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The first chapter of this thesis describes the total synthesis of the angiotensin- 

converting enzyme inhibitors A58365A (1) and A58365B (21, in both racemic and 

optically pure form. The synthesis of each compound was achieved from the advanced 

intermediate 3. This species was elaborated to both the five and six-membered enarnides 

1. which subsequently underwent radical cyclization to afford vinyl stannanes 6.  

Protodestannylation of 6 gave the exocyclic olefins 7, which were then elaborated to the 

target compounds 1 and 2. The optical purity of the nonracemic final products was 

established by analyticd HPLC using a chiral, nonracemic stationary phase. 

The final chapter of this thesis describes our prelirninary investigations into peptide 

segment coupling by prior ligation and proximity-induced intramolecular acyl transfer. 

Several compounds of the general type 10 were prepared, each having a different chi01 

tether attached to the terminal amino group. These underwent ligation by thioester 

exchange with a thioester (11) to give an intermediate (12) in which the appropriate amino 

and acyl groups were in proxirnity. lntramolecular acyl transfer could then occur, thereby 



coupling the rwo components, by formation of a new peptide bond. to give 13. 

O O 

R ~ H N + ~ ~ ~  + uL./-- Ligation 

F13 R1 

Acyl transfer 

O R' 

The appendix of this thesis describes the synthesis of 2-methoxy-4-methylpyndine- 

3-carbonitrile (8) and its conversion, by way of alkylation of the C-4 methyl group. into 

the pyridyl acetic ester 9. 

hCN OMe 
OMe 

9 
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SYNTHESIS OF THE ANGIOTENSIN-CONVERTING ENZYME 
INHIBITORS (-)-A58365A AND (-)-AS836SB 

FROM A COMMON INTERMEDIATE 



1 INTRODUCTION 

1 . 2 Renitz and hgiotensinl 

2 . 1 .  I The Renin-Angiotensin System 

The crude saline extracts of kidney contain a pressor principie known as renin. 

which is an enzyme that produces persistent hypertension (elevated blood pressure) in 

humans and animals by constricting the rend arteries. This occurs when renin acts on a 

plasma protein substrate, known as angiotensinogen, catalyzing the formation of the actud 

pressor material, which is a peptide called angiotensin. 

In the 1950s, Skeggs and Peart determined the amino acid composition and 

sequence of angiotensin, and two forrns were recognized. The first is a decapeptide 

(angiotensin 1) and the second is an octapeptide (angiotensin II). The latter is fonned from 

angiotensin 1 by enzymatic cleavage by another enzyme, termed angiotensin-converting 

enzyme (ACE). The octapeptide, angiotensin II, was shown to be the more active species, 

and its synthesis' in 1957 made the material available for intensive study. 

The synthesis and degradation of the angiotensins is a complex process, and it is 

outlined in Scheme 1. Briefly, the process is initiated when the enzyme renin acts on 

angiotensinogen (the renin substrate) to release the decapeptide angiotensin 1. This 

decapeptide has limited pharmacological activity, but it is cleaved by angiotensin-converting 

enzyme to yield the highly active octapeptide angiotensin II. This, in turn, undergoes 

hydrolysis by an aminopeptidase to yield the heptapeptide angiotensin III, which is also 

pharmacologically active. Further cleavage yields peptides with little activity . In an 

alternative and minor pathway, angiotensin-converting enzyme and aminopeptidase act in 

the opposite order such that the decapeptide, angiotensin 1, is hydrolyzed first to [des-aspll 

angiotensin 1 which, like the parent compound, has limited pharmacological activity. The 

[des-aspl] angiotensin I is then cleaved by angiotensin-converting enzyme to form the 

active angiotensin EL273 



Scheme 1 

Renin 1 

2 3 4 5 6 7  8  
[des- AS^'] Angiotensin I Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu 

'O 1 
Angiotensin II 

1 2  3 4 5 6  7 8 ;  
Asp-Arg-Val-Tyr-lie-His-Pro-Phe i 

1 

Endopeptidases 

Angiotensin (1-7) 
1 2  3 4 5 ' 6  7 

Asp-Arg-Val-Tyr-lie-His-Pro 

AP = Aminopeptidase; AC€ = Angiotensin-convertbg enzyme; Solid arrows 
indicate major pathways; Dashed arrows indicate minor pathways 

There are many fatal diseases which are related to excessive amounts of angiotensin 

II in blood. The compound causes vasoconstriction and often has an indirect effect on the 

heart, such that cardiac output is lowered. Angiotensin II is the most potent pressor agent 

known; on a molar basis, it is about 40 Urnes more powerful than norepinephrine. It also 

causes kidney disease due to its indirect effects on rend tubular function, mediated by 

aldosterone. Additionally, angiotensin influences urine formation through hernodynamic 

and intrarenal actions that interact in a complex way. 

The pharmacological properties that have been descnbed are those of angiotensin II. 

Angiotensin I has less than 1% of the intrinsic activity of angiotensin II. However, 



angiotensin retains most of the activity of angiotensin II, although in most instances it is 

somewhat weaker. 

1 . 1 . 2  irzlzibirors of the Renin-Atzgiotensin Systern 

The renin-angiotensin system plays an important role in the controI of renal function 

and blood pressure, and in the pathogenesis of some forms of hypertension. 

Consequently, much work has been focused on developing agents that block the renin- 

angiotensin system. so as to maintain blood pressure within the proper range. 

In the 1970s, two distinct classes of effective inhibitors of the renin-angiotensin 

system were identified: angiotensin 11 antagonists, which block receptors for the peptide, 

and angiotensin-converting enzyme inhibitors, which slow the rate of formation of 

angiotensin II from its inactive precursor. 

(a) AngiotensinIIAntagonists 

The useful antagonists of angiotensin II are slightly modified congeners of the 

natural structure, in which agonist activity is profoundly attenuated by replacement of 

phenylalanine in position 8 with some other amino acid. The substances [Sari, Vals,   la^] 

angiotensin (1-8) octapeptides, known as the Saralasin series, were introduced by Pals in 

197 1. Although angiotensin II analogs are highly specific antagonists, they also retain 

some agonist activity, which complicates interpretation of some of their effects.' 

However, direct blockade of the angiotensin II receptor (AT1 receptor) has recently become 

feasible by the development of a series of orally active nonpeptide antagonists for the AT1 

receptor. Losartan (2.1, Scheme 2) and Telmisartan (2.2) have been found to be very 

powerful AT1 antagonists.5-6~7 These nonpeptide antagonists are highly selective for the 

AT1 receptor and, in contrat to the peptide-based antagonists of angiotensin analogs, they 

do not show any partial agonism. 



Scherne 2 

2.1 
Losartan 

2.2 
Telmisartan 

Angiotensin-converting enzyme inhibitors are also commonly used for inhibiting 

the renin-angiotensin system (RAS).l The essentiai effect of these agents on the RAS is to 

inhibit conversion of the relatively inactive angiotensin 1 into the active angiotensin II (or 

the conversion of [des-ASPI] angiotensin 1 to angiotensin m). In this way they attenuate or 

abolish responses to angiotensin 1. Angiotensin-converting enzyme inhibitors are highly 

specific drugs. They do not interact directly with other components of the renin- 

angiotensin system. including the receptor for the peptide. Also. research has revealed that 

angiotensin-converting enzyme inhibitors cause a greater decrease in blood pressure than 

does angiotensin II antagonisrn. 

Captopril (3.1. Scherne 3),8 the first orally active ACE inhibitor, has been 

marketed for the treatrnent of severe or drug-resistant hypertension since the 1980s. 

Unfortunately, it can cause sorne potentially hazardous side effects. possibly related to its 

sulfhydryl moiety.9 Enalapril (3.2). a nonsulfhydryl-containing ACE inhibitor, is also 

used for treatment of diseases caused by angiotensin. Enalapril is aprodmg that is not 

itself highly active; it must be hydrolyzed to its active parent dicarboxylic acid, Enalaprilate. 

Enalapril has been found to be more potent than Captopri1 and to inhibit ACE for longer 

periods . 8 9 9 t  Io 



Scheme 3 

3.1 
Captopril 

3.2 
Enalapril 

1.2 (-)-A58365A and (-)-A58365B 

Culture A58365, NRRL 15098, identified as a new strain of Streptomyces 

chromofuscus, was isolated from a Brazilian soi1 sarnple. It was found to produce the two 

novel angiotensin-converting enzyme inhibitors (-)-A58365A and (-)-A58365B. These 

species possess homologous nitrogen-containing bicyclic structures of molecular formulae 

C12H13N06 for (-)-A58365A and Ci3Hl5NOg for (-)-A58365B. I ! - l 2  

Scheme 4 
OH OH 

The structure elucidation of the two new ACE inhibitors has been described in 

detail. 13 (-)-A58365A was deterrnined to be 3-carboxy- l,2,3,5-tetrahydro-8-hydroxy-5- 

0x0-6-indolizine-propanoic acid (4.1); (-)-A58365B was the homolo_pous J-carboxy- 

1.3,4,6-tetrahydro-9-hydroxy-6-oxo-2H-quin01izine-7-pr0pan0ic acid (4.2). (-)- 

A58365A is, in fact, a naturally occurring, conforrnationally restricted analog of a- 

methylglutaryl-L-proline (4.3), a compound which played a role in the structure activity 



relationship studies leading to the development of Captopril. 

Nakatsukasa and coworkers have investigated the biosynthetic pathway for the 

formation of A58365A and A58365B by Streptomyces chromofuscus NRRL 15098.14 

Fermentation studies afforded an increase in the amount of the ACE inhibitor from less than 

1 pg/rnL to 20 pg/rnL. Proline was the obligatory supplement for ACE inhibitor 

biosynthesis. Without proline, l e s  than 1 pg/mL of both A58365A and A5836513 was 

synthesized. D-proline or L-hydroxyproline could be substituted in place of L-proline. but 

were not superior to L-proline. Greater amounts of A58365A were synthesized when L- 

tyrosine was added to the medium, but only when added in combination with proline. The 

addition of lysine to the proline-supplemented medium resulted in the fermentation process 

producing greater arnounts of A58365B but, again, only when added in combination with 

proline. This observation suggested that A58365B synthesis is closely Iinked to that of 

A58365A. The studies also showed that A58365A is synthesized prior to the formation of 

A58365B. 

1 . 3  Other Syntheses of A58365A and A58365B 

When we began our synthetic studies, a route to (-)-A58365A had aiready been 

published by Danishefsky and Fangi5 and, during the course of Our work. the total 

synthesis of (+)-A58365B and formal syntheses of (t)- and (-)-A58365A were reported 

by Moeller and Wong16 Subsequent to Our syntheses, a formal synthesis of (-)-A58365A 

was described by Padwa and Straub.17 

1 . 3 . 1  Toral Synrhesis (-1-A58365A by Danisizefski. nrzd 

The first synthesis of optically pure (-)-A58365A was reported by Danishefsky and 

Fang in 1989. Their synthesis was accompIished srarting from optically pure L- 

pyroglutamic acid (5.1) which was converted via a literature procedure into vinylogous 

urethane 5.3 (Scheme 5), a key intermediate in the synthesis. The annulation of 5.3 with 



Scheme 5 

MeOH, PhH, H2S04,  A; 

%O 

Me2S04 then KHCQ; 
Meldrum's acid, Et3N, A 

B.0. -2b 
BF3-Et20, A 

L 

C02H C0,Me C02Me 
5.1 5.2 5.3 

a-methyleneglutaric anhydride (6.1, Scherne 6) generated hexahydroindolizidine 6.2, in 

95% yield. Esterification (6.2 + 6.3). followed by DDQ oxidization (6.3 + 6.4). then 

gave pyridone 6.4, which was subsequently hydrogenolyzed to monocarboxylic acid 6.5. 

Carboxy-inversion of 6.5 was achieved by successive treatment with DCC and MCPBA, 

Scheme 6 

DCC, CH2CI2, 
-20 O C ;  MCPBA, 
-20 O C  to O OC 

C02R 
RO2 Me0,C 

F 
6.6 R = Me, R' = H 

C 6.4 R = Bn 
(1 5% frorn 6.5) H2, Pd-Cl 

6.7 R = Me, R' = m-CIC6H4C0 MeOH; 96% 
6.5 R = H 

(21 '/O from 6.5) 

Otera's catalyst, 
BnOH, PhMe, A L H2, Pd-Cl 

MeOH 
6.8 R = Bn, R' = H 

96% 

" 0 2  
- P O 2 H  4.1 



giving A58365A-dimethyl ester (6.6) and A58365A-dimethyl ester meta-chlorobenzoate 

(6.7). In order to facilitate purification, 6.6 and 6.7 were converted into dibenzyl ester 

6.8 by treatment with Otera's catalyst and BnOH. and 6.8 was subjected to 

hydrogenolysis to give the natural product. (-)-A58365A (4.1). On the basis of opticai 

rotation data, the synthetic material was obtained in 100% ee. 

As pointed out by Danishefsky in the original publication, the first generation 

synthesis of (-)-A58365A presented above involves some low yielding steps. One of these 

is the oxidation of 6.3 to 6.4, using DDQ. No comment is made in the original 

publication but, by analogy to subsequently reportedi6 related transformations (7.1 + 7.2 

and 7.3 + 7.4, Scheme 7). it seems possible that the low yield obtained is a result of over 

oxidation of the desired product (6.4, Scheme 6) to a species of the type represented by 

structure 7.5, which is a Hückel4n + 2 electron aromatic compound. Another potential 

weakness of the strategy is revealed by considering its application to the synthesis of the 

Scheme 7 

DDQ, dioxane, A 

&,M. 37% 
Me0,C = Me0,C f i 0 2 M e  

DDQ, dioxane, A 

&02Me 1 5% 
Me0,C - Me02C @O2Me 



related [4.4.0] bicycIic analog A58365B. For the synthesis of Danishefsky and Fang to be 

applicable to A58365B, an optically pure six-rnembered analog of pyroglutamlc acid (5.1) 

would have to be used. Unfortunately, no such six-membered analog is known that is 

directly available from the chirai pool, and so the route to AS8365B would have to 

incorporate the additional steps necessary to obtain such an intermediate. 

1 .3 .2  Total Synthesis of (a-A58365B and Formal Synthesis of (2)- and (-)-A5836SA 

by  Moeller and wongI6 

Moeller and Wong have achieved the total synthesis of (t)-A58365B and forma1 

synthesis of (+)- and (-)-A58365A using, as a key transformation in each case, an anodic 

amide oxidation-irninium ion cyclization. The oxidation-cyclization strategy is outiined in a 

general way in Scheme 8. Here, an amide is initially oxidized, using an electrochernica1 

process, at the position a to the nitrogen atom (8.1 + 8.2). An appropriate Lewis acid is 

then employed in order to generate an iminium ion (8.2 + 8.3) in situ, which is then 

captured by a pendant nucleophile (8.3 + 8.4). The net result of the process is 

annulation through the formation of a lactam, and thus it is a useful procedure for the 

construction of the B ring of A58365A and A58365B from appropriate intermediates. 

Scheme 8 
O anodic oxidation, O 

Lewis 
acid 

Y = nucleophile 



(a) Forma1 Synthesis of (2)-A58365A 

In the synthesis of (k)-A58365A, the key intermediate (9.5) for electrolysis was 

synthesized in four steps as outlined in Scheme 9. 6-Valerolactone (9.1) was alkylated 

with l-bromo-2-butyne to give lactone 9.2, which was then condensed with proline 

methyl ester hydrochloride (9.3), resulting in the formation of diastereomeric acetylenic 

amides 9.4. The diastereomers were not separated but were used directly in the 

subsequent transformations. Since the stereogenic center a to the amide carbonyl of 9.4 

would eventually become sp2 hybridized, the fact that a mixture of diastereomers was used 

was not important to the outcome of the synthesis. Oxidation of the acetylenic amides 9.4. 

followed by esterification, generated the required electrolysis substrate 9.5. 

Scheme 9 
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This center was later found to have undergone epimerization. 

The diastereomeric mixture of compounds 9.5 was allowed to react under the 

optirnized electrolytic oxidation conditions shown in Scheme 10, affording cyclization 

inrermediates 10.1 in 83% yield. As before, the fact that a mixture of stereoisomers was 

obtained was of little consequence since the stereogenic centers involved would eventually 

be converted into sp2 hybridization. Compounds 10.1 were cyclized in the presence of 

TiC14 and the resulting crude vinyl chlorides (10.2) were immediately ozonized to 

intermediates 7.1. Attempted oxidation of these species with DDQ proved troublesorne as 



only over-oxidized material was obtained (see 7.1 + 7.2, Scheme 7). The problem of 

over-oxidation could be avoided to some extent by first converting 7.1 into 

triisopropylsilyl en01 ethers 7.3 (7.1 + 7.3, Scheme 10). When these were treated with 

DDQ, the desired product (10.3) was obtained, albeit in rnodest ( 5 5 8 )  yield, dong with 

the corresponding over-oxidized compound 7.4. The triisopropylsilyl Croup was then 

cleaved (10.3 + 6.6, Scheme IO), converging the synthetic route with the Danishefsky 

synthesis described above (cf. 6.6, Scheme 6) .  The optical rotation of 6.6, however, 
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13 

indicated that the synthetic material was racemic, implying that racemization of the 

stereogenic center derived from proline methyl ester hydrochloride (9.3) had occurred at 

some stage. Hence, the above work arnounts to a formai synthesis of (I)-A58365A. 

(b) Fomzal Synthesis of (-)-A58365A 

Pnor to embarking on a formal synthesis of optically active A58365A, a series of 

control experiments were canied out to deduce the origin of epimerization noted in the 

above route to (2)-A58365A. It was found that complete epimerization was occurring 

dunng the trimethylaluminium-catalyzed amide bond-forming reaction (9.2 + 9.3 + 9.4, 

Scheme 9). The authors were able to establish that the problem of epirnerization at this 

center was easily avoided by conducting the reaction with (5')-(+)-2-pyrrolidinemethanol 

(11.1, Scherne 11) instead of proline methyl ester hydrochlonde (9.3). 

The electrolysis substrate required for the present synthesis was prepared as 

outlined in Scheme 1 1. Tnrnethylalurninium-mediated amide bond formation. this time 

between lactone 9.2 and (S)-(+)-2-pyrrolidinernethanol (11.1), proceeded smoothly to 

give compound 11.2, as a mixture of diastereomers, in optically active form. Once again. 

the diastereomeric mixture was used as such without separation of the isomers. Treatment 

under the conditions shown gave the required substrate 11.3 in 4 1% yield. 

Scheme 11 

Me3AI, 
PhH, A 

11.1 
Jones oxidation; 
Me2NCH(OMe)2, 
PhH, A 

41% 



From this point the synthesis proceeded (see Scheme 12) in essentiaily the same 

manner as was descnbed above for the formal synthesis of (k)-A58365A. The desired 

target (6.6) was eventuaily obtained and. on the basis of optical rotation measurernents. 

was found to have been generated in approximately 92% ee. Hence. the present synthetic 

sequence amounts to a forma1 synthesis of (-)-A58365A by convergence with the 

Danishefsky route, but is marred b y significant epimerization at the stereogenic center 

derived from (S)-(+)-2-pyrrolidinemethanol (11.1). 

Scheme 12 
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(c) Total Synthesis of (&)-A58365B 

The route used in the formal synthesis of (-)-A58365A was applied, in a modified 

form, to the synthesis of (k)-A58365B. The eiectrolysis substrate in this case (13.3, 

Scheme 13) was obtained in a rnanner identical to that used for the preparation of 11.3 

(Scheme 11) described above, with the exception that the amine used was racemic 

piperidinemethand (13.1), rather than (5')-(+)-2-pyrrolidinemethanol (11.1). 

Scherne 13 

13.1 9.2 13.2 

t Jones oxidation; 

>Q = 

Me2NCH(OMe)2, 
Several PhH, A 
steps 

46% 

Me02C 
C0,Me 

13.3 

The anodic amide oxidation was carried out on the stereoisomeric mixture 13.3, as 

shown in Scheme 14. The product (14.1) of this reaction could not be separated from 

unreacted starting material (13.3), and so the titanium-induced cyclization was carried out 

on the crude material. The crude product of the cycIization (14.2) was, in turn, used in the 

following ozonolysis procedure (14.2 + 14.3). In this way, 14.3 was obtained from 

13.3 in 74% yield over three steps. Cornpound 14.3 was obtained as a mixture of three 

diastereomers (and the corresponding enantiomers). One of the diastereomers (the less 

polar one) could be separated from the others. Hence, the remaining transformations (see 

later, Scheme 15) were done in two batches. At this point, the authors were forced to make 

a significant departure forrn the synthetic route that had previously afforded both (2)- 

A58365A and (-)-A58365A. This departure was due to the fact that silyl en01 ether 
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formation from 14.3 could not be effected, as had been possible using related compounds 

(cf. 7.1 -, 7.3 Scheme 10, and 12.3 + 12.4 Scheme 12). 

In order to complete the synthesis of (f)-A58365B, 14.3 was treated with lithium 

2,2,6,6-tetramethylpiperidide, and the resulting enolate was quenched with 

benzeneselenenyl bromide, forming the selenated product 15.1 (Scheme 15; Yieids 

without parentheses correspond to the faster-eluting isomer; yields in brachts correspond 

to the slower-eluting isomer mixture). Treatment of 15.1 with MCPBA led to the 

formation of 13.2, and reduction using triethylsilane and TFA afforded compound 15.3. 

which was converted into the desired product (15.4) by simple hydrolysis. thus 

completing the first total synthesis of (f )-A58 36SB. 

Although the above syntheses by MoeIIer and Wong served to demonstrate the 

utility of anodic amide oxidation-iminium ion cyclization for making A58365A and 

A58365B. the synthetic routes had some significant shortcomings. Like the Danishefsky 

synthesis. certain steps gave low yields, especially those aimed at effecting desaturation of 

ring A. Not only were the actual oxidation reactions low yielding (see 7.3 -t 10.3 
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Scheme 10, 12.4 + 12.5 Scheme 12, 15.1 + 15.2 Scheme 15), b u t  net desaturation of 

ring A had to be done by an indirect and inefficient route in each case (see 7.1 -+ 6.6 

Scheme 10, 12.3 + 6.6 Scheme 12, 14.3 + 15.3 Scherne 15). Also, as was the case 

for the Danishefsky synthesis, no six-membered amine analog camparable to proline 

derivative 11.1 (Scheme I l )  is readily available, and so the synthesis of A58365B must 

incorporate additionai steps needed to rnake such a compound. Another shortcorning of the 

synthetic route of Moeller and Wong is that it was not cornpletely general, since an 

alternative sequence of reactions had to be developed towards the end of the synthesis of 

(2)-A58365B. Finally, in the case of (-)-A58365A. the route failed to provide the product 

in optically pure forrn. 



1 .3 .3  Fonnal Synrhesis of (-)-A58365A by Padwa and ~traubl7 

Recently, Padwa and Straub have developed an elegant and concise route to (-)- 

A58365A. Their synthesis incorporates, as a key step, a [3 + 21-cycloaddition involving a 

phenylsulfonyl-substituted isomünchnone (cf. 16.2, Scheme 16) and an appropriate 

dipolarophile. Once the cycloaddition has occurred (16.2 + 16.3), the resulting adduct 

undergoes spontaneous ring opening (16.3 + 16.4) by expulsion of PhSOrH to give the 

pyridone system (16.4). 

Scheme 16 

The isomünchnone precursor (17.4) required for the synthesis of (-)-AS8365A 

was made in four steps from L-pryroglutamic acid (5.1). as outlined in Scheme 17. 

Esterification of 5.1 with methanol in the presence of Dowex ion-exchange resin gave 

methyl ester 17.1, which was subsequentIy converted into 17.2 by treatment with 

(pheny1thio)acetyI chloride. Oxidation of 17.2 using Oxone served to generate sulfone 

17.3, from which diazoimide 17.4 was obtained by a standard diazotization procedure. 

Exposure of 17.4 to Rh2(0Ac)4 in the presence of methyl vinyl ketone provided the 

expecred pyridone (17.5) in good yield. 

In order to incorporate the pendant propionic acid side chain of the natural product. 

the hydroxyl group of 17.5 was converted into the corresponding triflate (18.1. Scheme 

18), which could then be used in a Heck reaction with methyl acrylate (18.1 + 18.2). 
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The product of the Heck reaction (18.2) was subjected to catalytic hydrogenation, 

affording cornpound 18.3. Baeyer-Villiger oxidation of 18.3 provided acetate 18.4 in 

excellent yield. Al1 that remained at this point was simpiy to hydrolyze the trîester to the 

desired product, but the authors chose instead to expose 18.4 to Otera's catalyst in the 

presence of BnOH, a procedure which gave compound 6.8, and thus converged the route 

with that deveIoped by Danishefsky and Fang (cf. Scheme 6). 

The optical rotation data given for 6.8 corresponds to an ee of only 83% when 

compared to the value given by Danishefsky and Fang. As mentioned above, Danishefsky 

and Fang were able to elaborate their synthetic 6.8 to (-)-A58365A having an ee of 100%, 

when compared to the optical rotation of the isolated naturd product. and so the ee for the 

synthesis described by Padwa and Straub must at best be 83%. Interestingly, the authors 

Oxone, 
MeOH; 
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do not comment on this point when describing their synthesis. 
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Scheme 18 
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Despite the fact that their synthesis fails to provide the t q e t  compound in optically 

pure form, the sequence deveioped by Padwa and Straub is remarkably concise (1 1 steps) 

and efficient. As with the syntheses of Danishefsky and Fang, and Moeller and Wong. 

application of the Padwa and Straub approach to the synthesis of A58365B would require a 

method for preparation of a six-membered analog corresponding to pyroglutamic acid. 

2 RESULTS AND DISCUSSION 

2 .  1 Prior Arternpred hynlheric Appronches to A58365A and A58365B 

A583654 and A58365B are formally enols of a$-unsaturated ketones. Hence, a 

o saturated potential synthetic approach to these compounds is to aim for the correspondin, 

materials (cf. 19.1, Scheme 19), with the intention of then using one of the standard 



Scheme 19 
OH 

methods for introducing a double bond a to a carbonyl. This is the approach that was 

initially taken by Our group when it embarked on the total synthesis of these cornpounds. 

In order to determine the feasibility of an approach based on compounds such as 

19.1, the bicyclic compound 20.1 was ~ r e ~ a r e d l ~  and its desaturation (20.1 + 20.2 + 

20.3 + 20.4) was attempted. Unfortunately, clean oxidation of the C(2)-C(3) bond 

using standard selenium-based procedures could not be effected - at least not in an 

acceptable yield. Shortly afier this approach was abandoned by our group, a similar 
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observation was reported by Moeller and Wong.16 Their efforts to introduce unsaturation 

14.3 (see Scheme 15), a very similar compound to the one that had been examined by us. 

also proceeded extremely poorly (14.3 + 15.1 + 15.2). In fact, they obtained only the 

mer-oxidized product 15.2, which then had to be reduced (15.2 + 15.3). 

No effort was made by our group to oxidize compound 20.1, or any 

corresponding enolized version of it (cf. 21.1 and 21.2, Scheme 21). using DDQ, as this 

approach had been shownls by Danishefsky and Fang to be unreliable (cf. 6.3 + 6.4. 

Scherne 6). Later, this fact was confirmed by Moeller and ~ o n g l 6  who showed that this 

approach either could not be implemented at al1 (21.3 + 21.4, Scheme 21). or led to 

over-oxidation (cf. 7.1 -+ 7.2, and 7.3 + 7.4, Scheme 7). 

Scheme 21 
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Once it had been established that late-stage introduction of the C(2)-C(3) double 

bond was unlikely to be useful, we decided to rry a different strategy. and the approach we 

examined was one in which the troublesome double bond would be introduced at a rnuch 

earlier stage and in the disguised form of an additional ring. We planned to prepare a 

spirolactone of the general type 22.1. This type of compound has the same degree of 

unsaturation as the final product, and we hoped rhat it would be convertible into the target 



by treatment with mild base. The base was expected to deprotonate a to the carbonyl 

group, generating an enolate (22.2), which would then expel the lactone ring oxygen to 

give 22.3. Spontaneous keto-en01 tautomerization would then give a product (22.4) of 

the required structure. 

Scheme 22 

With this plan as a guide, atternpts were made to prepare a suitable compound of 

type 22.1. The approach that we took was based on the assumption that 22.1 could be 

generated by oxidative cleavage of the corresponding exocyclic olefin. In a retrosynthetic 

sense, this particular transform gives rise to retron 23.1 (Scheme 23). which is potentially 

accessible using radical cyclization-based processes. Several approaches to compounds of 

type 23.1, using radical methods, were explored by our group. as described below. 

Scheme 23 
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The first route 

hoped that 24.1 could be 

23 

involved acetylenic lactone 24.1, as a key intermediate. It was 

cycIized by a radical process dong the lines shown in Scheme 24 : , 

to produce the exocyclic olefin 24.3. Nky l  radical 24.2 would be generated by reaction 

of a stannyl radical with bromide 24.1, and 24.2 could then undergo a 6-e.ro digonal ring 

closure to give 24.3, after hydrogen abstraction from a stannane. 

Scheme 24 

The acetylenic lactone 24.1 was preparedlg but, unfortunately, radical cyclization 

did not proceed as expected. A variety of conditions were tried, but none of the cyclized 

compound 24.3 (Scheme 24) was observed, and only the corresponding reduced 

compound 25.1 was isolated (Scheme 25), apparently as a result of  intramolecular 

abstraction of the propargylic hydrogen by the initially formed radical. 19 

Scheme 25 
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The next approach to 22.1 was based on cobalt-rnediated radical cyclization of 

olefinic bromide 26.1 (Scheme 26). Cobalt-mediated radical cyclization hns been reported 

to be a powerful synthetic method for the formation of C-C bonds.'O By analogy to the 

published literature, it was hoped that the reaction would proceed via electron transfer from 



Scheme 26 

a cobalt(1) species to the carbon-halogen bond of 26.1 to give 26.2, followed by ( i )  

intramolecular 6-exo trigonal cyclization (26.2 + 26.3), (ii) in situ trapping of the 

product radical 26.3 with Co(I1) (26.3 + 26.4), and (iii) dehydrocobaltation ( 1,2- 

elimination) (26.4 + 24.3). 

Once the required olefinic brornide 26.1 had been made,l9 i t  was treated with 

Co(I), generated by reduction21 of Co(II) salophen 27.122 (Scheme 27). After a reaction 

period of 16 hours in the dark, the intermediate was either heated or irradiated. but only 

Scheme 27 
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complex mixtures were obtained from this experiment, with no apparent formation of the 

desired product, as judged by 1H W. 

A different, but related, procedure was aiso explored. For this strategy, aidehyde 

28.1'9 was required. srn(II)-mediated23 cyclization of aldehyde 28.1 to give 28.2, 

followed by oxidation, could potentially lead to ketone 28.3. However, when 28.1 was 

treated with S d 2 ,  only complex mixtures were obtained. 

Scheme 28 
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Since al1 attempts up to this point to effect radicai cyclization on substrates having 

unactivated carbon-carbon multiple bonds had failed, cyclization of bromide 29.1 was 

examined. The carbon-carbon double bond in this species is in the form of an a,P- 

unsaturated ester and, as such, should be a more powerful radical acceptor than the parent 

olefin 26.1 (Scheme 26). If the bromide could be made to cyclize, then it could potentiaily 

be converted into the required exocyclic oIefin by using a Hunsdiecker or related reaction, 

as outlined in Scheme 29. 

Bromide 29.1 was preparedlg as a mixture of diastereorners, which were separated 

chromatographically. Each of the diastereomers was then exposed to triphenyltin hydride 

and AR3N under standard thermal conditions. For one of the diastereomers, a 75% yield 

of the desired product (29.2) was obtained. but for the other diastereorner only the 

corresponding reduction product, presumabiy resulting from intramolecuiar hydrogen 

abstraction, l9 was isolated. 

Evidently , the stereochemistry of the C(8) substituent was playiiig an important role 

in determining the outcome of the cyclization reaction. Notably, in the previous systems 
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that had been examined, no cyclization could be achieved, regardless of stereochemistry at 

C(8). However, in the present case, an increase in the strength of the radical acceptor did 

allow cyclization to occur, but only in what must be the more favorable of the two cases. 

These observations implied two potential solutions to the problem of not being able to 

effect efficient radical cyclization. One of these would be to further activate the double 

bond to radical attack, such that cyclization from the less favorable of the two diastereomers 

would proceed preferentially over reduction of the initially forrned radical. The second 

potential solution would be to make the stereochemistry of the C ( 8 )  substituent irrelevant, 

and it was this line of reasoning that eventually Ied to successful routes to A58365A and 

A58365B. 

2 . 2  Successful Synthetic Approach tu A58365A and A58365B 

2 . 2 .  I The Revised Strntegy 

Having recognized the importance of the stereochemistry of the C(8) substituent in 

influencing the outcome of the radical cyclization, we were led to modify Our earlier 

approach and we developed a route in which the unsaturated aikyl side chain at C(8) would 



not be present in the radical cyclization substrate. Instead, the radical-accepting double 

bond would be incorporated within ring B and, in order to compensate for the change in 

position of the double bond, the pendant chain attached to the spirolactone would be 

Iengthened by one carbon. 

The modified plan is outiined in Scheme 30. The radical-accepting double bond is 

now in ring B, in the form of an enamide. Intramolecular cyclization of radicals ont0 the 

proximal terminus of an enamide double bond is i ~ n o w n , ~ ~  and we hoped that it would 

serve in the present case. As well, an acetylene unit was to be incorporated into the 

pendant chain of the spirolactone, as indicated i n  structure 30.1. A vinyl radical would be 

generated by addition of a stannyl radical to the acetyiene (30.1 + 30.2). which should 

then be able to cyclize ont0 the enarn.de double bond (30.2 -+ 30.3) to give vinyl 

stannane 30.3. Protodestannylation (30.3 + 23.1) should then generate the required 

exocyclic olefin 23.1. 

Aside from the potential of this route to simplify stereochemical matters. another 

particularly attractive feature was that it could also allow the formation of either A58365A. 



or A5836SB from a cornmon, advanced intermediate (cf. 31.1, Scheme 3 1). This results 

from the fact that the radical cyclization substrates are cyclic enamides (31.3 and 31.5), 

that should be accessible by dehydration of the corresponding open-chain amido aldehydes 

(31.2 and 31.4). Each of the amido aldehydes should, in turn, be obtainable from the 

same advanced intermediate (31.1). In order to generate the five-membered enarnide 

needed to make AS8365A, the olefin would be oxidatively cleaved (31.1 -+ 31.2) to give 

amido aldehyde 31.2. For the synthesis of A58365B, a six-membered enamide is 

required, and so the entire carbon skeleton of 31.1 would be maintained, and we would 

have to selectively oxidize the terminal olefinic carbon atom (31.1 ++ 31.4). 

Scheme 31 



We began investigating this route with a view to first synthesizing (&)-A58365A 

and (f)-A58365B. Hence. the advanced intermediate we decided to prepare was racemic 

acetylenic olefin 32.1 (Scheme 32). This compound was obtained by coupling racernic 

lactone acid 32.2 and racernic arnino acid benzyl ester 32.3. 

Scheme 32 

(a) Preparation of the Advanced Intermediate for the Syntliesis of (3)-A58365A and 

(2) -A58365B 

Lactone acid 32.2 was prepared from a-ketoglutaric acid (33.1, Scheme 33) by 

methylation (33.1 + 33.2) and treatment with the reagent2j generated from propargyl 

bromide and amalgamated aluminurn. In this second step (33.2 -+ 33.3) no allene was 

detected,26 and the required tertiary alcohol could br isolated in high (95%) yield. 

Conversion into lactone acid 32.2 was achieved (95%) by base hydrolysis (LiOH). 

followed by ion-exchange chromatography (Amberlite IR-120), and evaporation of the 

eluant at 60 OC. W e  assume that the intermediate hydroxy diacid cyclizes during 

evaporation of the solvent. 

The other component required for the formation of acetylenic olefin 32.1, racemic 

arnino acid benzyl ester 32.3, was a known27 compound in the optically active forrn and, 
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by analogy to the synthesis of the optically active species, the racemic version was made as 

shown in Scheme 34. (+)-Serine (34.1) was esterified to give benzenesulfonate sa i t  

34.2, which was then ueated with Boc2O to give the N-Boc protected arnino acid benzyl 
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ester 34.3. The hydroxyl group of this species was activated by conversion into sulfonate 

34.4, and was then displaced with sodium iodide to form compound 34.5. Despite the 

fact that we were following a literature procedure described for the synthesis of the 

corresponding optically active material, we found that considerable experimentation was 

needed in order to develop a reliable and efficient method for making the intermediate 

organozinc (34.6) from this iodide. This was eventually accomplished by a judicious 

blend of two literature procedures2g29 giving the organozinc, which was subsequently 

transmetallated and treated with allyl chloride, forrning the homoallyl glycine derivative 

34.7. TFA-mediated deprotection of the nitrogen atom of this species gave the required 

amino acid benzyl ester 32.3. 

Compounds 32.2 and 32.3 were coupled under standard conditions CI-(3- 

dimethylaminopropy1)-3-ethylcarbodiimide hydrochloride, 1 -hydroxybenzotriazole; 94%] 

to obtain an approximately 2:1 mixture of diastereomers 32.1a,b, which could be 

separated chrornatographically (Scheme 35). 

Scheme 35 

(6 )  Elaborarion of the Racenzic Advmzced Intemediate tu (3-A58365A 

Having the required acetylenic olefins in hand, each was ozonized30 to the 

corresponding aldehyde (36.la,b, Scheme 36) in very high yield. The next step was 

initially troublesome, but cyclization to enamides 36.2a,b, was eventually achieved by 

sonication of the arnido aldehydes in the presence of BaO, followed by addition of P20s3' 

(with continued sonication). This 1ed to smooth ring closure and dehydration (36.la + 



36.2a, 73% or 93% based on recovered starting material; 36.lb + 36.2b, 86%). Both 

36.2a and 36.2b exist as a mixture of rotarners, as judged by variable temperature IH 

NMR measurements. 

Scheme 36 
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Rapid addition (over a few sec) of a PhMe solution (best added in two equal 

portions) of Bu3SnH and AIBN to a refluxing solution of 36.2a in the sarne solvent gave 

37.la (70%) after a reflux penod of CU. 5 h (Scheme 37). Similady, 36.2b gave 37.lb 

(89%). However, as described below, the efficiency of the process is even greater than 

these yields would imply. Each vinyl stannane was a single compound of undetermined 

double bond geometry. Although the vinyl stannanes could be purified by flash 

chromatography, and then subjected to protodestannylation with TFA (37.la + 37.2a; 

3 7 . l b  + 37.2b),  it was more efficient to use the crude material directly for 

protodestannylation. In this manner, 36.2a was converted into 37.2a (9 1 % from 

36.2a). and 36.2b into 37.2b (88%). Ozonolytic cleavage of the esocyclic double bond 

of each stereoisomer proceeded efficiently (37.2a + 37.3a; 37.2b -+ 37.3b). but the 

ketones were difficult to separate from Ph3P0, formed durins reductive workup of the 

ozonolysis mixture. Therefore, the crude ketones were ueated directly with Et3N at 60 OC, 



Scheme 37 
Bu3Snx 
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and this operation served to open the lactone, introduce the C(2)-C(3) double bond, and 

release the propionic acid side c h a h  (37.2a ++ 37.4, 98%: 37.2b + 37.4, 95%).  

Finally, hydrogenolysis of the benzyl group gave (+)-A58365A (4.1) in 94% yield as a 

pale yellow. pure, crystalline solid. Recrystailization from water produced clumps of ver). 

thin plates, but these did not diffract adequately for X-ray analysis. 



(ci Elaborarion of the Racemr'c Advanced Intermediate tu (-t)-A58365B 

We next applied our synthetic route, in a slightly modified fonn, to the synthesis of 

the [4.4.0] bicycle (+)-A58365B. 

In the synthesis of (f)-A58365A, descrîbed above, the olefinic carbon chain of 

32.la,b was shortened by oxidative cleavage of the double bond. In the present case. 

oxidation of the double bond is again required, but with retention of the cornplete carbon 

chain, so that a six-membered ring can eventually be generated. This oxidation was 

effected (Scherne 38) by taking advantage of the seIectivity of 9-BBN for an alkene over an 

a l k ~ n e . ~ ~  Whereas the use of 9-BBN did indeed serve to functionalize the terminal double 

bond, we found it difficult to isolate the derived alcohols because of hydroIysis of the 

benzyl ester during the borane oxidation step. We could, however, obtain the 

corresponding aidehydes directly, by oxidizing the intermediate boranes in situ with P C C ~ ~  

(32.la -+ 38.la. 79%; 32.lb + 38.lb, 820/0),34 and so this temporary problem was 

actually an advantage, as we would otherwise have had to oxidize the alcohols in a separate 

step. From 38.la,b, cyclization with the BaO/P205 combination again worked well and 

took the route as far as enamides 38.2a,b (84% for 38.2a; 89% for 38.2b). 

Scheme 38 
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With the individual diastereomers 38.2a and 38.2b in hand, treatment with 

Bu3SnWAIBN - this time added in one portion - gave vinyl stannanes 39.la,b 

(Scheme 39) which were subsequently treated with TFA (39.la + 39.2a, 39.lb + 

39.2b) to effect protodestannylation, giving exocyclic olefins 39.2a,b. As was the case 

for the synthesis of (t)-A58365A, the exocyclic olefins could d s o  be obtained without 

isolation of the intermediate vinyl stannanes. One of the diastereomers of 38.2a,b exists 

as  a mixture of rotamers (cf. 36.2a,b), each of which is observable by lH NMR 

measurements, and this rotamer cyclizes less effrciently than the other (7 1 % overall yield of 

Scheme 39 
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the protodestannylated product versus 92%). In an effort to raise this yield, the radical 

cyclization was carried out in refluxing xylene, but we found no improvement. 

The exocyclic olefins 39.2a,b were individually ozonized and treated with Et3N, 

so as to generate benzyl ester 39.4 (93% from 39.2a; 96% from 39.2b), and final 

deprotection was again done by hydrogenolysis (39.2 + 4.2; 96%). thus cornplethg the 

synthesis of (k)-A58365B. 

2 . 2 . 3  Total Synrhesis of (-)-A58365A and (-)-A58365B 

Having achieved the synthesis of both (+)-A58365A and (f )-A58365B. we next 

turned our attention to the synthesis of the optically pure natural products. It was perfectly 

reasonabIe to assume that we would be able to conduct a sirnilar set of experiments, but 

beginning with optically pure serine; however, it was by no means clear whether or not the 

stereochemical integrity of the starting material could be maintained throughout the 

synthesis. Prior attempts at synthesizing these compounds in optically pure form had been 

m m e d  by either paNal,~6~17 or completeI6 epimerization at some stages of the work. 

(a) Preparationof~heAdvancedIntemediarefortheS~nthesisof(-)-A58365Aand 

(-)-A58365B 

The advanced intermediate required for the synthesis of (-)-A58365A and (-)- 

A58365B was prepared by coupling our lactone acid 32.2 with opticn1Z-v pure amino acid 

benzyI ester 40.1 (Scheme 40). 

Scheme 40 

EDCI, HOBt, 
CH2C12, DMF 



Compound 40.1 was a knownZ7 substance and was prepared as outlined in 

Scheme 41. Hence, L-serine was converted by esterification and nitrogen protection into 

compound 41.3, which was then transformed into iodide 41.5 via tosylate 41.4. We 

again applied Our modified procedure for preparing the organozinc cornpound (41.6). and 

were then able to obtain the allylated species 41.7 in good yield. from which 40.1 was 

generated by treatment with T'FA. 

Scheme 41 
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(b)  Elaboration of the OplicaZiy Active Advnnced Intermediare to (-)-A58365A 

Coupling of 40.1 with 32.2 gave, as already mentioned. the optically active 

advanced intermediate 40.2a.b and, with this material in hand. we began o u  approach to 

(-)-A58365A dong similar lines to those we had used with the correspondin, racemic 

material. 



Generation of the enamides required for the radical cyclization was achieved as 

indicated in Scheme 42. Ozonolytic cleavage of the terminal double bond again proceeded 

smoothly to give the amido aldehydes 42.la.b, and these were then cyclized under the 

dehydrating conditions shown, fonning the radical cyclization substrates 42.2a,b. 

Scheme 42 
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Radical cyclization frorn this point proceed in essentidly the sarne manner as before 

(42.2a,b -;, 43.2a,b, Scheme 43) and, once again, was carried out both with and 

without isolation of the intermediate vinyl stannanes (43.la.b), forming exocyclic olefins 

43.2a,b in good to very good yield, depending on the specific procedure chosen. 

Oxidative cleavage of the olefin (43.2a,b + 43.3a,b), followed by opening of the 

lactone ring by treatment with Et3N (43.3a,b + 43.4) mliably delivered half ester 43.4. 

from which optically active (-)-A58365A was obtained as a white foam by simple 

hydrogenolysis. The optical rotation of Our synthetic material was = -196.55O (c  

0.87, H20) which corresponds to an optical purity of 98.5%.35 The optical purity of this 

materiai was later confirmed in a more accurate manner (see Section 2-2-36). 
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(c) Ela burat in  of the Optically Active Advanced Intemediate to (-) -A58365B 

By this point, we were reasonably confident that we would be able to apply the 

synthetic approach to (t)-A58365B also to the synthesis of the corresponding optically 

active materiai. OP course, this would only be the case if the steps that had previously been 

used to transform 32.1a,b into 38 . la ,b  (Scheme 38) proceeded without any 

racernization. 

The first key transformation was carried out on the opticaliy active advanced 



intermediate 40.2a,b, as outlined in Scheme 44, and produced amido aldehydes 44.1a.b 

in good yield. These were then transformed into cyclic enamides 14.2a,b by treatrnent 

with BaOP205. 

Scheme 44 
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The final stages of the synthesis of (-)-A58365B comrnenced with the radical 

cyclization of enamides 44.2a.b which gave, following protodestmnylation of the derived 

vinyl stannanes, exocyclic olefins 45.2a,b (Scherne 45). Oxidative cleavage of 45.2a.b 

gave ketones 45.3a,b which were treated directly with Et3N to afforded 45.4. Final 

deprotection was again done by hydrogenolysis (45.4 + 4.2). thus completing the first 

synthesis of (-)-A58365B, with 99% ee, as determined by optical rotation 

measurements.36 
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(d) Determina~ion of the Enantiomeric Purity of Synthetic (-)-A58365A and (-)- 

A58365B 

On the bas% of the opticai rotation data, Our synthetic material appeared to be of 

very high optical purity. Although opticai ratation measurernents have historicaily been 

used as a means o f  determining optical purity. they are, in fact, not the most accurate 

measurements for this purpose. Hence, we sought to determine the enantiomeric purity of 

Our compounds in a more precise manner, and we used the technique of high performance 



liquid chromatography, with a chiral, nonracemic s tationary phase.37 This method is very 

reliable for detennining enantiomeric p ~ r i t y . 3 ~  provided the individuai enantiomers can be 

separated with baseline resolution 

Due to the high polarity of the natural products. they were not convenient 

candidates for HPLC using one of the standard. commercially available. chiral. nonracemic 

stationary phases. As a result, we prepared permethylated derivatives of both the racemic 

and optically active natural products we had synthesized. as well as of their immediate 

synthetic precursors. In each case this was achieved by treatment of the respective 

hydroxyacids with an excess of diazornethane in MeOH (Scheme 46 and 47). 
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~ n a l y s i s 3 ~  of the permethylated form (46.2) of optically active 13.4. under 

conditions that gave baseline resolution of the enantiomers of the corresponding racemic 

material (46.1). indicated that it had an ee of 99.5%. Sirnilar analysis of the permethylated 

material (46.4) derived from our synthetic (-)-A58365A revealed an ee of 96.29. but in 

this case clear baseline resolution of the enantiomers of 16.3 could not be obtained. 

Analysis of our synthetically derived (-)-A58365B. and its immediate synthetic precursor 

45.4, was conducted in a similar manner and gave an ee of 99.6% for 47.2 and of 98.3% 

for 47.4. The ee of our L-serine was 97%. and hence it is safe to conclude that. within the 

limits of experimental error. our synthetic routes involve no loss of optical integrity. 

Scheme 47 
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Although it was gratifying to confirm by HPLC that Our synthetic rnaterial was of 

high optical purity. we suspected well into the synthesis that the various steps were 

proceeding without significant epimerization at the stereogenic center derived frorn L- 

serine. This resulted from the fact that our synthetic route happened to posses convenient 

feature that serves as a check at each step for evidence of epimerization. This check can be 

explained by the exampie of Scheme 48. 

Consider diastereorners A and B. The desired dehydration products from A and B 

are C and E, respectively. If epimerization at the serine-derived stereogenic center occurs 

in the transformation of A, then D wouid be formed. C and D are diastereomers and their 

presence together in a mixture should be detectable by NLMR. Additionally, since 

compound D is the enantiomer of the desired product (E) derived from B. it should be 

identifiable by direct comparison with the NMR data for E. Since no product with an NMR 

spectrurn like that of E was detected in the reaction mixture derived from A, we could 

conclude that little, if any, racemization had occurred in the reaction of A (and, of course, 

in the corresponding reaction of B). 

Scheme 48 



CONCLUSION 

As a result of the extensive exploratory work that had been conducted in this 

laboratory. 1 8 - 1 9  we were able to devise a synthesis of both (-1-A58365A and (-)- 

A58365B. which has been dernonstrated to deliver these cornpounds efficiently. reliably. 

and in optically pure form. Our synrthetic route was based on three key transformations. 

each of which has been shown to work very well. These transformations are: ( i )  

elaboration of the advanced intermediate 40.2a,b to both amido aldehydes 42.la.b and 

14.la.b. thereby allowing access to both the fivr- and six-mernbered radical cyclization 

substrates from a single cornpound, (Li) 6-crxo digonal radical cyclization of a vinyl radical, 

derived by stannyl addition to an acetylene, onto the proximal position of a cyclic enamide 

(cf. 42.2a.b + 43.la,b, Scheme 433 and, (iii) use of a spirolactone as a masked olefïn 

to allow for the late-stage introduction of the C(2)-C(3) double bond, under conditions that 

wouId avoid over-oxidation of the products (cf 43.3a-b + 43.4, Scheme 43). 

FUTURE RESEARCH 

The synthetic route that we developed for the preparation of (-)-A58365A and (-)- 

A58365B was devised in such a way that it would be general and, therefore, could be 

extended to the preparation of structuirally related analogs, in a relatively straightfonvard 

way. The ability to prepare analogs of'(-)-A58365A and (-)-A58365B would be extremely 

beneficial if one were to initiate future structure-activity relationship studies, in an effort to 

develop inhibitors possessing even bertter properties than the parent compounds. One such 

class of analogs that we are interested in, are those in which the arnino acid derived carbon 

is quaternary, rather than tertiary. These cornpounds could potentiaily be more resistant to 

enzyrnatic degradation in vivo and, as ;a result, may exhibit a better pharniacological profile 

in terms a lower dosage requirement. Of course, these compounds would only be useful 

for the treatment of high blood pressure if they retain their ability to inhibit angiotensin- 

converting enzyme. 



As a preliminary test of this, a synthesis of the methyl substituted version of 

A58365A (see 49.2. Scheme 49) was carried out by another member of Our group. The 

compound was prepared in racernic form from the advanced intermediate 49.1, usinp a 

synthetic approach analogous to that whîch has been described above. In vitro evaluation 

of racemic 19.2 has shown that it is approximately 50% as active as the comrnercially 

available drug Captopril (3.1). It is possible that onIy one of the enantiomers of 49.2 is 

biologically active and, if this is the case, then the activity of the methyl-substituted version 

of A5836SA rnay well be as good as that of Captopril. In order to conFrrrn this, 49.2 will 

now have to be prepared in opticalIy pure form. This will require the preparation of an 

optically pure version of the advanced intermediate 49.1- Optically pure 49.2 can then be 

tested for its ability to inhibit angiotensin-converting enzyme. If the substance shows 

strong activity in this respect then, clearly. the preparation of other a-substituted analogs of 

A58365A will be justified, in an effort to develop a version which could potentially be 

exarnined further in an in vivo setting. 

Scheme 49 

5 EXPERIMENTAL 

Unless stated to the contrary, the following conditions apply: Reactions were 

carried out under a slight static pressure of Ar or N2 that had been purified by passage 

through a column (3.5 x 42 cm) of R-3 11 ~ a t a l y s t ~ ~  and then through a similar column of 

Drierite. Al1 solvents for reactions were dried, as described beiow. GIassware was dried 

in an oven for at least 3 h before use (140 OC) and either cooled in a desiccator over 



Drierite, or assembled quickly, sealed with rubber septa. and allowed to cool under a slight 

static pressure of Ar or Nz. Reaction mixtures were stirred by Teflon-coared magnetic 

stirring bars. 

Hexane and ethyl acetate used for c-homatography were distilled before use. 

Products were isolated from solution by evaporation under water aspirator vacuum 

at, or below, room temperature, using a rotary evaporator. 

Microliter synnges were washed with water and acetone, using a suction device to 

draw the solvents through. Air was then drawn through for 1 min and the syringe was 

stored under vacuum. The solution to be dispensed was drawn up and expelled, and this 

operation was repeated several times before drawing up the sample to be used. Cannula 

transfers were always done under slight pressure (Ar or Nz), not by suction. 

Commercial thin layer chromatography (TLC) plates (silica gel, Merck 60F-254) 

were used. Spots were detected by spraying the plate with a solution of phosphomolybdic 

acid,AO followed by charring with a heat gun, or by examination under UV Light. Silica gel 

for flash chromatography was Merck type 60 (230-400 mesh). 

Dry solvents were prepared under an inert atmosphere and transferred by synnge or 

cannula. Dry THF, Et20, PhH, PhMe and dioxane were distilled from sodium and 

benzophenone ketyl. Dry CH2C12, Et3N, i-Pr2NEt and pyridine were distilled from CaH2. 

Dry MeOH was distilIed from Mg(0Et)z. Acetone was distilled from K2CO3. 

FT-IR measurements were made as casts from the specified solvent using 

potassium brornide plates. 

The symbols s', d', t', and q' used for 13C NMR signals indicate O, 1, 2, or 3 

attached hydrogens, respectively. 

Mass spectra were recorded with AEI Models MS-12, MS-50, MS9 (modified), or 

Kratos MS50 (modified) mass spectrometers. 

Microanalyses were performed by the rnicroanalytical laboratory of this 

Department. 



Dimethyl or-Ketoglutarate (33.213 1 

p-TsOH.H20, MeOH, 
CHCI3, azeotropic 
distillation 

p-TsOH.H20 (O. 1005 g, 0.53 rnmol), a-ketoglutaric acid (33.1) (5.000 g, 34.22 

mmol), dry MeOH (20 mL), and dry CHCI3 (40 mL) were added to a two-necked round- 

bottomed flask containing a magnetic stirring bar and fitted with an addition funnel 

containing dry CHC13 and a simple distillation head and condenser. The mixture was 

distilled with continuous addition of fresh CHCL3 (the total volume added w a s  en. 125 

mL), at a rate equai to the distillation rate, until no more water was generated (ca. 4.5 h). 

Completion of water formation was marked by an increase in the bp from 53 O C  (the bp of 

the CHCl3-water azeotrope is ca. 56 OC) to 59 OC (the bp of CHCl3 is CU. 61 OC). The 

mixture was cooled to room temperature and the solvent was evaporated. The residue was 

dissolved in 60:40 EtOAc-hexanes (3 mL) and filtered through a pad ( 2  x 5 cm) of silica 

gel, using additional 60:40 EtOAc-hexanes (75 rnL) as a rinse. The eluant was washed 

with saturated aqueous NaHCO3 (25 mL), and saturated aqueous NaCl (25 mL), dried 

(MgSO& and evaporated under reduced pressure (<O. 1 mm Hg) to give 33.2 <5.6 13 1 g, 

94%) as a pure (1H NMR), coloriess oil: FïIR (CHzC12 cast) 2957, 2850, 1735 cm-1; IH 

NMR (CDCl3, 400 m z )  6 2.65 (t, J = 6.2 Hz, 2 H), 3.15 (t, J = 6.2 Hz, 2 K), 3.65 (s, 

3 H), 3.85 (s, 3 H); 1 3 ~  NMR (CDCl3, 75.5 MHz) 6 27.27 (t'), 34.09 (t'), 51.85 (q'), 

52.92 (q'), 160.82 ( s ' ) ,  172.30 (s'), 192.16 (s'); exact mass m/z calcd for C7H 1005 

174.0528, found 174.0525. 

Dirnethyl 2-Hydroxy-2-12-(propyny1)lpentanedioate (33.3). 



A mixture of Al powder25 (84.0 mg, 3.1 1 rnmol) and H g C l ~ ( 5  mg, 0.02 mmol) in 

dry THF (3 mL) was stirred vigorously for 1 h (Ar atmosphere) in a three-necked flask 

fitted with a reflux condenser, and closed by septa. ~Vost of the solvent was then 

withdrawn by synnge from the resulting shiny Al, and fresh THF (3 mL) was injected. 

The mixture was warmed in an oil bath set at 40 OC, and propargyl brornide (363 mg, 3.05 

rnrnol) in THF ( 1 mL) was then added slowly with vigorous stimng and at such a rate that 

the THF did not boil. The addition took CU. 10 min. After the addition, stirring at 40 OC 

was continued untii a dark gray solution was obtained (ca. 1 h). This was cooled to room 

temperature and added by cannula at a fast dropwise rate to a stirred and cooled (-78 OC) 

solution of 33.2 (158 mg, 0.90 mmol) in THF ( 5  mL). Stirring at -78 OC was continued 

for 4 h, the mixture was then poured into ice-water (100 mL), and extracted with Et20 (4 x 

30 mL). The combined organic extracts were washed with saturated aqueous NaCl (50 

mL), dried (MgS04), and evaporated. Flash chromatography of the residue over silica gel 

(2 x 16 cm), using 30:70 EtOAc-hexanes, gave pure ( lH NMR DMC III-101-A) 33.3 

( 185 mg, 95%) as a colorless oïl: FTIR (KBr) 3502, 3286. 1739 cm-'; H NMR (CDCl;, 

300 MHz) 8 2.02-2.15 [m, 3 H including a t at 6 2.05 (J = 2.7 Hz)], 2.16-2.26 (m, 1 H), 

2.41-2.52 (m, 1 H), 2.56 (A of an ABX systern, apparent dd, J = 16.9, 2.7 Hz, 1 H), 

2.66 (B of an ABX system, apparent dd, J = 16.9, 2.7 Hz, 1 H), 3.52 (s, 1 H), 3.65 (s, 3 

H), 3.78 (S. 3 H); 1 3 ~  NMR (CDCl3, 75.5 MHz) 6 28.65 (t'), 30.26 (t'), 32.89 (t'), 

51.81 (q'), 53.26 (q'), 71.66 (s'), 75.83 (da), 78.42 (s ' ) ,  173.36 (s'), 174.79 (s'); exact 

mass m/z calcd for CgHl 1 0 4  (M - OCH3) 183.0657, found 183.0657. 



Tetrahydro-5-oxo-2-[2-(propynyl)]-2-furancarboxylic acid (32.2). 

i) LiOH, THF, H 2 0  
ii) Amberlite IR-1 20 

C0,Me {-Cr= iii) evaporate eluant at 60 "C 

C0,Me 
O 

A solution of LiOH (509 mg, 10.4 rnrnol) in water (2 mL) was added to a solution 

of diester 33.3 (1.00 g, 4.67 mrnol) in THF (20 mL), and the mixture was stirred 

ovemight at room temperature. Evaporation of the solvent gave what we assume to be the 

dilithium salt, as a solid. 

A column packed with AmberLite IR-120 ion-exchange resin (20-50 A mesh. 2.5 x 

16 cm) was washed with water until the eluant was colorless. The colurnn was then 

washed successively with 2 M aqueous NaOH (4 bed volumes), water (until the eluant was 

neutral to pK paper), 2 M HC1(4 bed volumes), and finally with water (until the eluant was 

neutral to pH paper). The above dilithium salt was dissoIved in water (2-3 mL) and the 

solution was passed down the colurnn, using water. The eluant was rnonitored with pH 

paper or by TLC (silica gel, 10:90 MeOH-CHC13). Evaporation of the combined acidic 

fractions (water pump, rotary evaporator, bath temperature 65-70 O C )  gave 32.2 (746 mg, 

95%) as a pure (IH NMR), light-yellow, powder: FTIR (KBr) 3500-2500 (br), 1770, 

1720 cm-1; lH NMR (DzO, 300 MHz) 6 2.45-2.70 (m, 3 H), 2.75-2.85 (m. 2 H), 2.92 (A 

of an ABX system, apparent dd, J = 16.9, 2.9 Hz, 1 H), 3.06 (B of an ABX system, 

apparent dd, J = 16.9, 2.9 Hz, 1 H); l3C NMR (D20, 75.5 MHz) 6 27.78 (t'), 29.03 (t'), 

30.74 (t'), 73.35 (d'), 79.10 (s'), 86.90 (s'), 174.86 (s'), 180.54 (s'); exact mass m/z 

calcd for CsH504 (M - CH2C-CH) 129.0 188, found 129.0189; FABMS m/z calcd for 

CgHsO4 168.15, found 168.9. 



DL-Serine Benzyl Ester Benzenesulfonate (34.2). 

PhS03H, BnOH, 
CC14, azeotropic 
distillation 

NH2 
- NH2H03SPh 

PhSO3H ( 19.6533 g, 124.25 mrnol), DL-senne ( 10.5 122 g, 100.03 mmoi). BnOH 

(50 mL, 483.17 mmol), and dry CC14 (125 mL) were added to .i two-necked round- 

bottomed flask containing a magnetic scirring bar and fitted with an addition funnel 

containing dry CC14 and a simple distillation head and condenser. The mixture was 

distilled with continuous addition of fresh CC14 (the total volume added was ca. 250 mL), 

at a rate equal to the distillation rate, until no more water was generated (cn. 4 h). 

Completion of water formation was marked by an increase in the bp from 63 "C (the bp of 

the CC4-water azeotrope is Ca. 66 OC) to 74 OC (the bp of CC4 is ca. 76 OC). The mixture 

was cooled to room temperature and the solvent was evaporated (<O. 1 mm Hg). Et20 (100 

mL) was added to the residual viscous liquid. The resulting mixture was shaken 

vigorously, and then stored at -5 OC for 12 h, by which time a white precipitate had fomed. 

The precipitate was collected, air dried, recrystallized from i-PrOH-Et20, and dried (<O. 1 

mm Hg) to give DL-serine benzyl ester benzenesulfonate (27.9309 g, 79%) as pure ('H 

NMR), fine white crystak: mp 96-97 OC; FTIR (CHCI3 cast) 3500-2600, 1607 cm-1; 

NMR (CDC13, 400 MHz) 6 3.85 (A of an ABX system, apparent dd. J = 12.4,4.6 Hz. 1 

H), 3.97 (B of an ABX system, apparent dd, J = 12.4, 2.8 Hz, 1 H), 4.12 (br S, 1 H), 

4.80-5.30 (br s, 1 H), 4.97 and 5.02 (AB q, AVAB = 18.0 Hz, J = 12.3 Hz, 2 H), 7.14- 

7.3 1 (m, 8 H), 7.78-7.80 (m. 2 H), 8.07 (br s, 3 H); 13C NMR (CDCl3, 75.5 MHz) 6 

55.51 (d'), 59.80 (t'), 68.16 (t'), 126.01 (d'), 128.21 (d'), 128.44 (d'), 128.52 (dl), 

130.54 (dl), 134.59 ( s ' ) ,  143.57 (s'), 167.84 (s ' ) ,  two d' in the aromatic region overlap; 

exact mass m/z calcd for CloH 14N03 (M - C6HsO3S) 196.0974, found 196.0975; 

FABMS m/z caicd for C ~ ~ H ~ O N O ~ S  (M + H) 354.09, found 354.9. Anal. Calcd for 



N-[(l,l-Dimethylethoxy)carbonyl]-DL-serine phenylmethyl ester 

(34.3) .  

Boc20. NaOH, THF - HO-.,/C02Bn 
NH2H03SPh NHBoc 

Aqueous NaOH ( 1 M, 100 mL) was added over ca. 5 min to a stirred and co-aled 

(ice-water bath) solution of [(r-BuO)C0]20 (24.24 g, 11 1 .O7 mmol) and DL-serine be nzyl 

ester benzenesulfonate (34.50 g, 97.6 1 mrnol) in distilled THF (200 rnL). After 15 m i n  the 

cooling bath was removed and stimng was continued for 3 h. The solvent was evaporated. 

and the residue was dissolved in EtOAc (300 rnL) and acidified with 10% (w/v) aqueous 

KHS04. The aqueous phase was extracted with EtOAc (2 x 150 rnL), and the combined 

organic extracts were washed with water (2 x 250 mL) and saturated aqueous NaCl c250 

rnL), dried (MgS04), and evaporated, to give an off-white solid. This was recrystallized 

from EtOAc-hexanes to afford N-[( 1, l-dimethylethoxy)carbonyl]-DL-serine phenylmethyl 

ester (27.68 g, 96%) as a pure (IH NMR), fine, white powder: mp 65-67 OC; FTIR 

(CHCL3 c a s )  3580-3200, 1760- 1680 cm-l; lH NMR (CDC13, 400 MHz) 6 1.42 (s, 9* H), 

2.45 (br s, 1 H), 3.90 (A of an ABX system, apparent dd, J = 1 1.2, 3.5 Hz, 1 FI), 3.98 

(B of an ABX system, apparent dd, J = 1 1.2, 3.8 Hz, 1 H), 4.42 (br s, 1 FI), 5.20 and 

5.22 (AB q, AVAB = 6.5 Hz, J = 12.4 Hz, 2 H), 5.52 (br d, J = 5.42 Hz, 1 H), 7.28-7.37 

(rn, 5 H); l3C NMR (CDC13, 75.5 MHz) 8 28.31 (q'), 55.92 (d'), 63.55 (t'), 67.39 (t'), 

80.37 (s'), 128.20 (d'), 128.49 (d'), 128.65 (dl), 135.27 (s'), 155.78 (s'), 170.74 (s'); 

exact mass m/z calcd for C14H1gN04 (M - CH20) 265.13 14, found 265.13 16. Anal. 

Calcd for ClsHzrNOs: C 61.00, H 7.17, N 4.74. Found: C 60.79, H 7.07, N 4.74. 
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N-[(l,l-Dirnethylethoxy)carbonyl]-D~serine phenylrnethyl ester 4- 

methylbenzenesulfonate ester (34.4). 

p-TsCI, pyridine, 
-10 OC P T ~ O ~  C02Bn 

NHBoc NHBoc 

p-TsC1 (0.9689 g, 5-08 mmol) was added to a stirred and cooled (-10 OC) solution 

of the above ester (1.3622 g, 4.6 1 mmol) in dry pyridine (10 mL) (Ar atmosphere). The 

resulting solution was stirred at -10 OC for 22 h, and then poured into ice-water (40 mL). 

The mixture was stirred for ca. 1 h, and the resulting light-pink solid was collected, 

washed with distilled water, and air dried for 12 h. Recrystailization from EtOH gave N- 

[( 1-1 -dimethylethoxy)carbonyI]-DL-serine phenylmethyl ester 4-methylbenzenesulfonate 

ester (1.8039, 87%) as pure (IH NMR), white needles: mp 78-79 OC; FTIR (CHC13 cast) 

3475-3250, 1750, 1715 cm-1; lH NMR (CDCI3, 400 MHz) 8 1.37 (s, 9 H), 2.38 ( S .  3 

H), 4.30 (A of an ABX system, apparent dd, J = 10.0, 2.6 Hz, 1 H), 4.41 (B of an ABX 

system, apparent dd, J = 10.0, 2.5 Hz, 1 H), 4.51-4.57 (m, 1 H), 5.1 L and 5.19 (AB q, 

A V A ~  = 29.9 Hz, J = 12.2 Hz, 2 H), 5.41 (d, J = 8.1 Hz, 1 H), 7.26-7.37 (m, 7 H), 7.70 

(d, J = 7.8 Hz, 2 H); '3C NMR (CDC13, 75.5 MHz) 8 2 1 S O  (q'), 28.09 (q'), 53.0 1 (d'), 

67.66 (t'), 69.38 (t'), 80.29 (s'), 127.85 (d'), 128.13 (d'), 128.42 (d'), 128.50 (d'), 

129.83 (d'), 132.25 (s'), 134.74 (s'), 145.02 (s'), 154.86 (s'), 168.36 (s'); exact mass 

m/z calcd for C22H27NNa07S (M + Na) 472.1406, found 472.14 10. 

N-[(1,1-Dimethylethoxy)carbonyl]-3-iodo-~~-aIanine phenylmethyl 

ester (34.5). 

P T S O ' ~  
C02Bn Nal ,  acetone 

NHBoc NHBoc 



Na1 (3.2514 g, 15.03 mmol) in dry acetone (14 mL) was added dropwisc by 

cannula to a stirred solution of the above ester (4.1582 g, 9.92 mmol) in dry acetone ( 14 

rnL) (Ar atmosphere). The resulting solution was stirred in the dark for 24 h. filtered 

through a sintered glass frit (grade C). and evaporated. The residue was partitioned 

between EtOAc (75 mL) and water (50 mL). and the organic phase was washed 

successively with water (50 mL). aqueous Na2S203 (1 M. 50 mL). water (2 x 50 mL). and 

saturated aqueous NaCl (50 mL), dried (MgSO& and evaporated (CO. L mm Hg). When 

seeded with crystals of 34.5 (obtained by chromatography), the residue gave a yellow 

solid, which was recrystallized frorn i-PrOH-water to give 34.5 (3.2955 g, 82%) as pure 

(1H NMR). white crystals: mp 52-54 OC; FTIR (CHCI3 cast) 3404. 1745. 1732 cm-1: iH 

NMR (CDC13, 400 MHz) 6 1.44 (S. 9 H), 3.56 (A of an ABX system, apparent dd, J = 

10.3, 4.0 Hz, 1 H), 3.61 (B of an ABX system, apparent dd, J = 10.3, 3.7 Hz. 1 H). 

4.55 (dt. J = 7 . 6 ,  3.8 Hz, 1 H), 5.20and 5.23 (AB q, AVAB = 13.5 Hz, J =  12.1 Hz. 2 

H), 5.36 (d, J = 7.6 Hz, 1 H), 7.32-7.40 (m. 5 H); 13c NMR (CDC13, 75.5 MHz) 6 7.79 

(t'). 28.3 1 (q'), 53.73 (d'). 67.98 (t'), 80.51 s ' ,  128.59 (d'). 128.68 (d'), 134.89 (s'), 

154.86 (s'), 169.50 (s'), two d' in the aromatic region overlap; exact mass m/c calcd for 

C 15H20IN04: 405.0437, found 405.0445. 

Phenylmethyl 2-[[(l,l-Dimethylethoxy)carbonyl]amino]-5-hexenoate 

(34.7)."2 

i) Zn, BrCH2CH2Br, TMSCI, THF 

, P y C O 2 B n  
ii) CuCN, LiCI, THF, -1 5 "C + O OC 
iii) allyl chloride, -30 OC -+ O O C  

-Co,Bn 

Zn dust (1.9644 g, 30.05 m o l )  was added to a round-bottomed flask containing a 

magnetic stirring bar. The flask was sealed with a rubber septum. evacuated with an oil- 

pump, and refilled with Ar. The evacuation-filling process was repeated twice more, and 
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rhen the system was placed under a static pressure of Ar. Dry THF (5 mL) and 1.2- 

dibromoethane (0.13 mL, O. 15 rnmol) were added. The resulting mixture was heated to 

boiling with the aid of a heat gun, and then allowed to cool for 1 min. The heating-cooling 

process was repeated three more times, and then the flask was allowed to cool for an 

additional 5 min. Freshly distilled, dry Me3SiC1 [O. 19 rnL, 0.15 rnmol) was added, and 

the resulting mixture was stirred for 10 min and then placed in an oii bath set at 35 OC. 

Stirring was continued for 10 min. A solution of 34.5 (3.03 19 g, 7.48 rnrnol) in dry THF 

(12 r d )  was added by cannula over ca. 2 min and additional THF (3 x 1.5 mL) was used 

as a rinse. The resulting mixture was stirred at 38 OC (Ar atrnosphere) until al1 the starting 

material had been consumed (ca. 7 h, TLC control, silica gel, 10:90 EtOAc-hexanes). 

The above solution of alkylzinc iodide 34.6 was transferred by cannula over cn. 3 

min to a stirred and pre-cooled (bath temperature -15 OC) solution of CuCN (0.7395 g, 

8.26 m o l )  and LiCl(0.7098 g, 16.74 rnmol) in dry TEIF (10 mL), and further portions of 

THF (2 x 2 mL) were used as a rïnse to complete the transfer. The reaction flask was 

removed from the cold bath and placed in another at O OC. Stirring was continued for 15 

min, and the reaction flask was then transferred to a cold bath at -30 OC. Stirring was 

continued for 10 min, allyl chloide (1.30 mL, 15.95 mmol) was added and, findly, the 

reaction flask was transferred to a cold bath at O OC. Stirring was continued for 12 h. The 

resulting solution was acidified with hydrochioric acid (2 M), and shaken with water (40 

mL) and EtOAc (40 mL). The resulting white precipitate was filtered off, using a Whatman 

#2 filter paper, and the aqueous filtrate was extracted with EtOAc (2 x 30 mL), and filtered, 

as before, after each extraction to remove a small amount of precipitate. The combined 

organic extracts were washed with water (50 r d ) ,  filtered (as above), washed with 

saturated aqueous NaCl (50 mL), dried (MgS04), and evaporated. Flash chromatography 

of the residue over silica gel (2 x 35 cm), using 15235 EtOAc-hexanes, gave 34.7 (2.0237 

g, 85%) as a pure (1H NMR), colorless oil: FTIR (CHCI3 cast) 3470-3230, 1741, 17 16 

cm-1; 1H NMR (CDC13, 400 MHz) 6 1.44 (s, 9 H), 1.67-1.78 (m. L H), 1.86-1.98 (m, 1 
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H), 2.0 1-2-17 (nine-line m, 3 H), 4.30-4.40 (m, 1 H), 4.96-5.04 (m. 2 H), 5-06 (d, J = 

8.0 Hz, 1 H), 5.14 and 5.20 (AB q, AVAB = 25.3 Hz, J = 12.3 Hz, 2 H), 5.76 (ddt, J = 

17.1. 10.3, 6.6 Hz, 1 H). 7.28-7.37 (m. 5 H); 13C NMR (CDC13, 75.5 MHzj 6 25.31 

(4'). 29.44 (t ' j ,  3 1-97 (t'), 53.15 (d'). 67.00 (t'), 79.88 (s'), 115.70 (t ').  128.28 (d'), 

128.32 (d'). 128.60 (d'), 135.45 (s'), 136.96 (d'), L55.32 (s'), 172.63 (s'); exact mass 

(HR electrospray) m/z calcd for C1gH25NaN04 (M + Na) 342.168 1, found 343.1686. 

Phenylmethyl 2-Amino-5-hexenoate (32.3). 

CF3C02H (10 mL) was added over Ca. 5 min to a stirred and cooled (ice-water 

bath) solution of 34.7 (0.727 g, 2.28 mrnol) in freshly distilled CH2C12 (10 mL). The 

ice-water bath was removed and stimng was continued until al1 the starting material had . 

been consumed (cn. 1 h, TLC control, silica gel, 20:80 EtOAc-hexanes), by which time the 

mixture had warmed to room temperature. The solution was evaporated to give a light- 

yellow oil, which was dissolved in EtOAc (20 mL), washed with saturated aqueous 

NaHC03 (2 x 10 rnL), water (2 x 10 mL), and saturated aqueous NaCl (10 mL), dried 

(MgS04), and evaporated. Flash chromatography of the residue over silica gel (2 x 20 

cm), using 90A0 EtOAc-hexanes, gave 32.3 (0.4780 g, 96%) as a pure ( I H  NMR), 

colorless oil: FTIR (CHC13 cast) 3450-3250, 1735, 1676 cm-1; IH NMR (CDCl3, 400 

MHz) 6 1 S O  (s, 2 H), 1.60- 1-70 (six-line m, 1 H), 1.80- 1-90 (m, 1 H), 2.10-2.18 (m, 2 

H), 3.49 (dd, J = 7.8, 5.2 Hz, 1 H), 4.97 (dd, J = 10.1, 1.6 Hz, 1 H), 5.02 (ddd, J = 

17.1, 3.2, 1.6 Hz, 1 H), 5.13 and 5.15 ( M 3  q, AVAB = 6.0 HZ, J = 12.4 HZ, 2 H), 5.78 

(ddt, J =  17.1, 10.1, 6.6 Hz, 1 H), 7.28-7.38 (m, 5 H); 13C NMR (CDCl3, 100.6 MHz) 6 

29.74 (t'), 33.94 (t'), 53.9 1 (dl), 66.54 (tt), 1 15.30 (t'), 128.20 (d'), 128.28 (dl), 128.53 

(dl), 135.71 (s'), 137.47 (d'), 175.83 (s'); exact mass m/z calcd for C13H17N02 



3 19.1259, found 219.1259. 

Phenylmet hyl 2-[[[Tetrahydro-5-0x0-2-(2-propyny1)-2- 

furanyl]carbonyl]amino]-5-hexenoate (32.1a,b). 

U' - - - 
EDCI, HOBT, CH2CI2, DMF 

Lactone acid 32.2 (0.8742 g, 5.20 mmol). 1-hydroxybenzotriazole (0.701 1 ,o. 

5.19 mrnol). and 1-(3-dimethylaminopropy1)-3-ethylcarbodiimide hydrochloride (0.9937 

g, 5.19 mmol) were added in rhat order to a stirred solution of 32.3 (1 .O329 g, 4.7 1 

mmol) in a mixture of dry CHzClz (35 mL) and freshly distilled. dry (stored over 4 A 

molecular sieves) DMF (9 mL) (Ar atmosphere). Stirring at room temperature was 

continued for 11 h. the mixture was partitioned between CHCI3 (50 mL) and water (50 

mL), and the aqueous phase was extracted with CHCL, (2 x 30 rnL). The combined 

organic extracts were washed with water (50 mL) and saturated aqueous NaCl (50 mL), 

dned by filtration through a pad (2 x 3 cm) of Na2S04, and evaporated to give a yellow oil. 

Chromatography of the oil over silica gel (3 x 25 cm), repeated three times, using 3.5:3.5:3 

CH2C12-Et20-hexanes, gave the faster-eluting diastereomer 32. la ( 1.04 14 g, 60%) as a 

pure (IH NMR), colorless oil. and the slower-eluting diastereomer 32.lb (0.5943 g, 

34%). also as a pure (lH NMR). colorless oil. 

Compound 32.la had: FTIR (CHCl3 cast) 3348, 3295, 1788, 1740. 1676 cm-1; 

1E-I NMR (CDC13, 400 MHz) 6 1.77-1 -88 (six-line m, I H), 1.91-2.08 (m, 4 H). 2.39- 

2.57 (m, 3 H), 2.64-2.82 (m. 3 H), 4.54 (dt, J = 8.1. 4.9 Hz, 1 H), 4.94-5.01 (m. 2 H), 

5.12 and 5.19 (AB q. AVAB = 24.0 Hz, J = 12.2 Hz, 2 H). 5.71 (ddt, J = 16.8, 10.5, 6.5 

Hz, 1 H). 7.08 (d, J = 8.1 Hz, 1 H). 7.26-7.36 (m. 5 H); 13C NMR (CDCl3. 75.5 MHz) 



6 18.33 (t', two signals overlap), 29.13 (t'), 29.56 (t'), 30.88 (t'), 57.03 (d'). 67.22 (t'). 

72.39 (d') 77.18 s ' )  85.27 ( s ' )  116.09 ( t ' )  128.32 d ' )  128.48 ( d  128.57 (d'). 

135.13 ( s ' ) .  136.49 (d'), 170.80 (s'), 170.99 (sr), 175.02 (s'); exact mass m/z calcd for 

Cî 1 H ~ ~ N O S  369.1576, found 369.1573. 

Compound 32.2b had: FTIR (CHC13 cast) 3354, 3295. 1759, 1739, 1677 cm-[: 

[H  NMR (CDC13, 400 MHz) 8 1.76-1.87 (m. 1 H), 1.96-2.14 (m. 4 H), 2.32-2.56 (m. 3 

H), 2.61-2.74 (m. 1 H), 3.84 (d, J =  2.6 Hz, 2 H), 4.62 (dt, J = 8.3, 4.7 Hz, 1 H), 4.99- 

5.60 (m, 2 H), 5.10 and 5.19 (AB q, AVAB = 37.6 Hz, J = tZ.1 Hz, 2 H), 5.75 (ddt. J = 

17.9, 9.8, 6.5 HZ, 1 H), 6.85 (d, J =  8.3 HZ, 1 H), 7.31-7.4L (rn, 5 H); 1 3 ~  NMR 

(CDC13, 75.5 MHz) 6 28.16 (t'), 28.56 (t'), 29.57 (t'), 30.01 (t'). 30.93 (t'), 52.05 (d'). 

67.30 (t'), 72.32 (d'), 77.38 (sr), 85.43 ( s ' ) ,  116.40 (t'), 118.45 (d'), 128.65 (d'), 

128.72 (d'), 135.17 (s'), 136.44 (d'), 170.72 (s'), 171.17 (s'), 175.00 (s'); exact mass 

m/z cdcd for C.ilH23N05 369.1576, found 369.1580. 

~-Oxo-N-[[tetrahydro-J-oxo-2-(2-propyny1)-2-furanyl]carbonyl]-~~- 

norvaline phenylmethyl ester (36,la). 

i) 03, CH2CI2, -78 OC 
ii) Ph3P, -78 OC + RT 

id 
C02Bn & C0,Bn 

O O 

Freshly distilled CH2Cl2 (15 mL) was added to 32.la (0.9 1 12 g, 2.47 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until al1 of the starting matenal had been consumed (CO. 10 

min, TLC control, silica gel, 5050 EtOAc-hexanes). The solution was purged with 



oxygen for 10 min, and then Ph3P (1.3 119 g, 5-00 mmol) was added. The cooling barh 

was removed and stirring was continued for 4 h, by which time the mixture had warmed to 

room temperature. Evaporation of the solvent and flash chromatography of the residue 

over silica gel ( 3  x 25 cm), using 90: 10 EtOAc-hexanes, gave 36.1a (0.8884 g. 97%) as 

an oïl, containing trace amounts of what we take to be the corresponding E and 2 en01 

tautomers (lH NMR): FTIR (CHCI3 cast) 3356, 3290, 2834, 2731. 1789. 1739. 1678 

cm-'; 1H NMR (CDC13, 300 MHz) 6 1.95-2.90 [m. I l  H, including a t at 6 2.02 (J = 3.0 

Hz), and a t at 6 2.75 ( J  = 3.0 Hz)], 4.55 (dt. J = 7.9, 5.3 Hz. 1 H), 5.13 and 5.18 (AB q, 

A V ~ B  = 18.4 Hz, J = 12.1 Hz, 2 H), 7.06 (d, J = 7.9 Hz, 1 Hj, 7.37-7.40 (m, 5 H), 9.67 

( s ,  1 H); I3C NMR (CDCl3, 75.5 MHz) S 14.1 1 (t'), 28.34 (t'). 28.5 1 (t'), 29.45 (tr), 

39.87 (t'), 5 1.95 (d'), 67.57 (t'), 72.46 (d'), 77.17 (s'), 85.25 (sr). 128.50 (d'), 128.60 

(d'), 128.70 (d'), 134.99 (s'), 170.53 (su), 171-13 (s'). 175.16 (s'), 200.45 (d'); exact 

mass m / .  calcd for C20HzlN06 371.1369, found 371.1371. 

5-Oxo-N-[[tetrahydro-5-oxo-2-(2-propynyl)-2-furany~]carbonyl]-~~- 

norvaïine phenylmethyl ester (36.lb). 

4- ii) i )  03, Ph3P, CH2CI2, -78 O C  -78 -+ RT O C  
CO,Bn 

O O 

Freshly distilled CH2C12 (10 mL) was added to 32.lb (0.3694 g, 1 .O0 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet, The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until al1 of the starting material had been consumed (ca. 5 

min, TLC control, silica gel, 5050 EtOAc-hexanes). The solution was purged with 
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oxygen for 10 min. and then Ph3P (0.527 1 g, 2.01 mmol) was added. The cooling bath 

was removed and stirring was continued for 4 h, by which time the mixture had warmed to 

room temperature. Evaporation of the solvent and flash chromatography of the residue 

owr  silica gel (2.5 x 20 cm), using 70:30 EtOAc-hexanes. gave 36.lb (0.3638 _p. 98%) 

as an oil. containhg trace arnounts of what we take to be the corresponding E and Z en01 

tautomers i l H  NMR): F ï IR (CHC13 cast) 3356, 3287, 2834, 2732, 1789. 1739, L677 

cm-'; IH NMR (CDC13, 400 MHz) 6 1.97-2.12 [m. 2 H. including a t at 6 2.09 ( J  = 2.8 

Hz)], 2.22-2.74 (m, 7 H), 2.76-2.90 [m. 2 H, including a t ai 6 2.83 (J = 3.0 Hz)], 4.60 

(dt, J =  8.3, 5.0 Hz, I H), 5.10 and 5.16 (AB q, AVAB =22.7 Hz, J =  12.1 Hz, 2 H), 

7.1 1 (d, J = 8.3 Hz, 1 H), 7.28-7.44 (m, 5 H), 9.70 (s, 1 H); 13C NMR (CDC13, 75.5 

MHz) 6 24.06 (t'), 28.12 (t'), 28.51 (t'), 30.02 (t'), 39.85 (t'), 51.85 (d'), 67.64 (t'), 

72.33 (d'), 85.37 (s'), 128.52 (d'), 128.65 (d'), 128.75 (d'), 134.98 (s'), 170.63 (sr), 

170.96 (s'), 174.99 (s'), 200.37 (d'j, the internai acetylene carbon signal overlaps the 

solvent signals; exact mass m/z caicd for CzoH2 l N 0 6  37 1.1369, found 37 1.1369. 

i) BaO, CH2CI2, sonication 
ii) PzO5, sonication 

C02Bn 
0 - &?02f3n 0 

B a 0  (0.6833 g, 4.46 mmol) was tipped into a solution of 36.la (0.8029 g, 2.16 

mmol) in dry CH2C12 (10 mL), contained in a round-bottomed flask fused onto a 

condenser (Ar atmosphere), and the suspension was sonicated (Branson, mode1 B-12, 80 

W; Ar atmosphere). Sonication was stopped after 1 h, and Pz05 (0.7977 g, 5.62 mmol) 

was tipped into the flask. The system was re-sealed with a septum and flushed with Ar, 
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and the mixture was sonicated until no more aldehyde was being consumed (cn. 3 h. TLC 

control. silica gel, 60:40 EtOAc-hexanes). The suspension was then centrifuged. 

Evaporation of the supernatant liquid, and flash chromatography of the orange residue over 

silica gel (2.5 x 25 cm), using 60:40 EtOAc-hexanes. gave 36.2a (0.5575 g. 73%. 9310 

after correction for recovered starting material) as a pure (IH NMR). colorless oil. which 

was a mixture of rotamers. The material should be used within 24 h. Further elution with 

90: 10 EtOAc-hexanes gave starting material (O. 17 12 g, 0.46 rnmol) ( iH NMR) as an oïl. 

Compound 36.2a had: FTIR (CHCI3 cast) 3282, 1792, 1745. 1642 cm-'; 1H 

NMR (CDC13,400 MHz) 6 2.03-2.12 [m. I H, including a t at 6 7.10 (J = 3.0 Hz)], 2.32- 

3.24 [m. 8 H, including a ddt at 6 3.19 (J = 17.5, 11.5. 2.5 Hz)], 4.86-5.42 [m. 4 H, 

including a dd at 6 4.89 (J = 11.5, 4.2 Hz), an AB q at 6 5.07 and 5.20 (AVAB = 52.9 Hz, 

- = 12.1 Hz). overlapping an AB q at S 5.12 and 5.23 ( A v ~ B  = 46.3 Hz, J = L 2.2 Hz), 

overlapping a dd at 6 5.25 ( J  = 7.0, 2.7 Hz), overlapping a dd at 6 5.28 ( J  = 4.7, 2.5 Hz), 

and a dd at 6 5.39 ( J  = 1 1.2. 2.7 Hz)], 7.05-7.23 [m. 1 H. including a ddd at 6 7.07 (J = 

4.3, 2.9, 1.6 Hz), and a dt at 6 7.21 ( J  = 4.4, 2.2 Hz)], 7.31-7.42 (m. 5 H); l3C NMR 

(CDCl3, 75.5 MHz) 6 27.76 (t'), 28.1 1 (t'), 28.63 (t'), 29.38 (t'), 30.72 (t'), 3 1.25 (t'), 

32.21 ( t ) ,  36.42 (t'), 59.38 (dl). 59.76 (dl). 67.2 1 (t'). 67.90 (t'). 72.19 d ) .  72.81 

(d'). 86.18 (s'), 86.32 (s'), 109.96 (d'), 11 3 6  (d) ,  128.38 (d'). 128.54 (d'), 128.66 

( d )  128.71 (di), 129.48 (d'), 13 1.03 (d'), 135.20 ( s ' ) ,  135.36 (s'), 165.99 (s'), 167.88 

(s'), 170.25 (s'), 172.42 (s'), 175.16 (s'), 175.38 (s'), two pairs of d' in the aromatic 

region overlap (i-e. only two signals are observed); the interna1 acetylene carbon signals 

overlap the solvent signals; exact mass m/z calcd for C2oH 1gNOs 353.1263, found 

353.1265. 

If the aldehyde solution is not pre-treated with Ba0  for Ca. 1 h before addition of 

PzOs, the overall yield is 4 0 % .  In the absence of BaO, the Pz05 tums into a reddish- 

brown gurnmy material after sonication in CH2C12 for 1 h or more; when B a 0  is present, 

the P205 stays as a fine powdered suspension. If additional Pz05 is added to the system 



during the course of the reaction in an attempt to improve the conversion, an unidentified 

byproduct is formed, and the yield of 36.2a is reduced. 

Phenylmethyl 2,3-Dihydro-l-[[tetrahydro-S-oxo-2-(2-propynyl)-2- 

furanyl]carhonyl]- IH-pyrrole-2-carboxylate (36.2b). 

B a 0  (0.4326 g, 2.82 rnrnol) was tipped into a solution of 36.1b (0.2686 g, 0.72 

rnmol) in dry CHzCl;! (10 rnt), contained in a round-bottorned flask fused onto a 

condenser (Ar atmosphere), and the suspension was sonicated (Branson, mode1 B- 12, 80 

W; Ar atmosphere). Sonication was stopped after I h, and P2Os (0.3977 g, 2.80 rnrnol) 

was tipped into the flask. The system was re-sealed with a septum and flushed with Ar. 

and the mixture was sonicated until no more aldehyde remained (ca. 3 h, TLC control, 

silica gel, 5050 EtOAc-hexanes). The suspension was then centrifuged. Evaporation of 

the supematant liquid, and flash chromatography of the orange residue over silica gel (1.5 

x 20 cm), using 5 0 5 0  EtOAc-hexanes, gave 36.2b (0.2198 g, 86%) as a pure ( IH 

NMR), coloriess oil, which was a mixture of rotarners: FTIR (CHC13 cast) 3282, 1792, 

1745, 1641 cm-l; lH NMR (CDC13, 400 MHz) 6 2.03-2.13 [m, 1 H, including a t at 6 

2.1 1 (J = 2.6 Hz)], 2.28-2.46 (m, 2 H), 2.52-2.62 (m, 2 H), 2.74-3.02 (m, 4 H), 4.97 

(dd, J = 1 1.7, 5.2 Hz, 1 H), 5.04-5.29 [m, 3 H, including an AB q at 6 5.07 and 5.27 

( A v . 4 ~  = 75.1 Hz, J =  12.3 Hz), and a dt at 6. 5.21 ( J  = 4.6, 2.3 Hz)], 7.02-7.24 [m, 1 H, 

including a five-line m at 6 7.04, and a dt 6 7.21 (J = 4.4, 2.2 Hz)], 7.28-7.43 (m, 5 H); 

13C NMR (CDClj, 75.5 MHz) 6 27.73 (t'), 28.10 (t'), 20.53 (t'), 30.89 (t'), 3 1.65 (t'), 

3 1.93 (t'), 36.63 (t'), 59.43 (d'), 59.82 (d'), 67.02 (t'), 67.62 (t'), 72.17 (dl), 72.65 



d 76.90 (s'), 85.91 s 86.24 (s'j. 109.48 (d'), 11 1.00 (d'), 128.16 (d'j. 178.28 

d j  128.37 (dl), 128.55 (d'), 129.29 (d'), 13 1 O ( d ) ,  135.08 (s'). 135 . - 74 (s'). 166.35 

(s'). 168.89 (S.), 170.15 (s'), 17 1-65 (s'), 174.93 ( s ' ) .  173.24 (s'), not al1 signals for the 
V 

minor rotamer were observed; exact mass tn/z calcd for C?oHi9NOs 353.1263. found 

353-1269. 

Phenylmethyl Octahydro-s',SV-dioxo-8'- 

[(tributyLstannyl)methyIene]spiro[furan-2(3H),6'(5'H)-indolizine]-3'- 

carboxylic acid (37. la). 

Bu3SnH, AIBN, 
PhMe, reflux 

- 

A solution of AIBN (0.0108 g, 0.07 mrnol, 8.1 mM) and Bu3SnH (0.25 mL, 0.93 

mrnol, 0.1 1 M) in dry PhMe (8.6 rnL) was injected by syringe over ca. 10 sec into a stirred 

and refluxing solution (0.05 M with respect to the acetylene) of 36.2a (0.1527 g, 0.43 

rnrnol) in PhMe (8.6 mL) (Ar atmosphere). Stirring at reflux was continued for 3 h. A 

solution of AIBN (0.0103 g, 0.06 mrnol, 14.0 mM) and Bu3SnH (0.25 m . ,  0.93 mmoi. 

0.22 LM) in dry PhMe (4.3 mL) was then injected by syringe over Ca. 10 sec. Stirring 

under reflux was continued until no more starting material rernained (ca. 1.5 h, TLC 

control, silica gel, 40:60 EtOAc-hexanes), and the mixture was allowed to cool to room 

temperature. Evaporation of the solvent and flash chromatography of the oily residue over 

silica gel (2.5 x 25 cm), using 30:70 EtOAc-hexanes, gave 37.la (0.lSQl g, 70%) as a 

white, amorphous solid, containing slight imp urities ( l  H NMR): FTIR (CHC13 cast) 

1788, 1745, 1664 cm-'; 1H NMR (CDC13, 300 MHz) 6 0.78-1.05 (m, 15 H), 1.21-1.64 

(m. 13 H), 1.74-2.08 (m, 3 H), 2.14-2.29 (m, 2 H), 2.38-2.42 (m, 1 H), 2.60-2.95 (m, 4 



H), 4.41-4.18 (m. 1 H). 4.55 (d. J = 9.7 Hz. 1 H). 5.09 and 5.23 (Mi q. AvAB = 54.1 

Hz, J = 12.3 Hz. 2 H). 5.83 (vinyl proton. d. J = 1.7 Hz. 1 H, Sn  satellite signais at 6 

5.78 and 5-90), 7.23-7.39 (m. 5 H); 1 3 ~  NMR (CDC13, 75.5 MHz) G 10.37 (t'). 13.66 

(q'), 27.27 (t'), 28.23 (t'), 25.67 (t'), 28.97 (t'), 29.97 (t'). 30.48 (t'), 44.08 (t'). 58.35 

(d'), 63.79 (d'), 67.06 (t'), 83.46 (s'). 125.69 (d'), 138.17 (dt),  128.40 (d'), 128-59 

(d'), 135.48 (s'), 147.09 (s'), 166.93 (s'), 17 1-07 (s'). 176.22 (s'); exact mzss (HR 

electrospray) d z  calcd for C32H&7NNa05120Sn (LM + Na) 668.2374. found 668.2376. 

Phenylmethyl Octahydro-S,Sf-dioxo-8'- 

[(tributylstannyl)methylene]spiro[furan-2(3H),6'(5'H)-indolizine]-3'- 

carboxylic acid (37. lb). 

CHSnBu, 

Bu3SnH, AIBN, 
PhMe. reflux 

A solution of AIBN (0.005 1 g, 0.03 rnrnol, 8.3 rnM) and Bu3SnH (0.10 mL, 0.37 

mmoi, 0.37 M) in dry PhMe (3.6 mL) was injected by syringe over Ca. 10 sec into a stirred 

and refluxing solution (0.05 M with respect to the acetylene) of 36.2b (0.0641 ,a, 0.18 

mmol) in PhMe (3.6 rnL) (Ar atmosphere). Stirring at reflux was continued for 2.5 h. A 

solution of AIBN (0.0049 g, 0.03 mmol, L6.6 rnM) and Bu3SnM (0.10 mL, 0.37 mmol, 

0.21 M) in dry PhMe (1.8 mL) was then injected by syringe over ca. 10 sec. Stirring 

under reflux was continued until no more starting material remained (ca. 1 h, TLC control, 

silica gel, 50:50 EtOAc-hexanes), and the mixture was allowed to cool to room 

temperature. Evaporation of the solvent and flash chromatography of the oily residue over 

silica gel ( 2  x 20 cm), using 35:65 EtOAc-hexanes, gave 37.lb (0.1017 g, 89%) as a 
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colorless oil. containing slight impurities (IH NMR): FTIR (CHC13 cast) 1788. 1748. 

1665 cm-'; 1H NMR (CDC13, 400 MHz) 6 0-79-1.04 (m. 15 H), 1.2 1-1.83 (m. 13 H). 

1.83-1.97 (m. 3 K), 2.25-2.33 (five-line m. 1 H). 2.34-2.46 (rn, 1 H), 2.47-2.64 (m. 3 

H). 2.50-2.94 (m, 1 H), 3.0 1-3.09 [m, 1 H, including a d at 8 3.05 ( J  = 14.4 Hz)], 4.48 

(dd. I = 10.3. 4.7 HZ, 1 H), 4.56 (t. J = 8.5 Hz, 1 H), 5.14 and 5.21 (AB q, S v A ~  = 

29.7 Hz, J = 12.4 Hz. 2 H), 5.86 (vinyl proton. d, J = 1.5 Hz. 1 H, Sn satellite signals at 

6 5.79 and 5.92), 7.25-7.37 (m. 5 H); I3C NMR (CDCl3, 50.3 MHz) 6 10.40 (t'). 13.60 

(q'), 27.20 (t'), 27.45 (t'), 28.53 (t'), 29.05 ( t ' ) ,  3 1.03 (t'), 3 1.61 (t'), 44-15 (t'), 58.42 

(d'), 63.88 (d'), 66.94 (t ' j ,  82.74 (s'), 127.1 1 (dl), 128.09 (d'), 128.25 (d'), 128.57 

(dl), 135.50 (s'), 146.08 (s'), 167.09 (s'), 17 1.13 (sr), 175.85 (sr); exact mass (HR 

electrospray) 4. cdcd for C32&7NNa05120Sn (M + Na) 668.2374, found 668.2378. 

Phenylmethyi Octahydro-8'-rnethylene-5,S-dioxospiro[furan- 

2(3H),6'(5'H)-indolizinel-3'-carboxylate (37.2a). 

TFA, THF - 

Dry CF3C02H (0.5 rnL) was injected rapidly into a stirred solution of 37.la 

(0.0919 g, 0.143 mmoi) in THF (5 rnL) (Ar atmosphere). After ca. 1 h no more vinyl 

stannane could be detected (TLC control, silica gel, 40:60 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1.5 x 25 cm), using 

60:40 EtOAc-hexanes, gave 37.2a (0.0482 g, 95%) as a pure (lH NMR), white crystals 

(mp 145-147 OC), spectroscopically identical to material obtained without isolation of the 

vinyl stannane. 



Phenylrnethyl Octahydro-8'-methylene-5,5'-dioxospirofi ran- 

2(3H),6'(5'H)-indolizinel-3'-carboxylate (37.2b). 

Dry CF3C02H C0.5 mL) was injected rapidly into a stirred solution of 3 7 . l b  

(0.0794 g, 0.123 rnmol) Ln THF (5  rnL) (Ar atmosphere). After ca. 20 min no more vinyl 

stannane could be detected (TLC control, silica gel, 35:65 EtOAc-hexanes). Evaporation of 

the solvent and flash chrornatography of the residue over silica gel (1.5 x 20 cm), using 

8020  EtOAc-hexanes. gave 37.2b (0.0416 g, 95%) as a pure NMR), colorless oil. 

spectroscopically identical to matenal obtained without isolation of the vinyl stannane. 

Phenylmethyl Octahydro-8'-methylene-5,s'-dioxospiroCfuran- 

2(3H),6'(5'H)-indoliz3ne]-3'-carboxylate (37.2a) without isolation of the 

intermediate stannane. 

i) Bu3SnH, AIBN, 
PhMe, reflux 

ii) TFA, THF 

A solution of AIBN (0.033 1 g, 0.20 rnmol, 7.7 mM) and Bu3SnI-I (0.74 rnL. 2.75 

mrnol, 0.11 M) in dry PhMe (26 rnL) was injected by syringe over ca. 1 min into a stirred 

and refluxing solution (0.05 M with respect to the acetylene) of 36.2a (0.4639 g, 1.3 1 

mmol) in PhMe (26 mL) (Ar atmosphere). Stirring at reflux was continued for 3 h. A 

solution of AIBN (0.0335 g, 0.20 mmol, 15.4 rnM) and Bu3SnH (0.74 mL, 2.75 rnmol, 



os 

0.7 1 M) in dry Phi ie  (13 mL) was then injected by syringe over cn. 30 sec. Stirring under 

reflux was continued until no more starting materiai remained (en. 1.75 h. TLC control, 

silica g d ,  40:60 EtOAc-hexanes), and the mixture was allowed to cool to room 

temperature. Evaporation ( ~ 0 . 1  mm Hg) of the solvent gave the crude vinyl stannane, 

which was treated as follows. 

Dry CF3COaH (2.0 mL) was injected rapidly into a stirred solution of the above 

crude vinyl stannane in THF (25 mL) (Ar atrnosphere). After en. 1.5 h no more vinyl 

stannane could be detected (TLC control, silica gel, 40:60 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (2.5 x 25 cm), using 

60:40 EtOAc-hexanes, gave 37.2a (0.4246 g, 91%) as a pure (IH NMR), white powder: 

rnp 145- 147 OC; FTIR (CHCb cast) 1782. 1742, 1658 cm- l ;  IH NMR (CDC13,400 MHz) 

6 1.83-2.02 (m. 2 H), 2.04-2.12 (m, 1 H), 2.18-2.32 (m, 2 H), 2.49 (ddd, J =  17.3, 9.6. 

2.9 Hz, 1 H), 2.64-2.86 [rn, 3 H, including a dt at 6 2.80 (J= 17.3, 9.6 Hz)], 3.01 (dd, J 

= 14.9, 1.2 Hz, 1 ET), 4.32-4.39 (m, 1 H), 4.54 (d, J = 8.8 Hz, 1 H), 5.01-5.03 (m, 1 

H), 5.05-5.25 [m, 3 H, including an AB q at 6 5.07 and 5.21 (AVAB = 54.8 Hz, J = 12.2 

Hz)], 7.28-7.37 (m. 5 H); 13c NMR (CDC13, 75.5 MHz) 6 28.39 (t'), 28.58 (r') ,  29.10 

(t'), 3 1 .O 1 (t'), 42.20 (t'), 58-17 (dl), 6 1.82 (d'), 67.16 (t'), 83 .O9 (s'), 1 12.06 (t'), 

128.24 (d'), 128.47 (d'), 128.64 (d'), 135.44 ( s ' ) ,  139.13 (s'), 167.32 (s'), 171.05 ( s ' ) ,  

176.42 (s'); exact rnass m/z calcd for C20H21N05 355.1420, found 355.1425. 

Phenylrnethyl Octahydro-8'-methylene-5,5'-dioxospiro[furan- 

2(3H),6'(S'H)-indolizinel-3'-carboxylate (37.2b) without isolation of the 

intermediate s tannane. 

i) Bu3SnH, AIBN, 

&qOzBn PhMe, reflux 
ii) TFA, THF 



A solution of AIBN (0.0029 g, 0.02 mmol, 8.7 mM) and Bu3SnH (0.07 mL, 0.26 

rnrnol, 0.11 M) in dry PhMe (2.3 rnL) was injected by syringe over cn. 5 sec into a stirred 

and refluxing solution (0.05 LM with respect to the acetylene) of 36.2b (0.0398 g, O. 113 

mmol) in PhMe (2.3 mL) (Ar atmosphere). Stirring at reflux was continued for 1.5 h. A 

solution of AIBN (0.003 1 g, 0.02 mrnol, 16.7 mi) and Bu3SnH (0.07 rnL, 0.26 mmol. 

0.22 M) in dry PhMe ( 1.2 rnL) was then injected by syringe over cn. 5 sec. Stirring under 

reflux was continued until no more starting material remained (ca. 1.5 h, TLC control, 

silica gel, 50:50 EtOAc-hexanes), and the mixture was allowed to cool to room 

temperature. Evaporation (<O. 1 mm Hg) of the solvent gave the crude vinyl stannane, 

which was treated as follows. 

Dry CF3C0zH (0.5 mL) was injected rapidly into a stirred solution of the above 

crude vinyl stannane in TJ3F (5 mL) (Ar atmosphere). After ca. 30 min no more vinyl 

stannane could be detected (TLC control, siiica gei, 5050 EtOAc-hexanes). Evaporation of 

the solvent and flash chrornatography of the residue over silica gel (1 x 20 cm), using 

80:20 EtOAc-hexanes, gave 37.2b (0.0352 g, 88%) as a pure (lH NMR), colorless oil: 

FTIR (CDC13 cast) 1782, 1745, 1659 c d ;  lH NMR (CDCl3,360 MHz) 6 1.74 (ddt, J = 

19.0, 11.8, 7.8 Hz, 1 H), 1.86-2.04 (m, 2 H), 2.21-3-33 (five-line m, 1 H), 2.39-2.58 

(m, 3 H), 2.65 (d, J = 13.9 Hz, 1 H), 2.86 (dt, J = 17.7, 10.5 Hz, 1 H), 3.09 (dd, J = 

13.9, 1.0 Hz, 1 H), 4.37 (dd, J = 10.9, 4.9 Hz, 1 H), 4.55 (t, J = 8.6 Hz, 1 H), 5.04 (br 

s, 1 H), 5.12 (br s, 1 H), 5.15 and 5.X (AB q, AvA8 = 25.9 Hz, J = 12.4 Hz, 2 H), 

7.25-7.38 (m, 5 H); 13C NMR (CDC13, 50.3 MHz) 6 27.58 (t'), 28.37 (t'), 30.1 1 (t'), 

32.37 (t'), 42.43 (t'), 58.01 (d'), 61.94 (dl), 67.00 (t'), 82.42 (s'), 113.10 (t'), 128.07 

(d'), 128.29 (d'), 128.58 (d'), 135.44 (s'), 138.18 (s'), 167.55 (s'), 171.16 (s'), 176.13 

(s'); exact mass m/z calcd for C20H2 1 NO5 355.1420, found 355.142 1. 
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L,2,3,5-Tetrahydro-8-hydroxy-5-oxo-3-[(pheny1methoxy)carbonyl]- 

6-indolizinepropanoic acid (37.4) from 37.2a. 

i) 0 3 ,  CH2CI2, -78 OC 
ii) Ph3P, -78 =C + RT 
i i i )  Et3N, THF, 60 OC 

Freshly distilled CHzClz (15 rnL) was added to 37.2a (0.1844 g, 0.52 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until d l  of the starting material had been consumed (en. 8 

min, TLC control, silica gel, 60:40 EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then Ph3P (0.2753 g, 1.05 mmol) was added. The cooling bath 

was removed and stimng was continued for 1.5 h, by which time the mixture had warrned 

to room temperature. Evaporation (cO.1 mm Hg) of the solvent gave a light-yellow solid; 

the ketonic product (37.3a) could not be separated chromatographically from Ph3P0, and 

so the cmde mixture was used directly. 

Dry Et3N (2.0 mL, 14.35 m o l )  was added to a stirred solution of the above crude 

ozonolysis product in dry THF (20 mL) (Ar atmosphere). Stimng was continued at 60 OC 

(oil bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 

chromatography of the light-yellow oily residue over silica gel (2.5 x 20 cm), using 

80:20:5 EtOAc-hexanes-AcOH, gave 37.4 (0.18 17 g, 98%) as pure (IH NMR), white 

crystals: rnp 120-122 OC; FTIR (microscope) 3375-2450, 1742, 17 1 1, 153 1 cm-1; LH 

NMR (CD30D, 360 MHz) 6 2.26 (ddt, J =  13.4, 8.6, 3.3 Hz, 1 H), 2.49-2.63 (m, 3 H), 

2.68-2.83 (eight-line m, 2 H), 2.95-3.17 (thirteen-line m, 2 H), 5.13-5.26 [m. 3 H, 

including a dd at 6 5.16 (J = 9.6, 3.2 Hz), overlapping an AB q at 6 5.12 and 5.21 (AVAB 



= 14.1 Hz. J =  12.5 Hz)], 7.24 (s, 1 H), 7.27-7.38 (m, 5 H); I ~ C  NMR (CD30D. 75.5 

MHz) 6 26.90 (t'), 27.48 (t'). 23-09 (t'). 33.78 (t'), 63.92 (d'), 68.33 (t'). 129.19 (d'). 

139.38 (d'). L29.59 (d'), 129.8W (s ' ) ,  133.96 (s'), 134.90 (d'), 136.98 (s'j, 137.07 (s'), 

160.37 (s'), 17 1-46 (s'), 176.769 (s'); exact mass nz/z calcd for C r  9H L ~ N O ( j  357.12 13, 

found 357.12 16. 

1,2,3,5-Tetrahydro-8;-hydroxy-5-oxo-3-[(phenylmethoxy)carbony~]- 

6-indolizinepropanoic acid (37.4) from 37.2b. 

iiii) THF, 60 OC 
- 

Freshly distilled CH2CIï.2 (8 mL) was added to 37.2b (0.0397 g, 0.112 m o l )  

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite. and an ozone- 

oxygen inlet. The resulting solu,-tion was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution unit i l  al1 of the starting material had been consumed (ca. 5 

min, TLC control, silica gel, 8;0:20 EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then Ph:.3P (0.0583 g, 0.22 mrnol) was added. The cooling bath 

was rernoved and stimng was coentinued for 1.5 h, by which time the mixture had warrned 

to room temperature. Evapora-tion (e0.1 mm Hg) of the solvent gave a light-yellow 

residue; the ketonic product (3Z.3b) could not be separated chromatographically from 

Ph3P0, and so the crude mixture was used directly. 

Dry Et3N (1 .O rnL, 7.17 -01) was added to a stirred solution of the above crude 

ozonolysis product in dry THF (Il0 rnL) (Ar atmosphere). Stirring was continued at 60 OC 

(oil bath) for 1.5 h, and t h e  mixture was then cooled and evaporated. Flash 
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chromatography of the light-yellow oily residue over silica gel ( 1 x 20 cm). using SO:20:5 

EtOAc-hexanes-AcOH, gave 37.4 (0.0379 g, 95%) as pure ( lH  NMR), white crystals 

(mp 120- 122 OC), spectroscopically identical to material obtained from 37.2a. 

3-Carboxy-1,2,3,5-tetrahydro-8-hydroxy-5-0x0-6- 

indolizinepropanoic acid (4.1). 

H2, Pd, MeOH 

10% Pd-C (ca. 25 mg) was addrd to a stirred solution of 37.4 (0.1273 g, 0.36 

mrnol) in MeOH (40 mL). The reaction flask was flushed with hydrogen, and the mixture 

was stirred under hydrogen (balloon) until al1 of the starting material had been consurned 

(ca. 15 min, TLC control, silica gel, 95:s EtOAc-AcOH). The mixture was filtered through 

a sintered glass frit (grade D). Evaporation of the filtrate gave a residue that was parùtioned 

between 1% AcOH ( 15 mL) and CHCI3 (5  mL). The aqueous layer was washed with 

CHCI3 (2 x 5 mL), and evaporated to give a yellow soIid chat was recrystallized from water 

to afford 4.1 (0.0914 g, 94%) as pure (lH NMR), light-yellow crystals: mp 163-165 OC; 

FTIR (microscope) 3600-2200, 1698, 1659 cma1; 1H NMR (D20-CD3CN, 400 MHz) G 

2.23-2.32 (m, 1 H), 2.44-2.72 (m, 5 H), 2.93-3.10 (twelve-line m, 2 H), 5.0 1 (dd, J = 

9.8, 3.1 HZ, 1 H), 7.21 (s, 1 H); I3C NMR (D20-CD3CN7 75.5 MHz) 6 26.04 (t'), 27.09 

(t'), 27.96 (t'), 33.39 (t'), 63.77 (d'), 128-9 (sr), 134.73 (dl), 134.94 (s'), 136.17 (s'), 

160.08 (sr), 174.09 (sr), 177.57 (s'); exact mass m/z calcd for C 12H 13NO6 267.0743, 

found 267.0743. 
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6-Oxo-N-[[tetrahydro-5-oxo-2-(2-propynyI)-2-furanyI]carbonyl]-~~- 

norleucine phenylrnethyl ester (38.la). 

i )  9-BBN, THF, O "C -+ RT 
ii) PCC, 4 A molecular 

sieves, reflux 

O O 

9-BBN (0.5 M in THF, 1.92 mL, 0.96 mmol) was added by syringe pump over 

cn. 4 min to a stirred and cooled (ice-water bath) solution of 32.la (0.3224 g, 0.87 mmol) 

in dry THF (10 rnL) (Ar atmosphere). The cooling bath was removed and stirring was 

continued for 1 h. The mixture was then ~ansferred by cannula to a stirred and cooled (ice- 

water bath) suspension of PCC (1.6977 g, 7.88 mmol) and crushed 4 A rnolecular sieves 

(cn. 500 mg) in dry CH2C12 (10 mL). Additional dry CH2C12 ( 2  x 1 mL) was used as a 

rinse. The resulting mixture was transferred to an oil bath and stirred at reflux temperature 

for 1.5 h, allowed to cool to room temperature, and filtered through a pad (2.5 x 5 cm) of 

silica gel, using EtOAc as a rinse. Evaporation of the solvent, and flash chromatography of 

the residue over silica gel (2 x 25 cm), using 80:20 EtOAc-hexanes, gave 38.la (0.2657 

g, 79%) as a pure ( [ H  NMR), colorless oil: FTIR (CDC13 cas )  3350, 3290, 2830, 2729, 

1789. 1739, 1677 cm-[; [H  NMR (CDCl3, 400 MHz) 6 1.48-1.66 (rn, 2 H), 1.67-1.79 

(m, 1 H), 1.80-1.95 (m, 1 H), 2.04 (t, J = 2.0 Hz, 1 H), 2.36-2.64 (m, 5 H), 2.66-2.84 

[m, 3 H, including an apparent dd at 6 2.75 (A of an ABX system, J = 17.3, 2.7 Hz), and 

an apparent dd at 6 2.79 (B of an ABX system. J = 17.3, 2.7 Hz)], 4.54 (dt, J = 8.0, 5.1 

Hz, 1 H), 5.12 and 5.18 (AB q, AVAB = 22.4 Hz, J =  12.1 Hz, 2 H), 7.08 (d, J = 8.0 Hz, 

1 H). 7.27-7.40 (m. 5 H), 9.68 (S. 1 H); 13C NMR (CDC13, 50.3 MHz) 6 17.66 (t'), 

28.34 (t', two signals overlap), 29.54 (t'), 3 1.07 (t'). 42.79 (t'), 52.07 (d'), 67.35 (tf), 

72.41 (dl), 77.06 (s'), 85.28 (s'), 128.42 (d'), 128.60 (d', two signals overlap), 135.03 

( s l ) ,  170.83 (s'), 170.99 (s'). 175.2 1 (s'), 20 1.32 (dl); exact mass (HR electrospray) m/z 



6-0xo-N-[[tetrahydro-5-oxo-2-(2-propynyl)-2-furanyl]carbonyl]-~~- 

norleucine phenylmethyl ester (38.Lb). 

i )  9-BBN, THF, O OC + RT dm C0,Bn ii) PCC, sieves, 4 reflux A molecular 

CQBn 

9-BBN (0.5 M in THF, 3 26 mL, 1.63 mrnol) was added by syringe pump over 

CU. 4 min to a stirred and cooled (ice-water bath) solution of 32.lb (0,5470 ,o. 1.48 mrnol) 

in dry THF (10 rnL) (Ar atmosphere). The cooling bath was removed and stirring was 

continued for 1 h. The mixture was then transferred by cannula to a stirred and cooled (ice- 

water bath) suspension of PCC (2.8700 g, 13.3 1 mmol) and crushed 4 Â rnolecular sieves 

(cn. 500 mg) in dry CH~CIZ (10 mL). Additional dry CH2C12 (2 x I rnL) was used as a 

rinse. The resulting mixture was transferred to an oil bath and stirred at reflux temperature 

for 1.5 h, allowed to cool to room temperature, and filtered through a pad (3.5 x 4 cm) of 

silica gel, using EtOAc as a rinse. Evaporation of the solvent, and flash chromatography of 

the residue over silica gel (2.5 x 25 cm), using 70:30 EtOAc-hexanes, gave 38.lb (0.4679 

g, 8 2 8 )  as a pure (IH NMR), colorless oil: FTIR (CDCI3 cast) 3355, 3289, 2830, 273 1, 

1791, 1740, 1678 cm-'; IH NMR (CDC13, 400 MHz) 6 1.60-1.79 (m, 3 H), 1.89-1.99 

(m. I H) ,2 .10( t , J=2.6Hz,  1 H),2.29-2.53 (m,5  H), 2.58-2.72(m, l H), 2.81 (Aof  

an ABX system, apparent dd, J = 17.2, 2.6 Hz, 1 H), 2.85 (B of an ABX system, 

apparent dd. J = 17.2, 2.6 Hz, 1 H), 4.59 (dt. J = 8.2, 4.9 Hz, 1 H), 5.10 and 5.19 (AB 

q, AVAB = 33.9 Hz, J = 12.1 Hz, 2 H), 7.00 (d, J = 8.2 Hz, 1 H), 7.27-7.41 (rn, 5 H), 

9.70 (s, 1 H); 13c NMR (CDC13, 75.5 MHz) 6 17.89 (tf), 28.13 (t'), 28.56 (t'), 30.03 

(t'), 30.96 (t'), 42.90 (t'), 52.11 (d'), 67.47 (t'), 72.38 (d'), 85.46 ( s ' ) ,  128.48 (d'), 
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128.66 (d'), 138.7 1 (dl), 135.07 (s'), 170.82 (sr), 170.93 (s'), 174.99 ( s ' ) .  201.21 (d'), 

the interna1 acetylene carbon signal overlaps the solvent signais; exact mass r / z  calcd for 

C? 1 H23NO6 385.1525, found 385.1526. 

Phenyimethyl 1,2,3,4-Tetrahydro- 1-[[tetrahydro-5-0x0-2-(2- 

propynyl)-2-furanyl]carbony1]-2-pyridinecarboxylate (38.2a). 

i) BaO, CH2CI2, sonication 
ii' P ~ o ~ ,  smication 

C02Bn C0,Bn 
O O 

Ba0  (0.523 1 g, 3.41 mmol) was tipped into a solution of 38.la (0.2657 g, 0.69 

mmol) in dry CH2Clî_ (10 mL), contained in a round-bottomed flask fused ont0 a 

condenser (Ar atrnosphere), and the suspension was sonicated (Branson, mode1 B-12, 80 

W; Ar atrnosphere). Sonication was stopped after 1 h, and P205 (0.4922 g, 3.47 mmol) 

was tipped into the flask. The system was re-sealed with a septum and flushed with Ar, 

and the mixture was sonicated until no more aldehyde rernained (ca. 1.5 h, TLC control, 

silica gel, 5 0 5 0  EtOAc-hexanes). The suspension was then centrifuged. Evaporation of 

the supernatant liquid, and flash chromatography of the orange residue over silica gel (2 x 

20 cm). using 40:60 EtOAc-hexanes. gave 38.2a (0.2 128 g, 84%) as a pure (LH NMR). 

colorless oil, which was a mixture of rotamers: FTIR (CHC13 cast) 328 1, 1793. 1743, 

1643 cm-l; IH NMR (CDC13,400 MHz) 6 1.80-2.16 [ml 4 H, including a t at 6 2.10 (J = 

2.4 Hz), and a t at 6 2.14 ( J  = 2.3 Hz)], 2.24-2.79 (m. 5 H), 2.88-3.10 (m. 2 H), 4.99- 

5.53 [m. 4 H. including a dd at 6 5.02 (J = 8.1, 5.5 Hz, 1 H). and a br s at 6 5-52)].  7.12- 

7.22 [m. 1 H, including a d at 6 7.15 ( J  = 8.6 Hz), and a d at 6 7.20 (J = 8.6 Hz)], 7.28- 

7.42 (m, 5 H); I ~ c  NMR (CDCls, 50.3 MHz) S 18.78 (t'), 23.25 (t'), 23.95 (t'), 27.43 

(t'), 27.92 (t'), 28.42 (t'), 30.27 (t'), 32.79 (t'), 53.79 (d'). 56.16 (dg), 67.26 (t'), 67.69 



(t ') ,  73.40 (d'), 73.88 (d'), 86.41 (s'), 87.25 (sr), 108.55 (d'), 1 10.69 (d'), 124.35 (d'), 

124.96 (d'), 12825 (dl), 128.51 (dl), 128.62 (d'). 135.41 (s'), 167.65 (s'), 169.91 (s'), 

175.26 (s'). the intemal acetylene signais overlap the solvent signals; not al1 of the signals 

from the rninor rotarner were observed; exact mass (HR electrospray) HZ/: calcd for 

Cî lHî_INNa05 (LM + Na) 390.13 17, found 390.13 1 1. 

Phenylmethyl 1,2,3,4-Tetrahydro-1-[[tetrahydro-5-0x0-2-(2- 

propynyl)-2-furanyl]carbonyl]-2-pyridinecarboxylate (38.2b). 

61 H i) BaO, CH2CI2, sonication 

N ~ O  
ii) P2O5, sonication 

C02Bn 
O O 

B a 0  (0.1432 3, 0.93 mmol) was tipped into a solution of 38.lb (0.0690 g, 0.18 

mmol) in dry CH;?Cl;? ( 5  mL), contained in a round-bottomed flask hsed ont0 a condenser 

(Ar atmosphere), and the suspension was sonicated (Branson, mode1 B-12, 80 W; Ar 

atmosphere). Sonication was stopped after 1 h, and P205 (0.1396 g, 0.98 mmol) was 

tipped into the tlask. The system was re-sealed with a septum and flushed with Ar, and the 

mixture was sonicated until no more aldehyde remained (ca. 1 6,  TLC control, silica gel, 

50:50 EtOAc-hexanes). The suspension was then centrifuged. Evaporation of the 

supernatant Iiquid, and flash chromatography of the orange residue over silica gel (1 x 20 

cm), using 5050  EtOAc-hexanes, gave 38.2b (0.0577 g, 89%) as a pure (IH NMR), 

colorless oil: FTIR (CHCL3 cast) 3282, 1793, 174 1, 1643 cm-1; 1H NMR (CDC13, 400 

MHz) 6 1.86-2.14 [m, 4 H, including a t at 6 2.12 (J = 2.7 Hz)], 2130-2.5 1 (m, 3 H), 

2.63 (ddd, J = 18.0, 9.4, 5.5 Hz, 1 H), 2.88 (A of an ABX system, apparent dd, J = 

17.1, 2.6 Hz, 1 H), 2.94 (B of an ABX system, apparent dd, J = 17.1, 2.6 Hz, 1 H), 

3.01 (ddd, J = 13.2, 9.6, 5.5 Hz, I H), 5.03 (ddd, J = 8.4, 3.5, 2.1 HZ, 1 H), 5.09 and 



5-20 (AB q, AVAB = 43-3 Hz, J = 12-3 Hz, 2H), 5.27 (dd, J = 3.4, 3.4 Hz. 1 H). 7.20 

(d, J = 8.6 Hz, 1 H). 7.27-7.40 (m, 5 H); 13C NMR (CDC13, 75.5 MHz) G 15.97 (t'). 

23.53 (t'), 27.88 (t'), 28.93 (t'), 30.60 (t'), 53.65 (d'), 67.21 (t'), 72.89 (d'), 86.46 (s'). 

109.3 1 (d'), 124.66 (d'), 128.06 (d'), 128.41 (d'), 128.66 (d'), 135.35 (s'), 166.98 (s'). 

169.95 (s ' ) ,  174.99 (s'), the interna1 acetylene carbon signal overlaps the solvent signaIs: 

exact mass (HR electrospray) rn/z calcd for C2iH21NNaOs (M + Na) 390.13 17. found 

390.13 17. 

PhenyIrnethyI Octahydro-4',5-dioxo- 1'- 

[(tributylstannyl)methylene]spiro[furan-2(3H),3'(4'H)-[2H]quinoIizine]- 

6'-carboxylate (39. la).  

Bu3SnH, AIBN, 
PhMe, reflux 

A solution of AIBN (0.0035 g, 0.02 m o l ,  7.61 mM) and Bu3SnH (0.08 mL, 

0.30 mmol, 0.11 M) in dry PhMe (2.8 rnL) was injected by syringe over Ca. 10 sec into a 

stirred and refluxing solution (9.05 M with respect to the acetylene) of 38.2a (0.0519 g, 

0.14 mrnol) in PhMe (2.8 rnL) (Ar atmosphere). Stirring at reflux was continued for 2 h, 

by which time al of the starting material had been consumed (TLC control, silica gel. 30:70 

EtOAc-hexanes), and the mixture was allowed to cool to room temperature. Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1.5 x 20 cm). using 

30:70 EtOAc-hexanes, gave racemic phenylmethyl octahydro-4',5-dioxo- 1'- 

[(tributylstannyl)methylene]spiro[furfe 

(0.069 1 g, 7 1 %) as a colorless oil, containing slight impurities (lH NMR): FTIR (CHC13 
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cast) 1789, 1744. 1658 cm-[: IH NMR (CDC13, 360 MHz) 6 0.84- 1.04 (m. 15 H). 1.19- 

2.13 (m. 19 H), 2.11-2.60 (m. 2 H). 2.70-2.93 [m. 3 H. including an AB q at 6 2.75 and 

2.79 (AVAB = 13.2 Hz. J = 14.0 Hz), and a dt at 6 2.86 ( J  = 17.3, 9.6 Hz)]. 4.1 1 (d. J = 

9.6 Hz. I H). 4.22 (dd, J =  6.9. 4.6 Hz, 1 H), 5.09 and 5.21 (AB q, A v A ~  =41.7 Hz. / 

= 12.2 Hz. 2 H). 5.9 1 (vinyl proton, S. 1 H, Sn satellite signals at 6 5.84 and 5-98), 7.27- 

7.39 (m, 5 H); 1 3 ~  NMR (CDC13. 75.5 MHz) 6 10.48 (t'), 13.67 (q'). 19.30 (t'). 24.52 

(t'). 27.24 (t'), 28.76 (t'). 29.09 (t'), 29.99 (t'), 3 1.70 (t'), 42.97 (t'). 57.03 (dl). 60.80 

( d )  66.96 (t'), 82.09 (s'), 127.90 (d'), 128.28 (d'), 128.37 ( d )  128.53 (d'), 135.7 1 

(s'), 145.87 (s'), 169.13 (s'), 170.75 (s'), 176.00 (sr): exact rnass (HR electrospray) t r z / i  

caicd for c ~ ~ H ~ ~ N N ~ o ~ ~ ~ O S ~  (M + Na) 682.2530, found 682.2533. 

Phenylmethyl Octahydro-4',5-dioxo- 1' - 
[(tributylstannyl)methyLene]spiro[furan-2(3N),3'(4'H)-[2H]quinoIizine] - 
6'-carboxylate (39.lb).  

Bu3SnH, AIBN, 
PhMe, reflux 

A solution of AIBN (0.0072 g, 0.04 rnmol, 7.56 mM) and Bu3SnH (O. 16 rnL, 

0.59 rnrnol. 0.10 M) in dry PhMe (5.8 mL) was injected by syringe over CU. 15 sec into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 38.2b (0.1068 g. 

0.29 rnmol) in PhMe (5.8 rnL) (Ar atmosphere). Stirring at reflux was continued for 2 h. 

by which time ail of the starting material had been consumed (TLC control, silica gel. 30:70 

EtOAc-hexanes), and the mixture was allowed to cool to room temperature. Evaporation of 

the solvent and flash chromatography of the solid, white residue over silica gel (2 x 20 





5 0 5 0  EtOAc-hexanes, gave 39.2a (0.0270 g, 9 4 8 )  as a pure ( [ H  NMR), coIorless oïl. 

spectroscopically identical to material obtained without isolation of the vinyl stannane. 

Phenylmethyl Octahydro-1'-methylene-4'.5-dioxospiro[furan- 

2(3H),3'(1'H)-[2H]quinolizinel-6'-carboxlate (39.2b). 

Dry CF3CO2H (0.5 rnL) was injected rapidly into a stirred solution of the vinyl 

stannane 39.lb (0.130 1 g, 0.20 rnmol) in T W  (5 mL) (Ar atmosphere). After ca. 30 min 

no more vinyl stannane could be detected (TLC control, silica gel, 40:60 EtOAc-hexanes). 

Evaporation of the solvent and flash chromatography of the residue over silica gel (2 x 20 

cm), using 60:40 EtOAc-hexanes, gave 39.2b (0.0723 g, 100%) as a pure (1H NMR), 

colorless oil, spectroscopically identical to material obtained without isolation of the vinyl 

stannane. 

Phenylmethyl 0ctahydro-l'-rnethylene-4f,5-dioxospiro[f ran- 

2(3H),3'(4'H)-[2R]quinolizine]-6'-carboxylate (39.2a) without isolation of 

the intermediate stanne. 

i) Bu3SnH, AIBN, 
PhMe, reflux 

i i )  F A ,  THF 

C0,Bn 

- &$ln 



Y 1 

A solution of AIBN (0.0043 g, 0.03 mmol, 7.86 mM) and Bu3SnH (0.09 mL. 

0.33 mmol, 0.10 M) in dry PhMe (3.33 rnL) was injected by synnge over cn. 30 sec into a 

stirred and refiuxing solution (0.05 M with respect to the acetylene) of 38.2a (0.06 11 g. 

0.17 rnmol) in PhMe (3.33 mL) (Ar atmosphere). Stimng at reflux was continued for 2 h. 

by which time al1 of the starting material had been consumed (TLC control. silica gel, 30:70 

EtOAc-hexanes), and the mixture was allowed to cool to room temperature. Evaporation 

(CO. 1 mm Hg) of the solvent gave the crude vinyl stannane, which was treated as follows. 

Dry CF~COIH (0.5 mL) was injected rapidly into a stirred solution of the above 

crude vinyl stannane in THF ( 5  mL) (Ar atmosphere). After ca. 15 min no more vinyl 

stannane could be detected (TLC control, silica gel, 30:70 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1.5 x 20 cm). using 

5050 EtOAc-hexanes. gave 39.2a (0.0442 g, 71%) as a pure ( [H NMR), colorless oïl: 

FTIR (CDCl3 cast) 1785, 1743, 1654 cm-l; lH NMR (CDCl3,400 MHz) 6 1.60- 1.82 (m. 

3 H), 1.85-2.14(m, 4 H), 2.40-2.51 (m. 2H),  2.70(d, J =  L3.4H2, 1 H),2.81 (dt. J =  

17.8, 9.9 Hz, 1 H), 2.94 (d, J  = 13.4 Hz, 1 H), 4.09 (d, J = 11.9 Hz, 1 H), 4.37 (dd, J = 

6.1, 5.0 Hz, 1 H), 5.05-5.25 [m. 4 H, including a s at 6 5.09, a d at 6 5.1 1 ( J  = 1.3 Hz), 

and an AB q at 5.09 and 5.23 (AVAB = 55.1 Hz, J = 12.2 Hz)], 7.28-7.40 (m. 5 H); l3C 

NMR (CDC13, 50.3 MHz) 6 18.19 (t'), 24.14 (tf), 27.62 (t'), 28.49 (t'), 32.38 (t'), 41.70 

(t'), 56.28 (d'), 57.12 (d'), 66.98 (t'), 81.83 (s'), 113.86 (t'), 128.34 (dry two signals 

overlap), 123.57 (d'), 135.66 (s ' ) ,  138.50 (s'), 169.49 (s'), 170.92 (sr), 176.43 (sr); 

exact mass (HR electrospray) m/z calcd for C21H23NNa05 (M + Na) 392.1474, found 

392.1485. 

Phenylmethyl Octahydro-1'-methylene-4',5-dioxospiro[furan- 

2(3H),3'(4'H)-[2H]quinolizine]-6'-carboxylate (39.2b) without isolation 

of the intermediate stanne. 



i) Bu3SnH, AIBN, 
PhMe, reflux a N d 2 B n  

ii) TFA, THF 

A solution of A D N  (0.0032 g, 0.02 mmol, 8.10 mM) and Bu3SnH (0.07 mL, 

0.26 mmol. 0.11 M) in dry PhMe (2.4 mL) was injected by syringe over crr. 10 sec into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 38.2b (0.0449 g, 

0.12 m o l )  in PhMe (2 .3  mL) (Ar atmosphere). Stirring at reflux was continued for 2.35 

h. by which time al1 of the starting material had been consumed (TLC control, silica gel. 

30:70 EtOAc-hexanes), and the mixture was allowed to cool to room ternperature. 

Evaporation (<O. 1 mm Hg) of the solvent gave the crude vinyl stannane, which was treated 

as follows. 

Dry CF3COfl (0.5 mL) was injected rapidly into a stirred solution of the above 

crude vinyl stannane in THF ( 5  mL) (Ar atmosphere). After cn. 30 min no more vinyl 

stannane could be detected (TLC control, silica gel, 5050 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (2 x 20 cm), using 

60:40 EtOAc-hexanes, gave 39.2b (0.0410 g, 92%) as a pure (IH NMR), colorless oil: 

FTIR (CDCls cast) 1786, 1737, 1656 cm-1; 1H NMR (CDC13,400 MHz) 6 1.32- 1.49 (m, 

2 H), 1.56-1.68 (m, 1 H), 1.73-1.86 (m, 1 H), 1.91-2.06 (m, 2 H), 2.30-2.41 (m, 2 H), 

2.52 (ddd, J = 17.8, 9.9, 2.8 Hz, 1 H), 2.62 (d, J = 12.9 HZ, 1 H), 2.86 (dt, J = 17.8, 

10.2 Hz, I H), 2.94 (d, J = 12.9 Hz, 1 H), 4.09 (d, J = 9.7 Hz, 1 H), 5.07 (d, J = 1.2 

Hz, 1 H), 5.09 (s, 1 H), 5.16 and 5.20 (AB q, AVAB = 17.0 HZ, J = 12.4 Hz. 2 H), 5.46 

(dd, J = 5.8, 1.6 Hz, 1 H), 7.27-7.4 1 (rn, 5 H); 13C NMR (CDC13, 75.5 MHz) 8 20.57 

(t'), 26-13 (t'), 28.44 (t'), 30.32 (t'), 32.93 (t'), 41.46 (t'), 52-50 (d'), 57.8 1 (d'), 67.15 

(t'), 8 1.91 (s'), 113.91 (t'), 228.04 (d'), 128.38 (d'), 128.66 (d'), 135.40 (s'), 138.3 1 

(s'), 169.71 (s'), 170.21 (s ' ) ,  176.39 (s'); exact rnass (HR electrospray) m/z calcd for 



Cz H23NNa05 392,1474, found 392.1469. 

1,3,1,6-Tetrahydro-9-hydroxy-l-[(phenylmethoxy)carbony1]-6-oxo- 

2H- quinolizine-7-propanoiê acid (39.4) from 39.2a. 

i) 03, CH2C12, -78 OC 

ii) Ph3P, -78 "C -+ RT 
iii) Et3N, THF, 60 OC 

4 

Freshly distilled CHzCl2 ( 10 rnL) was added to 39.2a (0.0533 g, 0.14 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the soiution until al1 of the starting material had been consurned (ca. 3 

min. TLC control. silica gel, 5050  EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then PhjP (0.0763 g, 0.29 mrnol) was added. The cooling bath 

was removed and stirring was continued for 1.5 h, by which time the mixture had w m e d  

to room temperature. Evaporation (<O. 1 mm Hg) of the solvent gave a Iight-yellow solid; 

the ketonic product could not be separated chromatographically from Ph3P0, and so the 

crude mixture was used directly. 

Dry Et3N (1.0 mL, 7.17 mmol) was added to a stirred solution of the above cmde 

ozonolysis product in dry THF (10 rnL) (Ar atmosphere). Stirring was continued at 60 OC 

(oil bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 

chrornatography of the light-yellow oily residue over silica gel (1.5 x 20 cm), using 

80:20:5 EtOAc-hexanes-AcOH, gave 39.4 (0.0493 g, 93%) as a pure (LH NMR), 

colorless oil, spectroscopicaliy identical to material obtained from 39.2b. 



1,3,1,6-Tetrahydro-9-hydroxy-4-[(phenylmethoxy)carbonyl] -6-0x0- 

2H-quinolizine-7-propanoic acid (39.4) from 39.2b. 

i) 03, CH2C12, -78 O C  

i i )  Ph3P, -78 OC -, RT 
iii) Et3N, THF. 60 O C  

Freshly distilled CH2C12 (10 mL) was added to 39.2b (0.1052 g, 0.28 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until d l  of the starting rnaterial had been consumed (ca. 3 

min, TLC control, silica gel, 60:40 EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then Ph3P (0.1495 g, 0.57 mmol) was added. The cooling bath 

was rernoved and stirring was continued for 1.5 h, by which time the mixture had warmed 

to roorn temperature. Evaporation (<O. 1 mm Hg) of the solvent gave a Iight-yellow solid; 

the ketonic product could not be separated chrornatographically from Ph3P0, and so the 

crude mixture was used directly. 

Dry Et3N (2.0 mL, 14.35 mrnol) was added to a stirred solution of the above crude 

ozonolysis product in dxy THF (20 rnL) (Ar atmosphere). Stimng was continued at 60 OC 

(oil bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 

chromatography of the light-yellow oily residue over silica gel (1.5 x 15 cm), using 

8 0 2 0 5  EtOAc-hexanes-AcOH, gave 39.4 (0.1015 g, 96%) as a pure (IH NMR), light- 

yellow foarn: FTIR (CHCI3 cast) 3450-2300, 1737, L705 cm-'; NMR (CD30D. 400 

MHz) 6 1.46-1.62 (m, 1 H), 1.69-1.82 (m, 1 H), 2.01-2.14 (m, 1 H), 2.22-2.33 (m, L 

H), 2.50-2.58 (m, 2 H), 2.62-2.82 (rn, 3 H), 2.88 (dt, J = 17.9, 4.5 Hz, 1 H), 5.1 1-5.24 

[m, 3 H, including an AB q at 8 5.14 and 5.21 (&AB = 29.2 Hz, J = 12.3 Hz)], 7.24 (s, 



1 H), 7.26-7.35 (m. 5 H); 13C NMR (CD30D, 75.5 MHz) 8 16.74 (t'). 13.81 (t'). 16.60 

(t'), 27.34 (t'). 33.63 (t'). 57.13 (d'), 68.18 (t'), 127.79 ( s ' ) ,  129.20 (d'), 129.33 (d'). 

129.55 (d'), 130.73 (s'), 133.00 (d'), 137.14 (s'), 138.26 ( s ' ) ,  16 1.89 (s'), 172.38 (s', 

two signals overiap); exact mass (HR electrospray) d z  calcd for CZ~H21NNa06 (M t Na) 

394.1267. found 394.1269. 

4-Carboxy-1,3,4,6-tetrahydro-9-hydroxy-6-oxo-2H-quinolizine-7- 

propanoic acid (4.2). 

10% Pd-C (ca. 25 mg) was added to a stirred solution of 39.4 (0.0356 g, 0.096 

rnrnol) in MeOH (6 mL). The reaction flask was flushed with hydrogen, and the mixture 

was stirred under hydrogen (balloon) until al1 of the starting material had been consumed 

(ca. 30 min, TLC control, silica gel, 80:20:5 EtOAc-hexanes-AcOH). The mixture was 

filtered through a sintered glass frit (grade D) and evaporated. Flash chromatography of 

the residue over reverse phase C-18 silica gel (Toronto Research Chernicals Inc., 10% 

capped with TMS) (1 x 20 cm), using 90: 10 water-MeCN, gave 4.2 (0.0259 g, 96%) as a 

pure (IH NMR), colorless oïl: FTIR (CHClyMeOH cast) 3650-2400, 17 17 cm-[; lH 

NMR (D20, 400 MHz) 6 1.52- 1-66 (m, 1 H), 1.72- 1-85 (m, 1 H), 2.02-2.15 (m, 1 H), 

2.21-2.33 (m, I H), 2.54-2.77 (m, 5 H), 2.86 (dt, J = 18.3, 5.0 Hz, I H), 5.05 (dd, J = 

6.4, 3.8 Hz, 1 H), 7.30 (S .  1 H); 13C NMR (D20, 100.6 MHz) 6 15.70 (t'), 23.30 (t'), 

25.66 (t'), 26.03 (t'), 32.95 (t'), 57.15 (d'), 126.40 ( s ' ) ,  132.21 (s'), 132.99 (dl), 

137.18 (s'), 161.37 (s'), 175.70 (se), 178.12 (sr); exact mass (HR electrospray) m/z câlcd 

for C 13H L6NNa06 (M + H) 282.0978, found 282.0986. 



L-Serine Benzyl Ester Benzenesulfonate (41.2). 

 HO^^^^^ distillation CC14, azeotropic H O ~ C O ~ B n  

N b  NH2H03SPh 

PhS03H (42.3 100 g, 267.48 mmol). L-serine (2 1.3 102 g, 202.78 mmol), BnOH 

(100 mL, 966.34 mmol), and dry CC14 (125 mL) were added to a two-necked round- 

bottomed flask containing a magnetic stirring bar and fitted with an addition funnel 

containing dry CC14 and a simple distillation head and condenser. The mixture was 

distilled with continuous addition of fresh CC14 (the total volume added was ca. 350 mL), 

at a rate equal to the distillation rate, until no more water was generated (ca. 4 h). 

Completion of water formation was marked by an increase in the bp from 64 OC (the bp of 

the CC4-water azeotrope is ca. 66 OC) to 74 OC (the bp of CCb is ca. 76 OC). The mixture 

was cooled to room temperature and the solvent was evaporated (CO. 1 mm Hg). Et20 (200 

mL) was added to the residual viscous Iiquid. The resulting mixture was shaken 

vigorously, and then stored at -5 OC for 12 h, by which time a white precipitate had formed. 

The precipitate was collected, air dried, recrystallized from i-PrOH-EtzO, and dried (CO. 1 

mm Hg) to give L-serine benzyl ester benzenesulfonate (55.9056 g, 78%) as pure (IH 

NMR DMC V-53-B), fine white crystals: mp 95-97 OC; [aI2sD = -2.63= (c 6.28, EtOH); 

FTIR (CHCL3 cast) 3650-2500, 1750 cm-': IH NMR (CDC13,400 MHz) F 3.85 (A of an 

ABX system, apparent dd, J = 12.5, 4.6 Hz, 1 H), 3.97 (B of an ABX system, apparent 

dd, J = 12.5, 3.0 Hz, 1 H), 4.13 (br S. 1 H), 4.80-5.20 (br s, 1 H), 4.98 and 5.03 (AB q, 

AVAB = 18.1 Hz, J =  12.3 Hz, 2 H), 7.14-7.31 (m, 8 H), 7.77-7.82 (m, 2 H), 8.07 (br s, 

3 H); 13C NMR (CDC13, 75.5 MHz) 8 55.52 (d'), 59.81 (t'), 68.1.7 (t'), 126.02 (d'), 

128.21 (d'), 128.44 (d'), 128.52 (dl), 130.55 (d'), 134.59 (s'), 143.56 (s'), 167.84 (s'), 

two d' in the aromatic region overlap; exact mass m/z calcd for CloH14N03 (M - 

C6H503S) 196.0974, found 196.0972. 



N-[( l , l -Dimethy1ethoxy)carbonyl~serine  phenylmethyl ester 

(41 .3 ) .  

Boc20, NaOH, THF - HO-fC02Bn 

Aqueous NaOH (1 M, 125 mL) was added over cn- 5 min to a stirred and cooled 

(ice-water bath) solution of [(t-BuO)CO]zO (32.8 103 g, 150.33 rnmol) and L-serine benzyl 

ester benzenesulfonate (47.3602 g, 133.99 mmol) in distilled THF (250 mL). After 15 

min the cooling bath was removed and stirring was continued for 4 h. The solvent was 

evaporated, and the residue was dissolved in EtOAc (400 rnL) and acidified with 10% 

(w/v) aqueous KHSOs. The aqueous phase was extracted with EtOAc (2 x 200 mL), and 

the combined organic extracts were washed with water (2 x 300 rnL) and saturated aqueous 

NaCl (300 rnL), dried (MgS04), and evaporated, to give an off-white solid. This was 

recrystallized from EtOAc-hexanes to afford N-[( 1,1 -dirnethyIethoxy)carbonyl]-L-serine 

phenylmethyl ester (36.8012 g, 93%) as a pure (1H NMR DMC V-85-B), fine, white 

powder: mp 74-76 OC; [a]25D = -15.04" (c 3.67, EtOH); FTIR (CHC13 cast) 3625-3 150. 

1775- 1650 cm-[; 1H NMR (CDCI3, 400 MHz) 6 1.42 (S. 9 H), 2.48 (br s, 1 H), 3.90 (A 

of an ABX system. apparent dd, J = 11.2, 3.4 Hz, 1 H). 3.98 (B of an ABX system, 

apparent dd, J = 1 1.2, 3.7 Hz, 1 H), 4.42 (br s, 1 H), 5.20 and 5.22 (AB q, AVAB = 6.7 

Hz, J = 12.4 Hz, 2 H), 5.52 (br d, J = 5.4 Hz, 1 H), 7.27-7.42 (m. 5 H); l 3 ~  NMR 

(CDCl3, 75.5 MHz) 6 28.30 (q'), 55.93 (d'), 63.58 (t'), 67.40 (t'), 80.37 (s'), 128.20 

(d'), 128.49 (d'), 128.65 (dl), 135.26 ( s ' ) ,  155.76 (s'), 170.73 (s'); exact mass (HR 

electrospray) d z  calcd for C 15H22N05 (M + H) 296.1498, found 296.1500. 

N-[(1,1-Dirnethylethoxy)carbonyl]-L-serine phenylmethyl ester 4- 

methylbenzenesulfonate ester (41.4). 



NHBoc 

p-TsCI (39.71 14 g, 208.30 mrnol) was added to a stirred and cooled (-10 OC) 

solution of the above ester (41.0233 ,o. 138.91 mmol) in dry pyridine (290 mL) (Ar 

atmosphere). The resulting solution was stirred at -10 OC for 21 h. and then poured into 

ice-water (1000 mL). The mixture was stirred for en. 3 h. and the resulting light-pink solid 

was collected, washed with distilled water, and air dried for 16 h. Recrystallization from 

EtOH gave N-[( 1.1 -dimethylethoxy)carbonyl] -L-serine phenylmethyl ester 4- 

methylbenzenesulfonate ester (53.6995, 86%) as pure (lH NMR DMC V-95-A), white 

crystals: mp 94-96 OC; [a]25D = -1.21" (c 1.00. EtOH); FTIR (CHCI3 cast) 3382, 1750, 

L i  15 cm-[; 1H NMR (CDCl3, 400 MHz) 6 1-42 (s, 9 H), 2.44 (s, 3 H), 4.3 1 (A of an 

ABX systern, apparent dd, J = 10.1, 3.0 Hz, 1 H), 4.42 (B of an ABX system, apparent 

dd, J = 10.1, 3.0 Hz, 1 H), 4.51-4.58 (m, 1 H), 5.10 and 5.18 (AB q, AVAB = 3 1.8 Hz, J 

= 12.2 Hz, 2 H). 5.32 (d, J = 8.2 Hz, 1 H), 7.27-7.40 (m. 7 H), 7.72 (d, J = 7.8 Hz. 2 

H); I3C NMR (CDCI3, 75.5 MHz) 6 21.68 (q'), 28.24 (q'), 53.15 (d'), 67.88 (t'), 69.52 

(t'), 80.52 (s'), 128.01 (d) ,  128.32 (d'), 128.61 (d),  128.66 (d'), 129.96 (dl), 132.41 

(sl), 134.84 (SI), 145.15 (SI), 154.98 (s'), 168.48 (s ' ) ;  exact mass (HR electrospray) m/z 

cdcd for C22H27NNa07S (M + Na) 472.1406, found 472.14 17. 

N-[(l,l-Dimethylethoxy)carbonyil-3-iodo- aln ni ne phenylmethyl 

ester (4 1.5). 

p ~ s 0 - f  
CO,Bn Nal, acetone - p y C 0 2 B n  

NHBOC NHBOC 

Na1 (4.2391 g, 28.28 rnmol) in dry acetone (22 rnL) was added dropwise by 

cannula to a stirred solution of the above ester (8.4563 g, 18.8 1 rnrnol) in dry acetone (22 



mL) (Ar atmosphere). The resulting solution was stirred in the dark for 24 h. filtered 

through a sintered glass frit (grade C ) ,  and evaporated. The residue was partitioned 

between EtOAc (LOO mL) and water (75 mLj. and the organic phase was washed 

successively with water (75 mL), aqueous Na~S203 solution ( 1 M, 75 mL). water ( 2  x 75 

mL), and saturated aqueous NaCl solution (75 mL), dried (MgSO4). and evaporated (c O. 1 

mm Hg) to give a light-yellow oil that solidified after ca. 1 hr. The solid was recrystallized 

from EtOAc-Hexanes to give 41.5 (6.1747 g, 8 1 4 )  as pure ( 'H NMR DMC VII-49-A), 

white ciysrals: mp 78-80 OC; [ u ] ~ ~ ~  = -17.63O (c L.73. EtOH); FTW (CHC13 cast) 3379. 

1746, 1715 cm-!; 1H NMR (CDCl3, 400 MHz) 6 1.46 (s, 9 H), 3.56 (A of an M3X 

system, apparent dd, J = 10.3, 3.9 Hz, 1 H), 3.60 (B of an ABX system, apparent dd, J = 

L0.3, 3.6 Hz, 1 H), 4.55 (dt, J = 7.4, 3.8 Hz, 1 H). 5.20 and 5.23 (ABq, AVAB = 13.5 

Hz, J = 12.1 Hz, 2 H), 5.36 (d, J = 7.4 Hz, 1 H), 7.32-7.42 (m, 5 H); l 3 ~  NMR 

(CDCl3, 75.5 MHz) 6 7.81 (t'), 28.32 (q'), 53.75 (dt), 68.01 (t'). 80.55 (s'), 128.62 

(dl), 128.70 (d'), 134.9 1 (s'), 154.89 (s'), 169.52 (s'), two d' in the aromatic region are 

presumed to be overlapping; exact mass m/z calcd for C I ~ H Z O I N O ~ :  405.0437, found 

405.0446. 

Phenylmethyl (S)-2-[[(l,l-Dimethylethoxy)carbonyl]amino]-5- 

hexenoate (41.7). 

i) Zn, BrCH2CH2Br, TMSCI, THF 
ii) CuCN, LiCI, THF, -1 5 OC + O OC 
iii) allyl chloride, -30 OC + O OC 

Zn dust (0.7452 g, 11.40 m o l )  was added to a round-bottomed flask containing a 

magnetic stimng bar. The flask was sealed with a rubber septum, evacuated with an oil- 

pump, and refilled with Ar. The evacuation-fiiling process was repeated twice more, and 

then the system was placed under a static pressure of Ar. Dry THF (4 mL) and 1,2- 



dibromoethane (0.05 mL. 0.58 -01) were added. The resulting mixture was heated to 

boiling with the aid of a heat gun, and then allowed to cool for 1 min. The heating-cooling 

process was repeated three more times, and then the flask was allowed to cool for an 

additionai 5 min. Freshly distilled, dry Me3SiC1 (0.07 mL. 0.55 mmol) was added, and 

the resulting mixture was stirred for 10 min and then placed in an oil bath set at 33 OC. 

Stirring was continued for 10 min. A solution of 41.5~3 ( 1.1526 g, 2.84 mmol) in dry 

THF (5  mL) was added by cannula over ca. 1 min, and additional THF (3 x 1 mL) was 

used as a rinse. The resulting mixture was stirred at 38 OC (Ar atmosphere) until ai1 the 

starting material had been consumed (ca. 6 h, TLC control. silica gel, 10:90 EtOAc- 

hexanes). 

The above solution of alkylzinc iodide (41.6) was transferred by cannula over ca. 

t min to a stirred and precooled (bath temperature -15 OC) solution of CuCN (0.28 11 g, 

3.14 mrnol) and LiCl (0.2661 g, 6.28 rnmol) in dry  THF (7 mL), and further portions of 

THF (2 x 1 mL) were used as a rinse to complete the transfer. The reaction flask was 

removed from the cold bath and placed in another at O OC. Stirring was continued for 15 

min, and the reaction flask was then transferred to a cold bath at -30 OC. Stirring was 

continued for 10 min, allyl chloride (0.46 mL, 5.64 rnmol) was added and, finally, the 

reaction flask was uansferred to a cold bath at O OC. Stirring was continued for 14 h. The 

resulting solution was acidified with hydrochloric acid (2 M), and shaken with water (25 

mL) and EtOAc (25 mL). The resulting white precipitate was filtered off, using a Whatman 

#3 filter paper, and the aqueous filtrate was extracted with EtOAc (2 x 15 mL), and filtered. 

as before, after each extraction to rernove a small amount of precipitate. The combined 

organic extracts were washed with water (30 mL), filtered (as above), washed with 

saturated aqueous NaCl(30 rnL), dried (MgS04), and evaporated. Flash chromatography 

of the residue over silica gel (2 x 30 cm), using 15:85 EtOAc-hexanes, gave 41.7 (0.763 1 

g, 84%) as a pure (lH NMR DMC VII-614). colorless oïl: [a]25D = -18.90" (c 3.i0, 

EtOH); FTIR (CHC13 cast) 3366, 1741, 1716 cm-1; 1H NMR (CDCI3,400 MHz) 6 1.44 
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(S. 9 H), 1.67-1.78 (m. 1 H), 1.86-1.98 (m. 1 H), 2.00-2.L7 (m. 2 H). 3.32-4.42 (m. 1 

H). 4.95-5-05 (m. Z H). 5-09 (d, J = 7.7 Hz. 1 H), 5-14 and 3.20 (AB q, AvAB = 26.0 

Hz. J = 12.4 Hz. 2 H). 5.76 (ddt. J = 17.L. 10.3. 6.6 Hz. 1 H), 7.29-7.40 (m. 5 H); 13C 

NMR (CDCI3, 75.5 MHz) 6 28.31 (q'), 29.43 ( t ' ) ,  31.93 (t'), 53.12 (dl). 66.98 (t'), 

79.85 (s'), 115.68 (t'), 128.26 (d'), 128.40 (d'). 128.58 (d'), 135.43 ( S .  136.91 (d'), 

155.30 ( s ' ) ,  172.61 (s');  exact mass (m eiectrospray) 4; calcd for C18HljNNa04 (M + 

Na) 342.168 1, found 342.168 1. 

Phenylmethyl (S)-2-Amino-5-hexenoate (40.1). 

NHBoc NH, 

CF3C02H (5 rnL) was added over ca. 5 min [O a stirred and cooled (ice-water bath) 

solution of 41.7 (0.287 1 g, 0.90 m o l )  in freshly distilled CH2C12 (5  mL). The ice-water 

bath was removed and stirring was continued until al1 the starting material had been 

consumed (ca. 30 min, TLC control, silica gel, 15:85 EtOAc-hexanes), by which time the 

mixture had warmed to room temperature. The solution was evaporated, and the residue 

was dissolved in EtOAc (10 mL), washed with saturated aqueous NaHCO3 (2 x 10 mL), 

water (2 x 10 mL), and saturated aqueous NaCl (10 mL), dried (MgS04). and evaporated 

(CO.  1 mm Hg). Flash chrornatography of the residue over silica gel (1  -5 x 20 cm), using 

90: 10 EtOAc-hexanes, gave 40.1 (0.19 12 g, 97%) as a pure ([H NMR DMC Vm-37-A), 

coiorless oil: [a]25D = 7.94" (c 5.19, EtOH); (CHCI3 cast) 3383, 33 18, 1734, cm-l; 

lH NMR (CDC13, 400 MHz) 6 1.58- 1.72 [m. 3 H, including a s (NH?) at 6 1.681, 1.78- 

1.89 (m, 1 H), 2.05-2.20 (m, 2 H), 3.48 (dd, J = 7.7, 5.3 Hz, 1 H), 4.93-5.06 [m, 2 H, 

including a dd at 6 5.01 ( J  = 17.2, 1.6 Hz)], 5.12 and 5.14 (AB q, AVAB = 7.9 Hz, J = 

12.3 Hz, 2 H), 5.76 (ddt, J = 17.2, 10.3, 6.6 Hz, 1 H), 7.26-7.40 (m, 5 H); 1 3 ~  NMR 

(CDCI3, 75.5 MHz) 6 29.77 (t'), 34.03 (t'), 53.84 (dl), 66.58 (t'), 115.33 (t'), 118.23 
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(dl), 128.3 1 (d'). 128.55 (d'), 135.73 (s'), 137.47 (d'), 175.95 (s'); exact mass r d :  calcd 

for C13Hi7NQ2 219-1259, found 219.1262. 

Phenylmethyl (2S)-2-[[[Tetrahydro-5-0~0-2-(2-propyny1)-2- 

furanyl]carbonyl]amino]-5-hexenoate (40.2a, 40.2b). 

f""2 
EDCI, HOBT, CH2CI2, DMF CO@n 

Lactone acid 32.2 (2.8235 g, 16-79 mmol), 1-hydroxybenzotriazole (2.2733 _a, 

16.82 mmol), and 1-(3-dimethylaminopropy1)-3-ethyicarbodide hydrochloride (3.2349 

g, 16.87 mmol) were added in that order to a stirred solution of 40.1 (3.34 19 g, 15.24 

mmol) in a mixture of dry CH2C12 (1  12 mL) and freshly distilled, dry (stored over 4 A 
molecular sieves) DMF (29 rnL) (Ar atmosphere). Stirring at room temperature was 

continued for 12 h, the mixture was washed with water ( 2  x 60 mL) and saturated aqueous 

NaCl (60 mL), dried (MgS04) ,  and evaporated, to give a dark purple-oil. 

Chromatography of the oil over silica gel (4.5 x 30 cm), repeated three times, using 

3.5:3.5:4 CH2C12-Et20-hexanes, gave the faster-eluting diastereomer (40.2a) (2.7374 g, 

49%) as a pure (1H NMR DMC VIII-45-A). colorless oil, and the slower-eluting 

diastereomer (40.2b) (2.61 12 g, 46%). also as a pure (1H NMR DMC VIII-45-B), 

colorIess oil. 

Compound 40.2a had: [a]ZsD = -2L.01° (c 2.68, EtOH); FTIR (CHCI3 cast) 

3350. 3295, 1789, 1741, 1677 cm-L; IH NMR (CDC13, 400 MHz) 8 1.78-1.88 (m, 1 H), 

1.92-2.10 (m, 4 H), 2.43-2.59 (m, 3 H), 2.69-2.84 [m, 3 H, including an apparent dd at 6 

1.76 (A of an ABX system, J = 17.3, 2.6 Hz), and an apparent dd at 6 2.80 (B of an ABX 

system, J = 17.3, 2.6 Hz)], 4.57 (dt, J =  8.1, 5.0 Hz, 1 H), 4.96-5.03 (m, 2 H), 5.12 and 
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5-19 (AB q, AVAB = 24.8 HZ, J =  12.2 HZ, 1 H), 5.72 (ddt, J = 17.8. 9.7. 6.4 HZ. L H), 

6.98 (d, J = 8.1 HZ, I H), 7.28-7.40 (m. 5 H): l3C NMR (CDCl3, 75.5 MHz) G 28.38 

(t', two signals overlap). 29.46 (t'). 29.59 (t'), 30.93 (t'). 52.05 (d'). 67.18 (t'). 71.43 

( d  77.19 ( S .  85.3 1 ( S .  116.16 (t'), 128.37 (d'), 128.51 (dl), 128.61 d 135.14 

( s ' ) ,  136.50 (d'), 170.83 ( s ' ) ,  17 1.02 (sr), 175.03 (s'); exact mass rzz/z calcd for 

C ~ I H ~ ~ N O ~  369.1576, found 369.1565. 

Cornpound 40.2b had: [a]25D = 0.63O (c 3.98, EtOH); FIïR (CHC13 cast) 3350, 

3297. 1790, 1740. 1678 cm-l; lH NMR (CDCI3, 400 MHz) 8 1.76-1.87 (m. 1 H), 1.95- 

2.14 [m. 4 H, including a t at 6 2.08 ( J  = 2.6 Hz)], 1.30-2.52 (m, 3 H), 2.58-2.7 1 (m. 1 

H), 2.76-2.89 (m, 2 H), 4.61 (dt, J = 8.4. 4.7 Hz, 1 H), 4.97-5.05 (m, 2 H), 5.10 and 

5.19 (AB q, Avxs  = 35.9 Hz, J = 12.2 Hz, 2 H), 5.74 (ddt, J = 16.6, 9.7, 6.6 Hz, 1 H), 

6.93 (d, J = 5.4 Hz, 1 H), 7.27-7.40 (m, 5 H); I3C NMR (CDC13, 75.5 MHz) 8 28.09 

(t'), 28.43 (t'), 29.52 (t'), 29.96 (t'), 30.77 (t'), 51.96 (d'), 67.28 (t'), 72.24 (d'), 77.40 

(s'), 85.40 (s'), 1 16.27 (t'), 128.35 (d'), 128.54 (d'), 128.63 (d'), 135.13 (s'), 136.44 

(dl), 170.66 (sr), 171.13 (sr), 175.05 (s'); exact mass m/z calcd for C21H23N05 

369.1576. found 369.1574. 

5-Oxo-N-[[tetrahydro-5-oxo-2-(2-propynyl)-2-furanyI]carbony1]-~- 

norvaline phenylmethyl ester (42.la). 

Freshly distilled CH2C12 (15 mL) was added to 40.2a (0.5333 g, 1.44 rnmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 



oxygen iniet. The resulting solution was stirred and cooled (-78 OC). and ozone was then 

bubbled through the solution until ail of the starting material had been consumed (cn. 8 

min, TLC control. silica gel. 50:50 EtOAc-hexanes). The solution was puged with 

oxygen for 10 min. and then Ph3P (0.7672 g, 2.93 mmol) was added. The cooling bath 

was removed and stimng was continued for 4 h. by which time the mixture had warmed to 

room temperature. Evaporation of the solvent and flash chromatography of the residue 

over silica gel (3 x 20 cm), using 90: IO EtOAc-hexanes, gave 42.la (0.5 199 g, 97%) as 

an oil, containing trace amounts of what we take to be the correspondin, Q E and Z en01 

tautomers (lH NMR DMC Vm-73-A): [crI2jD = -12.32O (c 3.79, CHCl3); FTIR (CHCI3 

cast) 3356, 3288, 2834, 2731, 1789, 1740, 1677 cm-[; iH NMR (CDCI3, 400 MHz) S 

1.96-2.16 [m. 2 H, including a t nt 8 2.03 ( J  = 2.7 Hz)], 2.24 (ddt, J = 13.9, 6.8, 4.9 Hz. 

1 H), 2.39-2.62 (m. 5 H), 2.67-2.91 [m, 3 H. including an apparent dd at 6 2.74 (A of an 

ABX system, J = 17.2, 2.7 Hz), and an apparent dd at 6 2.78 (B of an ABX system, J = 

17.2, 2.7 Hz)], 4.55 (dt, J = 8.0. 5.2 Hz, 1 H), 5.13 and 5-18 (AB q, AVAB = 18.4 Hz, J 

= 12.1 Hz,2H),7.20(d7 J = 8 . 0 H z ,  1 H),7.28-7.4O(m,5H),9.68(~, 1 H); l3C NMR 

(CDC13, 75.5 MHz) G 24.02 (t'), 28.29 (t'), 28.44 (t'), 29.43 (t'). 39.84 (t'), 51.91 (dl), 

67.49 (t'), 72.42 (d'), 77.21 ( s ) ,  85.23 (s),  128.50 ( d ' )  128.56 (dl) 128.64 (dg), 

134.99 (s'), 170.50 (s'), 171.09 (s ' ) ,  175.16 (s'), 200.49 (d'); exact mass tn/z calcd for 

C20H2 lNO6 37 1.1369, found 37 1.137 1. 

5-Oxo-N-[[tetrahydro-5-oxo-2-(2-propynyI)-2-furanyl]carbonyl]-~- 

norvaline phenylmethyl ester (42.lb). 

dm i )  ii) O., Ph3P, CH2Cl2, -78 OC -78 + RT OC - 
C0,Bn 

O O 



Freshly distilled CH2CLz ( I O  mL) was added to 40.2b (0.3622 g. 0.98 mrnol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drïerite. and an ozone- 

oxygen inlet. The resultins solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until al1 of the starting material had been consumed (cn. 10 

min, TLC control. silica gel, 5 0 5 0  EtOAc-hexanes). The solution was pursed with 

oxygen for 10 min, and then Ph3P (0.5 160 g, 1.97 mrnol) was added. The cooling bath 

was removed and stirring was continued for 2 h, by which time the mixture had warmed to 

room temperature. Evaporation of the solvent and flash chromatography of the residue 

over silica gel (3 x 25 cm), using 70:30 EtOAc-hexanes, gave 42.lb (0.3495 g, 96%) as a 

pure oil, containing trace amounts of what we take to be the corresponding E and Z en01 

tautomers (IH NMR): [a]25D = -4.57" (c 6.65, CHC13); FTIR (CDCI3 cast) 3350. 3286. 

2834, 2732, 1789, 1740, 1676 cm-1; IH NMR (CDC13, 400 MHz) G 1.95-2.12 [m, 2 K. 

including a t at 6 2.08 (J = 2.8 Hz)], 2.20-2.66 (m. 7 H), 2.80 (A of an ABX system. 

apparent dd, J = 16.9, 2.6 Hz, 1 H), 2.82 (B of an ABX system, apparent dd, J = 16.9, 

2.6 Hz, 1 H). 4.58 (dt, J =  8.3, 4.8 Hz, L H), 5.10 and 5.16 (AB q, AVAB = 23-7 Hz, J = 

12.1 Hz, 2 H ) ,  7.23 (d, J = 8 . 3  Hz, 1 H), 7.27-7.39 (rn,5 H),9.68 (s, 1 H); I ~ c  NMR 

(CDC13, 75.5 MHz) 8 23.84 (t'), 28.02 (t'), 28.33 (tf), 29.96 (t'), 39.80 (t'), 5 1.75 (dl), 

67.45 (t'), 72.24 (d'), 77.50 (sr),  85.34 (s'), 128.37 (dl), 128.58 (d'), 128.63 (d'), 

134.97 (s'), 170.58 (sf), 170.88 (s'), 175.05 (s'), 200.49 (dl); exact mass m/z calcd for 

C20H21N06 371.1369, found 371.1372. 

Phenylmethyl (2S)-2,3-Dihydro-b[[tetrahydro-5-0~0-2-(2- 

propynyi)-2-furanyl]carbonyl]-1H-pyrrole-2-carboxylate (42.2a). 



i )  BaO, CH2CI2, sonication 
ii) P2O5, sonication 

C0,Bn 
O O 

Ba0 (0.3412 g, 2.23 mmol) was tipped into a solution of 42.la (0.3865 ,o. 1-04 

mmol) in dry CHzCl:! (10 mL), contained in a round-bottomed flask fused ont0 a 

condenser (Ar atmosphere), and the suspension was sonicated (Branson. mode1 B- 12. 80 

W; Ar atmosphere). Sonication was stopped after 1 h. and Pz05 (0.3922 g, 1.76 mmol) 

was tipped into the flask. The system was re-sealed with a septum and flushed with Ar. 

and the mixture was sonicated until no more aldehyde was being consumed (ca. 2.5 h, 

TLC control, silica gel, 60:40 EtOAc-hexanes). The suspension was then centrifuged. 

Evaporation of the supernatant liquid. and flash chromatography of the orange residue over 

silica gel ( 2  x 25 cm), using 60:40 EtOAc-hexanes, gave 42.2a (0.2612 g, 71%. 93% 

after correction for recovered starting material) as a pure (1H NMR DMC VIX-79-A), 

coiorless oil, which was a mixture of rotamers. The material should be used within 24 h. 

Further elution with 90: 10 EtOAc-hexanes gave starting material (0.0878 g, 0.24 mrnol) 

(1H NMR DMC VIII-79-B) as a light-yeliow oil. 

Compound 42.2a had: [alZSD = -83.0g0 (c 5.56, CHCl3); FTIR (CHC13 cast) 

3283. 1792, 1745, 1642 cm-1; 'H NMR (CDC13, 400 MHz) 6 2.07-2.12 [m. 1 H, 

including a t at 6 2.10 ( J  = 2.6 Hz)], 2.36-2.78 [m. 5 H, including a dd at 6 2.64 ( J  = 

17.4, 2.7 Hz), and a ddd at 6 2.72 ( J  = 17.4, 10.2, 6.4 Hz)], 2.79-3.24 (m, 3 H. 

including an apparent dd at 6 2.87 (A of an ABX system, J = 12.6. 2.6 Hz). and an 

apparent dd at 6 2.94 (B of an ABX systern, J = 12.6, 2.6 Hz), and a ddt at 6 3.19 ( J  = 

17.1, I 1.2, 2.5 Hz)], 4.86-5.42 Cm, 4 H, including a dd at 6 4.89 (J = 1 1.5, 4.2 Hz), an 

AB q at 6 5.07 and 5.20 (AVAB = 52.7 Hz. J = 12.0 Hz), overlapping an AB q at 6 5.11 

and 5.23 (AVAB = 47.4 Hz, J = 12.2 Hz), overlapping a dd at 6 5.25 ( J  = 7.0, 2.7 Hz), a 



dd at 6 5.28 (J= 4.6. 2.6 Hz), and a d d  at 6 5.39 (J= 11.1, 2.7 Hz)]. 7.05-7.73 [m. 1 H. 

including a ddd at 6 7.07 ( J  = 4.4. 2.8, 1.6 Hz), and a dt at 6 7.2 1 (J = 4.4. 2.7 Hz)], 

7.3 1-7.42 (m. 5 H); 13C NMR (CDCI3, 75.5 MHz) G 17.72 (t'). 28.07 (t'). 28.59 (t'). 

29.34 (t'), 30.67 (t'), 3 1.2 1 (t'). 32.17 (t'), 36.39 (t'). 59.32 (dl), 59.7 1 (d'). 67.17 (t'). 

67.86 (t'). 72.18 d 72.79 (d'), 86.13 (s'). 86.28 s 109.94 (d'), 1 1  1.33 (dl), 

128.34 (dl), 128.50 (dl), 128.54 (d'). 128.63 (dl), 128.68 (dl). 179.44 (dl), 130.97 (dl). 

135.16 (s'), 135.32 (s'), 165.94 (s'), 167.83 (sr). 170.22 (s'), 172.39 (s'). 175.14 (SI), 

175.35 (s'). one pair of d' in the aromatic region overlap; the interna1 acetylene carbon 

signais overlap the solvent signals; exact rnass m/Z cdcd for C20Hi9NOs 353.1263, found 

353.1261. 

If the aidehyde solution is not pre-treated with Ba0  for en. I h before addition of 

P205, the overall yield is 4 0 % .  In the absence of BaO. the Pz05 turns into a reddish- 

brown gumrny material after sonication in CH2C12 for 1 h or more; when Ba0  is present, 

the P205 stays as a fine powdered suspension. If additional Pz05 is added to the system 

during the course of the reaction in an attempt to improve the conversion, an unidentified 

byproduct is formed, and the yield of 42.2a is reduced. 

Phenylmethyl (2s)-2,3-Dihydro-1-[[tetrahydro-5-0x0-2-(2- 

propyny1)-2-furanyI]carbonyI]- 1H- pyrrole-2-carboxylate (42.2b). 

B a 0  (0.4101 g,  2.67 mrnol) was tipped into a solution of 42.lb (0.2321 g, 0.63 

mrnol) in dry CH2C12 (10 mL), contained in a round-bottomed flask fused ont0 a 

condenser (Ar atmosphere), and the suspension was sonicated (Branson, mode1 B-12, 80 



W; Ar atmosphere). Sonication was stopped after 1 h, and P205 (0.3673 g. 2.59 mmol) 

was tipped into the flask. The system was re-sealed with a septum and flushed with Ar, 

and the mixture was sonicated until no more aldehyde remained (ca. 2.5 h, TLC control. 

silica gel. 50:50 EtOAc-hexanes). The suspension was then centrifuged. Evaporation of 

the supernatant liquid, and flash chromatography of the orange residue over silica gel (1 -5 

x 20 cm), using 5050 EtOAc-hexanes, gave 42.2b (0 .194 g, 87%) as a pure (Q 

NMR), colorless oil, which was a mixture of rotamers: [ a ] 2 S D  = -85.02" (c 1.69. CHClî); 

FTIR (CDCl3 cast) 3283, 1793, 1747, 1642 cm-l; [H  NMR (CDCl3,400 MHz) 6 2.04- 

2.13 [m, 1 H, includinga t at 6 2.10 (J= 2.6 Hz)], 2.27-2.45 (m, 2 H), 2.49-2.62 (m. 2 

H), 2-73-3.01 [rn, 4 H, including an apparent dd at 6 2.78 (A of an ABX system. J = 

17.1, 2.6 Hz), and an apparent dd at 6 2.88 (B of an ABX system, J = 17.1. 2.6 Hz), and 

a ddt at 6 2.96 ( J  = 18.4, 11.6, 2.2 Hz)], 4.96 (dd, J = 11.7, 5.2 Hz, I H), 5.06 and 5.26 

(AB q, AVAB = 77.7 HZ, J = 12.2 HZ, 2 H), 5.21 (dt, J = 4.5, 2.6 Hz, 1 H), 7.02-7.23 

Lm, 1 H, including a five line m at 6 7.03, and a dt at 6 7.20 (J = 4.5, 2.3 Hz)], 7.18-7.42 

(m, 5 H); I3C NMR (CDCL3, 75.5 MHz) 6 27.85 (t'), 28.66 (t'), 3 1.00 (t'), 3 1.77 (t'), 

32.03 (t'), 32.87 (t'), 36.73 (t'), 59.55 (d'), 59.93 (d'), 67.15 (t'), 67.75 (t'), 72.2 1 (d'), 

72.70 (d'), 76.95 (s'), 86.05 (s'), 86.35 ( s ' ) ,  109.56 (d'), 1 1  1.10 (d'), 118.27 (dl), 

128.30 (d'), 128.47 (d'), 128.65 (d'), 129.40 (dl), 13 1-14 (d'), 135.33 (sr), 166.47 (sr), 

170.25 (sr), 175.03 (s'), not al1 signals for the minor rotarner were observed; exact mass 

d z  calcd for C2~H1gN05 353.1263, found 353.1269. 

Phenylmethyl (3's)-Octahydro-5,s'-dioxo-8'- 

[(tributylstannyl)methylene]spiro[furan-2(3),6(S'H)-indolizine]-3'- 

carboxylic acid (43. la). 



CHSnBu, 

Bu3SnH, AIBN, 
PhMe, reflux 

A solution of AIBN (0.0077 g, 0.05 mmol. 7.82 mbf) and Bu3SnH (0.17 mL, 

0.63 mmol, O. 11 M) in dry PhMe (6.0 mL) was injected by syringe over ca. 30 sec into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 12.2a (0.1060 _o. 

0.30 mmol) in PhMe (6.0 rnL) (Ar atmosphere). Stimng at reflux was continued for 2.75 

h. A solution of AIBN (0.0079 g. 0.05 mmol, 16.0 mM) and Bu3SnH (0.17 rnL, 0.63 

rnmol, 0.21 M) in dry PhMe (3.0 mL) was then injected by syringe over cn. 30 sec. 

Stimng under reflux was continued until no more starting material remained (ca. 1.75 h, 

TLC control, silica gel, 40:60 EtOAc-hexanes), and the mixture was allowed tu cool to 

room temperature. Evaporation of the solvent and flash chromatography of the oily residue 

over silica gel (2.5 x 20 cm), using 3030 EtOAc-hexanes, gave 43.la (0.1488 g, 776)  as 

a colorless oil, containing slight irnpurities (LH NMR): [ a 1 2 5 ~  = 26.24O (c 2.63, CHC13); 

FTIR (CHCI3 cast) 1789. 1744. 1664 cm-l; LH NMR (CDCl3,400 MHz) 8 0.87-0.97 [m, 

15 H. including a t at 8 0.90 ( J  = 7.3 Hz)], 1.3 1 (sextet, J = 7.3 Hz, 6 H), 1.38- 1-58 (m, 

6 H), 1.78-3.01 (m, 2 H), 2.02-2.1 1 (m, L H), 2.16-2.30 (in, 2 H), 2.43-2.54 (m, 1 H), 

2.64-2.96 (m, 4 H), 4.46 (dd, J =  11.0, 3.8 Hz, 1 H), 4.55 (d, J =  8.8 Hz, 1 H), 5.08 

and 5.22 (AB q, AVM = 56.6 Hz, J = 12.3 Hz, 2 H), 5.84 (vinyl proton, d, J = 1.7 Hz, 1 

H, Sn satellite signals at F 5.76 and 5.89), 7.29-7.40 (m, 5 H); 13C NMR (CDCl3, 50.3 

MHz) 6 10.33 (t'), 13.70 (q'), 27.30 (t'), 28.26 (t'), 28.7 1 (t'), 29.13 (t'), 30.00 (t'), 

30.49 (t'), 44.09 (t'), 58.39 (dl), 63.80 (d'), 67.09 (t'), 83.50 (s'), 125.73 (d'), 128.21 

(dl), 128.44 (d'), 128.64 (d'), 135.50 (s'), 147.11 (sf), 166.94 (s'), 17 1.11 (s'), 176.29 

(5'); exact mass (HR electrospray) m/z calcd for C32H47NNaOS120Sn (M + Na) 668.2374, 

found 668.2376. 



Phenylrnethyl (33)-Octahydro-5,s'-dioxo-8'- 

[(tributylstannyl)methyIene]spiroCfuran-2(3H),6'(5iH)-indoIizine]-3'- 

carboxylic acid (43.1 b). 

Bu3SnH, AIBN, 

A solution of AZBN (0.0070 g, 0.04 mmol, 7.75 rnM) and Bu3SnH (0.15 mL, 

0.56 m o l .  0.10 M) in dry PhMe (5.5 mL) was injected by syringe over CU. 10 sec into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 42.2b (0.0967 g, 

0.27 mmol) in PhMe (5.5 mL) (Ar atmosphere). Stirring at reflux was continued for 2.5 

h. A solution of AlBN (0.007 1 g, 0.04 mmol, 15.44 rnM) and Bu3SnH (0.15 mL, 0.56 

mmol, 0.20 M) in dry PhMe (2.8 rnL) was then injected by syringe over cn. 10 sec. 

Stirring under reflux was continued until no more starting material remained (cn. 1.5 h, 

TLC control, silica gel, 5050 EtOAc-hexanes), and the mixture was allowed to cool to 

room temperature. Evaporation of the solvent and flash chromatography of the oily residue 

over silica gel (2 x 20 cm), using 35:65 EtOAc-hexanes, gave 43.lb (0.148 1 g, 85%) as a 

colorless oil, containing slight impurities (IH NMR): [ ~ r ] ~ ~ ~  = - 1 14.l3O (c 2.8 1, CHCl3); 

FTIR (CHCL3 cast) 1787, 1747, 1665 cm-l; lH NMR (CDC13, 400 MHz) 6 0.89 (t, J = 

7.3 Hz, 9 H), 0.93- 1-05 (m, 6 H), 1.36 (sextet, J = 7.3 Hz, 6 H), 1.37- 1-60 (m, 6 H), 

1.69-1-82 (rn, 1 K), 1.85-1.97 (m, 2 H), 2.24-2.33 (five line m, 1 H), 2.35-2.45 (m, 1 

H), 2.47-2.64 (m, 3 H), 2.82-2.94 (m, 1 H), 3.01-3.09 (m, 1 H), 4.47 (dd, J = 10.5, 4.8 

HZ, 1 H), 4.56 (t. J = 8.5 HZ, 1 H), 5.14 Z U I ~  5.21 (AB q, A V ~ B  = 30.0 HZ, J = 12-4 HZ, 

2 H), 5.86 (vinyl proton, d, J = 1.4 Hz, L H, Sn satellite signais at 6 5.79 and 5-92), 

7.28-7.39 (m, 5 H); 13C NMR (CDC13, 75.5 MHz) 6 10.42 (t'), 13.63 (q'), 27.22 (tl), 

27.47 (t'), 28.55 (t'), 29.07 (t'), 3 1.03 (t'), 3 1.65 (t'), 44.17 (t'), 58.42 (d'), 63.9 1 (dl), 
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66.94 (t'), 82.75 (s'), 127.12 (d'), 128.08 (dl) 128.25 (d'). 128.56 (d) .  135.50 (s'). 

146.06 (s'), 167.09 (sr). 171.13 (sr), L75.85 (sr); exact mass (HR electrospray) m/z calcd 

for C32HJ7NNa05120Sn (M + Na) 668.2374. found 668.2372. 

Phenylrnethyl (3'S)-Octahydro-8'-methylene-5,Y-dioxospiro[furan- 

2(3H),6'(S1H)-indolizinel-3'-carboxylate (43.2a). 

Dry CF3C02H (0.5 mL) was injected rapidly into a stirred solution of 43.la 

(0.0633 g, 0.098 rnrnol) in THF ( 5  mL) (Ar atmosphere). After ca. 45 min no more vinyl 

stannane could be detected (TLC control, silica gel, 40:60 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1 x 20 cm), using 

60:40 EtOAc-hexanes, gave 43.2a (0.0339 g, 97%) as pure ( IH NMR), white crystals 

(mp 136-139 OC), spectroscopica1~y identical to material obtained without isolation of the 

vinyl stannane. 

Phenylmethyl (3'S)-0ctahydro-8'-methylene-5,5'-dioxospiro[furan- 

2(3N),6'(5'H)-indolizinel-3'-carboxylate (43.2b). 
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Dry CF3COzH (1.5 d) was injected rapidly into a stirred solution of 13. l b  

(0.12 12 g, 0.19 mmol) in THF ( 15 rnL) (Ar atmosphere). After ca. 30 min no more vinyl 

stannane could be detected (TLC control, silica gel, 3555 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica geI (7  x 20 cm). using 

8020 EtOAc-hexanes. gave 43.2b (0.0662 g, 100%) as pure ( lH  NMR). white crystals 

(mp 1 18- 12 1 OC), spectroscopically identical to material obtained without isolation of the 

vinyl stannane. 

Phenylmethyl (3'S)-Octahydro-8'-methylene-5,5'-dioxospiro[furan- 

2(3H),6'(S'H)-indolizinel-3'-carboxylate (43.2a) without isolation of the 

intermediate stannane. 

i) Bu3SnH, AIBN, 
PhMe, reflux 

ii) TFA, THF 

A solution of AIBN (0.028 1 g, 0.17 rnrnol, 7.79 mM) and Bu3SnH (0.63 rnL, 

2.34 rnmol, 0.11 M) in dry PhMe (22 mL) was injected by syringe over ca. 2 min into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 42.2a (0.39 11 g, 

1.1 1 mrnol) in PhMe (22 rnL) (Ar atmosphere). Stirring at reflux was continued for 3 h. 

A solution of AIBN (0.0277 g, 0.17 mmol, 15.3 mM) and Bu3SnH (0.63 mL, 2.34 

rnmol, 0.21 M) in dry PhMe (1 I rnL) was then injected by syringe over ca. 30 sec. 

Stirring under reflux was continued until no more starting material remained (ca. 1.5 h, 

TLC control, silica gel, 40:60 EtOAc-hexanes), and the mixture was aliowed to cool to 

room temperature. Evaporation ( ~ 0 . 1  mm Hg) of the soIvent gave the crude vinyl 

staiinane, which was treated as follows. 

Dry CF3C02H (1.5 mL) was injected rapidly into a stirred solution of the above 
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crude vinyl stannane in THF (15 mL) (Ar atrnosphere). After ca. 45 min no more vinyl 

stannane could be detecteà (TLC control. silica gel. 40:60 EtOAc-hexanes). Evaporation of 

the solvent and flash chrornatography of the residue over silica gel (2.5 x 25 cm). using 

60:40 EtOAc-hexanes. gave 43.h (0.3658 ,o. 93%) as a pure ( l K  NMR DMC WII-Il I-  

A). white solid: mp 135-138 OC; [ c x ] ' ~ ~  = ZL.02O (c  2.84. CHCI,); FTIR (CHC13 cast) 

1779. 1739, 1664 cm-[; 'H NMR (CDC13,400 MHz) G 1.82-2.0 1 [m. 2 K. including a dt 

a t 6  1.88 ( J=  12.8, 9.9 Hz)], 2.03-2.12 (m. 1 H), 2.16-2.32 (m. Z H), 2.48 (ddd. J =  

17.4, 9.6. 2.9 Hz, 1 H), 2.62-2.74 (m, 2 H), 2.79 (dt, J = 17.4, 9.8 Hz, 1 H), 3.01 (dd. 

J = 14.8. 1.3 Hz, 1 H). 4.31-4.38 (m, 1 H), 4.53 (d, J = 8.8 Hz. 1 H), 5.00-5.04 (m. t 

H), 5.05-5.24 [m. 3 H. including an AB q at 6 5.07 and 5.2 1 (AVAB = 55.1 Hz. J = 12.3 

Hz)], 7.29-7.40 (m. 5 H); I3c NMR (CDCl3, 75.5 MHz) 6 28.36 (t'), 28.54 (t'). 29.04 

(t'), 3 1-03 (t'), 42-19 (t'), 58-14 (d'), 6 1-80 (d'), 67.1 1 (t'), 83.04 (s'). 1 12.03 (t'), 

138.19 (cl'), 128.42 (d'), 128.60 (d'), 135.42 (s'), 139.07 (s'), 167.30 (sr), 171.01 (s'), 

176.39 (s'); exact mass d z  cdcd for C20H2~N05 355.1420, found 355.1417. 

Phenylmethyl (3'S)-0ctahydro-8'-methylene-5,5'-dioxospiro[furan- 

2(3H),6'(S'H)-indolizine]-3'-carboxylate (43.2b) without isolation of the 

intermediate stannane. 

i) Bu3SnH, AIBN, 
PhMe, reflux 

ii) TFA, THF - ~ N & 3 "  

169 g, 0.10 rnrnol, 7.68 mM) and Bu3SnH (0.38 rnL, 

1.41 mmol, 0.11 M) in dry PhMe (13.4 rnL) was injected by syringe over Ca. 1 min into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 42.2b (0.2360 g, 

0.67 mmol) in PhMe (13.4 rnL) (Ar atrnosphere). Stimng at reflux was continued for 2.5 
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h. A solution of AIBN (0.0 165 g, 0.10 mmol, 15.00 mM) and Bu3SnH (0.38 mL. 1.4 1 

mmol. 0.21 M) in dry PhMe (6.7 mL) was then injected by syringe over ca. 30 sec. 

Stirring under reflux was continued until no more startinp matenal remained (ca. 1.5 h. 

TLC control, silica gel. 5050 EtOAc-hexanes). and the mixture was allowed to cool to 

room temperature. Evaporation ( ~ 0 . 1  mm Hg) of the solvent gave the crude vinyl 

stannane, which was treated as follows. 

Dry CF3C02H (1.5 mL) was injected rapidly into a stirred solution of the above 

cmde vinyl stannane in THF (15 mL) (Ar atmosphere). After m. 30 min no more vinyl 

stannane could be detected (TLC control, silica gel, 5050 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (2.5 x 20 cm), using 

80:20 EtOAc-hexanes, gave 43.2b (0.223 1 g, 94%) as a pure (IH NMR), colorless oil: 

[ C Y ] ~ ~ ~  = - l63.35O (c 1.73, CHC13); FTIR (CHCL3 cast) 178 1, 1745, 1659 cm-'; 1H NMR 

(CDCI3, 400 MHz) 8 1.75 (ddd, J = 22.9, 1 1.7, 7.8 Hz, 1 H), 1.87-2.03 (m. 2 H). 7.22- 

2-31 (five-line m, 1 H), 2.40-2.58 (m, 3 H), 2.66 (d, J = 13.9 Hz, 1 H), 2.87 (dt. J = 

17.6, 10.6 Hz, 1 H), 3.10 (dd, J = 13.9. 1.2 Hz, 1 H), 4.38 (dd, J = 10.9, 4.9 Hz, 1 H). 

4.56 (t, J = 8.6 Hz, 1 H), 5.05 (s, 1 H), 5.12 (d, J = 0.6 Hz, L H), 5.15 and 5.21 (AB q, 

AVAB = 25.9 Hz, J = 12.4 Hz, 2 H), 7.28-7.40 (m. 5 H); 1 3 ~  NMR (CDC13, 75.5 MHz) 

6 27.61 (t'), 28.41 (t'), 30.15 (t'), 32.38 (t ' ) ,  42.47 (t'), 58.04 (dl), 61.95 (dl), 67.04 

(t'), 82.43 (s'), 11310 ( t )  128.10 (dl), 128.32 (dl), 128.59 (d'), 135.45 (s'), 138.20 

( s ) ,  167.56 (s'), 171.16 (s'), 176.12 (s'); exact mass m/z calcd for C2oHzlNOs 

355.1420, found 355.1420. 

(S)-1,2,3,5-Tetrahydro-8-hydroxy-5-oxo-3- 

[(phenylrnethoxy)carbonyl]-6-indolizinepropanoic acid (43.4) from 43.2a. 



i) 03, CH2CI2, -78 "C 
ii) Ph3P, -78 "C 4 RT 
iii) Et3N, THF, 60 OC 

/ 

Freshly distilled CHzClz ( 10 rnL) was added to 43.2a (0.60 1 L g. 1-69 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierïte. and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until al1 of the starting material had been consumed (cn. 10 

min, TLC control, silica gel, 60:40 EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then Ph3P (0.8892 g, 3.39 mmol) was added. The cooling bath 

was removed and stimng was continued for 1.5 h, by which time the mixture had warmed 

to room temperature. Evaporation (<O. 1 mm Hg) of the solvent gave a light-yellow solid; 

the ketonic product (43.3a) could not be separated chromatographically from Ph3P0, and 

so the crude mixture was used directly. 

Dry Et3N (1.0 rnL, 7.17 mrnol) was added to a stirred solution of the above cmde 

ozonolysis product in dry THF (10 mL) (Ar atmosphere). Stirring was continued at 60 OC 

(oil bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 

chromatography of the light-yellow oily residue over silica gel (2 x 20 cm), using 801205 

EtOAc-hexanes-AcOH, gave 43.4 (0.5746 g, 95%) as a pure ( lH NMR DMC VIX-107- 

A), light-yellow crystals: mp 159-161 OC; [ c ( ] * ~ ~  = -L58.64O (c 2.28. MeOH); l?TIR 

(CHC13 cast) 3450-2400, 1744, 1543 cm-[; 1H NMR (CD30D, 400 MHz) 6 2.26 (ddt, J =  

13.3, 8.7, 3.3 Hz, 1 H), 2.48-2.63 (m, 3 H), 2.68-2.83 (eight-Iine m, 2 H), 2.95-3.16 

[m, 2 Hl including a tt at 6 3.03 ( J  = 17.2, 8.7 Hz), overlapping a ddd at 6 3.11 (J = 17.2, 

9.5, 3.4 Hz)], 5.13-5.24 [m, 3H, including a dd at 6 5.15 (J  = 9.7, 3.1 Hz), overlapping 

an AB q a t  6 5.17 and 5.21 ( A ~ A B  = 13.6 Hz, J =  12.3 Hz)], 7.24 (S. 1 H), 7.27-7.38 (m, 



5 H); 1 3 ~  NMR (CDjOD, 50.3 MHz) 8 26.90 (t'). 27.48 (t'), 28.11 (t'). 33.75 (t'). 63.93 

(dl), 68.34 (t'), 129.21 (d'), 129.40 (d'), 129.62 (d'), L29.80 (s'), 133.99 (s'), 134.92 

(d'), 137.00 (s'), 137.12 (s'), 160.37 (s'), 17 1.47 (s'), 176.74 (s'); exact mass ni/z calcd 

for C1gHi9N06 357.12 13, found 357-1308. 

( S ) -  1,2,3,S-Tetrahydr0-8-hydroxy-5-0~0-3 

[(phenylmethoxy)carbonyl]-6-indolizinepropanoic acid (43.4) from 43.2b. 

i) Os, CH2CI2, -78 "C 
ii) Ph3P, -78 OC -+ RT 
iii) EtsN, THF, 60 OC 

Freshly distilled CH2C12 (15 rnL)  was added to 43.2b (0.2857 g, 0.80 mmol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until dl of the starting material had been consumed (ca. LO 

min, TLC control, silica gel, 80:20 EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then Ph3P (0.4233 g, 1.61 rnmol) was added. The cooling bath 

was rernoved and stirring was continued for 1.5 h, by which time the mixture had warrned 

to room temperature. Evaporation (c0.1 mm Hg) of the solvent gave a light-yellow 

residue; the ketonic product (43.3b) could not be separated chromatographically from 

Ph3P0, and so the crude mixture was used directly. 

Dry Et3N (1.5 mL, 10.76 mrnol) was added to a stirred solution of the above crude 

ozonolysis product in dry TKF (15 mL) (Ar atrnosphere). Stirring was continued at 60 OC 

(oil bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 



chromatography of the light-yellow oily residue over silica gel (3.5 x 20 cm), using 

8 0 2 0 5  EtOAc-hexanes-AcOH, gave 43.4 (0.2718 g, 96%) as a pure (lH NMR). light- 

yeilow oii, spectroscopically identical to material obtained from 43.2a. 

(S)-3-Carboxy-1,2,3,5-tetrahydro-8-hydroxyY5-oxo-6- 

indolizinepropanoic acid (4.1). 

10% Pd-C (ca. 25 mg) was added to a stirred solution of 43.4 (0.1614 g, 0.45 

mrnol) in MeOH (20 mL). The reaction flask was flushed with hydrogen, and the mixture 

was stirred under hydrogen (bailoon) until ail of the starting material had been consumed 

(ca. 15 min, TLC contr01, silica gel, 9 5 5  EtOAc-AcOH). The mixture was filtered through 

a sintered glass frit (grade D) and evaporated. Flash chromatography of the residue over 

reverse phase C-18 silica gel (Toronto Research Chernicals Enc., 10% capped with TMS) 

( 2  x 20 cm), using 90: LO water-MeCN, gave 4.1 (0.1 128 g, 93%) as a pure ( IH NMR 

DMC VIII-89-A), white foam: [ a ] 2 5 D  = -196.55O (c 0.87. HzO), lit.13 [a]2So = -199.5" 

(C 1.0, H 2 0 ) ;  FTIR (microscope) 3650-2300, 172 1 cm-1; 1H NMR (D20,400 MHz) 6 

1.30 (ddt, J = 13.5, 8.4, 3.8 Hz, 1 H), 2.48-2.73 (m, 5 H), 2.95-3.13 [m, 2 H, including 

a tt at 6 3.03 ( J  = 17.3, 8.8 Hz), overlapping a ddd at 6 3.08 ( J  = 17.3, 9.5, 3.9 Hz)], 

5.06 (dd, J = 9.9, 3.0 Hz. 1 H), 7.25 (s, I H); 13C NMR (D20, 75.5 MHz) 6 25.56 (t'), 

26-63 (t'), 27.52 (t'), 33.06 (t'), 63.72 (dl), 128.26 ( s ' ) ,  134.73 (d'), 135.28 (s'), 

135.88 (s'), 159.74 (s'), 174.63 (s'), 178.03 (s'); exact mass m/z calcd for C12H L3N06 

267.0743, found 267.0735. 



6-Oxo-N-[[tetrahydro-5-oxo-2-(2-propynyl)-2-furanyl]carbonyl]-~- 

norleucine phenylmethyl ester (44.la). 

i) 9-BBN, THF, O OC + RT 4- ii) PCC, sieves, 4 reflux A molecular 

~~0 
C0,Bn =& C0,Bn 

O O 

9-BBN (0.5 M in THF, 1.79 mL, 0.90 mmol) was added by syringe pump over 

en. 4 min to a stirred and cooled (ice-water bath) solution of 40.2a (0.2968 g, 0.80 mmol) 

in dry THF (IO mL) (Ar atmosphere). The cooling bath was removed and stirring was 

continued for 1 h. The mixture was then transferred by cannulû to a stirred and cooled (ice- 

water bath) suspension of PCC (1.5620 g, 7.25 mrnol) and crushed 4 A molecular sieves 

(ca. 500 mg) in dry CH2Clz (10 mL). Additional dry CHî_Cl2 (2 x 1 rnL) was used as a 

rinse. The resulting mixture was transferred to an oil bath and stirred at reflux temperature 

for 1.5 h, ailowed to cool to room temperature, and filtered through a pad (2.5 x 5 cm) of 

silica gel, using EtOAc as a rinse. Evaporation of the solvent and flash chromatography of 

the residue over silica gel (2 x 20 cm), using 80:20 EtOAc-hexanes, gave 44.la (0.2539 

g, 83%) as a pure (IH NMR DMC IX-47-A), colorless oil: [aI2sD = -4.36O (c 1.56, 

CHCl3); FTIR (CDC13 cast) 3360, 3288, 2850, 2750, 1788, 1739, 1675 cm-l; lH NMR 

(CDC13, 400 MHz) 6 1.48-1.66 (m. 2 H), 1.67-1.78 (m, 1 H), 1.79-1.94 (rn, 1 H), 2.03 

(t, J = 2.0 Hz, 1 H), 2.34-2.63 (rn, 5 H), 2.65-2.83 [m. 3 H, including an apparent dd at 

6 2.74 (A of an ABX system, J = 17.3, 2.6 Hz), and an apparent dd at 6 2.79 (B of an 

A B X  systern, J = 17.3, 2.6 Hz)], 4.53 (dt, J =  8.1, 5.1 Hz, 1 H), 5-11 and 5.17 (AB q, 

AVAB = 2 2 . 4 H z , J =  12.1 HZ, 2H), 7.11 (d, J = 8 . 1  Hz, 1 H), 7.26-7.39 (m, 5 H), 9.66 

(S. 1 H); 13c NMR (CDCl3, 50.3 MHz) 6 17.66 (t'), 28.29 (t', two signals overlap), 

29.5 1 (t'), 30.99 (t'), 42.75 (t'), 52.04 (d'), 67.27 (t'), 72.37 (d'), 77-22 (s'), 85.26 (s'), 

128.36 (d'), 128.57 (d', two signals overlap), 135.03 (s'), 170.80 (s'), 170.94 (s'), 
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175.2 1 (s'), 20 1.35 (d'); exact mass (m electrospray) d z  calcd for C21 H23Nbia06 (M + 

Na) 408.1423, found 408.143 1. 

6-Oxo-N-[[tetrahydro-5-oxo-2-(2-propyny~)-2-furanyI]carbonyI]-~- 

norleucine phenylmethyl ester (44. lb). 

1 ~ - ~ ~ ~ , T ~ i = , û O ~ - - + ~ T  & dm ii) PCC, sieves, 4 reflux A molecula: 

COzBn 
"y0 

C028n 
O O 

9-BBN (0.5 M in THF, 2.83 mL, 1-42 mrnol) was added by syringe pump over 

ca. 4 min to a stirred and cooled (ice-water bath) solution of 40.2b (0.4754 g, 1.79 mmol) 

in dry T W  (10 mL) (Ar atmosphere). The cooling bath was removed and stirring was 

continued for 1 h. The mixture was then transferred by cannula to a s h e d  and cooled (ice- 

water bath) suspension of PCC (2.4908 g, 11.56 mmol) and crushed 4 A molecular sieves 

(ca. 500 mg) in dry CH2Cl2 (10 mL). Additional dry CH2C12 (2 x 1 mL) was used as a 

rinse. The resulting mixture was transferred to an oil bath and stirred at reflux temperature 

for 1.5 h, ailowed to cool to room temperature, and filtered through a pad (2.5 x 4 cm) of 

silica gel, using EtOAc as a rinse. Evaporation of the soivent and flash chromatography of 

the residue over silica gel (2.5 x 25 cm), using 70:30 EtOAc-hexanes, gave 44.lb (0.367 1 

g, 74%) as a pure (1H NMR), colorless oil: [ a ] 2 S o  = -1.09O (c 1.47, CHCI3); FTIR 

(CDCL3 cast) 3360, 3288, 2840, 2740, 1790, 1739, 1675 cm-l; lH NMR (CDC13, 400 

MHz) 6 1.58-1.79 (m, 3 H), 1.89-2.00 (m, 1 H), 2.11 (t, J = 2.1 Hz, 1 H), 1.33-2.54 

(m, 5 H), 2.60-2.74 (m, 1 H), 2.82 (A of an ABX systern, apparent dd, J = 17.2, 2.6 Hz, 

I H), 2.86 (B of an ABX system, apparent dd, J = 17.2, 2.6 Hz, 1 H), 4.60 (dt, J = 8.2, 

5.0 Hz, 1 H), 5.1 1 and 5.20 (AB q, A v . 4 ~  = 35.5 Hz, J =  12.1 Hz, 2 H), 6.94 (d, J =  8.2 

Hz, 1 H), 7.28-7.42 (m, 5 H), 9.71 (s, 1 H); 13c NMR (CDzC12, 75.5 MHz) 6 19.83 



(t'). 29.9 1 0'). 30.25 (t'). 3 1.92 (t'), 32.84 (t'). 4 - 7 7  (t ' ) ,  54.03 (d'). 69.14 (t') . 73 - 54 

d ' ,  79.48 (s'), 87.32 (s'), 130.18 (d'), 130.34 (d'). 130.46 (d'). 137.17 (s'). 172.46 

( s l ) ,  172.90 (5'). 176.80 ( s e ) ,  203.28 (d'); exact mass IHR electrospray) i,r/z calcd for 

Cz 1 &3NNaO6 (M + Na) 408.1 423, found 308.1423, 

Phenylmethyl (2s)-1,2,3,4-Tetrahydro-lfltetrahydro-5-0x0-2-(2- 

dNr---. i) ii) PSo5, BaO, CH2CI2, sonication sonication - 

C0,Bn 
O 

Ba0 (0.1742 g, 1.14 mrnol) was tipped into a solution of 44.la (0.0879 g, 0.23 

mrnol) in dry CHîC1î_ (5  mL), contained in a round-bottomed flask fused ont0 a condenser 

(Ar atmosphere), and the suspension was sonicated (Branson, mode1 B-12, 80 W; Ar 

atmosphere). Sonkation was stopped after 1 h, and Pz05 (0.1633 g, 1.15 mmol) was 

tipped into the flask. The system was re-sealed with a septum and flushed with Ar, and the 

mixture was sonicated until no more aldehyde remained (ca. 1 h, TLC control. silica gel, 

5 0 5 0  EtOAc-hexa~es). The suspension was then centrifuged. Evaporation of the 

supernatant liquid, and flash chromatography of the orange residue over silica gel ( 1.5 x 20 

cm), using 40:60 EtOAc-hexanes. gave 44.2a (0.0704 g, 83%) as a pure (IH NMR DMC 

Y(-49-A), colorless oil, which was a mixture of rotamers: [a]25D = -57.77O (c 1.21, 

CHC13); FTR (CDC13 cast) 3278, L792, 1742, 1642 cm-1; NMR (CDCI3,400 MHz) 6 

1.80-2.16 (m, 4 H, incfuding a E at 6 2.09 (J = 2.4 Hz), and a t at 6 2.14 ( J  = 2.6 Hz)], 

2.24-2.79 (m, 5 H), 2.88-3.10 (m, 2 H), 4.98-5.54 (m, 4 H, including a dd at 6 5.02 ( J  = 

8.1, 5.5 Hz), and a br s at 6 5 . 5 2 ) ] ,  7.11-7.22 [m, 1 H, including a d  at 6 7.15 (J= 8.6 
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Hz). and a d at 6 7.20 ( J  = 8.6 Hz)], 7.27-7.42 (m. 5 H); I3c NMR (CD2Cl2, 75.5 MHz) 

6 19.06 (t'). 19.19 (t'), 23.70 (t'). 24.35 (t'). 17.76 (t'). 28.21 (t'), 28.73 (t'), 30.41 (t'), 

30.70 (t'), 33.06 (t'). 54.20 (d'), 56.59 (dl), 67.43 (t'), 67.86 (t'), 72.47 (d'), 72.87 

(d'), 77.12 (s'), 77.73 (sr), 86.64 (s'), 87.80 (s'), 108.64 (d'), 1 10.8 1 (d'), 124.58 (d'), 

125.24 (d'), 138.46 (dl), 128.7 1 (d'), 128.89 (d'), 136.12 (s'), 167.93 (s'), 168.10 (s'), 

170.23 (sr), 171.02 (s'), 174.95 (s'), 175.42 (s ' ) ,  not a11 of the signals from the minor 

rotamer were observed; exact mass (HR electrospray) nz/z caicd for C2LHIINNa05 (M + 

Na) 390.13 17, found 390.1325. 

ccvO ii) i) P2O5, BaO, CH2CI2, sonkation sonication 

CO@n - $62) C0,Bn 
O O 

B a 0  (0.3 102 g, 2.02 mmol) was tipped into a solution of 4 4 . l b  (0.1536 g, 0.40 

mmol) in dry CH2C12 (10 mL), contained in a round-bottomed flask fused onto a 

condenser (Ar atmosphere), and the suspension was sonicated (Branson, mode1 B-12, 80 

W; Ar atmosphere). Sonication was stopped after I h, and P205 (0.2792 g, 1.97 mrnol) 

was tipped irito the flask. The system was re-sealed with a septum and flushed with Ar, 

and the mixture was sonicated until no more aldehyde remained (ca. 1.5 h, TLC control, 

silica gel, 5 0 5 0  EtOAc-hexanes). The suspension was then centrifuged. Evaporation of 

the supernatant liquid, and flash chromatography of the orange residue over silica gel (1.5 

x 20 cm), using 40:60 EtOAc-hexanes, gave 44.2b (0.1160 g, 80%) as a pure (lH 

NMR), colorless oil: [ a 1 2 5 ~  = -76.63" (c 2.91, CHCI3); R I R  (CDC13 cast) 3282, 1793, 

1742, 1643 cm-i ; H NMR (CDC13, 400 MHz) 6 1.84-2.15 [m, 4 H, including a t at 6 



3.12 (J = 2.4 Hz)], 2.30-2.50 (m, 3 H), 2.63 (ddd, J = 18.1. 9.4, 5.5 Hz. 1 H), 2.84- 

3.05 [m. 3 H, including an apparent dd at 6 2.88 (A of an ABX system, J = 17.1. 2.5 Hz), 

and an apparent dd at 6 2.94 (B of an ABX system. J = 17.1. 2.5 Hz)], 5.00-5.06 (m. 1 

H), 5.09 and 5.30 (AB q, A V ~ B  = 43.3 Hz, J = 12.3 Hz, 2 H), 5.27 (dd, J = 3.3. 3.3 Hz, 

lH), 7.19 (d, J = 8.4 Hz, 1 H). 7.24-7.40 (m. 5 H); 13C NMR (CDC13, 50.3 MHz) F 

18.92 (t'), 23.38 (cf), 27.85 (t'), 38.87 (t'), 30.54 (t'), 53.60 (d'), 67.17 (t'), 77 -. 88 (d') y 

76-45 (sr), 86.43 (sr), 109.19 (dl), 124-62 (d'), 128.04 (d'), 128.39 (d'), 128.64 (d'), 

135.41 (sr), 166.94 (s') ,  169.95 (s'), 175.01 (s'); exact mass (KR electrospray) PZ/: calcd 

for C21H2~NNaO~ (M + Na) 390.13 17, found 390.1320. 

Phenylmethyl(6'S)-Octahydro-4',5-dioxo-1'- 

[(tri butylstannyI)methylene]spiro[furan-2(3H),3'(4'H)-[2H]quinolizine]- 

6'-carboxylate (45. la). 

BusSnH, AIBN, 
PhMe, reflux 

C0,Bn 

A solution of AIBN (0.0038 g, 0.02 rnmol, 7.46 rnM) and Bu3SnH (0.09 mL, 

0.33 rnmol, 0.11 M) in dry PhMe (3.1 mL) was injected by syringe over ca. 10 sec into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 44.2a (0.0573 g, 

0.16 mmol) in PhMe (3.1 mL) (Ar atmosphere). Stirring at reflux was continued for 2 h, 

by which time aIi of the starting material had been consumed (TLC control, silica gel, 30:70 

EtOAc-hexanes), and the mixture was alfowed to cool to room temperature. Evaporation of 

the solvent and flash chromatography of the solid white residue over siIica gel (1.5 x 20 

cm), using 30:70 EtOAc-hexanes, gave phenylmethyl (6's)-octahydro-4',S-dioxo-1'- 



[(tribut~lstannyl)meth~1ene]spiro[furan-2(3H),3'(4'H)-[2H]q~in01izine]-6'-~~box~1ate 

(0.076 1 g, 75%) as a white, amorphous solid, containine slight impurities ( f ~  NMR): 

[ u ] ~ ~ ~  = 17.78O (c 1.69, CHC13); FTIR (CHC13 casr) 1789, 1744, 1659 cm-\; IH NMR 

(CDCl3, 360 MHz) 6 0.83-1.05 (m, 15 H), l.M-2.l3 (m, 19 H), 2.40-2.60 (m. 2 H), 

2.70-2.93 [m, 3 H, including an AB q at 6 2.75 and 3.79 ( A v A ~  = 13.2 Hz, J = 13.9 Hz), 

and a dt at 8 2.86 ( J  = 17.4, 9.5 Hz)], 4.06-4.17 (m, 1 H). 4.22 (dd, J = 6.9, 4.6 Hz, 1 

H), 5.09 and 5.21 (AB q, AVAB = 41.6 HZ, J = 12.2 Hz, 2 H), 5.91 (vinyl proton, d, J = 

0.9 Hz, 1 H, Sn satellite signals at 6 5.84 and 5-98). 7.27-7.39 (m, 5 H); 13c NMR 

(CDCl3, 50.3 MHz) 8 10.47 (t'), 13.67 (q'), 17.53 (t'), 19.32 (t'), 24.52 (t'), 27.24 (t'), 

28.75 (t'), 29.09 (t'), 3 1.70 (t'), 42.97 (t'), 57.04 (d'), 60.81 (d'), 66.96 (t'), 82.10 (sr), 

127.92 (d'), 128.29 (d'), 128.37 (d'), 128.54 (d'), 135.70 (s ' ) ,  145.84 (s'), 169.14 (s'), 

170.75 (s'), 176.03 (s'); exact mass (HR electrospray) m/z calcd for C33 Hli9~Na05  12OSn 

(M + Na) 682.2530, found 682.2539. 

Phenylmethyl (6's)-Octahydro-4',5-dioxo-1'- 

[(tributylstannyl)methylene]spiro[furan-2(3H),3'(4'H)-[2H]quinolizine]- 

6'-carboxylate (45.1 b). 

&O --- 
Bu3SnH, AIBN, 
PhMe, reflux 

C02Bn 

A solution of AIBN (0.0024 g, 0.015 rnmoi, 7.3 1 rnM) and Bu3SnH (0.06 mL, 

0.22 mmol, 0.11 M) in dry PhMe (2 mL) was injected by syringe over ca. 10 sec into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 44.2b (0.0364 g, 

O. iû riiriiüij i r i  PiGvii: ( 2  IlLLj (Aï- aimusphcïej. Sîirririg ai reflux was continued for 2 h, by 



which time al1 of the starting material had b e e n  consumed (TLC control. silica gel. 30:70 

EtOAc-hexanes), and the mixture was allowed to cool to room temperature. Evaporation of 

the solvent and flash chromatography of t he  solid. white residue over silica gel ( 1  x 20 

cm). using 40:60 EtOAc-hexanes, gave plnenylmethyl (6's)-octahydro-4l.5-dioxo- 1'- 

[(tributylstannyl)rnethylene]spiro[fur~ .3'(4'H)-[2filquinolizine]-6'-carboxylate 

(0.051 1 g, 80%) as a white, amorphous soliid, containing slight impurities (1H NMR): 

[al'sD = -79.36" (c 1-09, CHCl3); FTIR (CHCL3 cast) 1733. 1695, 1660 cm-[ ; 1H NMR 

(CDCI3, 400 MHz) 6 0.80-1.07 [m, 15 H, including a t at 6 0.89 (J = 7.3 Hz)], 1.3 1 

(sextet, J = 7.3 Hz, 6 H), 1.37- 1.67 (m, 9 H), 1.75- 1-84 (m, 1 H), 1.86- 1-98 (m, 2 H), 

2.32 (d, J = 13.4 Hz, 1 H), 2.44-2.58 (m, 2 K), 2.62-2.71 (m, 1 H), 2.80-2.98 [m, 2 H, 

including a dt at 6 2.92 ( J  = 17.7, 10.0 Hz)]!, 4.09 (dl J = 12.2 Hz, 1 H), 5.14 and 5.23 

(AB q, AVAB = 33.9 HZ, J = 12.4 Hz, 2 H), 5.48 (dd, J = 5.8. 1.7 Hz, 1 H), 5.87 (vinyl 

proton, d, J = 1.0 Hz, 1 H, Sn satellite signais at 6 5.80 and 5.93), 7.25-7.40 (m, 5 H); 

I3C NMR (CDC13, 30.3 MHz) 8 10.48 (t'), 13.64 (q'), 21.03 (t'), 26.06 (t'), 27.22 (t'), 

28.74 (t'), 29.06 (t'), 3 1.90 (t'), 32.34 (t'), 42.91 (t'), 52.55 (dl), 60.78 (d), 66.98 (t'), 

82.01 (sr), 127.83 (d'), 127.96 (dl), 128.27 (d'), 128.61 (d'), 135.47 (s'), 145.62 (s'), 

169.04 (s'), 170.20 (s'), 175.94 (s'); exact  mass (HR electrospray) m/z calcd for 

C33H49NNa0jL'O~n (M + Na) 682.2530, fornnd 682.2533. 

Phenylmethyl (6'S)-Octahydro-1'-methylene-4',5-dioxospiro[furan- 

2(3H),3'(4'H)-[2H]quinolizine]-6'-carboxylate (45.2a). 



Dry CF3C02H (0.5 rnL) was injected rapidly into a stirred solution of the vinyl 

stannane 15la (0.0803 g, 0.122 mmol) in THF ( 5  mL) (Ar atmosphere). After cn. L h 

no more vinyl stannane could be detected (TLC control, silica gel, 30:70 EtOAc-hexanes). 

Evaporation of the solvent and flash chromatography of the residue over silica gel ( 1.5 x 20 

cm), using 5 0 5 0  EtOAc-hexanes. gave 45.2a (0.0433 g, 96%) as a pure ( [ H  NMR). 

colorless oil, spectroscopically identical to material obtained without isolation of the vinyl 

stmnane. 

Phenylmethyl (6'S)-Octahydro-l'-methylene-4',5-dioxospiro[furan- 

2(3H),3'(4'H)-[2H]quinolizine]-6'-carboxylate (45.2b). 

Dry CF3C02H (0.5 mL) was injected rapidly into a stirred solution of the vinyl 

stannane 45.lb (0.0366 g, 0.056 mmol) in THF ( 5  mL) (Ar atrnosphere). After Ca. 30 

min no more vinyl stannane could be detected (TLC control, silica gel, 40:60 EtOAc- 

hexanes). Evaporation of the solvent and flash chromatography of the residue over silica 

gel (1.5 x 30 cm), using 60:40 EtOAc-hexanes, gave 45.2b (0.0204 g, 98%) as a pure 

(LH NMR), white, amorphous solid. spectroscopically identical to materiai obtained 

without isolation of the vinyl stannane. 

Phenylmethyl (6'S)-0ctahydro-l'-methylene-4',5-dioxospiro[furan- 

2(3H),3'(4'H)-[2H]quinolizine]-6'-carboxylate (45.2a). 



i) Bu3SnH, AIBN, 
PhMe, reflux 

ii) TFA, T'iF 

A solution of AIBN (0.0083 g, 0.05 mmol, 7.49 mM) and Bu3SnH (0.19 mL, 

0.7 1 mmol, 0.10 M) in dry PhMe (6.75 mL) was injected by syringe over cn. 1 min into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 44.2a (0.1242 g, 

0.34 rnmol) in PhMe (6.75 mL) (Ar atmospherej. Stirring at reflux was continued for 2 h. 

by which time ail of the starting material had been consumed (TLC control. silica gel. 30:70 

EtOAc-hexanes), and the mixture was allowed to cool to room temperature. Evaporation 

(<O. 1 mm Hg) of the solvent gave the crude vinyl stannane, which was treated as follows. 

Dry CF~COZH (0.5 rnL) was injected rapidly into a stirred solution of the above 

crude vinyl stannane in THF (5 rnL) (Ar atmosphere). After ca. 50 min no more vinyl 

stannane could be detected (TLC control, silica gel, 30:70 EtOAc-hexanes). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1.5 x 25 cm), usinp 

5050 EtOAc-hexanes, gave 45.2a (0.0924 g, 74%) as a pure (lH NMR DMC IX-97-A), 

colorless oil: [a]25D = 0.3Z0 (c 1.58, CHCl3); F T R  (CHCI3 cast) 1785, 1743. 1653 cm-1; 

rH NMR (CDCI3, 400 MHz) 6 1.60-1.82 (m, 3 H), 1.85-2.14 (m, 4 H), 2.39-2.51 (m, 2 

H), 2.69 (d, J = 13.4 Hz, 1 H), 2.80 (dt, J = 17.8, 10.6 Hz, 1 H), 2.94 (d, J = 13.4 Hz, 

1 H), 4.09 (d, J = 11.8 Hz, 1 H), 4.37 (dd, J = 6.1, 5.0 Hz, I H), 5.05-5.25 [m, 4 H, 

including a d at 6 5.08 (J  = 0.6 Hz), a d at 6 5.11 ( J  = 1.2 Hz), and an AB q at 6 5.09 and 

5.22 (AVAB = 54.6 HZ, J = 12.2 Hz)], 7.28-7.39 (m. 5 H); 1 3 ~  NMR (CDC13, 75.5 

MHz) 6 18.23 (t'), 24.17 (t'), 27.69 (t'), 28.52 (t'), 32.38 (t'), 41.74 (t'), 56.31 (d'), 

57-16 (d'), 67.02 (t'), 8 1.85 (s ' ) ,  113.83 ( t ' ) ,  128.35 (d', two signals overlap), 128.55 

(dl), 135.70 (s'), 138.57 (s'), 169.51 (s'), 170.92 ( s ' ) ,  176.39 (s'); exact mass (HR 

electrospray) m/z calcd for C2:,Fi2$NN~Q5 (M + k) 392. !4?4, f ~ ü i x i  382.:465.. 



i) Bu3SnH, AIBN, 
PhMe, reflux 

ii) TFA, THF 

O O 

A solution of AIBN (0.0064 g, 0.04 mmol, 7.79 mM) and Bu3SnH (0-14 mL, 

0.52 rnrnol. 0.10 M) in dry PhMe (5 rnL) was injected by syringe over cn. 1 min into a 

stirred and refluxing solution (0.05 M with respect to the acetylene) of 44.2b (0.0923 g, 

0.25 rnmol) in PhMe (5 rnL) (Ar atmosphere). Stimng at reflux was continued for 2 h. by 

which time al1 of the starting material had been consumed (TLC control, silica gel, 30:70 

EtOAc-hexanes), and the mixture was allowed to cool to room temperature. Evaporation 

(CO. 1 mm Hg) of the solvent gave the crude vinyl stannane, which was treated as foIlows. 

Dry CF3C02H (0.5 rnL) was injected rapidly into a stirred solution of the above 

crude vinyl stannane in THF (5 m . )  (Ar atmosphere). After ca. 30 min no more vinyl 

stannane could be detected (TLC control, silica gel, 5050 EtOAc-hexanes). Evaporation of 

the solvent and flash chrornatography of the residue over silica gel (1  -5 x 20 cm), using 

80:20 EtOAc-hexanes, gave 45.2b (0.085 1 g, 92%) as a pure (1H NMR), colorless oil: 

[aIz5~ = -77.63O (c 2.19, CHClj): FTIR (CHC13 cast) 1786, 1737, 1656 cm-1; lH NMR 

(CDC13,400 MHz) G 1.32- 1 -50 (m, 2 H), 1.56- 1-69 (rn, 1 H), 1.74- 1.86 (m. I H), 1.90- 

2.07 (m, 2 H), 2.30-2.42 (m, 2 H), 2.53 ( d d d , J =  17.7, 9.9,2.8 Hz, L H), 2.62 (d, J =  

12.9 Hz, 1 H), 2.86 (dt, J = 17.7, 10.2 Hz, 1 H), 2.95 (d, J = 12.9 Hz, 1 H), 4.10 (d, J 

= 9.6 Hz, 1 H), 5.07 (s, 1 H), 5.10 (s, 1 H), 5.16 and 5.20 (AB q, A v ~ s  = 17.3 Hz, J = 

12.4 Hz, 2 H), 5.47 (dd. J = 5.7, 1.5 Hz, 1 H), 7.27-7.42 (m. 5 H); l3C NMR (CDC13, 

125.7 MHz) 6 20.59 (t'), 26.15 (t'), 28.46 (t'), 30.35 (tf), 32.95 (t'), 41.47 (t'), 52.50 

(d'), 57.82 (d'), 67.16 (t'), 81.90 (sf), 113.90 (t'), 128.05 (d'), 128.39 (d'), 128.66 (dl), 



135.41 (si). 138.33 (si), i69.70 (sr), 170.21 (sr). 176.37 (s'); exact mass (HR 

electrospray) d z  calcd for C~>1H~~I\Tria05 (hl + Na) 392. L474, found 393-1472. 

( S ) -  1,3,4,6-Tetrahydro-9-hydroxy-6-oxo-4- 

[(phenylmethoxy)carbonyl]-2H-quinolizine-7-propanoic acid (45.4) €rom 

45.2a. 

i) 03, CH2CI2, -78 OC 
ii) Ph3P, -78 OC -+ RT 
iii) Et3N, THF, 60 OC 

Freshly distilled CH2C12 (10 rnL) was added to 45.2a (0.0809 g, 0.22 rnrnol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet- The resulting solution was stirred and cooled (-78 OC), and ozone was then 

bubbled through the solution until al1 of the starting material had been consumed (ca. 7 

min, TLC control, silica gel, 5050 EtOAc-hexanes). The solution was purged with 

oxygen for 10 min, and then Ph3P (0.1198 g, 0.46 mmol) was added. The cooling bath 

was removed and stimng was continued for 1.5 h, by which time the mixture had warrned 

to room temperature. Evaporation (<O. 1 mm Hg) of the solvent gave a light-yellow solid; 

the ketonic product couId not be separated chromatographically from Ph3P0, and so the 

cmde mixture was used directly. 

Dry Et3N (1 .O mL, 7.17 mmol) was added to a stirred solution of the above crude 

ozonolysis product in dry THF (10 rnL) (Ar atmosphere). Stirring was continued at 60 OC 

(oi1 bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 

chrzmucogrqhy rrf the  Iight-yellow oiIy residue over silica gel (1.5 x 15 cm). usine 



8 0 2 0 5  EtOAc-hexanes-AcOH, gave 45.4 (0.078 1 p, 95%) as a pure ( 'H NMR DMC LX- 

147-A), light-yellow oil: [ a 1 2 5 ~  = - 13 1.6 1' (c 1.L8, MeOH); FTIR (CHC13 cast) 3450- 

1100, 1713. 1538 cm-[; IH NMR (CD30D, 360 MHz) 6 1.46-1.62 (m. 1 H), 1.69-1.81 

(m, 1 H), 2.00-2.13 (m, 1 H), 2.21-2.33 (m, 1 FI), 2.49-2.59 (m. 2 H), 2.60-2.52 (m. 3 

H), 2.89 (dt, J =  18.3. 4.5 Hz. 1 H), 5.09-5.24 [m, 3 H. including an AB q at 6 5.13 and 

5-20 (AVAB = 26.4 Hz, J = 12.3 Hz)], 7.24 ( s ,  1 H), 7.25-7.37 (m, 5 H); l 3 ~  NMR 

(CD3OD, 75.5 MHz) 8 16.72 (t'), 23.81 (t'), 36.58 (t'), 27.29 (t'), 33.52 (t'), 57.12 (d'), 

68. 17 (t'), 127.72 (s'), 129.18 (d'), 129.3 1 (d'), 129.54 (d'), 130.74 (s'), 132.99 (d'), 

137.1 1 (s'), 138.25 (s'), 16 1.86 (s'), 172.36 (s', two signals overlap): exact mass (HR 

eiectrospray) m/z cdcd for Cz0H2 KNO6 (M + K) 4 l0.1006, found 4 10.100 1. 

(S)-l,3,4,6-Tetrahydro-9-hydroxy-6-0~0-4- 

[(phenylmethoxy)carbonyI~-2H-quinolizine-7-propanoic acid (45.4) from 

45.213. 

i) 03' GH2CI2, -78 OC 
ii) Ph3P. -78 OC + RT 
iii) Et3N, THF, 60 OC 

Freshly distilied CH2C12 (10 mL) was added to 45.2b (0.1008 g, 0.27 rnrnol) 

contained in a three-necked flask closed by a stopper and fitted with a condenser (not 

attached to a water supply) closed by a drying tube packed with Drierite, and an ozone- 

oxygen inlet. The resulting solution was stirred and cooled (-78 O C ) ,  and ozone was then 

bubbled through the solution until ail of the starting material had been consumed (ca. 6 

rnin, TLC control, silica gel, 5 0 5 0  EtOAc-hexanes). The solution was purged with 

oxygen for 10 rnin, and then Ph3P (0.1432 g, 0.55 rnmol) was added. The cooling bath 

was removed and stirring was continued for 1.5 h, by which time the mixture had warmed 
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to room temperature. Evaporation (<O. 1 mm Hg) of the solvent gave a light-yellow solid: 

the ketonic product could not be separated chromatographically from Ph3PO. and so the 

crude mixture was used directly. 

Dry Et f l  ( 1.0 mL, 7.17 mrnol) was added to a stirred solution of the above crude 

ozonolysis product in dry THF ( I O  mL) (Ar atmosphere). Stirring was continued at 60 OC 

(oil bath) for 1.5 h, and the mixture was then cooled and evaporated. Flash 

chromatography of the Iight-yellow oily residue over silica gel (1.5 x 20 cm), using 

8 0 2 0 5  EtOAc-hexanes-AcOH. gave 45.4 (0.0963 g, 96%) as a pure ( l H  NMR). light- 

yellow f o m ,  spectroscopicaliy identical to materiai obtained from 45.2a. 

(S)-4-Carboxy-1,3,4,6-tetrahydro-9-hydroxy-6-oxo-2H-quinolizine- 

7-propanoic acid (4.2). 

10% Pd-C (ca. 25 mg) was added to a stirred solution of 45.4 (0.0565 g, 0.152 

mrnol) in MeOH ( 5  mL). The reaction flask was flushed with hydrogen, and the mixture 

was stirred under hydrogen (balloon) until a i i  of the starting materiai had been consumed 

(ca. 20 min, TLC control, silica gel, 802205 EtOAc-hexanes-AcOH). The mixture was 

filtered through a sintered glass frit (grade D) and evaporated. Flash chromatography of 

the residue over reverse phase C-18 silica gel (Toronto Research Chernicals Inc., 10% 

capped with TMS) ( 1 x 20 cm), using 90: 10 water-MeCN, gave 4.2 (0.041 1 g, 96%) as a 

pure (IH NMR DMC IX-127-A), white foam: [ a 1 2 5 ~  = -139.82O (c 1.67, H20), lit.13 

= -141.2O (c 0.16, &O); l?TIR (CHC13-MeOH cast) 3525-2375, 1723 cm-l; 

NMR (D20, 400 MHz) 6 1 S8- 1-72 (m. 1 H): 1.78- 1 -90 (EI, ! !?), X E - 2 . Z  (rr;, : E), 
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2.27-2.38 (m. 1 H), 2.59-2.82 (m, 5 H), 2.91 (dt. J = 18.2, 4.9 Hz. 1 H). 5.1 1 (dd. J = 

6.3, 4.0 Hz. 1 H). 7.35 ( S .  1 H); l 3 ~  NMR (D10. 50.3 MHz) 6 15.83 (t'), 23.43 (tf) .  

25.79 (t'), 26.17 (t'), 33.07 (t '), 57.30 (dl), 126.53 (s'), 132.35 (s'), 133.12 (d'), 

137.43 (sf). 16 1.50 (s'). 175.85 (sr), 178.26 (sr); exact mass (HR electrospray) r>i/: calcd 

for C 13H 16N06 (LM + H) 232.0978. found 282.0976. 

Methyl 1,2,3,S-Tetrahydro-8-methoxy-5-0~0-3- 

[(phenyirnethoxy)carbonyl]-6-indoIizinepropanoate (46.1). 

OMe 
1 

An excess of ethereal CH2N2 was added to a stirred and cooled (ice-water bath) 

solution of 37.4 (0,0183 g, 0.051 m o l )  in MeOH (10 rnL). The cooling bath was 

removed and the soIution was stirred for 4 h, by which tirne di of the starting material had 

been consumed (TLC control, silica gel, 80:20:5 EtOAc-hexanes-AcOH). The mixture was 

evaporated under reduced pressure to give a yellow residue. Flash chromatography of the 

residue over silica gel ( 1 x 15 cm), using 80~20  EtOAc-hexanes, gave 46.1 (0.0 156 g, 

78%) as a pure ( lH NMR), light-yellow oil: FTIR (CDCl, cast) 1739, 159 1 cm-1; IH 

NMR (CDC13, 400 MHz) 6 2.2 1-2.3 1 (m, 1 H), 2.47 (ddd, J = 18.8, 13 -4, 9.4 Hz, I H), 

2.60-2.73 (m, 2 H), 2.76-2.93 (m, 2 H), 3.03-3.14 (in, 2 H), 3.65 (s, 3 H), 3.73 (s, 3 

H), 5.12-5.30 [m, 3 H, including a dd at 6 5.16 (J = 9.5, 3.3 Hz), and an AB q at 6 5.17 

and 5.27 (AVAB = 38.6 Hz, I = 12.3 Hz)], 7.27 (s, 1 H), 7.29-7.39 (m, 5 H); 13c NMR 

(CDCl3, 75.5 MHz) 6 26.41 (t'), 26.59 (t'), 27.44 (t'), 32.52 (t'), 5 1.53 (q'), 59.01 (q'), 

62.00 (d'), 67.41 (t'), 128.19 (d'), 128.42 (dl), 128.63 (dl), 129.37 ( s ' ) ,  13 1.46 (d'), 

135.35 (s ' ) ,  135.89 (s'), 137.54 (s'), 159.17 (s'), 170.00 (s'), 173.64 (s'); exact mass 



OMe 

An excess of ethereal CHlNl was added to a stirred and cooled (ice-water bath) 

solution of 43.4 (0.0342 g, 0.096 mrnol) in MeOH (10 mL). The cooling bath was 

removed and the solution was stirred for 4 h, by which time al1 of the startin, material had 

been consumed (TLC control, silica gel, 80:20:5 EtOAc-hexanes-AcOH). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1.5 x 20 cm), using 

8020  EtOAc-hexanes, gave 46.2 (0.0277 g, 75%) as a pure ( I H  NMR DMC K- 14 1-A). 

light-yellow oil: [a]25D = -165.45" (c 1.32. CHCl3); FTIR (CDC13 cast) 1739, 1591 cm-1; 

I H  NMR (CDCI3, 360 MHz) 6 2.20-2.31 (rn, 1 H), 2.47 (ddd, J = 18.8, 13.4, 9.4 Hz, 1 

H), 2.26-2.70 (m. 2 H), 2.75-2.93 (m, 2 H), 3.03-3.12 (m, 2 H), 3.64 (s, 3 H), 3.72 (s, 

3 H), 5.11-5.30 [m, 3 H, including a dd at 6 5.15 (J = 9.5, 3.3 Hz), overlapping an AB q 

at 6 5.17 and 5.26 (AVAB = 34.6 Hz, J = 12.4 Hz)], 7.26 (S. I H), 7.27-7.40 (m. 5 H); 

13c NMR (CDC13, 50.3 MHz) 6 26.37 (t'), 26.54 (t'), 27.40 (t'), 32.47 (t'), 5 1.52 (q'), 

58.96 (q'), 61.96 (dl), 67.38 ( t ) ,  128.17 ( d ,  128.41 ( d )  128.61 ( d  129.31 (sr), 

13 1.42 (dl), 135.30 (s'), 135.86 (s'), 137.51 (s ' )  159.15 (s'), 170.00 (s'), 173.64 (s'); 

exact mass (HR electrospray) m/r calcd for C~~H23NNa06  (M + Na) 408.1423, found 

408.1432. 

HPLC analysis [Chiralcel OD-H (0.46 x 25 cm), 15% EtOH in hexane] of the 

above material, and comparison with the corresponding racernic cornpound, indicated an ee 



OMe 
I 

An excess of ethereal CH2N2 was added to a stirred and cooled (ice-water bath) 

solution of 4.1 (0.0246 g, 0.092 mmol) in MeOH (10 r d ) .  The cooling bath was 

removed and the solution was stirred for 4 h. by which time d l  of the starting material had 

been consumed (TLC control, silica gel, 95:s EtOAc-MeOH). Evaporation of the solvent 

and flash chromatography of the residue over silica gel (1.5 x 15 cm), using 9 5 5  EtOAc- 

MeOH. gave 46.3 (0.0202 ,o. 7 1%) as a pure (lH NMR), light-yellow oil: FïIR (CDCL3 

cast) 1739, 159 1 cm-'; NMR (CDC13,400 MHz) 6 2.22-2.33 (m. 1 H), 2.49 (ddd, J = 

18.6, 13.4, 9.3 Hz, 1 H), 2.61-2.69 (m, 2 H), 2.73-2.92 (ml 2 H), 3.04-3.15 (m, 2 H), 

3.64(s, 3 H), 3.73 ( S .  3 H), 3.78 (s, 3H), 5.09 (dd, J=9 .5 ,  3.5 Hz, f H), 7.26 (s, 1 H); 

13C NMR (CDC13, 75.5 MHz) 8 26.37 (t'), 26.63 (t'), 27.45 (t'), 32.45 (t'), 51.50 (4'). 

52.72 (q'), 58.96 (q'), 61.88 (d'), 129.30 (sr), 131.39 (d'), 135.86 (s'), 137.56 (s'), 

159.12 (s'), 170.68 (s'), 173.63 (s'); exact mass (HR electrospray) m/z calcd for 

C lgH1gNNaOg (M + Na) 332.1 1 10, found 332.1 1 10. 

Methyl (S)-1,2,3,5-Tetrahydro-8-methoxy-3-(methoxycarbony~)-5- 

0x0-6-indolizinepropanoate (46.4). 



OMe 

An excess of ethereal CH2N2 was added to a stirred and cooled (ice-water bath) 

solution of 4.1 (0.0835 g, 0.3 1 mmol) in MeOH (10 mL). The cooling bath was rernoved 

and the solution was stirred for 4 hl by which time d l  of the starting material had been 

consumed (TLC control, silica gel, 9 5 5  EtOAc-MeOH). Evaporation of the solvent and 

flash chromatography of the residue over silica gel (2 x 20 cm), using 9 5 5  EtOAc-MeOH, 

gave 46.4 (0.0705 g, 74%) as a pure ( lH  NMR DMC IX-145-A), iight-yellow oil: 

= - 158.37O (c 4.54, CHC13): FTIR (CDC13 cast) 1739, 159 1 cm-'; 1H NMR 

(CDCI3, 400 IMHz) 8 2.21-2.31 (ml 1 H), 2.47 (ddd, J =  18.6, 13.4, 9.4 Hz, 1 H), 2.60- 

2.67 (m, 2 H), 2.71-2.90 (m, 2 H), 3.04-3.12 (m, 2 H), 3.61 (s, 3 H), 3.71 (s, 3 H), 

3.76 (s, 3 H), 5.07 (dd, J = 9 . 5 ,  3.4 Hz, 1 H), 7.24(s, 1 H); ' 3 ~  NMR (CDCl3, 100.6 

MHz) 6 26.30 (t'), 26.56 (t'), 27.39 (t'), 32.38 (t'), 51.46 (q'), 52.67 (q'), 58.88 (q'), 

61.86 (d'), t29.19 (s'), 131.35 (dl), 135.87 (s'), 137.56 ( s f ) ,  158.99 (s'), 170.61 (s'), 

173.55 (s'); exact mass (HR electrospray) m/z calcd for ClsH 9NNa06 (M + Na) 

332.11 10, found 332.11 12. 

HPLC analysis [Chiralpak AS (0.46 x 25 cm), 10% EtOH in hexane] of the above 

material, and cornparison with the corresponding racernic compound (clear baseline 

resolution of the enantiomers was not obtained), indicated an ee of 96.2%. 

Methyl 1,3,4,6-Tetrahydro-9-rnethoxy-6-0x0-4- 

[(phenylmethoxy)carbony1]-2H-quinolizine-7-propanoate (47.1). 



OMe 
I 

An excess of ethereal CH2N2 was added to a stirred and cooied (ice-water bath) 

solution of 39.4 (0.0415 g, 0.1 12 mmol) in 1MeOH (10 mL). The coolino: C bath was 

removed and the solution was stirred for 4 h, by which tirne al1 of the starting material had 

been consumed (TLC control, silica gel, 8 0 2 0 5  EtOAc-hexanes-AcOH). The mixture was 

evaporated under reduced pressure to give a yellow residue. Flash chromatography of the 

residue over silica gel (1.5 x 20 cm), using 80:20 EtOAc-hexanes, gave 47.1 (0.0362 g, 

8 1%) as a pure ( H NMR), light-yellow oil: FTIR (CHC13 cast) 1739 cm-[ : 1 H NMR 

(CDCl3, 360 MHz) 6 1.51-1.67 (m. 1 H), 1.68-1.79 (m, 1 H), 1.94-2.08 (m, 1 H), 2.24- 

2.35 (m, 1 H), 2.58-2.72 (m, 3 H), 2.74-2.95 (m, 3 H), 3.64 (s, 3 H), 3.70 (s, 3 H), 

5.09-5.30 [m, 3 H, including an AB q at 6 5.12 and 5.26 ( A v ~ B  = 51.1 Hz, J = 12.4 

Hz)], 7.26 (s, 1 H), 7.28-7.37 (m, 5 H); 13C NMR (CDC13, 50.3 MHz) 6 15-83 (t'), 

22.69 (t'), 25.55 (t'), 26.80 (t'), 32.38 (t'), 5 1-50 (q'), 55.14 (q'), 58.80 (d'), 67.1 1 (t'), 

127.34 (s'), 128.10 (dl), 128.26 (d'), 128.52 (d'), 129.88 (s'), 133.05 (d'), 135.63 (sr), 

138.76 (s'), 160.72 (s'), 170.80 (s'), 173.70 (s'); exact mass (HR electrospray) m/z calcd 

for C22H25NNa06 (M + Na) 422.1580, found 422.1584. 

Methyl ( S )  -1,3,4,6-Tetrahydro-9-methoxy-6-0x0-4- 

~phenylmethoxy)carbonyl]-2H-quinolizine-7-propanoate (47.2). 



An excess of ethereal CH2Nz was added to a s h e d  and cooled (ice-water bath) 

solution of 45.4 (0.0236 g, 0.064 mmol) in MeOH (10 mL). The cooling bath was 

removed and the solution was stirred for 4 h. by which time al1 of the stming material had 

been consumed (TLC control, silica gel, 8 0 2 0 5  EtOAc-hexanes-AcOH). Evaporation of 

the solvent and flash chromatography of the residue over silica gel (1 x 15 cm). using 

8020 EtOAc-hexanes, gave 47.2 (0.0201 g, 7 8 6 )  as a pure (IH NMR). light-yellow oil: 

[al'sD = -124.70° (c 1.66, CHCls); KIR (CHCI3 cast) 1739 cm-1; 1H NMR (CDCl3,400 

MHz) 6 1 .53- 1.67 (m. 1 H). L .68- 1.80 (m. L H), 1-95-2.08 (m. 1 H), 2.24-2.36 (m. 1 

H), 2.58-2.72 (m. 3 H), 2.75-2.95 (m. 3 H), 3.64 (S. 3 H), 3.7 1 (s, 3 H), 5.09-5.30 [m. 

3 H, including an AB q at 6 5.13 and 5.27 (AVAB = 57.6 Hz. J = 12.4 Hz)], 7.27 ( S .  1 

H). 7.28-7.38 (m. 5 H); 13C NMR (CDC13. 75.5 MHz) 6 15.88 (t'), 22.71 (t'). 25.58 

( t ) ,  26.83 t ) .  32.41 (t'), 5 1.51 (q'), 55.16 (q'), 58.82 (dl), 67.13 ( t ' )  127.27 (s'), 

128.1 1 (dl), 128.27 (d'), 128.54 (dl), 129.89 (d'), 133.06 (sr), 135.66 (s'), 138.77 (s'), 

160.75 ( s '  170.82 ( s r )  173.71 ( s ) ;  exact mass (HR electrospray) m/z  calcd for 

C22H26N06 (M + H) 400.1760, found 400.1765. 

HPLC analysis [Chiralcel OD-H (0.46 x 15 cm), 15% EtOH in hexane] of the 

above material, and comparison with the corresponding racernic compound, indicated an ee 

of 99.6%. 

Methyl 1,3,4,6-Tetrahydro-9-methoxy-4-(methoxycarbony1)-6-oxo- 

2H- quinolizine-7-propanoa te (47.3). 

OH OMe 
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An excess of ethereai CH2Nl was added to a stirred and cooled (ice-water bath) 

solution of 4.2 (0.0254 g. 0.090 mmol) in MeOH (10 mL). The cooling bath was 

removed and the solution was stirred for 4 hl by which time al1 of the starting materid had 

been consumed (TLC control, silica gel. 955 EtOAc-MeOH). Evaporation of the solvent 

and flash chromatography of the residue over silica gel ( 1.5 x 15 cm), usinz 95:s EtOAc- 

MeOH, gave 47.3 (0.0216 g, 74%) as a pure (IH NMR). light-yellow oil: €TIR (CHCI, 

cast) 1739 cm-[; lH NMR (CDCl3, 400 MHz) 6 1.59- 1-82 (m. 2 H). 1.96-2.08 (m. 1 H). 

2.24-2.34 (m, 1 H), 2.60-2.8 1 (m. 4 H), 2.82-2.96 (rn, 2 H). 1 53 ( S .  3 H). 3.7 1 ( S .  3 

H), 3.75 (s, 3 H), 5.15 (dd. J = 6.5. 3.6 Hz. 1 H). 7.26 (s, 1 H); I ~ c  NMR (CDCI3, 

50.3 MHz) 6 15.88 (t'), 22.73 (t'), 25.61 (t'), 26.79 (t'), 32.34 (t'), 5 1-47 (q'), 52.52 

(q'), 55.13 ( q  58.77 (d'), 127.18 (s'), 129.82 (d'). 133.04 (s'). 138.76 (s'), 160.68 

(s'), 17 1.47 (s'), 173.68 (s'); exact mass (HR electrospray) m k  calcd for C 16& lNNa06 

(M + Na) 346.1267, found 346-1266. 

Methyl (S)-1,3,4,6-Tetrahydro-9-methoxy-4-(methoxycarbonyI)-6- 

0x0-2H-quinolizine-7-propanoate (47.4). 

OMe 

An excess of ethereai CH2N2 was added to a stirred and cooled (ice-water bath) 

solution of 4.2 (0.03 12 g, 0.1 1 1 mrnol) in MeOH (10 d). The cooling bath was 

removed and the solution was stirred for 4 h, by which time ail of the starting material had 

been consumed (TLC control, silica gel, 95:s EtOAc-MeOH). Evaporation of the solvent 

and flash chrornatography of the residue over silica gel (1.5 x 15 cm), using 9 5 5  EtOAc- 

MeOH, gave 47.4 (0.0258 g, 72%) as a pure ( lH NMR), light-yellow oil: [a]25D = 



- 101.42O (c 2.47, CHC13): F ï IR (CDC13 cast) 1739 c d ;  IH NMR (CDCI,, 400 MHz) 6 

1.59-1 -82 (m. 2 H). 1.96-2.08 (m, 1 H), 2.24-2.34 (m. 1 H), 2.60-2.96 (m. 6 H), 3.63 

(s, 3 H). 3.71 ( S .  3 H), 3.75 (s, 3 H), 5.16 (dd, J = 6.5. 3.6 Hz, 1 H), 7.26 (S. 1 H); 13C 

NMR (CDC13. 100.6 MHz) 6 15-90 (t'), 22.75 (t'). 25.62 (t'). 26.82 (t'), 32.35 (t '), 

51.47 (q'), 52.53 ( q ) ,  55.13 , 58.77 ( d ) ,  127.20 ( S .  129.84 ( d )  133.05 (s'), 

138.78 (s'), 160.69 (s'), 171.48 (s'), 173.68 (sr); exact mass (HR electrospray) m/. calcd 

for C [& lNNa06 (M + Na) 346.1267, found 346-1260. 

HPLC anaiysis [Chiralpak AS (0.46 x 25 cm), 10% EtOH in hexane] of the above 

material, and cornparison with the corresponding racemic compound, indicated an ee of 

98.3%. 
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STUDIES ON PEPTIDE SEGMENT COC'PLING BY PRIOR LIGATION 

AND PROXIMITY-INDC'CED INTRAMOLECULAR ACYZ, TRANSFER 



1 INTRODUCTION 

1 . 1 Background 

Central to the understanding and use of peptides is the extent to which one can 

manipulate the pnmary sequence. Complete control- through synthesis - of the primary 

sequence of a peptide of up to 50 amino acid residues is possible using chemically-based 

techniques.[ For larpr peptides, however. chemical synthesis is a much more arduous 

task and. in these cases, site-directed mutagenesis2 is the approach norrnally used to 

modify the p r i m q  sequence. This technique is not without its shortcomings since, with 

few exceptions. only naturally-occurring amino acids c m  be incorporated into the peptide 

chain. To some extent, rhis restriction c m  be avoided by biosynthetic site-specific 

incorporation3 of unnatural amino acids, but this and site-directed mucagenesis are typically 

used to alter only the sequence of an existing peptide, and so do not offer ready access to 

peptides that have no known, naturally-occurring counterpart. Therefore, the developrnent 

of purely chernical synthetic procedures would provide a valuable complementary method 

for controlling the pnrnary sequence of peptides. An approach based on chemical synthesis 

would offer an opportunity to incorporate directly non-genetically coded amino acids, as 

well as structural and functional modifications of the peptide backbone andor its side- 

chains, and would allow linking of discrete protein domains. 

Of fundamentai importance to the synthesis of peptides by chemical methods is the 

formation of peptide bonds between the constituent amino acid residues. Peptide bond 

formation was reported in 188 1 by Curtius,%d later (1902) by ~ i s c h e r . ~  The process 

typically relies on enthalpic activation of the a-carboxyl group of one amino acid, which 

then undergoes nucleophilic attack by the a-amino group of a second arnino acid. In order 

to avoid side reactions that might result from the presence of electrophiiic and nucleophilic 

centers in the amino acid side-chains, protecting groups are usually employed. The 

application of these basic principles to peptide synthesis in the solid phase was reported by 

Merrifield in 1963.6 His method has undergone many impro~ements,~-lo and it is 



currently possible to carry out routine stepwise solid phase synthesis of peptides of up to 

about 50 arnino acids.' I The practicality of solid phase synthesis of peptides greater than 

about 50 residues in length is mmed  by the accumulation of byproducts that result dunng 

each cycle of the synthetic sequence; these byproducts eventualiy increase to a level that 

renders purification of substantial amounts of the desired product difficult.7-8 

Chernical synthesis of large peptides by interrnolecular coupling of smaller. pre- 

assembled peptides, using conventional peptide bond-forrning techniques has been 

studied.12 Conceptually. an approach of this type would combine the power of solid phase 

peptide synthesis to generate moderately-sized segments with a technique that allows rapid 

assembly of the segments into a large peptide. Based on the ease of discriminating between 

the relatively small starting materials and the products, it should also be easier to puri@ and 

characterize intermediates after each peptide bond-forming step. In practice, however. 

these potential advantages are not fully reaiized, and such intermolecular segment couplings 

have proven unsatisfactory.8 

The above approach relies ultimately on coupling between the free a-arnino group 

of one peptide segment and the activated a-carboxyl of another. Recently, considerable 

progress has been made by use of a Iess conventional procedure for generating a peptide 

bond between two segments. The approach relies on highly specific and efficient ligation 

of two peptide segments prior tc formation of the peptide bond that w i l  link them in the 

desired way. Once the two subunits have been ligated, the carboxyi terminus of one and 

the arnino terminus of the other are close together, so that a highly efficient, proximity- 

driven intrarnolecular acyl transfer can occur to form a new peptide bond. 

Advances in the area of peptide segment coupling that utilize this novel approach 

have been the result mainiy of the independent research carried out by the groups of Kemp, 

Kent, and Tarn. Although their approaches share the comrnon features of prior ligation and 

intramolecular acyl transfer, they each employ a different method to incorporate these 

features. 



The present review describes these approaches to peptide segment coupling, and is 

limited to those methods that involve borh prior fignrion and iizrrnrnole«(lnr ncfl trmsfer. 

2 . 2  Sign~~caizce of Prior Lignrion and Pro-rNniy-lnd~rced Ozrrnmofec~clar A q l  Trails-=r 

It has long been recognized that intramolecular reactions often occur much more 

readily than corresponding intermolecular pro cesse^.^^ The exact source of the rate 

acceleration is controversial.~-( but it appears to result largely from the fact that the reacting 

functional groups are held close together, thereby increasing their effective local 

concentration. 

Peptide bond formation by intramoleculnr acyl transfer was dernonstrated by 

Wieland in the early 1950s.15 and shoaly afterwards by ~ r e n n e r . ~ 6  The concept of 

entropic activation, as well as its significance as it pertains to peptide bond formation by 

intramolecular acyl transfer. was fmt fomally described by Brenner in a publication!7 that 

adumbrated much of the future developments in the area of peptide segment coupling via 

intramolecular acyl transfer, and briefly mentioned the prior Libation aspect of this 

approach. 

Nature takes advantage of entropic proximity effects in the formation of peptide 

bonds during protein synthesis. In vEvo peptide bond formation occurs when the C- 

terminal acyl group of a growing peptide chain is transferred to the a-arnino group of an 

arninoacyl t-RNA (1.1 + 1.2, Scheme 1). Pnor to the transfer the C-terminal acyl group 

and the a-amino group of the arninoacyl t-RNA are held, through a complex senes of 

associations, in such a way that they are in proximity. Thus, acyl transfer can proceed 

despite the fact that the acyl group is i n  the form of an ordinary ester (linked to a t-RNA 

molecule) and, therefore, has no significant enthaIpic activation. This description is of 

course an oversimplification of the actual cellular processes involved. 

It is reasonable to assume that proximity effects also play a role during the in vivo 

post-translational splicing18 of proteins. In this type of process, an intervening peptide 



Scheme 1 a 

Growing peptide H2gdjf% New peptide 
R%g.-- bond 

P-Site A-Site P-Site A-Site 

m-RNA Ribosome 
1.1 'B = nucleotide base 1.2 

segment (the intein) is excised while its flanking regions (the exteins) are coupled by 

formation of a new peptide bond.lg The sequence is initiated (Scheme 2) by an 

in~amolecular N+O or N+S acyl transfer (2.1 -t 2.2) which gives an intermediate 

Scheme 2' 

=NE = N-terminal extein; CE = Cterminal extein; IN = intein 



(2.2) that then undergoes a second intramolecular acyl transfer (2.2 + 2.3) and cleavage 

(2.3 + 2.4), producing a transient intermediate (2.4). This rearranges either by 

intramolecular 0 - N  or S+N acyl transfer (2.4 -+ 2.6) to give the coupled product 

(2.6). 

Proximity effects have also been exploited in virro l9 for protein semisynthesis and. 

in this approach. two peptide segments denved from a protein (with or without subsequent 

modification) are associated (either covalently i9e or non-covalently) in such a way that the 

reactive C-terminai a-carboxyl of one segment and N-terminal a-amino group of the other 

are close together, thus facilitating acyl transfer. Self-association can occur due to the 

propensity of large peptide fragments to form complexes approximating the native 

conformation of the original protein but, given that the degree of compIementarity 

necessary for self-association is quite specific, this approach to segment coupling is 

unlikely to be generally useful. However, as an outcome of the inteidextein studies 

surnmarized in Scheme 2, a new type of in vitro semisynthesis is being developed which 

may pmve to be more generaL2* In this approach, the essential N-terminal portion of a 

particular intein (having an extein at its N-terminus) and the essential C-terminal portion of 

the sarne intein (having an extein attached to its C-terminus) are allowed to associate. This 

association results in an active splicing system, which ultimately links the exteins, forming 

a new peptide and excising the intein-like complex. The generality of this approach would 

arise from the abiLity to attach various exteins to the truncated intein segments. 

In terrns of developing a generalized method for coupling peptide segments by 

taking advantage of intramolecular acyl transfer processes, the ligation-based strategy 

mentioned above is extremely important. This approach offers several advantageszl over 

conventional techniques for peptide segment coupling, as these have a number of 

characteristics that cause problems when applied to the coupling of large peptides. 12e-22.r3 

Firstly, given the large size of the peptide segments, an entropic barrier exists that reduces 

coupling efficiency. This cornes about because the terminal a-amino group of the amine 



component and the activated terminal acyl group of the acyl component do not have a high 

enough reactivity to make the intermolecular reaction sufficiently rapid at the high dilutions 

necessary to solubilize large peptide fragments; competing inrraniolecrdar side reactions 

then occur. Secondly. protection of the side-chah functional groups is necessary in order 

to prevent undesired reacrions between the activated acyl group and peptide nucleophiles 

other than the intended amino group. This situation requires that a large nurnber of 

protecting groups be removed in the finai step of the synthesis - an operation which also 

leads to problems of product purification. Moreover, the required activation of the 

carboxyl terminus of the N-terminal peptide renders coupling of the segments susceptible to 

epimerization at the center adjacent to the activated acyl g r ~ u p . ~ b  Finally. in order to 

prevent solvolysis of the activated t e d n a l  acyl group during the coupling process, dipolar 

aprotic solvents are required. Unfortunately, peptides are often poorly soluble in these 

solvents and tend to associate significantiy in them - a factor that further inhibits the 

coupling process. 

The advantages of a ligation-based approach can be outlined as follows. Since the 

relativeiy weak mutual reactivity of the terminal acyl carbon of one fragment and the 

terminal amino nitrogen of the other cannot be relied on to join the peptide chains, a 

separate and efficient ligation reaction is used to link the fragments and bnng the two 

coupling sites into proxirnity. Once the fragments have been ligated, formation of the 

peptide bond will follow first order kinetics and, consequently, factors such as steric 

hindrance by a bulky a-substituent on either of the arnino acid residues involved in the 

coupling should exert Iess significant retarding effects compared with corresponding 

intermolecuiar reactions. Additionally, placing the terminal arnino and the terminal acyl 

groups close together results in a high local concentration of these species, and this imparts 

a strong entropic advantage to the system, thereby removing the need for enthalpic 

activation of the acyl group. Given that acyl transfer now involves a relatively unactivated 

acyl group, the likelihood of epimerization or reaction with nucleophiles other than the 



closely-positioned terminal amine is decreased and. consequently. the requirement for 

protecting groups is diminished or even removed. It may be possible, therefore. to use 

unprotected peptide segments in aqueous solution. and this approach would most likely 

avoid solubility problems. for example. and facilitate purification. 

1 - 3  Prio r Amine Capnt re Sir-ategies 

The first general approach to a ligation-based coupling technique is the Prior Amine 

Capture Straregy reported b y  K e m p  in 1975.21-2-' 

The principles of the PEor Amine Captrtre Strategy can be outlined in a generd way 

by reference to Scheme 3. Structure 3.1 represents the N-terminal peptide chain that is 

ultimately to undergo coupling with the C-terminal chain, and is derivatized at its C- 

terminus in the form of a w e M y  activated ester. The alcohol portion of this ester is a 

template which. in the ligated product (cf. 3.4), will serve to position the appropriate 

amino and acyl groups in proxirnity so that rapid intramolecular acyl transfer c m  occur. 

The group represented as X-Y Ln 3.1 is the protected form of one of the functional groups 

involved in the initial ligation a n d  is referred to as the capture sire. In this case. X is the 

capture atom and Y is its protecting group. The capture site is capable of bonding to the 

terminal a-amino group of the C-terrninal peptide (3.3). 

Scheme 3a 

yy Activation 

aNP = kl-terminal peptide; CP = Cterminal peptide 



The ligation is initiated by rernoval of the protecting goup  (3.1 -+ 3.2) so as to 

activate the capture site. Capture (3.2 + 3.3 + 3.4) then occurs in the presence of the C- 

terminal segment to give the system represented as 3.4. At this point intrarnolecular acyl 

transfer takes place giving the rearranged system 3.5. Finally, release of the template from 

3.5 by cleavage of the X-N bond (3.5 + 3.6) resülts in formation of the coupled peptide 

3.6, which contains a new peptide bond linking what were orizinally two separate 

peptides. 

In order to reduce the above plan to practice, Kemp recognized chat several 

important criteria had to be met. First, a versatile, clean, and reliable method of attaching a 

template (containing a masked capture group) to the C-terminus of the IV-terminai peptide 

(cf. 3.1) would have to be found and, second, the template itself would have to meet 

certain cnteria. For instance, the template wouid need to withstand ail reaction conditions 

met during the coupling process but stiU be removable without damage to the newly fonned 

peptide, The template must, of course, also correctly position the acyl and amino 

components close together so as to facilitate intramolecular acyl transfer. 

Another prerequisite for implementing the Prior Amine Capture Strategy is that a 

suitable capture step be developed- This step would have the crucial role of bringing the 

peptide segments together before peptide bond formation; it would have to occur rapidly 

and efficiently, and also in a solvent that inhibits self-association of peptides - a 

phenomenon that cm, for example, decrease solubility andlor restnct access to reaction 

sites. 

With the above objectives in mind, Kemp examined two general approaches for 

amine capture. En one, a carbonyl group is the electrophilic capture site (see 1.3. L and 

1.3.2) and, in the other, a nitro olefin is used (See 1.3.3). 

1 . 3 . 1  Ligation by Herniaminal Fomuztion 

Initial studies of the Prior Amine Capture Strategy involved examination of 8- 



hydroxy- 1 -naphthaldehyde (4.4, Scheme 1) as a potential candidate both for promoting 

amine capture and for serving as a remplate to allow acyl tran~fer.~5 It was thought that 

initially a hemiarnind would be forrned and that this species would act as an intermediate 

through which intramolecular acyl transfer could occur. In order to test the idea, aldehyde 

4.1 was allowed to react with benzylarnine in DMSO; N-benzylacetamide (4.51, the 0-1V 

acyl transfer product. was isolated in 70% yield, dong with acetic acid (30% yield). This 

result suggested that the hemiaminal did indeed form (4.1 + 4.2)- and that it then 

underwent both O+N acyI transfer (4.2 + 4.3) and 0-0 acyl transfer (4.2 + 4.7). 

Scheme 4 
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The ratio of products was solvent dependent (Table L), but no conditions were found that 

led exclusively to formation of 4.5. In DMF the ratio of 4.5 to acetic acid was the same as 

in DMSO. When i:1 DMSO-water was used, a product ratio of 3:7 was observed, and 

with 1:4 acetonitrile-water, the product ratio was L:9. Competing imine formation (4.2 + 

4.6) was significant in certain other solvents. For exarnple, use of acetonitrile resulted in 



formation of 4.5 and 4.6 in a 1: 1 ratio. In some instances no product corresponding to 

0-N acyl transfer was detected. This was the case when the reaction was carried out in 

benzene, carbon tetrachloride, or chloroform; 4.5 was not observed. whereas both acetic 

acid and 4.6 were. in ratios of 7:3. 7:3, and 1:4, respectively. 

Table lZ5 

Effect of Soivent on the Product Distribution for Reaction of 4.1 with Benzylamine 

Relative Product Ratios 

0-NAcyl Transfer -0 Acyl Transfer Dehydration Product 

Solvent Product (4.5) Product (AcOH) (4.6) 

DMSO 
DMF 
DMSO-H20 (1 : 1) 
MeCN-H,O (1 :4) 
MeCN 
Benzene 
CCI4 
CHCI, 

In this system (Scheme 4), the intrarnolecular acyl transfer proceeds through a 

seven-membered transition state, and rate constants for the cornbined O+N and 0+0 acyl 

transfer processes in acetonitrile, DMF and 1:4 acetonitrile-water were found to be O. 1, 

0.2, and 15 M-lsec-l, respectively. An estimation of the rate of the inremo[ecrdar reaction 

between benzylamine and the acetyl group of 4.1 waç made by measuring the rate constant 

for reaction between benzylaniine and 8-acetoxy- 1 -nitronaphthalene. The value was 1 x 

10-3 M-kec-1 in acetonitrile. Since reaction of 4.1 with benzylamine (also in acetonitrile) 

had a rate constant two orders of magnitude greater (Le. CU. L x 10-1 M - l ~ e c - ~ ) ,  the 

intramolecularity of the acyl transfer via 4.2 was implied, although not unarnbiguously 

proven. 

The hemiaminal approach to ligation was funher exploredzs by examining two 

other tempIates. The first was 2-acetoxybenzaldehyde (5.1, Scheme 5) which, when 

treated with benzylamine in any of the above solvents, gave 4.5 in quantitative yield, with 

rate constants close to those observed for 4.1 in DMF, acetonitrile, and 1:4 acetonitrile- 



Scheme 5 

water. The assumption that formation of 4.5 was, in fact, the result of an intramolecular 

process was based on the observation that the corresponding reaction using the isomeric 

ddehyde 4-acetoxybenzddehyde proceeded about 150 times slower. Although the reaction 

with 5.1 was very efficient, experiments with other amines revealed that the product 

composition depended on the amine used (Table 2).  For example, reaction of ethyl 

glycinate (S.&) with 2-acetoxybenzaldehyde in benzene resulted in a 90% y ield of the 

O-+N acyl transfer product (5.5). However, the methyl esters of alanine (5.2a), valine 

(5.2b), and phenylalanine ( 5 . 2 ~ )  each gave exclusively the imine derivatives ( 5 . 3 a - ~ ) . ~ ~  

Table 225 
Product Distribution when 5.1 
Reacts with Different Amines 

O+N Acyl Transfer D~~~~~~~~~~ 
Amine Product (%) Product (%) 

3-Acetoxytrifluoroacetophenone (6.1) was also examined (Scheme 6 )  as a template 

for acyl transfer, in the hope that the intermediate hemiaminal (cf. 6.2) would not be prone 

to dehydration? When 6.1 was treated with any of the above-mentioned amines, 



however, only products corresponding to 0+0 acyl migration (6.1 + 6.2 + 6.3 + 

6.4) were observed and, in each case, acetic acid was isolated in quantitative yield. 

Evidently, direct dehydration of the intermediate hemiaminal was indeed avoided using 6.1 

- but not with the intended result. 

1 . 3 . 2  Ligation by Imine Formation 

A slightly modified form of the hemiarninal approach - but still involving 

nucleophilic addition of an amine to a carbonyl group - was also e ~ a r n i n e d ? ~  This 

version avoids dehydration as an unwanted side reaction by actually incorporatin, the Ioss 

of water into the capture process. 

The idea was tested using 7.1 (Scheme 7) as the amine capture device.27 Here. an 

Scheme 7 
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imine is formed (,7.1+ 7.2 ++ 7.3) by dehydration of the herniarninal generated from the 

amine and the aldehyde. Direct and facile formation of the imine was expected, as such 

behavior is characreristic of sal i~ylaldehydes.~~ Both R and RI were varied (R = H. RI = 

Me. CHzCHMel. Bn; R = Me. R1 = Me; R = Bn, R 1  = CHMel) to give the corresponding 

irnines: in al1 cases imine formation was efficient (7.1 + 7.2 + 7.3). The imines were 

then reduced (7.3 + 7.4), using pyridine-borane in acetic acid, to give a secondary amine 

that undenvent intramolecular acyl transfer (7.4 -t 7.5).29 The transfer was slowed 

somewhat by the use of polar solvents such as DMSO, but proceeded readily in other 

solvents. When R = H, the haif-times for acyl transfer to captured AlaOMe, LeuOMe. and 

PheOMe in deuterochloroform were 15, 40, and 70 min, respectively (Table 3). Variation 

of the acyl fragment also influenced the rate; with R = Me or Bn half-times to captured 

AlaOMe were 70 and 120 min, respectively. Yields for the acyl transfer reaction were 

good. For example, when 7.1 (R = H) was treated with (r)-PheOEt, the corresponding 

acyl transfer product (cf. 7.5) was obtained in 85% yield. The method could ais0 be used 

to make a tri~eptide.27 Thus, reaction of 8.1 (= 7.1. R = H) with LeuGly 

tetramethy lguanidine salt (8.2. Scheme 8), followed by irnine reduction and acyl tram fer, 

gave 8.3 in 92% yield. 

Table 327 
Half-Times for lntramolecular Acyl Transfer Reactions of 7.4 

AcyIating Com~onent Amine Component Acyl Transfer 
(7.1 ) (7.2) Half-Time (min) 

Cleavage of the 4-methoxy-2,3-dihydroxybenzyl moiety from the rearranged 

products was easily and efficiently achieved by treatment either with HBr-AcOH or with 

TFA in the presence of resorcin01.~~ For example, cleavage from the tripeptide derivative 



Scheme 

1) 

Me0 JC&r xw2&c02H O 8.2 - cbzHN&$LcozH O 
- 

2) Reduction Me 

C b z ~  3) Acyl Transfer OH 

aXH = tetramethylguanidine 

8.3, with concomitant removal of the amine protecting group, by HBr-AcOH, gave 

GIyLeuGly (8.4) in 84% yield. 

Given that the acyl group in the procedures of Schemes 7 and 8 is only weakly 

activated as an O-aryl ester, epirnerization at the adjacent stereogenic center was unlikely.30 

However, the stereochenical integrity with respect to the cc-carbon of the captured amino 

acid, once it had been denvatized as an imine, was of concern, and so the extent, if any, of 

epimerization at this center was examined, using an isotopic dilution assay.30 When 8.1, 

which was l%-labeled at the glycine a-carbon, and L-PheGlyOEt were allowed to react in 

acetonitrile for periods of 1.5 and 14 h, the racemic tripeptide was obtained in O. 1% and 

0.3% yield, respectively, after the complete sequence of irnine formation, irnine reduction, 

intramolecular acyl transfer, and cleavage with TFA. This result indicated that the extent of 

epimerization was very low. 

The approach of Scheme 7 is a practical example of peptide bond formation using a 

ligation-based technique. However, although the amine capture step worked well, the low 

rates of acyl transfer showed that refinement of the template was still required. 

An efficient intramolecular acyl transfer is one in which a clean and rapid reacrion 

that is not overly sensitive to stenc factors is observed31 and, in an effort to better satisfy 



these criteria, two other ternplates (see Iater, Schemes 9 and 10) were examined as 

candidates for facilitating acyl transfer. These temphtes differ from one another in the size 

and shape of the cyclic transition state through which the acyl transfer must occur. 

Compounds 9.6a,b (Scheme 9). derived from 8-formyl-1-naphthol. provided a 

second opportunity to examine acyl transfer through a seven-membered transition state.32 

The corresponding hydrochloride salts (9.5a.b) were derived from 8-formyl- 1-naphthol 

(4.4) as follows. Treatment of the naphthol with either GlyOMe or AlaOMe gave an imine 

(4.4 -+ 9.la,b), which was subsequently reduced and protected as its N-Boc derivative 

(9.la,b + 9.2a,b + 9.3a,b). The phenolic hydroxyl was acylated with acetic 

Scheme 9 

HCI. 

anhydride in the presence of pyridine, and deprotection of the secondary amine, using HCl 

in dioxane, gave the hydrochloride salts of 9.6a,b (9.3a,b + 9.4a,b + 9 S a , b ) -  

Treatment of each salt with triethylamine served to generate 9.6a,b in situ, and the 

liberated amines underwent acyl transfer, giving amides 9.7a,b (9.5a,b + 9.6a,b ++ 

9.7a,b). 

The acyl transfer reactions of 9.6a,b were studied in a variety of solvents. Half- 



times for the glycine derivative 9.6a in acetonitrile. chloroform, DMF, and DMSO were 

3.6, 9, 50, and 36 min. respectively (Table 4), but a much slower reaction was observed 

with the more sterically hindered alanine derivative 9.6b, which exhibited half-times of 3.3 

and 3.5 h in acetonitrile and chloroform, respectively. Hence. the rate of acyl transfer via a 

seven-membered transition state with the naphthalene templace is sensitive to stenc effects. 

as shown by the AldGly half-time ratios of 55 and 23 in acetonitrile and chioroform, 

respectiveiy. 

Table 432 
Half-Times for lntrarnolecular 

Acyl Transfer Reactions of 9.6a.b 

Acyl Transfer Acyl Transfer 
Substrate Solvent Half-Time 

- -- - -  

9.6a MeCN 3.6 min 
CHCS 9 min 
DMF 50 min 
DMSO 36 min 

9.6b MeCN 3.3 h 
CHCS 3.5 h 

The related acyl transfer via a six-membered transition state was also exarnined 

further by studying 10.2a-c (Scheme IO),)* obtained from 2-hydroxybenzaldehyde 

(10.1) in a manner analogous to the formation of 9.6a,b. The rates of acyl transfer for 

lO.2a-c were measured in several dipolar aprotic solvents and. for lO.2b and 10.2~.  

also in water (pH 10) (Table 5). In general, the acyl transfer reactions proceeded most 

readily in water, having half-times of 24 sec for 10.2b and 3.3 min for 10.2~. When 

aprotic dipolar solvents were used, the highest rate of acyl transfer for each of the 

Scheme 1 O 

cf. Scheme 9 \ OH - ~ v o 2 ~ e  

R 

10-1 10.2a R = H 10.3a-c 
10.2b R = Me 
10.2~ R = CHMe, 



compounds was observed in acetonitrile. where haif-times of 36 sec. 50 min. and 4.5 h 

were measured for 10.2a-c, respectively. Acyl transfer was slowest in DMF in the case 

of 10.2a and 10.2b [acyl transfer for 1 0 . 2 ~  was measured only in water (pH LO) and 

acetonitrile]. In comparison to the seven-membered acyl transfer systems 9.6a.b. the 

present templates (10.2a-c) exhibited consistently greater acyl transfer rates and, with the 

exception of the reaction in chloroform, where the rate for 10.2a was only 1.3 times as 

fast as for 9.6a. the rate of acyl transfer for 10.2a was on average 5.7 times as fast as that 

for 9.6a in the solvents examined. The alanine derivatives also showed a similar trend. 

with L0.2b reacting 1.6 tirnes as fast as 9.6b in chloroform, and 3.0 times as fast in 

acetonitrile. Like its seven-membered counterpart, the acyl transfer system based on 10.1 

was sensitive to the steric bulk of the captured amine, and the effect was even more 

pronounced in this case. In acetonitnle, the AldGly half-time ratio was 83 and the VaVGly 

half-time ratio was 450. 

Table 532 

Half-Times for lntramolecular 
Acyl Transfer Reactions of 10.2~4-c 

Acyl Transfer Acyl Transfer 
Substrate Solvent Half-Time 

10.2a MeCN 36 s 
DMSO 6 min 
CHCI, 7 min 
DMF 10 min 

10.2b Hz0 (PH 10) 24 s 
MeCN 50 min 
CHC13 2.2 h 
DMSO 11.5 h 
DMF 12-5 h 

10.2~ H2O (PH 10) 3.3 min 
MeCN 4.5 h 

1 . 3 . 3  Ligation by Michael Addition 

As an alternative to the carbonyl-containing templates descnbed above (Sections 3.1 

and 3.2), the nitrostyrene denvative 11.1 (Scheme 11) was evaluated for its ability to act 

as an amine capture device, and dso  as a template to mediate intrarnolecular acyl t r a n ~ f e r . ~ ~  



Scherne 11 

H AC 

OH 

11.1 11 -2 11.3 

Amine capture in this case occurs by Michael addition of the primary amine function to the 

nitro olefin (11.1 + 11.2) and positions the acyl group and the amine nitrogen in such a 

way that intramolecular acyl transfer (11.2 + 11.3) can occur. Tt was expected that this 

amine capture system should have certain inherent advantages compared to the cemplates 

discussed above. First, unlike approaches involving a herniaminai intermediate, problems 

of competing elirnination or 0-0 acyl transfer cannot arise. The required MichaeI addition 

was also expected to be efficient. as reaction of P-nitrostyrene with p n m q  amines is 

known to proceed rapidly and in nearly quantitative yield.33 Secondly, the capture reaction 

gives a secondary amine directly. thus avoiding the reduction step required in systems 

where capture results in an irnine. 

Michael addition between 11.1 and the arnino acid esters GlyOEt, AlaOlMe, 

PheOMe, and ValOMe was easily carried out in acetonitrile, and the adducts were then 

tested for their ability to undergo acyl transfer. Despite the fact that the required 

intramolecular transfers were occurring through a presurnably favorable six-membered 

transition state, slow reactions were observed in al1 cases, and the rate constants are listed 

in Table 6. The data reveal a Gly/Ala rate ratio of 100, a Glyphe rate ratio of 286, and a 

Table 6j1 
Rates of Acyl Transfer in 1 1.2 

Acyl Transfer Acyl Transfer 

Substrate (1 1.2) Rate (min" ) 

R=Me. R' =Me 2 x 
R = Bn. R1 =Me 7 x 1 0 ' ~  

R = CHMû2. R' = Me 2 x IO-= 



GlyNal rate ratio of 1000. suggesting a strong dependency of the rate on steric factors. 

Replacement of the acyl fragment (MeCO) with CbzHNCH2C0 showed no significant 

changes in the rate of acyl transfer. 

The steric effects observed in this study were rationalized by analoz- UV to a 

previously established model that dealt with steric e ffecfs on aminolysis of peptide p- 

nitrophenyl e s t e r ~ . ~ ~  Based on this modei, the structure of the transition state leading to 

acyl transfer in compounds 11.2 was proposed to be 12.1 (Scheme 12). or a distereomer. 

From the diagram, it can be seen that steric interactions exist between the nitromethylene 

group (CH2N02) and either the ester ( C O ~ R ~ )  or a-alel substituent (R) of the amino acid. 

as well as between the nitromethylene group and H(3) of the aromatic template. Structure 

12.1 is not capable of undergoing any stabilizing conformational changes that relieve these 

interactions without introducing new ones. 

Scheme 1 2d 

Steric interactions 

12.1 
a ~ 2  = N-terminal peptide; R1 = Cteminal peptide; R, R~ = amino acid side-chains 

The above rnodel suggests that sensitivity to stenc factors should be expected in any 

derivative of 3.4 (Scheme 3) except where the capture site X is small and, especially, if it 

has no substituents (cf. the CH2N02 group of 12.1). For instance, minimal stenc factors 

would be expected if X is sulfur, a methylene group. or an sp2 atom. Consideration of 

rnodel 12.1 seemed to emphasize the fact that unfavorable steric interactions can nulliS, 

entropically favorable ring sizes for the transition state. However, a way to avoid such 

steric interactions is to modify the link - and its attachments - that join the captured 



amine to the ternplate. 

The case where the link is a simple methylene group had been dealt with to some 

extent by examination of systems 7.4. 9.6. and 10.2 (see above). and an attempt31 was 

then made to test the effect of having X as an sp2 atom. This was done3 1 by examining 

acyl transfer rates for the ethyl esters of N-(2-acetoxypheny1)glycine (13.la). N-(2-  

acetoxypheny1)alanine (13. lb ) ,  and N-(2-acetoxypheny1)valine ( 13. lc). lntramolecular 

O+N acyl transfer, which proceeded through a five-membered transition state in these 

compounds. was very slow. The poor nucleophilicity of the nitrogen atom (it is part of an 

aniline system), and the development of strain in the transition state, were regarded as 

factors responsible for the low rates. The Gly/Ala and GIyNal rate ratios were comparable 

to those observed in corresponding intennolecular reactions. 

Scheme 13 

Finally, the effect of usine a sulfur atom as the link was srudied briefly31 by 

exarnination of 13.2, but even for the unhindered case shown, the rate of intramolecular 

acyl transfer was very low (3 x 10-4 min-1) - for reasons that were not identified. 

1 . 4  PriorThiolCoptureStrategies 

As a result of the investigations described above, it had become apparent that a 

coupling strategy in which acyl transfer proceeds through a relatively small transition state 

of five to seven members is not effective, due to steric crowding. The suspicion had aIso 



developed that the amino group rnight not be nucleophilic enough to achieve rapid and clean 

capture at high dilution. On the matter of steric crowding, it appeared that in the ligation 

product the segment linking the amino and acyl components was either too inflexible, or 

failed to position them properly. Consequently, there were Lirnited opponunities for 

avoiding unfavorable nonbonded interactions in reaching a suitable transition state for acyl 

transfer. Kemp reasoned that the best way to avoid these unfavorable interactions was 

simply to increase the length of the spacer arm while maintaining its rigidity. The problem 

of low nucleophilicity of the amine nitrogen, on the other hand, had to be deait with by 

finding an entirely new way of ligating the peptide segments. 

An extremely elegant approach to these apparently separate problerns was 

developed35 through a single modification of the initial strategy. The modification required 

that cysteine be the N-terminal residue of the C-terminal peptide chain. Of course, this 

imposes the limitation that the coupling site between the two peptides has to be between that 

cysteine and another amino acid. The approach, which is referred to as the P r i o r  Thiol 

Capture Strntegy, is outlined in Scheme 14 .3~  In the f ~ s t  step, the masked capture site (X- 

Y) of the template is activated (14.1 + 14.2); it then undergoes reaction with the  thiol 

function of the N-terminal cysteine to give the Iigated 

Scherne 14= 

product (14.2 + 14.3 + 14-4). 

H 

14.3 
Capture 

'NP = N-terminal peptide; CP = Cterrninal peptide 



lntrarnolecular acyl transfer (14.4 + 14.5) ensues, forming the rearranged system 13.5. 

which contains a new peptide bond. Finally, cleavage of the template (14.5 + 14.6) 

liberates the newly-forrned peptide 14.6. 

The potentid of this strategy to overcome the limitations of the Prior Anlitze Cclpnlre 

Strcztegy c m  be explained as follows. The thiol function of the terminal cysteine is strongly 

nucleophilic and, in contras to the arnino group that is involved in the Prior Amine Cnprrlre 

Strategy, this difference should greatly increase the likelihood of effecting smooth iigation 

of the peptide segments prior to acyl transfer, even a t  high dilution. Moreover, the ensuing 

acyl transfer transition state would necessarily consist of at least nine atoms (cf. 14.4) and, 

therefore, could provide ample conformational freedom to overcome unfavorable 

interactions resulting from steric crowding. Before trying the P n o r  Tjziol Capture Srraregy, 

however, two matters required attention. The first was to determine what type of  ligation 

process wouId best take advantage of the reactivity of the thiol group, and the second was 

to establish if acyl transfer could proceed through a transition state as large as thac. 

necessitated by this approach. 

The consequences of a Larger acyl transfer transition state had already been 

evaluated to sorne extent during earlier work32 in which intrarnolecular acyl transfer in 

15.1 and 15.2 (Scheme 15) had been examined. The  transfer in these systems proceeds 

via transition States of  nine and twelve members, respectively. In each system, R and R I  

were varied extensively, and the rates of acyl transfer were measured in a variety of 

solvents. These studies showed that acyl transfer could, indeed, proceed efficiently 

Scheme 15 



through transition States involving medium to large rings, as indicated by Scheme 14. 

The question of what type of ligation process would best take advantage of the 

reactivity of the thiol group was examined by studying both mercaptide formation (Section 

4.1) and disulfide formation (Section 4.2). 

1 . 4 .  I Ligcrrion by Met-captide Formation 

Kemp's early work on ligation by thiol capture involved the use of an 

organomercury d e r i ~ a t i v e . ~ ~  Cornpounds of this type were chosen because they have a 

high affinity for thiol groups and react rapidly with them.37 The C-Hg-S linkage that 

would be produced by ligation has a Iinear geometry and, in order to test acyI transfer via 

the resulting large ring that is necessarily fomed.  compound 16.2 was studied. This 

compound was generated in situ (Scheme 16) by rreating 16.1 with the ethyl ester of 

cysteine at concentrations ranging from 10-2 M to 10-3 M in either DMF or DMSO. Half- 

times for the acyl transfer (16.2 -t 16.3) were found to be 24 and 8 h in DMF and 

DMS O, respectively . and were independent of concentration. suggesting that tram fer was 

intramolecular. The remplate was detached from the rearranged product by iodine-mediated 

oxidation (16.3 4 16.4). so as to release the disulfide 16.4. 

Scheme 16 

OMe - 
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1 .4.2 Ligatîon by Disrclfide E-rchnnge 

Capture by disulfide formation was also e ~ a m i n e d ~ ~ - 3 9  as a mems of ligating two 

peptide segments prior to their coupling by acyl transfer. In this approach. which has also 

been explored in a modified form (see later. Scheme 66) ,  (X) in structure 14.2 (Scheme 

14) takes the form of a thiol group, and ligation occurs by disulfide formation between this 

template thiol and the cysteine thiol at the N-terminus of the C-terminal peptide. 

Intramolecular acyl transfer from 14.4 (X = S) generates the peptide bond, and rhen 

cleavage of the resulting disulfide 14.5 (X = S) liberates the newly formed peptide 14.6. 

Several practical points had to be considered in order to develop this version of the Prior 

Thiol Capture Strcztegy, and Kemp has carried out extensive research on each of these 

points. 

(a) TemplateDesign 

Implementation of the Prior Thiol Capture Smregy requires a template that alIows 

rapid intramolecular acyl transfer of a weakly activated acyl function to the weakly 

nucleophilic amino group of a cysteine r e s i d ~ e . ~ ~ - ~  As indicated in Scheme 14, the 

transfer necessarily involves a ring of at least nine atoms (cf. 14.4, X = S). In general, 

cyclization of medium rings is entropically unfavorable. L3c+JL For this reason, the template 

would have to be constructed in such a way that. not withstanding the ring size of the 

transition state, the amine and the acy1 group are easily positioned in a manner that confers 

a proximity-based entropic advantage, thus making the lack of enthalpic activation at the 

acyl substituent irrelevant- 

Eflective Molariiy 

The entropic advantage for an intramolecular reaction, which results as a 

consequence of restraining the nucleophilic and the electrophilic components in proximity, 

can be expressed quantitatively in terms of effective rnolarity (EM). 13b.c The EM for a 



system can be estirnated when a corresponding intermolecular version of a particular 

reaction exists. In such a case, the EM of the system is expressed as the ratio of the first 

order rate constant (For the intrarnolecular reaction) to the second order rate constant (for the 

intermolecular one]. In practice, EM is equal to the concentration of the external 

electrophile or nucleaophile that must be added to the intramolecuIar reaction mixture so that 

both intra- and internnolecuIar reactions proceed at the same rate. 

Kemp has usœd the concept of EM to guide the development of an optimal template 

for acyl tran~fer.~O-42 This was done by measuring the EM with various templates that 

were deemed to passess the potential to function in the required manner, and then 

exciuding from further study those with an unacceptably low EM value, the minimum value 

being set at EM = 1 M. An effective template would be associated with both a high EM and 

a high rate of intramolecuIar acyl transfer. 

(ii) Tmsition State Model 

In order to a id  the design of suitable templates for the disulfide approach, a 

transition state mode1 was proposed32v40 on the basis of the following considerations. 

Information from earlier studies4) justified the assumption that the transition state has 

nearly tetrahedrai geornetry at both the acyl carbon and the amine nitrogen, a futly fonned 

C-N bond, and partrially broken N-H and C-O bonds (Scheme L7). Furthermore, by 

analogy to a previously reported transition state model for interrnolecular aminolysis of p- 

nitrophenyl esters,34 it was assurned for the present purposes that the bond which connects 

the a-carbon (see Socheme 17) and the acyl substituent (bond c), and the bond which 

connects the a'-carbon and the amino substituent (bond a)  have an antiperiplanar 

reIationship about the C-N bond (bond 6 )  in the acyl transtèr transition state. Further 

refinement" of t h e  transition state model was carried out by applying assurnptions 

regarding bond angles and the conformationai preferences of the bonds not already defined. 

The result of these curnsiderations was the transition state model 18.1 (Scheme 



Scheme 1 7a 

\ c3 
= N-terminal peptide: R = Gteminal peptide: Fi2 = amino acid side-chain 

This structure implies that an ideal ternplate would be one that can accommodate the 

particular geometric arrangement of aroms shown and provide a framework connecting 

C(4) and C(3) by a distance of 4.8 A. and do so in a way that the resulting C(4)-S(5) and 

C(3)-O(2) bonds are oriented to give an O(2)-S(5) distance of 5.3 A. It was also deerned 

important that the template be rigid, so as to decrease the number of random conformations 

that the system could sarnple before reaching the required transition state conformation. 

Scheme I8= 

18.1 

'R' = N-terminal peptide; R = Ctemiinal peptide 

Finally, in order to avoid any major van der Waals interactions with the a-hydrogen [Le. 

with H(8)] of the cysteine residue. the template should be free of substituents that protmde 

towards H(8); planar structures satisfy this requirement to some extent. Given that the 

mode1 shown in Scheme 17 has rotational degrees of freedom in the C(al)-C(B')-S-S 



region. other low energy conformations must be accessible and, indeed. as indicated 

below. subsequent experiments indicated that 18.1 is not the only mode1 that corresponds 

to a low-energy transition state for acyl tnnsfer. but it was nevertheless adopted as the 

working model. 

(iii) Evnlrrutiorz of Templates 

While rnodel 18.1 ernerged from the theoretical considerations given above. Kemp 

also included related structures as candidates for evaluation, thus broadening the survey 

and providing an opportunity to identify the effects of template flexibility and transition 

state conformation. 

The first set of template-bound amino acids corresponding to mode1 18.1 that were 

exarnined are those shown in Scheme 19.35 When dissolved in DMS044 for 20-40 h. 

compounds 19.1 and 19.2 each gave products corresponding to acyl transfer. However, 

the rates of transfer were low, and products resulting from disulfide exchange were also 

detected. Notwithstanding these undesirable features, each compound displayed a high 

EM. An accurate value could not be obtained due to the formation of byproducts. but an 

EM in the range of 3-14 M was estimated for 19.2?2-45 and 0.5-10 M4* for 19.1. These 

Scheme 19 

OMe 



compounds have C(3)-C(4) distances (cf: Scheme 18) of 2.53 and 4-16 A. and O(?)-S(5) 

distances of 2 3 - 4 2  and 2.6-5.4 A, r e s p e ~ t i v e l y . ~ ~  and so only 19.2 approaches the 

values specified by the transition state model. but neither of them provides a sufficiently 

rigid framework. as indicated by the range of O(2)-S(5) distances that they can 

accommodate. 

Compounds 19.3 and 19.4 were found35 to undergo concentration-independent 

acyl transfer in both DMSO and DMF. The half-time for reaction of 19.4 in DMSO was 

2.7 h,35 and in DMF it was ca. 28 hS35 An estirnate of the EM of 19.4 was rnade3j by 

deterrnining the rate of intermolecular aminolysis for the reaction between ethyl S-benzyl 

cysteine and I ,3-dimethoxy-2-methyl-5-acetoxyxanthone. From this experiment, an EM of 

0.5-0.7 M was de t e r~n ined~~+"  for the system. For 19.3, an EM value between 0.08 and 

1.3 M was estimated.-" The C(3)-C(4) distances for compounds 19.3 and 19.4 were 

1.40 and 4.76 A, respectively. and the O(2)-S(5) distances were 2.98 and 4.8 1 A, 

respectively."2 Thus, although each of these compounds provided adequate rigidity, only 

19.4 provided distances required of the transition state model 18.1. 

Compounds 20.1 and 20.2 were next examined for their ability to facilitate 

intramolecular acyl transfer (Scheme 20).42*46 In the case of 20.1, both the C(3)-C(4) and 

the O(2)-S(5) distances fell short of the optimal values, and for 20.2, both were larger 

than desired.42 In addition. each compound showed a range of values for both distances 

and Iacked the required rigidity. When either 20.1 or 20.2 was kept in DMF, no products 

Scheme 20 

20.2 



corresponding to acyl transfer could be detected. even after five days: only products of 

disulfide exchange were o b s e ~ e d . ' ~  This result with 20.2 is notewonhy in the light of 

later worlc'? which suggested that acyl transfer couid also proceed through a more extended 

transition state than the one s h o w  by 18.1; such a transition state should be accessible to 

20.2, yet acyl transfer did not occur - presumably because of the tlexibility of the 

system.* 

The dibenzofuran 21.1 (Scheme 21) provided a promising example of a potential 

template for the Prior Thiol Capture Strategy, having a C(3)-C(4) distance of 4-82 A and an 

O(2)-S(5) distance of 5.45 This ternplate was examined dong with the phenoxythiin 

system 21.2.40.42 which exhibited corresponding distances of 4.33 A and 3.90 A. 
respectively."2 Efficient acyl transfer was not observed in the case of 21.2-40 and an EM 

of less than 0.1 M was determined.J01J2 Lack of acyl uansfer in this system was atuibured 

primarily to its inability to achieve a suitable O(2)-S(5) distance and, to some extent, to the 

flexibility of the ~~s te rn .~*?42  

Scheme 21 

As was evident by the C(3)-C(4) and O(2)-S(5) distances given above, the 

dibenzofuran template (21.1) very effectively accornrnodated the structural requirements of 

the proposed transition state. The half-times for acyl transfer in this system were found4O 

to be solvent dependent, with values of 23, 23, 2, and 2 h being observed in DMF, 5: 1 

hexafluoroisopropyl alcohol (HFIP)-DMSO, DMSO, and 15 DMSO-HMPA, respectively. 

In acetonitrile acyl transfer was not detected, even after 30 h. The half-time for the 



corresponding intermolecular reaction in DMSO was obtained by treating 4- 

acetoxydibenzofuran with ethyl S-benzyl-L-cysteinate. From rhis rxperiment. the EM of 

compound 21.1 was deterrnined to be 4.6 M. 

An examination of the effect of substituents attached to the phenolic ring of the 

dibenzofunn template on the rate of acyl transfer was undertaken-4* As expected. an 

electron withdrawing substituent para to the phenolic oxygen caused a rate increase; in the 

case of a nitro group, for example, an increase of more than 3000 was 0bserved.~0 

The sulfur anaiog 22.1 (Scheme 22) presumably has a degree of structural rigidity 

comparable to the dibenzofuran system. but the cntical dimensions and the hypothesized 

transannular steric interactions with the cysteine a-hydrogen are quite different?? The 

C(3)-C(4) distance in 22.1 is 5.23 A. whereas the O(2)-S(5) distance is 6.30 A. This 

system did not undergo efficient acyl transfer'2 - a fact which lends support to the belief 

that the spatial relationships and nonbonded interactions implied by the transition state 

mode1 18.1 are important. 

Scherne 22 

The next set of templates studied included those shown in Scherne 23. The 9,9- 

dimethylxanthene derivative 23.1J7 is structurally related to compound 19.2. but 

possesses methyl substituents at C(9), which enforce a folded conformation on the ring 

system. The brorno substituent para to the acyl group was necessary because the reactivity 

of the unsubstituted system was too low to permit accurate monitoring of the intra- and 

intermolecula. reactions. The EM calculated for this system was approximately 0.1 M, 



Scherne 23 

indicating that intrarnolecular acyl transfer, if it occurred at d l ,  was not facilitated relative to 

the corresponding interrnolecular process. 

Compound 23.2J7 provided an opportunity to test the assumption mentioned 

earlier in connection with compound 20.2 - that the acyl transfer could occur through a 

transition state with a more extended conformation than shown by modei 18.1. In the case 

of 20.2, the absence of acyl transfer was attributed, in part. to its lack of r i s ~ i d i t y . ~ ~  

Hence, studies with 23.2 would identiQ what benefit a ngid system rnight provide. In the 

event, the rate constant for the intramolecular process in DMSO was 0.02 h-1, which 

corresponds to an EM of 0.3 M for 23.2. Although the EM is low, the fact that acyl 

transfer occurred was regardedJ7 as significant in that it further ~upported-'~ the hypothesis 

that acyl transfer can take place through a more extended transition state, different from the 

one predicted by the mode1 18.1. 

Compound 24.1 and its nitro analog 24.2 were also evaluated.47 These are 

fundmentally different from the previously studied systems, in that they provided an 

opportunity to examine intramolecular acyl transfer using a template containing a 

stereogenic center. The compounds embody the distances of Scheme 18 and the spanning 

atornic linkages of the dibenzofuran 21.1, but their nonplanar conformations potentially 

reduce transition state crowding at the cysteine a-hydrogen. Both 24.1 and 24.2 were 

obtained as 1: 1 mixtures of diastereomers, and the acyl transfer reaction of each 

diastereomeric mixture was exarnined.47 The two diastereomers within each mixture 



reacted at different rates, and the rate constant for the more reactive isorner in 24.1 and 

21.2 was found to be 0.013. and 2.3 h-l. respectively. The rates of the corresponding 

intermolecular reactions were deterrnined; the respective EMS for 24.1 and 24.2 (faster 

diastereomer in each case) were calculated as 6 M and 1.3 M. 

Scheme 24 

Another report,49 published at the same time, described the examination of 

compound 25.1. It showed relatively low rates of transfer, with a corresponding EiM of 

0.3 M. Conversion of 25.1 into its sulfoxide denvatives 25.2 not only provided another 

opportunity to examine intramolecular acyl transfer across a template possessing a '  

stereogenic center, but also offered the possibility of expioring what effect oxidation at the 

sulfur atom of 25.1 would have on the rate of reaction, since the presence of the sulfoxide 

group might facilitate acyl transfer in a rnanner sirnilar to that of DMS0.19 As expected. 

each of the (separated) diastereomers of 25.2 underwent acyl transfer at a different rate, 

and the higher rate constant was 7.0 h-l. This corresponds to an EM of 0.22 M. Thus, 

compound 25.2 appears to be even less efficient as an acyl transfer system than 25.1. 

The slower-reacting diastereomer of 25.2 had an EM of Ca. 0.00 15 M. 

Scheme 25 



During the course of the above research it had become apparent that I-hydroxy-6- 

mercaptodibenzofuran (26.1. Scheme 26) was the best template of those examined. and 

was worthy of Further study. In this template the C(3)-C(4) distance was found to be 4.82 

A, which compares well to the distance (4.8 A) required by the transition state model 

18.1. The O(2)-S(5) distance of 5.45 A was also close to the value of 5.3 A specified by 

the  model. In addition, the template provided the rigid framework thar was needed. and 

was  expected to show only one rnoderately weak van der Waals interaction between the 

furan oxygen and the cysteine a-hydrogen in the acyl transfer transition state. 

Scheme 26 

(6 )  Effect of Amino Acid Side-Chahs on the Rate of Intramoleculnr Acyl Trnnsfer 

Since compound 26.1 emerged as a promising remplate for acyl transfer by the 

Prior Thioi Captirre Srrategy. Kemp undertook an investigation into the effect that the side- 

c h a h  of the acylating component would have on transfer rates in this s y ~ t e r n . ~ ~  It has been 

a r g ~ e d 3 ~ . 5 ~  that, for unassociated peptide segments, the rate of peptide bond formation is 

largely determined by the two substituents that neighbor the new bond. On this basis. it 

was recognized that coupling reactions giving dipeptides by intramolecular acyl transfer 

across the dibenzofuran template (cf. 27.1 + 27.2, Scheme 27) should serve as suitable 

models for corresponding reactions in which actual peptide segments are coupled. 

The rates of acyl transfer for the formation of several dipeptides using system 27.1 

were rneasured in DMSO (Table 7)50 and. with four exceptions [L-Pro, L-Val, L-Asp, L- 

Asp(t-Bu)], the transfer half-times were found to be between 3 and 4 h. The low rate of 

transfer in the case of the valine denvative was assumed to result from P-branching of the 



Scherne 27 

Acyl Transfer - 
OH 

side-chain, a situation that is known to slow acyl transfer in intermolecular reactions as 

~ e 1 1 . 3 4 5 ~  In the case of the aspartic acid derivative. the high rate of transfer was 

rationalized on the bais  of a s tabilizing intramolecular hydrogen-bonding interaction (in the 

transition state) between the side-chah carboxyl group and the aaacking arnino group: this 

interpretation is consistent with the concept that an ideal template may well incorporate a 

hydrogen-bonding site.50 The retarding effect associated with the proline residue was 

attributed to steric interactions in the transition state, but was deemed to be unique to that 

residue. Thus, intrarnolecular acyl transfer in 27.1 was tolerant of a range of substituent 

changes, but was significantly retarded by extreme steric interactions. 

Table 750 
Half-Xmes for lntrarnolecular Acyl Transfer Reactions of 27.1 

Acyl Transfer 
O Half-Time (h) 

Hh' Acyl Transifer 
O Half-Time (h) 

Mbh = 3,3'-dimethoxybenzhydryl; Ans = 9-anthracenesulfonyl 

(c) Errent of Epimerization 

The possibility of epimerization at the a-carbon of the acyl fragment during acyl 

transfer, using the dibenzofuran template 26.1, was examined with the mode1 systems 



28.la.b.jz Given that the acylating component in these systems is only weakly activated 

as an aromatic ester. the epimerization levels were expected to be low. and this was indeed 

the case. Compound 2S.la was allowed to react (Scherne 28) in DMSO for three days. in 

order to ensure complete acyl transfer, giving 28.2a. This was then hydrolyzed in the 

presence of 12 M HCI-propionic acid to iiberate the individual arnino acid components. 

The L-isoleucine/D-allo-isoleucine ratio was measured and from this the extent of 

epimerization was determined to be 0.20 + 0.27%. thus indicatint that, within the limits of 

accuracy of the method, no epirnerization occurs during the coupling process. 

Scheme 28a 

Acyl Transfer 
C~Z-L- A I X  c 

OH 

28.la X = L-lle. FI = Me 
28.1 b X = L-Phe. R = Maq 

Funher support for the absence of epimerization was 0btained5~ by exarnining the 

acyl transfer products from 28.lb. It had been established that the L-L-L form of 23.2b 

was separable from its L-D-L epimer using HPLC, and that the separation could be 

achieved with baseline resolution. Hence, once the acyl transfer reaction for 28.lb was 

complete. the products were analyzed using this HPLC technique. Cornparison of the 

product mixture with reference standards indicated that the ratio of L-L-L to L-D-L epimers 

was greater than 99.9:O. 1. 

(d) Disulfde Formation 

In the Prior Thiol Capture Strategy, initial ligation of the two peptide segments 

occurs by formation of a mixed disulfide and, in order to optimize this process, Kemp 



investigated the formation of disulfides involving dibenzofuran systems. 

Two general approaches to mixed disuliides were e ~ ~ l o r e d . ~ ?  In sach. the 

disulfide was generated by reaction of a free thid with a sulfenylcarbomethoxy-derivatized 

thiol (-SScm). a type of reaction that was knownS3 to br specific and efficient. In the first 

approachE (Scheme 29), the template thiol was derivatized with ScmCl (cf. 29.1). and 

was then allowed to react with a free cysteine thiol [29.1 + 29.2 + 29.3 (R = OAc)]. In 

the second approachZ2 (Scheme 29). it was the cysteine thiol that was derivatized with 

ScmCl (cf. 29.4). and it underwent reaction with the free template thiol 129.4 + 29.5 (R  

= OAc) + 29.3 (R = OAc)]. Of the two routes. the second was found to be very rnuch 

more effective, and typically gave the desired disulfide in near quantitative yields. 

Scherne 29 
NHBoc 

H ~ C O ~ M ~  

29.2 29.4 
O Ac Rrst Appmach ç - ~  Second Appmach 

Important features of the ligation step were identified by scudying the kinetics of the 

reaction of 29.5 (R = H) with 29.4 to give 29.3 (R = H ) Z ~  in mixtures of HFIP- 

acetonitrile, with and without water, and in the presence and absence of various tertiary 

amines. Frorn these experiments, two general factors became apparent. First, the arnine 

exhibited a catalytic effect on the reaction - an observation that is consistent with the view 

that the thiolate anion of 29.5 (R = H) acts as the nucleophilic species. The catalytic effect 

was independent of the base strength or concentration. suggesting that the actual catalyst 

was the conjugate base of the solvent (HF'IP)- The second factor reveaied by the kinetic 

study was that an increase in solvent polarity, through the addition of water, caused a 

dramatic increase (ca- 103) in reaction rate. 



It had been establishedj4 that a reaction time of 12 h was generally required to 

achieve approximately 90% conversion of the ligated product to the acyl transfer product 

and, as a result of this long reaction time, it was necessary to determine to what extent 

disulfide exchange occurs during the acyl transfer. To this end.ï4 30.1 (Scheme 30) was 

stored in DPvlSO For 19 h. Analysis of the product composition showed that the compound 

was largely (98%) unchanged and that only 2% had been converted into the corresponding 

syrnmetrical disuifides. Hence DMSO was deemed to be a suitable solvent for avoiding the 

problem of disulfide exchange. 

Scheme 30 

30.1 
Pnb = pnitrobenzyl 

If the initiai ligation leading to the required disulfide is not quantitative, then free 

thiol in the form of the template-linked N-terminal peptide [cf. 14.2 (X) = SH, Scheme 

141 would be present in the reaction mixture. The effect that this thioI might have on 

Scheme 31 a 

R ' S - ~  s H 

31.3 31 -4 
R1 = Ph or En; Pnb = pnitrobenzyl 



disulfide exchange was also e ~ a m i n e d . ~ ~  by separately treating 30.1 with thiophenol or 

benzyl thiol in DMSO (Scherne 3 1). In each case an excess of thiol ranging from 10- 100 

fold was used. Under these conditions. rapid disulfide exchange occurred to give the 

mixed disulfides 31.3 and 31.2 in a ratio of 1:99- 

In a subsequent experiment,54 it was established that unwanted thiol-cataiyzed 

disulfide exchange between the product 32.1 (Scherne 32) of an acyl transfer reaction and 

the capture thiol 32.2 used in that reaction could be suppressed almost completely by 

addition of the thiol scavenger silver nitrate, before acyl transfer. 

Scheme 32= 

CO R1 

32.1 32.2 

'R = CbzPFT(t-BU); R1 = GGAOPnb; Pnb = pnitrobenzyl 

(e) Synthesis of rhe Dibenzofrcran-Linked N-Terminal Peptide Segments 

Application of the Prior Thioi Capture Strategy requires that the N-terminal peptide 

(cf. 14.1. Scheme 14) be generated in such a way that its C-teminus is Iinked to the 

template. For this purpose, the 4-hydroxy-6-mercaptodibenzofuran-linked solid support 

33.6 was developed.38 This suppon was synthesized by the route outlined in Scheme 33. 

Commercially available chioromethylated polystyrene resin (33.2) was treated with the 

derivatized cysteine cesium salt 33.1, to give 33.3. Exchange of the trityl protecting 

group for an Scm group (33.3 + 33.4) was achieved by treatment with ScrnCi, and 

exposure of 33.4 to the mercaptodibenzofuran 26.1 under standard conditions led to 

disulfide 33.5. Finally, acylation of the phenolic hydroxyl with the syrnmeuical anhydride 

of an Na-blocked amino acid gave the required resin-bound disulfide 33.6. As described 

below, the resin was evaluated for its ability to survive the conditions of solid phase 



Scheme 33a 

'"'"2 33.2 

CbzH C02Cs CbzH 

CbzH Y = Boc or Bpoc 

QQ OH 1 1 

CbzH 

O 
33.6 33.5 

= polystyrene resin: Scm = SC0,Me 

synthesis. 

An alternative method was aiso developedz* for linking the dibenzofuran template 

to a solid support. and involves the use of a n  aminornethyl polystyrene resin. In this case 

(Scheme 34). compound 34.155 was coupled to the resin. using DCC. to f o m  34.2. 

Rernoval of the acetyl group with hydroxylamine then generated the phenolic species 34.3, 

Scheme 34' 

6 AC DCC 

CbzH AOH O 

Y = %oc or Bpoc 

'a = poiystyrene resin 



which undenvent O-acylation (34.3 + 34.4) in a manner analogous to that involved in 

the conversion of 33.5 into 33.6. 

The phenolic ester that anchors the peptide chain in 33.6 and 34.1 precludes the 

use of  the fluorenylrnethoxycarbonyl group (Fmoc) for Na-protection. because of the 

requirement of a secondary amine as the deblocking reagent, but two other standard solid 

phase synthesis protocols are suitable for chain extensi0n.~~.38 

The first is the combination of Boc protection for the a-amino group38 and benzyl 

protection38 for the side-chain functions. Chain elongation (Scheme 35) was initiated by 

treatment of 33.6 (Y = Boc) with 50% TFA in CH2Cl2 to give the corresponding TFA 

sait. This salt was then treated with an appropriateIy protected aminoacyl anhydride in the 

presence of i-Pr2NEt. giving a product elongated by one residue. The sequence was 

repeated until the desired peptide (35.1) had been assembled. Treatment with 

t r i b ~ t ~ l ~ h o s ~ h i n e ~ ~  then served to reductively cleave the disulfide bond. giving the 

Scherne 35 

n - 1 lterations of 
Chain Eiongation: 

5-w 1) F A .  CH2CIZ 2) FPr2NEt. 
n 

35.1 

Y = Boc or Bpoc t 

protected N-terminal peptide 35.2, already derivatized at its C-terminus as a 4-hydroxy-6- 

mercaptodibenzofuran ester. The peptide could also be obtained in fully unprotected form 

by simply effecting global deprotection of the side-chahs prior to resin cieavage- 

The second solid phase protoc0138 ernployed Bpoc @-PhC6H4CMe20CO-)  



protection of the a-arnino group (Y = Bpoc, Scheme 35). combined with r-buryl" and Boc 

potection38 for the side-chain functions. In this case. chain elongation was carried out as 

described above. with the exception that the Bpoc protecting group was removed using 

0.5% TFA in the presence of 1% thioanisole. 

Cf) Cysteine ?hiof Protection and a Modified Prior Tlziof Capture Srraregy 

In order to implement the Prior ThioL Capaire Strcrfegy. it was neces sq  to have 

avaïlable a variety of protecting groups for cysteine thiol residues, both interna1 and 

terrninal.22 Protection of this type is required bccause there is no general methodS6 for 

forming a disulfide selectively from one thiol in the presence of others. Aside from the 

cysteine side-chains. no other protection of substituents in either peptide segment is 

The approach that was d e ~ e l o ~ e d 2 ~ - 5 6 - ~ ~  to deal with selective protection of 

cysteine residues is sumrnarized in Scheme 36.56 The thiol group of the N-terminai 

Scheme 36a 

Capture 
36.1 36.2 

2) Acyl 
Transfer Ac 

36.3 

Ac 

36.4 

Thioi 
Release B.cH+ &* Protection Ac -Bocfi~&'~ O 

AcrnS SDnp 
SH 

36.5 36.6 
aNP = N-terminal peptide; C P  = Cteminal peptide; X = CF3C0,; 
Acm = CH2NHCOMe; Scm = SC0,Me; Dnp = 2,4-dinitrophenyl 



cysteine of the C-terminal peptide 36.2 is protected with a sulfenylcarbomethoxy (Scm) 

group. and the N-terminal cysteine thiol of  the dibenzofuran-linked peptide 36.1 is 

protected as an acetamidomethyl (Acrn) t h i ~ e t h e r . ~ ~  Compound 36.2 undergoes lization 

with the N-terminal peptide, by nucleophilic displacement of the Scrn moiety by the 

template thiol, to generate the acyl transfer intermediate (36.1 + 36.2 + 36.3). 

Treatment with an amine initiates acyl transfer. so as to couple the two peptide se, arnents 

and give compound 36.4. Cleavage of the template from 36.4 is then followed by thiol 

protection (treatment with 2,4-dinitrofluorobenzene in a bicarbonate buffer) as the 2.4- 

dinitrophenylsulfenyl (Dnp) derivative 36.6 (36.4 -+ 36.5 ++ 36.6). 

The above series of protecting groups used for the cysteine thiol functions was 

chosen for the following reasons. First, both the Dnp- and the Acm-protected thiols are 

inert to attack by the nucleophilic template thiol, and so no complications would result from 

formation of disulfides other than the one required for acyl transfer. The second reason is 

that, unlike the Dnp-protected thiol, the Acm-protected thiol is readily convertible into the. 

corresponding Sem form.60 which is susceptible to nucleophilic attack by the ternplate 

thiol. Discrimination between the protected thiol groups is required so that, once the 

coupled product has been liberated from the template (36.4 + 36.5), the free thiol group 

can be converted into its Dnp-protected form (36.5 + 36.6) and, following removal of 

the Na-Boc group (36.6 + 37.1, Scheme 37), the Acm-protected N-terminal cysteine 

Capture, Acyl 
Transfer. Release. - 
Thiol Protection. etc. Sc 

SDnp 

aNP = Nteminal peptide: CP = Cterminal peptide: X = CF,CO,; 
Acrn = CH,NHCOMe; Scrn = SC0,Me; Dnp = 2,Cdinitrophenyl 



thiol can then be activated by conversion into its Scrn derivative (37.1 -> 37.2) - a 

sequence of steps that would set the stage for a second ligation between 37.1 and a new 

templace-linked N-terminal peptide (cf. 36.1). marking the beginning of a new cycle of 

peptide coupling. In principle, the whole sequence can be repeated as many times as 

desired. 

(g) Application tu Peptide Synthesis 

The Prior Thiol Cnprrrre Straregy has been applied to the synthesis of several 

medium-sized peptides. One of these is the 29-residue C-termina! segment of the protein 

basic pancrentic typsin inhibitor (BPTD-22 This segment corresponds to residues 30-58 of 

the native protein. The synthesis of this peptide was the fust major test of the Prior Thiol 

Cnptrire Srraregy, and was effected by carrying out three cycles of the process outlined in 

Schemes 36 and 37, but with one modification. Instead of using N-terminal peptide 

segments with protecting groups only on the N-terminal nitrogen and cysteine residues ( c -  

36.1). fuliy protected segments were used. The non-cysteinyl protecting groups were al1 

TFA-labile and so, after Dnp protection of the new thiol group (cf. 366. + 366.). 

treatment with TFA also rernoved the non-cysteine side-c hain protecting groups (both 

SAcm and SDnp are stable under these conditions). This reaction gave a new C-terminal 

peptide, protected only on its cysteine side-chains, which could undergo activation (cf. 

37.1 + 37.2) and enter into another coupling cycle. 

The synthesis of the peptide in question was canied out as summarized in Scheme 

38. ln the first step, the activated C-temiinal peptide 38.2 undenuent capture by the fully 

protected segment 38.1 (step la), to give the Iigation intermediate. Acyl transfer (step Ib) 

then occurred. and was followed by trialkylphosphine-mediated template cleavage (step 

Ic), Dnp protection of the liberated thiol (step Id), deprotection of the N-terminal nitrogen 

and non-cysteine amino acid side-chains (step le) and, finally, activation of the N-terminal 

cysteine thiol by conversion into its Scrn derivative (step If). The product of this coupling 
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38.7 
'a = capture: b = acyl transfer (i-Pr,NEt); c = template cleavage (Et3P); d = thiol protection 

(SH + SDnp); e = deprotection (TFA): f = activation (SAcm + SScm); Pl = GGA: 

P2 = MR(Prnc)T(t%u); P2 = deprotected f o m  of E; P3 = R(Pmc)AK(Boc)R(Pmc)NNFK(Boc)- 

S(t-Bu)AE(t-Bu)D(t-Bu): P3 = deprotected form of a; P4 = OT(t-Bu)FVY(Dnp)GG: P4 = QTF- 

VY(Dnp)GG; X = CF3C02; Acrn = CH2NHCOMe; Scm = SC02Me; Dnp = 2.4-dinitrophenyl; 

Pmc = pentamethylchrornane 

cycle was the activated, cysteine-protected octapeptide 38.4, which corresponds to 

residues 5 1-58 of native BPTI. During the second cycle of the synthesis, this segment was 

coupled to the template-derivatized 13-residue segment (38.3), corresponding to residues 

38-50 of the native protein. The product of this second coupling cycle was the 2 1-residue 

peptide 38.6. In the third and final cycle, the activated segment 38.6 was combined with 

the octapeptide 38.5, to give the target peptide 38.7, protected only on its cysteine side- 

chains. Overail yields for each of the six-step cycles were between 50% and 75%. At high 

pH a second product was obtained resulting from intramolecular acyl transfer to the E- 

arnino group of the lysine residue at site 3 of peptide P3, but no acyl transfer to the second 

lysine of P3 at site 8 was detected. It is not unexpected that at high pH an &-amino group is 



acylated since, under these conditions, the lysine e-amino group is as abundant as the iV- 

terminal cysteine a-amino group and. as retlected in the higher pK, of its conju~ate acid. it 

should be a better nucleophile. The fact that the more distal &-amino group is not acy lated 

indicates an upper limit to the distance over which intramolecular acyl transfer can occur. 

and a mode1 study has s h o w  that. within this distance, selectivity of transfer can be very 

largely controlled by proper pH adjustment.62 

Subsequent to the above synthesis, the Prior Thiol Cnpntre Srrategy was applied to 

the synthesis of a 25- and a 39-residue peptide.j8 In these cases. however, peptide 

segments that were fully deprotected, except on their cysteine residues, were used. The 

39-residue peptide corresponded to residues 26-63 of the 63-arnino acid CoZEI repressor cf 
primer prorein, but had isoleucine-37 replaced by leucine. and had a cysteine residue 

attached to its N-terminus. This peptide was synthesized by coupling a 13-residue segment 

corresponding to arnino acids 26-37 of the native protein (but with the additional N- 

terminal cysteine) to a 27-residue segment corresponding to arnino acids 27-63 of the native 

protein and having the leucine-37 substitution. The 25-residue peptide was synthesized by 

coupling the same 13-residue N-terminal fragment used for the 39-residue peptide with a 

segment corresponding to residues 52-63 of the native protein. 

Each of the C-terminal segments used for the synthesis of these two peptides was 

generated using standard solid phase procedures. Synthesis of the common N-terminal 

fragment, however, made use of the s pecial dibenzofuran-linked solid phase resin (34.3) 

described above (see Scherne 34). 

The synthesis of the 25- and 39-residue peptides is outlined in Scherne 39. In each 

case, the coupling cycle was initiated by reacting the template-linked N-terminal peptide 

39.1 with the appropriate activated C-terminal peptide (39.2a,b), to give the ligated 

product (39.1 + 39.2a -+ 39.3a; 39.1 + 39.2b + 39.3b). 

The ligated product so obtained was then treated with base in order to initiate acyl 

transfer, and this process gave rise to compounds 39.4a,b. At this stage reductive 
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cleavage was carried out in order to remove the template and generate the desired peptide 

segments 39.5a,b. (In the case of template cleavage from 39.4b, the interna1 cysteine t- 

butyldisulfide protecting group was also cleaved.) In this way, the 25-residue peptide 

39.5a and the 39-residue peptide 39.5b were obtained in 82% and 80% yield, 

respectively . 

1.5 Native Chernical Ligation Strntegies 

A third ligation-based approach to peptide segment coupling is the Native Chernical 

Ligntion Strategy. which was developed by ~ e n t . 6 3  In this strategy. ligation of the 

segments prior to peptide bond formation occurs through a thioester link between the two 

segments to be coupled. The thioester is f o m e d  by exchange between a thiol and a 

thioester. a type of reaction that has been studied extensivelyH and is known to proceed in 

a highly chernoselective manner. Kent's approach can Se outlined in a general way by 

reference to Scheme 40. Here, the thiol is part of the N-terminal amino acid residue of the 

C-terminal peptide segment (40.2a,b), and the thioester is simply a denvatized form of the 

carboxyl terminus of the N-terminal peptide (40.1)- Ligation occurs when the two 

components are mixed in solution, and the reaction generates an intermediate (40.1 + 



40.2a + 10.3a; 40.1 + 40.2b + 40.3b) that is capable of undergoing intramolecular 

S+N acyl transfer. The transfer in this case gives rise to a coupled product (40.4a,b) 

which. depending on the specific approach used. may or may not require further 

manipulation. 

Scheme 40a 
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From Kent's original ideas on Narive Chernical Ligation two related procedures 

have emerged. The main distinction between them is the source of the nucleophilic thiol 

involved in the ligation step. This ligation determines the site at which coupling occurs 

between the two peptide segments. in  one approach, the source of the thiol is an 1V- 

terminal cysteine residue, and coupling occurs between that cysteine and some other arnino 

acid. In the other approach, an 1V-ethanemercapto- ( N - C H 2 C  H2SH) or  N -  

oxyethanemercapto- (N-OCHzCH2SH) derivatized glycine or alanine residue provides the 

nucleophilic sulfur and, as a result, coupling occurs between that glycine or alanine and 

some other arnino acid- 

2 -5. Z Ligatiorz by Dzioester Exchange involving Cysteine 

In the first of the Native Chernical Ligation approaches,63 an N-terminal cysteine on 

the C-terminal peptide provides the thiol substituent that is required for ligation. The 

ligation is chernoselective so no protecting groups should be required on either peptide 



segment. The general strate=. which has also been applied in another context (see Scheme 

63). is outlined in Scheme I l .  The principle is that ligation occurs when the thioester 

rnoiety of the N-terminal peptide (41.1) undergoes nucleophilic attack by the thiol group of 

the N-terminal cysteine of the other peptide (41.1 + 41.2 + 41.3). This process gives 

rise to an acyl transfer intermediate (41.3) which is not isolated, but which undergoes 

spontaneous inuamolecular acyl transfer to generate the coupled product directly (41.3 + 

41.4). In this case no further manipulation is required. 

Scheme 41 a 

41 -4 
aNP = N-terminal peptide: CP = Gteminal peptide 

(a) Mechanistic and Prnctical Aspects 

Intrarnolecular acyl transfer in the cysteine-based Native Chernical Ligntiun Strcztegy 

must proceed via a five-membered transition state from an intermediate (cf. 41.3) that is 

not isolated. Indirect evidence has been obtained for the proposed intermediate in two 

separate experiments. In the first, the thioester-derivatized N- terminai peptide 42.1 

(Scheme 42) was treated with N-acetylcysteine (42.1).63 Ligation proceeded to give 

42.5, but this compound cannot undergo acyl transfer because the amino group of the 

cysteine is blocked, and so 42.5 was isolated in the form shown. When the sarne N- 

terminal peptide (42.1) was treated with a fully deprotected C-terminal peptide having an 

N-terminal cysteine, the expected coupling product was obtained (42.1 + 42.2 + 42.3). 

Additional evidence for the proposed intermediate was obtained indirectly from an 

experirnent that was also used to established the requirement for cysteine at the N-terminus 

of the C-terminal ~ e ~ t i d e . 6 3  In this work, a thioester-derivatized N-terminal peptide (cf. 

41.1) was combined with a 10-fold rnolar excess of the C-terminal peptide Leu- 
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aP1 = LYRA; P2 = R A N S  

enkephalin65 which has, at its N-terminus, a tyrosine residue. No reaction occurred. 

However, when the same N-terminal peptide was treated with a different C-terminal 

peptide, having a cysteine residue at its N-terminus (cf 41.2), rapid coupling took place. 

These observations implied not only that the proposed intermediate did indeed form, but 

also that the ligation proceeds in a highly chemoselective manner. 

Coupling between 42.1 and 42.2 to give 42.3 (Scheme 42) proceeds readily in 

solution at pH 6.8. but very slowly when the pH is below 6.0.63 In addition. when 

coupling between 43.1, made as described below. and 43.2 (Scheme 43) was carried out 

Scheme 43= 

43.1 43.2 43.3 
aPl = MscCTETLQNAHSMALPALEPSTRYWARVRVRT; P2 = TGYN- 
GIWSEWSEARSWDT: Msc = [Z-(methanesulfonyl)ethytoxy]carbonyl 

at pH 7.0. reaction was essentially complete after only 5 min. However. when the same 

components were coupled at pH 5.0. the reaction was only about 50% complete after IO 

mi11.~3 These observations are quaiitatively in accord with the plausible mechanism that the 

thiolate is the reactive nucleophile. 



The coupling of  13.1 and 43.2 showed the expected influence of the sulfur 

leaving group on the ligation process. The former compound was made from the 

corresponding thioacid by treatment with 5.5'-dithiobis(2-nitrobenzoic acid) ( ElIman's 

reagent). This transformation is assumed to involve the interrnediacy of a short-lived 

disulfide [-C(O)SSC6H3(NO~)COfl which rapidly affords the thioester 43-1-66 The 

coupling experiment confirmed that the nature of the thioester leaving group intluences the 

rate of reaction; the initial investigations into coupling by Narive Chernical Lignrion had 

employed benzyl thiol as the leaving group (cf. 42.1) but, in the present case, 5-mercapto- 

2-nitrobenzoic acid serves in that role. and the result was much faster c 0 r i ~ l i n ~ . ~ 3  In a 

subsequent experiment, addition of thiophenol to a coupling reaction that used a benzyl 

thiol leaving group also enhanced the rate of the c o u p ~ i n g . ~ ~  Presumably, the increase is 

due to the fact that the PhS group replaces BnS prior to ligation and, therefore, provides a 

better leaving group. This technique of in situ conversion to a more reactive species has 

been used in the synthesis of peptides with over LOO arnino acid residues.G7 

A practical aspect of the coupling reaction is the need to suppress oxidation of free 

cysteine thiol groups. Oxidation of this type renden the ligation step ineffective, since it 

decreases the nucleopbilic character of the sulfur atorn on the N-terminal cysteine, and 

prevents ligation. It was established.63 fortunately. that this problem could easily be 

circumvented by carrying out the ligation in the presence of an excess of the thiot 

corresponding to the thioester leaving group. 

Despite the fact that coupling in the Native Chernical Ligarion Srrategy is canied out 

with completely unprotected peptide segments, no incompatibility with the presence of 

other cysteine residues was apparent? Presumably, this results from the fact that inter- or 

intramolecular reaction of cysteine residues, other than the intended one, with the thioester 

is unproductive and also reversible. The necessary juxtaposition of the required groups for 

acyl transfer c m  realistically be achieved only by reaction of the N-terminal cysteine of the 

C-terminal peptide (cf. 41.2) with the thioester substituent of the N-terminal peptide (cf. 



41.1). Reaction of other cysteines with the thioester will undoubtedly occur. but does not 

result in a system in which an amino group and the acyl group are sufficiently close to 

permit rapid acyl transfer. Instead. the products of such undesired ligation would be 

expected to react with the excess of the thiol corresponding to the leaving group. and revert 

back to staning material. Eventuaily. a productive ligation occurs, and is followed by the 

desired acyl transfer. 

An investigation into the effect of the C-terminal amino acid of the N-terminal 

segment on the rate of coupling in the Native Chernical Ligation Strategy has been carried 

out. This was done by exarnining coupling of the N-terminal segment LYRAX-SR and the 

C-terminal segment C R A N K . ~ ~  In this case. X-SR is an amino acid thioester69 

corresponding to one of the 20 naturally-occurring amino acids. Each of the 20 possible 

thioesters was examined and the amino acids were then grouped according to the time 

required for the coupling to reach completion (see Table 8). Ligation proceeds efficiently in 

Table 
Effect of N-terminal residue (X) of Gteminal Segment on 

Coupling of LYRAX-SR and CRANK by Native Chernical Ligation 

X Coupling X Coupling X Coupling X Coupling 
Time (h) Tirne (h) Time (h) Time (h) 

Gly S 4 Ala 5 9 Arg S24 Ile 1 48 
Cys S 4  Met 1 9  Asn < 24 Leu 1 4 8  
His 2 4  Phe 1 9  Asp r 24 Pro z 48 

TW <- 9 Gln 5 24 Thr 1 4 8  
TY r 1 9  GIU r 24 Vat 1 4 8  

Lys 124  
Ser 1 2 4  

ail cases. except when the thioester-derivatized amino acid is b-branched or is proline. 

Interestingly, when the thioester was a histidine or cysteine residue, coupling occurred at 

approximately the same rate as with the stericaliy unhindered glycine residue. It was 



suggested that this result rnight be due to a catalytic effect displayed by the side-chah (thiol 

or imidazole) on the rate-lirnitins thioester exchange. 

(b)  E-rrerztofEpinrerization 

The extent. if any, of epirnerization during the coupling process was monitoced in 

the following ~ a y . ~ O  The mode1 peptides 14.1 and 44.2 were prepared and allowed to 

react in 6 M guanidine hydrochloride at pH 7.5, in the presence of 1 % benzyl thiol and 3% 

thiophenol (Scheme 44). ro give 44.3. The leucine epirner (44.4) of this compound was 

also made. but by standard solid phase peptide synthesis. HPLC conditions were found 

chat allowed baseline resohtion of the two epimers (44.3 and 44.4) and, when the 

product of the ligation reaction was anaiyzed, no epimerization product was detected; and if 

any had occurred it rnust have been to the extent of <L%. 

Scheme Ua 
6 M guanidine HCI. 
BnSH. PhSH. 

w q s 6 n  + H& pH = 7.5 
NH2 

B '  
Y Y 

O 

44.1 44.3 

44.4 
'Pl = PACTLEYRP; PZ = GSDNKTYGN 

(c) Synrhesis of Peptide Segments 

The peptide segments used for the cysteine-based Native Chernical Ligation 

Strutegy were obtained by soiid phase peptide synthesis. The synthesis of the C-terminal 

peptides was straightforward, given that they possessed no unusual features. However, 

synthesis of the N-terminal peptides - which are derivatized at their carboxyl terrnini as 

thioesters - required some developmentai work. The thioesters could be obtained readily 



from the corresponding thioacids by reaction with an excess of benzyl brornide in 6 LM 

guanidine hydrochloride at pH 4.6 for the benzyl esters, or with 5.5'-dithiobis(2- 

nitrobenzoic acid) in 8 M urea at pH 4.0 for the 5-mercapto-2-nitrobenzoic acid 

thioesters.63 in order to obtain the starting thioacid-derivatized peptide. however. an 

optimized form of solid phase synthesis, based on the thioester-linked solid support 45.4 

(Scheme 15). had to be used?-72 This support was generated7 1 by reacting an 

appropriately protected Ai-hydroxysuccinimide amino acid ester (45.1) with the benzyiic 

thiol45.273 to give, after treatrnent with dicyclohexylamine, salt 45.3. This salt was then 

coupled to an aminomethyl polystyrene r e s i r ~ , ~ ~  generating the required solid support 

(45.3 + 45.4). At this point, standard solid phase peptide synthesis was carried out in 

order to produce the required peptide segment, and then treatment of the resulting resin- 

bound peptide with HF cleaved the product from the support, and released the required 

peptidyl thioacid (45.5). 

Scheme 4Sa 
1) hJZH 

45.2 BocH 
d 

2) dicyclohexylamine R 

O 

45.1 45.3 

1) Solid Phase Peptide Synthesis BOCH w 
R 2) HF 

45.5 45.4 

'NP = Nteminal peptide:Q = poiystyrene resin 

(d)  Application to Peptide Synthesis74 

One of the first applications of the cysteine-based Native Chernical Ligntion 

Strnregy was in the synthesis of a ltcrman interlerckin 8 mutant (46.4, Scheme 46).63 In 



this particular mutant. the histidine residue at position 33 was substituted by an alanine 

residue.63 The protein was 77 amino acids in size, and contained a total of four cysteine 

residues. Its synthesis was achieved63 by coupling the 33-residue N-terminal peptide 

segment 46.1 and the 39-residue C-terminai peptide segment 46.2. Significantly, a total 

of 18 out of the 70 genetically encoded amino acids are represented in these segments. The 

site of coupling was chosen to be between cysteine 34 and alanine 33. The two peptide 

segments were dlowed to react in 6 M guanidine hydrochloride at pH 7.6, in the presence 

of an excess of benzyl thiol, and underwent ligation to generate the acyl transfer 

intermediate (46.1 + 46.2 + 46.3). Intrarnolecular S+N acyl transfer (46.3 46.4) 

then gave the coupled product in approxirnately 60% yield after 48-72 h, 

Scheme 46= 

6 M guanidine HCI. 
BnSH, pH = 7.6 

NH2 

46.4 
aP1 = SAKELRCQCIKTYSKPFHPKFIKELRVIESGP; 
P2 = ANTEIIVKLSOGRELCLOPKENWVQRVVEKFLKRAENS 

A second application of the cysteine-based Native Chernical Ligation Strategy was 

in the synthesis of the peptide corresponding to residues 6-56 of trtrkey ovornrrcoid third 

dornain.70 The synthesis of this peptide was achieved by coupling the 18-residue N- 

terminal peptide 47.1 (Scheme 47) and the 33-residue C-terminal peptide 47.2. The 

coupling site was chosen to be between cysteine-24 and leucine-23. Peptides 47.1 and 

47.2, the former made70 by the procedure surnmarized in Scheme 45, and the latter 

manually synthesized by an optimized70 solid phase method based on Boc chernistry, 

undment  smooth ligation in 6 M guanidine hydrochloride at pH 7.5, in the presence of 



Scheme 47= 
6 M guanidine HCI. 
BnSH. PhSH. 
pH = 7.5 

N Hz 
- 

NH2 

47-1 47.3 

I 47.4 

dP1 = VDCSEYPKPACTLEYRP; P2 = GSDNKTYGNKCNFCNAWESNGTLTLSHFGKC 

1% benzyl thiol and 3% thiophenol, to give the acyl transfer intermediate 47.3, which then 

rearranged to the coupled product 47.4. Peptide 47.4 was isolated from the mixture after 

36 h. and purified by reverse-phase HPLC. The isolated yield was typically about 56%. 

One final noteworthy application of the Native Chernical Ligation Srrntegy is the 

formation of the 164-residue peptide 48.6 (Scherne 48)? In this exarnple, the peptide 

segments were recombinantly derived, and so the approach serves to dernonstrate the 

versatility, as well as the power of Native Chernical Ligation for coupling large segments. 

Since two sequential couplings were used. the potential for iteration was also 

demonstrated. The first c o u p h g  was between the 105-residue C-terminal peptide 48.2. 

Scheme 48= 
6 M guanidine HCI, 
BnSH. PhSH. 

NHz 
NH2 

48.1 48.2 & & Prokase Factor Xa 

0' O O 
48.4 

6 M guanidine HCI. 
BnSH. PhSH. 
pH = 7.2 

SH 
48.6 

aP1 = LEKHSWYHGPVSRNAAEYLLSSGINGSFLVRESESSPGQRSISLRYEGRVYHYRINTA- 
SDGKLWSSESRFNTLAELVHHHSTVADGLIllLHYPAPKRGHRD: P2 = RGKIEGRCK(Dns); 
P3 = MLFVALYDFVASGDNTLSITKGEKLRVLGYNHNGEWAEAQTKNGQGWVPSNYITPV: 
R = (CH,),NH-Dns: Dns = [5-(dimethy1amino)-1-naphthyl]sulfonyl 



and the thioester-derivatized decapeptide 48.1. and was achieved by storing the two 

components for 96 h in the presence of 6 M guanidine hydrochloride at pH 7.1. dong with 

1.5% benzyl thiol and 1.5% thiophenol (48.1 + 48.2 + 48.3). In this case. the 

decapeptide served as a masked form of the thioester-derivatized tripeptide 

CK(Dns)GSCHzCHlCONH2.  The additional seven residues of the decapeptide 

functioned as a protecting group for the N-terminal cysteine, and were removed 

enzymatically after the first coupling, by exposure to protease factor Xa (48.3 + 48.4). 

At this point, the stage was set for the second coupling, which was achieved by treating 

48.4 with the 56-residue. thioester-derivatized peptide 48.5 under the same conditions 

used for the first coupling 148.4 + 48.5 + 48.6). The overalI yield for the entire 

process was 28%. 

e Applicarion tu the Solid Phase (Solid Phase Chemical Ligation) 

The Nntive Chernicd Ligarion Strntegy has recently been extended to allow 

coupling in the solid phase." This can be accomplished using either of two separare 

approaches which Kent calls Solid Phase Chemical Ligatian techniques. In the tïrst 

approach, the thioester-denvatized N-terminal peptide is anchored to a resin through its N- 

terminus and is treated with a C-terminal peptide which has at its N-terminus a cysteine 

residue. Ligation and acyl transfer then proceed in the usual rnanner, with the exception 

that the coupled product remains attached to the solid support. Thus, peptide synthesis 

occurs on the solid support in the N to C direction. In the second approach, coupling is 

carried out in the C to N direction by first attaching a C-terminal peptide bearing an N- 

terminal cysteine residue to the soIid support via its C-terminus, and then treating the 

product with a thioester-derivatized N-terminal peptide. Again, ligation and acyl transfer 

proceed as usual, but result in a resin-bound coupled product. 

During the development of this solid phase segment coupling approach, Kent was 

able to incorporate into the rnethodology the option of carrying out the process in an 



iterative fashion. In this case. the product of the first coupling reaction becomes the resin- 

bound peptide used in the second coupling cycle, and the product of that cycle. in turn. is 

then the resin-bound component in the next cycle. The iterative coupling requires that the 

non resin-bound peptide. which possesses both an N-terminal cysteine residue and a C- 

terminal thioester, be introduced in a masked form in which one or the other of its termini 

(which one would depend on which of the two approaches was being used) is suitably 

masked. Protection of this type is necessary to avoid unwanted cyclization or. possibly. 

polymerization of the non resin-bound peptide. Following ligation and acyl transfer. the 

protecting group is removed, and the product is ready to enter into another coupling cycle 

(see later). 

f i )  Solid Phase Chemical Ligrrtion in the N to C direction77 

Soiid Phase Chemical Ligation in the N to C direction requires that the original N- 

t e f i n a l  peptide be attached to the solid suppon. To  achieve this. routine stepwise solid. 

phase peptide synthesis was used to generate the desired N-terminal peptide (19.1, 

Scheme 49) but, pnor to deprotection and resin cleavage, the unprotected a-amino residue 

was derivatized with p-nitrophenyl carbonate 49.278 to give the Boc-protected amine 

49.3. Removal of the Boc group was followed by a ~ y l a t i o n , ~ ~  and gave the keto 

derivative 49.4. This species was subjected to global deprotection and resin cleavage 

(49.4 + 4 9 3 ,  resulting in a free unprotected peptide possessing a cleavable linker at its 

arnino terminus.** The ketonic group of the linker was ernployed. via oxime formation. as 

the site of attachment to a water-compatible, cellulose-based aminooxy acetic acid- 

derivatized resin (49.6), resulting in formation of 49.7. 

At this point Native Chemical Ligation could be carried out between the resin-bound 

thioester 49.7 and the first C-terminal segment (50.1, Scheme 50). In this process 

unwanted side reactions involving the C-terminus of the non resin-bound peptide were 

suppressed by introducing this peptide in the f o m  of a thiocarboxylate ion. The C-terminal 



Scherne 4ga 

= protected Nterminal peptide; NP = unprotected N-teminal peptide: 

Pnp = pnitrophenyl; @ = poiystyrene resin: O = cellulose resin 

carbonyl in this form was found77 to be sufficiently unreactive towards the N-terminai 

cysteine thiol, provided the thioester-containing N-terminal peptide (49.7) was present. 

However, in the absence of the thioester, detectable cyclization of the non resin-bound 

peptide did occur.77 Ligation and acyl transfer (49.7 + 50.1 + 50.2) were carried out at 

pH 7 in the presence of 1% thiophenol. Once coupling was complete, the pH was lowered 

to 4-5 and the thiocarboxylate was converted into a thioester by treatment with bromoacetic 

acid (50.2 + 50.3). Excess reagent was washed away, and the pH was returned to 7 in 

preparation for another coupling cycle. Following the desired nurnber of iterations, the 

peptide was liberated from the solid support by cleavage with aqueous sodium hydroxide at 

pH 12-14 (50.3 + 50.4 + 50.5), and then p~rified by HPLC. 

Solid Phase Chernical Ligation in the N to C direction has been applied to the 

synthesis of three peptides ranging in size from 68 to 115 arnino acid resid~es.'~ In each 

case, two iterations of the coupling cycle were ernployed to reach the target, and so the 
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'NP = Mterminal peptide: CP = Cbrminai peptide: O = cellulose resin 

process involved the use of one resin-bound N-terminai peptide and two non resin-bound 

C-terminal peptides. 

(ii) Solid Phase Chemical Ligarion in the C ro N directionT7 

Preparation of the resin-linked C-terminal peptide for use in Solid Phase Chemical 

Ligation in the C to N direction is outlined in Scheme 5 1. The desired peptide segment was 

buiIt up using standard stepwise solid phase techniques from a support incorporating a 

linker which contained a carboxyarnidomethyl group attached to an €-amino Fmoc- 

protected lysine residue. Once the desired peptide (51.1) had been generated, the Fmoc 



group was removed by treatment with 20% piperidine. and the liberated e-amino group 

was acylated with levulinic acid. Global deprotection using HF was then effected and the 

resulting C-terminal-derivatized peptide 51.2 was isolated and purified by HPLC. The 

ketone functional group was used to anchor the newly-formed C-terminal peptide to a 

water-compatible, cellulose-based aminooxy acetic acid-derivatized resin via formation of 

an oxime (51.2 + 49.6 + 51.3). 

= protected Cterminai peptide; CP = unprotected C-terminal 

peptide: = palystyrene resin; 0 = cellulose resin 

The non resin-bound, thioester-derivatized N-terminal peptide 52.1 (Scheme 52) 

used in the ligatiodacyi transfer reaction was obtained by standard solid phase techniques 

and contained an N-terminal Acm-protected cysteine to prevent undesired side reactions. 

Ligation and acyl transfer (52.1 + 51.3 + 52.2) were carried out at pH 7 in the presence 

of 1% thiophenol and, once cornplete, excess reagents were washed away and the Acm 

group was removed by treatment with Hg(OAc)2 and AcOH (52.2 + 52.3). The product 

so obtained could then be used in subsequent coupling cycles and, once the final peptide 

had been generated, it could be cleaved from the solid support by treatment with aqueous 

sodium hydroxide at pH 12-14 (52.3 + 52.4) and purified by HPLC. 



Scheme 52= 
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%P = Kterminal peptide; CP = Cteminal peptide: O = cellulose resin 

Solid PIrase Chernical Ligation in the C to N direction has been applied to the 

synthesis of a 27-residue mode1 peptide using two iterations of the coupling sequence, as 

well as to the sy nthesis of a 1 lsresidue protein using three iterations of the sequencee7' 

1.5.2 Ligation by Thioester Exchange Involving Derivatized Glycine or Alanine 

The second approach to peptide segment coupling by Native Chemical Ligation 

avoids the strict requirement for an N-terminal cysteine on the C-terminal peptide segment, 

and the scope of the process was expanded to permit coupling between either glycine or 

alanine in one segment and some other amino acid in the other segment. This version75 of 

Native Chemical Ligation is outlined in Scheme 53. As in the cysteine-based approach, 

ligation occurs by nucleophilic attack by the thiol component (53.2a,b) on a thioester 

(53.1). The thiol component in this case is a glycine or danine residue that is derivatized 

as either an N-ethanethiol (53.2a) or an N-(0xyethane)thioi (53.2b). These derivatized 
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= Bn. or 5-thio-2-nitrobenzoic acid; R '  = amino acid side-chain: 
R~ = H. or Me: NP = N-terminal peptide; CP = Gterrninl peptide 

residues constitute the N-terminal amino accids of the corresponding C-terminal peptide 

chahs. The product of the ligation (53.3a or S3.3b) is a new thioester in which the 

thioacyl and a-amino groups are close to one another. Thus, a proximity induced S+N 

acyl transfer takes place to give the coupled peptide (53.4a,b). In the case of 53.413, the 

linking element used to correctly position the acyl and arnino groups is then removed by 

reductive cleavage (53.4b + 53-58). However, for compound 53.4a. no simple 

method for removing the linking element is available, and so a coupled product containing a 

non-standard arnino acid is obtained. 

Synthesis of the thioester-denvatized peptides 53.1 was achieved using the same 

approach as for the cysteine-based coupling strategy described above (cf. Scherne 45). 

However, the C-terminal peptides in the present case were made using a special approach 

that is summarized in Scheme 54. Standard solid phase peptide synthesis was used to 

generate the resin-bound peptide 54.1. This was deprotected at its amino terminus, and 

then coupled either with bromoacetic acid (54.1 + 54.2, R = H) or with (I)-2- 

bromopropanoic acid (54.1 + 54.2, R = Me). The brornide so obtained was then 

displaced using either amine 54.3a or 54.3b to obtain compounds 54.4a and 54.4b, 

respectively. Treatrnent of 54.4b with HF then served both to deprotect the peptide and 



Scheme 54a 

BOCH- 1)  TFA 

54.1 54.2 

(R = H or Me). 
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54.3b 

1) HF 
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54.4b n = 2, X :O. PG = 4-methylbenql 

'CP = Cteminal peptide 

cleave it from the solid support (54.41, + 54.Sb). In the case of 54.4a the same process 

was applied, but a final reductive deprotection step had to be performed in order to liberate 

the terminal thiol, whkh had been protected as a disulfide (54.4a + 54.5a). In the case 

where (2)-3-bromopropanoic acid was used to generate 54.2, a mixture of peptides, 

epimeric at the N-temiinal alanine reside, was obtained.8 

In order to test the efficiency of the coupling process outlined in Scheme 53, several 

mode1 studies were undertaken. The peptides used for this purpose are shown in Table 9, 

and the results of the coupling reactions are collected in Table 10. Ligations 1 and 2 (see 

Table 10) established that straightforward coupling could be achieved using either the N- 

ethanethiol (53.2a) or the N-oxyethanethiol(53.2b) derivative. The reactions proceeded 

Table 975 

Model 
Ligation 

1 

2 

3 
4 

5 

Model Peptides Used to Study the Approach of Scheme 53 

NTerminal Peptide GTeminal Peptide 
(53. 1 ) (53.2) 

- - -  - -- 

53.1 R = Tnbna R' = H, NP = LYRA 53.2a R~ = H. CP = AGPAGD-NH2 
53.1 R = Tnb. R' = H. NP = LYRA 53.2b R2 = H. CP = RNTATIMMQRGNFR-NH2 
53.1 R = 817, R' = Bn. NP = LYRA 53.2b R2 = H. CP = RNTATIMMQRGNFR-NH2 
53.1 R = Bn. R1 = H, NP = LYRA 53.2b R2 = Me. CP = ARHTVHQRHLHG 
53.1 R = 8n. R' = Bn. NP = LYRA 53.2b FI2 = Me. CP = ARHTVHQAHLHG 

'Tnb = 5-thio-2-nitrobenzoic acid 



in good yield and within a reasonable time. The third mode1 ligation provided an example 

of coupling of a more sterîcally hindered system and. cornpared to Iigations 1 and 2. the 

rate of coupling was noticeably slower and gave poorer yields. A similar rate and yield 

decrease was seen for the fouah mode1 ligation which. like the third. proceeded through a 

more sterically hindered transition state than either of the first two examples. Ligation 5 

involved a coupling in which both the amino acids to be linked were substituted at their 

respective a-carbons. In this case the degree of steric hindrance was too severe and no 

coupling product was observed. 

Table 1 0 ' ~  

Results of Model Studv for the Ap~roach of Scheme 53 

Model Tirne Temp 
Ligation PH (hl ("Cl 

1 7.0 4 25 
2 7.5 1 6a 25 
3 7.5 then 11.5 37 

4.5 10 
4 7.5 then 17.5 37 

4.5 6.5 
5 7.5 then 19 37 

4.5 22 

.- - - --- 

Approximate Yield ( O h )  

Unrearranged Product Rearranged Product 
(53.3) (53.4) 

not detected 
not detected 
30 
O 
39 
20 
58 
52 

90 
75 
35 
64 
52 
69 
not detected 
not detected 

a >80% complete after 1 h; extended reaction time was to insure complete acyl transfer 

Notable features of the data in Tables 9 and 10 are the low rates of acyl transfer 

with sterically hindered systems, compared to the cysteine-based Nntit.e Chernical Ligation 

Strategy described earlier- in fact, the acyl transfer rates were so Iow that in each of the 

final t h e e  mode1 ligations the unrearranged product was stable enough to be isolated. 

Thus, for practical purposes, the present method would appear to be limited to glycine at 

the ligation site; in the case of alanine, it has not yet been established that the key 

displacement (54.2 + 54,4a,b) can be done in a stereocontrolled way. 



I -6 Onhogonnl Liption Couplirzg Strntegies 

Several methods for coupling peptide segments - collectively referred to as 

Orrltogonnl Ligation Corcpling Straregies - have been developed by Tarn. Each of these 

methods is characterized by the type of reaction used to ligate the peptide segments prior to 

the peptide bond-forming acyl transfer reaction and, in al1 but two examples. the site of 

segment coupling occurs at a cysteine, a rnodified cysteine, or at a residue that becomes a 

cysteine in the final product, as described below. 

2 .6. I Ligation by rninzolidine Formation 

The first approach developed by Tam is one in which ligation of the peptide 

segments occurs by generation of a thiazolidine, and the general principle is outlined in 

Scheme 55.23-82 The C-terminus of the N-terminal peptide segment is derivatized as a 

glycoaldehyde (55.1). The aldehyde group condenses with a cysteine residue located at 

the N-terminus of the other segment (55.2). The condensation is highly selective and. 

gives the acyl transfer intemediate containing a thiazolidine (55.1 + 55.2 + 55.3). Acyl 

transfer proceeds through a Cive-membered transition state from this species to give the 

rearranged system 55.4, which possesses a new peptide bond. However, unlike most of 

the segment coupling approaches described so far, the new peptide bond is not a part of a 

native peptide backbone because the chain incorporates a thiazolidine at the site of coupling. 

Scheme 55a 

'NP = Abterminal peptide; CP = Cterrninal peptide 



(a) Mechanistic and Mode1 Studies 

Ligation of the peptide segments by thiazolidine formation occurs in a highly 

specific rnanner even though unprotected peptides are used. This results tiom the fact that, 

of the potentially many different ligation products that could form from nucleophilic attack 

on the aldehyde. only the thiazolidine (cf. 55.3) is sufficiently stable in the aqueous 

environment in which the coupling is done and so is present in a si,onificant amount, 

Reactions leading to other ligation products, such as imines or acetals. would be readily 

reversible under the conditions used, and none of these species would be expected to be 

present in a significant concentration. 

The thiazolidine unit c m  be fotmed only by reaction between the aldehyde group of 

the glycoaldehyde-derivatized peptide (cf. 55.1) and the arnino and thiol groups of a 

cysteine residue at the N-terminus of the other peptide (cf. 55.2). This high specificity 

requires that the N-terminus of the glycoaldehyde-derivatized peptide should be incapable 

of forming a stable heterocycle (cf. Table 1 1) by reacting with the glycoaldehyde unit. 

When this requirement is satisfied, no residue other than the N-terminal cysteine of the C- 

terminal peptide would have two nucleophilic groups suitably disposed to allow formation 

of a stable heterocycle. 

The possibility of effecting ligation using an N-terminal residue other than cysteine, 

but still having a nucleophilic side-chain, has also been explored.83 A stable heterocyclic 

ligation product can be envisioned when either threonine, serine, tryptophan, histidine, or 

asparagine is the N-terminus of the C-terminal peptide (see Table 1 l), and a special 

technique83 was developed to establish whether or not such heterocycles do actually form 

under ligation conditions. The experiments revealed that each of the expected heterocycles 

was indeed produced, but that cysteine was the most effective in terms of rapidity and 

cornpleteness of reaction. Next to cysteine was threonine, which did react completely, but 

at a significantly lower rate. Tryptophan, histidine, and serine were found to react even 

more slowly than threonine, and only the reaction involving tryptophan went to 



Table lla3 
Heterocyclic Ligation Products Resulting from Reaction Between 

Glycoaldehyde-Derivatized Peptides and Various N-Terminai Residues 

N-Terminus of N-Terminus of 
C-Terminal C-Terminal 

Peptide Ligation Product Peptide Ligation Product 

Threonine 

Tryptophan 

Histidine 

Asparagine 

completion. When asparagine was used as the N-terminal residue, almost no reaction was 

observed. 

Initial mode1 studies23-82 (Scheme 56) for the thiazolidine-based ligation involved 

reacting a glycoaldehyde derivative of glycine or alanine (56.3a,b) with certain 1.2- 

aminothiols (56.4a-c). In order to generate the required glycoaldehyde derivatives, the 

cesium saits 56.1a,b of the corresponding Na-Cbz-protected arnino acids were treated 

with bromoacetaldehyde dimethyl acetal, to give cornpounds 56.2a,b, from which 

aldehydes 56.3a,b were obtained by the action of TFA. At pHs between 5 and 6, the 

ligation products 56.5a-f were obtained within approximately 15 1nin.~3 The reaction 

could be carried out at a pH as low as 2, but in such cases several hours were required for 

~ o r n ~ l e t i o n . ~ *  At either neutral or basic pH, ligation was complete in less than 5 rnin.23 but 

competing ester hydrolysis was observed at basic pH. It was desirable to carry out the 

Ligation at acidic pH (generally pH 4 - ~ * ~ ) ,  not only to avoid ester hydrolysis, but dso  to 

avoid complicating reactions with other nucleophiles, such as those on the side-chains of 

Lysine and arginine.23-g2*83 



Scheme 56 
OMe 

56.5a R = H. RT = H 5 6 . 4 ~  R'  = CO-Leu-NH, 

56Sb R = H. R' = C02H 
56.5~ R = H. R' = CO-Leu-NH2 
56.5d R = Me. R1 = H 

56.5e R = Me, R1 = CO,H 
56.5f R = Me. R' = CO-Leu-NH, 

In general, once the ligatiom product had formed, the acyl transfer (56.5a-f + 

56.6a-f) could be initiated by increasing the pH of the solution.23 Half-times for the acyl 

transfer with three different systems were obtained at various pHs (see Table 12). From 

these data, it c m  be seen that for t h e  2-aminoethanethiol derivatives 56.5a,d an increase in 

pH gave a corresponding increase im the acyl transfer rate. In the case of the acyl transfer 

intennediate 56.5e, however, this trend was not observed, and the highest rate occurred at 

approximately pH 7. Likewise, compounds 56% and 5 6 3  were found to undergo acyl 

transfer most readily23+82 at the relatively low pH of 4-5 (data not shown in Table 12). but 

the reactions were slow (half-time e n .  20 h23 and 24 h.82 respectively). 

Table 1 223 
Half-Times for Acyl Transfer 
otf 56.5a.d.e at Various pHs 

Acyl Transfer Half-Tirne (h) 

Substrate W H  6 PH 7 PH 7.4 PH 8 PH 9 

56.5a . 21.5 8.8 3.4 2.8 
56-54 . 37.5 22.2 20.2 9.9 3.4 
56.5e 55.0 8.4 9.5 11.0 9.3 



(b) Synrhesis of Pepride Segments 

In order to apply the thiazolidine-based approach in a practical way. an effective 

means of attaching the glycoaldehyde rnoiety to the carboxyl terminus of the N-terminal 

peptide had to be found, and two methods were devised. In the f i r ~ t . ~ ~ . ~ ~  an enzymatic 

technique was used to couple a glycoaldehyde-derivatized amino acid to a peptide segment 

that was protected only at its N-terminus and at cysteine side-chaini. and had its carboxyl 

terminus in the form of an ester. The synthesis82 of this particular segment was based on 

solid phase techniques starting from a support such as 57.184 (Scheme 57), which allows 

the required peptide segment to be liberated from the solid support with its carboxyl 

terminus already in the form of an ester - in the case of 57.1, in the form of a 3- 

propylamido ester. Once the required synthetic peptide had been built up (97.1 + 57.2). 

side-chah deprotection and resin cleavage could be effected by treatrnent with HF, and this 

step was followed by oxidation of the cysteine residues to the corresponding disulfides 

Scheme 57a 

Solid Phase 
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NH 

57.6 
dPG = Cmethylbenzyl: NP = protected Nterminal peptide; 

NP = unprotected Wterrninal peptide: @ = polystyrene resin 



(57.2 + 57.3). At this point. the rninimally protecred ester was subjected to trypsin- 

catalyzed coupling to the dimethoxyethyl ester of alanine (57.3 + 57.4 + 57.5). The 

species obtained from this reaction was then treated with TFA to give the required 

glycoaidehyde-derivatized peptide (57.5 + 57.6). 

The second approach to glycoaldehyde-derivatized peptides relied on purely 

chernical means,8j thereby avoiding possible limitations imposed by substrate specificity of 

enzymatic reactions. The N-terminal peptide was synthesized by a solid phase procedure. 

as before, but using the thioester-containing support 58.1 (Scheme 58). with the 

asparagine residue being required as part of the target peptide.85 Once the required peptide 

had been obtained (58.1 + 58.2). treatment with HF served both to deprotect the side- 

chains and cleave the resin (58.2 + 58.3). The unprotected thioester-derîvatized peptide 

was treated with a large excess of an appropriately derivatized amino acid (58.4) in the 

presence of silver ion, to give the masked f o m  of the required glycoaldehyde-containing 

peptide (58.5).85 Under these conditions, acylation of nucleophilic side-chains was not 

observed. As in the previous method, treatment with TFA effectively removed the 

protecting group. liberating the free aldehyde (58.5 -+ 58.6). 

Scheme 58d 
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(c) Applicatiorz to Peptide S y  thesis 

The thiazolidine-based Orthogonal Ligation Coupling Strategy has been applied to 

the synthesis of a 1 5-residue peptide.23 a 50-residue peptide,82 and two HIV- 1 protease 

analogs. each 99 residues in l e n ~ t h . ~ ~  As mentioned previously. the coupling products 

obtained from these reactions do not possess a native peptide backbone, as a thiazolidine 

rnoiety is incorporated into the backbone at the site of coupling. This moiety bears a strong 

structural resemblance to  a proline residue (see  Scheme 59) and, therefore, could 

potentially serve as a surrogate for ~roline.86 It was this observation that suggested the 

synthesis of the HN-1 protease analogs, since assessment of their biological activity could 

provide a means of testing how well the thiazolidine unit can serve in place of proline. 

Scheme 59 

Thiazolidine moiety Proline residue 

HIV-1 protease contains several proline residues, two of which are suitabiy 

positioned to serve as the coupling site. The one  that was ultimately chosen for the 

coupling reactions was equivalent to proline-39 of the native protein. Consequently, each 

of the two analogs 64).4a,b (Scheme 60) had a thiazolidine unit substituted for proline-39. 

In addition, cysteine-67 and cysteine-95 were replaced by a-arninobutyric acid. These 

substitutions were made in order to avoid potentially complicating reactions and, since the 

residues were known not to be involved in disulfide formation in the native protein, it was 

assumed that their replacement would not profoundly effect enzymatic activity. In one of 

the analogs (60.4b), leucine-38 of the native protein was substituted by alanine. 

The C-terminal peptides required for assernbly of the analogs corresponded to 

residues 40-99 of the native peptide, with an additional cysteine at their N-termini. These 

peptides (with the indicated substitutions) were synthesized using conventional solid phase 



Scheme 60a 

60.la R = CH2CHMe2 60.2 60.3a.b 
60.1 b R = Me 

GY%$+ A pH 5-5 

OH 

60.4a.b 
'Pl = PQITLWQRPLVTIRIGGQLKEALLDTGADONLEEMN; P2 = GKWKPKMIGGIGGFI- 

KVRQY DQlPVEIaGHKAIGTVLVGPTPVNllGRNLLTQIGaTLNF; a = a-aminobutyric acid 

methods and were used in a fuiiy deprotected form. 

The N-terminal peptide segments used for the synthesis of the two HTV-1 protease 

analogs were each 38 residues in length and had their carboxyl termini in the required 

glycoaidehyde ester form, but were othenvise unprotected. These peptide se, uments were 

generated using the non-enzymatic approach (see Scheme 58). 

In each case the ligation was initiated by combining the amino component (60.2) 

and the acyl component (60.la.b) in a mixture of acetonitrile and water at pH 3-4.85 

Under these conditions ligation (60.la,b + 60.2 + 60.3a,b) was approximately 60- 

80% complete within 5-10 h. Although faster ligaùon would presumably have occurred at 

a higher pH, an increase in the pH beyond 4 resulted in precipitation of the peptide 

segments from solution.85 The initial ligation had to be camïed out in the presence of an 

aspartic protease inhibitor in order to prevent enzymatic cleavage (i.e. self-destruction) of 

the peptides. Once ligation was complete, the products (60.3a.b) were isolated, purified 

by HPLC, and then dissolved in a denaturing solution of guanidine hydrochloride and 

glycerol at pH 5.5, in order to effect acyl transfer (60.3a-b ;t 60.4a,b). After 3-4 days 

of incubation, the coupled products were obtained in greater than 90% yield. 

The enzymatic activity (at 22 OC) of the two synthetic analogs (60.4a.b) was 

compared to that of both the native protein and a third analog (61.1, Scheme 6 l), which 



Scheme 61 a 

61 -1 
dP1 = PQITLWQRPLVTIRIGGQLKEALLDTGADDTVLEEMN: P2 = GKWKPKMIGGIGGFI- 

KVRQYDQIPVEIUGHKA~GTVLVGPTPVNIIGRNLLTQIG~TLNF: u = a-arninobutyric acid 

represented a stable forrn of the acyl transfer intermediates leading to 60.4a.b. The kinetic 

data, which are listed in Table 13, show that each of the synthetic peptides has a binding 

affinity (Km) similar to that of the native enzyme, but each peptide has a different catalytic 

activity. The analog with only the proline and cysteine substitutions (60.4a) retained 

essentially complete activity, cornpared to the native enzyme, and the one with the 

additional leucine substitution (60.4b) showed approximately 70% of the activity. On the 

other hand, the analog representing the non-rearranged acyl transfer system (61.1), had 

only 30% of the activity of the wiid type enzyme. 

Table 1 385 
Kinetic Data of Synthetic HIV-1 

Protease Analogs Compared to Wild Type 

Km " m a  VmaJKrn 

Substrate (pM) (pmoumin-mg) (pmollmin-mg-M) 

Wild Type 10.1 3.43 3.40 x 1 os 
60.4a 1 1.9 3.96 3.33 1 os 
60.4b 8.2 2.26 2.76 x 1 o5 

1 . 6 . 2  Ligation by  Thioester Exchange 

The second approach used by Tarn to couple peptide segments is closeIy related to 

the cysteine-based Native Chernical Ligation Strategy discussed above (cf. Scheme 41), but 

the thioester leaving group (SR in Scheme 41) in the present case is derived frorn 3- 

mercaptopropanoic acid.g7 Using a thioester of this type (cf. 62.2, Scheme 62), an 

extensive investigation was carried out in order to determine optimal conditions for 
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coupling two peptide segments. The mode1 system used for this study consisted of peptide 

62.3 and the N-protected glycine thioester 62.2. These components were allowed to react 

in solution at various pHs and, in each case, four different main products were identified 

(62.1,62.4, 62.5, and 62.6, Scheme 62). The relative amounts at each pH are shown 

in Table 14. The observed decrease in bydrolysis of 62.2 with increasing pH is consistent 

with mechanisms in which, for this pH window (5.6-7.6), each of the following 

conditions is met: (i) the hydrolysis shows no dependence on pH, (ii) the pK,  of the 

cysteine thiol lies above the highest pH studied, and (iii) the thiolate anion acts as the 

nucleophile. 

Table 1 487 
Product Distribution for 

Reaction Between 62.2 and 62.3 

Product Yield (%) 

Further attempts were made to optirnize the coupling under the basic conditions that 

minimize thioester hydrolysis.87 This was achieved through an examination of the effect 

that a reducing environment would have on  the product distribution for the reaction 



between 62.2 and 62.3 at pH 7.2. The reducing agents examined were 3- 

mercaptopropanoic acid and tris(2-carboxyethy1)phosphine. These were added in various 

amounts either alone or in combination, and it was found that almost excIusive formation of 

the desired product (62.4) could be achiewed in the presence of a 2: 10 mixture of tris(?- 

ca.rboxyethyL)phosphine and 3-mercaptopropanoic acid. Under these conditions, formation 

of byproducts was almost completely supprnessed. These optimized conditions were usedg7 

to synthesize several peptides ranging in size from 9-54 amino acids and, in each case, the 

coupling reactions proceed effectively, g i ~ i n g  the acyl transfer products in yields of 60- 

88%. 

Tarn has also explored segment CO-upling based on Iigation by thioester exchange 

with a homocysteine residue88 that takes t h e  place of cysteine at the IV-terminus of the C- 

terminal segment in his previous exarnp-les (cf. 62.3, Scheme 62). Once ligation has 

occurred, acyl transfer takes place, this t ime via a six-membered ring, and gives rise to a 

product that has a homocysteine residuer at the site of coupling. At this point, the. 

homocysteine residue can be r n e t h ~ l a t e d , ~ ~  so that a methionine unit is now present at the 

coupling site. The obvious limitation of d i s  type of segment coupling, however, is that 

any cysteine thiols present in either of the seDments would also be rnethylated. 

2 - 6 . 3  Ligation by Thioester Fornation 

The Tarn group has also explored t h e  ligation of peptide segments, pnor to peptide 

bond formation, by reacting a thioacid and a primary bromide (Scheme 63).87 The thioacid 

in this case is a derivatized form of the carboxyl terminus of the N-terminal peptide (63.1), 

and the prirnary brornide is a bromoalanine residue at the N-teminus of the other peptide 

(63.2). The idea underlying this approach is that, once the two components have reacted, 

an acyl transfer intermediate (41.3) identical to that obtained using either of the thioester 

exchange ligation procedures already dlescribed (cf. Schemes 41 and 62) would be 

obtained. In this case, however, the ligatiom product is not formed by thioester exchange, 



Scheme 63= 
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al peptide; CP = Gteminal peptide 

but rather by nucleophilic substitution in which the brornide is displaced by the thioacid 

(63.1 + 63.2 + 41.3). At this point, acyl transfer should proceed, as in the thioester 

exchange strategies, to give the rearranged, coupled product with a new peptide bond 

(11.3 + 41.4) and, just as in the thioester exchange approaches, the product will have a 

cysteine residue at the site of coupling corresponding to what was the N-terminus of the C- 

terminal peptide chain, even though cysteine was not initially present at that position. 

A mode1 study of this approach was carried out using 2-amino-4- 

methylpentane thioic acid (64.1, Sc heme 64) and 3-bromoalanine (64.2). The reac tion 

was studied at several pHs and the results led to the foliowing conclusions. When the 

reaction was tried at a pH greater than 6,  the coupling process did not proceed smoothly to 

the desired product, but gave instead a 6:4 mixture of the desired product (64.6) and 

compound 64.5, respectively. Compound 64.5 was judged to result from the formation 

of an aziridine (64.2 -+ 64.1)- followed by attack at the a-position by the thioacid (64.4 

+ 64.1 + 64.5). Attack at the P position of the aziridine would give the desired ligation 

Scheme 64 
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product (64.3) and, ultimately, 64.6. If the pH of the solution was lowered below 5. 

however. i t  was found that very Little ( ~ 3 %  yield) byproduct was formed. This outcorne 

was suggested to result from the fact that at Iower pH aziridine formation was not favored. 

and so the normal course of nucleophilic displacement of the brornide by the thioacid (64.1 

+ 64.2 + 64.3) could proceed, eventually giving the desired coupled product. 

The possibility that the ligation was occumng by Michaei addition of the thioacid to 

dehydroalanine, formed by HBr elirnination from 64.2, was excluded as follows. First. it 

was established that HBr elirnination did not occur to an appreciable extent unless the pH of 

the solution was raised to about 1 1. Secondly, the product obtained from reaction of 64.1 

and 64.2 was compared to appropriate reference samples, using HPLC. There was no 

evidence for epimerization, and so it was judged unlikely that ligation involved Michael 

addition. 

The method was tested (Scheme 65) by synthesizing a 12-residue peptide (65.4). 

This was generated by coupling the fully unprotected 4-residue thioacid segment 65.1 and 

the bromoalanine-containing 8-residue segment 65.2. which was protected only at an 

internai cysteine residue. When combined in solution. the two components reacted to give 

the acyl transfer intermediate 65.3, which subsequently rearranged to the desired product 

in 85% yield. 

Scheme 65a 

1 65.4 

'Pl = SAK: P2 = PGGNAC(Acm)V; Acm = CH,NHCOMe 



1.6.4 Ligation b-v DisrlIfide E-~c/zange 

Another peptide segment coupling approach that the Tarn group has developed is 

based on ligation by a disulfide bond, which is formed by attack of a thioacid on an 

activated thioL90 Like Kemp's Prior ni01 Captrtre Strntegy, the activated thiol is located at 

the N-terminus of the C-terminal peptide (66.2. Scheme 66) and is part of a cysteine 

residue. Unlike Kemp's approach, however, the activating group is a 2-mercapto-5- 

nitropyndyl, rather than an Scm group. Also different from Kemp's approach is the fact 

that the attacking nucleophilic sulfur atom is part of a thioacid corresponding to the 

carboxyl terminus of the other chain (66.1). rather than a thiol attached to a template. In 

fact, no template is usrd in the present case; instead. the two components react in solution 

to form an acyl transfer intemediate in situ (66.1 + 66.2 + 66.3), and this species then 

undergoes rearrangement through a six-membered transition state to give the coupled 

product, in which the cysteine thiol is derivatized as a hydrodisulfide (66.3 + 66.4). 

This is readily reduced to generate the desired coupled product (66.5). 

Scherne 663 
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'NP = N-terminal peptide: CP = Cterminal peptide: R =$ 

This disulfide Qation-based route to peptide segment coupling has been applied9* 

to the synthesis of a 32-residue peptide, generated by coupling a 17-residue C-terminal 

segment and a 15-residue N-terminal segment. The latter was madego by solid phase 

synthesis, and its C-terminus was in the forrn of a thioacid. The coupling process was 



initiated by ac tivating the N-terminai cysteine thiol of the C-terminal segment. which was 

fully unprotected except at its interna1 cysteine. Activation was accomplished by treatment 

with 2.2'-dithiobis(5-nitropyridine). The  product of this reaction (67.2, Scheme 67) was 

then combined with the thioacid-derivatized N-terminal peptide 67.1 in a solution of 

acetonitrile, water. and TFA at pH 2 .  Under these conditions the ligation product was 

formed (67.1 + 67.2 + 67.3). The pH was then adjusted to 6, which induced efficient 

acyl transfer, giving the hydrodisulfide 67.4. Acyl transfer via the six-membered 

transition state accessible from 67.3 was so eff~cient  that it was more than 90% complete 

after only 5 min. Finally, the hydrodisulfide 67.4 was readily reduced by treatrnent with 

dithiothreitol, to Iiberate the desired coupled peptide 67.5. 

Scheme 67a 

67.5 67.4 

dP1 = HSGYVGARC(Acm)EHADLLA; P2 = FFGTARFLVQEDKP: Acm = CH,NHCOMe: R =$ 

1.6.5 Ligation by  Amide Fornarion 

One final approach to peptide segment coupling that has been reported by Tarn, 

rnakes use of an N-terminal histidine to aid in ligation and c0u~1ing .g~  This approach 

(Scheme 68) provides the third exarnple of a practical coupling technique that does not 

involve, either directly or indirectly, a cysteine residue. The histidine in question is 

positioned at the N-terrninus of the C-terminal segment (68.3) and functions in much the 

same way as the terminal cysteine in the thioester exchange approaches of  Kent and Tarn, 

discussed above. In the present case, however, it is, of course, the imidazole rather than a 



thiol that acts as the nucleophilic ligation component. To effect ligation. the imidixzole 

nitrosen attacks an activated thioacid rnoiety at the carboxyl terminus of the iV-terminal 

peptide (68.1 ), and generates the transient amide 68.4. The activated form of the thioacid 

is the disulfide 68.2, which is generated in situ by treatment of the thioacid with 5.5'- 

dithiobis(2-nitrobenzoic acid). As mentioned earlier (see section 5. la), acyl disulfides (cf. 

68.2) c m  react further to give a thioester; however. the rate of this process appearsgl to be 

sensitive to the reaction conditions as well as to the nature of the thioacid and, in the present 

case. it is believedgl that the disulfide is actually the species involved in the ligation. 

Evidently, the aryl disulfide is an adequate leaving group. Once the transient amide 68.4 

has formed, spontaneous intramolecular acyl transfer occurs via a six-membered transition 

state. and gives the coupled product 68.5. 

Scheme 68a 
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Mode1 studies (Scheme 69) on the histidine-based coupling strategy involved the C- 

terminal peptides 69.2a and 69.2b, and the thioacids derived from N-Boc-pro tected 

glycine (69.la). alanine (69.lb),  and Ieucine (69.1~). Peptide 69.2b provided a 

control that could be used for cornparison to the N-terminal histidine peptide, in order to 

determine if the ligation product indeed formed prior to acyl transfer. Each of the C- 

terminal peptides used contained an unprotected lysine residue, and so the problem of 



Scheme 6ga 

69.3a R = H. R1 = CH21m 
69.3b R = H. R' = H 

6 9 . 3 ~  R = Me. R T  = CH21m 
69.3d R = Me. R1 = H 

69.3e R = CH,CHMe2. R'  = CH,lrn 

69.31 R = CH,CHMe2. R' = H 

selectivity of acylation between the a-arnino and the &-amino groups was also examined. 

At pH 5, 5.7, and 6.5 each of the thioacids 69.la-c, once activated [with 5.5'-dithiobis(2- 

nitrobenzoic acid)], reacted preferentially with the a-amino group instead of the €-amino 

group of the tetrapeptides 69.2a and 69.2b. At pH 5.7 and 6.5 both a higher selectivity 

of acylation in favor of the a-amino group, as well as a higher reaction rate, were observed 

for the peptide with the N-terminal histidine (69.2a) as compared to the one without 

(69.2b). The reIative product distribution for coupling between each of the thioacids and 

each of the C- terminal tetrapeptides at pH 5.7 is shown in Table 15. As further 

confirmation of the role of the N-terminal histidine in the coupling process, a cornpetition 

experiment was carrïed out in which an equimolar mixture of the two C-terminal peptides 

(69.2a,b) was treated with thioacid 69,la that had been activated by 5.Sr-dithiobis(2- 

nitrobenzoic acid). In this case, the product corresponding to coupling with the histidyl 

Table 1 ~ ~ '  
Product Distribution for Reaction of 69.la-c with 69.2a.b 

GTeminal Peptide 

Thiocarboxy lic Coupling Acylation 

Acid Yield (%) Selectivitv (a/€) 



peptide 69.3a was obtained in greater than 90% yield. whereas less than LO% of the other 

product (69.3b) was formed. 

The amide ligation-based coupling procedure was further testedgl by applying it to 

the synthesis of an 8-residue peptide (70.4a. Scheme 70) and a 25-residue peptide 

(70.4b). For each synthesis. tetrapeptide 70.1 was used as the N-terminal thioacid- 

derivatized peptide. This peptide was combined with either the k e s i d u e  C-terminal 

peptide 70.2a, or the 21-residue C-terminal peptide 70.2b. in the presence of 5.5'- 

dithiobis(2-nitrobenzoic acid) at pH 5.7, t o  give the presumed ligation product (70.1 + 
70.2a.b -, 70.3a.b). Each acyl transfer reaction proceeded as expected under these 

conditions, and gave the 8-residue coupled product in 75% yield, and the 25-residue 

product in 60% yield. 

Scheme 70a 

'Pl = SKA; P2 = GKA for a se"es; P2 = LSSMERVEWLRKKLQDVHNF for b series; Fi =$ 

2 RE~ULTS AND DISCUSS~ON 

2 . 1  Background 

As revealed in the introduction to this chapter, considerable effort has been invested 

in the development of methods for coupling peptide segments, which are based on prior 



ligation and proximity-induced intrarnolecular acyl transfer. Although this approach to 

segment coupling has evolved considerably since the early reports and specuiations made 

by Brenner, Wieland, and others, the problem has by no means been solved. In fact. when 

we began our work in this area, we identified three main shortcomings of what was then 

the existing technology, and used these as the basis for our research program (see later). 

2 - 2  Segment Coup Ling Approaches Invol ving Lignriorz by Thioesrer E-rchangr 

At the outset of our investigations into segment coupling, we were not concerned 

with developing a new approach to ligating the peptide segments pnor to the peptide bond- 

forming acyl transfer reaction, although later we did investigate and speculate about other 

ways of carrying out this crucial step (see Section 2.3). The ligation reaction that we chose 

was thioester exchange. By the time we had entered this area of research, Kent had cleariy 

established the power of this technique for effecting ligation and we chose, therefore, to 

address only the weaknesses of the existing technology not directly related to the ligation 

step. 

2 . 2 . 1  Resenrch Objectives 

(a) Developrnent of a Generalized Approach to Peptide Segment CoupLing 

Our first and primary objective was to develop a generalized approach to segment 

coupling which would allow coupling to be carried out between any two arnino acids. 

Kemp's early explorations into segment coupling using his Pt-ior Amine Capture Smtegies  

(see Section 1.3) were the first examples of what could potentially have become a 

generalized approach to segment coupling. In these strategies, initial ligation of the 

segments was based on the reaction of an N-terminal amine of what would have been the 

C-terminal peptide, with the derivatized C-terminal portion of the N-terminal segment 

(Scheme 3). Unfortunately, as was revealed during the course of his investigations, amine 

capture proved ineffective as a means of ligating peptide segments, and so the approaches 



were not developed further. Of the remaining approaches that have been devised for 

segment coupling (see Section L), nlmost al1 involve coupling at a cysteine. a modified 

cysreine. or at a residue that becornes a cysteine in the final product. The few approaches 

that do no< involve a cysteine residue are thernselves lirnited to coupling between specific 

res idues. 

From a practical point of view, when coupling peptide segments it  is likely that 

difficulties will result in certain cases. These difficulties may arise. for example. from 

having a particular sequence of arnino acids at or near the coupling site, which could 

impose conformational or steric constraints on the system and impede the coupling process. 

This type of phenornenon is well-known in conventional peptide synthesis, and results in 

so-cdled "difficult sequences". It is necessary, therefore. to have available a generalized 

method for segment coupling, so that when difficulties do a i se  in joining two or more 

segments, modified approaches to the same peptide can be explored by joining different 

segments at different sites. 

The plan we developed for a generalized approach is outlined in Scheme 7 1, and is 

based on the use of a specially derivatized amino acid (cf. 71.2). In this approach, 

standard solid phase peptide synthesis techniques would be applied to generate the required 

C-terminal segment, but in the Iast step of the synthesis, the derivatized arnino acid would 

be incorporated into the chain (71.1 + 71.2 + 71.3). Arnino acid 71.2 contains a 

suitably protected amino group, which bears a tether that terminates in the form of a 

protected thiol. Both the thiol and amino protecting groups on the special amino acid 

would be chosen such that they could be removed in the subsequent step of global 

deprotection and resin cleavage (71.3 + 71.4). 

The fully deprotected peptide (71.4) obtained from this process would then be 

used in a thioester exchange with an appropriate N-tenninal segment (71.5), which would 

be derivatized at its C-terminus in the form of a thioester. This reaction would give rise to 

an intermediate (71.6) in which the required amino and carboxyl groups are in proxirnity 
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and, consequently, an intramolecular acyl transfer couId then occur, giving rise to the 

rearranged compound 71.7, which possesses a new peptide bond at the site of coupling. 

At this stage the tether wouid be removed (71.7 + 71.8) to give the desired coupled 

product. 

The generality of the approach depicted in Scherne 71 arises from the ability to 

incorporate any specially denvatized amino acid (cf. 71.2) in the final stage of solid phase 

synthesis of the C-terminal segment. One such specially derivatized residue would have to 

be made for each naturally-occurring &no acid, and could be made for non-naturally 

occurring amino acids as well. The other amino acid invoived in the coupiing reaction is 



the thioester-denvatized C-terminal residue of the N-terminai chain (cf. 71.5). Again. any 

amino acid desired could be incorporated at this position, this time by using technology that 

Kent has developed for the synthesis of the N-terminal segments for his Native Clzeitiical 

Ligation Strategies (see section L -5, Lc). 

The tether used for the approach of Scheme 7 1 would have to fulfill certain criteria. 

Firstly, it would have to be constructed in such a way that, once ligation has occurred. the 

appropriate acyl and amino groups are in proximity so that intrarnolecular acyl transfer can 

occur. As well, the tether would need to withstand al1 reaction conditions met during the 

final stages in the preparation of the C-terminal segment, and during the coupling process. 

At the same tirne, the tether must be removable without damage to the newly-coupled 

product (cf. 71.7 -> 71.8). Three different, but related, tethers were exarnined during 

our work, and each will be discussed in due course (see later). 

(b) Developrnent of n Generalired iterative Approach ro Peptide Segment CoupLing 

The second objective of our research prograrn was to extend the above generalized 

approach to segment coupling, so that it could be applied in an iterative sense. In other 

words, once the initial coupling reaction has been carried out between two segments (cf. 

71.4 + 71.5 + 71.7), the product of that reaction could be used in a subsequent 

coupling with a new peptide segment. When we began studying the problem of segment 

coupIing, only one example of an iterative coupling rnethod had been developed (see 

Sections 1 - 4 3  and g). Although the process in question did operate in the desired sense, 

it was somewhat cumbersome in that several steps involving protection and deprotection of 

variously positioned cysteine residues were required. During the course of our work, an 

iterative approach was reported by Kent (see Section 1.5. le), but the technique described 

was not based on a generalized coupling strategy. 

Extension of the generalized approach depicted in Scheme 7 1, so that it c m  be 

applied in an iterative way, simply requires that an orthogonal protecting group strategy be 



applied, as outlined in Schemes 72 and 73. Standard solid phase techniques with. for 

exarnple, acid-labile protecting groups and an acid-labile thioester-based resin linker. would 

be used to generate the N-terminal peptide segment (cf. 72.1). In the last step of the 

synthesis, a specially derivatized arnino acid, having orthogonal base-labile protecting 

groups (in this particular exarnple Fmoc and Fm groups are shown). would be incorporated 

(72.1 + 72.2 -, 72.3). The product of this reaction would then be treated with acid in 

order to remove al1 but the terminal protecting groups and cleave the peptide from the resin. 

leaving it in the form of a thioacid (cf. Section 1 S. lc). that would subsequently be 
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converted into a thioester (72.3 -+ 72.4). The thioester-derivatized peptide could then be 

used in a ligation reaction with a C-terminal peptide segment (72.5). having an iV-terminai 
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arnino acid possessing the special tether described above. As before. the ligated species 

(72.6) would be expected to undergo intramolecular acyl transfer. giving the coupled 

product 72.7. 

At this point, the base-labile protecting groups would be removed from the N- 

terminal residue (72.7 + 73.1, Scheme 73), and the resulting product could then enter 

into another coupling cycle. In principle the process could be repeated as many tirnes as 

desired (73.1 + 73.2 + 73.3), and then the last coupling reaction would be done with an 

N-terminal peptide (73.4) having at its IV-terminus a standard residue without the tether 

attached (73.3 + 73.4 + 73.5). In the final step of the process, the tethering groups 

wouId be removed in order to liberate the desired peptide (73.5 + 73.6). Of course, the 

process could also be carried out using a base-labile resin linker and protecting groups for 

the synthesis of the N-terminal segment (cf. 72.4), dong with an N-terminal residue (cJ 

72.2) having acid-labile protecting groups. In such a case the product of the first coupling 

reaction (cf. 72.7) would be activated for use in a second cycle by treatment with acid 

instead of base (cf. 72.7 + 73.1). 

(c) Adaptation to the Solid Phase 

The third objective of Our research was to adapt the generalized, iterative approach 

to the solid phase. Such an extension would have associated with it the obvious positive 

implications of simplifjhg the synthetic process, but would be particularly beneficial in the 

context of an iterative approach. A technique of this type could potentiaily lead to a system 

that operates much like conventional stepwise solid phase peptide synthesis, but with the 

benefit of coupling segments together in each cycle of the process, rather than individual 

amino acids, as described below. When we began work on this project no reports of a 

solid phase-based approach to segment coupling using a ligation strategy had been 

described. During our studies, however, one such report did appear (see Section 1.5. le), 

but the technique described was not based on a generalized coupling strategy. 



The plans we developed for adapting our proposed method for segment coupling to 

the solid phase require only very slight modifications. In fact, al1 that we would have to do 

is to have one or the other of the segments used in the coupiing reaction attached to a resin. 

If the C-terminal peptide was to be the resin-bound peptide, then segment coupling would 

proceed in the C to N direction; if the N-terminal peptide was to be resin-bound, then 

synthesis would proceed in the N to C direction. In either case, one point that had to be 

considered was how and when the ultimate resin-bound segment would be attached to the 

solid support. It would not suffice, for example, to sirnply plan to synthesize the C- 

terminal peptide as before (cf 71.1, Scheme 7 l)  using standard solid phase methods and, 

once it was derivatized with the special amino acid residue (71.1 + 71.2 + 71.3), to 

remove ali the protecting groups in a way that did not cleave the product peptide frorn the 

resin. In this case, the deprotected peptide could not be used in a ligatiodacyl transfer 

reaction, because the resin used for the stepwise portion of the synthesis would have to be 

one that was compatible with organic solvents, and such a resin would not be effective in. 

the aqueous environment required for the segment coupling portion of the process, since its 

swelling properties would be compromised. 

(i) Solid Phase Segment Coupling in the N ro C direcrion 

In standard stepwise solid phase peptide synthesis, synthesis in the N to C direction 

is not possible due to complications related to epimerization at the a-carbon of the 

individual arnino acids as they are added to the growing peptide c h a h  This results from 

the propensity of the C-terminal residue of the growing peptide chain, once in the suongly 

activated form (74.1, Scheme 74) required for coupling with the incorning amino acid 

(74.5). to form an azlactone (74.2).92 The azlactone readily undergoes epimerization via 

74.3 to give the diastereomeric azlactone 74.4, which ultimately yields the epimerized 

product (74.6). In segment coupling in the N to C direction, epimerization is not expected 

to be a significant side reaction. This is because the C-terminal residue of the N-terminal 



chain is in the form of a thioester. and it has been demonstrated (see Section 1.5. lb) that 

when the carboxyl terminus is in this form. it is not sufficiently activated to epimerize under 

standard ligation conditions (see below). 
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Our plan for solid phase segment coupling in the N to C direction is outlined in a 

general way by reference to Scheme 75. The resin-linked, thioester-denvatized N-terminal 

peptide segment (75.3) would be generated using standard solid phase procedures, in a 

manner similar to what we had planned previously, but without use of an orthogonal 

protecting group strategy for the N-terminal, tether-carrying, arnino acid (75.2). Global 

deprotection and resin cleavage (75.3 + 75.4) would be effected under appropriate 

conditions, giving rise to thioacid 75.4. This would then be coupled, via ligation and 

intramolecular acyl uansfer, to a thioester-derivitized, water-compatible resin (cf. 75.5) 

possessing, for example, an acid-labile linker, giving 75.6, which would subsequently be 
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transforrned into thioester 75.7. 

Thioester 75.7 could then be used in a subsequent Iigation reaction with another 

appropriately derivatized peptide segment (76.1, Scheme 76), and this would then be 

followed by thioesterification. After the desired number of coupLing reactions were carried 

out, the product (76.2) would then be cleaved from the resin and the tethering groups 

would be removed. In the present example, if the tether were acid-labile, then the single 

operation of treatment with a strong acid would serve both to remove the tethers, and cleave 

the peptide from the solid support (76.2 + 76.3). 
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(ii) Solid Phase Segment Coupling in the C to Ndirection 

Our plan for solid phase segment coupling in the C to N direction is outlined in 

Scheme 77. In this case, a thioester-derivatized peptide segment (72.4) possessing a 

suitably protected (FmocEm protected in the particular exampIe shown), tether-bearing N- 

terminal residue would be prepared in the manner already descnbed (see Scheme 72). This 

segment would be used in a ligation reaction with an appropriately derivatized water- 

compatible resin possessing an acid-labile linker (77.1). The product (77.2) of that 

reaction would be subjected to base-rnediated deprotection of the N-terminal residue in 

order to liberate the free thioamine. This wouId then be treated with another suitably 



protected thioester-derivatized segment (cf. 72.4). to give a ligated species that could then 

undergo intrarnolecular acyl transfer leading to a coupied product. The cycle would be 

repeated the desired number of times, and then a final treatment with base would give 

77.3. The Iast coupling reaction would be conducted using a C-terminal thioester- 
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derivatized segment lacking the special arnino acid at its N-terminus, and this would then be 

followed by treatment with strong acid which would serve to cleave the product from the 

resin and, if an acid-labile tether was employed, also to remove the tethering groups (77.3 

+ 77.4 + 77.3). Of course, as mentioned before, one could potentially exchan, ce  acid- 

labile groups for base-labile groups, and vice versa, with the appropriate corresponding 

modification of the conditions for cleavage. 

Recent progress in the area of solid phase resin chemistry has led to the 

developrnent of new r e ~ i n s , ~ ~  which could potentially simplib the planned approach to 

solid phase segment coupling in the C to N direction just described. These resins have the 

unusual property of being able to maintain their swelling integrity in both organic and 

aqueous solvents and could, therefore, potentially be applied to prior Iigation-based 

segment coupling in the following way (see Scheme 78). Loading of the water/organic 

solvent compatible resin with the first residue (78.1) of the segment to be synthesized 
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would be done using, for example, an acid-labile linker, and would be conducted in an 

organic solvent (78.1 + 78.2 + 78.3). Standard Fmoc-based solid phase chernistry. or 

other suitable synthetic tactic. would then be applied in order to generate the desired 

sesment (78.3 + 78.4). and then the special N-terminal arnino acid (78.5) would b r  

attached. and the resulting product would be subjected to global deprotection. removing al1 

the protecting groups, but leaving the resin attached (78.4 + 78.5 + 78.6). At this point 

the process would essentially converge on that which is outlined above in Scheme 77 

(except that a different resin is involved), with 78.6 replacing 77.1. Of course, one could 

envision a cornplimentary approach in which acid-labile groups replaced base-labile 

groups, and vice versa. 

2 . 2 . 2  Considerations Regarding rhe Tether 

(a) Terher Cleavczge 

The overall objectives of Our research are outside the well estabtished traditions of 

peptide synthesis, and in order for the rnethods that we planned to develop to be generally 

useful. we needed to maintain simplicity by achieving our objectives using, primarily, 

chernistry that is well-known to peptide chemists. As a result, when developing tethers we 

considered only those that would be cleavable by a simple operation such as treatment with 

acid or base. 

in the rearranged coupled product (cf, 72.7, Scheme 72), the nitrogen to which the 

tether is attached is in the form of an amide, and so the tether should cleavable by treatment 

with stronp acid, if a relatively stable carbocation results. This would be the case, for 

example, if the carbon atom a to the amide nitrogen was benzylic (cf. 79.1, Scheme 79) 

or tertiary (cf. 79.2). Of course, in the case of a benzylic tether, it would also potentially 

be cleavable by hydrogenolysis, using a heterogeneous catdyst. However, we did not 

favor this approach as the presence of free thiol groups would be likely to lower catalyst 

activity. As well, use of heterogeneous catalysis would not be compatible with the soiid 
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phase protocols that we hoped eventually to explore. 

An additional matter had to be considered regarding the use of an acid-labile tether. 

This has to do with the fact chat our proposed synthesis of the tether-bearing segment (cf. 

72.4, Scheme 72) includes an acid-mediated step to remove the side chah protecting 

groups and cleave the peptide from the resin (cf, 72.3 + 72.4). Hence, Our tether would 

have to be stable to acid prior to the amide bond-forming segment coupling and then 

sensitive to acid afterwards. Prior to segment coupling, the nitrogen to which the tether is 

attached is in the form of an amine or protected amine, and afterwards the nitrogen is part 

of an amide. As it turns out, it is known that a benzylic amine is stable to treatrnent with 

strong acid, whereas a benzylic amide is not.94 We could not find any literature precedent 

to suggest that the sarne would be true for an amine attached to a tertiary carbon versus an 

amide, but we assumed that this would be the case. 

The acid-labile tethers that we examined are shown in Scheme 80. Each of these 

tethers has certain features that potentially make it more or less attractive than the others for 

use in the ligatiodacyl transfer process. For exarnple, the two benzylic tethers could offer 

some degree of control with respect to their acid lability in a very straightforward way. Lf ii 

turned out that the tethers are not as labile as we expect thern to be - once in the form of 

benzylic amides - then we couId simply incorporate into them a suitable electron releasing 

substituent, such as a methoxy group, at the para position, in order to stabilize the 

carbocation involved in tether removal. Likewise, introduction of an electron withdrawing 

substituent at this position should dirninish the acid lability, if the benzylic tethers turn out 



to be too sensitive to acid. This type of control would be more difficult to achieve using the 

dimethyl tether. Replacement of the two methyi groups with electron withdrawing groups. 

such as trifluoromethyl groups, would certainly be possible if the tether was too acid-labile. 

However, increasing the acid sensitivity by introduction of electron releasing groups. such 

as silicon or boron, in place of the methyl groups, would probably be too cornplicated. 

Scheme 80 
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Although we hoped that the tethers would behave in the desired sense - being 

acid-labile in the fonn of amides but not as amines or protected amines - we were aware 

of the possibility that they might be labile before the amide had formed. Of course, this 

would complicate matters during solid phase synthesis of the thioester-derivatized N- 

terminal segments (cf. 72.4, Scheme 72), because the tether would be cleaved dunng the 

acidic deprotection and resin cleavage steps, and so would not be available for ligation and 

acyl transfer. The benzylic tethers that we had devised could potentially allow some control 

in such an event. Such c o n t d  would require that an electron withdrawing group be 

introduced in the para position (so that the amine species would not be acid sensitive) that 

could be altered in some way following the ligatiodacyl transfer reaction so that it would 

become electron releasing, thus causing the tether to become acid sensitive. Certain groups 

that fulfill this role are known, and have been applied to other problems in peptide 

c h e ~ s t r y . ~ 5  

We also thought that it might be possible to achieve this effect by using a benzylic 

tether with an Fmoc protected hydroxyl group in the para position (cf. 81.1 and 81.2, 



Scheme 81). The carbonate form of the hydroxyl group rnight be sufficiently electron 

withdrawing to prevent acid cleavage of the tether at the amine/protected amine stage. and 

could be converted to the electron releasing free hydroxyl form at an appropriate time by 

treatment with mild base. Another potential solution for the problern of premature acid 

lability would be to incorporate a hydroxylarnine at the para position of the benzylic tethers 

(cf. 81.3 and 81.4). Durhg the acid deprotection step the amine would be protonated and 

might, therefore, prevent electron release by the adjacent hydroxyl. Following ligation and 

acyl transfer, the nitrogen oxygen bond could be reduced to liberate the electron releasing 

hydroxyl group, thereby making the tether more acid-labile. 

Scherne 81 

(6)  Thiol Nucleophiliciîy 

Aside frorn the cleavability of the tethers, another distinction between the three 

tethers depicted in Scherne 80 is the relative nucleophilicity of their respective thiol groups. 

Since the thiol substituent in 80.1 is aromatic, it is expected to be considerably less 

nucleophilic than the primary alkyl thiol groups of tethers 80.2 and 80.3. In theory. it 



should be possible to increase the nucleophilic nature of the thiol group in 80.1 by placing 

an electron releasing group on the benzene ring in the position para to sulfur. However. 

since the thiol groups in both 80.2 and 80.3 are primary, they are likely also less 

sterically encumbered than the aromatic thiol. This situation implies that a very strong 

electron-releasing group would likely be required in 80.1. in order to sufficiently enhance 

the reactivity of its sulfur atom relative to the other tethers. This could, in turn, be 

detrimentai to the acyl transfer reaction that occurs following ligation since. in this case, a 

more electron rich sulfur atom would impede the acyl transfer by making the carbonyl of 

the thioester less electrophilic. 

(c) Transition State Size and Shape 

In the ligated species, the aromatic tether 80.1 would give rise to a six-membered 

acyl transfer transition state. Kemp has previously examined systems with a related acyl 

transfer transition state, but having an oxygen in place of the sulfur (see Section 1.3). For 

these systems, it was found that transfer was complicated due to steric interactions resulting 

from the compressed size of the transition state. In 80.1 the increased size of the sulfur 

atom could potentially alleviate such unfavorable nonbonding interactions to some extent, 

and so 80.1 might be more amenable to acyl transfer than those systems studied by Kemp. 

The acyl transfer transition state arising from both 80.2 and 80.3 is five- 

membered and, consequentiy, should resemble that of the cysteine-based Native Chernical 

Ligation approach of Kent (see Section 1.5.1), and so is not expected to be overly 

problernatic. However, one additional factor requires attention when considering tether 

80.2, which results from the fact that it is chiral. Since 80.2 contains a stereogenic 

center, two diastereomeric acyl transfer transition States will result from the ligation 

reaction. Obviously the matter is easily rectified by using the tether in optically pure form 

but, in this case, each diastereomer of the tether-beuing peptide would need to be evaluated 

in order to deterrnine its efficiency in the ligation and acyl transfer steps. Of course, the 



complications resulting from the chirality of 80.2 could also easily be avoided by sirnply 

having two phenyl groups attached to the center cc to the nitrogen atorn, although such 

systems have not yet been examined by us. 

2 . 2 . 3  St~rdies lnvolving Benzylic Tether 80.1 

The following work represents explontory studies on a difficult topic and includes 

a number of unsuccessful experiments and approaches used to try to synthesize particular 

me area compounds. We realized early on in Our research that we would have to survey a lar, 

and, therefore, in order to make rapid progress, we did not fully characterize al1 the 

compounds encountered, as was done for the research described in other parts of this 

thesis. The majority of the experiments that we conducted have been included here so that 

a record is available of al1 the avenues that have been explored, as this information is bound 

to be of value in the continuation of the work. 

(a) Syntizesis and Examination of n Model System for Acyl Transfer 

Our initial investigations into peptide segment coupling by prior ligation and 

proxirnity-induced intramolecular acyl transfer focused on the use of the benzylic tether 

80.1 (Scheme 80). As was mentioned previously, Kemp had examined related systems. 

in which an oxygen atom replaced the sulfur atom, and had noted some difficulties in the 

acyl transfer process. Hence, Our first objective was to build a suitable mode1 that would 

allow us to test whether or not acyl transfer would occur across this tether, at Ieast in a 

sirnplified system. For this purpose we wanted a compound of the general type 82.1 

(Scheme 82), which possesses al1 the features of Our intended acyl transfer intermediates. 

The  actual synthetic target that we chose is 82.2. 

Our initial approach to mode1 systern 82.2 is outlined in Scheme 83. 2- 

B romo benzalde hyde (83.1) was converted into cyclic acetal 83 -2, under standard 

conditions. This was then subjected to meraVhalogen exchange. using t-BuLi26 to give the 



Scheme 82 

required lithiated species, which was treated with elemental sulfur  to afford 

mercaptoaldehyde 83.3, following hydrolysis of the ucetal protecting group. Acylation of 

83.3 proceeded in high yield to give 83.4. 
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With the required aldehyde in hand, we first tried to generate the desired mode1 

system 82.2 by reduction of an irnine (83.5), generated in situ. This was tried by treating 

83.4 with benzylamine and NaCNBH3 in the presencs of acidic methanol. However, only 

the corresponding dimethyl acetal (84.2, Scherne 84) was obtained from this experiment. 

We next explored a route whereby we would obtain the irnine and, in a separate step, 

reduce it to the required amine. Unfortunately, all conditions tried for forming the desired 

imine from 83.4 aiso resulted in a substantial amount of benzylamide being formed. 



Although at this point we wanted to try a different route to 82.2, we wondered 

about the possibility that the benzylamide we had detected dunng irnine generation, was 

fomed by intramolecuiar acyl transfer from a hemiaminal(84.1. Scheme 84), generated Nt 

situ by reaction between benzylamine and the aldehyde of 83.4. A similar reaction had 

been encountered by Kemp during one of his Prior Amine Capture Approcrches (see 

Section 1.3.1). To test this possibility, dimethyl acetal84.2 was generated by treatment of 

83.4, under the conditions shown, and was then reacted with benzylamine under the same 

conditions used previously to form the irnine. Benzylamide was rapidly formed. and rhis 

fact implied that acyl transfer was probably proceeding intermolecularly, since 84.1 was 

not likely to have formed from the acetal 84.2. 
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Our next approach to 82.2 is shown in Scheme 85. if we could generate thioamine 

85.2, then we intended to convert it into the corresponding N-Boc protected species 85.5. 

Of course, the thiol group of 85.2 rnight have to be protected in order to access compound 



85.5. The desired mode1 system (82.2) could then be generated from 85.5 by S -  

acylation and deprotection of the Boc-protected amine. In the event. this route failed very 

early on becausr attempted imine formation using 83.3 and benzylamine under 

dehydrating conditions. gave rise only to 85.7. the product of an interna1 Mannich 

reac tion. 

Scherne 85 

In order to prevent such an internai Mannich reaction, we decided to use an S- 

protected version of thioaldehyde 83.3, in the hope that we could then effect irnine 

formation. Hence, 83.3 was treated (Scheme 86) with 1-bromo-2.4-dinitrobenzene in the 

presence of Hunig's base to afford thioether 86.1. This species was then treated with i- 

amylamine under dehydrating conditions, and gave imine 86.2, which was subsequently 



reduced to amine 86.3 in low yield. Although at this point we could have tried the 

sequence of protection and deprotection steps shown in Scheme 86. we abandoned this 

approach for the time being because of the low yield for the irnine fonnation/reduction. and 

decided to explore what appeared to be a more promising route that we were investigating 

simultaneously (see Schemes 87 and 88). We did, however. return to the approach of 

Scheme 86 in a rnodified forrn Iater on. 
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The first successful approach to mode1 system 82.2 is that outlined in Schemes 87 

and 88. This approach differed from those examined so far, in that nitrogen alkylation was 

achieved by displacement of a primary brornide, rather than by imine formation and 

reduction. The route began with reduction (NaBH4) of thioaldehyde 83.3 to give benzyl 

alcohol 87.1, which was then transformed into the corresponding symmetrical disulfide 



(87.3) by oxidation. Benzyl alcohol 87.1 could also be obtained frorn cornmercially 

available 2-mercaptobenzoic acid (87.2) by LiAlH4 reduction, and it was this route that we 

preferred because it avoids the preparation of 83.3. 

Conversion of di01 87.3 into the dibromide was attempted under various 

conditions, but only the use of PBr3 gave a reasonable yield of the desired product (87.4). 

It should be mentioned that we ais0 considered conversion of di01 87.3 into the ditosylate. 

as this species could potentially have served in place of the dibromide for nitrogen 

alkylation. However, attempted Formation of the ditosylate under standard conditions 

resulted in the formation of cornpound 87.5. 
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Using dibrornide 87.4, trifluoroamide 88.1 (generated as shown, Scheme 88) 

was easily alkylated, and the product (88.2) of this reaction was then hydrolyzed to 

Iiberate amine 88.3, which was subsequently protected as its N-Boc derivative 88.4. 

Reduction of the disulfide was accomplished by treatment with NaBQ, and took the route 

as far as thiol 88.5. The thiol was then acyiated to form 88.6, which was deprotected 

using TFA, giving the TFA salt of 82.2. Gratifyingly, after the considerable effort that 

went into making what appeared to be a very simple mode1 system, we found that when 

88.7 was treated with Et3N, the acyl transfer product 88.8 was obtained within 10 min, 
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presumably via intermediate 82.2. 

(b) Synthesis of the Specially Derivatized Arnino Acid 

As a result of the work described above, we were able to establish that acyl transfer 

could, indeed, be camied out using benzyl tether 80.1, at Least in the simple system we had 

exarnined. Hence, our next short-term objective was to make a representative exarnple of a 

specially derivatized arnino acid (cf. 71.2, Scheme 7 l), and show that it could be used in a 

conventional coupling reaction, and thus potentiaily be used to cap the N-terminus of a C- 

termina1 peptide during solid phase peptide synthesis (cf. 71.1 + 71.2 + 71.3). The 

general structure of the actual target we sought is 89.1 (Scheme 89). 



Scheme 89 

Pg. Pg ' = protecting groups 

The first approach we took for the preparation of the special arnino acid was based 

on the successful synthesis of our mode1 system for acyl transfer described above. Thus, 

the sulfur atom would be protected as a disulfide and the amine as a urethane (see 90.1. 

Scheme 90). This route began with the preparation of a suitably protected glycine 

derivative (90.2 + 90.3) which we had hoped could be used directly in an alkylation 

reaction with dibrornide 87.4 but, as it tumed out, al1 efforts to effect such an alkylation 

were unsuccessful. We also tried to carry out the required transformation using a related 

trïfluoroamide derivatized amino acid ester. In this case HClAIaOEt (90.5) was treated 

with TFAA to afford compound 90.6, and this was then treated under various conditions 

with dibrornide 87.4. However, as was the case with BocGlyOMe (90.3), we were 
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unsuccessful. Apparently. alkylation using dibrornide 87.4 is limited in scope. 

Since we were not successful at alkylating arnino acid denvatives using dibromide 

87.4. we decided to Vary the nature of the protecting group on sulfur. Hence. benzyl 

alcohol 87.1 was treated with BoczO in order to generate the S-Boc protected compound 

91.1 (Scheme 9 1). Conversion of this species to the required bromide (91.2) was easily 

achieved by treatment with PBr3. Several atternpts (see Scheme 9 1 ) were made to use this 

bromide to alkylate three different amine derivatives, but in each case we obtained either a 

compiex mixture, which did not show any clear evidence for formation of the desired 

product, or we recovered starting rnaterials. 

Scheme 91 
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We also prepared the corresponding mesylate (92.1) from benzyl alcohol 91.1, 

and tried to use this in the alkylation of BocGlyOMe (90.3). However, when 90.3 was 



deprotonated and treated with 92.1, the desired transformation did not occur. and only 

starting materials were recovered. 
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point it was clear that we would have to make the tethered amino acid (cJ 

89.1) using a route that did not rely on nitrogen alkylation by an alkyl bromide. To this 

end, we returned to an earlier approach (see Scheme 86), albeit in a modified form, that we 

had abandoned in favor of the bromide-based alkylation route. In the present 

circurnstances we planned to obtain a suitable sulfur-protected version of aldehyde 83.3 

and, once again, attempt imine formation and reduction. We hoped that by varying the 

protecting group on sulfur, we would have greater success then when the 2,4-dinitrophenyl 

protecting group was used (cf. Scheme 86). 

The first sulfur protecting group we examined was the Boc group. We made this 

choice for two reasons. First, it is easily removed by treatment with TFA and, secondly, it 

is the sarne group we intended to use on nitrogen, which meant that both protecting groups 

on the tethered amino acid could be liberated by a single, straightforward operation. The 

required S-Boc protected aldehyde was easily obtained by treatment of benzyl alcohol91.1 

with Dess-Martin reagent (Scheme 93). With aldehyde 93.1 in hand, we began to explore 

its conversion into an appropnate imine. 

Scheme 
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The first attempt at irnine formation was with glycine, but we were not able to 

achieve the required conversion (cf. 93.1 + 93.2) under several conditions tried. 

We next explored imine formation using ester-derivatized amino acids, hstead of 

simply using a methyl or ethyl ester, we wanted to examine the possibility of imine 

formation between aldehyde 93.1, and an arnino acid ester from which the corresponding 

free carboxylic acid could be obtained without relying on the nomally harsh conditions of 

ester hydrolysis. We were concerned that, in a case other than glycine. hydrolysis of the 

ester might also cause epimerization at the a carbon of the arnino acid component. We did 

not examine benzyl ester derivatives, because the conditions required for hydrogenolysis 

could potentially also hydrogenolyze the benzylamine tether. The esters that we considered 

were the 2,6-dimethoxybenzyl ester, which is cleaved under mild oxidative conditions 

using D D Q , ~ ~  and the 2-naphthylmethyl ester, which is removed hydrogenolytically~8 but 

under very mild conditions that do  not affect benzyl esters and, presumably, 

The 2,6-dimethoxybenzyl ester protecting group was examined first (Scherne 94). 

We were unable to effect direct formation of the required ester using glycine and 2-6- 

dirnethoxybenzyl dcohol, but we were able to couple BocGly with the dcohol under 
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standard conditions. which gave N-Boc protected ester 94.1. Unfortunately, our attempts 

to remove the nitrogen protecting group from this compound using IO% (v/v) TFA in 

CHzClr gave only a complex mixture; apparently the 2.6-dimethoxybenzyl ester was too 

acid-labile for our purposes. We did not explore the corresponding route using FrnocGly 

at the time. an approach - - which would have required base-mediated deprotection of the 

nitrogen, but instead chose to examine the 2-naphthylmethyl ester. 

The Znaphthylmethyl ester of glycine (95.2) was prepared as outlined in Scheme 

95. BocGly and 2-naphthylrnethyl alcohol were coupled under standard conditions to give 

the fully protected glycine species 95.1. Treatment of this ester with TFA removed the 

nitmgen protecting group, giving the desired amino ester (95.2) without complications. 

Having a suitable glycine ester available, we attempted imine formation using S-Boc 

protected aldehyde 93.1 under various conditions, but al1 that we could obtain was, at 

besr, a trace amount of what might haïe been the imine - as determined by the presence of 

small peak in the lH NMR spectnim of the crude material at approximately 8.2 ppm. 
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It was not clear why the S-Boc protected aldehyde shoulc! be so unreactive towards 

imine formation. Initially we supposed that the origin of the low reactivity might be due to 



steric bulk caused by the sulfur protecting group. However, we had already established 

that a different and somewhat bulky S-protected version of aldehyde 83.3 (Scheme 83) did 

react to give an imine (86.1 + 86.2, Scheme 86)- and so we are not convinced by the 

steric argument. ~Moreover, we subsequently established (see later) that when aldehyde 

83.3 was protected on sulfur with a bulky t-Bu or Fm group, imine formation occurred 

readily . 

We considered the possibility that the diminished reactivity of the aldehyde toward 

irnine formation was rooted in electronic, rather than stenc factors, although it was not clear 

why this should be so [in al1 the successful cases of imine formation (see 86.1 + 86.2, 

Scheme 86, and later) the sulfur was in the forrn of a thioether]. To examine this matter 

further, we prepared the disulfide protected version of aldehyde 83.3, and attempted to use 

it for imine formation (Scherne 96). Interestingly, as was the case with the S-Boc protected 

version of the aldehyde, the desired reaction did not occur. Apparently, having the thiol 

protected as a thioether is critical to successful imine formation. 
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We also explored a decidedly more aggressive approach to imine formation based 

on an aza-Wittig reaction, which is shown in Scherne 97. However, al1 that was recovered 

from this experiment was S-Boc protected benzyl aicohol91.1. 

We then resorted to the use of GlyOMe as the amine component in a final attempt to 

make an amino acid-based irnine from aidehyde 93.1. When 93.1 was treated with 

GlyOMe using (Me0)3CH as a dehydrating agent, and the product of that reaction treated 

directiy with NaB&, al1 that was isolated was the undesired aldehyde reduction product 
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91.1. Interestingly, when treated under the same conditions, but using benzylamine 

instead of GlyOMe, aldehyde 93.1 reacted to give 85.7, and Boc protected benzylamine 

(Scheme 98). Compound 85.7 had been observed earlier during attempted imine 

formation from 2-mercaptobenzaldehyde (83.3) and benzylamine. Apparently, in the 

present case, benzylamine and 93.1 were undergoing Boc exchange [either 

intermolecularly, or intramolecularly via an initially formed hemiaminal (cf. 84.1, Scheme 

84)l to give aldehyde 83.3, which then underwent an interna1 Mannich reaction with 

additional benzylamine. No matter what the actual mechanism is that Ieads to formation of 

the observed products, it was clear at this point that use o f  S-Boc protected aldehyde 93.1 

was not likely to be effective for alkylation of amino acid derivatives. Even if we could 
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establish conditions in which the amino acid species and 93.1 would react, the result was 

expected to be simiiar in outcome to that just described, namely Boc transfer from sulfur to 

nitrogen and subsequent Mannich reaction. 

As we still wanted to be able to make the required tether-bearing arnino acid 

derivatives by an imine forrnatiodreduction route, we turned our attention to a different 

sulfur protecting group, and we chose to examine the t-butyl group. We had already 

observed irnine formation using a thioether-protected version of aldehyde 83.3, and hoped 

that we would be successfui in the present case as well. Hence, the actual target that we 

sought was (89.1, Pg = t-Bu, Pgl = Boc, Scheme 89). 

Removal of the t-butyl group could potentially be achieved by dissolving metal 

(Na/NH3(1)), or by treatment with TFA and Hg(OAc)2, followed by reduction of the 

resulting mercaptide. The later conditions were preferable, in that they would also cleave 

the Boc group that we planned to use to protect the nitrogen atom. Unfortunately, these 

conditions were considerably more cumbersome than simple treatment with TFA, which 

would have sufficed had we been able to generate the S-N-bisBoc protected system (cf, 

89.1, Pg, Pgl = Boc, Scheme 89). 

The S-t-Bu protected aldehyde was obtained from comrnercially available 2- 

nitrobenzaldehyde by treatment with t-BUSH under basic conditions (99.1 + 99.2, 

Scherne 99). When this species was treated with amino ester 95.2 in the presence of 
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molecular sieves, an approximately 6:4 mixture of imine 99.3 to aidehyde 99.2 was 

obtained, as judged by the NMR of the crude material. The imine was treated with 

NaBH4 in MeOH in order to generate the amine, but we obtained instead the amine 

corresponding to ester exchange with the solvent (99.4). In an effort to inhibit ester 

exchange, the reduction was repeated, but this tirne using the more bulky solvent i-PrOH in 

place of MeOH. However, the product was still that of ester exchange (99.4 R = i-Pr). 

As it turned out, we were able to generate the carboxylic acid that we desired from 

aldehyde 99.2 directly, without recourse to an esterified version of an amino acid. This 

was achieved by treating the aldehyde with glycine, under the conditions shown in Scheme 

100, to give imine salt 100.1, which was subsequently reduced to the corresponding 

amine, and then protected on nitrogen (100.1 -+ 100.2). 

With the required carboxylic acid (100.2) in hand, we were then able to establish 

that it could, indeed, be used in a conventional coupling reaction. This was done by 

treating the acid with benzylamine under standard coupling conditions (100.2 -t 100.3)-. 

The fact that this reaction proceeds smoothly and in high yield, suggested that Our specidly 

derivatized amino acids would potentially be applicable in the final step of solid phase 

synthesis of the peptide segments that we ultirnately required. 
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As mentioned in Section 2.2.2a, from the outset of Our research we wanted to be 

able to obtain our final objectives using the sirnplest chemistry possible. Relative to S-Boc 

protection, sulfur protection using a r-Bu group is considenbly more awkward with respect 

to the ease and cleaniiness of its removal. Therefore, although we had achieved our second 

short tenn objective, we decided to make a brief detour to see if we could use 100.2, or a 

related species, to generate an Sfl-bisBoc protected tether-bearing amino acid. 

Our first attempt at doing this involved treating imine 100.1, with Na/NH3(1), 

followed by BoclO. We hoped that the fully deprotected thioarnine would be obtained 

from 100.1 under the reductive conditions, and that both the amine and thiol substituents 

would then react with Boc20 to give 101.1. As it tumed out, exposure of the irnine to 

Na/NH3(1) did serve both to reduce the irnine and liberate the free thiol, but only the amino 

group reacted with Boc20, whereas the thiol formed a disulfide (101.2). 
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We next explored the possibility of generating the S-Boc species from the 

corresponding thiol, in a system that already had the amine in the required protected form. 

This process began with reductive cleavage of the disulfide bond of 101.2 with NaE3- in 

refluxing i-PrOH. Reduction of the disulfide could not be affected using either refluxing 



MeOH or EtOH, the higher temperature of boiling i-PrOH being essential. Several 

attempts were then made to protect the thiol and obtain the desired S,N-bisBoc protected 

species, but our efforts (Scherne f 02) were uniformly unsuccessfiil. resulting in either the 

recovery of starting materiai or the corresponding symrnetncal disulfide. 

Scheme 102 
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further, but instead exarnined how the N-Boc, S-t-Bu-protected compound we had made 
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(c) Deprotection, Ligation and ln tramolecular Acyl Transfer 

Up to this point, we had not forrnally addressed the actual ligation aspect of our 

approach to segment coupling. In order to do this we would Fust have to obtain a suitably 

deprotected version of the systems that we had k e n  trying to synhesize. 

We first evaluated the deprotection, ligation, and acyl transfer sequence using 

compound 100.3, since we already had a small arnount avdable- Deprotection of 100.3 

(Scherne 103) was carried out by treatment with cold TFA and anisole in the presence of 

Hg(OAc)2, followed by exposure to H2S. This sequence gave a compound whose 1H 

NMR characteristics were consistent with the expected TFA salt 103.1; however, we were 



unable to puri@ the material. As a result. we repeated the deprotection sequence (100.3 

+ 103.1), and then attempted the ligation and acyl transfer reactions using the crude 

material, by dissolving it in MeCN and then adding i-PrzNEt. which caused immediate 

formation of a white precipitate. Thioester 103.2 was then added but, even after a stirring 

penod of 11 h. it was clear that the reaction was not progressing, as judged by the fact that 

the thioester was not being consumed (the reaction was monitored by TLC). 

Subsequently, it was established that what was actually occurring, was that the TFA salt 

was being neutralized by addition of base, and that this caused the zwitterionic species 

103.4 to form, which is insoluble in the solvent being used. The zwitterion precipitated 

from solution without further reaction. Although we were unsuccessful in canying out the 

ligation and acyl transfer reactions using the deprotected matenal. the experiments at least 

furnished us with a straightfonvard preparation of pure 103.4. which we could use in 

further investigations. 
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As it turned out, compound 103.4 was insoluble in water, and in al1 of the 

standard organic solvents we tried, except DMSO. Hence, the ligation and acyl transfer 



process was atternpted using this solvent. To this end, equimolar amounts of 103.1 and 

thioester 103.2 were dissolved in DMSO-do, and i-PrzNEt was added to the mixture, The 

reaction was monitored by 'H NMR, which showed the disappearance of the N-acetyl 

methyl signal corresponding to the starting material 103.2. and the appearance of  

additional signais in that region. Within 15 h. no further change in the NMR spectrum was 

observed, but it was clear that the reaction had not gone io completion. since signals 

corresponding to the thioester were still present. The product was isolated 

chromatographically and. on the basis of LH and 13C NMR. deterrnined to be the desired 

product 103.3. 

At this point we were interested in trying to c o n f m  if the coupling reaction we had 

observed was indeed the result of an actuai libation and acyl transfer process, or if it was 

simply the result of intermolecular acyl transfer from thioester 103.2 to the secondary 

arnino group of 103.1, once the arnine had been neutralized. Hence we conducted two 

control experiments as follows. 

The first of these was intended to establish if the Iigation reaction had actually 

occurred. This required preparation of a suitable analog of 103.1 lacking the thiol 

substituent, and the obvious choice was compound 104.4, which was made as outlined in 

Scherne 104. Benzaldehyde was treated with glycine under the conditions that we had 

established eariier, and this gave N-Boc protected arnino acid 104.2. This was then 

coupled with benzylarnine (104.2 + 104.3), and the product was treated with HCl to 

give salt 104.4. The amine was generated in situ by neutralization with i-Prî_NEt, and this 

was done in the presence of the thioester 103.2, The reaction mixture was monitored by 

1H NMR, but no reaction had occurred, even after several days. This result strongly 

suggests that the Iigation reaction had indeed occurred in the previous example we had 

studied (103.1 + 103.2, Scheme 103). 

On this basis, it seerned reasonable to assume that acyl transfer had then proceeded 

in an intrarnolecular sense. However, in order to support this assumption, the presumed 
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ligation system was generated by an independent route, and then tested for its ability to 

undergo acyl transfer. The synthesis of the system required is shown in Scheme 105. 
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Disulfide 101.2 was coupled with benzylamine to give 105.1, which was then reduced to 

the corresponding thiol by treatrnent with NaBH4 (105.1 + 105.2). The thiol was 

acylated under standard coupling conditions (105.2 + 105.3) and the product of this 

reaction was treated with HCI to remove the Boc group (105.3 -+ 105.4). giving HCI 

salt 105.4. An IH NMR experiment was carried out in which 105.1 was dissolved in 

DMSO-d6 and exposed to i-Pr2NEt. Examination of the [ H  NMR spectra of the reaction 

mixture indicated that, under these conditions, the desired acyl transfer product (103.3) 

appeared to have formed within 3 min, supporting the assumption that acyl transfer was 

occurring in~arnolecularly. 

At this point we started to make preparations for examining the coupling process 

using a variety of tether-beai-ing amino acids and thioesters. In Our previous work, the 

ligation and acyl transfer experiments had been conducted on a srnall scale, since we had 

had only a very srnall amount of material available. We now planned to prepare larger 

quantities of a simpler version of the tether-bearing arnino acid, and then try to optimize the 

conditions for the coupling process before applying it to more complex systerns, 

The compound we had in mind for this purpose is 106.1. which was prepared as 

shown in Scheme 106. Aldehyde 99.2 and benzylarnine were combined in refluxing 

MeOH to generate the corresponding imine, which was then reduced to amine 106.1. 

Deprotection of the thiol was carried out as before to give zwitterion 106.2. This species 

was combined with thioester 103.2 in the presence of i-PrîNEt, and gave a low yield of a 

cornpound whose structure was consistent with that of the desired product (106.3), as 

determined by 1H and 13C NMR. The NMR spectra were rather complex, due to the fact 

that the product exists as a rotamer mixture at room temperature, and so we were not able to 

establish from this data whether Our product was in the forrn of the Mol, or in the forrn of a 

syrnmetrical disulfide, and we could not obtain a satisfactory mass spectrum. If disulfide 

formation was occumng, then that could explain why we had obtained such a low yield. 

We sought, therefore, to generate the thiol and symrnetrical disulfide by an independent 
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route so that we would have available reference NMR spectra. 

Synthesis of these compounds begm with amine 106.1, which underwent EDCI- 

mediated acylation with N-acetylglycine (106.1 + 107.1, Scheme 107), and then thiol 

deprotection (107.1 + 107.2) gave 107.2. This was treated with 12 to afford the 

required disulfide (107.3). Oddly, neither the lH NMR spectrum of the thiol (107.2) nor 

the symrnetrical disulfide (107.3) matched that of the product we had obtained from the 

Scherne 107 

HOBt, CH2CI2, DMF 
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12, MeOH 
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coupling reaction (106.3. Scheme 106), although the spectra were al1 simi!ar. 

Puzzled by this result, we repeated the coupling reaction between 106.2 and 

103.2, but this time in the presence of PhSH, which Kent has suggested inhibits disulfide 

formation in related systems (see Section 1.5. la). The major product obtained from this 

experiment appeared to be mixed disuIfide 108.1, whose structure was established on the 

basis of both NMR and high resolution m a s  spectra. It was surprising that this compound 

should have formed as the major product. First of ail it has been stated in the literature that 

the thioi additive suppresses disulfide formation of this type. Secondly, since PhSH was 

present in the reaction mixture in a ten-foid excess relative to the thioester, if an 

unsymrnetrical disulfide were to form, it would be expected to form from PhSH, not 

BnSH. 

Scheme 108 
O 

With the situation regarding the ligation and acyl transfer aspects of Our approach to 

segment coupling based on benzylic tether 80.1 (Scheme 80) still uncIear, we were forced 

to stop work on it at this point, since, much to our disappointment, what was essentially 

the sarne approach that we were investigating, appeared in the literatureI00 from a group at 

the Scripps Research Institute, led by Dawson, a former student of Kent's. In this 

publication, Dawson et al. demonstrated that benzylic tether 80.1 could indeed be used to 

couple small peptides. However, his approach for introducing the tether into the N- 

terminal segment was different from Our intended approach, and had not worked very well. 

The authors also did not attempt to cleave the tether following the coupling reaction, and so 



obtained coupled products with = modifîed peptide backbone. 

As a result of the Dawson publication, we decided to abandon the approach we had 

been investigating, in favor of exarnining the use of benzylic tether 80.2 as a segment 

coupling device. While our wor& on ligation and acyl transfer using tether 80.1 was being 

conducted, we were also carrying out preliminary work for another of our objectives, 

namely extending the approach s o  that it could be used in an iterative fashion. Since the 

principles of this work are potentiafly applicable to the new tether as well, the work related 

to iteration will be described bciefly before embarking on a discussion of Our rnodified 

approach to ligation and acyl tram-sfer. 

(d)  Studies Ta wards an Ite rative ,4pproach 

Our plans for modiQing taie approach to peptide segment coupling that we had been 

working on, so that it could be applied in an iterative sense, were described earlier in 

section 2.2. lb.  The first short-te= objective we had towards this goal, was to establish a 

synthetic route to cornpounds o E  the type represented by 72.2 (Scheme 72). Following 

this, we simply wanted to determIne if a deprotection sequence could be conducted without 

adversely effecting the tethered system. 

The actual synthetic target we chose was 109.6, and the route we developed to 

obtain it is outlined in Scheme 109.  2-Mercaptobenzoic acid (87.2) was esterified to give 

109.1, and the thiol group of t h i s  compound was then protected by treatment with FmCl, 

in the presence of base (109.1 4 109.2). DIBAL-H reduction afforded benzyl alcotiol 

109.3, which was oxidized to t h e  corresponding aldehyde (109.4) using PCC. At this 

point the standard irnine forrnatiodreduction protocol that had served us previously was 

carried out, giving amino ester 1Û9.5 in zcceptable yield (63%). Protection of the amine 

moiety in 109.5 could be achie-ved using FrnocCl and Na2C03 (109.5 + 109.6), but 

the yield was very low. We m a d e  no effort to optimize this reaction. Having the mode1 

system in hand, we attempted its cdeprotection to the parent thioarnine. This was achieved 



in a very clean and efficient manner by treatment of 109.6 with piperidine. The 1H NMR 

spectmm of the crude material was very clean, showing only the desired product (109.7) 

and the expected amine byproduct 109.8, which we were not able to separate. 

FmCI, i-Pr2NEt, 

a""'" HCIQ), MeOH C02Me THF C02Me 

SH 8 1 O/o SH 96% SFm 

FmocCI, 
Na2C03(aq) 
TH F; 1 3% 

t piperidine, Fm 

+ 0 

MeO2CCH2NH2. 

The sequence of reactions just described clearly showed that the desired Fm/Fmoc 

protected tether-bearing amino acids could be obtained, although the nitrogen protection 

step would have to be improved. Our experiments also showed that such tether-bearing 

amino acids would potentially function in the required manner in the iterative process, 

when the N-terminal amino acid required deprotection. 

DIBAL-H, 

2 . 2 . 4  Studies lnvolving Benzylic Terher 80.2 

(a)  Synthesis of a Mode1 System for Ligation and Acyl Transfer 

Our investigation into the use of benzylic tether 80.2 as a segment coupling device, 

HCI , dicyclo hexyl- 1 E~cgo,o 
amine, MeOH, 
reflux; NaBH4 a. aCHo PCC. CH2C12 - 

SFm 63% SFm 86% Co" SFm 

109.5 109.4 109.3 

began with the synthesis of a mode1 system that we could use in an actual ligation and acyl 



transfer procedure. The target we chose for this purpose is 110.1, which we planned to 

make from a suitably protected analog (110.2)- 

Scheme 110 

110.1 1 10.2 
R = H or acid-labile protecting group 
Pg = acid labile protecting group 

The first protected analog of 110.1 that we sought is the S-t-Bu species 111.3. 

and the initia1 approach we took is outlined in Scheme 11 1. t-BUSH was S-alkylated by 

treatment with 2-bromoacetophenone10~ (111.1) in the presence of base to give compound 

111.2. Conversion of this species into amine 111.3 was attempted in several ways, but 

in dl cases only the product of ketone reduction (111.6) was obtained. We assurned that 

the reason we were unable to form an imine from 111.2 was because the ketone was too 

stericaily encumbered. For this reason, we prepared the potentially less sterically restncted 

Scheme I l  1 



species 111.4 by alkylation of benzylmercaptan. l o t  Like the S-t-Bu protecting group. the 

S-benzyl group can be cleaved by treatment with TFA and Hg(0Ac)z. followed by 

reduction of the resulting mercaptide. Unfortunately, attempted reductive amination of 

11-1.4 using benzylamine was not successful under a variety of conditions. and only 

111.7 was isolated. 

We next took a slightiy modified approach to compound 111.3, which involves N- 

alkylation using an appropriate brornide or mesylate, as shown in Scheme 1 12. However, 

when we attempted to form either the mesylate (112.2) or  the bromide (112.1) from 

benzyl alcohol 111.6, we recovered only starting material. 

Scherne 11 2 

OMS 

We next explored a route to a protected analog of 110.1 which began with (R)-  

phenylglycinol (113.1, Scheme 1 13). (R)-Phenylglycinol was treated with BnBr in the 

presence of DBU to obtain the N-alkylated material 113.2,10* which was then protected 

on nitrogen to give compound 113.3. Mesylate formation from this species was then 

tried, but we obtained only oxazolidinone 113.7. Formation of this species is assumed to 

result from displacement of the initially formed mesylate by the phenyl substituent to give 

114.1 (Scheme 1 14). which is then trapped intramolecularly by the urethane carbonyl, 

eventually giving the observed product. Attempted conversion of 113.3 into brornide 



Scherne 113 

BnBr, DBU, P~"NH Boc20, NaOH(,q), P~-NBOC 
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(Scheme 1 13). also resulted only in the formation of 113.7. presumably by a 

sirnilar mec hanism. 

Scheme 114 

- 
11 3.4 114.1 113.7 

We then tried to carry out a Mitsunobu reaction on alcohol 113.3, using thioacetic 

acidl03 (Scheme 115). but this experiment gave only a cornplex mixture, with no clear 

indication that the desired product had formed. 

Scheme 11 5 



In an effort to prevent the rearrangement shown in Scheme 1 14, we tned to Vary the 

nature of the nitrogen protecting group. Hence. alcohol 113.2 was treated with one molar 

equivaient of TFAA in the preserice of i-Pr2NEt in order to generate amide 116.2 (Scheme 

I L6). However. al1 that was obtained under these conditions was the diacylated product 

116.1, and unreacted starting material. We decided. therefore. to attempt selective 

hydrolysis [ O 4  of 116.1 to the desired product (116.2). but recovered only 113.2 

instead. 

Scheme 1 16 

P~-NH 
TFAA, 
i-Pr2NEt, P ~ ~ N C O C F ~  NH40H, P ~ ~ N C O C F ~  wo" 4 x  Me0f-i @0c0cF3 

In order to prevent unwanted diacylation of 113.2, its hydroxyl group was 

protected as a silylether pnor to conducting the acylation reaction. The silyiether was 

formed under standard conditions (113.2 -+ 117.1, Scheme 1 17), and was subsequently 

converted into amide 117.2. Unfortunately, when this species was subjected to typical 

conditions used for removal of the hydroxyl protecting group, only 113.7 was obtained. 

Scheme 11 7 
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In this case. the alkoxide (117.3) generated during the deprotection reaction must have 

attacked the carbonyl of the amide, expelling trifluoromethane anion and giving the  

observed product. We did not try TBAF in THF-AcOH. 

The successful approach to 110.1 is shown in Scherne 1 18. Compound 113.2 

was treated with SOC12 and E ~ ~ N I O ~  which gave 118.1 as a mixture of diastereomers. and 

these were then oxidizedl06 to 118.2. Compound 118.2 was used to alkylate t-BUSH. 

giving thioether 11 1.3 in excellent yield, Treatment of the thioether under standard 

deprotection conditions gave the required mode1 compound 110.1 in good yield. 

Scheme 118 

ph-NH Hg(OW2, TFA, 
anisole, O O C ;  AsH H2S. MeCN 

(b) Ligation and Acyl Trans$er 

With mode1 cornpound 110.1 in hand, we began to investigate how it wouId 

function in ligation and acyl transfer reactions. To this end, 110.1 was combined with 

thioester 103.2 under the conditions shown in Scherne 119, which produced the desired 

Scheme 11 9 
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coupled product 119.1 in 62% yield- 

Not surprisingly, cornpound 119.1 exists as a rotamer mixture at room 

temperature and. consequently, has a rather complex lH NMR spectmm. Additionally. the 

compound exhibits some unusual chemical shift values for certain of its protons. In 

particular. there are several multiplets at about 4.6 to 5.8 ppm, whereas neither of the 

starting materials shows any signais above approximately 4.1 ppm except. of course. the 

aromaùc and amide-NH signals, which the present multiplets did not represent. As a result 

of these unusual chemical shift values, it was initially difficult to establish with certainty 

that the desired coupled product 119.1 had indeed formed, and so we had to resort to the 

preparation of structurally related compounds. We were able to establish at least, that our 

presumed compound 119.1 was likely in the forrn of a thiol and not a disulfide, on the 

basis of both mass spectral data and a D20 IH NMR exchange experiment (the pair of 

triplets at 1.39 and 1-29 pprn disappeared on addition of DzO). 

We first attempted to prepare the expected coupled product (119.1) by an 

independent route so that we would have reference specua of authentic material, but we 

were not successful. Compound 111.3 was subjected to standard thiol deprotection 

conditions, and then treated with 12 to forrn disulfide 120.1 (Scheme 120). Attempted 

acylation of this species, however, gave only the monoacylated product 120.3, and not the 

desired compound 120.2. Interestingly, compound 120.3 also displayed very sirnilar I H  

NMR signais in the range 4.6 t o  5.8 ppm to what had been observed with our presumed 

coupled product 119.1. Attempted reduction of the disulfide bond of the monoacylated 

compound 120.3, in order to obtain 119.1, resulted in the formation of a complex 

mixture. 

We next prepared the even sirnpler diacylated compound 121.1 from disulfide 

120.1 (Scheme 121). This experiment was successful, and gave material which again 

displayed the unusual chernical shift values we had observed previously. However, we 

were not able to cleave the disulfide bond to generate the free thiol. 
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Finally, compound 11 1.3 was acylated under the conditions shown in Scherne 

122, and gave thioether 122.1. The lH NMR spectrum of this material was very 

informative and we were able to assign al1 of its proton signals for each of the rotamers. 

By reference to this spectmm, we were now able to assign the signals of al1 of the protons 

for each of the rotarners in Our coupled product 119.1 (Scheme 119), thereby confirming 

based on recovered 
120.1) 

Scheme 121 

Ac20, pyridine, 
DMAP 



its structure. We were not. however, able to deprotect the thioether 122.1. although we 

used a variety of conditions. We previously had found that deprotection could be carried 

out when the adjacent nitrogen is not acylated. 

Scheme 122 

ph" NH Ac20, pyridine, 
S t-BU 

92% 

We next turned Our attention to extending the successful coupling approach just 

described (see Scheme 1 19) to a slightiy more complicated tether-bearing system, obtained 

from an actual arnino acid derivative. The preparation of the tethered compound followed 

Our earlier successful approach, and is outlined in Scheme 123. (R)-Phenylglycinol 

(1 13.1) was N-aikylated using methyl 2-bromoacetate, 107 to give arnino acid ester 

123.1. Although we were repeating a Iiterature procedure, the preparation of 123.1 was 

initialiy troublesome in that a low yield of the desired product was obtained, dong with 

byproduct formation. Nthough the bromide that we used for the alkylation appeared to be 

of high quality, as judged by its spectral data, we found that when a fresh bottle of the 

bromide was used, we could repeat the alkylation reaction exactly as described in the 

Literature. 

Compound 123.1 was treated with SOC12 and Et3N to give cyclic material 123.2. 

which was then oxidized to 123.3 in high overall yield. Alkylation of t-BUSH was then 

conducted using 123.3, but we consistently obtained a low yield of the desired product 

123.4, under a variety of conditions. The thioether (123.4) so obtained was then treated 

under standard conditions to remove the thiol protecting group and liberate thiol 123.5. 

This species was then used in an attempted coupling reaction with thioester 103.2 to give 
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123.6, but we were not able to effect the desired reaction. 

We had begun to suspect that the reason we were unable to use our amino acid 

derivative 123.5 in a ligationhcyl transfer reaction, might have more to do with the actual 

Iigation conditions than the substrate itself. After alI ,  the coupling reaction was easily 

conducted using the related tether-bearing amine 110.1. ALI of the coupling reactions that 

have been described by Kent have been conducted in an aqueous phosphate buffer, using 

fully deprotected water-soluble peptides, and these conditions differ significantly from 

those we used with 123.5. We therefore decided to prepare an analog of a system that had 

already been investigated by Kent (cf. 54.5a, Scheme 54). and whichhad been shown to 

be effective in the ligation and acyl transfer, when his standard coupling conditions were 

used. We would then attempt ligation of this species using our conditions. An 
s 

unsuccessful coupling reaction in this case would support the assumption that the observed 



lack of reactivity between 123.5 and 103.2 was likely due to the ligation conditions. and 

not the substrate. On the other hand. if coupling did occur, then this would suggest that the 

tether we were examining was not as arnenable to the coupling process as we had hoped. 

The test compound we prepared is thioarnine 124.5 (Scherne 124). Its preparation 

began with S-alkylation of t-BUSH using bromoacetal 124.1. Acetal hydrolysis gave the 

corresponding aldehyde (124.3). which was subsequently converted into thioether 124.4 

under standard conditions. Thiol deprotection then gave the required thioamine (124.5). 

Artempted coupling between 124.5 and thioester 103.2 under the conditions shown, did 

not result in any of the desired coupled material (124.6). Hence, it appears that, for 

reasons which are unclear, it is important that the coupling reaction be conducted using 

Kent's conditions. 

Scheme 124 
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coupling between 123.5 and 103.2. In our case we could not use Kent's exact 

conditions because Our materials were not water-soluble. Although we did spend a 

considerable amount of time preparing several compounds related to 123.5 and 103.2, 



but which were somewhat more water solubIe, we preferred to use compounds such as 

123.5 and 103.2 because they would provide the ligatiodacyl transfer product in a form 

that was amenable to isolation using standard extraction procedures and purification by 

silica gel chromatography. Isolation and purification using more polar versions of 123.5 

and 103.2 would be much more involved. After a considerable amount of exploratory 

work, we found that we could conduct the Iigationfacyl transfer experiments using 

compounds 123.5 and 103.2 in a mixture of aqueous phosphate buffer and a water- 

miscible organic solvent. As a result of these exploratory studies, a few general features of 

the coupling reaction becme clear, and these are descnbed below. 

Our initial studies on the development of suitable coupling conditions for our mode1 

reactions involved the use of thioarnine 123.5, and it soon becarne apparent that when this 

thiol was used, competing disulfide formation occurred prior to the ligation, thus 

preventing ligation from going to completion. For instance, 123.5 was allowed to react 

with 103.2 in MeCN and sodium phosphate buffer (pH 7 . 3 ,  in the presence of BnSH 

and PhSH, which gave the desired product, but in only 42% yield. The course of the 

reaction was monitored by HPLC, and this showed that after about 12 h, there was no 

further consumption of the thioester. Disulfide formation was occurring even though the 

additives PhSH and BnSH - which are supposed to prevent disulfide formation (see 

Section 1.5. la) - were being used. Even on its own, 123.5 has a tendency to form the 

corresponding symmetrical disulfide. Fortunately, we found that disulfide formation could 

be prevented (cf. Section 1.6.2) in our system if the reaction was carried out in the 

presence of either Bu3P or (H02CCH2CH2)3P-HCl. log Furthemore, in order to avoid 

problems introduced by the tendency of thiol 123.5 to form the disulfide, we deliberately 

converted it into the symmetrical disulfide 125.1 (Scheme 125). This was then used in the 

ligatiodacyl transfer process by first incubating it for a short time with the phosphine prior 

to addition of the thioester. Thus, the oxidation-sensitive thiol was generated in situ from 

the corresponding disulfide. 



Me0 C-NH anisole, O OC; 
H2S, MeCN; M~O,C-NH LsiBU 12, MeOH 

We also established that it was not sufficient to use only the thiol additive PhSH in 

the reaction mixture, and that it was essential that BnSH also be present (cf. Section 

1.5. la). When coupling between 123.5 and 126.1 (Scheme 126) was camed out in the 

presence of PhSH, but without any BnSH present, the desired product (126.2) was 

obtained dong  with thioester 126.3. When BnSH was present. no products 

corresponding to thioester 126.3 were ever observed. Presumably, in the absence of 

BnSH, the coupled material (126.2) was simply undergoing thioester exchange with 

additional 126.1, and that this equilibrium strongly favored formation of 126.3. 

However, when the more nucleophilic BnSH was present. it reacted with any species such 

as 126.3 that might have formed, regenerating the desired product (126.2) as well as the 

benzyl thioester 126.4 which could then undergo ligation. 

Scheme 126 
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In the context of thiol nucleophilicity (see Section 2.2.2b), the fact that 126.3 was 

isolated from a reaction mixture containing PhSH is significant, as it suggests that the thiol 

group of benzyiic tether 123.5 is more nucleophilic than PhSH. This, in tum. implies 

that, as suggested above, the benzylic tether 80.2 (Scheme 80) is a better nucleophile than 

aromatic thiol-containing tether 80.1, and so is potentially better suited as a coupling 

device. Of course, it could be argued that if the tether in question is strongly nucleophilic, 

then 123.5 should have been able to undergo ligation (Scheme 126) with thioester 126.3 

to give the required acyl transfer intermediate (126.5) and, ultimately, the desired product 

(126.2). The fact that this reaction did not appear to occur, however, may simply be due 

to the increased steric bulk of 123.5 as cornpared to BnSH. 

We d s o  established during the course of these experiments that phenyl and benzyl 

thioesters couId be used interchangeably without effecting the outcome of the reaction, as 

long as BnSH was present in the reaction mixture. When a phenyi thioester was used, it 

underwent rapid (less than 30 min) thioester exchange with BnSH, generating the benzyl 

thioester in situ. After a reaction penod of 30 min, we detected no phenyl thioester in the 

reaction mixture, and so we asurne that it is the benzyl thioester that is involved in the 

subsequent ligation. However, Kent has stated (see Section 1.5. la)  that when a benzyl 

thioester is used in coupling reactions in the presence of added PhSH, thioester exchange 

occurs to give the corresponding phenyl thioester, and that it is this species that is involved 

in the ligation. Although our own observations do not seem to support this claim, we 

arbitrarily chose to continue to use PhSH as a thiol additive (as well as BnSH) for Our 

preliminary investigations. 

We next exarnined what effect the relative amount of buffer and organic solvent 

would have on the rate of coupling for the formation of 123.6, and determined that there is 

a strong dependency of the rate on the solvent composition. The half-time values shown in 

Table 16 were observed for the reaction between either thiol 123.5 or disulfide 125.1 and 

benzyl thioester 103.2 (or the corresponding phenyl thioester 127.1, Scheme 127) to 



give 123.6. The reactions were monitored by HPLC, and the half-times for the reactions 

were deterrnined by inspection of the HPLC traces. These reactions were conducted at 37 

OC. in the presence of Bu3P. BnSH and PhSH, and at approximately LOO mM 

concentration with respect to the substrates. The experiments corresponding to the first 

three entnes of Table 16 were carried out using MeCN as the organic solvent. However, 

Table 16 
Conditions Used and Half-times Observed for Model Coupling Reactions 

for the Formation of 123.6 Conducted at Approximately 100 mM concentration' 

Tether-bearing Amino Coupling Reaction 
Solvent System Acid Component Thioester HaIf-tirne (approximate) 

24 h 

7 h 

5 h 

1 h 

45 min 

All reactions were conducted at 37 OC in the presence of Bu3P, BnSH, PhSH 
'sodium phosphate buffer, pH 7.5 

due to solubility problems, MeCN was not useful beyond 2: 1 MeCN to buffer, and so we 

changed to DMF, which avoided the solubility problerns. The data in Table 16 clearly 

show that the rate of reaction is strongly dependent on the proportion of phosphate buffer 

used. In each case, after an excended reaction time, a smail amount of material was 

observed which, on the basis of experiments that will be described later, we believe to be 

acid 127.2 (Scheme 127). 

Scheme 127 



We also conducted a sirnilar set of experiments at a concentration of approximately 

10 mM, so that we could more directly compare our data with those reported in the 

literature for other coupling systems. Interestingly. we observed very little change in the 

half-time of the reaction, even though we had decreased the concentration 10 fold. In fact, 

by simply increasing slightly the amount of phosphate buffer relative to DMF. we could 

obtain coupling rates comparable to Our best resuIts at the higher concentration of 100 mLM. 

Unfortunately, although the coupling reactions did proceed at a reasonable rate at the lower 

concentration of 10 mM, ester hydrolysis to afford 127.2 was a significant side reaction. 

and in d l  cases the desired coupled product was essentidly completely hydrolyzed with in 

22 h. 

The fact that the hydrolysis product had formed was deterrnined in the following 

way. After the reaction was complete, the mixture was acidified and then extracted with 

CH2Cl2. 1H NMR analysis of the material obtained by evaporation of the organic extract 

revealed that the methyl signals of the methyl ester had disappeared. When this material 

was treated with CH2N2 and the crude product exarnined by NMR, the methyl signals 

of the methyl ester were observed, but the compound we were now detecting was actuaily 

thioether 127.3 (Scheme 127): besides restoring the methyl ester, CH2N2 had also 

methylated the thiol. 

Table 17 

Conditions Used and Half-times Observed for Model Coupling Reactions 

for the Formation of 123.6 Conducted at Approximately 10 mM concentration* 
- -  - -  -- - - 

Tether-bearing Amino Coupling Reaction 
Solvent System Acid Component Thioester HaIf-time (approximate) 

1 h 

30 min 

30 min 

'AH reactions were conducted at 37 OC in the presence of BnSH and PhSH. 
Reactions corresponding to the first two entries were conducted using Bu3P. 
Reaction corresponding to the third entry was conducted using (H02CCH2CH2)3P-HCI. 

+sodium phosphate buffer, pH 7.5 



The work that has been described up to this point represents the present state of the 

research that we have been conducting using benzylic tether 80.2. As a result of the 

studies, ive have been able to establish that the tether is suitable as a coupling device in our 

planned approach to segment coupling. The problem of ester hydrolysis that we observed 

in out model system is not likely to be significant in the overall context of our coupling 

approach, because the components that we will eventually be using for coupling will be 

unprotected peptides, and so will not posses any easily hydrolyzable substituents. We 

will, however, have to prepare a new model system for further studies that has an amide in 

place of the methyl ester, to avoid hydrolysis. By appropriate adjustment of the coupling 

conditions, we were able to obtain a rate for the coupling reaction chat is comparabit: to 

values observed by Kent (see Section 1.5.2) and Dawsonloo in their systems. Based on 

the correlation between reaction rate and the relative arnount of phosphate buffer that we 

observed, it seems reasonable to assume that, once our system is applied to Mly  

unprotected peptide segments using only phosphate buffer and no organic solvent, the 

reaction rates will increase further. 

2.2.5 Studies lnvolving Dimethyi Tether 80.3 

For the Iast part of this section on segment coupling involving ligation by thioester 

exchange, Our prelirninary investigations into the use of dimethyl tether 80.3 will be 

descnbed. 

(a) Synthesis of a Mode1 System for Ligation and Acyl Transfer 

The model system that we used for our initial investigations with dimethyl tether 

80.3 is compound 128.6, which was prepared as shown in Scheme 128, using a similar 

route to the one we had used previously. Amino alcohoi 128.1 was first alkylated by 

treatment with BnBr and DBU to give secondary amine 128.2, which was then treated 

with SOC12 in the presence of base to afford 128.3. This was then oxidized to compound 

128.4, which was subsequently used to aikylate t-BUSH, giving 128.5. The alkylated 



Scheme 128 
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St-Bu _ 
90% 9 7% 

128-6 128.5 1 28.4 

product so obtained was subjected to Our standard deprotection protocol, affording the 

required thioamine (128.6) in very good yield. 

(6) Ligatiun and Acyl Transfer 

With compound 128.6 in hand, we next examined its use for ligation and acyl 

transfer. To do this, 128.6 was combined with thioester 103.2 under t he  conditions 

shown (Scheme 129), a procedure which gave the desired product (129.1) i n  good yield. 

The coupling reaction in this case was very slow. taking approximately 39 h. The related 

reaction described above for compound 110.1 (Scheme 119) took about 1 1  h. The 

experiment shown in Scheme 129 was conducted pnor to the developrnent o f  the improved 

coupling conditions descnbed above at the end of Section 2.2.4b, and we have not yet tned 

coupling 128.6 and 103.2 under the new conditions. Clearly, however. dirnethyl tether 

Scheme 129 

ph-NH O kPr2NEt, THF, ph-N LNHAC 
&SH + ACHN..).~~~ H20, BnSH - 

75% 



80.3 does show promise for use as a segment coupling device. 

2 . 3  Segment Coupling Approaches Involving Nucleoplzilic Acylnt ion Cntn-t 

De riwt ives 

While our work on segment coupling approaches involving ligation by thioester 

exchange (see Section 2.2) was being conducted, we began a brief investigation into some 

ideas we had regarding the development of a new method for achieving prior ligation of 

peptide segments. The reactions we had in mind were based largely on known chemistry 

related to nucleophilic acylation catalysis, but the overall approach is quite sirnilx to the 

work described above. 

2.3.1 Proposed Resenrch 

In our planned approach to a new ligation method, instead of relying on 

nucleophilic attack by a thiol substituent on a thioester as a means of ligating the peptide 

segments prior to acyl transfer, we thought that it might be possible to replace the thiol with 

a different nucleophile. Of course, we might also have to replace the thioester with a 

different acylating component, in order to make the two species compatible. The new 

nucleophile would have to be powerful so that it could overcome the barriers associated 

with bringing two peptide segments together in solution (see Section 1.2), and we reasoned 

that a good choice for the nucleophilic component would be one that was well know to 

function as an acylation catalyst in intermolecular coupling reactions. 

Acylation catalysis has been the subject of a considerable amount of investigation, 

and several excellent nucleophilic catalysts have been developed, including compounds 

such as DMAP (and related species), irnidazole, and HOBt. In general, in an acylation 

involving one of these catalysts, the acylating component undergoes initiai attack by the 

nucleophilic catalyst, giving rise to an activated intermediate. This intermediate, in turn, is 

attacked by a second, but less reactive nucleophile, such as an amine, which is ultimately 



acylated. 

Our planned approach to segment coupling using this new type of ligation strategy 

is outlined in a general way by reference to the DMAP-based system shown in Scheme 

130. Just as in the previous approaches (see Section 2.2). we planned to prepare special 

tether-bearing amino acid derivatives (cf. 130.1). The tether in this case would have 

incorporated into it the nucleophilic catalyst. The catalyst portion of this species would be 

allowed to react with a suitably activated acyl component (130.2), giving the activated acyl 

transfer interrnediate 130.3. Peptide bond-forming intrarnolecular acyl transfer from this 

species would give the coupled product 130.4, and al1 that would rernain at this point 

would be removal of the tether (130.4 + 130.5). 

Scheme 130 

NR2 
130.4 

NP = N-terminal peptide; CP = Gterminal peptide; X = leaving group 

Several catalyst-bearing tethers were considered, and these are shown in Scheme 

13 1. Systems 131.1 and 131.2 are based on DMAP-like catalysts, 131.3 is based on 

HOBt, and 131.4 and 131.5 are, of course, based on imidazole. In al1 cases, the 



Scheme 131 

O- 

system are benzylic-like amines, and so could potentially be removed, following coupling, 

once they are in the f o m  of benzylic-iike amides. by exposure to strong acid, just as we 

had planned to do for the benzylic tethers 80.1 and 80.2 (Scheme 80). Alternatively, the 

tethers could be attached to the arnino group of the amino acid component by an N-O bond 

(cf. 132.1, Scheme 132), and so potentially they should be removable by reductive 

cleavage of that bond, following coupling. Use of an N-O linked system might also confer 

increased nucleophilicity to the amine, via the alpha effect, thus making the intrarnolecular 

acyl transfer reaction more efficient. The question of the most appropriate form for the 

acylating component is more difficult to predict, and would likely involve some 

experimentation. One can imagine that a thioester might be suitable, as might an  

appropriately activated thioacid (cf. Section 1.6.51, or carboxylic acid. 

Scheme 132 

2 . 3 . 2  Studies Involving DMAP-based Tether I3I .1  

(a) Synthesis of a Mode1 System for Ligation and Acyl Transfer 



In an effort to determine whether or not the above approach would be useful as a 

means of iigating peptide segments. we decided to prepare the DMAP-like system 133.2 

(Scheme 133). This compound was generated from the known aldehyde 133.1 and 

BnNHz, using our standard conditions for imine formation and reduction. Due to the 

extremely polar nature of 133.2, it could not be purified by silica gel chromatography, and 

so the crude materiai was treated with Boc2O to give compound 133.3, which could now 

be purified chromatographically. The desired compound (133.2) could then be generated 

in pure form by treating 133.3 with TFA. 

133.2 133.3 

t TFA, CH2CI2 I 

(b) Ligation and Acyl Tranfler 

With the required mode1 system in hand, we began to explore whether or not it 

could function in the ligation and acyl transfer process. Our first attempts at effecting 

ligation between 133.2 and an acyl component involved the use of thioesters 103.2 and 

127.1. Equimolar amounts of 133.2 and either of the two thioesters were combined in 

either CDC13 or THF (Scheme 134) but, even after 12 h, there was no indication that any 

reaction had occurred. This observation suggested that either the catalyst-containing tether 

was not nucleophilic enough, or that the thioesters were not sufficiently activated. 

For DMAP-like systems, a potentially more nucleophilic version might be obtained 

by using the pyrrolidine-substituted pyridine 135.1. 4-(Pyrro1idino)pyridine is known to 



Scheme 134 
103.2 or 127.1. 
CDCI3 or THF 

be slightly superior to DMAP as an acylation catalyst, but is 10 times more nucleophilic 

than 4-(morpholin0)pyridine.~~~ Increased nucleophilicity in the tether might also be 

achieved by switching to one of the other systems shown in Scheme 13 1. 

Scheme 135 

In an effort to activate thioesters to attack by compound 133.2, the ligation was 

conducted in the presence of AgN03, in the hope that the highly thiophilic silver ion would 

coordinate the sulfur and make it a better leaving group (cf. 58.3 + 58.5, Scheme 58). 

However, when this reaction was carried out, al1 that was obtained, using various solvent 

systems, was an insoluble precipitate. Presumably the pyridine subunit was irreversibly 

complexing the silver ion, fonning the precipitate. In order to avoid this unwanted 

complexation, we attempt to activate the sulfur by treatment with 12. Under these 

conditions, 133.2 and thioester 127.1 did react to form the desired product (Scheme 

136), albeit in modest yield. 

This experiment is the last done in our investigations into the new approach to 

segment ligation. It is much too early to know if the systems shown in Scheme 13 1 will be 



Scheme 136 
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suitable as coupling devices. We will have to investigate alternative activated acyl 

components, and explore the other tethers s h o w  in Scheme 13 1. We also still have to 

establish if, indeed, the coupling we observed has occurred as a result of prior ligation and 

intrarnolecular acyl transfer, or if it is simply due to an intermolecular process. 

3 CONCLUSION 

Although a considerable arnount of work remains to be done before we are able to 

achieve al1 the objectives outlined in this Chapter, several have already been realized. We 

were able to develop a synthetic route to compounds possessing benzylic tether 80.1, and 

establish that the tether works as a coupling device. We also acquired support for the 

assumption that coupling using this tether does indeed appear to operate by a prior ligation 

and intramolecular acyl transfer mechanism, and is not simply the result of intermolecular 

acylation. Furthemore, by exarnining benzylic tether 80.1, we gained some important 

information regarding the extension of our proposed approaches, so that they rnight be 

useful in an iterative context. While we would have preferred, of course, that the work 

reported by Dawson had not, in fact, been done in another laboratory, as it turned out, 

tether 80.1 is far from ideal. As well, much of what we learned while examining this 

tether is applicable to the other systems we are interested in, and so the work is still of 

value to us. 

When the focus of our research shifted to tether 80.2, once we had established a 



synthetic route to systems based on it. and had begun to use HPLC as a tool to monitor the 

course of the ligation reactions. we began to make rapid progress towards establishing 

suitable conditions for carrying out mode1 coupling reactions. The observations will be of 

great value as we begin to examine model systems denved from various arnino acids, in a 

effort to determine the generaiit;. of our approach. 

Finally, our brief look at the use of dimethyl tether 80.3 as a coupling tool 

suggested that the systern is worthy of future study. As well, the quick investigation that 

we undenook regarding Our ideas on a new ligation strategy based on acylation catalysis, 

has suggested that continued research in this area is also justified. 

4 FUTURE RESEARCH 

4.1 Segment Coupling Approaches Involving Ligation by Thioester E-rchange 

As a result of the work described in Section 2.2, the ability of the three tethers 

depicted in Scheme 80 to function as coupling devices has been established. Given the 

similarity of Our approach involving tether 80.1 to that reported by Dawson,100 pursuit of 

our research using this tether is not strongly warranted at present. However, continued 

investigation into segment coupling using tether 80.2 and 80.3 is justified, given that the 

problem of developing a generalized method to segment coupling has not been solved. 

The data summarized in Tables 16 and 17 were obtained from expenments aimed at 

establishing conditions that would allow coupling to be carried out between model tethered 

system 123.5 or 125.1 and thioester 103.2 or 127.1. As a result of these experiments, 

it was found that the coupling reaction can be made to proceed in an acceptable manner 

when camîed out at 10 mM concentration, using a 1:3 mixture of DMF to phosphate buffer, 

in the presence of a phosphine and thiol additives. However, cornpeting hydrolysis to 

afford the carboxylic acid 127.2 was a significant side reaction under these conditions. As 

mentioned earlier, this fact is not likely to be significant in the overall context of our 

approach to segment coupling, since we ultirnately intend to use fully unprotected peptide 



segments which, of course, do not posses any easily hydrolyzable substituents. However, 

for the purpose of establishing whether or not our coupling technique is general. we will 

have to prepare systems related to 125.1, but which have an amide group in place of the 

methyl ester. Presumably these systerns will not undergo the hydrolysis side reaction. If 

this is indeed the case, then we will be in a position to prepare other tethered systems from 

other amino acids. We will also prepare other thioesters - also from other amino acids - 

and then try the coupling reactions using various combinations of these. As mentioned in 

Section 1.4.2b. it has been argued34*50 rhat, for unassociated peptide segments. the rate of 

peptide bond formation is largely determined by the two substituents that neighbor the new 

bond, Hence, these mode1 coupling reactions in which relatively simple dipeptides are 

forrned, should provide a reasonable representation of reactions in which actual segments 

will be coupled. If we are indeed successful in establishing that our approach is generally 

applicable, then the following short-term objectives will be pursued. 

The first rnatter that will require attention is the preparation of a derivative of- 

123.4, in which the methyl ester is replaced by a carboxyl group and the nitrogen is Boc 

protected (137.1, Scheme 137), and we will have to demonstrate that we can use this 

special amino acid residue to cap the N-terminus of the C-terminal peptide, in the last step 

of its synthesis (cf. 71.1 + 71.2 + 71.3, Scheme 71). Although we ultimately intend to 

conduct the capping reaction on the solid phase, for the present purposes, it should suffice 

to simply demonstrate this process in solution through the formation of a di- or tripeptide. 

Preparation of the required amino acid derivative (137.1) should be possible from 123.4 

in a single step, by treating it with Boc20 in aqueous NaOH and THF. Once capping of 

the C-terminai segment has been achieved, then the resulting peptide wilI be subjected to 

our standard deprotection conditions, in order to show that we can liberate the thîol and 

amino groups, and the product will then be used in a ligatiodacyl transfer reaction. 



Scheme 137 

HO,C/"NBOC HO,C"NBOC 

When it has been established that the C-terminal peptide can be capped in the 

required way, and that the resulting system can be deprotected and used in a coupling 

reaction. we will then be in a position to begin to prepare larger (tri- or tetrapeptide) mode1 

segments (both the C- and N-terminai peptides), which should be fully water soluble, and 

we can then investigate the coupling in an aqueous environment - that is, with out the 

addition of DMF as a CO-solvent. If the trend that was observed in Tables 16 and 17 

continues, then we should see even faster rates for the coupling reaction than we have 

observed up to this point. Prior to embarking on the synthesis of the water soluble 

segments, however, it will Iikely be advantageous to develop a preparation of S-N-bisBoc- 

protected tethered arnino acid derivatives (cf. 137.2). Use of these systems in place of the 

S-t-Bu, N-Boc compounds (cf. 137.1) will allow for an easier deprotection sequence. 

Another matter that will require prompt attention is cleavage of the tether from the 

coupled product. This is easily examined by subjecting the product of the coupling reaction 

to a strong acid such as TFA or HF. Of course, as was mention in Section 2.2.2a, if it 

turns out that the tether is not labile under these conditions, then systems which have apara 

-substituted electron releasing group, such as a methoxy substituent, will need to be 

prepared and examined. 

In the long-term, several other matters will require attention. We will have to 

examine systerns in which the tether is derived from S-, rather than R-phenylglycinol to 

establish if, indeed, there is a significant difference in coupling rates using the 

diastereomeric C-temiinal segment (see Section 2.2.2~). Related to this, is the preparation 

and examination of a diphenyl substituted tether (138.1, Scheme 13 8), whose structure 



avoids the issue of diastereoisomerism altogether. The dimethyl tether 80.3 will also need 

to be examined in much the same way as 80.2. Of course, if our segment coupling 

approach proves to be successful as a generalized method, then we will begin to investigate 

matters related to the extension of the technique so that it c m  be used in an iterative sense. 

and then in a solid phase procedure, as described in Sections 2.'. l b  and 2.2. Lc. 

Scheme 138 

4.2 Segment Coupling Approaches Involving Nucleophilic Acytation Catalyst 

De rivatives 

Relative to the thioester exchange approach to ligation discussed above, we have 

not conducted much expenmental work on ligation involving nucleophilic acylation catalyst 

derivatives. Hence, it is difficult to suggest in detail what is required in terms of future 

investigation. Initiai work in this area will likely have to be approximately equally divided 

between the preparation of the other tethers shown in Scheme 13 1, and the development of 

conditions for coupling that work better than the iodine-mediate conditions shown in 

Scheme 136. If, as a result of this study, we are able to develop a system (or systerns) and 

conditions that are suitable for coupling, then we will follow a course of research much like 

that described above for the thioester exchange-based ligation strategy, the ultirnate 

objective being to apply the Ligation technique to the couphg  of peptide segments. 

5 EXPERIMENTAL 

The same general procedures that were described in Chapter 1 apply. 



BnBr, DBU, P~"NH 

72% 
--@O" 

BnBr (4.30 mL, 36.1 1 m o l )  was added by syringe pump over CU. 30 min to a 

stirred suspension of (R)-phenylglycinol (4.954 g, 36.11 mrnol) and DBU (5.40 rnL, 36.1 

rnrnol) in dry PhMe (100 rnL) (N2 atmosphere). The mixture was stirred for 1 h after the 

addition, and then H20 (100 rnL) was added. The aqueous phase was extracted with 

C H S I 2  (2 x 50 mL) and the combined organic extracts were dried (MgSOj) and 

evaporated. Flash chromatography of the residue over silica gel (6 x 25 cm), using 80:20 

EtOAc-hexanes, gave 113.2 (5.946 g, 72%) as a pure ( I H  NMR DMC XV-139-A) white 

solid. The I H  NMR data were the sarne as those reported previously. lo2 

A solution of SOC12 (0.31 mL, 4.3 mrnol) in dry PhH (5 mL) was added over ca. 

10 min to a stirred and cooled (ice-water bath) solution of 163.2 (0.912 g, 4.03 m o l )  

and Et3N (1.24 mL, 8.90 rnrnol) in dry PhH (20 mL) (N2 atmosphere). The cooling bath 

was removed and the mixture was stirred for 1 h and then washed with FI20 (3 x 10 mL) 

and saturated aqueous NaCl (10 mL), dried (MgS04),  and evaporated. Flash 



chromatography of the residue over silica gel ( 2  x 25 cm), using 40:60 EtOAc-hexanes. 

gave the faster eluting diastereomer of 118.1 (contaminated with a trace of the slower 

eluting diastereomer) as a white solid ( [H NMR DMC XV-77-A) and the slower eluting 

diastereomer of 118.1 (contaminated with a trace of the faster eluting diastereomer) as a 

white solid ( lH  NMR DMC XV-77-B). The matenal was combined to give a white solid 

(0.8593 g, 78%) that was used as such in the following transformation. The faster eluting 

diastereomer had: IH NMR (CDCl3, 400 MHz) 6 3.9 L (d, J = 16.0 Hz, 1 H), 4.37-4.52 

(m, 2 H), 4.64-4.79 (ml 2 H), 7.08-7.19 (rn, 2 H), 7.24-7.48 (m. 8 H). The slower 

eluting diastereomer had: I H  NMR (CDC13, 360 MHz) 6 3.924.03 (m. 2 H), 4.24-4.33 

(m, 1 H), 4.67-4.78 (m. 1 H), 4.98-5.08 (m, 1 H), 7.23-7.52 (m, 10 H). 

Na104, RuCS, 
MeCN, H20 

RuC13-3H20 (ca. 5 mg) and NaIo4 (0.896 1 g, 4.19 mmol) were added to a stirred 

and cooled (ice-water bath) solution of 118.1 (0.7602 g, 2.78 m o l )  in MeCN (10 mL), 

followed by Hz0 (15 mL). The cooling bath was removed and stirring was continued for 

1 h, by which tirne al1 of the starting material had reacted (TCL contro1, silica gel, 40:60 

EtOAc-hexanes). The mixture was partitioned between EtOAc (75 mL) and H.10 (20 mL), 

and the organic phase was washed with H20 (2 x 25 mL) and saturated aqueous NaCl (20 

mL), dried (MgS04), and evaporated. Flash chromatography of the residue over silica gel 

(2.5 x 20 cm), using 40:60 EtOAc-hexanes, gave 118.2 (0.6195 g, 77%) as a pure (IH 

NMR DMC XV-179-A) white solid. lH NMR (CDC13,360 MHz) 6 4.11 and 4.27 (ABq, 



AVAB = 60.4 Hz, J = 1 1.8 Hz, 2 H), 4-35 (t, J = 8.6 Hz, 1 H), 4.63-4.72 (m. 2 H). 7.17- 

7.23 (m, 5 H), 7.36-7.44 (m, 5 H). 

t-BUSH, P~"NH 
NaH, THF St-Bu 

93% 

A solution of t-BUSH (1 -29 rnL, 1 1.44 rnmol) in THF (10 mL) was added by 

cannula over ca. 1 min to a stirred suspension of NaH (0.3 17 1 g, 13 -2 1 m o l )  in THF (5 

rnL), with additional THF (2 x 0.5 rnL) used as a rinse (N2 atrnosphere). The mixture was 

stirred for 10 min and a solution of 118.2 (1.6506 g, 5.71 mrnol) in THF (3 mL) was 

added by cannuia, with additional THF (2 x 0.5 mL) used as a rinse. The mixture was 

stirred for 1.5 h, by which time al1 of the starting material had reacted (TCL control, silica 

ael, 4050 EtOAc-hexanes). Aqueous H2S04 (20%) (10 rnL) was then added and stirring b 

was continued for 1 h. The mixture was neutralized with saturated aqueous NaHC03 and 

combined with EtOAc (50 d). The organic phase was washed with saturated aqueous 

NaCl (15 mL), dried (MgS04), and evaporated. Flash chromatography of the residue over 

silica gel (2 x 15 cm), using 40:60 EtOAc-hexanes, gave 111.3 (1.5732 g, 93%) as a pure 

( lH N m  DMC XVI-39-A), colorless oil: lH NMR (CDCIî, 360 MHz) 6 1.30 (S. 9H), 

2.10-2.65 (broad s, 1 H), 2.77 (dd, J = 12.4, 9.7 Hz, 1 H), 2.86 (dd, J = 12.4, 4.3 Hz, 1 

H), 3.55 and 3.71 (ABq, AVAB = 59.8 Hz, J = 13.4 Hz, 2 H), 3.78 (dd, J = 9.7, 4.3 Hz, 

L H), 7.20-7.45 (m, 10 H). 



P~"NH Hg(0Ac)z. TFA. Ph f i  NH 
anisole, O OC; hst-~~ H2S, MeCN &SH 

A cooied (ice-water bath) mixture of TFA (5 mL) and anisole (O. 15 mL) was added 

to a cooled (ice-water bath) flask containing 111.3 (0.1250 g, 0.42 mmol), followed by 

H g ( 0 A c ) ~  (0.1330 g, 0.42 mmol). The mixture was stirred for  15 min and then 

evaporated under reduced pressure ( 4 . 1  mm Hg). The residue was dissolved in MeCN ( 5  

rnL) and HzS was bubbled through the resulting stirred solution for  2 min. The black 

precipitate that formed was removed by filtration through a tightly packed (important) pad 

(1.5 x 3 cm) of Celite, topped with a 1 cm Cotton plug, and the filtrate was evaporated 

under reduced pressure (<0.1 mm Hg). The residue was partitioncd between saturated 

aqueous NaHC03 (25 rnL) and EtOAc (75 mL). and the organic phase was washed with 

saturated aqueous NaCl (25 mL). dried (MgSO4). and evaporated t o  give 110.1 (0.0707 

g, 7 1 %) as a pure ( lH NMR DMC XV- 19 1-B), colorless oïl: lH NMR (CDC13, 360 

MHz) 6 1.80-2.10 (broad S. 1 H), 2.73 (dd, J = 13.5, 8.1 Hz, 1 H), 2.88 (dd, J = 13.5. 

5.0 Hz, 1 H), 3.56-3.78 [m. 3 H, including an ABq at 6 3.59 and 3.76 ( A v ~  = 60.0 Hz, 

J = 13.3 Hz)], 7.23-7.47 (m, 10 H). 



P~"NH 103.2, kPr2NEt, 
&SH THF. H20. BnSH 

i-Pr2NEt (O. 10 mL, 0.57 m o l )  was added to a stirred mixture of 110.1 (0.0707 

,o. 0.29 rnrnol) and 103.2 (0.0653, 0.29 rnrnol) in THF (3 rnL) and El20  (1 mL), 

followed by BnSH (ca. 0.05 mL). The mixture was stirred for 11 h and combined with 

EtOAc (25 mL). The organic portion was removed, dried (LMgS04), and evaporated. 

Flash chrornatography of the residue over silica gel (1 x 15 cm), using 90: 10 EtOAc- 

hexanes, gave 119.1 (0.063 1 g, 62%) as a pure ( lH NMR DMC XV-193-A), colorless 

oi!: [H NMR (CDCls, 360 MHz) 6 1.26-1.44 [m, 1 H, including a t at 8 1.29 ( J  = 8.6 

Hz), and a t at 6 1.39 (J = 8.2 Hz)], 2.00-2.12 (m, 3 H, including a s at 6 2.03 and a s at 6 

2-09), 2.85-3.10 (m, 2 H), 3.79-4.98 [m, 3 H, including a d at 8 3.84 (J = 15.3 Hz), a 

dABq at 6 3.98 and 4.17 (AVAB = 57.2 Hz. J = 17.6,4.2 Hz), an ABq at 6 4.27 and 4.40 

(AVAB = 45.1 Hz, J = 17.4 Hz) overlapping a dAJ3q at 6 4.46 and 4.60 (AVAB = 50.2 Hz, 

J = 17.4, 3.6 Hz), and a d at 6 4.96 (J = 15.3 Hz)], 5.0 1-5.72 [m, 1 H, including a dd at 6 

5.05 ( J  = 9.2, 5.6 Hz), and a t at 6 5.67 (J = 7.8 Hz)], 6.56-6.85 (m, 1 H, including a s at 

6 6-63 and a s at 6 6-81), 6.97-7.43 (m. 10 H); exact mass (electrospray) rn/z calcd for 

C lgH22N2NaOzS (M + Na) 365.1298, found 365.1295. 

2-(Benzy1arnino)-2-(R )-phenyIethyl disulfide (120.1) 

Hg(OAc)21TFA. 
anisole, O OC; 

q s t - B u  i2, MeOH 



A cooled (ice-water bath) mixture of TFA (5 mL) and anisole (0.15 mL) was added 

to a cooled (ice-water bath) flask containing 111.3 (0.2852 g, 0.95 mrnol), followed by 

H g ( 0 A c ) ~  (0.3035 g, 0.95 mmol). The mixture was stirred for 15 min and then 

evaporated under reduced pressure ( 4 . 1  mm Hg). The residue was dissolved in MeCN 

(10 mL) and H2S was bubbled through the resuiting stirred solution for 2 min. The black 

precipitate that formed was removed by filtration through a tightly packed (important) pad 

(1.5 x 3 cm) of Celite, topped with a 1 cm Cotton plug, and the filtrate was evaporated 

under reduced pressure ( ~ 0 . 1  mm Hg). The residue was partitioned between saturated 

aqueous NaHC03 (20 rnL) and EtOAc (75 mL), and the organic phase was washed with 

saturated aqueous NaCl (20 mL), dned (LM~SO~),  and evaporated to give a residue. The 

residue was dissolved in MeOH (10 mL) and titrated with saturated methanolic 12. The 

resulting mixture was stirred for IO min and evaporated. Flash chrornatography of the 

residue over silica gel (2.5 x 25 cm), using 80:20 EtOAc-hexanes, gave 120.1 (0.1663 g, 

72%) as a pure (lH NMR DMC XVI-57-A), colorless oïl: 1H NMX (CDC13,400 MHz) 6 

2.17 (broad s, 2 H), 2.84 (dd, J =  11.2, 8.1 Hz, 2 H), 2.98 (dd, J =  11.2, 4.0 Hz, 2 H), 

3.56 and 3.78 (ABq, AVAB =46.7 Hz, J =  12.1 Hz, 4 H), 3.96 (dd, J =  8.1, 4.0 Hz, 2 

H), 7.20-7.42 (m, 20 H). 

2-[N-Acetyl(benzylamino)]-2-(R)-phenylethy disulfide (121.1) 

ph- NH ph-N A 
2 y 

S% DMAP 
C 

96% / 

Ac20 (0.26 mL, 2.79 rnmol) was added to a stirred solution of 120.1 (0.0676 g, 

0.14 rnmoI) and DMAP (ca. 5 mg) in pyridine (10 mL). The mixture was stirred for 10 h 



and partitioned between Hz0 (10 mL) and CHrClz (40 mL). The organic phase was 

washed with H z 0  (2 x 5 mL), dried (MgS04). and evaporated. Flash chromatography of 

the residue over silica gel (1 x 20 cm). using 8020 EtOAc-hexanes, gave 121.1 (0.0764 

g, 968)  as a pure (lH NMR DMC XVI-75-A). colorless oil: lH NMR (CDCl3. 360 MHz) 

6 2.04-2.44 (m. 6 H, including a s at 6 2.08, a s at d 2.11. a s at 6 2.37. and a s at 6 

4-41), 2.88-3.37 (m, 4 H), 3.62-5.05 (m, 4 H), 5.18-5.97 (m. 2 H). 6.95-7.42 (m. 20 

H) 

ph- NH Ac20, pyridine, 
A 

St-BU 

92% DMAp 

Ac20 (0.45 mL. 4.76 rnmol) was added to a stirred solution of 122.1 (0.7 129 g, 

2.3 8 rnrnol) and DMAP (ca. 20 mg) in pyridine ( 10 rnL) . The mixture was s tirred for 1 1 h 

and partitioned between H20 (10 mL) and CH2Cl2 (50 mL). The organic phase was 

washed with Hz0  (2 x 10 rnL), dried (MgS04), and evaporated. Flash chromatography of 

the residue over silica gel ( 2  x 20 cm), using 60:40 EtOAc-hexanes, gave 122.1 (0.7481 

g, 92%) as a pure (LH NMR DMC XVI-83-A). colorless oil: IH NMR (CDCl3,360 MHz) 

6 1.21-1.32 (m, 9 H, including a s at 6 1.23 and a s at 6 1-31), 2.07-2.47 (m, 3 H. 

including a s at 6 2.09 and a s at 6 2.44), 2.81-3.09 (m, 2 H), 3.88-4.87 [m. 2 H. 

including a d at 6 3.93 (J  = 15.4 Hz), an ABq at 6 4.26 and 4.41 (AVAB = 55.3 Hz, J = 

17.7 Hz), and a d at 6 4.83 ( J  = 15.4 Hz)], 5.12-6.0 1 [m. 1 H, including a t at 6 5.18 (J = 

6.7 Hz), and a t at 6 5.96 (J= 7.9 Hz)], 6.99-7.39 (m, 10 H). 



Methyl (R)-2-[[N-(2-hydroxy-l-phenylethyl)]amino]acetate (123.1) 

BrCH2C&Me7 Me~,C- NH 
Et3N, THF, 

86% 

A solution of methyl 2-bromoacetate (0.76 rnL, 8.02 mmol) in dry THF (16 mL) 

was added dropwise by synnge pump, at a rate of 1 mL per min, t o  a stirred and cooled 

(ice-water bath) solution of 113.1 (1.0006 g, 7.29 mmol) and Et3N (1.22 mL, 8.75 

mrnol) in dry TKF (60 rnL) (N2 atmosphere). The mixture was allowed to warm to room 

temperature. the cooling bath being lefi in place for 10 h, but was not recharged during this 

time. and the mixture was then partitioned between saturated aqueous N&Cl (6 rnL) and 

EtOAc (25 mL). The aqueous phase was extracted with EtOAc €2 x 10 mL) and the 

combined extracts were dried (MgS04). and evaporated. Flash chromatography of the 

residue over silica gel (2 x 20 cm), using 80:20 EtOAc-hexanes, gave 123.1 (1.3 125 g, 

86%) as a pure (LH NMR DMC XW-103-A), colorless oil: The l I - 3  NMR data were the 

sarne as those reported previously. lo7 

Methyl 2-(4-(R)-phenyl-1,2,3-oxathiazolidin-3-y1)acetae S,S- 

dioxide (123.3) 

SOCl2, 
Et3N 
PhH 

87% from 123.1 

A solution of SOC12 (0.40 mL, 5.48 rnrnol) in dry PhH (5 6) was added over ca. 



5 min to a stirred and cooled (ice-water bath) solution of 123.1 ( 1.0858 g, 5.19 mmol) 

and Et3N (1.60 mL, 1 1-48 mmol) in dry PhH (12 rnL) (N2 atmosphere). The cooling bath 

was rernoved and the mixture was stirred for 1 h, by which time al1 of the stming material 

had reacted (TCL control, silica gel, EtOAc). The mixture was partitioned between EtOAc 

(50 mL) and H20 (15 mL) and the organic phase was washed with H20 (2 x 10 mL) and 

saturated aqueous NaCI (10 mL), dried (MgSQ), and evaporated. The residue was 

dissolved in MeCN (5  mL) and cooled (ice-water bath), and RuC13.3H20 (ca. 2 mg) and 

NaIo4 (1.6849 g, 7.88 mrnol) were added, followed by H20 (7.5 mL). The cooling bath 

was removed and stirring was continued for 1.25 h, by which tirne al1 123.2 had reacted 

(TCL control, silica gel, 5050 EtOAc-hexanes). (Compound 123.2 is best visuaiized by 

U.V.) The mixture was partitioned between EtOAc (75 rnL) and H 2 0  (50 mL), and the 

aqueous phase was extracted with EtOAc ( 2  x 25 mL). The cornbined organic extracts 

were washed with saturated aqueous NaCl (25 mL), dried (MgS04), and evaporated. 

Flash chromatography of the residue over silica gel (2.5 x 20 cm), using 40:60 EtOAc- 

hexanes, gave 123.3 (1.2248 g, 87%) as a pure (1H NMR DMC XVII-1 Il-A) white 

solid: IH NMR (CDC13, 360 MHz) 6 3.65 and 3.97 (ABq, AVAB = 116.5 Hz, J = 18.1 

Hz, 2 H) overlapping a s at 6 3.71 (3 H), 4.41 (t, J =  8.6 Hz, 1 H), 4.84 (dd, J = 8.8, 7.0 

Hz, 1 H), 5.24 ( d d , J =  8.4, 7.0 Hz, 1 H), 7.37-7.47 (m, 5 H). 

Methyl 2-[[N-[2-(t-butylsulfanyl)-lfR)-phenyl]ethyI]amino]acetate 

(123.4) 

M~o,c/" NH 

NaH, THF S f-Bu 

49% 



A solution of t-BUSH (O. 18 rnL, 1.60 mmol) in THF (2 mL) was added by cannula 

over ca. I min to a stirred suspension of NaH (0.04 1 1 g, 1.84 mmol) in THF (1 mL). with 

additionai THF ((2 x 0.5 rnL) used as a rinse (Nz atmosphere). The mixture was stined for 

10 min and a solution of 123.3 (0.2205 g. 0.81 mrnol) in THF (7 mL) was added by 

cannula, with additionai THF (2 x 0.5 mL) used as a rinse. The mixture was stirred for 1 h 

and then aqueous H2S04 (10%) (5  rnL) was added, and stirring was continued for 1 h. 

The resulting mixture was neutralized with saturated aqueous NaHC03 and cornbined with 

EtOAc (50 mL). The organic phase was washed with saturated aqueous NaCl (15 mL), 

dned (MgS04), and evaponted. Flash chromatography of the residue over silica gel ( 1.5 x 

15 cm), using 30:70 EtOAc-hexanes, gave 123.4 (0.1 12 1 g, 49%) as a pure ( I H NMR 

DMC XVI- 1 19-A), colorless oil: LH NMR (CDC13. 360 MHz) 8 1.33 ( s ,  9 H), 2.40-2.64 

(broads, 1 H), 2.76(dd, J =  12.5, 9.4Hz, 1 H), 2.86(dd, J =  12.5,4.4 Hz, 1 H), 3.20 

and 3.33 (ABq, AVAB = 50.4 Hz, J = 17.4 HZ, 2 H), 3.69 (s, 3 H), 3.78 (dd, J = 9.4, 4.4 

Hz, 1 H), 7.24-7.38 (m, 5 £3). 

Methyl 2-[[N-[2-mercapto-l-(R)-phenyl]ethyl]amino]acetate (123.5) 

H~(0Ac)2* TFA, MeozCe NH 
anisole, O OC; 
H2S, MeCN 

97% 
1 23.4 123.5 

A cooled (ice-water bath) mixture of T'FA (5 rnL) and anisole (0.15 CIL) was added 

to a cooled (ice-water bath) flask containing 123.4 (0.8190 g, 0.29 rnrnol), followed by 

H ~ ( O A C ) ~  (0.0927 g, 0.29 mmol). The mixture was stirred for 15 min and then 

evaporated under reduced pressure (CO. 1 rnm Hg). The residue was dissolved in MeCN ( 5  

rnL) and H2S was bubbled through the resulting stirred solution for 2 min. The black 

precipitate that formed was removed by filtration through a tightly packed (important) pad 



(1.5 x 3 cm) of Celite, topped with a 1 cm Cotton plug, and the filtrate was evaporated 

under reduced pressure ( ~ 0 . 1  mm Hg). The residue was partitioned between saturated 

aqueous NaHC03 (25 mL) and EtOAc (75 mL), and the organic phase was washed with 

saturated aqueous NaCl (25 mL), dned (MgS04), and evaporated to give 123.5 (0.0634 

g, 97%) as a pure (IH NMR DMC XVI-113-A), colorless oil: Compound 123.5 is easily 

oxidized and should be used immediately. It had lH NMR (CDC13, 360 MHz) 6 1.80- 

2.40 (broads, 2 H), 2.69 (dd, J =  13.3, 10.1 Hz, 1 H), 2.88 (dd, J =  13.3, 4.8 Hz, 1 H), 

3.21 and 3.37 (ABq, AVAB =54.1 Hz, J =  18.3 HZ, 2 H), 3.70(s, 3 H), 3.76 (dd, J =  

10.1, 4.8 Hz, 1 H), 7.26-7.38 (m, 5 H). 

2-(t-Buty1thio)acetaldehyde diethyl acetal (124.2) 

t-BUSH, NaH, 
THF 

92% 
O Et OEt 

t-BUSH (15.0 rnL, 133.05 mmol) was added by syringe pump over ca. 20 min to a 

stirred and cooled (ice-water bath) suspension of NaH (3.3601 g, 140.00 m o l )  in THF 

(100 rnL) (Nz atrnosphere). The mixture was stirred for 30 min and then 124.1 (20 rnL, 

132.94 mmol) was added by syringe pump over ca. 20 min. The resulting mixture was 

stirred and refluxed for 3 h, cooled to room temperature, and partitioned between saturated 

aqueous NaCl (50 mL), H z 0  (25 mL), and EtOAc (50 mL). The aqueous phase was 

extracted with EtOAc (2 x 40 mL), and the combined organic extracts were dned (MgS04) 

and evaporated. The residual liquid was distilled under reduced pressure (0.07 mm Hg) to 

give 124.2 (25.2379 g, 92%) as a pure ('H NMR DMC XVI-165-A), colorless liquid: bp 

53-55 OC; NMR (CDC13, 360 MHz) 6 1.20 (t, J = 7.0 Hz, 6 H), 1.30 (s, 9 H), 2.73 

(d, J = 5 . 7  Hz, 2 H), 3.49-3.71 (rn,4H),  4.59 (t, J =  5.73 Hz, 1 H). 



HC!(,,), THF 
t-~us? O E ~  

83% 
t-BUS-CHO 

OEt 

Aqueous HCl (10%) (2 rnL) was added to a stirred solution of 124.2 ( 1.3 146. 

6.37 mrnol) in THF (20 mL). Stirring was continued for 12 h, and then EtOAc (40 mL) 

was added. The organic phase was washed with saturated aqueous NaCl (10 mL), dried 

(MgS04), and evaporated to give 124.3 (0.697 1 g, 83%) as a pure (1H NMR DMC XVI- 

175-A), colorless liquid: IH NMR (CDC13, 360 MHz) 6 1.32 (S. 9 H), 3.26 (d, J = 2.0 

Hz, 2 H), 9.55 (t, J = 2.0 Hz, 1 H). 

N-[(2-t-butylsuIfany1)ethyljglycine methyl ester (124.4) 

HCI-H2NCH2C02Me, 
NaCNBH3, MeOH, H 

t-BUS-CHO 
AcOH + N-C02Me 

t-BUS 

NaCNBH3 (0.3201 g, 5.09 rnmol) was added to a stirred solution of 124.3 

(0.6716 g, 5.08 rnmol) and HClGlyOMe (0.6375 g, 5.08 rnmol) in MeOH (25 rnL) and 

AcOH (0.25 rnL). The mixture was stirred for 3 h, evaporated, and partitioned between 

saturated aqueous NaHC03 (10 rnL) and CH2C12 (15 mL). The aqueous phase was 

extracted with CH;sCl;s (3 x 5 mL) and the combined extracts were dned (MgS04) and 

evaporated. Flash chromatography of the residue over silica gel (2 x 20 cm), using 50:50 

EtOAc-hexanes, gave 124.4 (0.6053 g, 58%) as a pure (IH NMR DMC XVI-169-A), 

colorless oïl: 'H NMR (CDCl3, 360 MHz) 8 1.30 (s, 9 H), 1.89 (s, 1 H), 2.67 (t, J = 6.1 

Hz, 2 H), 2.80 ( t , J = 6 . 1  Hz, 2 H), 3.42 (s, 2H),  3.71 (s, 3 H). 



N-(2-Mercaptoethy1)glycine methyl ester (124.5) 

Hg(OAc)21 TFA, 
H anisole, O OC; H 

t-BUS * N v C 0 2 M e  H2S, MeCN H S ~  N-C02Me 

65% 
1 24.4 124-5 

A cooled (ice-water bath) mixture of TFA (5 rnL) and anisole (0.15 mL) was added 

to a cooled (ice-water bath) flask containing 124.4 (0.2730 g, 1.33 rnmol), followed by 

Hg(OAc)2 (0.4237 g, 1.33 mmol). The mixture was stirred for 15 min and then 

evaporated under reduced pressure (<O. 1 mm Hg). The residue was dissolved in MeCN (5 

rnL) and H2S was bubbled through the resulting stirred solution for 2 min. The black 

precipitate that formed was removed by filtration through a tightly packed (important) pad 

(1.5 x 3 cm) of Celite, topped with a 1 cm Cotton plug, and the filtrate was evaporated 

under reduced pressure (<0.1 mm Hg). The residue was partitioned between saturated 

aqueous NaHCO3 (25 mL) and EtOAc (75 mL), and the organic phase was washed with 

saturated aqueous NaCl (25 mL), dned (MgS04), and evaporated to give 124.5 (0.1298 

g, 65%) as a pure ( I H  NMR DMC XVI-17 1-A), colorless oïl: lH NMR (CDC13, 360 

MHz) 6 1.80-2.40 (broad s, 2 H), 2.67 (t, J = 6.0 Hz, 2 H), 2.84 (t, J = 6.0 Hz, 2 H), 

3.26 (s, 2 H), 3.74 (s, 3 H). 

N-Acetylglycyl-N- [2-mercap to- 1-(R)-phenylethyllglycine methyl 

ester 123.6 

M~O,C- NH 103.2, potassium phosphate 
buffer (pH 7.5), MeCN, 

&'" BnSt-i, PhSi-i 

42% 



Sodium phosphate bufferl I o  ( 1 rnL. pH 7.5). BnSH (m. 0.05 mL). and PhSH (cn. 

0.05 mL) were added to a stirred solution of 123.5 (0.0419 g, 0.12 mrnol) and 103.2 

(0.0276 g, 0.12 rnmol) in MeCN (2 mL) (Nz atmosphere). Stirring was continued for 19 

h, and the mixture was partitioned between EtOAc (50 mL), and Hz0 (5 m . ) .  The organic 

phase was dried (MgS0;i) and evaporated. Flash chrornatography of the residue over silica 

gel (1 x 20 cm), using EtOAc. gave 123.6 (0.0152 g, 42%) as a pure ( IH  NMR DMC 

XVII-37-A), colorless oil: IH NMR (CDC13, 400 MHz) 6 1.56-2.43 [m, 4 H. induding a 

t at 6 1.59 (J = 8.4 Hz), a s at 6 2.05, a s at 6 2.06, and a t at 6 2.39 (J = 8.5 Hz)], 2.96- 

3.14 (m, 2 H), 3.46-4.70 [m. 7 H, including an AE3q at 6 3.50 and 3.90 (AVAB = 160.7 

Hz, J = 17.1 Hz) overlapping a s at 6 3.56, a s at 6 3.67, and a s at 6 3.80, a dABq at 6 

4.00 and 4.05 ( A v ~ B  = 17.52 Hz, J = L7.4, 4.0 Hz), and a dABq at 6 4.5 1 and 4.65 

(AVAB = 55.9 Hz, J = 17.5, 3.6 Hz)], 5.06-5.95 [m, 1 H, including a t at 6 5.09 ( J  = 7.2 

Hz), and a t at 6 5.9 1 (J = 7.7 Hz)], 6.65 (s, 1 H), 7.20-7.42 (m, 5 H); exact mass 

(electrospray) m/z calcd for C15H20N2Na04S (M + Na) 347.104 1, found 347.1049. 

Methyl 2-[[N-[2-mercapto-l-(R)-phenyl]ethyl]amino]acetate disulfide 

(125.1) 

anisole, O OC; 
H2S, MeCN: 

M~O,C- NH 

Sr-Bu 12. MeOH es% 
63% / 

123.4 125.1 

A cooled (ice-water bath) mixture of T'FA (5 mL) and anisole (0.15 mL) was added 

to a cooled (ice-water bath) flask containing 123.4 (0.3448 g, 1.33 mrnol), followed by 

Hg(OAc)2 (0.3905 g. 1.33 mmol). The mixture was stirred for 15 min and then 

evaporated under reduced pressure (CO. 1 mm Hg). The residue was dissolved in MeCN (5 



mL) and H2S was bubbled through the resulting stirred solution for 2 min. The black 

precipitate that formed was rernoved b y  filtration through a tightly packed (important) pad 

(1 -5 x 3 cm) of Celite, topped with a 1 cm Cotton piug, and the tiltrate was evaporated 

under reduced pressure (<O. 1 mm Hg). The residue was partitioned between saturated 

aqueous NaHC03 (25 nL) and EtOAc (75 mL), and the organic phase was washed with 

saturated aqueous NaCl (25 mL), dried (MgS04), and evaporated to give a residue. The 

residue was dissoived in MeOH (10 r d )  and titrated with saturated rnethanolic 12. The 

resulting mixture was stirred for 10 niin and evaporated. Flash chromatography of the 

residue over silica gel (2 x 20 cm), using EtOAc, gave 125.1 (0.173 1 g, 63%) as a pure 

( I I 3  NMR DMC XVII-135-A). colorless oil: I H  NMR (CDC13, 360 MHz) 6 2.35-2.65 

(broad s, 1 H). 2.90 (dd, 3 = 13.5, 8.9 Hz, 1 H), 3.00 (dd, 3 = 13.5, 4.4 Hz, I H), 3.22 

and 3.34 (ABq, AVAB = 45.9 Hz, J = 17.4 Hz, 2 H), 3.69 (s, 3 H), 4-10 (dd, J = 8.9, 4.4 

Hz, 1 H), 7.24-7.37 (m, 5 H). 

N-Acetylalanyl-N-[2-mercapto-l-(R)-pheny1ethyl]glycine methyl 

ester (126.2) and N-Acetylalanyl-N[-2-mercapto-1-(Rb 

phenylethyllglycine-S-IN-acetylalanyllmethyl ester (126.3) 

potassium phosphate NHAc 
M ~ O ~ C - N H  buffer (pH 7.5), MeCN, 

&SH +AcHN"cosph PhSt-i BnSH Bu3P 

NHAc 



Sodium phosphate bufferl10 (0.75 mL, pH 7 .3 ,  BnSH (ca. 0.05 mL), and PhSH 

(ca. 0.05 mL) were added to a stirred solution of 123.5 (0.0419 g, 0.12 mmol) and 

126.1 (0.0276 g, 0.12 mrnol) in MeCN (1.5 mL) (N2 atmosphere). Stirring was 

continued for 20 h, and the mixture was evaporated. Flash chromatography of the residue 

over silica gel ( I x 15 cm), using 90: 10 EtOAc-MeOH, gave 126.2 (0.0264 g, 40%) as a 

pure ( I H  NMR DMC XVII-79-A), colorless oil and 126.3 (0.0 149 g, 15%) as a pure (IH 

NMR DMC XVII-79-B), colorless oil: Compound 126.2 had: 1H NMR (CDC13, 360 

MHz) 6 1.30-2.23 [m, 7 H, including a d at 8 1-36 (J = 8.2 Hz), a d at 6 1.48 (J = 8.2 

Hz), a s at 6 1.98, a s at 6 2.03, and a t at 8 2.18 (J = 4.0 Hz)], 2.96-3-37 (m, 2 H), 3.42- 

5.48 (m. 7 H, including a s at 6 3.58 and a s at 6 3-68), 5.80-6.58 [m, 1 H, including a t at 

6 5.85 (J = 6.0 Hz), and a t at 6 6.49 (J = 6.5 Hz)], 7.20-7.40 (m, 5 H); exact mass 

(electrospray) m/z calcd for C16HS2N2Na04S (M + Na) 36 1.1 198, found 361.1205. 

Compound 126.3 had: 1~ NMR (CDC13, 360 MHz) 8 0.84-2.08 (m. 12 H), 3.38-5.42 

(m, 10 H, including a s at 6 3.46 and a s at 6 3.63), 5.83-6.49 (m, 2 H), 7.20-7.44 (m, 5 

H); exact mass (electrospray) m/z calcd for C2 lH2gN3Na06S (M + Na) 474.1675, found 

474.1 670. 

Typical procedure used for the coupling reactions described in Tables 

16 and 17; illustrated by reference to reaction between 125.1 and 127.1 

(entry 4, Table 16). 

potassium phosphate Me02C- 
buffer (pH 7.5), DMF, 

S% +AcHNncosph PhSH, BnSH, Bu3P 

125.1 127.1 1 23.6 

Bu3P (80 PL, 0.32 mmol) was injected into a suspension of 125.1 (0.0236 g, 



0.053 mmol) in DMF (0.4 mL) and sodium phosphate buffer (0.4 mL. pH 7.5). which 

caused a solution to forrn within 30 sec (N2 atmosphere). The mixture was stirred for 5 

min and 127.1 (0.0167 g, 0.080 mmol) was added, followed by BnSH (28 PL, 0.24 

mmol), and PhSH (24 PL, 0.24 mmol). The reaction was monitored by HPLC by 

injecting 2 g L  of the mixture ont0 a Hewlett Packard reversed phase C-8 column (4.6 x 

200 mm) and eluting the compounds using a linear gradient changing from 20% solvent B 

to 55% solvent B over 25 min (flow rate = 2 mt/min, h = 214 nm). Solvent A = 100:O.l 

H20-TFA, solvent B = 90: 10:O. 1 MeCN-H20-TFA. Under these conditions the following 

retention times were observed: 103.2, 10.3 min (sharp peak); 127.1, 7.3 min (sharp 

peak); 123.6, 8.6 min (sharp peak); 123.5, 7.5 min (broad peak); BnSH, 17.2 min 

(sharp peak); PhSH, 15.6 min (sharp peak). 

N-Acetylglycine Thiophenyl ester (127.1) 

PhSH,EDCI, 

ACHN/"CO,H 
DMAP, CH2CI2 

ACHN-COSP~ 
77% 127.1 

EDCI (1.6270 g, 8.49 rnmol) and DMAP (ca. 20 mg) were added to a stirred 

suspension of AcGly (0.9938 g, 8.49 rnmol) and PhSH (0.87 mL, 8.49 rnrnol) in dry 

CH2Clr (20 rnL) (N;! atrnosphere). The mixture was stirred for 3 h and washed with 10% 

HCl(,q) (10 mL), saturated aqueous NaHCO:, (10 mL), Hz0 (10 mL) and saturated 

aqueous NaCl (10 mL), dried (MgS04), and evaporated. FIash chromatography of the 

residue over silica gel ( 2  x 20 cm), using 80:20 EtOAc-hexanes, gave 127.1 (1.3692 g, 

77%) as a pure ( i H  NMR DMC XVI-37-A) white solid: IH NMR (CDCl,, 400 MHz) 6 

2.04 (s, 3 H), 4.26 (d, J =  5.1 Hz, 2 H), 6.42 (s, 1 H), 7.38-7.42 (m, 5 H). 



N-Acetylglycyl-N[-2-methylthio-l-(R)-phenyIethyI]gycine methyl 

ester (127.3) 

potassium phosphate O 
buffer (pH 7.5). DMF. NleO,C 
PhSH, BnSH, Bu3P; 

S% +AcH'Acos6n CHpN2, MeOH 

58% 
125.1 103.2 1 27.3 

Bu3P (130 pL, 0.52 m o l )  was injected into a suspension of 125.1 (0.029 1 g, 

0.065 m o l )  in DMF (4.33 mL) and sodium phosphate buffer (8.67 mL, pH 7.3, which 

caused a solution to form within 1 min (N2 atmosphere). The mixture was stirred for 5 

min and 103.2 (0.02 17 g, 0.097 rnmol) was added, followed by BnSH (46 PL, 0.39 

rnmol), and PhSH (40 PL, 0.39 mrnol). The mixture was stirred for 14 h and was then 

acidified (pH ca. 3) with 6 M HCl. The resulting mixture was extracted with CH2C12 (5 x 

20 rnL), dried (MgS04) and evaporated. The residue was dissolved in MeOH (10 mL) and 

the stirred solution was titrated with ethanolic CH2N2. The mixture was stirred for 15 min, 

AcOH (1 drop) was added, and the mixture was evaporated. FIash chromatography of the 

residue over silica gel (1 x 20 cm), using 98:2 EtOAc-MeOH, gave 127.3 (0.0129 g, 

58%) as a pure (IH NMR DMC XVII-155-A), colorless foarn: 1H NMR (CDC13, 360 

MHz) 6 2.02-2.22 (m, 6 H, including a s at S 2.05, a s at 6 2.06. a s at 6 2.17, and a s at 8 

2. L9), 2.95-3-16 (m, 2 H), 3.48-3.62 (m, 3 H, including a s at 8 3.5 1, and a s at 8 3 .GO), 

3.73-4.50 [m, 4 H, including a d at 8 4.04 (J = 4.0 Hz), and a d at 6 4.47 (J = 3.6 Hz)], 

5.06-6.08 [m, 1 H, including a t at 5 5.08 ( J  = 8.0 Hz), and a t at 6 6.03 ( J  = 7.8 Hz)], 

7.22-7.43 (m. 5 H). 

N-Acetylglycine Thiobenzyl ester (103.2) 



BnSH, DCC, 

ACHN-CO,H 
DMAP, CH2C12 

, A C H N ~ C O S B ~  

DCC (4.2 13 1 g, 20.42 rnmol) and DMAP (0.227 1 g, 1.86 m o l )  were added to a 

stirred suspension of AcGly (2.1733 g, 18.56 mrnol) and BnSH (4.36 mL. 37.14 mmol) 

in dry CHzC12 (40 rnL) (N2 atrnosphere). The mixture was stirred for 9 h and filtered 

through a grade D sintered glass frit. The filtrate was washed with H z 0  (30 mL) and 

saturated aqueous NaCl (30 mL), dried (MgS04). and evaporated. Flash chromatography 

of the residue over silica gel (4.5 x 20 cm), using 8090 EtOAc-hexanes, gave 103.2 

(3.9572 g, 95%) as a pure (lH NMR DMC Xm-45-A) white solid: 1H NMR (CDCls. 

400 MHz) 6 2.00 (s, 3 H),4.13 (s, 2 H),4.14(d, J = 6 . 0  Hz, 2 H), 6.31 (s, 1 H), 7.22- 

7.32 (m, 5 H). 

BnBr, DBU, 

X O H  PhMe 
ph- 

X O H  

BnBr (12.46 rnL, 104.76 mrnol) was added by syringe pump over ca. 30 min to a 

stirred suspension of 128.1 (10 mL, 104.78 mrnol) and DBU (15.70 mL, 104.98 mmol) 

in dry PhMe (100 mL) (N2 atrnosphere). The mixture was stirred for 1 h following 

addition of BnBr and then H20 (100 mL) was added. The aqueous phase was extracted 

with CH2C12 (2 x 50 mL) and the combined organic extracts were dned (MgS04) and 

evaporated. The resulting iiquid was distilled under reduced pressure (bp 1 19-12 1 OC, 

0.00 1 mm Hg) to give 128.2 (15.59 1 1 g, 83%) which solidified as a pure ([H NMR 

DMC XVI-85-A) solid: 1H NMR (CDCl3, 360 MHz) 6 1.18 (S. 6 H), 1.80-2.30 (broad s, 

2 H), 3.37 (s, 2 H), 3.69 (s, 2 H), 7.26-7.38 (m, 5 H). 



A solution of SOC12 (1.85 mL, 25.36 mmol) was added over en. 20 min to a stirred 

and cooled (ice-water bath) solution of 128.2 (4.2849 g, 23.90 rnmol) and Et3N (7.35 

rnL, 52.73 rnrnol) in dry PhH (20 mL) (N2 atmosphere). The coolinj bath was removed 

and the mixture was stirred for 1 h and was then partitioned between EtOAc (50 rnL) and 

Hz0 (20 rnL). The organic phase was washed with Hz0 (20 mL) and saturated aqueous 

NaCl (20 mL), dned (MgS04), and evaporated. Flash chromatography of the residue over 

silica gel (3.5 x 25 cm), using 5050  EtOAc-hexanes, gave 128.3 (4.63 16 g, 86%) as a 

pure (1H NMR DMC XVI-87-A) white solid: IH N M R  (CDC13, 360 MHz) 6 1-24 (s, 3 

H), 1-46 (s, 3 H), 4.12-4.66 [m, 4 H, including an ABq at 6 4.16 and 4.27 (AVAB = 37.3 

Hz, J = 14.6 Hz) ovedapping an ABq at 6 4.20 and 4.64 (Avm = 158.3 Hz, J = 8.2 Hz)], 

7.25-7.44 (m, 5 H). 

I I  Na104, RuCI3, 
MeCN. H20 

88% 

RuC13-3H20 (ca. 5 mg) and NaI04 (1.3584 g, 6.35 mmol) were added to a stirred 

and cooled (ice-water bath) solution of 128.3 in MeCN (10 mL), followed by H20 (15 

mL). The cooling bath was removed and stirring was continued for 1 h, by which time d l  



of the starting material had reacted (TCL control, silica gel, 5050 EtOAc-hexanes). The 

mixture was partitioned between EtOAc (75 mL) and Hz0 (20 d), and the organic phase 

was washed with Hz0 (2 x 25 mL) and saturated aqueous NaCl (20 mL), dried (MgS04). 

and evaporated. Flash chromatography of the residue over silica gel (2.5 x 20 cm), using 

5050 EtOAc-hexanes, gave 128.4 (0.9037g 88%) as a pure (1H NMR DMC XVI-9 1-A) 

white solid: 1H NMR (CDC13, 360 MHz) 6 1.30 (s, 6 H), 4.27 (s, 4 H, two overlapping 

signais), 7.27-7.46 (m, 5 H). 

Benzyl [1,1-dimethyl-2-(t-butylsulfanyl)]ethylamine (128.5) 

y ,O t-BUSH. 
P~-N-'\ NaH. THF ph-NH 

-+JO 9799 - &S~-BIJ 

A solution of t-BUSH (0.13 rd, 1.15 mmol) in THF (2 rnL) was added by cannula 

over ca. 1 min to a stirred suspension of NaH (0.0304 g, 1.27 mmol) in TE-IF (1 mL), with 

additionai THF (2 x 0.5 rnL) used as a rime (N:, atmosphere). The mixture was stirred for 

10 min and a solution of 128.4 (0.1391 g, 0.58 mrnol) in THF (2 mi,) was added by 

cannula, with additional THF (2  x 0.5 mL) used as a rinse. The mixture was stirred for 1 h 

and then aqueous H2S04 (10%) ( 2  rnL) was added, and stimng was continued for 1 h. 

The resulting mixture was neutralized with saturated aqueous NaHC03 and combined with 

EtOAc (50 mL). The organic phase was washed with saturated aqueous NaCl (15 mL), 

dried (MgSO4), and evaporated. Flash chromatography of the residue over sihca gel (1.5 x 

15 cm), using 80:20 EtOAc-hexanes, gave 128.5 (0.1420 g, 97%) as a pure (LH NMR 

DMC XVI-95-B), colorless oil: 1H NMR (CDC13, 360 MHz) 8 1.24 (s, 6 H), 1.36 (s, 9 

H), 1.60(s, I H), 2.72(s92H), 3.71 (s ,2H) ,  7.20-7.41 (m,5H) .  



P~/ "NH anisole. O OC; 

&S~-BU H2S, MeCN - A S H  

A cooled (ice-water bath) mixture of TFA (5 rnL) and anisole (0.15 mL) was added 

to a cooled (ice-water bath) flask containing 128.5 (0.1239 g, 0.49 mmol), followed by 

Hg(OAc)2 (0.1570 g, 0.49 mmol). The mixture was stirred for 15 min and then 

evaporated under reduced pressure (<O. 1 mm Hg). The residue was dissolved in MeCN (5 

rnL) and H2S was bubbled through the resulting stirred solution for 3 min. The black 

precipitate that formed was removed by filtration through a tightly packed (important) pad 

(1.5 x 3 cm) of Celite, topped with a 1 cm Cotton plug, and the filtrate was evaporated 

under reduced pressure ( ~ 0 . 1  mm Hg). The residue was partitioned between saturated 

aqueous NaHC03 (25 mL) and EtOAc (75 mL), and the organic phase was washed with 

saturated aqueous NaCl (25 rnL), dned (MgS04), and evaporated to give 128.6 (0.0867 

g, 90%) as a pure (1H NMR DMC XVI-97-A), colorless oil: LH NMR (CDC13, 360 MHz) 

6 L i 8  (s, 6 K), 1.61 (s, 2 H), 2.65 (s, 2 H), 3.63 (s ,  2 H), 7.20-7.40 (m, 5 H). 

P~I-NH 103.2, kPr2NEt, 

ASH THF, H20, BnSH - 

i-PrzNEt (0.15 mL, 0.86 m o l )  was added to a stirred mixture of 128.6 (0.0867 



g, 0.44 mrnol) and 103.2 (0.1006 g, 0.45 mmol) in THF (3 mL) and H 2 0  ( 1  mL). 

followed by BnSH (cn- 0.05 mL) (N:! atmosphere). The mixture was stirred for 39 h and 

combined with EtOAc (25 mL). The organic portion was removed, dried (MgS04). and 

evaporated. Flash chromatography of the residue over silica gel ( L x 15 cm), using 90: LO 

EtOAc-hexanes, gave 119.1 (0.0959 g, 75%) as a pure ( l H  NMR DMC XV-99-A), 

colorless oil: IH NMR (CDCL3, 360 MHz) 8 1-23 (t, J = 9.0 Hz. 1 H), 1.42 (s, 6 H), 

2.02 (s, 3 H), 3.18 (d, J = 9.0 Hz, 2 H), 4.09 (d, J = 4.1 Hz, 2 H), 4.65 (s, 2 H), 6.58 

(s, 1 H), 7.12-7.38 (m, 5 H); exact mass (electrospray) m/r calcd for C i5Hz2N~Na02S (M 

+ Na) 3 17.1300, found 3 17.1305. 

BnNH2, MeOH, ocHo reflux; NaBHI - ;-'-ph Boc2O. THF 

A A 83% from 

BnNH2 (0.34 rnL, 3.1 1 mrnol) was added to a stirred solution of 133.1 (0.5961 

g, 3.10 mrnol) in dry MeOH (25 mL), and the resulting mixture was stirred and refluxed 

for 1 h (N2 atmosphere). The mixture was cooled (ice-water bath), and NaBH4 (0.2347, 

6.20 rnmol) was added. The cold bath was removed and stimng was continued for 1 h. 

The mixture was evaporated and the residue was partitioned between H 2 0  (15 rnL) and 

CH2C12 (30 mL). The organic phase was dried (MgS04) and evaporated. The residue 

was dissolved in THF (25 mL), BOCZO (1 -3523 g, 6.20 m o l )  was added, and the mixture 

was stirred for 10 min and then evaporated. Flash chromatography of the residue over 



silica gel (2.5 x 25 cm), using 90: 10 EtOAc-MeOH, gave 133.3 (0.9871 g, 83%) as a 

pure (IH NMR DMC XVI-234) .  coIorless oil: IH NMR (CDCls. 360 MHz) 6 1.34- 1-56 

(m, 9 H. including a s at 6 1.40 and a s at 6 1-46), 3.24 (S. 4 H). 3.75-3.84 (m. 4 H). 

4.30-4.58 (m, 4 H). 6.38-6.65 (m, 2 H), 7.15-7.35 (m, 5 H), 8-22 (d. J = 5.0 Hz, 1 H). 

TFA, CH2CI2 

93% 

TFA (5.0 rnL) was injected into a stirred solution of 133.3 (0.8 166 g, 2.13 mrnol) 

in CH2C12 (10 mL) (N2 atrnosphere). Stirrhg W ~ S  continued for 1 h and the mixture was 

then evaporated to give a residue, which was partitioned between CH2Cl2 (40 rnL) and 

saturated aqueous NaHC03 (10 rnL). The organic phase was dried (MgS04) and 

evaporated to give 133.2 (0.5623 g, 93%) as a pure (LH NMR DMC XVI-25-A), 

colorless oil: 1H NMR (CDC13, 360 MHz) 6 2.67 (s, 1 H), 3.2 1-3-58 (m, 4 H), 3.79- 

3.74 (m, 4 H), 3.80 (s, 4 H), 6.51 (dd, J = 5.9, 2.6 Hz, I H), 6.71 (d, J = 2.6 Hz, 1 H), 

7.19-7.35 (m, 5 H), 8.22 (d, J = 5.9 Hz, 1 H). 



127.1, i2, THF 

55% 

12 (1.9543 g ,  7.70 mmol) was added to a stirred solution of 133.2 (0.3 1 17 g, 

1.10 mmol) and 127.1 (0.2302 g, 1.10 mmol) in THF (IO mL). The mixture was stirred 

for 30 min, titrated with 1M Ni12S203(~~), and partitioned between H20 (10 mL) and 

CHzCl:! (30 mL). The organic phase was dned (MgS04) and evaporated. The residue 

was dissolved in THF (10 rnL) and BoclO (0.2401 g, 1.10 mrnol) was added. The 

mixture was stirred for 10 min and evaporated. Flash chromatognphy of the residue over 

silica gel (2.5 x 20 cm). using 90:lO EtOAc-MeOH, gave 134.1 (0.228 1 g, 55%) as a 

pure (IH NMR DMC XVI-53-A), colorless oil: IH NMR (CDCI,, 400 MHz) 6 1.96-2.03 

(m, 3 H, including a s at 6 1.97 and a s at 6 2.00). 3.22-3.33 (m, 4 H), 3.72-3.79 (m, 4 

H), 4.12-4.66 (m, 6 H. including a s  at S 4.14. a s  at 6 4.18, a s  at 6 4.52, a s  at 6 4.58, a 

s at S 4.61, and a s at 6 4.65), 6.58-6.69 (m. 1 H), 6.71-6.74 (m. 1 H), 7.19-7.37 (m. 5 

H), 8.02-8.1 1 (m. 1 H); exact mass (electrospray) d z  calcd for CziH2fl4Na03 (M + Na) 

405.1903, found 405.1902. 
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A.  1 INTRODUCTION 

In connection with other work conducted in this laboratory, it was necessary to 

prepare cornpounds of type 1.1 (R = alkyl, R' = pmtecting group, see Scheme 1). The 

Scheme 1 

hCN OMe 

monocyclic substructure (see 1.2) appears to be unknown,l and the preparation of an 

exarnple of the ester 1.1 was initially troublesome. Tt was eventually decided that a route 

would be explored by way of 2-methoxy-4-methylpyridine-3-carbonitrile (1.3),2 which 

Scheme 2 

1.3 - 
OMe OMe 

we intended to deprotonate on the C(4) methyl, and convert into 2.3 (= 1.1, R = Me, R' = 

TBDMS). dong the lines shown in Scheme 2. The proposed route is based on the repon3 

that 3.1 is convertible into 3.2 in high yield (see Scheme 3), under the conditions shown. 

Scheme 3 

f 
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A . 2  RESULTS AND DISCUSSION 

Compound 1.3 had previously been prepared in Our laboratory according to the 

procedure outlined in Scheme 4. Nitration4 of commercially available and inexpensive 4.1 

gave the 3-nitropyridine 4.2, easily separated (25% yield) by stearn distillation from the 5- 

nitro isomer that is also forrned. Diazotization (938) served to replace the amino group by 

hydroxyl (4.2 + 4.3)s and this, in tum, was replaced (68%) by chlorine (4.3 + 4.4).5b 

Reduction (4.4 -t 4.5; 94%). using SnCl2/hydrochlonc acid,6 and Sandmeyer reaction 

(HN02, CuCN, KCN, 30 OC) then gave 4.6 in 43 % ~ield.' This route was easily done on 

a sufficiently large scale to afford 5-6 g batches of 4.6. Finally, following a general 

procedures for halide displacement, 4.6 was treated with NaOMe, leading to the formation 

of 1.3 in 96% yield. 

Scheme 4 

4.1 4.2 4.3 4.4 
HN02, 

h c N  NaOMe hc" ~ ~ ~ ' 2 1  

N' OMe 
96% Cl 43% N' CI 94% 

1.3 4.6 4.5 

For the present work, we employed an alternative, more concise route (Scheme 5 )  

to nitrile 1.3. In this approach. the readily accessible dichloro n i tde  5.19 was treated with 

NaOMe (1 equiv.) to afford (92%) a 9: 11 ( L H  NMR) mixture of 5.2 and 5.3. 

respectively. Hydrogenolysis then gave the easiiy separable chlorine-free cornpounds 5.4 

and (in 36% yield) 1.3. 

With nitrile 1.3 in hand, we began to investigate its conversion into 2.3 according 

to the plan outlined in Scheme 2. It was found that 1.3 could be easily reduced in 63% 



Scheme 5 

CI b:~ .Ze CI N OMe + Me0 kc. N CI 
5-1 5.2 5.3 

OMe Me0 

yield to alcohol 2.1 via the corresponding aldehyde intermediate (6.1. Scheme 6). The 

aldehyde was obtained by treatment of 1.3 with DIBAL-H. and was subsequently reduced 

to the desired alcohol using NaBH4. The product was then silylated to afford 2.2 in 97% 

yield. Surprisingly, our attempts to acylate this compound (cf. Scherne 3) were uniformly 

unsuccessful. although we were easily able to repeat the conversion of 3.1 into 3.2. 

exactly as reported3 in the original literature. A control experiment. in which equimolar 

amounts of 2.2 and 3.1 were treated with LDA and (Me0)2CO was also canied out. This 

experiment gave a complex mixture containing 3.2 and 2.2, but no 2.3. as judged by 1H 

NMR analysis. 

Scheme 6 

hc" OMe - LdA OMe 

NaBH4, 
MeOH 

63% 
from 1.3 

koH OMe - 

TBDMSCl, 
irnidazole, 

OTBDMS 

OMe 97% 
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In contrast to the difficulties encountered in the attempted acylation of compound 

2.2. it had been found that nitrile 1.3 could be easily alkylated. by treatrnent with LDA 

and benzaldehyde, to afford 7.1 in 85% yield (Scheme 7). This observation led to the 

Scheme 7 

Ph 

OH 
LDA, CN 

OMe 85% OMe 

exploration of a less direct route to the desired target (2.3), which is outlined in Scheme 9 

(see later). Direct acylation of 1.3 was not explored, as such a route would require 

reduction of the nitrile to a hydroxyrnethyl group withuut ring closure to form a lactone 

(1.3 + 8.1 + 8.2, Scherne 8). It was felt that this might be problematic and, in the 

event, treatment of 2.3 (obtained as described later) with HF resulted in spontaneous 

lactonization to give 8.3.10 

Scheme 8 

Elaboration of 7.1 into 2.3 proceeded as outlined in Scheme 9. This Scheme 

represents a slightly rnodified version of a senes of reactions that were first carried out by 



Scheme 9 

OH OMS 

CN MsCI. EbN. THF CN D8U, THF 

OMe OMe 850h from 7.1 OMe 

'-* DIBAL-H, 
CH2C12; 
90% + 

Ph 

OTBDMS OMF NaBH4, MeOH 
CHO 

OMe 96% OMe 8 9 O/'o OMe 

PhOC(S)CI, 

Bu3SnH, 
AIBN, PhMe 

OMe 99% OMe 

9.5 

M. Pelesion in these laboratories. Mesylation (7.1 + 9.1, MsCl, Et3N), followed by 

9.4 9.3 
0 3 ,  CH2C[2; 
Ph3P; 
93% 

treatment with DBU, produced the E-olefin 9.2 (85% from 7.1). Reduction to the 

aldehyde (9.2 + 9.3, DIBAL-H) was not straightforward, in the sense that, on a srnaIl 

t HO C(SMe)3 

D 

OMe 87% OMe OMe 

scale (ca. 300 mg of 9.2) the yield was 90%, but on an appreciably larger scale (eu. 5 g of 

9.2) reduction could not be driven to completion, even by use of a three-fold excess of the 

hydride, and recycling of recovered starting material was necessary in order to obtain a 

comparable yield. Further reduction with NaBH4 then afforded the expected alcohol 
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(9.4). and this was easily silylated (TBDMSCI. imidazole, 96%). giving the desired 

product 9.5. 

Ozonolytic cleavage of 9.5 produced aldehyde 9.6 (93%), in which the original 

C(4) carbon substituent of 1.3 is now electrophilic. Therefore, cornpounds 1.3 and 9.6 

represent a complementary pair, with the C(4) carbon substituent of 1.3 able to behave as a 

nucleophile (after deprotonation) and, in 9.6, as an electrophile. 

Treatment of 9.6 with [tris(methylthio)]methylIithium~ (9.6 -+ 9.7). and 

rnethanolysis~l in the presence of HgC12 and Hg0 afforded ester 9.8, from which the 

hydroxyl was removed by radical deoxygenation to give a suitably protected example of the 

compound type we required (9.8 -+ 9.9, 97%; 9.9 + 2.3, 99%). 

D u h g  the course of this work Pelison had tried to hydrolyze 4.6 to hydroxy acid 

10.1 under the conditions (6M hydrochloric acid, reflux) described7b in the literature. The 

product has the reported mp (247 OC) but is, in fact, the hydroxy nitrile 10.2. l 2  Likewise, 

attempts to hydrolyze 1.3 and 9.2 under the sarne conditions (6M hydrochloric acid, 

reflux, 12 h) served only to replace the rnethoxy group by hydroxyl; in both cases the 

hindered nitrile group remained intact. 

Scheme 10 
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A.3 CONCLUSION 

The synthesis of the required pyndine-based heterocylic compound 2.3 has been 

achieved. The relatively concise synthetic route to the desired compound that had been 

planned initially faiied to provide the target due to the fact that intermediate 2.2 is not 

amenable to acylation. The route that was eventudly employed to generate the compound. 

aithough longer than initially intended, gave yields at each step that were good to very 

good, and allowed the preparation of significant arnounts of the target compound. 

A .  4 EXPERIMENTAL 

The same general procedures that were described in Chapter 1 apply. 

2-Chloro-6-methoxy-4-methy1pyridine-3-carbonitri1e (5.3) and 6- 

Chloro-2-methoxy-4-methylpyridine-3-carbonitrie (5.2). 

Na (4.5 g, 195.6 rnmol) was added in small portions to a stirred solution of 5.19 

(36.6 g, 196 mmol) in MeOH (800 d), a water bath being used to keep the temperature 

below 40 OC. After the last portion of Na had reacted the mixture was stirred for a further 

30 min, and then most of the MeOH was evaporated. CHCL:, (300 rnL) and water (200 

mt) were added to the resulting slurry, and the aqueous layer was extracted with CHCL3 (2 

x LOO mL). The combined organic extracts were dried (Na2S04) and evaporated to give a 

cream-colored solid (32.8 g, 92%) that was a 9: 11 mixture (IH NMR) of 5.2 and 5.3, 1H 

NMR (CDCL3, 200 MHz) 6 2.50 (two overlapping s, 3 H), 3.97 ( s ,  1.67 H), 4.05 (s, 

1-37 H), 6.60 (s, 0.48 H), 6.90 (0.38 H). The material was filtered through a short 
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column of flash chromatography silica gel. using L;4 EtOAc-hexane, and used directly in 

the next step. The filtration is essential in order to remove a contaminant that poisons the 

catalyst in the next step. 

6-~Methoxy-4-rnethyIpyridine-3-carbonitrile (5.4) and 2-Methoxy-4- 

rnethylpyridine-3-carbonitrile (1.3). 

ACN + 

CI OMe Me0 CI OMe M e 0  

A suspension of the mixture of 5.2 and 5.3 (10.06 g, 55.09 mmol), NaOAc 

(4.498 g 54.84 mmol) and 10% Pd-C (0.9879 g) in MeOH (200 rnL) was shaken with H2 

at 50 psi for 3 h (Parr shaker). The mixture was filtered, and most of the MeOH was 

evaporated. CHC13 (100 rnL) and water (100 rnL) were added to the residue, and the 

aqueous layer was extracted with CHCL3 (2 x 50 m.). The combined organic extracts were 

dried (N-S04) and evaporated. Flash chromatography of the resulting solid over silica gel 

(10 x 35 cm), using 1:4 EtOAc-hexane, gave 1.3 (2.8312 g, 35%) as a white solid, 

identical to material obtained from 4.6, and gave 5.4 (3.34638, 41 %) also as a white 

solid. Compound SA had: mp 95-98 O C ;  FTIR (CH2C12 cast) 1374,2222 cm-l; NMR 

(CDCl3, 400 MHz) 6 2.44 (d, J = 0.8 Hz, 3 H), 3.94 (s, 3 H), 6.65-6.68 (m, 1 H), 8.39 

(s, 1 H); 3~ NMR (CDC13, LOO MHz) 6 20.1 (qr), 54.4 (q'), 104.3 (s'), 1 1 1.9 (dl), 

116.9 (sr), 152.3 (d'), 152.7 ( s ' ) ,  166.6 ( s ' ) ;  exact mass m/z calcd for CgHgN20 

148.0636, found 148.0637. Anal. Calcd. for CgHgN20: C, 64.85; H, 5.44; N, 18.91. 

Found: C ,  64.99; H, 5.39; N, 18.89. 



DIBAL-H, 1 

OMe 
1.3 6.1 from 1.3 2.1 

DIBAL-H (1 M in CH2C12, 9.98 mL, 9.98 mrnol) was injected over cn. 10 min 

into a stirred and cooled (ice-water bath) solution of 1.3 (0.9238 g, 6.24 mmol) in Et20 

(20 mL) (Ar atmosphere). Stirring was continued for 1 h and then 4 M hydrochloric acid 

( 5  rnL) was added. The cold bath was removed and stirring was continued for 45 min. 

The aqueous phase was removed, and the organic phase was washed with water (5 d) 

and saturated aqueous NaCl ( 5  mL), dried (MgS04), and evaporated at atmospheric 

pressure (the product is volatile, and evaporation should not be done under reduced 

pressure). The residue was dissolved in MeOH (20 mL), and the solution was cooled (ice- 

water bath). NaBH4 (0.4725 g, 12.49 mrnoi) was added, the cold bath was removed, and 

the mixture was stirred for 2 h, and then most of the MeOH was evaporated under reduced 

pressure. The residue was partitioned between EtOAc (50 mL) and water (25 mL), and the 

organic phase was washed wiih saturated aqueous NaCl (25 mL), dried (MgS04), and 

evaporated. Flash chrornatography of the resulting oil over silica gel (2.5 x 20 cm), using 

4:l EtOAc-hexanes, gave 2.1 (0.6010 g, 63%) as pure (lH NMR), white crystals: mp 41- 

42 OC; Fï IR  (CH2Cl2 cast) 3600-3100 cm-l; lH NMR (CD2C12, 200 MHz) 8 2.33 (S. 3 

H), 3.36 (t, J = 5.0 Hz, 1 H), 3.88 ( s ,  3 H), 4.62 (d, J = 5.0 Hz, 2 H), 6.69 (d, J = 5.2 

Hz. 1 H), 7.87 (d, J = 5.2 Hz, 1 H); 13C NMR (CD2C12, 50.3 MHz) 6 18.4 (q'), 53.6 

(qr), 56.3 (t'), 119.8 (d'), 121.6 (sr), 145.6 (dl), 148.6 ( s ' ) ,  162.6 (su); exact mass m/z 

cdcd for C8H 1 lNO2 153.0790, found 153.079 1. Anal. Calcd. for C8Hr INOZ: C, 62.73; 

H, 7.24; N, 9.14. Found: C, 62.47; H, 7.14; N, 9.18. 
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3-[[[(l, 1-Dimethylethyl)dimethylsilyl]oxy]methyl] -2-methoxy-4- 

methylpyridine (2.2). 

TBDMSCI, 
1 imidazole. 1 

OMe 97% coTBDMS OMe 

TBDMSCI (2.156 g, 14.3 1 mmol) and irnidazole (0.9733 g, 14.30 mmol) were 

added to a stirred solution of 2.1 (0.8807 g, 7.15 mrnol) in dry CH2Clz (30 mL) (Ar 

atmosphere). Stirring was continued for 45 min, by which time al1 of the starting material 

had reacted (TLC control; silica gel, 50:50 EtOAc-hexanes). The solution was washed 

with water ( 15 mL) and saturated aqueous NaCl ( 15 mL), dned (MgS04), and evaporated. 

Flash chromatography of the resulting oïl over silica gel (2.5 x 20 cm), using 1: 1 EtOAc- 

hexanes, gave 2.2 (1.6468 g, 97%) as a pure ( lK NMR), colorless oil: FTIR (CH2CI2 

cast) 1256 cm-$ lH NMR (CD2C12, 200 MHz) 6 0.07 (s, 6 H), 0.90 (s, 9 A), 2.37 (s, 3 

H), 3.91 (s, 3 H), 4.57 (s, 2 H), 6.72 (d, J =  5.1 Hz, 1 H), 7.93 (d, J =  5.1 Hz, 1 H); 

I3C NMR (CD2Cl2, 50.3 MHz) 6 -5.3 (q'), 18.6 (q'), 18.6 (sr), 26.0 (q'), 53.5 (q'), 

56.7 (t'), 1 19.8 (d'), 12 1.5 (sr), 145.8 (df), 149.8 (s'), 162.3 (s'); exact rnass m/z calcd 

for C13H22N02Si (M - CH3) 252.1420, found 252.1418. Anal. Calcd. for 

C 14H25N02Si: C, 62.87; H, 9.42; N, 5.24. Found: C, 63.09; H, 9.49; N, 5.22. 



LDA, 6'' PhCi-iO - 
O M ~  85% 

LDA was prepared by dropwise addition of BuLi (1.6 M solution in hexanes, 33 

mL, 36.9 m o l )  to a stirred and cooled (O OC) solution of i-P-NEt (5.2 mL, 36.9 mmol) 

in THF (100 mL). The solution was stirred for 15 min at O OC, cooled to -78 OC and then, 

after 10 min, a solution of 1.3 (2.75 g ,  18.5 mmol) in THF (20 rnL) was injected over cn. 

20 min to produce a pale yellow solution. After 30 min at -78 OC, a solution of BnCHO 

(3.9 1 g, 36.9 m o l )  in THF (10 rnL) was injected, and stimng at -78 OC was continued for 

15 min. The cold bath was removed, and stirring was continued for 2 h. Saturated 

aqueous NH4Cl (30 rnL) was added, and the mixture was extracted with EtOAc (3 x 50 

mL). The combined organic extracts were dried (Na2S04) and evaporated. Flash 

chromatography of the residue over silica gel (3.5 x 25 cm), using 2:3 EtOAc-hexane, gave 

7.1 (4.0 g, 85%) as a colorless oil, lH NMR (CDCI3, 200 MHz) 6 2.34 (br s, L H), 3-17 

(d, J = 7.2 Hz, 2 H), 4.04 (s, 3 H), 5.02 (t, J = 7.2 Hz, 1 H), 6.85 (d, J = 4.8 Hz, 1 H), 

7.28 - 7.40 (m, 5 H), 8.19 (d, J = 4.8 Hz, 1 FI). 

OH OMS 

CN MsCI, Et3N, THF CN DBU, THF 

OMe OMe 85% from 7.1 OMe 

FresNy distilled MsCl (2.8 mL, 36.16 mmol) was added dropwise to a stirred and 



33 1 

cooled (O OC) solution of 7.1 (6.11 g, 24.00 rnmol) and Et3N (6.6 mL. 47.35 mmol) in 

dry TKF (200 mL). The cold bath was removed, and the mixture was stirred for a further 

30 min, by which time a precipitate had formed. DBU (7.2 mL. 48.22 mmol) was 

injecred, and stirring at room temperature was continued for 30 min. The mixture was 

partitioned between Et20 and water, the organic layer was separated, dried (Na2S04) and 

evaporated. Flash chromatography of the residue over silica gel ( 5  x 2 0  cm). using 3: 17 

EtOAc-hexane. gave 9.2 (4.82 g, 85%) as a single (0 isorner: FTIR (CHZCI~ c a s )  1388. 

155 1. 1583, 2223 cm-1; LH NMR (CDCL3, 400 MHz) G 4.08 (s, 3 H), 7.25-7.62 [m. 

including d (1 H, J = 5.5 Hz) at 6 7.24, 8 H in dl] ,  8.25 (d, J = 5.5 Hz, 1 H); 1% NMR: 

6 54.6 (q'), 94.9 (s'), 1 12.1 (d'). 1 14.5 (s'), 122.1 (dl), 127.7 (d'), 129.0 (dl), 129.6 

(d'), 135.2 (s'), 137.5 (d'), 149.9 (dl), 151.1 (s'), 165.3 (s'); exact mass m/z calcd for 

C lgH 12NzO 236.0950, found 236.0946. 

&CN 6"" dcH0 
OMe 90% OMe 

DIBAL-H (1 M in CH2Cl2, 2.0 mL, 2.0 mmol) was injected over ca, 5 min into a 

stirred and cooled (-78 OC) solution of 9.2 (324 mg, 1.37 mmol) in CH2C12 (10 mL). 

Stirring at -78 OC was continued for 1.5 h and then MeOH (0.5 mL), Celite (1 g), Na2S04 

(3 g), and a few drops of water were added. The cold bath was removed and the stirred 

mixture was allowed to warrn to room temperature and filtered. Evaporation of the frltrate 

and flash chromatography of the residue over silica gel (2 x 15 cm), using 3: 17 EtOAc- 

hexane, gave 9.3 (300 mg, 90%): FTIR (CH2C12 cast) 1678 cm-1; LH NMR (CDCl3, 300 



MHz) 6 4.05 (s, 3 H), 7.22-7.43 [m, including d ( 1 H. J = 6.0 Hz) at 6 7.22. and d ( 1 H, 

J = 16.0 Hz) at 6 7.80, 5 H in dl], 7.56-7.62 (m, 2 H), 8.19 (d, J = 16.0 Hz, 1 H), 8.35 

(d, J = 6.0 Hz, 1 H), 10.56 (S. 1 H); I3c NMR: 6 55.8 (q'), 116.3 (d'). 117.0 (s'), 

136.4 (d'), 139.3 (d'), 130.7 (dl), 130.9 (df), 137.9 (d'). 138.4 ( s ' ) ,  150.5 (s'), 152.9 

(di), 193.4 (d'); exact mass m/z calcd for C15Hi3N02 239.0946, found 239.0947. 

When this reaction is done o n  a 5 g-scale only half of the material is reduced. even 

using an excess of DIBAL-H (3 equiv.) andor a longer time (ovemight). The total yield 

remains around 88%, after correction for recovered starting material. 

NaBH4 MeOH 

OMe 89% OMe 

NaBH4 (1.00 g, 26.0 rnmol) was added in çrnall portions to a stirred and cooled (O 

OC) solution of 9.3 (1.97 g, 8.25 -1) in MeOH (150 rnL). The mixture was stirred for 

a further 1 h and then most of the MeOH was evaporated. Water (100 rnL) and EtOAc 

( 100 mL) were added, and the aqueous layer was extracted with EtOAc (2 x 30 mL). The 

combined organic extracts were dried (NasS04) and evaporated. Flash ctiromatography of 

the residue over silica gel (3 x 15 cm), using 1:3 EtOAc-hexane, gave 9.4 (1.77 g, 89%): 

FTIR (CH2Cl2 cast) 1495, 1633, 3355 cm-1; iH NMR (CDC13, 300 MHz) 8 2.25 (t, J = 

6.8 Hz, I H), 4.02 (s, 3 H), 4.84 (d, J = 6.8 Hz, 2 H), 7.05-7.57 [m, including d (1 H, J 

= 6.0 Hz) at 6 7.08, 8 H in ail], 8.05 (d, J = 6.0 Hz, 1 H); 13C NMR: 6 53.9 (q'). 56.5 

(t'), 1 14.3 (dl), 1 19.8 (SI), 123.3 (dl), 127.1 (d'), 128.8 (d'), 128.9 (dl), 135.0 (d'), 

136.5 (s'), 145.7 (dl), 146.3 (s ' ) ,  162.9 ( s ' ) ;  exact mass m/z calcd for C15H15N20 



241.1103, found 241.1103. 

TBDMSCI, 
imidazole, 

OMe 9 6 O/o 

 OH DMF - ~J'OTBDMS 

OMe 

TBDMSCI (2.03 g, 13.5 rnmol) in DMF (5  rnL) was added to a stirred and cooled 

(O OC) solution of 9.4 (3.26 g, 13.5 rnrnol) and imidazole (1.84 g, 27.0 rnrnol) in DMF (5  

mL) at O OC. The ice bath was removed and the mixture was stirred at room temperature 

overnight. The mixture was diluted with Et20 (40 mL), washed with water ( 2  x 10 rnL) 

and saturated aqueous NaCl (10 r d ) ,  and dried (Na2S04). Evaporation of the solvent 

gave pure ( I H  NMR) 9.5 (4.6 g, 96%): FTIR (CHîClz c m )  837, 1074, 1593 cm-[; IH 

NMR (CD2C12, 300 MHz) 6 0.12 (s, 6 H), 0.92 (s, 9 H), 3.97 (s, 3 H), 4.90 (s, 2 H), 

7.18 (d, J = 6.0 Hz, 1 H), 7.20-7.44 (m, 4 H), 7.52-7.60 (m, 3 H), 8.08 (d, J = 6.0 Hz, 

1 H); 13c NMR (CD2Clz) 6 -5.1 (q'), 18.6 (s'), 26.1 (q'), 53.8 (q'), 56.6 (t'), 114.0 

(d'), 120.2 (s'), 124.8 (dl), 127.4 (dl), 128.8 (dl), 129.2 (dl), 134.0 (d'), 137.3 (s'), 

146.1 (d'), 147.3 (s'), 163.2 (s ' ) ;  exact mass m/. calcd for C20H2602Si (M - CH3) 

340.1733, found 340.1726. 



031 

OTBDMS OTBDMS 
93% 

OMe OMe 

An ozone-oxygen Stream was bubbled through a stirred and cooled (-78 OC) 

solution of 9.5 (52.3 mg, 0.147 mmol) in dry CH2Clz (3  mL) until a blue color appeared 

(about 10 min). Oxygen was passed through the solution for 5 min to rernove the excess 

ozone, and Ph3P (50 mg, 0.19 mmol) was added. The cold bath was removed, and the 

stirred mixture was allowed to warm to room temperature. Evaporation of the solvent and 

flash chromatography of the residue over silica gel (1 x 15 cm), using 1:9 EtOAc-hexane, 

gave 9.6 (38.4 mg, 93%): FTIR (CH2C12 cast) 837, 1072, 1594, 1705 cm-l: IH NMR 

(CD2C12, 360 MHz) G 0.10 ( s ,  6 H), 0.88 (s, 9 H), 3.99 (s, 3 H), 5.05 (s, 2 H), 7.1 1 (d, 

J = 2.0 Hz, 1 H), 8.21 (d, J = 2.0 Hz. 1 H), 10.58 (s, L H): 13C NMR (CD2Clz) G -4.8 

(q'), 18.8 (s'), 26.4 (q'), 54.7 (q'), 56.8 (tg), 114.3 (dl), 125.2 (s'), 143.9 (s'), 147.2 

(sr), 162.5 (s'), 192.7 (s'); exact mass m/z calcd for C14H23N03Si 28 1.1447, found 

28 1.1442. 

CHO 
l 

~ O T B D M S  THF 

OMe 87% - coTBDMs. OMe 

BuLi (1.6 M in hexanes, 7.7 rnL, 12.3 mmol) was added to a solution of 

tris(methy1thio)methane (1.89 g, 12.3 mmol) in THF (80 mL) at -78 OC. The mixture was 



stirred for 30 min, and a solution of 9.6 (2.88 g, 10.25 mmol) in THF (45 mL plus 5 mL 

as a rinse) was added. The mixture was stirred for 15 min, the cold bath was removed 

and, after the mixture had warmed to room temperature, saturated aqueous NH4CI (20 

mL), water (30 mL) and EtOAc (80 mL) were added. The aqueous layer was extracted 

with EcOAc (2 x 30 rnL). The cornbined organic extracts were washed with saturated 

aqueous NaCl, and dried (Na~S04) .  Evaporation of the solvent and flash chromatography 

of the residue over silica gel (3.5 x 15 cm), using 2:3 EtOAc-hexane, gave 9.7 (3.88 g, 

87%): FTTR (CH2C12 cast) 816, 1050, 1571. 1593,3456 cm-'; 1H NMR (CD2Cl2,400 

MHz) 60.04(s, 3 H), 0.12 (s, 3 H), 0.80(s, 9 H),2.10 (s, 9 H), 3.54(s, 1 H), 3.92(s, 

3 H), 5.00 (AB q, J = 12.0, AVAB = 8.3 HZ, 2 H), 5.56 (s, 1 H), 7.47 (d, J = 6.0 HZ, 1 

H), 8.08 (d, J = 6.0 Hz, 1 H); 1 3 ~  NMR (CD2Clz) S -5.3 (q'), -4.9 (q'), 14.3 (q'), 18.5 

(s'), 26.1 (q'), 53.8 (q'), 57.0 (t'), 72.9 (dl), 75.8 (s'), 1 18.1 (d'), 122.4 (s'), 145.4 

(d'), 148.9 (s'), 162.0 (s') .  A satisfactory mass spectrum could not be obtained. 

Methyl 2-[3-f[[(l,l-Dimethylethyl)dimethylsilyl]oxy]-methyl]-2- 

methoxypyrid-4-yl] -2-hydroxyethanoate (9.8). 

A mixture of 9.7 (3.15 g, 7.24 mrnol), HgC12 (7.86 g, 28.96 rnrnol) and Hg0 

(2.62g, 12.1 mmd) in 12: 1 MeOH-water (170 mL) was stirred at room temperature for 4 

h. The mixture was filtered and the solid residue was washed with CH2CI2 (2  x 30 mL). 

The combined filtrates were diluted with water (150 rnL) and extracted with CH2C12 (2 x 

150 mL). The combined organic extracts were washed with saturated aqueous NaCl and 

dned (MgS04). Evaporation of the solvent and flash chromatography of the residue over 
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silica geI (3 x 15 cm), using 1:2 EtOAb-c-hexane, gave 9.8 (1.75 g, 7 2%): FTIR (CHCI3 

cast) 836, 1060, 1576, 1597, 1746, 3 4 1  cm-'; IH NMR (CDCl3. 300 MHz) 6 0.10 (s, 6 

H), 0.89 (s, 9 H), 3.76 (s, 3 H), 3.94 ( s,  3 H), 4.3 1 (d, J = 7.0 Hz. 1 H), 4.90 (AB q, J 

= 13.0, AVAB =9.0 Hz, 2 H), 5.57(d, J = 7 . 0  Hz, 1 H), 6.85 (d, J =  5.0 Hz, 1 H), 8.10 

(d, J = 5.0 Hz, 1 H); 1 3 ~  NMR: 6 --5.4 (q'), -5.3 (q'), 18.3 (s ' ) .  25.9 (q'), 52.9 (q'), 

53.7 (q'), 56.3 (t'), 70.6 (d'), 116.2 (d'), 120.8 (s'), 146.6 (d'), 149.0 (s'), L61.9 (s'), 

173.1 (s'); exact mass m/z calcd for C121H18N05Si (M - t -BU)  284.0954, found 284.0958. 

Methyl 2-[3-[[[(l,l-Dimethylethyl)dimethyisilyl]oxy]-methyl]-2- 

methoxypyrid-4-yl]-2-[(phenoxy)thiocarbonyloxyethanoate (9.9). 

P hOhC(S)CI, 
pyridine 

907% OMe OMe 

Phenyl thiochloroformate (0.55 anL, 3.92 mrnol) was added to a stirred solution of 

9.8 (1.22 g, 3.565 mrnol) and pyridime (1.45 mL, 17.5 mmol) in CH2C12 (50 mL) at 

room temperature. The mixture was stirred for 2 h, and the solvent was then evaporated. 

Flash chromatography of the residue over silica gel (2 x 15 cm), using 1:4 EtOAc-hexane, 

gave 9.9 (1.57 g, 97%): FTIR (CHC-13 cast) 836, 1066, 1201, 176 1 c m L ;  I H  NMR 

(CD2C12, 200 MHz) 6 0.07 (s, 3 H), O*. 11 ( s ,  3 H), 0.90 (s, 9 K), 3.75 (s, 3 H), 3.98 (s, 

3 H), 4.95 (s, 2 H), i.OO-7.l8 [m, incl-uding d (1 H, J = 6.0 Hz) at 8 7.04, 3 H in ail], 

7.28-7.50 (m, 3 H), 8.18 (d, J = 6.0 HE, 1 H); 13C NMR (CDZC1*) 6 -5.3 (q*), 18.6 (s'), 

26.0 (q'), 53.2 (q'), 54.1 (q'), 56.6 (a'). 78.0 (d'), 116.0 (dl), 122.1 (d), 122.2 (s'), 

127.2 (dl), 130.0 (d'), 143.4 (s'), 146.9 (dl), 153.9 (s'), 162.2 (s'), 168.1 (s'), 194.5 

(s'); exact mass m/z calcd for C23H3 1NQoSSi 477.164 1, found 477.1640. 



Bu3Sn.H (1.3 1 mL, 4.88 mmol) and AIBN (50 mg) were added to a solution of 

9.9 (1.55 g, 3.25 mmol) in PhMe (50 mL). The mixture was refluxed for 2 h, and then 

the solvent was evaporated. Flash chromatography of the residue over silica gel (3 x 15 

cm), using 1:4 EtOAc-hexanes, gave 2.3 (1.05 g, 99%): FïIR (CHzC12 cast) 837, 1063, 

108 1, 1576, 1598, 1744 cm1;  IH NMR (CDC13, 200 MHz) 6 0.06 (S. 6 H), 0.90 (s, 9 

H), 3.70 (s, 3 H), 3.84 (s, 2 H), 3-95 (s, 3 H), 4.79 (S. 2 H), 6.80 (d, J =  6.0 Hz, 1 H), 

8-04 (d, J = 6.0 Hz, 1 H); L3C NMR: 6 -5.4 (q'), 18.3 ( s ' ) .  25.9 (q'), 37.4 (t'), 52.1 

(q'), 53.5 (q'), 56.5 (t'), 119.3 (d'), 121.7 ( s ' ) ,  145.0 (d'), 145.7 (d'), 161.9 (s'), 171.0 

6'); exact mass m/z caicd for Ci5H24N04Si (M - CH3) 3 10.1475, found 310.1460. Anai. 

Cdcd. for C16H27N04Si: C, 59.04; H, 8.36; N, 4.30. Found: C ,  58.95; H, 8.38; N, 

4.24. 

5 REFERENCES AND FOOTNBTES 

1) The Beilstein database was searched for substructure 1.2, in which C ,  C, and O 

were allowed to have any type of substituents. Related bicyclic structures, relevant 

to the synthesis of camptothecin, are known: Cf. Comins, D. L.; Saha, J. K. 

Tetrahedron Lett. 1995,36. 7995. 

2 )  Victory, P.; Borell, J. 1.; Vidal-Ferran, A. Heterocycles 1993, 36, 769. 

3) Shariff, A.; McLean, S. Can. J. Chem. 1983,61, 28 13- 

4) Seide, O. Ber. 1924, 57, 791. 



338 

(a) Lappin. G. R.; Slezak, F. B. J- Am. Chem.. Soc. 1950, 72,  2806. (b)  Roe. 

A.; Seligman, R. B. J. Org. Chem. 1955,20, 1729. 

Norman, M. H.; Minick, D. J.; Martin. G. J.  Heterocyclic Clzrrn. 1993, 30, 77 1. 

Cf. Hargrave, K. D.; Proudfoot, J. R.; Grozinger, K. G.; Cullen, E.; Kapadia, S. 

R.; Patel, U. R.: Fuchs, V. U.; Maudlin, S. C.; Vitous. I.; Behnke, M. L.; 

Klunder, 5. M.; Pal, K.; Skiles, J. W.; McNeil. D. W.; Rose, J. M.; Chow. G. C.; 

Skoog, M. T.; Wu, J. C.; Schmidt, G.; Engel, W. W.; Eberlein, W. G.; Saboe, T. 

D.; Campbell, S. J.; Rosenthal, A. S.; Adams, J. J. Med Chem. 1991, 34, 223 1. 

(a )  Morisawa, Y.; Kataoka, LM.; Sakamoto, T.; Nagahori, H.; Kitano, N. J. Med. 

Clrem. 1978, 2 1 ,  194. (b) WegLinski, 2.; Talik, T. Rocz. Chem. 1977, 51, 

240 1. 

Cf. Baumgarten, H. E.; Chien-fan Su, H. J. Am. Chem. Soc. 1952, 74, 3829. 

(a) Bobbit, J. M.; Scoia, D. A. J. Org. Chem. 1960, 25, 560. (b) Katritzky, A. 

R.; Rachwal, S.; Smith, T. P.; Steel, P. J. J. Heterocyclic Chem. 1995, 32, 979. 

Cf. 8.3 had: FTIR (CH2CL2 cast) 1074, 1607, 1732 cm-1; IH NMR (CDCl3, 360 

MHz) 6 3.66 (s, 2 H), 3.96 (s, 3 H), 5.37 (s, 2 H), 6.74 (d, J = 4.0 Hz, 1 H), 

8.08 (d, J = 4.0 M, 1 H); 13C NMR: 6 34.5 (t'), 53.7 (q'), 65.4 (t'), 1 13.7 (s'), 

115.5 (d'), 141.9 (sr), 147.0 (d'), 159.3 (s'), 168.8 (s'); exact mass m/z calcd for 

CgHgN03 179.0582, found 179.0583. Anal. Calcd. for CgHgN03: C, 60.33; H, 

5.06; N, 7.82. Found: C, 60.06; H, 4.94; N, 7.74. 

Dailey, O. D.; Fuchs, P. L. J. Org. Chem. 1980, 45, 216. 

Compound 10.2 had: FTIR (CH2C12 cast) 1732, 1739, 2228, 3428 cm-!; IH 

NMR (CDCI3, 200 MHz) 6 2.50 (s, 3 H), 2.4-2.9 (br, 1 H), 5.45 (d, J = 6.8 Hz, 

1 H), 6.74 (d, J = 6.8 Hz, 1 H); exact mass m/z calcd for C7H6NO 134.0480, 

found 134.0478. Anal. Calcd. for C7H6NO: C, 62.68; H, 4.51; N, 20.88. 

Found: C, 62.32; H, 4.31; N, 20.55. 




