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Summary: Formic acid-mediated cyclization reactions of N-(3-alkenyl)-N-(methoxycarbonyl)- 
acetoxyglycine esters are described. The major reaction products are 4-formyloxypipecolic acid derivatives, 
formed with low stereoselectivity at C-4. The several subtle features of the cyclization process are 
satisfactorily explained by a mechanism involving (1) a rapid cationic aza-Cope rearrangement of the 
incipient iminium ion and (2) participation of the ester moiety through formation of a relatively stable 
bicyclic dioxycarbenium cation as pivotal intermediate. 

INTRODUCTION 

N-Acyliminium ions are highly useful intermediates for the preparation of N-heterocyc1es.l The 

intramolecular reactions with alkenes have proved particularly suited for the total synthesis of several 

alkaloids2 These applications arose from the fundamental work of the late seventies on the formic acid 

induced cyclizations of cyclic N-acyliiium ions derived from N-substituted succinimides (eq 1). Such 

reactions usually proceed best in neat formic acid and are attended with virtually complete regio- and 

stereocontrol, leading to six-membered rings via chair-like transition states with stereospecific trans- 

addition to the alkene double bond. Thus, hydroxylactams 1 and 2 exclusively give 3 and 4, respectively? 

lR’=H,R’=Me 3R’=H,R2=Me 

2R’=Et,R2=H 4R’=Et,R2=H 

Later work on molecules bearing substituents on the chain connecting nitrogen and double bond have 

revealed additional relevant information about the mechanistic details. Thus, a substituent homoallylic with 

respect to the alkene ends up in an axial position, in order to avoid allylic 1.3-strain caused by the N-acyl 

group (eq 2).4v5 Furthermore, the presence of certain allylic substituents leads to five-membered ring 

formation (eq 3).6 This result proves the occurrence of a fast cationic aza-Cope equilibrium between 

iminium ions 5 and 6. Such equilibria are likely also present in the reactions of eq 1 and 2, but do not show 

up, because both “Cope” isomers lead to the same cyclization product. In eq 3, however, iminium ion 6 

contains a more nucleophilic double bond than 5, while the electronic bias of the double bond in 6 is such 

that only 5-membered ring formation occurs6 
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nPr nPr 

In this paper similar cyclization reactions of acyclic iminium ions 7 are described, generated from 8 in 

neat formic acid (eq 4). This work parallels our studies of Lewis acid-induced cyclizations of the same 

type.7 Few examples of formic acid-induced cyclizations of 7 with simple alkenes as nucleophiles are 

known in the literature and stereochemical aspects have received little attention.8 The main theme of this 

paper is the cyclization of glycine cation equivalents 7b, leading to cyclic u-amino acid derivatives.7 

a 7aR=H 
7b R = CO+& 

(eq 4) 

RESULTS 

The simple iminium ions 7a were generated from N-hydroxymethylcarbamates 9-11 (eq 5, 6). These 

latter compounds were prepared from the corresponding NH-carbamates by treatment with paraform- 

aldehyde in the presence of cesium carbonateP and were stable enough to be purified by flash chrom- 

atography. When these iminium ion precursors 9-11 were stirred in formic acid at room temperature for 24 h 

complete cyclization occurred. The parent 9 gave 4-formyloxypiperidine 12 as the sole product (eq 5). 

9 

P 
R’ 

HCO,H 

R2 -ski? 
Y- 

,NmOCHO ,N&T “5 6x6) 

OH w,c 13 MeO,C 14 15 ‘IJ 

co,Me C02Me 

10Rt=Et,R2=H 88 4 8 
llR’=H,R’=Et 18 73 9 (20~80 mixture) 
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The (E)- and (Z)-alkenes 10 and 11 gave mixtures of the same three products 13-15 albeit in 

completely different ratios (eq 6). The stereochemistry of 13 and 14 could be readily inferred from their lH 

NMR spectra. The hydrogen adjacent to the formyloxy function showed the characteristic splitting pattern 

for an axial, respectively equatorial disposition (Table I). The pyrrolidine byproduct 15 was obtained as a 

mixture of stereoisomers. 

Table I Selected lH NMR data (ppm) 

compound N-CHCO2R WXCHO c-Cn3 

12 

13 

14 

15 

23 

24 

25 

26 
27 

28 

29 
30 

31 

32b 

33 

34 

3Sb 

36 

37 

38 
39 

40 

41 

5.07 (u. J= 7.8.3.9 Hz) 

4.79 (td, J= 8.4.4.1 Hz) 

5.27 @s) 

4.90-5.05 (m) 
4.90.5.07 (bs) 4.87(tt,J=11.5.4.3Hz) 

4.78.4.88 @IS) 5.21 (bt,/= 2.7 Hz) 

4.95.5.10 (tks) 5.12 (td.J= 10.7.4.6 Hz) 

4.70.4.87(dJ= 5.9 Hz) 5.25 @s) 
-4.8-5.1 (m)a-- 

4.1%. 4.78 (s) 5.03 (bd,I= 2.7 Hz) 

4.74.4.89 (d,J= 6.2 Hz) 

OLkWlR?d 

4.85 (bs) 

4.72.4.89 (dJ= 6.6 Hz) - 
4.91.5.07 (kd,J= 6.4 Hz) 4.62(td.J= 11.0.4.3Hz) 

4.72.4.88 (d, J= 6.7 Hz) 5.08 (bs) 

4.68.4.85 (d, J= 6.6 Hz) 3.75 (obsc) 
4.30-4.50 (m) 4.97 (m) 

-4.8-5.0 (m)a--- 
4.74 (d,J= 7.1 Hz) 5.25 (bs) - 

4.84 (d, J= 6.5 Hz) - 1.50 (s) 

4.73 (d,J= 5.9 Hz) - 1.26 (s) 

394(dd,J= 11.7.3.8Hz) 4.26 (pIlintel. J= 3.1 Hz) 

I .57 (s) 
1.50 (s) 

1.53 (s) 

1.25 (s) 

0.90 (d.J= 6.5 Hz) 

0.87 (d.J= 6.7 Hz) 

0.94.0.95 (d,J= 6.9 Hz) 

1.26(d.J= 6.3 Hz) 

a Signals of H-2 and H-4 overlapped. b Set. reference 7. 

Glycine cation equivalents were generated from a-hydroxy or a-acetoxycarbamates 16-22 (Table II).a 

The cyclization reactions were performed by stirring these precursors in formic acid at room temperature for 

1-3 days. The products could be purified by flash chromatography in most cases. The stereochemical 

assignments were mainly based on ‘H NMR data (Table I). A key element for the assignment was the 

axial orientation of the ester function a to nitrogen in all cases. This conformation is imposed by the 

methoxycarbonyl substituent on nitrogen to avoid allylic 1,3-strain. %l” The hydrogens adjacent to nitrogen 

often showed broad signals due to slow rotation on the NMR timescale around the CN bond of the 

carbamate moiety. The a-ester hydrogens usually gave different signals for the two rotamers (see Table I). 

The couplmg constant, when visible, was less than 8 Hz. which points to an equatorial orientation of H-2. 

This was further confirmed by its chemical shift of ca. 4.90 ppm. Exhaustive hydrolysis (eq 7) of 23 gave a- 

amino acid 41, a natumlly occurring compound.1’ The C-2 hydrogen now absorbed at 3.94 ppm, ca. 1 ppm 



4066 
P. M. ESCH et al. 

Table II Results of the formic. acid induced c~clizations of 16-22 

cyclization prmvsor products (yield)’ 

EtO,C 
23 (39%) 

EtO,C 
24 (48%) 

1 

co Me°CHo 

MeO,C MeO,C , N f&Et 
25 (16%) 26 (59%) 

2 17 

OCHO 

MeO,C 
27 

MeO,C 

3 
(43%)Et 28 Et 

(34%? 

Me 

co MeMe 

MeO,C 
,Nf@-’ 

29 (36%)” 
MeO,C 

30 (6%)’ 

4 

OAC 
N-<CO Me 
t!iO,Me * 
19 

MeO,C 
31(15%) 

MeO& 
32 (13%) 

OCHO 

Me 

y” 

MeO,C 

;;;stXHO 
XFH 

33 (35%) 
MeO,C 

34 (l@w 

111X Me 
CO,Me * 

5 20 

Meo*c 

;;;HH Me 

OCHO 

h 
r 

CO,Me 

35 (5%) CO,Me 36 (29%)d 

* Isolated yields: b This product was contammated with 4% of 26, ’ Compounds 29 and 30 could not be separated: 
d mixture of stereoisomers. 
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upfield compared to 23, and the splitting pattern (Table I) clearly indicated an axial orientation. 

OH 

The signals of the hydrogens adjacent to the formyloxy function were also very diagnostic. Axial 

hydrogens showed well resolved multiplets with ax-ax couplings of ca. 11 HZ, whereas equatorial 

hydrogens gave narrower signals without much resolution (Table I). Treatment of 24, 26, and 28 with 

methanolic ammonia led to the corresponding axial alcohols, which have been characterized before.7 Also 

alcohols 32 and 35 were described in our previous paper7 The stereochemistry of 32 and 40 could be 

inferred from the 13C NMR chemical shifts of their quaternary methyl groups (Table III). The formation of a 

five-membered ring in one case (entry 5, Table II) was apparent from the deviating chemical shift of H-2 of 

36 (see Table I) and the low field methyl doublet (cf. products 33-35). A COSY-spectrum provided 

conclusive evidence for the structure of 36. 

Table III Selected 13C NMR chemical shift data @pm) 

canpound WXH,) compound &C-SZ-f,) 

_AMe 31.5. 32Nrsw 30.9 

,B”&o” 25.3s wzc ,&rh 

d 40 

30.3 

0 

a see referexe 12. 

DISCUSSION 

The mechanistic events during cationic cyclization of 9 to 12 involve, successively, formation of a 

formate, reversible formation of an iminium ion, reversible formation of a tt-complex between the cationic 

carbon atom and the alkene in a chair-like conformation, and irreversible trapping of this r-complex by back- 

side attack of formate at the most positively charged carbon of the original double bond. This usual 

sequence of events in cationic olefin cyclization l3 (to a six-membered ring) is shown in eq 8. 

9 HCOzH 
,Nf& - 12 

EtO,C H 
(ep 8) 

-0CHO 

Stereochemical details of such a process are revealed in the ring closures of 10 and 11 (eq 6). From 

(E)-alkene 10 iminium ion A arises, which will be in a fast cationic aza-Cope rearrangement with B 

(Scheme I).14 Cyclization of both A and B preferably leads to piperidine derivative 13. Similarly, (ZJ- 

alkene 11 produces 14 (initially in a less favourable conformation 14’), which is isomeric to 13 at C-3. The 
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minor 5-membered ring product 15 from both 10 and 11, arising from A and D, respectively, indicates that 

with an electronically and sterically unbiased alkene S-ring formation can compete to some extent with 6 

ring formation. Five-membered ring formation does not occur if the iminium moiety is endocyclic in a 

pyrrolidinone ring (eq 1).3 Moreover, cyclizations of A and D, mediated by SnC14, also exclusively give 6 

membered rings.7 A point of similarity between the formic acid and SnC14 induced ring closure is the 

stereochemical leakage, being more serious for the Q- than for the (E)-alkene.7 As discussed earlier this 

can be readily explained by invoking an equilibrium between B and C, which favours B due to the pseudo- 

equatorial disposition of the ethyl group in B versus a pseudo-axial orientation in C. 

Scheme I (E = CqMe) 

OCHO 
Et 33 

“: 
E 
15 

J -0CHO 

-0CHO z 
E 

-0CHO 

9”” 

4HO 

7 OCHO 

ECN 
14’ Et 

E 
.N 

1 

7 Et 

14 OCHO 

E‘N(+WHO 

13 

Application of the mechanism of eq 8 to the cyclizations of glycine cations shown in Table II well 

explains the formation of the equatorial formates (e.g. 23, 25, 27 and 37). The axial orientation of the a- 

amino ester function could then be the result of the avoidance of al!ylic 1,3-strain. 415 However, the 

mechanism of eq 8 does not account for the presence of axial formates in most reaction mixtures. 

Importantly, product ratios are kinetically controlled in most cases. This was proved for entry 1, because 

stirring of both 23 and 24, separately, in formic acid for 24 h did not give a trace of epimerization. The 

results of Table II can be understood by invoking a mechanism (illustrated for precursors 16-18 in Scheme 

II) similar to that put forward for the SnCl4-induced cyclizations.7 First, a rapid equilibrium is established 

between the incipient iminium ion E and its isomer F. From either of these species the more stable 

dioxycarbenium ion G is formed irreversibly via &-addition of carbon and oxygen to the double bond.7 

Formate attack by an s1.12 mechanism at C-4 of the piperidine ring leads to the equatorial formates. 

Alternatively, G can capture a water molecule15 to give H, which opens to an axial alcohol. This latter 

alcohol is then esterified by formic acid to an axial formate. Where applicable, the cyclization process may 
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also go via a tertiary cation (entries 4,7). The isolation of an axial alcohol in certain cases (entries 4,5,7) 

can be explained by assuming slow esterification in these more sterically hindered systems. Formation of 

lactone 31 probably arises from attack of formate on the methoxy function in G. Finally, the pyrrolidine 36 

might be formed by direct cyclization of Q-alkene K to a five-membered ring (eq 9), whereby K is in 

equilibrium with iminium ion J with an axial methyl group (cf. a similar cyclization in reference 7). The 

remaining cyclization products from 20 arise via G with an equatorial C-5 methyl substituent. 

Fi’ H 

1 HCC+H sIow 

I HCO$I 

24,X,28 23.25,27 

E 

I OCHO‘ 

E 

With the mechanism of Scheme II the products of Table II can be satisfactorily explained. The ratios of 

axial and equatorial 4-0~~ products is not so readily understood. It cannot be excluded that equatorial 

formates are (also) formed by direct cyclization of iminium ions without the intermediacy of a dioxy- 

carbenium ion of type G. 

OCHO 
CO,Me 

MeO,C 

,Ndfl 

CO,Me 

!!%i 

OH Me 

20 

MeO,C 

+&y z +/B -0cHo Me 
(eq 9) 

Me Me02C HN Mb h 
J K 

“i’ 

co2h4e 
36 

CWe 

Experimental proof for the details of Scheme II was gathered as follows. Evidence for the occurrence 

of the cationic aza-Cope rearrangement was obtained by carrying out a cyclization reaction starting from 

iminium precursor 42. This compound was prepared in siru (see eq 10) from allylglycine derivative 43,16 by 

stirring with pamformaldehyde in formic acid, and cyclized under the same conditions to a 5050 mixture of 

23 and 24. This ratio is within experimental error of the ratio obtained from iminium precursor 16 (Table II, 

entry 1) and confirms that Cope equilibration is fast compared to cyclization. 
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3, HO*N “), COgAe- %\+N 

&Et 42 &Et 
CO@ 

> 95% 23+24 
- (eq 10) 

50: 50 

ocQo co,* I co$.le 

,NW 

1) SnCl, (6 quv), 4 h, -78 Oc 
2) NaHCO&O (erlll) 

Meo,c OAC 
45 3)-78“C+20°C MeO2C 

,NrzgHmzDe ,Nrx 

44(66%) Meo,c 46 

The formation of the axial formates by slow formylation of axial alcohols was proved by using lH 

NMR spectroscopy. To this end axial alcohol 44 was synthesized by SnCl4-induced cyclization of 45 

followed by aqueous quench at -78 ‘C (eq 11).7 A solution of alcohol 44 in deuteroformic acid (DCO2D) 

was monitored by lH NMR. The signal of H-4 of alcohol 44 at 4.33 ppm slowly disappeared, while at the 

same time the signal of H-4 of formate 46 at 5.28 ppm grew. After 18 h this conversion was virtually 

complete. Then acetate 45 was dissolved in DCO2D and the resulting events were monitored by ‘H NMR. 

First a very fast conversion to formate 47 was observed (eq 12). At a slower rate 44’ and 48 appeared in 

the spectrum, in a ca. 1:l ratio, easily visible by the H-4 hydrogens at 4.33 and 4.96 ppm, respectively. The 

signal of 48 remained growing, while at a certain time the signal of 44’ began to decrease because of slow 

conversion of 44’ to formate 46. 

Dw? co,Me 

45 - 
(fast) N47 

Me02c’4, OcDO 

OD 

DCO,D 
CO,Me 

* f& 
(s1cw) Me02C~~4. 

+ ,NrBoCDo 

I x02=’ 

M*2C 4.q 

63 12) 

t 
( very slow) 

46 

In conclusion, this paper provides fundamental information about the formic acid mediated cyclization 

of the cationic 2-aza-1,5-hexadiene entity. The cationic aza-Cope rearrangement is an essential part of the 

mechanistic scheme describing the cyclization process. A methoxycarbonyl substituent at the l- (or 3-) 

position drastically intervenes in the normal cyclization mechanism to give bicyclic dioxycarbenium ion G as 

the pivotal intermediate. This intermediate is responsible for the formation of mixtures of isomeric pipecolic 

esters as cyclization products. 

EXPERIMENTAL 
General information. See reference 7. 

General procedure for the methylol synthesir9 To a solution of the carbamate in 15 mL of THF was added, 
successively, paraformaldehyde (1.1 equiv) and C$Og (2 equiv). The reaction mixture was stirred at room 
temperature for 24 h. The excess C@03 was filtered off and the filtrate was concentrated in vucuo. The residue 
was chromatographed. 

Ethyl N-(3-butenyl)-iV-(hydroxymethyl)carbamate (9). Ethyl N-(3-butenyl)carbamate7 (386 mg, 2.70 mmol) 
was treated with pamformaldehyde (90 mg, 3.0 mmol) and CS~CO~ (1.7 g, 5.22 mmol) in 15 mL of THF to give 37 
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OCH2CH3), 2.60 (bs) and 3.20 (bs, two rotamers, 1 H, OH), 2.34 (q, J= 7.1 Hz. 2 H, =CHW2), 3.41 (t, J= 7.1 Hz, 

2 H. CH2CH2N), 4.17 (q, J= 7.1 Hz, 2 H, OW2CH3). 4.74 (by) and 4.78 (bs, two rotamers. 2 H, W2OH), 5.00- 

5.15 (m. 2 H, =CHz), 5.65-5.90 (m. 1 H. =CH-). 

Methyl N-[(E).3-hexenyll-N-(hy~ox~~yi~r~~te (10). Methyl N-[(E)-3-hexenyl]carbamate7 (127 mg, 

0.812 mmoi) was treated with parafonnaldehyde (25 mg. 0.83 mmol) and Cs2C03 (530 mg, 1.63 mmol) in 15 mL of 

THF to give 38 (62 mg. 0.33 mmol. 41%) as a coiouriess oil. Rf0.23 (EtOAc/hexanes: l/2). IR 3590 (s) and 3440 (b, 

OH), 1690 (NC=O). ‘H NMR (200 MHZ) 0.95 (t. J = 7.4 Hz, 3 H, CH2W3), 1.99 (quintet, ./ = 7.3 Hz, 2 H, 

CH2CH3). 2.24 (bs, J = 6.7 Hz. 2 H, NCH2CH2), 3.20-3.45 (m. 2 H, NW2CH2), 3.72 (s. 3 H. 0CH3), 4.75 (s, 2 H, 
CH20H), 5.25-5.40 (m. 1 H, -CH=). 5.40-5.60 (m. 1 H. -CH=). 

Methyl iV-tQ-3-hexenyil-N-(hydroxyrnethyi)carbamate (11). Methyl N-[(a-3-hexenyllcarbamate7 (305 mg, 

1.94 mmoi) was treated with parafonnaldehyde (60 mg. 2.0 mmpl) and Cs2CO3 (1.20 g, 3.68 mmol) in 15 mu of THF 

to give 39 (280 mg. 1.49 mmol, 77%) as a colourless oil. Rf0.23 (EtOAc/hexanes: l/2). IR 3590 (s) and 3440 @, 

OH), 1690 (NC=O). ‘H NMR (200 MHZ) 0.95 (t, J = 7.5 Hz, 3 H. CH2W3). 2.03 (quintet, J = 7.4 Hz, 2 H, 

CH2CH3), 2.31 (bq, J = 7.2 HZ, 2 H, NCH2W2). 3.25-3.50 (m, 2 H, NUf2CH2). 3.73 (s, 3 H, OCH3). 4.74 (bs) 

and 4.77 (bs. two rotamers. 2 H, CW20H). 5.20-5.40 (m, 1 H. -CH=), 5.40-5.60 (m, 1 H, -CH=). 

Cyciization of 9. Methyl01 9 (78 mg, 0.45 mmoi) was dissolved in 1 mL of formic acid and stirred for 24 h at room 

temperature. The reaction mixture was evaporated in vacua The residue was diluted with 2 mL of toluene and 

evaporated in VUCW. This was repeated twice to give 4-formyioxy-1-piperidinecarboxylic acid ethyl ester (12) (89 

mg. 0.44 mmol, 100%) as a colourless oil. Rf0.51 (EtOAc/hexanes: l/2). IR 1720 (HC=O), 1680 (NC=o). 1H NMR 

(200 MHz) 1.24 (t, J= 7.1 Hz, 3 H, CH3). 1.55-1.75 (m, 2 H). 1.75-2.00 (m. 2 H), 3.31 (ddd,J= 13.6, 8.3, 3.8 HZ, 2 
H, H2ax and H6ax ), 3.65-3.80 (m, 2 H, H2eq and H6eq), 4.12 (q. J = 7.1 Hz, 2 H, 0CH2), 5.07 (tt, J = 7.8 3.9 HZ, 1 

H, H4ax>, 8.04 (s, 1 H, OCHO). 

Cyciization of 10. According to the procedure used for the cyclization of 9, metbylol compound 10 (49 mg, 0.26 

mmoi) was stirred in 2 mL formic acid to give a 88:4:8 mixture of 13:14:15 in quantitative yield. 

Cyciization of 11. According to the procedure used for the cyclization of 9, methyl01 compound ll(240 mg, 1.26 

mmoi) wss stirred in 5 mL formic acid to give a 18:73:9 mixture of 13:14:15 in quantitative yield. This mixture was 

chromatographed to give two fractions. The first fraction consisted of a 22:78 mixture of ~~~s-3-e~hyl~4~fo~yloxy_l~ 

piperidinecarboxyiic acid methyl ester (13) and cb-3-ethyl-4-formyioxy-l-piperidineearboxylie acid methyl 

eSter (14) (217 mg, 1.01 mmoi. 80%) as a colourless oil. Rf 0.60 (EtOAc/hexanes: l/l). IR 1715 (C=O), 1680 

(NC=O). ‘H NMR (200 MHz) 13: 0.91 (t. J= 7.3 HZ. 3 H, CH2CYf3), 1.05-1.30 (m. 1 H), 1.40-1.65 (m, 3 H), 1.88- 

2.00 (m. 1 I-I), 2.75-2.95 (m. 1 H), 3.05-3.20 (m. 1 I-0. 3.66 (s, 3 H. 0CH3). 3.754.05 (m. 2 H), 4.79 (td. J= 8.4.4.1 

Hz, 1 H. H4ax), 8.05 (s. 1 H, OCHO); 14 (characteristic signals): 5.27 (bs. 1 H, H4eq). 13C NMR (63 MHz) 13: 

lo.9 (CH3). 22.0 (CH2). 29.5 (C-5), 41.4 (C-6). 41.5 (C-3). 45.3 (C-2). 52.5 (0(X3), 73.4 (C-4), 155.7 @X=0). 

160.2 (HC=O); 14: 10.8 (CH3), 21.0 (CH2). 29.3 (C-5). 39.0 (C-6). 40.5 (C-3). 44.0 (C-2). 52.5 (OCH3), 69.1 (C-4), 

155.9 (NC=O), 160.2 (HC=O). The second fraction consisted of 3-(1-formyioxypropyi)-1-pyrroiidinecarboxylic 

acid methyl ester (15) (24 mg, 0.11 mmol, 9%) as a colourless oil. Rf0.45 (EtOAc/bexanes: l/l). IR 1715 (C=O), 

1680 WC=O). 'H NMR (250 MHz, a 20~80 mixture of diastereoisomers) 0.91 (t, J = 7.4 Hz, 3 H, CH~~H~), 1.45- 

1.75 (m, 3 H), 1.85-2.10 (m, 1 H), 2.30-2.55 (m, 1 H), 2.85-3.70 (m, 4 H, CH2NCH2). 3.67 (s, 3 H, OCH$, 4.90-5.05 

(m, 1 H, CXOCHO), 8.10 and 8.12 (s, 1 H. OCHO). 

Cyciiaation of 16. Hydroxy compound la7 (93.5 mg, 0.405 mmol) was dissolved in 1 mL of formic acid and stirred 

for 3 days at room temperature. The formic acid was evaporated in vacua. The residue was diluted with 2 mL of 

toluene and evaporated in vucuo. The residue was chromatographed to give two fractions. The first fraction consisted 

of~r~n+4-formyloxy-l,2-piperidinedicarboxyiic acid l-ethyl, 2-methyl ester (23) (40.8 mg. 0.157 mmol, 39%) as a 

COlOUriCSS oil. Rf0.27 (EtOAc/bexanes: l/2). IR 1735 (C=O). 1720 (HC=O), 1685 (NC=o). lH NMR (200 MHZ) 

1.15-1.35 (m, 3 H, CH2W3). 1.53 (qd, J= 12.7.5.0 Hz, 1 H. H 5ax), 1.78 (td. J= 12.5.6.3 Hz, 1 H, H3ax), 1.95-2.10 

(m, 1 H, H5eq), 2.50 (bd, J= 12.9 Hz, 1 H. H3eq), 2.95-3.20 (m. 1 H. H6ax), 3.75 (s, 3 H. OCH3). 4.00-4.20 (m. 1 H, 
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l-15.1.35 (m, 3 H, CH2cH3), 1.53 (qd, J= 12.7.5.0 Hz, 1 H, H5ax), 1.78 (td. J= 12.56.3 Hz, 1 H, H3ax), 1.g5.2.10 

(m, 1 H, H5eo)V 2.50 (w, J= 12.9 Hz. 1 H, H3e4>, 2.95-3.20 (m, 1 H, Hfiax), 3.75 (s, 3 H, OCH3), 4.fto.4.20 (m, 1 H, 

H6e’)p 4.15 (9. J= 7.1 Hz, 2 H, CH O), 

OHCO). l3 

4.87 (tt, J= 11.5.4.3 Hz, 1 H, Ipax), 4.90 &IS) and 5.07 @s, two totamers, 

1 H, H2eo) 8 00 (s 1 H , c = (63 MHz) 14.5 (CH3), 30.4,31.7,39.8 (C-6), 52.5 (OCH3), 53.8 (C-2), 

61.9 (OCH2); 68.; (C-4), 155.9 (NC=O). 160.0 (HC=O), 171.1 (C=O). Accurate mass 259.1088 (calcd for 

Cl1Hl7NO6 259.1056). The second fraction consisted of ci~-4-fo~yloxy-lf.piperidinedicarboxylic acid l-ethyl, 

2-methyi ester (24) (49.9 mg, 0.193 mmol. 48%) as a colourless oil. RfO.36 (EtOAc/hexanes: l/2). IR 1735 (t&O), 

1720 (HC=O), 1685 (NC=O). ‘H NMR (200 MHz) 1.15-1.30 (m. 3 H, CH2CR3), 1.6&2.@J (m, 3 H, H3ax and H5ax 

and H5e9)V 2.59 (bd, J= 13.6 HZ, 1 H, H3e‘$, 3.15-3.45 (m, 1 H, H6ax), 3.71 (s, 3 H, 0CH3), 3.85.4.10 (m, 1 H, 

H6eq)t 4.15 (4. J= 7.1 Hz, 2 H, OCH2). 4.78 @s) and 4.88 (bs, two rotamers, 1 H, H2q), 5.21 @t. J= 2.7 Hz, 1 H, 

H4eq), 7.92 (s. 1 H, OCHO). ‘H NMR (C6D6. 200 MHZ) 0.95-1.45 (m, 6 H, tX2tX3 and H3ax and ~5ax and 

H5e9), 2.40 (ddt, J= 14.6.3.3g2.l Hz, 1 H. H3eq), 3.32 (s, 3 H, 0CH3), 3.30-3.55 (m, 1 H, H6ax), 3.80 (bd, J= 13.6 

Hz) and 4.10-4.30 (m, two rotamers, 1 H, H6q), 4.68 (bd) and 5.06 (bd, J= 6.9 HZ, two totamers, 1 I-I, H2eo), 4.80 
(t, J= 2.9 Hz, 1 H, H4eo), 7.47 (s, 1 H, OCHO). l3 C NMR (50 MHz) 14.5 (CH3). 28.5,30.3,36.0 (C-6), 50.7 (C-2), 

52.1 (OCH3), 61.8 (OCH2). 66.2 (C-4), 156.0 (NC=O), 159.7 (HC=O), 171.6 (C=O). Accurate mass 259.1042 
(calcd for C11H17N06 259.1056). 

CYcfizatton of 17. Hydroxy compound I77 (207 mg, 0.845 mmol) was dissolved in 2 mL of formic acid and stirred 

for 3 days at room temperature. Tbe reaction mixure was concentrated in WCIW. The residue was diluted with 2 mL 

of toluene and evaporated in vucuo. This procedure was repeated twice. The residue was chromatographed to give 

two fractions. The first fraction consisted of reZ-(2R,3R,4R)-3-ethyl-4-formylox~l~-pi~~~nedicarboxylic acid 

dimethyl ester (25) (35.0 mg, 0.128 mmol, 15%) as a colourless oil. Rf 0.51 (EtOAc/hexanes: l/2). IR 1735 (C=O), 

1720 (HC=O). 1690 (NC=O). ‘H NMR (250 MHz) 0.98 (t, J= 7.4 Hz, 3 H, CH2CR3), 1.10-1.35 (m, 1 H), 1.40-1.80 

(m. 3 H). 2.05-2.15 (m, 1 H, H3ax), 3.25-3.50 (m, 1 H, Htjax), 3.70 (s, 6 H, 2 x OCH~), 3.90.4.20 (m, 1 H, H6eq). 

4.95 (bs) and 5.10 (bs, two rotamets, 1 H. H2q), 5.12 (td. J= 10.7.4.6 HZ, 1 H, I#~~). 8.04 (s, 1 H, 0~~0). l3c 

NMR (63 MHz) 11.3 (CH3), 20.7 (CH2), 30.9 (C-5) 39.5 (C-6), 44.3 (C-3), 51.9 (OCH3), 53.0 (ocH~), 56.0 (c-2), 

71.4 (C-4), 155.3 (NC=O), 160.3 (HC=O), 170.0 (C=O). Accurate mass 273.1204 (calcd for C12H19N06 273.1212). 

The second fraction consisted of r~I-(2R,3R,4S)-3-ethyl-4-formyloxy-1,2-piperidinedicarboxylIc acid dimethyl 

ester (26) (135.6 mg. 0.497 mmol, 59%) as a colourless oil. Rf 0.43 (EtOAc/bexanes: l/2). IR 1735 (GO), 1720 

(HC=O), 1690 (NC=O). ‘I-I IWR (250 MHZ) 0.99 (t, J = 7.4 Hz, 3 H, CH2tX3), 1.45 (septet, J = 7.2 Hz, 1 H), 

1.60-2.00 (m, 4 II), 3.40-3.60 (m. 1 H, Hrjax), 3.69 (s, 3 H, OCH3), 3.71 (s, 3 H, OCH3), 3.91 (dd) and 4.04 (dd, J= 

13.8,4.8 Hz, 1 H, two rotamers, H6eo), 4.70 (d) and 4.87 (d, J= 5.9 Hz, 1 H, two rotamers, H2eo), 5.25 (bs, 1 H, 

H4e‘-i) 7 99 (s 1 H OCHO). ,. . I 13C NMR (50 MHz) 11.7 (CH3). 22.2 and 22.3 (CH2). 29.3 and 29.5 (C-5), 36.2 and 

36.3 (C-6), 44.2 and 44.3 (C-3), 51.6 (OCH3), 52.9 (OCH3), 54.2 and 54.5 (C-2), 68.2 and 68.4 (C-4), 156.1 and 

156.8 (NC=O), 160.0 (HC=O), 171.0 and 171.1 (C=O). Accurate mass 273.1221 (calcd for C12H19N06 273.1212). 

Cyclization of 18. Acetoxy compound lS7 (341 mg. 1.19 mmol) was dissolved in 2 mI, of formic acid and stirred 

for 2 days at room temperature. The formic acid was evaporated in vucuo. The residue was diluted wim 2 mL of 

toluene and evaporated in vacua. The residue was chromatographed to give two fractions. The first fraction consisted 

of rel-(2R,3S,4R)-2sthyl-4-formyloxy-l~-piperidinedicarboxylic acid dimethyl ester (27) (139 mg, 0.512 mmol, 

43%) as a colourless oil. Rf0.31 (EtOAc/bexanes: l/2). IR 1735 (C=O), 1720 (HC=O), 1690 @X=0). lH NMR 

(CDCl3, 200 MHz) 1.00 (t, J= 7.3 HZ, 3 H, CH2CR3), 1.20-1.45 (m, 1 H), 1.55-1.90 (m. 3 H), 2.35-2.45 (m, 1 H, 

H3eq), 3.18 (bs, 1 H, Htiax), 3.72 (s, 3 H, OCH3). 3.77 (s, 3 H, OCH3), 4.00-4.30 (m, 1 H, Htleo), 4.80-5.10 (m. 2 H, 

H2eo and H4ax), 8.02 (s, 1 H, OCHO). ‘H NMR (C6D6 250 MHZ) 0.70-1.00 (m. 3 H, CH2CH3), 1.05-1.70 (m, 4 

H), 2.40-2.50 Cm, 1 H. H3eo), 3.00 -3.30 (m, 1 H, H6ax), 3.23 (s, 3 H, 0CH3), 3.41 (s, 3 H, 0CH3), 3.85 (bd, J= 9.7 

Hz) and 4.25-4.40 (m, two rotamers, 1 H, H6eo), 4.89 and 5.31 (bs, two rotamers, 1 H, H2e9), 4.95-5.05 (m, 1 H, 

H4ax), 7.43 (s, 1 H, OCHO) 13C NMR (50 MHz) 12 1 (CH3), 17.4 (CH2), 25.1 (C-5), 39.8 (C-6), 40.8 (C-3), 52.5 
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(OCH3), 53.1 (OCH3), 56.4 (C-2). 70.3 (C-4). 156.9 (NC=O). 160.0 (HC=O). 171.3 (C=O). Accurate mass 

273.1199 (Cakd for C12Hl9NO6 273.1212). The second fraction consisted of a 17:83 mix- (109 mg, 0.396 mmol, 

34%) of 26 and rel-(tR~S,~)-3-ethyl-4-fo~yloxy-l~-pi~~~~~~r~~lic add dimethyl ester (28) as a 

ColOUrlesS oil. Rf 0.26 (EtOAc/bexanes: l/2). IR 1740 (00). 1720 (HC=O). 1690 (NC=O). lH NMR (200 MHz) 

1.02 (t, J = 7.3 HZ, 3 H, CH2cH3), 1.45 (quintet, J = 7.7 Hz, 2 H, W2CH3), 1.60-1.95 (m, 2 H, Hsax and H5q), 

2.43 (bd, J = 4.6 Hz. 1 H. H3e‘$ 3.20-3.45 (m. 1 H. H6axX 3.70 (s, 3 H. 0CH3). 3.72 (s. 3 H, OCH3). 3.90 (dd) and 

4.05 (dd. two rotamers. J = 13.4, 5.0 Hz. 1 H. H6e‘$, 4.60 (s) and 4.78 (s, two rotamers, 1 H, H2q). 5.03 (bd, J = 

2.7 Hz, 1 H, Ipeq). 7.91 (s. 1 H, OCHO). 13C NMR (63 MHz) 11.9 (CH3), 23.2 (CH;?), 24.1 and 24.3 (C-5). 36.0 

and 36.2 (C-6), 40.9 (C-3). 52.1 (OCH3). 52.9 (OCH3), 54.2 and 54.6 (C-2). 70.0 (C-4), 156.7 and 157.3 (NC=O), 

159.5 (HC=O), 171.6 (C=O). Accurate mass 273.1205 (calcd for Cl2Hl9NO6 273.1212). 

Cyclization of 19. Acetoxy compound 197 (95.3 mg, 0.349 mmol) was dissolved in 4 mL of formic acid and stirred 

at room temperature for 40 h. The reaction mixture was concentrated in VUCIW. The residue was chmmatographed to 

give three fractions. The first fraction consisted of a 86:14 mixture of Puns-4-formyloxy-4-methyl-1,2- 

piperidinedicarboxylic acid dimethyl ester (29) and cfs-4-formyloxy4-methyl-l,2-piperidinedicarboxylic acid 

dimethyl ester (30) (33 mg, 0.126 mmol, 36%) as a colourless oil. Rf 0.25 (EtOAc/hexanes: l/2). IR 1750 (C=O). 

1730 (HC=O), 1705 (NC=O). lH NMR (200 MHz) 29: 1.35-1.60 (m. 1 H), 1.57 (s, 3 H, CH3), 1.74 (dd.J= 14.9.7.0 

Hz, 1 H, H5e‘$, 2.38 (bd. J= 14.3 Hz, 1 H), 2.82 (dt,J= 14.6,2.1 Hz, 1 H), 3.10-3.45 (m. 1 H. H6ax), 3.68 (s) and 

3.71 (s) and 3.73 (s, 6 H, 2 X OCH3), 3.804.10 (m, 1 H, H6eq), 4.74 (d) and 4.89 (d, two rotamers, J= 6.2 Hz, 1 H. 

H2eq). 7.87 (s, 1 H. OCHO); 30 (isolated signals): 1.50 (s, 3 H, CH3), 2.12 (dd.J= 13.6,6.8 Hz. 1 H). 2.68 (bd,J= 

13.6 Hz, 1 H). 7.95 (s, 1 H, OCHO). 13C NMR (63 MHz) 29: 25.9 (CH3). 34.5,36.9,37.0,51.5 and 51.8 (C-2). 52.0 

(OCH3). 52.9 (OCH3). 79.2 (C-4), 156.8 @X=0), 159.5 (HC=O). 171.5 (C=O); 30 (isolated signals) 22.2 (CH3). 

35.7.38.9. 80.1 (C4). 159.8 (HC=O), 171.8 (C=O). The second fraction consisted of reZ-(2RJS)-5-methyl-7-oxo-6- 

oxa-2-a~bicyclo[3.2.llnonane-2-carboxylic acid methyl ester (31) (10 mg, 0.05 mmol, 15%) as a colourless oil. 

RfO.16 (EtOAc/hexanes: l/2). IR 1795 (C=O), 1710 @X=0). *H NMR (200 MHz) 1.53 (s, 3 H, CH3), 1.70-2.15 

(m, 4 H). 3.05-3.30 (m, 1 H. H3endo), 3.74 (s, 3 H, OCH3), 4.004.25 (m, 1 H, H3exo), 4.85 (bs, 1 H, H1). Accurate 

mass 199.0875 (calcd for CgHl3N04 199.0845). The third fraction consisted of rel-(ZR,4S)-4hydroxy-4-methyl-l,2- 

piperidinedicarboxylic acid dimethyl ester (32) (11 mg, 0.05 mmol, 13%) as a colourless oil (for spectral data see 
ref. 7). 

Cyclization of 20. Hydroxy compound 207 (297.1 mg, 1.286 mmol) was dissolved in 6 mL of formic acid and 

stirred for 18 h at room temperature. The reaction mixture was concentrated in vacua The residue was dissolved in 2 

mL of benzene and concentrated in vacua. The residue was chromatographed to give 4 fractions. The first fraction 

consisted of reZ-(ZR,4S~S)-4-formyloxy-5-methyl-l~-piperidinedi~r~~lic acid dimethyl ester (33) (117.1 mg, 

0.4521 mmol, 35%) as a colourless oil. Rf0.43 (EtOAc/hexanes: l/2). IR 1740 (C=O). 1720 (HC=O), 1695 (NGO). 

‘H NMR (200 MHz) 0.90 (d,J= 6.5 Hz, 3 H. CH3). 1.72 (dd, J= 11.7.6.4 Hz, 1 H, H3), 1.80 (dd,J= 11.7,6.4 Hz, 1 

H, H3), 2.45-2.60 (m, 1 H. H5ax), 2.74 (dd) and 2.83 (dd. two rotamers, J = 13.5, 12.2, H6ax), 3.70 (s) and 3.74 (s) 

and 3.77 (s. 6 H, 2 X OCH3). 4.03(dd) and 4.18 (dd, two rotamers.J= 12.6, 3.7 Hz, H6eq), 4.62 (td, J= 11.0,4.3 Hz, 

1 H, H4ax), 4.91 (hd) and 5.07 (bd, J = 6.4 Hz, two rotamers. 1 H, H2eq), 8.08 (s, 1 H, OCHO). 13C NMR (50 

MHz) 14.6 (CH3). 31.6 and 31.8 (C-3). 35.4 and 35.5 (C-5), 46.4 (C-4), 52.5 (OCH3), 53.0 (OCH3), 53.8 and 53.9 

(C-2), 72.8 (C-4). 156.0 and 156.3 (NC=O), 160.2 (HC=O), 170.9 (C=O). Accurate mass 259.1068 (calcd for 

Cl lHl7NO6 259.1056). The second fraction consisted of reI-(2R,4R,SS)-4-fnrmyloxy-5-methyl-l,2- 

piperidinedicarboxylic acid dimethyl ester (34) (33.5 mg, 0.129 mmol, 10%) as a colourless oil. Rf 0.33 

(EtOWhexanes: In). IR 1740 (C=O), 1720 (HC=O), 1690 (NC=O). ‘H NMR (200 MHZ) 0.87 (d, /= 6.9 HZ, 3 H. 
CH3), 1.80-2.00 (m. 2 H, H3eq + H3ax >, 2.55-2.75 (m, 1 H, H5ax>, 2.96 (dd) and 3.04 (dd. J= 13.0. 12.6 Hz, 1 H. 

H6ax). 3.72 (s) and 3.69 (s) and 3.68 (s, 6 H, 2 x OCH3), 3.80 (dd) and 3.95 (dd, two rotamers, J= 13.4,4.9 Hz, 1 

H, H6eq), 4.72 (d) and 4.88 (d, two rotamers. J= 6.7 Hz, 1 H, H2eq), 5.08 (bs, 1 H. H4e’$, 7.96 (s, 1 H, OCHO). 

13C NMR (63 MHz) 14.6 and 14.9 (CH3), 30.9 and 31.1 (C-3). 33.1 and 33.2 (C-5). 42.4 and 42.7 (C-6). 50.3 and 
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50.6 (C-2). 52.1 (OCH3), 52.9 (OCH3). 69.8 and 69.9 (C-4). 156.1 and 156.6 (NGO), 159.9 (HC=O), 171.4 (C=o). 

Accurate mass 259.1042 (calcd for Cl lHl7ND6 259.1056). The third fraction consisted of 4-(l-formyloxyethyl)-I,% 

pyrrolidinedicarboxylic acid dimethyl ester (36) (96.2 mg, 0.371 mmol, 29%) as a colourless oil. Rf 0.24 

(EtOAcIhexanes: l/2). IR 1740 (C=O). 1720 (HC=O), 1695 (NC=O). lH NMR (200 MHZ) 1.26 (dd. J= 6.3,1.7 Hi, 

3 H, CH3). 1.90-2.20 (m. 2 H, 2 x H’), 2.40-2.65 (m. 1 H, H4). 3.07 (d) and 3.18 (d. two rotamers, J= 10.3 HZ, 1 H. 

H5), 3.60-3.80 (m. 7 H, 2 X 0CH3 + H’). 4.30-4.50 (m. 1 H, H2), 4.97 @quintet, J= 5.7 Hz, 1 H. CR02CH), 8.02 (s, 

1 H, OCHO). 13C NMR (50 MHz) 18.7 (CH3), 31.6 and 32.9 (C-3), 41.3 and 42.2 (C-4), 47.8 and 48.3 (C-5), 52.2 

(OCH3), 52.5 (OCH3). 58.6 and 58.8 (C-2), 70.7 and 71.0 (CH02CH), 154.9 and 155.3 (NC=@, 160.2 (HC=O), 

172.7 (C=O). Accurate mass 259.1042 (calcd for CllH17NN06 259.1056). The fourth fraction consisted of rel_ 

(2R,4R,SS)-4-hydroxy-S-methyl-1,2-piperidinedicarboxylic acid ditnethyl ester (35) (15.3 mg, 0.0662 mmol, 5%) as 

a colourless oil (for spectral data see ref. 7). 

Cyclization of 21. Acetoxy compound 217 (69.2 mg, 0.27 1 mmol) was dissolved in 2 mL of formic acid and stirred 

for 17 h at room temperature. The reaction mixture was concentrated in VOCIIO. The residue was diiuted with 2 mL of 

toluene and evaporated in vacua. The residue was chromatographed to give two fractions. The first fraction consisted 

of rel-(SR,7R,8aS)-7-formyloxy-octahydro-3-oxoindolizine-S-carbo~lic acid methyl ester (37) (17.7 mg. 0.0734 

mmol. 27%) as a colourless oil. Rf 0.40 (CH2C12/acetone: 2/l). IR 1740 (GO), 1720 (HC=C), 1680 (NC=O). 1H 

NMR (200 MHz) 1.23 (q. J= 11.7 Hz, 1 H). 1.50-1.80 (m. 2 H), 2.10-2.50 (m. 5H). 3.69 (s. 3 H. 0CH3). 3.65-3.90 

(m, 1 H, HSa), 4.80-5.00 (m, 2 H, H5 + H7), 7.95 (s, 1 H, OCHO). 13C NMH (50 MHz) 25.1 (C-l), 29.8 (C-8). 31.1 

(C-6), 38.0 (C-8). 49.6 (C-5). 52.5 (OCH3). 52.8 (C-8a). 67.5 (C-7), 159.8 (HC=O), 170.2 (GO), 174.0 (C3). The 

second fraction consisted of rel-(SR,7S,SaS)-7-formyloxy-octahydro-3-oxoindolizine-5-car~xylic acid methyl 

ester (38) (25.5 mg, 0.106 mmol, 39%) as white crystals, mp 86-87 “C (ether/hexanes). Rf 0.30 (CH2Cl2/acetone: 

2/l). IR 1740 (C=O), 1720 (HC=OO), 1675 (NC=O). ‘H NMFt (200 MHz) 1.30-1.65 (m, 2 H), 1.75-1.95 (m, 1 H), 

2.05-2.65 (m. 5 H), 3.66 (s. 3 H, OCH3), 3.85-4.05 (m, 1 H, Hga), 4.74 (d, J= 7.1 Hz, H5), 5.25 (IX. 1 H, H7), 7.88 

(s, 1 H, OCHO). l3 C NMR (50 MHz) 25.7 (C-l), 29.7,29.9,36.0 (C-8), 47.8 (C-5), 49.1 (C-8a). 52.3 (0(X3), 66.8 

(C-7), 159.5 (HGOO). 170.6 (C=O), 174.6 (C-3). 

Cyclization of 22. Acetoxy compound 227 (0.649 g, 3.04 mmol) was dissolved in 14 mL of formic acid and stirred 

for 50 h at room te.mperature. The reaction mixture was poured out slowly in 300 mL of saturated aq NaHC03 and 

stirred for 10 min. The mixture was extracted (4 X) with 150 mL of CH2C12. The collected organic layers were dried 

(MgSO4) and concentrated in vucuo. The residue was chromatographed to give two fractions as oils which 

crystallized on standing. The first fraction consisted of rel-(SR,7S,8aS)-7-formyloxy-octahydro-7-methyl-3- 

oxoindolizine-S-carboxylic acid methyl ester (39) (0.364 g, 1.42 mmol, 47%) as white needles, mp 92-93 ‘C 

(ether/hexanes). Rf 0.40 (CH2C12/acetone: 2/l). IR 1740 (C=O), 1720 (HC=O), 1680 (NC=O). ‘H NMR (200 

MHz) 1.45-1.75 (m. 2 H). 1.50 (s, 3 H, CH3), 2.03 (dd, J= 13.5, 7.5 Hz, 1 H), 2.20-2.55 (m, 4 H). 2.79 (d, J= 13.5 

Hz, 1 H), 3.73 (s, 3 H, OCH3), 3.70-3.95 (m, 1 H, H8a), 4.84 (d, J= 6.5 Hz, 1 H, CHC02Me), 7.92 (s, 1 H, OCHO). 

‘H NMR (200 MHz. C6Dd 0.75-1.15 (m. 2H), 1.33 (s, 3 H, CH3), 1.30-1.55 (m. 1 H), 1.62 (dd.J= 13.5 Hz, J= 7.5 

Hz, 1 H), 1.85-2.10 (m, 3 H), 2.61 (bd,J= 13.5 Hz, 1 H), 3.15 (s, 3 H, OCH3), 3.20-3.50 (m. 1 H, H8a), 4.88 (d,J= 

6.5 Hz, 1 H, H5), 7.47 (s. 1 H. OCHO). 13C NMR (50 MHz) 21.8 (CH3). 25.6 (C-l), 29.9 (C-2). 36.3 (C-6). 43.5 

(C-8). 49.2 (C-5). 51.8 (C-8a), 52.5 (OCH3). 80.8 (C-7). 159.7 (HC=OO), 171.0 (C=O), 174.2 (C-3). Accurate mass 

255.1106 (calcd for Cl2Hl7NO5 255.1107). The second fraction consisted of rel-(SR,7R,ttaS)-octahydro-7-hydroxy- 

7-methyl-3-oxoindolizine-S-carboxylic acid methyl ester (40) (0.230 g. 1.02 mmol. 33%) as white crystals, mp 132- 

134 “C (ether/hexanes). RfO.20 (CH2C12/acetone: 2/l). IR 3600, 3400 (OH), 1725 (C.=O), 1675 (NC=O). lH NMR 

(200 MHz) 1.15-1.30 (m. 1 H, H8ax), 1.26 (s. 3 H, CH3), 1.45-1.65 (m, 1 H, H1), 1.68 (dd. J = 14.1, 6.9 Hz. 1 H, 

H6ax), 1.80-1.95 (m. 1 H, H8eq), 2.05 (bs. 1 H, OH), 2.10-2.50 (m, 4 H, H1 + 2 x H2 + H6eq), 3.69 (s, 3 H, 0CH3). 

3.95-4.15 (m. 1 H, H*3.4.73 (d. J= 5.9 Hz, 1 H, H5eq). 13C NMR (50 MHz) 25.4 (C-l), 30.3 (C-2). 30.6 (CH3), 

38.3 (C-6), 44.8 (C-8), 48.7 (C-5), 50.6 (C-8a). 52.2 (OCH3), 68.3 (C-7). 171.7 (C=O), 174.5 (C-3). Accurate mass 
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227.1177 (cakd for CllH17N04 227.1158). 

*ens-4-Hydroxy-2-pipererldinecarboxylic acid (41). Fotmate 23 (25.8 mg, 0.100 mmol) was dissolved in 2 mL of 

2 N aqueous HCl and refluxed for 18 h. The reaction mixture was evaporated in vucuo. The residue was 

chmmatographed using an ion exchange column as described7 to give 41(11.6 mg, 0.080 mmol. 81%) as a thick oil. 

‘H NMR (200 MHz, D20) 1.85-2.10 (m, 3 H), 2.20-2.35 (m. 1 H). 3.30-3.40 (m. 2 H. H6eq + H6ax). 3.94 (dd. J= 

11.7.3.8 Hz, H2ax), 4.26 (quintet, J= 3.1 Hz, I-Fteq). 13C NMR (SO MHz. D20) 29.9 (C-5). 34.7 (C-3), 40.5 (C-6), 

55.9 (C-2). 63.7 (C-4). 176.2 (C02H). 

Cyclization of 43 with paraformaldehyde in formic acid. Paraformsldehyde (23 mg, 0.77 mmol) was added to 1 

mL of formic acid. The mixture was heated until all paraformaldehyde had dissolved and then cooled to room 

temperature. This solution was added to 4316 (111 mg, 0.553 mmol) and stirred for 24 h. The reaction mixture was 

concentrated in vacua, treated with 1 mL of benzene, and concentrated in vucuo (this procedure was repeated 

twice). The residue (142 mg. 5.49 mmol) was a 50:50 mixture of 23 and 24. 

Acetoxy[N-(3-butenyl)-N-(methoxycarbonyl)amino]acetic acid methyl ester (45). According to procedure A 

described in ref. 7, methyl N-(acetoxymethyl)carbamate’l (302.5 mg. 2.058 mmol) was treated with 

allyltrimethylsilane (0.4 mL. 2.51 mmol) and BF3*0Et2 (0.38 mL, 3.1 mmol) in 5 mL CH2C12 to give methyl N-(3- 

butenyl)carbamate (207.8 mg, 1.611 mmol, 78%) as a colourless oil. Rf0.60 (EtOAc/hexanes: l/2). IR 3450 (NH), 

1715 (NC=G). 1H NMR (250 MHz) 2.22 (q, J= 6.7 Hz, 2 H, CH2CH=). 3.22 (q. J= 6.3 Hz, 2 H, NCH2), 3.63 (s, 3 

H, OCH3), 4.75 (bs, 1 H, NH), 5.00-5.15 (m. 2 H, =CH2). 5.60-5.80 (m, 1 H. XI-I=). According to procedure F 

described in ref. 7, this product (1.20 g. 9.30 mmol) was treated with methyl glyoxylate hydrate (6.4 g, 72.8 mmol) in 

80 mL of benzene to give [N-(3-butenyl)-N-(methoxycarbonyl)amino]hydroxyacetic acid methyl ester (1.64 g, 7.56 

mmol, 81%) as a colourless oil. Rf0.33 (EtOAc/hexanes: l/2). IR 3520 (OH), 1740 (C=O). 1690 (NC=O). 1H NMR 

(200 MHz) 2.33 (q. J= 7.0 Hz, 2 H. =CHW2), 3.35 (dt, J= 7.3,2.9 Hz, 2 H. CH2N), 3.71 (s. 3 H. 0CH3), 3.80 (s, 

3 H, OCH3), 4.20 (bs, 1 H, OH), 5.00-5.15 (m. 2 H, =CH2), 5.24 (bs, 1 H, NCHO). 5.65-5.90 (m, 1 H, .CH=). 

According to procedure G described in ref. 7, the methyl glyoxylate adduct (1.02 g, 4.69 mmol) was treated with 

DMAP (40 mg, 0.33 mmol) and acetic anhydride (0.55 mL, 5.83 mmol) in 10 mL of pyridine to give 45 (1.09 g, 4.22 

mmol, 90%) as a colourless oil. Rf0.50 (EtOAc/hexanes: l/2). IR 1745 and 1715 (3 x GO). 1H NMR (200 MHz) 

2.17 (s. 3 H, C=OCH3), 2.25-2.45 (m. 2 H. =CHCYf2), 3.20-3.35 (m, 1 H. CHN). 3.40-3.60 (m, 1 H, CHN), 3.76 (s, 3 

H, OCH3), 3.79 (s. 3 H, 0CH3). 5.00-5.15 (m. 2 H, =CH2), 5.65-5.90 (m, 1 H, -C!H=), 6.51 (s, 1 H, NCHO). 

Cyclization of 45 at -78 “C with SnCl4 Under a nitrogen atmosphere. a 1.2 M solution of SnC14 in tX2Q2 (3.50 

mL, 4.20 mmol) was slowly added to a solution of 45 (183 mg, 0.707 mmol) in 2 mL of CH2C12 at -78 “C. The 

reaction mixture was stirred for 4 h at -78 “C and then 5 mL of saturated aq NaHC03 was added. The reaction 

mixture was allowed to warm up to room temperature and after extraction (3 x) with 20 mL of CHC13, the combined 

organic layers were dried (MgSO4, and concentrated in vacua. The residue was chmmatographed to give cis-4. 

hydroxy-1,2-piperidinedicarboxylic acid dimethyl ester (44) (101 mg. 0.466 mmol, 66%) as a colourless oil. Rf0.22 

(EtOAchexmes: l/l). IR 3600 (s) and 3480 (b, OH). 1730 (C=O). 1685 (NC=O). lH NMR (200 MHZ) 1.55-1.80 

(m. 2 H, H5ax and H5e4), 1.87 (ddd. J= 14.3.6.7,2.2 Hz, 1 H, H3ax ), 2.38 (bs. 1 H. OH), 2.43 (bd. J= 14.2 Hz, 1 H. 

H3eq), 3.30-3.55 (m. 1 H, H6ax), 3.72 (s. 6 H, 2 x OCH3). 3.75-4.05 (m, 1 H, H6e4), 4.14 (b quintet, J= 2.7 HZ, 1 H, 

H4eq), 4.70 and 4.82 @s. two rotamers. 1 H, H2eq). ‘H NMR (250 MHz. DCOOD) 1.70-1.95 (m, 2 II), 2.05 (ddd, 

J= 14.8,6.8,2.1 Hz, 1 H). 2.45-2.55 (m, 1 II), 3.30-3.55 (m. 1 H, H6ax), 3.79 (s. 6 H. 2 x 0CH3), 3.90.4.00 (m, 1 H, 

H6eq), 4.33 (bs, 1 H, H4eq), 4.85-5.00 (m, 1 H, H2). l3 C NMR (50 MHz) 30.9.33.2, 35.6,50.7 and 50.9 (C-2). 52.1 

(GCH3). 52.7 (OCH3). 62.7 (C-4). 156.5 and 156.9 (NC=O), 172.8 (C=O). Accurate mass 217.1003 (calcd for 

C9H15N05 217.0950). 

cis-4-Formyloxy-d-1,2-piperidinedlcarboxylic acid dimethyl ester (46). Precursor 44 (30 mg, 0.138 mmol) was 

dissolved in 0.5 mL of DCOOD. The formylation reaction was monitored by lH NMR. ‘H NMR (250 MHz, 

DCOOD) 1.75-2.00 (m. 2 H), 2.13 (ddd, J= 15.0, 6.8, 2.1 Hz, 1 H). 2.55-2.70 (m. 1 H). 3.20-3.45 (m. 1 H. H6ax), 
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3.80 (s, 6 H, 2 x OCH3), 4.90-5.05 (m. 1 H. H2), 5.28 @t, J= 2.7 Hz, 1 H, H4q). 
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