthesised the indolizine derivative (52) in 29% yield, from 

3-methylpyridine and acetylene dicarboxylate (Scheme 15 ,p 16) . Seven years later, Acheson 

and Taylor,'· tried the same reaction under different conditions, without much success. They 

only managed to synthesise the indolizine (53) in 6% yield (Scheme 16,p 16). Of particular 

relevance is a report published in 1968 by Robinson and Acheson," in which they related the 

14 
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INTRODUCTION SECI10N 1.2.1.5 

basicities ofpyridines to their reactivity towards dimethyl acetylene-dicarboxylate. It was found 

that when pyridine (pKa value 5.2) was used in the reaction, a quinolizine derivative (54) was 

formed (Scheme 17,p 18). However,when 4-cyano pyridine was used which has a much 

lower pKa value (1.90), trimethyI7-cyano-l,2,3-indolizine tricarboxylate (55) was synthesised 

(Scheme 17,p 18) . When pyridines with pKa values lower than 1.45 were used,no reaction 

took place at all. In 1966,Acheson and co-workers,18 synthesised dimethyl dibenzo indolizine-

2,3-dicarboxylates (58) from the condensation reaction of phenanthridine 5-oxide (56) and 

dimethyl acetylenedicarboxylate. Compound (57) was the intermediate which , on sublimation, 

cyclised to (58) from which the first parent heterocycle (59) (R = H) was prepared, although 

derivatives of this novel heterocycle were known from 1962 (Scheme 18 ,p 18). 

1.2.1.5 SYNTHESIS OF INDOLIZINES USING MISCELLANEOUS 

CONDENSATION REACTIONS. 

Michael condensation of compounds of the type (60) with a, II-unsaturated compounds provides 

another general route to indolizine synthesis. This method was introduced as early as 1953 by 

Boekelheide and co-workers. 19 The authors observed that when acrylonitrile was used,the 

corresponding 3-substituted 2-amino carbonylbenzindolizine (61) were formed (Scheme 19,p 

19). On the other hand, when 2-vinylpyridine or ethyl acrylate were used, ketones of the type 

17 
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INTRODUCTION SECTION 1.2.1.5 

(62) were formed which, upon heating or treatment with 100% phosphoric acid ,underwent ring 

closure to afford the corresponding benzindolizines (63) and (64), respectively (Scheme 19,p 

19) . Of particular interest was a paper published in 1969 by two German chemists , Flitsh and 

Gerstmann. 2 They reported one of the most powerful methods for the synthesis of parent 

indolizine (2) . Condensation reaction of 2-pyridyllithium (65) with 2-chloromethyloxirane 

afforded first the 2-hydroxy-2,3-dihydro-1H-indoliziniumchloride (66) which, upon treatment 

with 30 % sodium hydroxide, gave the parent indolizine (2) (Scheme 20). 
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1.2.2 SYNTHESIS OF INDOLIZINES BY 

1,3-DIPOLAR CYCLOADDITION 

SEC110Nt.l.l 

1,3-Dipolar cycloadditions are among ilie most widely-used reactions in ilie syniliesis of heterocyclic 

compounds, particularly 5-membered ring compounds. It has been established iliat pyridinium 

ylides (67) , even in ilie absence of a dehydrogenation catalyst, combine wiili dimeiliyl 

acetylenedicarboxylate, dieiliyl acetylenedicarboxylate meiliylpropynoate, eiliylpropynoate and 

dicyanoacetylene to mention a few, to form ilie indolizines (68) (Scheme 2l,p 22).2()'21 However, 

when the dipolarophile is an ethenic compound, ilie reaction often does not yield the indo]izine 

directly but the tetrahydroindo]izines (69) and the dihydroindo]izines (70) and (71) are isolated; 

subsequent dehydrogenation in the presence of a catalyst such as palladium on carbon, chloranil or 

l,4-benzoquinone affords the respective indolizines. The relative rates of addition of the ylides (67) 

to the dipolarophile were found to be dependent on the substituents XI and X2 (Scheme 21,p 22). 

A desirable feature of indo]izine synthesis by 1,3-dipolar cycloaddition is that the procedures are 

generally simple and require only two steps. In 1961, Boekelheide and Fahrenholtz,20 used this 

approach for the first time, to synthesis the indolizine (73) from I-phenacylpyridinium methylid (72) 

under dehydrogenating conditions (Scheme 22,p 23). Not long after, Huisgen and co-workers,26 

used this synthetic principle, to develop indolizine derivatives (75) from the reaction of the 

azomethine (74) and dimethyl fumarate (Scheme 23,p 23). Of particular interest, was a paper 

published in 1973, by Nakamura and co-workers. 2 They found that 

21 
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diphenylthiirene-S,S-dioxide behaved like acetylenic compounds and reacted with pyridiniurn 

methylid to afford, in 34% yield, the indolizine (76). In the same year, research done on N­

allylpyridiniurn ylides (77) by two Japanese research groups 27-19 established that, in some cases,N­

allylpyridiniurn ylides behaves not only as 1,3-dipoles which may cyclo add to another N­

allylpyridiniurn ylid to afford the indolizine (78) but also as I,S-dipoles, which undergo ring closure 

to give the indolizines (79) (Scheme 2S,p 2S). 

The preparation of3-azaindolizines (81) can be readily achieved by 1,3-dipolar cycloaddition of the 

N-imminopyridiniurn ylid (80) with acetylenic or ethenic compounds (Scheme 26,p 26).2 

1.2.3 SYNTHESIS OF INDOLIZINES BY I,S-DIPOLAR CYCLIZATION 

I,S-Dipolar cyclization is one of1he most versatile routes to heterocyclic molecules. Because of it's 

utility and inherently broad scope, this syn1hetic approach is of considerable importance and Huisgen 

and co-workers,2 studied this approach in detail. In 1962, Krohnke and Zecher,' successfully 

extended this approach to 1he synthesis of the azaindolizine (8S) from phenacylisoquinoliniurn 

bromide (82) via the I,S-dipolar intermediate (84) (Scheme 27,p 27). The authors also reported 

1he synthesis of several benzindolizines (87) by simply treating the N-picrylmethylcycioimmoniurn 

ylids (86) with a base. 
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SCHEME 24 
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SCHEME 26 
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SCHEME 27 
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INTRODUCTION 

1.3 STRUCTURE, PHYSICAL AND CHEMICAL 

PROPERTIES OF INDOLIZINES 

1.3.1 STRUCTURE OF INDOLIZINES. 

SECTION 1.3.1 

Following an early argument that any resonance stabilization in indolizines is simply due to the 

presence of the pyrrole ring, the parent indolizine was first considered to be best represented 

by structure (88). However, the resonance energy (R.E) calculated for indolizine was found 

to be 0.29 tJ,which is larger than the total R.E ofpyrrole (O .23tJ). Furthermore, NMR studies 

have conclusively established de localization throughout both rings. Therefore indolizine is now 

considered to be best represented by a resonance hybrid to which the canonical structures (88) 

(89) and (90), contribute. X-ray analysis has shown the crystal structure of the bis-indolizine 

(91) to be nearly planar and the observed bond lengths to correlate well with the Huckels 

molecular orbital (HMO) bond orders. HMO calculations give the decreasing order of the 

electron density as: 3> 1 > > 8a > 5 > 2 > 7> 6 on the ring carbons.'o 
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co _. -" 
88 89 

90 

Table 1: Percentage composition of protonated 3-substituted 

indolizines in trifluroacetic acid. 

Compound 3H-cation 

3-Methylindolizine 21 

2,3-Dimethylindolizine 41 

3-Methyl-2-phenylindolizine 72 
3-Methyl-2-Methylindolizine 78 
1,2,3-Trimethylindolizine 100 

1,3-Dimethyl-2-phenylindolizine 100 
3,5-Dimethylindolizine 100 

1 H-cation 

79 

59 

28 
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1.3.2 PHYSICAL PROPERTIES OF INDOLIZINES 

The parent indolizine (2) and it's alkyl derivatives are either low-melting solids or high-boiling 

liquids. sensitive to air, light and volatile in steam. However , when a phenyl group is attached 

at the 2- or the 5- position , the indolizines are found to be stable solids and non-volatile in 

steam. Most indolizines are highly fluorescent and show feeble basic properties. ' 

1.3.3 CHEMICAL PROPERTIES OF INDOLIZINES 

Reference has already been made to the structure of indolizines and , in particular to it's 

de localised orbitals. Indolizines readily undergo electrophilic substitution and show resistance 

to nucleophilic attack. In their chemical reactivity, indolizines resemble pyrroles , indoles and 

isoindoles.! The following section deals with reactions of indolizines with electrophiles, 

oxidation, reduction and' other miscellaneous reactions. 

1.3.3.1 Reactions with electrophiles. 

EJectrophilic substitution in indolizines occurs preferentially at the 3-position and then at the 

I-position but sometimes at both 3- and I-positions simultaneously." The enhanced 
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susceptibility to electrophilic attack at C-3 and C-I, is consistent with the MO calculations, 

which indicate C-3 to be the most reactive site for electrophilic attack, followed by C-l. 

(il Protonation 

Fraser and co-workers JI studied the protonation of indolizines using NMR spectroscopy. 

Protonation of indolizines occurs preferentially at position 3. In 3-substituted indolizines . the 

site of protonation was found to be dependent on the nature of the C-3 substituent as well as 

the substituents at positions 1, 2 and 5. Indolizines which have the same substituents at position 

I and 3, are exclus ively protonated at position 3. Similarly protonation of 3,5-disubstituted 

indolizines occurs preferentially at position 3. Fraser and co-workers argued that in the 3,5-

disubstituted indolizines , intramolecular overcrowding encourages protonation at site 3. In 

general, protonation of the 3-substituted indolizines affords a mixture of the 3H- and IH-cations 

(See Table l,p 29). It was found that the ratio of the 3H: IH cations could be increased by 

introducing substituents at position 2. As indicated above, the resulting steric interaction 

between the C-3 and C-2 substituents is relieved by protonation at C-3. The relief in steric 

strain may be attributed to the consequent change in the hybridisation state of C-3. Protonation 

of most of the azaindoliznes is found to occur at the non-bridgehead nitrogen. Surprisingly, 

protonation of the 5-azaindolizines occurs preferentially at the 3-position followed by the 1-

position'" 
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(ii) Nitration 

Nitration of the indolizine nucleus often results in oxidation of the substrate with little evidence of 

nitration. Successful nitration of the indolizine nucleus was achieved for the first time in 1946, by 

Borrows and co-workers J3 who showed that while the action of nitric acid on 2-methyl and 2-

phenylindolizines at moderate temperatures resulted mainly in oxidation, rapid reaction at higher 

temperatures gave the respective 1,3-dinitro indolizines in low yields. Furthermore, nitration of 2-

me1hylindolizine (92) in sulphuric acid has been shown to afford the l-nitro-2-methylindolizine (93) 

as the main product, accompanied by small quantities of the 3-nitro derivative (95) and the 1,3-

dinitro derivative (94) (Scheme 29,p 34). A similar treatment of the 2-phenylindolizine (96) 

resulted in the phenyl ring being attacked first, giving the 2-p-nitrophenylindolizine (97) (Scheme 

30,p 34). This reaction shows that the indolizine system is closely allied to pyrrole in it's properties, 

for similar treatment of N-phenylpyrrole yields N-p-nitrophenylpyrrole. I Compound (97), on further 

nitration affords l-nitro-2-p-nitrophenylindolizine (98) (Scheme 30). 

Nitration of3-acetyl-2-methylindolizine proceeds readily in conc.sulphuric acid to yield the I-nitro 

derivative along with a small quantity of the 1,3-dinitro compounds. On the other hand, nitration 

of the 3 -acetyl-2-phenylindolizine under similar conditions affords a mixture of nitrated products. I 
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(iii) Nitrosation 

Directnitrosation of the indolizine nucleus was first achieved by Konde and Nischizawa,' in 1937, 

when they treated 3-acetyl-2-methylindolizine with nitrous acid to give the l-nitroso derivative. In 

indolizines, which have their 3-position unsubstituted, nitrosation takes place at the 3-position. The 

preferential nitrosation at position 3 is in marked contrast to the preferential nitration at position 1, 

discussed above. 

(iv) Halogenation 

Not much work has been done on the halogenation of indolizines. Attempts to prepare stable bromo 

derivatives have not always been successful. However, preparation of stable iodo derivatives has 

proved possible. For example, iodination of3-acetylindolizine in alcohol, proceeds readily to give 

the 1,3-diiodo derivative and, in the presence of sodium acetate, the l-iodo derivative.! 

(v) Acylation 

Acylation of indolizines take place preferentially at position 3 and less readily at position 1. 

Indolizines can be acylated simply by treating with acid chlorides, anhydrides and even esters. 
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SCHEME 29 
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One of the most convenient methods for acylating the indolizine nucleus is by heating the 

indolizine with acid anhydrides in the presence of sodium salt of the corresponding acid.' In 

1912, Scholtz' synthesised. for the first time, the 3-acetyl deri vative of the indolizine and the 

7-methylindolizine using this approach. Tshitschibabin' in 1929, Borrows and Holland in 

1946,' extended this approach to the preparation of 3-acetyl derivatives of 2-methyl- and 2-

phenylindolizine and the 3-benzoyl derivative of2-phenylindolizine. The monoacetyl indolizines 

,on further treatment with acetic anhydride at higher temperatures , were found to yield the 

respective 1,3-diacetylindolizines. 

In 1940, Ochai,~ a japanese researcher, reported the preparation of 1,3-diacetyl-2-

methylindolizine (100) from a Friedel-Crafts reaction in CC~ on 3-acetyl-2-methylindolizines 

(99) using acetyl chloride and a large excess of aluminium chloride as catalyst (Scheme 31,p 

35). Acylation of 2-methylindolizine (101) under similar conditions but using carbon 

disulphide as solvent afforded the diacetyl derivative (100) in very low yield (Scheme 32,p 35). 

With 2-phenylindolizine, however, Friedel-Crafts acylation proceeds readily in carbon­

disulphide to give a mixture of 1 ,3-diacetyl-2-phenylindolizine and 2-p-acetylphenylindolizine. 

It was found that acetyl ch loride and bromide failed to react in the absence of a catalyst. This 

is in marked contrast to the facile monobenzoylation of indolizine when treated with benzoyl 

chloride even in the absence of a catalyst. ' 
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SCHEME 31 
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(vi) Reactions with diazonium eJectrophiIes 

The preparation of azo derivatives of indolizines can be easily achieved using arenediazonium ion 

as an electrophile. Diazo coupling occurs normally at position 3; however, if this position is already 

occupied, position 1 is attacked resulting in the formation of the 1-azo derivatives. In 1913, Scholtz 

and Fraude ' achieved the first synthesis of a 3-azo derivative of indolizine. Similar treatment of3-

acetyl-2-methylindolizine by Kondo and co-workers ' in 1936, yielded the 1-phenylazo derivative. 

1.3.3.2 Oxidation reactions 

Indolizines undergo oxidation very easily. Ring fission is a rather common phenomenon observed 

in oxidation of indolizines. In the past, this reaction was used for structural elucidation. 34 A typical 

example is H,02-induced oxidation outlined in Scheme 33. However, some cases of oxidation 

where ring fission does not occur have been reported. A classic example is the potassium 

ferricyanide oxidation of the indolizine (104), which afforded compound (105) as the oxidation 

product (Scheme 34,p 37)35 

1.3.3.3 Reduction reactions 

Reduction of the indolizine nucleus was first achieved in 1912 by Scholtz, ' 
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when he treated the parent indolizine (2) with sodium and alcohol. Scholtz presumed the structure 

of the reduction product to be the ring opened system (107). In 1946, Borrows and Hollanci,l 

proposed the product of the sodium-alcohol reduction as, in fact, the dihydroderivative (108). 

Several reports on the complete hydrogenation of the six-membered ring of the indolizine system 

have been published. I Although the above results indicate that the six membered ring of the 

indolizine nucleus is more susceptible to hydrogenation than the five membered ring, Diels and 

Meyer, I reported hydrogenation of the five membered ring in the reduction of dimethyl 1-

(methoxycarbomethoxymethyl)indolizine-2,3-dicarboxylate (109) in the presence of platinium 

oxide;the isolated product being the tetrahydro compound (110) (Scheme 35,p 39). Under more 

drastic conditions, e.g., in the presence of Raney nickel at high temperature and pressure, complete 

reduction of the indolizine nucleus has been reported. I 

1.3.3.4 Reactions with nucleophiles and bases 

Indolizines and azaindolizines with electron withdrawing groups undergo nucleophilic attack. Thus, 

treatment of 8-nitro indolizines with secondary arnines and oxygen was found to give 5-arnino-8-

nitro indolizines. Similarly, l-azaindolizine (111), on treatment with ethyl thiogiycolate anion in 

DMF, afforded the thio derivative (112) (Scheme 36,p 40) 6-azaindolizine (113), on treatment with 

phosphoryl chloride, gave the bis-nitrogen bridged [16]annulene (114) (Scheme 37)36 
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1.4 BIOLOGICAL ACTIVITY 

In 1960,James M. Price" of Wisconsin Medical School suggested the possibility of preparing 

pharmacologically active indolizine derivatives by replacing the indole ring of biologically 

active indoles with the indolizine ring system. The striking structural similarity between the 

indole and indolizine nuc leus prompted this speculation. Most of the biologically active indoles 

such as reserpine,lysergic acid diethylamide and psilocin, have the indole nitrogen and the 

extraindole nitrogen separated by four carbons," 

" / N-C=C-C-C-N 
/ " 

,,- --, , 
/ \ 

{ N-CH 3 ' 
, I 
\ ' 

, , , 

Research on these compounds suggested that the ir biological activity is partly dependent on 

the separation between the indole nitrogen and the extraindole nitrogen. This hypothesis 

provided the lead for developing indolizine analogue of biologically active indoles. 
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In 1961, Carbon and Brehm 38 prepared J3-(I-indolizyl)a1anine (117) as an analogue ofTryptophan 

(116), an essential amino acid present in relatively small amOlUlts in proteins. Tryptophan is the 

precursor of several physiologically important metabolites,but is completely destroyed during acid 

hydrolysis of proteins. Compound (117) is considered to be a potential tryptophan antimetabolite. 

By the late sixties, medicinal chemists in several laboratories had recognized the importance of 

preparing aminoalkyl indolizines for pharmacological studies. 1-(Diethylaminomethyl)-3-methyl-2-

phenylindolizine (118), prepared in 1966, showed depressant activity on the central nervous 

system'" The LDso was found to be in the range 70-100 mglkg. A year later, 2-phenylindolizines 

(119 a-m) and their derivatives were synthesised and screened for their effects on the central 

nervous system in mice and in some cases in cats. (See Table 2,p 43). Many of these compounds 

(eg:119b, d,g,h,l) were stimulants at low doses, depressants at higher doses and lethal at even 

higher doses. Although compound (1l9c), at doses of30-100mglkg, produces slight central 

nervous system depression, it was found be non-lethal at dosages as high as 1000 mglkg, while 

compound (l1ge) led to a loss of aggression in rats. Compound (1191), however,showed locomotor 

depression at low doses which become worse with increased dosage. In 1971, certain indolizine-l­

acetic acids (120) that exhibited analgesic and anti-inflammatory activity were developed The 

resemblance between the structure and pharmacological properties of these indolizines to 

indomethacin (121), a potent anti-inflanunatory agent (introduced in 1963), 
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suggested that the elementary constitution necessruy for anti-inflanunatory action was not destroyed 

by the shift of the "indole nitrogen" (in indomethacin) to the bridgehead position .. 41 This encouraged 

the development of a range of indolizine analogues with anti-inflanunatory properties. 

The occurrence of the indolizine ring system (2) in natural products is not very common. 

However, alkaloids of the Vinca group,such as vincamine, vindoline, and vindolinine contain several 

ring systems including the indolizine system. 42 A particularly desirable feature of these alkaloids 

is that they show hypoglycemic activity,ie. the ability to lower the blood sugar in the body. The 

presence of the indolizine ring system in the Vinca alkaloids prompted the development of several 

2-(N-alkylarninomethyl) indolizines which were screened for hypoglycemic activity. Some of the 

compounds screened showed weak hypoglycamic activity while one of the compounds series 

showed anti-parkinson activity when taken in high doses. Certain indolizines were also screened 

for antineoplastic activity, based on an extension of the rationale that some carcinolytic Vinca 

alkaloids, such as vincristine and vinblastine (used in cancer chemotherapy). However, sporadic 

attempts in developing carcinolytic indolizines met with little and only one indolizine derivative 

viz.,diethyl indolizine-l,2-dicarboxylate (122) showed significant antineoplastic activity.43 By the 

late seventies, interest in developing indolizines with pharmacological potential started cooling off 

and not much research on biologically active indolizines has been reported since then. 
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1.5 SPECTROSCOPIC STUDIES OF lNDOLIZINES 

1.5.1 ULTRA VIOLET SPECTRA OF INDOLIZINES 

In 1963, an Australian researcher, Armarego," studied the ultraviolet absorption spectra of several 

indolizines and their cations. He found that the spectra of all indolizines were very similar. They 

mainly consist of three bands:- a strong band found in the range 225-240 run; a second band of 

medium intensity generally found between 270 and 310 run; and a third broad band of medium 

intensity found in the range 330 -360 run. Absorption spectra of indolizine cations were found to 

be strikingly different from the corresponding indolizines. This is in contrast to what is observed 

in other heteroarornatic compOlmds.44 Armarego states that it is the change in electron distribution 

between the indolizines and the protonated species that is responsible for the marked difference in 

their spectra 

1.5.2 MASS SPECTRA OF INDOLIZINES 

In 1970, Jones and Stanyer 4l studied the mass spectra of several indolizines. The base peak is the 

molecular ion (mle 117) for the indolizine. Loss of HeN and H,cN gives rise to peaks at 90 and 

89 respectively. The authors also studied the spectra of methylindolizines (with the methyl group 

in different positions). In all cases, the two major peaks were the molecular ion peak at mJe 131 and 

at mJe 130 corresponding to loss of a hydrogen atom; other 
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fragmentations include loss ofH,cN giving a peak at mle 103 and loss of acetylene giving a peak 

at mle 77. All methylindolizines gave similar spectra irrespective of the position of the methyl group 

attached. The mass spectra of dimethylindolizines also showed similar fragmentation patterns . 

1.5.3 NMR SPECTRA OF INDOLIZINES AND AZAINDOLIZINES 

In 1964, Heffernan and co-workers 46 studied the proton magnetic resonance spectra of indolizines 

and azaindolizines. In the parent indolizine the authors, observed cross ring coupling between the 

1- and 5-protons and between 3- and 8-protons. The chemical shifts obtained showed the 5-proton 

to be the most deshielded. 1- and 2-azaindolizines also show 1,5 coupling and 3,8 coupling. The 

spectra of 3-azaindolizine, also showed weak long range coupling involving the 2- and 6-protons 

in addition to the 1,5 and 3,8 coupling. In 1970,studies on the C-l3 magnetic resonance spectra of 

indolizines, established the high aromaticity of these compounds. Several lH and i3C NMR studies 

have been reported 47-50 including a very recent study 51 on 2-substituted indolizines. 
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1.6 APPLICATIONS OF INDOLIZINES. 

Indo1izines find use as fabric brightening agents and as photographic sensitisers.51 Some indolizines 

have been successfulIy used as dyes which show great resistance to light and heat. 52 Reference has 

already been made to the potential applications ofindolizines as biologically active compounds. For 

e.g., P-(l-indolizyl)alanine is considered to be a potential tryptophan antimetabolite. Indolizines that 

show depressant activity on the central nervous system are known. Certain indolizine-l-acetic acids 

exhibit analgesic and anti-inflammatory activities. 
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1.7 AIMS OF TIlE PRESENT INVESTIGATION 

Recent work in our group has led to the discovery of a novel route for the synthesis of 

indolizines . It was found that thermal cyclization of certain 2-pyridinyl derivatives obtained 

from Baylis-Hillman reaction of heterocyclic aldehydes and acrylate esters ,nitriles or methyl 

vinyl ketone, provided convenient access to indolizine derivatives (Scheme 38). 

The mechanism of cyclization is of obvious interest as is the possibility of developing 

alternative, but analogous , synthetic approaches to indolizines. 

The aims of this research project have thus been:-

1. to investigate the kinetics and the mechanism of the thertnal cyclization of Baylis-Hillman 

products to indolizine derivatives; 

2. to explore an alternative route to indolizines via halogenated derivatives ; and 

3. to synthesise novel 6-methylindolizine-2-carboxamides; and undertake dynamic 

nuclear magnetic resonance studies of rotational isomerism in these compounds. 
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2. DISCUSSION 

2.1. SYNTHESIS OF 2-SUBSTITUTED INDOLIZINES 

2.1.1 BAYLIS-HILLMAN REACTION 

The Baylis-Hillman reaction, 53 first reported in 1972 in the patent literature, involves the coupling 

of 0:, ~-1ll1Saturated vinyl systems with aldehydes in the presence of a base catalyst to afford 

intermediates of great synthetic value. In their original work, Baylis and Hillman used cyclic 

tertiary arnines such as 1,4-diazabicyclo [2.2.2] octane (DABCO) (123) and quinuclidine (124) as 

catalysts. A decade later, the inherent potential of the DABCO catalysed coupling of aldehydes and 

acrylate esters was exploited in the synthesis of necic acids such as integerrinecic,retronecic, and 

senecivemecic acid and other compounds. 54 The reactions typically required 4-7 days for 

completion and, in some cases, even longer. However, further research in this area showed that 

using 3-hydroxyquinuclidine (125) instead of DAB CO, increased the reaction rate considerably." 

It was also observed that using electrophilic heterocyclic aldehydes or increasing the amount of 

catalyst resulted in reaction rate enhancement. 

Recently, a kinetic and a mechanistic study of the Baylis-Hillman reaction (Scheme 38,p 51) has 

been completed in our group. S6 The kinetic results show the reaction to be third order 
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overall, i.e., first order in each of the reactants [126],[127] and the catalyst[3°amine] (Equation 1). 

The kinetic data fits a pseudo 2nd order reaction (Equation 2) if the concentration of the tertiary 

amine is assumed to be constant. 

Rate = k.t. [126] [127] [3°amine] (1) 

Rate = k,. [126] [127] (2) 

where k,. = k"", [3° amine] 

Rate = k2 KJ [126] [127] [3° amine] (3) 

The reaction mechanism is envisaged to be an addition-elimination process. In the first step, a 

nucleophilic attack on the ct, p-unsaturated system by the tertiary amine occurs as shown in Scheme 

39,p 54, followed by the nucleophilic attack of the zwitterionic intennediate (129) on the aldehyde. 

Elimination of the tertiary amine, then leads to the Baylis-Hillman product. It was also found that 

varying the substituent (RJ) on the aldehyde and the substituent (R~ on the acrylate ester influences 

the reaction rate. In the case of the acrylate esters, the electron-releasing inductive effect of the alkyl 

substituent (Me < Et < Pr') destabilizes the zwitterion (129), subsequently decreasing the 

equilibrium constant KJ and hence koo., since k.t. = k2 KJ (Equation 3). 
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For the present kinetic and mechanistic study of the thermal cyclization of selected Baylis-Hillman 

products to indolizines, it was necessary to prepare a range of appropriate substrates (138-143) 

(Scheme 40,p 55). Reaction of the electrophilic pyridine-2-carboxaldehydes and the acrylate esters 

in the presence of DAB CO as catalyst at room temperature in chloroform, afforded after 2 days 

3-hydroxy-2-methylenealkanoate esters (139-142) in good yields (Scheme 40,p 55).51 The 

heterocyclic aldehydes used were pyridine-2-carboxaldehyde (131) and 6-methylpyridine-2-

carboxaldehyde (132) and the acrylate esters used were methyl acrylate, ethyl acrylate and 

isopropyl acrylate. Methyl acrylate and ethyl acrylate were commercially available. The isopropyl 

acrylate, however, was prepared from acryloyl chloride and isopropyl alcohol. Similar treatment 

ofpyridine-2-carboxaJdehyde (131) with acrylonitrile (137) and methyl vinyl ketone (MVK) (136) 

afforded the hydroxy derivatives (138) and (143) (Scheme 40,p 55) respectively, rapidly and in very 

high yield (ca. 90%). The increased reactivity of acrylonitrile and methyl vinyl ketone over the 

acrylate esters can be attributed to the greater electrophilic nature of the unsaturated ketone and the 

nitrile substrates. Reference has already been made to the electron-releasing inductive effect of the 

alkyl substituent (Me < Et < Pf) in acrylate esters, which destabilizes the zwitterion (144a), and 

decreases the rate of reaction. 
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2.1.2 ACETYLATION 

The thermal cyclization of the Baylis·Hillman products at ca 140°C is characterised by extreme 

charring and low yields of the indo\izjne derivatives. It was reported that when the hydroxy group 

was replaced by a better leaving group, like the acetoxy group, thermal cyclization readily afforded 

the indolizines in good yields. 57 As mentioned in section 1.7, one of the aims of this research 

project was the kinetic and mechanistic study of this thermal cyciization, and it was therefore 

necessary to prepare acetylated derivatives. The hydroxy compounds (138-142) were heated with 

neat acetic anhydride at 100°C for 0.5 h to afford the respective acetoxy derivatives in good yields 

(Scheme 41,p 57). The hydroxy compound (143) from the Baylis-Hillman reaction ofpyridine-2-

carboxaldehyde and methyl vinyl ketone cyciizes directly to afford the respective indolizine 

derivative and, consequently, the Baylis-Hillman product (143) was not acetylated. The relative 

ease in cyclization, observed here can be attributed to the enhanced electrophilicity of the vinyl 

ketone system. 

2.1.3 THERMAL CYCLIZATION 

A pre-requisite for the proposed kinetic study of the thermal cyciization of the acetylated 

compounds was the unambiguous structural analysis of the cyclized, indolizine products. Therefore, 

the series of acetylated compounds (144-148) were heated at 120°C for 1 h to afford 
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the indolizine products (149-153) (Scheme 42,p 59). The hydroxy and acetoxy precursors and the 

indolizine products were identified by infra-red spectroscopy and 'H NMR spectroscopy. The 'H 

NMR signal assignments were essentially consistent with the data published earlier. 51 The 'H NMR 

spectra of the hydroxy precursors (138-143) are characterised by the broad hydroxy proton peak at 

5.21-5.77 ppm (Figure l,p 60). The 'H NMR spectra of the acetoxy derivatives (144-148) are 

characterised by a singlet at ca. 2.1 ppm due to the 3 acetoxy protons (Figure 2,p 61) and by the 

absence of the broad hydroxy proton peak. In all other chemical shifts, the spectra of the hydroxy 

precursors and their acetoxy derivatives are very similar. 

The IH NMR spectra of the cyclized, indolizine products (149-153), however, differ widely from 

respective acetoxy precursors (Figure 3,p 62). The acetate singlet observed at ca 2.1 ppm in the 

acetoxy compounds is of course, absent in the spectra of the corresponding indolizines. The 6'-H 

proton doublet (Figure 2,p 61) observed at 8.48-8.77 ppm in the spectra of the acetoxy precursors 

moves up field in the spectra of the respective indolizines and occurs at ca. 7.9 ppm (Figure 3). 

The acetoxy precursors are also differentiated from the indolizine products by the vinyl proton 

signals which, in the acetoxy compounds, occur as a pair of, broad uncoupled singlets in the range 

6.08-6.75 ppm but, in the cyclised products, the single "vinyl" proton occurs further downfield at 

ca. 7.7 ppm as a multiplet (Figure 3,p 62). 
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2.2 KINETIC AND MECHANISTIC STUDIES OF THE THERMAL 

CYCLIZATION OF THE 2-PYRIDYL DERIVATIVES 

TO INDOLIZINES 

The thennal cyclization of the acetoxy compounds (144-148) (Scheme 42,p 59) was monitored by 

'H NMR spectroscopy. Although, in the original work," the thermal cyclization to indolizines was 

successfully accomplished by heating the neat pyridyl precursors, in the present kinetic study, the 

cyclization was performed in an NMR tube and followed by 'H NMR spectroscopy. Consequently 

a suitable solvent was required and DMSO-d. proved to be ideal, allowing efficient cyclization in 

the temperature range of interest, viz., 363-383 K. The 'H NMR spectra of the reaction mixture 

during the first 10 minutes show significant changes which are consistent with the fonnation of the 

cyclized product (Figure 4). The 'H NMR spectra detailed in Figure 5 illustrates cyclization of 

isopropyl acrylate at 378 K. 

i\ll 

'I' 
\ \ 

1\---...=-J \._. _______ :.::- ~V"'-_. __ _ 

._ ... ----- .... ,-_. -, .;;, 

FIGURE 4. 'H NMR spectra at 10 minute intervals of the cyclization of methyl 3-acetoxy-2-

methylene-3-(2-pyridyl)propanoate at 378 K. 
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FIGURE 5. "H NMR spectra of the cycJization of isopropyl 3-acetoxy-2-

methylene-3-(2-pyridyl)propanoate at 378 K, at 10 min. intervals. 
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In most cases, the thermal cyclization was followed by monitoring the integral ratios of the 6'-H 

proton which, in the acetoxy compounds, occurs at ca. 8.7 ppm, but in the spectra of the cyclized 

indolizine product, occurs at ca. 8 ppm. In the case of the acetoxy precursor (147) (which has a 

methyl group substituted for the 6'-H, the cyclization was followed by monitoring the integral ratios 

of the vinyl protons. All experiments were duplicated and the experimental data was shown to 

follow first order kinetics overall (Equation 4). Excellent linear correlations (R2 > 0.99) were 

observed for the first-order plots of the kinetic data, in all cases examined (Figure 6,p 67). When 

the concentration of the substrate (140) was halved, it was observed that the rate of the reaction 

was also halved, which conclusively establishes the first-order character of the cyclization. The 

kinetic data for the thermal cyclization of the acetoxy precursors are summarised in Table 3 (p 68). 

Rate = koo. [substrate 1 (4) 

The proposed mechanism for the cyclizaton of the methyl carboxylate substrate (144) is illustrated 

in Scheme 43,p 69. The cyclization is envisaged to be an addition-elimination process, initiated 

by intramolecular nucleophilic attack of the pyridyl nitrogen to the C(,~-unsaturated moiety. The 

influence of the conjugated electron-withdrawing substituent (COR2 or CN) cannot be over­

emphasised since, in it's absence, the cyc1ization could occur only by direct displacement (~') of 

the acetoxy group. This requires drastic conditions as illustrated by a report by Boekelbeide and 

Windgassen," who had to heat 3-acetoxy-3-(6-methyI-2-pyridyI) 
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propene to 450°C to synthesise 5-methylindolizine in 30% yield 

The rate-determining step in the proposed mechanism (Scheme 43,p 69) is presumed to involve 

elimination of acetate and formation of an intermediate cation (144b). The reaction rate can then 

be expressed in terms of equation 5, which for k2K, = 1<"", is identical to the experimentally 

determined rate equation (Equation 4,p 65). 

Rate = k2 K, [144] 

k2 K, = k",. 

(5) 

(6) 

From the rate constants (1<""" Table 3), it is clearly evident that the reaction rate is sensitive to the 

nature of the substituent (entries 2,5 and 7). The electron releasing inductive effect of the alkyl 

substituent (Me < Et < PI') destabilizes the zwitterionic intermediate (l44a), subsequently 

decreasing the equilibrium constant K, and hence 1<""" since 1<"", = k2 K, (Equation 6). It was found 

that, introducing a 6'-methyl group on the 2-pyridyl precursor more than doubled the rate constant 

(see entries 2 and 8). This enhancement in rate constant observed, can be attributed to the electron 

releasing inductive effect of the methyl group which increases the nucleophilicity of the pyridyl 

nitrogen. 

The reduction in the rate constant was observed when the ester functionality is replaced by nitrile 

group. This trend, however, correlates with the reported order of reactivity of 
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FIGURE 6. Methyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (144c) at 388.8 K. 
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TAULE 3. KINETIC DATA FOR TilE THERMAL eye LlZATION Of 

2-1" 'R IOYL DERIVATIVES. 

Ellt ry suhstrate R' R' Substrate T' /K k 'I ""'. 
COlle.'1 · IO ·~S · l 

lllol.dnr3 

I 144" H Ca,Mo 0.1 363(367.3) 10 

2 144b 0.1 373(378.0) 24 

3 144c 0.1 383(388.8) 61 

4 145" H CO,Et 0.1 363(367.3) 7.2 

5 145b 0.1 373(378.0) 19 

'. 
6 145c 0.1 383(388.8) 42 . 
7 14 6 H ca, p,.; 0.1 373(378.0) 18 

R 1·17. ~1t Ca,Mo 0.1 373(378.0) 52 

9 147b 0.05 373(378.0) 50 

10 148 II CN 0.1 373(:' 78 .0) 9.2 

II 139 II Ca,Me 0.1 383(388.8) 0 .39 

• 

"Nominal initial concentration 

'Nllmillal selling followed, ill parenthesis, hy the ~tlrre~ted temperature. 

'Firsl order rate constants; mean of duplicate runs . 
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0:, p-unsaturated compounds towards nucleophilic attack by amines ,i.e., CH2=CHC02Me > 

CH2=CHCN.'''''' It is apparent that the temperature has a marked effect on the rate of the 

cyclization; an increase in the cyclization temperature increases the reaction rate dramatically. For 

example, when the temperature for the cyclization of methyl 3-acetoxy-2-methylene-3-(2-

pyridyl)propanoate (144) was increased by 20'C, the reaction rate increased six-fold ( see entries 

1 and 3, Table 3,p 68). A similar increase in the temperature of the ethyl ester analogue (145), 

increased the reaction rate six times (See entries 4 and 6, Table 3). 

A significant reduction in the reaction rate was observed for cyclization of the hydroxy precursor 

(139) compared with it's acetoxy derivative (144) (see entries 3 and 11, Table 3,p 68). This 

emphasises the influence of the leaving group; the acetoxy group, being a better leaving group than 

the hydroxy group facilitates faster cyclization. 

The activation energies for the fonnation of the indoIizine-2-carboxylate esters (149) and (150) 

were detennined from plots of log k.o. against Iff at 367.3,378.4 and 388.8 K and compared 

(Figure 7,p 71). The activation energy calculated for the methyl ester (144) was found to be 10l.6 

KJ/mol and that for the ethyl ester (145) was found to be 102.6 KJ/mol. These values are consistent 

with the observation that the rate of formation of the methyl indoIizine-2-carboxylate (149) is 

slightly greater than it's ethyl ester analogue (150). 
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FIGURE 7. a) Methyl indolizine-2-carboxylate (149) b) Ethyl indolizine-2-

carboxylate (150). 
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2.3 EXPLORATION OF AN ALTERNATIVE ROUTE TO 

INDOLIZINES VIA HALOGENATED DERIVATIVES 

Reference has already been made to the significance of a good leaving group, such as acetate in the 

2-pyridyl precursors, their effect being to accelerate cyclization. Since halogens are good leaving 

groups, it was speculated that replacing the hydroxy group in the Baylis-Hillman products with a 

halogen, would facilitate efficient cyclization. 

2.3.1 CHLORINATION OF HYDROXY PRECURSORS 

Several methods for chlorinating the hydroxy precursors were considered. Of the methods 

examined, treatment of the hydroxy ester with thionyl chloride in the presence of dirnethylformamide 

(DMF) (using l,2-dichloroethane as solvent at 60'C for 45 minutes under nitrogen) was the most 

efficient method! ' Consequently, chlorination of the hydroxy derivatives (138, 139, 140, 142 and 

143)) was attempted. Unfortunately,only the hydroxy derivatives (139, 140 and 142) afforded the 

respective chloro compounds (154, 155 and 156) (Scheme 44,p 73); the 'H, "c and DEPT NMR 

data, 1R and MS data, conclusively established the structure of these compounds as the chloromethyl 

derivatives (154-156) and not the corresponding allyl chlorides (157, 158 and 159). 
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The 'H NMR spectra of the chloro compounds (154-156) are characterised by a singlet 

observed at ca. , 5.1 ppm due to the 2 chloromethyl protons (CH,CI) (Figure 8,p 76). The "c 

and DEPT NMR spectra of these compounds show a peak at ca., 38 ppm which corresponds 

to CH,CI (Figure 9-IO,p 77-78); the IR spectra are characterised by the absence of an OH 

band. The mass spectra of the chloro compounds showed the corresponding molecular ion peak. 

It is interesting to note that the nucleophilic attack by thionyl chloride proceeds via allylic 

displacement (SN') rather than direct displacement (SN)' The reaction is envisaged to occur 

as shown in Figure ll(p 75), with the allylic carbocation undergoing attack by CI' either via 

a tight ion pair (a) or, possibly, a 6-membered transition state (b). On the other hand, 

acetylation does not involve fission of the C(3)-O bond and, therefore, leads to the observed 

allylic acetate derivatives (Figure 12,p 75). 

2.3.2 ATI'EMPTED TIlERMAL CYCLIZATION OF THE CHLORINATED 

DERIVATIVES 

Thermal cyclization of the chlorinated derivatives (154-156) was attempted at temperatures 

in the range 110-140°C. However, after heating, the 'H NMR spectra of the mixtures failed 

to indicate the presence of the expected cyclized products. In fact,it seems that the halogenated 

derivatives decompose readily, even on standing at room temperature. 
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FIGURE 10. DEPT NMR spectra ofmethyI2-chloromethyl-3-(2-pyridyl)propenoate(154) . 
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This failure in cyclization may be attributable to the fact that in the halogenated compounds, 

nucleophilic attack by the nitrogen is more difficult than in the 3-acetoxy compounds (Figure 13b,p 

80) because C-3 is Sp2 hybridised in the chloro compounds (Figure 13a,p 80) and therefore, the 

increased bond angle (from ca 109° to ca 120") increases the distance between the nitrogen and the 

electrophilic centre C-3'. 

2.3.3 OTHER ATIEMPTED CHLORINATION REACTIONS 

Several other methods for chlorinating the hydroxy compounds were investigated, one of which was 

the treatment of hydroxy compounds (139,140 and 142) with HCI!H2SO,: 2 The mixture was left 

to react at room temperature for 1 day. The spectra of the reaction mixtures after purification 

however, showed that no reaction had taken place. 

Chlorination of the hydroxy compound (139) using PCI, was also attempted. The hydroxy 

compound was refluxed with PCls in cyclohexane for 45 minutes and then kept in the cold room 

for 20 It" The reaction mixture, after work-up and flash chromatography, afforded two fractions, 

of which one was the desired chloro compound (154) in very low yield 10%; the other fraction was 

the unreacted starting material. Chlorination of the hydroxy compound (139) with oxalyl chloride 

in benzene, however, afforded the chiaro compound (154) in 20% yield. 64 
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Attempted chlorination of the hydroxy compound (140) with thionyl chloride in pyridine and with 

thionyl chloride in the presence of dimethyl aniline," also failed to give the required 

chloroderivative (155). Similarly, treatment of the hydroxy compound (140) with the CCt. in the 

presence of triphenyl phosphine at room temperature for 51 h failed to effect chlorination. 

2.3.4 ATTEMPTED BROMINATION AND IODINATION OF THE 

HYDROXYCOMFOUNDS 

Bromination of the hydroxy compound (139) with HBr1H2S0. by stirring at room temperature was 

also attempted, but after two days, the unreacted starting material was isolated from the reaction 

mixture. Treatment of the hydroxy precursor (139) by stirring with ill and conc. H,PO. for 5 days, 

also failed to give the required iodo derivative.62 
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2.4 SYNTHESIS AND DYNAMIC NMR ANALYSIS OF NOVEL 

5-METHYLINDOLIZINE-2-CARBOXAMIDES 

2.4.1 SYNTHESIS OF NOVEL 5-METHYLINDOLIZINE-2-

CARBOXAMIDES 

As a pre-requisite for the synthesis of the 5·methyl indolizine-2-carboxamides, it was necessary to 

first synthesise 5-methylindolizine-2-carboxylic acid (160). The carboxylic acid (160) was 

obtained by hydrolysis of the ester, 5-methylindolizine-2-carboxylate (152) using a standard 

literature procedure 66 which involves refluxing with KOHIEtOH for 16 h (Scheme 45,p 80). The 

5-methylindolizine-2-carboxamides (162-164) were prepared by reacting the carboxylic acid (160) 

with 1,l'-carbonylcfumidazole (CDI) (161) in dimethyl formamide (DMF), to form the intermecliate 

(161), which was subsequently treated with climethylamine, pyrrolidine or piperidine to afford the 

5-methylindolizine-2-carboxamides (163-165) (Scheme 46,p 83,67 The structure of these 

carboxamides were conclusively established by means of IH and l3C NMR, ill and high resolution 

mass spectroscopy. 

As part of the present investigation, the synthesis ofindolizine-3- carboxamides was also attempted. 

As a pre-requisite, it was necessary to prepare the indolizine-3-carboxylic acid precursor. Ethyl 

indolizine-3-carboxylate (169) was prepared following a literature procedure68
-69 which is 

summarised in Scheme 44. P 84. 
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2-Methylpyridine was treated with ethyl bromoacetate to afford the pyridiniwn salt (166) which, 

upon treatment with ethyl ethoxymethylene cyanoacetate (166) in the presence of potassiwn 

carbonate in chloroform for 3-4 days, gave the allylidenedihydropyridine (168) in 50 % yield. The 

allylidenedihydropyridine (168) was then refluxed with xylene for 3 days to afford ethyl indolizine-

3-carboxylate (169) in 90% yield (Scheme 47,p 84). NMR and m spectroscopic data for the ethyl 

indolizine-3-carboxylate (169) and all the precursors prepared were found to be consistent with the 

published data 

The ethyl indolizine-3-carboxylate (169) thus prepared, was refluxed with KOH in EtOH for 15 

h to afford, after acidification, indolizine-3-carboxylic acid (170) (Scheme 48,p 85). Unfortunately 

an attempt to prepare N,N-diethylindolizine-3-carboxamide (171) (Scheme 49, 

p 85) by treating the acid (170) with CD! and diethylamine proved unsuccessful. 

2.4.2 DYNAMIC NUCLEAR MAGNETIC RESONANCE STUDIES OF 

ROTATIONAL ISOMERISM IN 5-METHYLINDOLIZINE-2-

CARBOXAMIDES 

Rotational barriers in amides have been the subject of many dynamic nuclear magnetic resonance 

(DNMR) investigations. 70 In amides, the nitrogen lone-pair delocalization is responsible for the 

partial double bond character of the amide N-CO bond (Figure 14), 
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... .. 

.FIGURE 14. 

consequently the amide N-CO bond has a large rotational barrier in the range 50-100 kJ/mol. In the 

NMR spectra of amides, the R' and R' groups (see Figure 14), even when R'= R' are chemically 

non-equivalent (i. e. , show separate chemical shifts) due to the anisotropy of the diamagnetic 

susceptibility of the amide carbonyl group. In the present investigation, rotational isomerism in the 

5-methylindolizine-2-carboxamides (163-165) was studied using DNMR techniques, in which the 

observed splitting of the N-alkyl signals was explained by slow site-exchange of the N-alkyl 

substituents (Figure 15,p 88). 

The 'H NMR frequency separation (D. u) between the split signals at slow site exchange were in the 

range 14-57Hz. The coalescence temperatures (T,) observed for all the amides (163-165) lay in 

the range 299-323 K. Rotational barriers in amides are generally relatively large and the amides 

(164 and165) studied showed splitting of the N-alkyl signals at normal probe temperature (303 K). 

This splitting is illustrated in the lH NMR spectra of compound 164 (see Figure l5,p 88). 
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SECTION 2.4.2 

FIGURE 15. VARIABLE TEMPERATURE 'H NMR SPECTRA SHOWING N-ALKYL. 

SIGNALS FOR N,N,5-TRIMETHYLINDOLIZIN-2-CARBOXAMIDE (163). 
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The spectra of the dimethyl amide showed splitting when the temperature of the probe was lowered 

below 299 K. The frequency separation (Il u,) at coalescence temperature (T,) was detennined 

by a linear extrapolation from the frequency separation of the split signals at lower temperatures 

(see page 128-fl:). Near coalescence errors in the direct measurement in Il u, become significant 

and following a procedure reported by Chen and Lai,71 the linear plots were based on data obtained 

well below the coalescence temperature. The rotational energy barriers (Il G") were calculated for 

all three of the amides using the equation (7). The site exchange rate constants (k) at 298 K were 

then detennined from the rotational energy barrier using equation (8).72 

IlG* = RT, (22.96 + In Till) (7) 

In k = In (kt,T/h) - Il G'IRT (8) 

where kt, = Boltzmann constant 

h = Planck constant 

T = 298K 

The results are summarised in Table 5,p 90. The rotational energy barrier for the piperidine (165) 

was fOlmd to be significantly lower (58 KJ/mol) than the rotational barrier of N,N-dimethyl and the 

pyrrolidinyl amides (61 KJ/mol and 67 KJ/mol respectively). The rotational barriers (IlG*) 

obtained for the N,N-dimethyl, pyrrolidine and piperidine amides (163-165) (Table 5,p 90), 

correspond very closely to those obtained in a parallel study 73 for indolizine-2-carboxamide 

analogues which lack the 5-methyl group. 
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TAIlU~ 5. DATA FH()I\I DYNAI\·IIC NMIt ANALYSIS OF 5-METIIYLlNDOLlZINE-2-

CAHB()XAMWES ( lriJ - IGS). 

compe/. RJ TjK !:J. uli /z !:J.G*/KJ/ k298/S 

11101 

163 N(Me), 298.'12 51.7 61.3 III 

-

67.7 

164 li\.CIl' )JCII, 323 .16 34 .3 9 

165 NJCII,),II, 315.63 540.1 58.9 293 
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The tendency for ilie pyrrolidine amide to have a higher rotational energy barrier ilian ilie piperidine 

analogue has also been observed in chromone carboxamides and oilier systems. 74 In pyrrolidine 

amides, ilie nitrogen adopts ilie planar Sp2 arrangement more easily ilian ilie piperidine nitrogen 

due to ring conformational constraints, consequently ilie pyrrolidine nitrogen has more Sp2 character 

and hence more effective nitrogen lone-pair delocalization.74 This effect may rationalise the higher 

rotational barrier for ilie pyrrolidine derivative (164) than for ilie piperidine analogue (165). 
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2.6 CONCLUSION 

This investigation has been largely concerned with the mechanistic implication of a recently reported 

cyc1ization route to indolizines and conformational studies of indolizine·2·carboxamides. 

The Baylis·Hilhnan reaction has been used to prepare various hydroxy precursors, acetylation and 

thermal cyclization of which has afforded a series of indolizine derivatives. An alternative route to 

2·substituted indolizines via halogenated derivatives was explored and three novel chIoro 

compounds were synthesised as potential indolizine precursors; attempted cyclization, however, 

failed to afford the expected indolizines. Methyl 5·methyl indolizine·2·carboxylate was used to 

prepare 5·methylindolizine·2·carboxylic acid, which was used as a precursor for the synthesis of 

three novel indolizine·2·carboxamides. 

The kinetic study of the thermal cyclization of 2·pyridyl derivatives to 2·substituted indolizines 

showed that the cyclization reaction follows first· order kinetics. It was found that increasing the 

cyclization temperature has a marked effect on the rate of the reaction, temperature increases of 

20°C resulting in a five· or six· fold increase in the rate constant. Activation energies for 

cyclization of methyI3·acetoxy·2·methylene-3·(2·pyridyl)propanoate and it's ethyl ester analogue 

were determined from plots oflog koo. versus lIT and, not surprisingly, the faster reacting methyl 

ester was found to have the slightly lower activation energy. 
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The influence of substituents on the rate constant was explored and it has been found that rate 

constant is lowered by replacing the ester function with nitrile but that introduction of a 6'-

methyl substituent on the pyridine nucleus more than doubles the rate constant. These results 

indicate that the 5-methyl substituent has little effect on the amide N-CO rotational energy 

barriers, where as the N-substituents have a marked effect. The rotational energy barriers 

for the 5-methylindolizine-2-carboxamides were determined using DNMR analyses and were 

found to be consistent with those recently obtained for indolizine-2-carboxamides. 

Future research in this general area is expected to involve: 

i) investigation of halogenated derivatives and their cyclization to indolizine derivatives. 

ii) oxidation of Baylis-Hillman products to carbonyl derivatives and their potential cyclization 

. 
to novel indolizines. 
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3 EXPERIMENTAL 

3.1 GENERAL 

NMR spectra of all compounds synthesised were recorded on either a Perkin-Elmer R12 60 MHz NMR 

spectrometer or a Bruker AMX 400 J\1Hz NMR spectrometer using CDCI, or DMSO-d. solutions. The 

solvent peaks were used as internal references (CDCI,: OR 7.25 and Oc 77.0 ppm; DMSO-d.: OR 2.50 

and Oc 39.7 ppm). 1R spectra were recorded on aPerkin-Elmer 180 spectrophotometer using KBr discs, 

liquid fihns or CHCI, solutions. Low resolution mass spectra were recorded on a Hewlett Packard 5988A 

mass spectrometer. High resolution mass spectra were obtained by the Cape Technikon mass 

spectrometry unit using a Kratos high resolution mass spectrometer. 

All compounds prepared were purified by chromatography. Flash chromatography7' was achieved using 

Merck silica gel 60 (particle size 0.040-0.063 mm (230-400 mesh)]. Preparative layer chromatography 

was performed on Merck silica gel 60 PF 254 plates and thin layer chromatography was performed on Merck 

silica gel 60 F 254 precoated plates. 1LC plates were analysed by inspection under UV light or using iodine 

vapour. 

Solvents were dried using the following procedures: 

(i) 1,2-Dichloroethane was distilled over P,O,. 

(ii) Dimethylformamide was dried over 4A molecular sieves. 

(iii) Ether was dried over sodium wire and then distilled under N, over sodium wire using 

benzophenone as indicator. 
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3.2.1 PREPARATION OF 2-PYRIDYL DERIVATIVES 

3-Hydroxy-2-methylene-3-(2-pyridyl}propanenitrile (138}." - A solution of acrylonitrile (1.54 

g, 29 mmol), DABCO (0.15 g, 1.3 mmol) and pyridine-2-carboxaldehyde (2.95 g, 28 mmol) in 

CHCI3 (2 mI) was left to react overnight. The resulting reaction mixture was chrornatographed 

[flash chromatography on silica gel; elution with dichioromethane-EtOAc (7:3) 1 to give 3-hydroxy-2-

methylene-3-(2-pyridyl)propanenitrile (138) (4.12 g, 92 %); OH (400 MHz; CDCI3) 5.27 (2II, 2 x 

overlapping s, CHOH and OR), 6.02 and 6.22 (2H, 2 x s, C=CH) and 7.29-8.57 (4II, m, ArH); u""" 

(thin fiIm)/cm-1 3200 br and 2225. 

Methyl 3-hydroxy-2-methylene-3-(2-pyridyl)propanoate (139}.57 - Pyridine-2-carboxaldehyde 

(4.3 g, 39 mmol) was added to a solution of methyl acrylate (3.6 mI, 40 mmol) and DABCO 

(0.206 g, 1.84 mmol) in CHCI3 (2mI). The resulting reaction mixture was left to stand at room 

temperature for 3 days. Evaporation of the solvent afforded the crude ester, which was 

chromatographed [flash chromatography on silica gel; elution with hexane-EtOAc (3:7)] to give 

methyl 3-hydroxy-2-methylene-3-(2-pyridyl)propanoate (139) as a colourless oil (6.7 g, 90 %); 

IlH (400 MHz; CDCI3) 3.7 (3II, s, CH30CO) 5.5 ( III, s, OR), 5.9 (III, s, 3-H), 6.3 (2II, s, 

C=CH2) and 7.1-8.4 (4II, m, ArH); u_ (thin film)/cm-l 3400 br and 1715. 
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Ethyl 3-hydroxy-2-methylene-3-(2-pyridyl)propanoaJe (140).57 - The experimental procedure 

employed for the synthesis of methyl 3-hydroxy-2-methylene-3-(2-pyridyl)propanoate (139) was 

followed using ethyl acrylate (2.1 g, 21 mmol), DABCO (0.ll2 g, 1.0 mmol) and pyridine-2-

carboxaldehyde (2.14 g, 20 mmol) in CHCl, (1 m1). The mixture was chromatographed [flash 

chromatography on silica gel; elution with hexane-EtOAc (3 :7)] to afford ethyI3-hydroxy-2-methylene-

3-(2-pyridyl)propanoate (140) (2.7 g, 67%); OH (400 MHz; CDCl,) 1.2 (3H, t, CH2CH,), 4.0 (2H, 

q, CH2CH,), 5.4 (lH, s, OH), 6.1 (lH, s, 3-H), 6.4 (2H, s, C=CH2) and 7.1-8.4 (4H, In, ArH); 

urn", (liquid fiIm)/cm-1 3400 br and 1715. 

Isopropyl 3-hydroxy-2-methylene-3-(2-pyridyl) propanoaJe (141).57_ The experimental procedure 

employed for the synthesis of methyl 3-hydroxy-2-methylene-3-(2-pyridyl)propanoate (139) was 

followed, using isopropyl acrylate ( prepared as described below; 2.94 g, 26 mmol), DABCO 

(0.206 g, 1.84 mmol) and pyridine-2-carboxaldehyde (2.l4 g, 20 mmol) in CHCI, (2 m1). The reaction 

mixture was chromatographed [flash chromatography on silica gel; elution with hexane-EtOAc (2:8) 

] to afford isopropyI3-hydroxy-2-methylene-3-(2-pyridyl)propanoate (141) (2.34 g, 51%); OR (60 

MHz; CDCI,) 1.10 and 1.12 (6H, 2 x CH,), 4.95 (2H, septet, CH(CH')2 and overlapping broad OH), 

5.55 (1H, s, CHOH), 5.87 and 6.28 (2H, 2 x s, C=CH2) and 7.1-8.4 (4H, In, ArH); 

u_ (thin fiIm)/cm-1 3390 br and 1715. 

Isopropyl acrylate (135). - Acryloyl chloride (lOg, 0.11 mol) was added gradually to a stirred 
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solution of isopropyl alcohol (9 g, 0.15 mol), hydro quinone (0.5 g) andN,N-dimethylaniline (13.4 g, 

0.11 mol) in chy ether (190 ml). The resulting reaction mixture was heated under reflux for 2.5 days. 

The liquid layer was decanted from the pink solid and washed with dil. HCI (2 x 20 ml) and with 1M 

NaOH (20 ml), and then dried over MgSO,. The solvent was removed by evaporation under reduced 

pressure to afford the crude product, vacuum distillation of which afforded isopropyl acrylate (135) (6 

g,48%); OH (400 MHz; CDCI,) 1.22 (6H, 2 x d, (CH,),CH), 5.0 (lH, septet, (CH')2CH) 5.75 and 

6.35 (2H, 2 x d, C!!2=CH) and 6.07 (1H, t, CH2=Q!); u""" (thin film)/cm·' 1715. 

Methyl 3-hydroxy-2-methylene-3-(6-methyl-2-pyridy/)propanoate (142). 57 - A solution of methyl 

acrylate (2.5 g, 29 mmol), DAB CO (0.15 g, 1.34 mmol) and 6-methylpyridine-2-carboxaldehyde (3.4 

g, 28 mmol) was left to stand at room temperature for 3 days, after which crystals were observed. 

The mother liquor was decanted and the crystals were purified by flash chromatography [elution with 

hexane-EtOAc (5:5)]. The crystals were then recrystallised using EtOAc as solvent to afford pure 

crystals ofmethyI3-hydroxy-2-methylene-3-(6-methyl-2-pyridyl)propanoate (142) (5.44 g, 94%), m.p 

85°C (lit,59 m.p.84-85°C); OH (400 MHz; CDCI3) 2.5 (3H, s, CH3Ar), 3.7 (3H, s, CH30CO), 5.2 

(1H, d, OH), 5.6 (lH, d, CHOH), 5.9 and 6.3 (2H, 2 x s, C=CH2) and 7.03-7.52 (3H, Ill, ArH); u""" 

(KBr)/cm·' 3130 br and 1715. 
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«-Hydrox:y-3-methylene-4-(2-pyridyl)butan-2-one (143).57_ The experimental procedure employed 

for the synthesis ofmethyI3·hydroxy·2·methylene·3-(2·pyridyl)propenoate (139) was followed, using 

pyridine·2--carboxaldehyde (4 g, 37 mmol), DAB CO (0.12 g, 1.07 mmol) and methyl vinyl ketone (3.27 
, 

mI, 4.0 mmol) in CHCI3 (2 mI). The resulting reaction mixture was chromatographed [flash 

chromatography on silica gel; elution with EtOAc] to give 4·hydroxy·3·methyleneA-(2-pyridyl)butan·2· 

one (143) (5.3 g, 81 %); OR (60 MHz; CDCI3) 2.19 (3H, s, CH,), 4.99 (lH, br s, OH), 5.60 (1H, 

s, CHOH), 6.03 (1H, d, C=CH2), 6.10 (1H, s, C=CH,) and 7.03·8.38 (4H, In, ArH); Um", (thin 

film)/cm'l 3350 br and 1685. 

Methyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (144).57. The hydroxy ester (139) (1 g, 

5.2 mmol) was heated in Ac,O (5 mI) at 100°C for 0.5 h after which the reaction mixture was cooled 

and poured into an aq.NaHCO,·ice mixture. The resulting mixture was then stirred for 0.5 h, basified 

and then extracted (E~O). The organic extract was washed ( aq. NaHC03 and then aq. NaCI), dried 

(anhyd. MgS04) and concentrated in vacuo to afford the crude acetate which was chromatographed 

[flash chromatography on silica gel; elution with hexane·EtOAc (4:6) ] to afford methyl 3-hydroxy·2-

methylene-3-(2·pyridyl)propanoate (144) (0.7 g, 68%); OH (60 MHz; CDCI3) 2.16 (3H,s, CH3CO), 

3.7 (3H, s, OCH3), 6.0 (lH,s, CHOAc), 6.4 and 6>6 (2H, 2 x s, C=CH2) and 7.1 ·8.4 (4H, In, ArH); 

u_ (thin film)/cm'l 1730 and 1750. 
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Ethyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoaJe (145)." - The experimental procedure 

employed for the synthesis of methyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (144) was 

followed, using the hydroxy ester (140) (2 g. 10 mmol) and Ac,.O (10 mI). Work-up afforded the crude 

acetate which was chromatographed [ flash chromatography on silica; elution with hexane-EtOAc 

(4:6) ] to give ethyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (145) (1.74 g, 70%); OH (60 

lMHz; CDCI,) 1.17 (3H, t, CH,CH2), 2.11 (3H, s, CH,CO), 4.11 (2H, q, CH,CHz), 5.89 (IH, s, 

CHOCOCH,), 6.45 and 6.75 (2H, 2 x s, C=CH2) and 7.22-8.58 (4H, Ill, ArH); urn", (thin film)/cm·1 

1745 and 1720. 

Isopropyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoaJe (146). "- The experimental procedure 

employed for the synthesis of methyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (144) was 

followed, using the hydroxy ester (141) (3 g, 13.5 mmol) and Ac,.O (13 ml). The reaction mixture, 

after work-up was purified by flash chromatography on silica gel [elution with dichloromethane-EtOAc 

(7:3)] to give isopropyI3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (146) (2.13 g, 60%); OH (60 

lMHz; CDCI3) 1.03 and 1.09 (6H, 2 x d, 2 x CH3), 2.04 (3H, s, CH,CO), 4.91 [IH, septet, 

CH(CH,l:J, 5.77 (1H, s, CHOAc), 6.35 and 6.63 (2H, 2 x s, C=CHz), and 7.12-8.50 (4H, Ill, ArH); 

u_(thinfilm)/cm·1 1745 and 1715. 
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Methyl 3-acetoxy-2-methylene-3-(6-methyt-2-pyridyl)propanoaJe (147)." - The experimental 

procedure employed for the synthesis of methyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (144) 

was followed, using the hydroxy ester (142) (3 g, 14.5 mmol) and Ac,O (14 mJ). The reaction mixture 

after work up was purified by flash chromatography on silica gel [elution with dichloromethane-EtOAc 

(7:3)] to give Methyl 3-acetoxy-2-methylene-3-(6-methyl-2-pyridyl)propanoate (147) (1.87 g, 52%); 

OR (60 N1Hz; CDCl,) 2.10 (3H, s, CH,CO), 2.48 (3H, s, CH,Ar), 3.67 (3II, s, CH,O), 5.78 (III, s, 

CHOAc), 6.41 and 6.67 (2H, 2 x s, C=CH,) and 7.03-7.53 (3II, In, ArH); Umax (thin film)/cm-I 1750 

and 1730. 

3-Acetox:y-2-methylene-3-(2-pyridyl)propanonitrile (148)." - The experimental procedure employed 

for the synthesis of Methyl 3-acetoxy-2-methylene-3-(2-pyridyl)propanoate (144) was followed, using 

the hydroxy ester (138) (3 g, 18.7 mmol) and Ac,O (18 mJ). The reaction mixture after work up was 

purified by flash chromatography on silica gel [elution with hexane-EtOAc (3:7)] to give 3-Acetoxy-2-

methylene-3-(2-pyridyl)propanonitrile (148) (2.04 g, 54%); OR (400 N1Hz; CDCl,) 2.14 (3II, s, 

CH,CO), 6.08 and 6. II (2II, 2 x s, C=CH2), 6.33 (III, s, CHOCOCH,) and 7.03-7.53 (4II, In, 

ArH); umox (thin fiIm)/cm-1 2225 and 1750. 
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3.2.2 PREPARATION OF 2-SUBSTITUTED 

INDOLIZINES 

SECTION 3.l.l 

Methyl indoHzine-2-carboxylate (149). 57 - Thermal cyclization was effected by heating the acetoxy 

precursor (144) (1 g, 4.4 mmol) in an oil bath at 120°C for I h. The resulting mixture was purified by 

flash chromatography on silica gel [elution with hexane-EtOAc (7:3)] to afford yellowish crystals of 

methyl indolizine-2-carboxylate (149) (0.52 g, 68%), m.p.98-100oC (lif'.,97-99°C); OH (60 MHz; 

CDCI3) 3.91 (3H, s, CH30), 6.52-8.02 (6H, m, ArH); um",(KBr)!cm·1 2970 and 1710. 

Ethyl indolidne-2-carboxy/ate (150).57 - The experimental procedure employed for the synthesis of 

methyl indolizine-2-carboxylate (149) was followed, using the acetoxy precursor (145) (1 g, 4 mmol). 

The resulting reaction mixture was chrornatographed [ flash chromatography on silica gel; elution with 

hexane-EtOAc (6:4)] to afford ethyl indolizine-2-carboxylate (150) ( 0.28 g, 38 %); OH (60 MHz; 

CDCI3) 1.38 (3H, t, CH3CH,) 4.35 (2H, q, CH3CH2) and 6.49-7.83 (6H, ill, ArH); u""" (thin 

film)!cm-1 2975 and 1710. 

Isopropyl indoHzine-2-carboxylate (151).57 - The experimental procedure employed for the synthesis 

of methyl indolizine-2-carboxylate (149) was followed, using the acetoxy precursor 
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(146) (I g, 4 mmol). The resulting reaction mixture was chromatographed [flash chromatography 

on silica gel; elution with benzene-EtOAc (5:5)] to afford isopropyl indolizine-2-carboxylate (151) ( 

0.186 g, 23 %); OH (60 MHz; CDCI,) 1.35 [6H, d, (CH')2CH] 5.25 [lH, septet, CH(CH,),] and 

6.49-7.83 (6H, m, ArH); u_ (thin film)/cm-I 2980 and 1705. 

Methyl 5-methylindolizine-2-carboxylate (152). 57 - The experimental procedure employed for the 

synthesis of methyl indolizine-2-carboxylate (149) was followed, using the acetoxy precursor (147) (I 

g, 4 mmol). The resulting reaction mixture was chromatographed [flash chromatography on silica gel; 

elution withhexane-EtOAc (8:2)] to afford methyl 5-methylindolizine-2-carboxylate (152) (0.60 g, 

80 %); OH (60 MHz; CDCI,) 2.42 (3H, s, CH,Ar), 3.86 (3H, s, CH,O) and 6.36-7.68 (6H, In, 

ArH); u""" (thin film)/cm-I 2980 and 1720. 

2-Cyanoindolizine (153).57 - The experimental procedure employed for the synthesis of methyl 

indolizine-2-carboxylate (149) was followed, using the acetoxy precursor (148) (I g, 5 mmol). The 

resulting reaction mixture was chromatographed [flash chromatography on silica gel; elution with 

hexane-chloroform (5:5)] to afford 2-cyanoindolizine (153) ( 0.213 g, 30 %); OH (400 MHz; CDCI,) 

6.62 -7.87 (6H, In, ArH); u""" (KBr)/em-1 3110 and 2210. 
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3.3 PREPARATION OF HALOGENATED DERIVATIVES 

MeJhy/2-chioromethy/-3-(2-pyridy/)propenoate (154). - The hydroxy ester (139) (0.5 g, 2.6 rnmol), 

thionyl chloride (0.4 mI) and DMF (0.01 mI) in 1,2-dichloroethane (5.4 mI) was heated at 60°C for 2 

h lUlder nitrogen. The resulting mixture was concentrated by evaporation lUlder reduced pressure and 

chromatographed [preparative layer chromatography; elution with hexane-EtOAc (2:8)] to give methyl 

2-chloromethyl-3-{2-pyridyl)propenoate (154) (0.17 g, 31%); OH (400 l'vIHz; CDCI3) 3.82 (3H, s, 

CH30), 5.09 (2H, s, CH2Cl) and 7.22-8.70 (5H, In, ArH); oe 37.96 (CH2CI), 52.46 (OCH3), 123.71 

(C-3'), 126.94 (C-5'), 131.87 (C-2), 136.74 (C-4'), 139.50 (C-3), 149.81 (C-6'), 153.17 (C-2') and 

166.77 (CO); Umax (KBr)/cm-1 1725; mlz 211 (m+ 12 %) and 117 (100 %), (Found M': 211.0399 

C1oHJON02"CI requires: M, 211.0399). 

Ethyl 2-chJoromethy/-3-(2-pyridyl)propenoate (155). 

Method 1. - Thionyl chloride (0.576 mI) was added to a stirred solution of the hydroxy ester (140) 

(0.90 g, 4.4 mmol) and DMF (0.014 ml) in dry 1,2-dichloroethane (8.3 mI) and the resulting mixture 

was heated at 60°C for 1 h under nitrogen. The mixture was then concentrated by evaporating off the 

solvent and purified by flash chromatography on silica gel [elution with hexane-EtOAc (3:7)] to afford 

ethyI2-chloromethyl-3-{2-pyridyl)propenoate (I55) (0.77 g, 79 %); 
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OH (400 !\11Hz; CDCI3) 1.35 (3H. t, CH3CH,), 4.36 (2H, q, CH3CH,), 5.09 (2H. s, CH2CI) and 7.23-

8.70 (5H. m, ArH); Oc 13.80 (C1I3CH,), 38.01 (C1I2CI), 61.43 (CH3C1I,), 123.62 (C-3'), 126.80 

(C-5'), 132.09 (C-2), 136.63 (C-4'), 139.39 (C-3), 149.88 (C-6'), 153.32 (C-2') and 166.27 (CO); 

u""" (KBr)/cm-1 1725; (Found M'": 225.0538 C11H12N02Cl requires: M, 225.0556). 

Method 2. A solution of the hydroxy ester (140) (lg, 5.2 mmol) and oxalyl chloride (1.6 g, 13 mmol) 

in dIy benzene (l0 ml) was stirred at room temperature for I h under N2• The solvent was removed by 

evaporation under reduced pressure and the residue was purified by flash chromatography to afford 

the desired product ethyl 2-chloromethyl-3-(2-pyridyl)propenoate (155) (0.23 g, 20 %) 

Methyl 2-chloromethyl-3-(6-methyl-2-pyridyl)propelloate (156). - Thionyl chloride (0.576 ml) was 

added to a stirred solution of the hydroxy ester (142) (2.0 g, 9.7 mmol) and DMF(0.03 ml) in dIy 1,2-

dichloroethane (18.5 ml) and the resulting mixture was heated at 60°C for 1 h under nitrogen. The 

mixture was then concentrated by evaporation under reduced pressure and purified by flash 

chromatography on silica gel [elution hexane-EtOAc (3:7)] to afford methyl 2-chloromethyl-3-(6-

methyl-2-pyridyl)propenoate (156) (2 g, 92 %); OH (400 !\11Hz; CDCI3) 2.61 (3H. s, CH3Ar), 3.88 

(3H. S, CH30), 5.0 (2H, s, CH2Cl) and 7.23-7.80 (4H.m, ArH); 
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Dc 24.40 (CH3Ar), 38.10 (CH2CI), 52.37 (OCH3), 123.48 (C-n 124.00 (C-5'), 131.44 (C-2), 

136.93 (C-4'), 139.82 (C-3), 152.38 (C-6'), 158.73 (C-2') and 166.82 (CO); u_(KBr)/cm-II725; 

(Found: M'", 225.00559 CIIH'2N02CI requires: M, 225.0556). 

3.4 ATIEMPTED HALOGENATION REACTIONS 

Several halogenation procedures were used in the unsuccessful attempt to obtain chlorinated, 

brominated and iodinated derivatives of various hydroxy precursors. 

3.4.1 ATIEMPTED CHLORINATION REACTIONS 

1. The hydroxy derivative (138) was treated under thionyl chloride under various conditions [viz., 60°C 

for 0.5 h; 40°C for 2 h; 40°C for I h and leaving the reaction to react at room temperature for 1 h] but, 

in all cases, a black crystalline material was obtained which could not be identified and was assumed 

to be polymeric. 

2. The hydroxy ketone (143) was treated under thionyl chloride under various conditions [viz., 60°C for 

0_5 h; 40°C for 2 h; 40°C for 1 h and leaving the reaction to react at room temperature for 1 h] but, in 

all cases, a green crystalline material was obtained which could not be identified 
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3. Pre-cooled (O°C) solution of the hydroxy esters (139, 140 and 142) in dil. HCI were treated 

with Cone. H2S04 • Work-up, in all three cases, afforded unreaeted starting material. 

4. The hydroxy ester (139) was treated with thionyl chloride in the presence of a) pyridine and 

b) N,N-dimethyl aniline. Work-up in both cases afforded unreacted starting material. 

5. A slurry of the hydroxy ester (138) in cyelohexane was treated with PCls. Work-up afforded 

the unreaeted starting material. 

6. Treatment of the hydroxy ester (139) with triphenyl phosphine and CCl4 failed to effect 

chlorination of the substrate, whieh was isolated after work-up. 

Attempted bromination of the hydroxy ester (139) 

The hydroxy ester (139) was treated with 50 % HBr and Cone. H2S04 . Work-up afforded the 

starting material. 

Attempted iodination of the hydroxy ester (139) 

The hydroxy ester (139) was treated with HI and Conc.H3P04 • Work-up afforded the starting 

material. 
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3.5 ATTEMPTED THERMAL CYCLIZATION OF THE 

CHLORINATED DERlV ATIVES 

SECTIONJ.5 

The chlorinated derivative (154) (55 mg) was heated in DMSO-d6 (0.5 mJ) at lOOoe for 2 h. The 

reaction was followed by IH NMR spectroscopy recorded at 15 minute intervals on a Perkin-Elmer R12 

60 MHz NMR spectrometer. Even after 2 h, the IH NMR spectra showed no signs of the expected 

methyl indolizine-2-carboxylate (149). The reaction was repeated at 110oe, 1200e and at 1400e and, 

in each case the NMR spectra showed no signs of the expected indolizine. The same experimental 

procedure was employed in the attempted cyclization of the chloro compounds 155 and 156. 
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3.6 PREPARATION OF INDOLIZINE-2-CARBOXAMIDES 

5-Methylindolizine-2-carboxylic llCid (160). - A solution of methyl 5-methylindolizine-2-carboxylate 

(152) (4.0 g, 21 mmol), KOH (7.4 g, 131.15 mmol) in EtOH (148 ml) was refluxed for 16 h. The 

resulting mixture was diluted with water, acidified to ca pH 2 and the aqueous layer was extracted 

(EtOAc). The organic extract was dried over anhyd.MgSO, and the solvent was evaporated under 

reduced pressure. The residue was purified [flash chromatography on silica gel; elution with hexane­

EtOAc (5:5)] to afford 5-methylindolizine-2-carboxylic acid (160) (3 g, 79%); OH (400 MHz; CDCI,) 

2.5 (3H,s, CH,Ar), 6.4-7.8 (5H, m, ArH) and 9.8 (lH, br s, OH); Oc 18.49 (CH,Ar), 10l.64 (C-

1), 11l.65 (C-6), 113.97(C-3), 118.l3 (C-8), 118.74 (C-7), 118.79(C-2), 133.13 (C-9), 133.75 

(C-5) and 170.95 (COOH); u""" (thin film)!cm-' 3450 and 1705. 

N,N,5-Trimethy/indolizin-2-carboxamide (163). - To a solution of 5-methyl indolizine-2-carboxylic 

acid (160) (1 g, 5.7 mmol) in dry Dl\.1F (13 ml), carbonyldiirnidazole (l.45 g, 9 mmol) was added under 

nitrogen. Effervescence occurred after which the reaction mixture was heated at 40°C for 5 minutes. 

This was followed by the addition of N,N-dimethylarnine (33% in EtOH; 0.72 g, 16 mmol) and the 

resulting mixture was left to stir for 30 minutes after which 4.7 ml of water. Work up afforded 

the crude carboxarnide (163), which was chromatographed [flash chromatography on silica gel; 

elution with MeOH-CHCI,-hexane (1:7:2)] to afford N,N,5-trimethylindolizin-2-carboxamide 

(163) (0.7g, 61%); 
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OH (400 MHz; CDCI,) 2.5 (3H, s, CH,) 3.2 [6H, br s, N(CH,)zl and 6.34-7.56 (5H, In, ArH); uma>< 

(thinfiJrn)/cm-' 1635; mlz 202 (m+ 74%) and 131 (100%), (Found M'" 202.1099 C12H'4N,O requires: 

M, 202.11 06). 

1-[(5-methy/indo/izin-2-y/)carbony/[pyrro/idine (164). - The experimental procedure employed for 

the synthesis ofN,N-5-trimethylindolizin-2-carboxamide (163) was followed, using the carboxylic acid 

(160) (1 g, 5.7 mmol), dry DMF (13 ml), carbonyldiirnidazole (l.45 g, 9 mmol) and pyrrolidine (1.46 

g, 20.5 mmol). Work-up afforded the crude carboxamide (164), which was chromatographed [flash 

chromatography on silica gel; elution with MeOH-CHCI, (0.5:9.5)] to afford 1-[{5-methylindolizin-2-

yl)carbonylJpy"olidine (164) (0.62 g, 48%); OR (400 MHz; CDCI,) 1.89 [4H, br s, CH2(CH2)2CH2], 

2.5 (3H, s,CH,), 3.7 [4H, In, N(CH,1J and 6.34-7.64 (5H, In, ArH); Oc 18.40 (CH,Ar), 24.06 and 

26.48 (NCH,CH2CH,CH,), 46.57 (NCH,), 48.72 (NCH,), 99.79 (C-l), 110.62 (C-6), 111.92 (C-

3), 117.37 (C-7), 118.09 (C-8), 123.98 (C-2), 132.80 (C-9), 132.83 (C-5) and 165.16 (CO); urn", 

(thin fiJrn)/cm-' 1635; mlz 228 (m+ 31 %) and 131 (100 %), (Found M'": 228.1277 C'4H,oN20 requires 

M, 228.1263). 

1-[(5-methy/indo/izin-2-y/)carbonylJpiperidine (165). - To a solution of 5-methyl indolizine-2-

carboxylic acid (160) (1 g, 5.7 mmol) in dry DMF (13 ml), carbonyldiimidazole (1.45 g, 

9 mmol) was added under nitrogen. Effervescence occurred after which the reaction 
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mixture was heated at 40°C for 5 minutes. This was followed by the addition of piperidine (1.67 mI, 

17.2 nunol) and the resulting mixture was left to stir for 30 minutes after which 4.7 mI of water was 

added. Volatiles were removed on the rotary evaporator and to the residue 2N Na,CO, (53 mI) 

was added Extracted the aqueous layer with EtOAc (4x 100 mI), the organic layer was washed with 

water and dried over anhydMgS04. The solvent was removed by evaporation under reduced pressure 

and the residue was chromatographed [flash chromatography on silica gel; elution with MeOH-CHCI, 

(1:9)] to give 1-[(5-methylindolizin-2-yl)carbonyIJpiperidine (165) (0.66 g,48%); OH (400 MHz; 

CDCI,) 1.65 [6H, br d, (CH2),)], 2.51 (3H, s, CH,Ar), 3.7 [4H, br s, N(CH2}J and 6.34-7.42 (5H, 

m, ArH); oe 18.54 (CH,Ar), 24.185,26.602 and 30.848 (NCH2CH2CH£;H2CH2), 46.701 (NCH2), 

48.868 (NCH,), 99.86 (C-l), 110.74 (C-3), 112.10 (C-6), 117.50 (C-3), 118.22 (C-8), 124.05 (C-

7), 132.92 (C-2), 132.97 (C-9), 132.97 (C-5) and 165.34 (CO); u""" (thin filrn)/cm" 1635; 

m/z 242 (m+ 0.03 %) and 131 (100 %), (Found M+: 242.1398 C,sH18N20 requires: M,242.1419). 

3.7 PREPARATION OF 3-SUBSTITUTED INDOLIZINES 

1-(Ethoxycarbony1methyl)-2-methylpyridinium bromide (166)." - Ethyl bromoacetate (2.0 g, 13.3 

nunol) was added to 2-methylpyridine (2.0 g, 12 mmol). The precipitated salt was filtered and 

washed several times (Et,O) to give 1-(ethoxycarbonylmethyl)-2-methylpyridiniurn bromide (166) 

[OH (60 MHz; CDCI,) 1.41 (3H, t, CH,CH2), 3.1 (3H, s, CH,Ar), 4.32 (2H, 
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q, CR,CHJ, 6.29 (2H,s, NCH,) and 8.21-9.68 (4H, Ill, ArB); u""" (thin fiJrn)/cm·1 1735] which was 

used without further purification. 

1-(Ethoxycarbonylmethyl)-2-(3-cyano-3-etJlOxycarbony/aJJy1idene)-1 ,2-dihydropyridine (168). 69 -To 

a stirred, sluny of the salt (166) (4.0 g, 16 mmol) and potassium carbonate (38.6 g) in CRCI, (386 rnl), 

ethyl (ethoxymethylene )-cyanoacetate (2.7 g, 16 mmol) was added The mixture was left to stir for 

4 days at room temperature after which the insoluble material was removed by filtration. The filtrate 

was concentrated by evaporation of the solvent under reduced pressure. The resulting residue was 

chromatographed [£lash chromatography on silica gel;elution with hexane-EtOAc (5:5)] to afford 

(Ethoxycarbonyimethyl)-2-(3-cyano-3-ethoxycarbonyl aIlylidene )-1 ,2-dihydro pyridine (168) (2.7 g, 

55%); OR (60 MHz; CDCI,) 1.30 and 1.37 (6H, 2 x t,2 x OCR2CH,), 4.25 and 4.30 ( each 2H, 

q, OCH2CR,), 4.67 (2H, s, NCR2), 5.37 (III, d, C2=CH-CR=) and 6.26-8.05 (4H, Ill, ArH); u""" 

(KBr)/cm·1 2210,1740 and 1530. 

Ethyl indo/izine-3-carboxyloJe (169).69- A solution of the aIlylidenedihydropyridine (168) 

(2.0 g, 6.6 mmol) in xylene (330 rnl) was heated under reflux for 3 days after which the solvent was 

evaporated under reduced pressure. The residue was purified by chromatography [£lash 

chromatography on silica gel;elution with hexane-EtOAc (3:7)] to afford ethyl indolizine-3-carboxylate 
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(169) (1.12 g, 90%); OR (60 MHz; CDCI,) 1.32 (3H,!, CH2CH,), 4.34 ( 2H, q,OCH2CH,), and 

6.26-9.4 (6H, m, ArH); u""" (KBr)/cm-' 2210,1740 and 1530. 

IndolirJne-3-carboxylic acid (170). - The experimental procedure employed for the preparation of 5-

methylindolizine-2-carboxylic acid (160) was followed, using the ethyl ester (169) 

(1.0 g, 5.3 mmol) and KOH (1.9 g) in EtOH (37 ml). The residue after work-up was purified by 

chromatography [flash chromatography on silica gel; elution with hexane-EtOAc (5:5)] to afford 

indolizine-3-carboxylic acid (170) ( 0.6 g, 69%); OR (60 MHz; CDCI,) 6.3-8.5 (6H, m, ArH) and 

9.8 (1H, br s, OH); u""'" (thin £ilm)/cm-' 1685. 

Attempted preparation.- The experimental procedure employed for the synthesis of 1-[(5-

methyIindoIizin-2-yl)carbonyl]piperidine (165) was followed, using the carboxylic acid (170) (1 g, 6.2 

mmol), dry DMF (13 ml), carbonyldiimidazole (1.35 g, 8.4 mmol) and N,N-diethylarnine (0.72 g, 9.8 

mmol). The residue, after work-up, was shown, by 'H NMR spectroscopy, to be starting material. 
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3.8 KINETIC STUDIES 

MaJeriaJs and Instrumentation. - The acetoxy compounds (144-148) required for the kinetic study, 

were purified by flash chromatography or preparative layer chromatography prior to use. The 

cyclization reaction was monitered by 'H NMR spectroscopy using a Bruker AMX 400 NMR 

spectrometer, equipped with a variable temperature unit and which has been calibrated using 80% 

ethylene glycol in DMSO-d6; temperature stability is estimated at ± 0.1 K. 

Kinetic Procedure. - Solutions of the acetoxy precursors (0.103 mols/dm·3) were prepared at room 

temperature by dissolving the substrates (0.5 mmol) in DMSO-d6 (0.5 mI). The solution thus 

prepared was then transferred to an NMR tube which was inserted at !=to, into the pre-heated NMR 

probe. The 'H spectra were recorded at intervals of 5 or 10 minutes (depending on the reaction rate) 

until a substantial transformation had oecured. The results are summarised in Table 3, p 68. In all 

cases examined, exceptional linear correlation (IEI~ 0.99) for the first-order plots of the kinetic data 

were observed. The first-order rate constants (koo.l were determined from plots of In[ substrate 1 against 

time. The activation energy (E.) for the esters (144) and (145) were determined from the plots oflogk 

against Iff at 388.8 K, 378.4 K and 367.3 K. 
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., 
- 2.78872; 
-2 . 9 4 371' 

£ ·3.2 
-3 .H 099; 
-3 . 48219 -3.': 
-3.6(851: 
- 3.84717. ·3.6 
-3.9 4 568 
- 4 .05186 ·3.6 
-4.)2522 

- 4 .224 ., 
-4.54126 

- 2.6859 

Y(c.;;.Tc) 

_2.320.6 
_2 . 4~7J5 
_2 . 619i!1) 
-2."7Un 
_2.~4n9 

_3.)0726 
_3 . 26974 
_3.4J222 
_).5~47 

_3 . 75718 . 
_3.91966 . 
_4.08213 ' 
_ 4 . 24461 
-, . (0709 
--, . 56957 -, .7;20)5 

11 6 

0 1000 2000 3000 4000 
l(sec) 

ReqresSio~ Output: 
Constant 
Std Err of 't Est 
R Squared 
No . o f Obse rvations 
Oeqrees of F reedom 

X Coe!ficient(s) - 0 . 00025 
Std Err of Coer. 6 . 16E- 05 

SECTION 3.8 

5000 6000 7000 

- 2 . 500H 
0 . 503H5 
0.563296 

l' 
1 , 

-',---------------, 
-2.5 

.:; 

,4.5 

.,-I--=-o-:-:-:-:=-coc-:-=-::o:::-::=-c~~ o 1000 20GO ;)000 ~OOO 5000 6000 7000 5000 90ClO ~ (tCl(lO 
I(se::) 

Regression 
constant 

. Std Err of Y Est 
R SqulIred 
NO . of Observations 
0~9rees of rreedom 

Output: 

X Coefficient{s} - 0.00022 
Std "Err of Coef . 2.98£-06 

-2.32016 
0.039702 
0.997531 

16 
H 



EXPf.RIl\tENTAL 

144c 

1(~e) Cone 1..-) 

0 0 .103 

"S 0 CE 2 41 ,,, 0 . 0(.O7~ 

lHO O.tIHSS 
1926 0. 0 )350 
2q2 0 . 0 2S)2 
2698 0. 0 2021 
338 4 0. 015 (6 
3870 0. 0 1236 
4356 0.00734 7 
4841 0. 0064:& 
5 326 0. 0006 
!.o 61t; 0. 00290 6 
6 )00 0. OO ~126 . 
6786 0.0 0102 
7 27 2 0.0 0 1l ( 6 

::.'.."12. 

l(~N:) co;\e(') 

0 {I.t O:)":" 

'" 0.0 7 '<: 1 
1106 0 . 05 1 s< 
IS92 0 . 0:; 61 < 
2078 O. Cal( 
2564 0. 0 20 8 
3050 \).C'1~77 

35)6 0.01193 
4 022 0 .006868 
< 508 C. COH.2 
4'>9 4 0.0(1501 
SUO 0.003647 
5966 0 .002899 
6 4S2 0 . 0022 49 
6936 0.001698 

Rur~ I; 

In(x) Y(~e~ 

·2.273026291 ·2.152650S 

- 2.~960 S - 2 . ~738 

-2.8 0 13 2 - 2 . 71 )31 
'-3.10", ( 3 - 3 .07262 

- 3.)8198 - 3.)723) 
- 3.67616 - 3 .67185 ' 

.. -3 . 901S8 -3.97136' 
-4 . 169 5 - 4.27087 

. - 4. 39167 - 4 . 5 7038 
-4.91346 -4.66989 

' -5. 0 7039 - 5 .1694 ' 
-S.~3528 -5 . ~6892> 
- 5.84098 - 5. 7£843' 

. - 6.1S351 -6.0679 4 
-6. 5211) - 6.l67 ' ~ 

. - 6.61062 - 6. H 6 96_ 

I n (~) Y(e.,I) 

·2.273 ·2.272 
-2.6297 -2.f.810 9 

-2.9 5 959 -2.96915 
-3.266'9 -3.25 72 
-) . S63~6 -3 . 5 4526 
-3.6728 -3.63))2 

-L1496 5 - 4.121 ) 6 
-4. 4 28 7 -4.40944 

- (.72 5 31 -4.6975 
-S.01766 -(.96S5S 
-5.29632 - 5.27361 
-5.56046 -5.56\.67 
- 5.8( 3)9 -5.84'91) 
-6.09727 -6 .1 3779 
-6.3783 -6 .4 2585 

'2.2 

·2.3 

·2.4 

·2.5 

E ·2.6 , 
.2.7 

' 2 .8 

' 2.9 

.:i 
0 

., 
·2.5 

·3 

·3.5 

:IS .< 

.s .4.5 

·5 

·5.5 

., 
·6.5 

0 

117 

SECTI ON 3.8 

lroo 2000 :;000 4000 5000 6000 7000 e OOJl 9000 
t(see) 

RegrfSsl!ln Output: 
CQn&tant 
Std Err o f Y Est 
R Squllred • 

-2.18538 
0 .086385 
0.9961;21 

No. of Obsllrvations 
Degrees of rrQedc~ 

X Coefficient(5) -0 .00062 
Std Err of Coef. 9.87£-06 

,. 
" 

1000 2000 3000 4000 5000 6000 7000 

Reaction time I s 

n~!JI ~ s~lorl Outpul: 
Constant 
Std Err of Y Est 
R Squared 
No. of Observations 
Degrees of rreedo~ 

x Coefficient ( s) - 0.000 59 
Std Err of Coef. 3. 98E-06 

- 2.31361 
0.032 568 
0.999HS 

15 

" 



EXPERIMJ~NTAL 

145a 

RUN 1. 

l {~ecl Cone.{x) In(K) Y(c:llc) 

0 0.103 ·2.273026291 ·2.2G0936~7 

,'~~ O. 100~ -, 2985<; -, 29927 
1)85 0.095887 -2. 3H58 -, . 3517, 

1911 0.091~57 -2.39169 -, ~O~ 2? 
2631 0.08693 -2.H265 - 2 . 4 5677 
3)6) 0 .0828 -2.~9133 -2 . 5092f 
~089 0 . 07895 -2.5389~ -2 56176 
~815 0.0717:<9 -2 . 6)~86 -2 61~ 2f 

55H 0.06822 ~ -2.68HI6 -2 .6667l 
6267 0.06<:993 -2 . 7331;8 -2.?l92f 

6993 0.061S2 -2.78353 -2.7717~ 

7719 0 . 058916 - 2.8)161 - 2 .82~25. 

8'''5 0.056528 -2 .873 02 _2.87675' 

9171 0.05239 -2.9~904 -~.9292!i 

9897 0 . 01;9961 -2.99651 -2.9811 4 

10623 O.on709 - 3.042IH -3. 0342" : 

11349 0.0451;8 - 3.090"8 -3.0867~ 

12075 0 .04 356 -). 1336 2 -3.1392 4 

12801 0.0':1519 -).1616 .- 3.19173 

13527 0.039502 -).2314 -3.2H2) 

14253 0.03769 -3.27836 ·-3.29613 

I:U;~ I.. 

l{~oc) Cunc.(x) !11(~) Y{call;). 

0 0.103 ·Z.:::"I.:)0;:C,;>:JI ·~.2·:l3:'~C,C 

53; 0.0999 _2.30)59 - 2 )0 437 

126) O . 09'8~ 
_2.35577 -2 · )5609 

; SS9 0 . 08986 _2.4095 -, <:0781 

2715 0.08541 -2.46029 -2 .45953 

3~q 0 .08 0901 -2.51453 -, . 51125 

q67 0.077596 -2 .55624 -2 . 56297 

4893 0.07399 -2.60)83 -, 61469 

~ r,19 0 .07 03~ -2 . 6540 -, 66641 

6345 0 . 06675 _2.7068 -, 71813 

7071 0 . 06198 -2.78094 -, . 7698 5 

7797 0.0'56563 _2.83765 -2 82157 

S5 2) 0.05501 _2.90024 -, .87329 

; ~49 0 . 05501 _2_9002~ -, 92~·01 

-2.6 

E ·2.0 
E 

·3 

-3.2 

-3.4 
0 

-2.2 

·2.3 

-2.4 

." .., 
·'6 r 
·2.7 

.,. 
.>9 

., 

118 

, < 6 , 
t(sec) 

(Thousands) 

Ilegro~sloll Oulput; 
Constant 
sed Err of Y Est 
11. Squared 
~o. of Obse~vations 
Degrees of Freedom 

x Coefficient(s) -7.2E-05 
sed Err of coer _ 7. 01;E-07 

10 

-2.266 08 
0.01(125 

0.9982 

" " 

SECTION 3.!i 

" " 

t COO 2ro:I 3000 40CXl 6000 GOOD 70CXl BDOO 0000 
I(sec) 

Ilcurc~:.lon OUlput: 
constllnt 
Std Err of Y Est 
R Squa red 
NO. of Obser~ a tions 
Degrees of Freedom 

x Coerticient(s) -7.1E-0 5 
Std Err o f Coef. 1.25£-06 

-2.26612 
0.013601 
0.9963J2 ,. 

" 



EXPERL\{E.:,\ 'TAL 

14Sb 

IIUN I. 

I(~ee) COlle.{1I:) In(x) 

0 0.10:1 -2.21lO2G2l31 

.oJ 0.07876 ~ 2.5H 35 

1129 0.068 35 ~ 2.6831 1 

1855 0.05727 -2 . 85998 

2581 O. 51 ~ 9 -0.66378 

l307 0.0451 ~ -l.09799 

~Oll 0.Ol957 - 3 .22968 

4759 0.OH7 ~ - ).35986 

5 '85 0.030508 _).~89 77 

6211 0.0 26619 -3.6186 ~ 

6 937 0 .023807 _3.73778 

766l 0.02117 _3.85517 

8189 0.01857 -3.98621 

9115 0.01651 _~.103 79 

9841 0 . 01 465 -~.20976 

10 567 0.01l05 _'. 33897 

11293 0 . 01l~7 -~.~6802 

12,~}9 9 .. 01015 -~. 59028 

nUN 2. 

I{tee) Cone.lx} InIK) 

0 0.103 ·2.2;30262 

J , 0.0921 ;S -:? ~€(03 
10/8 0.080U6 -2.5162 

1 60~ 0.067097 -2 . 70162 

2!'ilO 0.06219 -2.77756 

3256 0 . 05527 -2.89553 

~9 82 0.0(82~ -J 03157 

~ 7C8 0.0(266 -J. '5(~9 
S4H 0 . 0)76 - J. 28075 

(0. 160 0.0))17 -J (0611 

"' 866 0.02921 -J 53324 
; j, 12 0.025:08 -J .65043 

8138 0.023 -J .772~6 
90~4 0 . 020~9 -J 68782 

9790 0.01818 -, . 007(3 

1 051f> 0.0160 4 -, .132 67 

11 2q 0 . 011.1 (8 -, .25818 

11968 0.01 .,6( -'- 370!!9 
~ 2 1',9 ( 0.01l62~ -, • t. ~~ <,l 

Y{e;.I) 

·2.<lG32\)31 
-2.N958 
~2.40178 

- 2 .55398 
-2.70618 
-2.858l8 
- 3.0105 8 
-J 16278 
-J. lH9 8 
-J ,6718 
-J 61938 
-3.77158 
-3.92378 
-~.07598 

-4.22818 
_~.)80)8 

-~.5J256 
-~. 68 , ; e 

Y(eok). 

·2 .3JOO30<. 

-~ . 4()226 
_;!.52583 
- ~.6':939 
_2.77~96 

_2,89652 ' 
-3.02009 
-3. 14 365 
-3.26n2, 
-3 . 39078 
-l.51(35 
_3.6)791 
-).761(13 
_3.8850 4 
-~ . 00861 
- '.13217 . 
-4. 25~ 'H 
-4.3193 

_4. ~":S7 

~ 

:;;: 
S 

119 

., 
.,. 
., 

·3.5 

., 
.,. 
.. 

., 
·2.5 

., 
-3.5 

., 

'4.5 

., 
0 

SECTIO:': 3.8 

, 

flcorCls lon Output: 
Constant 
Std Err of Y Est 
R Squared 
No. of ObseJ:;:vlItions 
Oegrees of rreedom 

X Coefficlent(s) -0.00021 
Std £rr of Coef. 3.41E- 05 

2 , 6 
\(lee) 

(Thou~and$) 

Const./;nt 
Std i:rf of Y Est 
R Sq\l!lred 
No. of Observations 
Degrees of rreedom 

10 

- 2 . 16509 
0.5 4 0805 
O. 702S ~8 

6 

" " 

" 

- 2.](2 35 
O .0~62l9 

0.9986)7 

" " 
X Coe[ficient(&} - 0.00017 
St.d Err of Coef. 1. 52E~06 

" 

" 



EXl)ERIi\fE!\'TAL 

14Sc 

f1UN 1. 

\(~et) tone.(x) in(x) 

0 0.103 .;: 27:'':262':'' 

'" O.O81~'~ -2.~O~3 

1012 0.06'." - ~ .153'" 
1558 0.O50:~ ; -2 . 9",<; 
~o./;( 0 0)'>32 - ) . 22)~9 

.530 0 . 031 ' 'l' -3 .4 5175 
3016 0.0254; -3.670.5 
3502 0.02Ct 7 -3.869H 
39 88 0.0110::~ -4 . 01313 
4414 0.OH'5 -4.25&0 4 
4960 0.0114,8 -4 . 41 081 
5446 0.00'144 -4.66'<:8 
5932 0 .00 8 036 -4.82357 
6416 0.0065£4 -5.02311 
6904 0 . 0056" ~ - 5.17876 
?390 0.00413~ -5.35<-; , 
7616 O . OOJllH -5.5C~ 

8362 0.00317: - 5.15)7 '. 
6848 0.OO:26S8 -5 . 915:4 
'7334 0.oonS6 -6.01E!:9 

RUII2 

I(~{".:; ! C<onc..(x) ",xl 

0 O.lC) ·2,7::;026291 

'" 0 .0902' -, 40495 

'" 0 . 0 727 6 -, 62059 
1352 0.0567(06 -, 8351S ~ 
18~8 0.OOI~5 -) 05(95 
::324 0 . 03722 f. -3.29015 
2810 0.03038 -3 . ./;9397 
3296 0.02'81 -3.69651 
3782 0.0202)7 - 3.900~ ( 

4268 0 .016 55 -, . 101 ~7 
4154 0.0131~ -, . 287~4 

5 2 ~ 0 0 . 01105 ./; -, .50,96 
~726 0.009957 -, .60sa 
6212 0.001)14 -, .90S79 
(, 6'?8 00006125 -, 09538 
7H~ 0.00 '818 -, -3~)02 
7670 0.00~074 -, . 50313 
6156 C.003331 -S.70H8 
8bO 0 .002 85 -5. 860~ 4 

9121< 0.0023'9 -6005 377 

V(c .. l) 

·:.~ ~"::~.st 

_2.61621 
-2.81384 

:;;: 
S 

- 3 . 011 0 . 
"3.20909 
-3.40612 
-3 . 60434 
-3 . tOl91 

_3.9996 . 
-~.19122 
-~. 39(85 
_ 4.5~241 

-4.1901 
-4 . 96113 
_5 . 18535 
-5 .;8298 
-5.58061 
- 5 . 77823 
-5.97586 
-6 . 17~48 

\" i ~:"; 

·2.2iC: :.SC2~ 

-2 . ./;4821 ~ 
-2.6512 9 
-2.8501 
-3 . 05734 
-3 . 26036 
- 3.46338 
-3.6664 

-3 . P f 9~2 

- ' .072~5 -, . ~75(7 -, . 418~9 -. . 68151 -. . 88~ 53 
-5 08756 -, - 2S058 
-5 . ~936 

-5.69662 
-5.89965 
-6.10261 

120 

-, 
·2.5 

-, 
·3.5 

-, 
·4.5 

-5 

·5.5 

-6 

'6.5 
0 

-, 
·2.5 

-3 

-3.5 

E 
-, 

< .4.5 

·5 

·5.5 

-6 

·6.5 
0 

SECTIOS 3.8 

1000 2000 3000 4000 5000 6000 7000 8000 
t(sec) 

Rcgrc~s;on O .... lp u l : 

Constant 
Std Err of Y Est 

~o:q~~r;~seivations 
Oegrees or Freedom 

X coefficient(s) -O . OOOU 
Std Err or Coer . 5. 15E- 06 

-2 . ) 0.792 
0.06,728 
0.991122 

" " 

1000 2000 JOOD 4000 50{)0 6000 7000 8000 9000 
t(s~c) 

Rcgl(!~::.jon Qulpu': 

Const!lnt 
~td Err of Y Est 
R Squ!lred 
NO. of Obs ervations 
Oegrees or Freedom 

X Coefficient(s) -0.00042 
Std Err of Coer. 2 . 66E- 06 

-~.~895) 

0 . 03323 4 
0.999~71 

" " 



EXI'Elmn:r,-rAL 

146 

FiU'~ 1. 

:,~II~) Ce.r>e .(l;) "'" 
C,-,C ) ·L.2,:;C2t2 

'" 0.0996 - 2. 306:'9. 

1086 0.0932 -l.)7;:I C. } 

1572 O.O8~ - 2.';76~' 

2058 0.0767 - 2.56185 
25H 0.070) - 2.65 4 96 
)0)0 0.06 ' 6 - 2.73954 

3516 0.05<; , -2. S2)~6 

.; 00 2 O.O5 ~ 6 -2. 9(i77~ 

4'88 0.0' 9 -3. 0)553 

' 97 4 0.0' 1 -3 .1'656 
SHO 0 .042 -3.1700 9 

5'iH 6 0.0385 -3 . 2571 
sn2 0.03 '6 -3.36:'9 

6'116 0.03)8 -3."e ~9 

"' 0' O. Dzn - 3.523:, 

RU:J2. 

I(.~~) Cc-~: [Y,j ~~. ;\) 

, O.l t:? ·2 , ~7:::l:<~2~\ 

'" U: 09 4 -2.36"~b 

1066 o . G9 - .. . <079! 

1552 0.0113 - 2.(8891 ' 

2038 0.0767 - 2 . 56785 

252 ( 0.0703 - 2. 65( 98 

30 1 0 0.06~ 6 - 2.7395( 

3 ~ 96 0.059 ' -2.82~H 

3982 0.0546 . -2. 90772 

H68 0.0'9 - 3 . 01593 

U54 0.0 4 3. -3.H656 

5 HD 0.04 2 -).170 0 9 
59 26 0.0385 -3 .257 1 
6 ( 12 0.03 46 -3. 3639 
6898 0.0 318 -, . H829 
7) 84 0.0295 -3 .S2)3 ~ 

Y(, role) 

·2 ~~~';6::i~ 

-2. Z6326 . 
- 2 .4l1l) 
- 2. (96 7 ) 
- 2.562 33. 
- 2.66792 :;: 
-2.75352 £ 
- 2. 8 3912 
- 2.n ~ 7 2 

-3.01032 
-3.09591 . 
- 3.18151 
·3.26711 
- 3.35271 
- 3. 0831 

- 3.5239; 

Y!c al ~i 

·22i6MCo£'2 

- ... )OH!6 
-2.(2 709 
- 2.51093 
-2.5 SP6 
-2. 085 9 
-2.7o;2 ~ 2 

:;: 
£ 

-~.H626 

- 2.9~'l09 

- J. Ol~<;2 
- 3.09775 
- 3.16 1 59 
- 3.265 4 2 
- ) . 3 '925 
- 3 .(3) 0 8 
-3. ~ 1692 

121 

SECTION 3.8 

-2.2 

-2.4 

-2.6 

-2.8 

.:; 

• ·3.2 

.3.'±-"""",::-=:-c=:-;=~=""":"'~~-~~-l o 1000 2000 3000 4000 5000 6'"00 1000 BOOO 9000 

'2.2 

·2.4 

.2E 

." 
., 

-::-.Z 

ConSt.llnt. 
St.d Err of Y Est. 
R Squared 
No. of Observat. ions 
Degrees of Freedo~ 

t($~:} 

x Coefficient[s) - 0 0 0 018 
Std Err o! Coe f. 2.85E-06 

• 

- 2 .21986 
0.0 25878 
0.99636 

16 

" 

.3 ·'±-~::-Z:-C=~::::;:--;:=-=':-:-='--'c~~ o 1000 2000 .::;000 4000 5000 (;000 ,O~;) 50:10 ~O?O 

Constant 
Std I: r r of V Est 
R Squared 
No. o! ObserVAt ions 
Oegrees of f reedom 

I(~toc) 

X Coefficient( s) -0.00017 
Std I:rr of Coe!. 3.16£-06 

-2.24nl 
0.028732 
0.995)16 

16 

" 



E>""PERL'1ENTAL 

147a 

RUNI. 

' (~ccl Con!;.(x) !n(x) 

0 0.103 -2.273026291 

707 0.0815 ·2.507152259 

1193 0.064 ·2.7<:&6721116 

1679 O.~9 ·3.01593<1981 

2H.5 0.0359 -3.321017$83 

2651 0.0278 ·3.582715258 

3523 0.0154 .4.17335777 

~109 0.0115 .4 ,4654082(4 

4595 0.0056 .4,7559&:'076 

~567 0 ,0044 -5.426150738 

6053 O.0().4\ -5.49676$305 

6539 0.0025 ·5,g91 454 5<17 

IIUN 2. 

I(SC!;) Gone.(_) In(~ 

0 0,103 ·2.213026~ 

j 2 <14 0.0824 - 2.~961~ 
';:0 20 0.046 -J.CHa 
:?7 4 6 0.0355 -3.33622 
H72 0.022 -3.81671, 
098 0.01 )l -4.335n' 
4924 0.0082 -4.80362' 
56 50 0.004 9 -5.31652· 
f>376 0.0033 -S.71Ul 
7102 0.003 -5.80914 ' 
7828 0.001 -6.90716 

·2 

Y(calc). 
'2.5 

-2.108443542 .J 

-2.516895979 ·3.5 
-2.797670922 

·3.078<145865 
X ., 
S 

-3.359220801 ·4.5 

·3.63999575 
·5 

·.1.201545635 

-4.482320578 ·5. 5 

-4 .76;1095521 ·6 

-5.324645406 

-5.6054203~9 

·5.866195292 

Y(c.:llc). 
.j 

·1.D778~~. ·2 
- 2 . 66~2A· 
-3 .09429 , 
-3.52~3 : 

·3 - ).95 43. 
-~.384)4 

-4.81435 , .. -5.24436 . :r ., -5.67 438 
-6.10439 
-6.sH4 ., 

., 

·7 

122 

0 1000 2000 3000 4000 
t(sec) 

Regression Output: 

Std Err 01 Y E5' 

A SqufLred 

No. 01 OOservOlion. 

Oegrees 01 Frceciom 

SECTION 3.8 

5000 .000 7000 

·2.108443542 

0 .0349167347 

0 .9958618686 

" 
'0 

X Cool1icicnl(s) 

SId Err 01 Cool. 

.0.000577726 

1.l7767E·OS 

lCOO 200J 3IXXJ 40CXJ 5000 6OCIO 7CXX1 DOOJ 
t($ec) 

nogroulon Oulput: 
constant 
Std Err or Y Cst 
R Squared 
No. of Ob~ervations 
Degrees or i~e.dom 

x Coefficient(s) - 0.00059 
Std Err ot Coef. 2. 86E- 05 

-1 . 89?84 
0.225826 
0 . 979 463 

" , 



EXPEJlIl\1ENTAL 

147lJ 

RU~J , . 

1(~~q COl'lt.{~) 11'1(>.) Y(ulc). 

0 0.0515 ·2.S'~61i:3~71 · 2 . ~51~75655 

0, O. Oq~6 -3.1Z(({ -3. H6~2 

'" 0.0)35 .. -).)95CL -3.(2 061 
1395 0.02((6 -3.70S9' - ). 6!.( 3 
l Ul 0.01..,87 -).9lES .. - ).8879!> 
2367 0 . 0 11;( 1 -(.;23$6) -1; .1216~ 

as) 0.01356 -(.J0063 -1;. 35537 
:Jl9 0.0101;5 - ( .SSllS -(.5650 S 
3825 0.00801 2 -I;. e26E'} ' -".62275 
0 11 0.0062(j ( - 5.06:<56 -5.0S6 H 
, ?517 0.00S12( -5.27)62 - 5. aDD 
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EXPERIMENTAL SECTION 3.9 

3.9 NMR CONFORMATIONAL STUDIES ON INDOLIZINE-2-

CARBOXAMIDES 

Variable temperature 'H NMR spectra of fue indolizine-2- carboxamides (163-165) were obtained from 

CDCI, solutions using a Bruker AMX 400 MHz NMR spectrometer, equipped with a variable 

temperature unit which has been calibrated over fue appropriate temperature range using 80% 

ethylene glycol and 40 % methanol in DMSO-d6. 

The coalescence temperatures (T,) were obtained from fue variable temperature spectra (Figure 16, 

pI26). The frequency differences at coalescence (Ll. u,) were obtained by extrapolation of linear plots 

of fue frequency separation (Ll. u) versus T. The rotational energy barrier (Ll. Gj were calculated from 

the coalescence temperature and the frequency separation at coalescence. 
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