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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-he,tcrocycles.1 The
intramolecular reactions with alkenes have proved particularly suited for the total synthesis of several
alkaloids.2 These applications arose from the fundamental work of the late seventies on the formic acid
induced cyclizations of cyclic N-acyliminium 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.3
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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).4’5 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 occurs.%
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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 «-amino acid derivatives.”
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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 carbonau:,9 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).
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The (E)- and (Z)-alkenes 10 and 11 gave mixtures of the same three products 13-18 albeit in
completely different ratios (eq 6). The stereochemistry of 13 and 14 could be readily inferred from their 1y
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 1§ was obtained as a
mixture of stereoisomers.

Table ISelected H NMR data (ppm)

compound N-CHCO,R HC-OCHO C-CH3
12 - 507 (u,/=7.8,39Hz) .
13 - 4.79 (i, J=8.4,4.1 Hz) -
14 - 5.27 (bs) -
15 - 4.90-5.05 (m) .
23 4.90,5.07 (bs) 4.87 (i, J=11.5,43 Hz) -
24 4.78,4.88 (bs) 5.21 (b1, J=2.7 Hz) -
25 4.95,5.10 (bs) 5.12 (id, J=10.7, 4.6 Hz) -
26 470,487 (d,J= 5.9 Hz) 5.25 (bs) -
27 -4.8-5.1 (m)B—-v .
28 4.60,4.78(s) 503 (bd,J=2.7 Hz) -
29 474,489 (d,J= 6.2 Hz) - 1.57 ()
30 obscured - 1.50 (s)
31 4.85 (bs) - 1.53 (8)
32b  472,489(d.7=66Hz) - 125 (s)
33 491,507 (bd,J = 6.4 Hz) 4.62 (td,J = 11.0,4.3 Hz) 0.90 (d,J= 6.5 Hz)
34 472,488(d,J=6.7 Hz) 5.08 (bs) 0.87(d,J= 6.7 Hz)
3% 468,485(d,J=6.6Hz) 3.75 (obsc) 094,095 (d,J= 6.9 Hz)
36 4.30-4.50 (m) 4.97 (m) 1.26 (d,J= 6.3 Hz)
37 ---4.8-5.0 (m)?—-- -
38 4.74(d,J= 7.1 Hz) 5.25 (bs) - .
29 4.84(d,J=6.5 Hz) - 1.50 (s) -
40 4.73(d,J=59 Hz) - 1.26 (s) -
a1 3.94 (dd,/=11.7, 3.8 Hz) 4.26 (quintet, J= 3.1 Hz) .

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

Glycine cation equivalents were generated from a-hydroxy or a-acetoxycarbamates 16-22 (Table II).6
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 IH 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.5’10 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 coupling 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 -
amino acid 41, a naturally occurring compound.“ The C-2 hydrogen now absorbed at 3.94 ppm, ca. 1 ppm
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Table II Results of the formic acid induced cyclizations of 16-22

entry cyclization precursor products (yield)*
CO,Me c02Me°°H°
o LI=7~ccro /jﬂ'
< N N
N COMe  EtO,C” Et0,C”
CO,Et 23 (39%) 24 (48%)
1 16
E\,E' CO,Me cozmoc"'o
N— N N
£ “COMe  MeOG MeO,C
CO,Me 25 (16%) 26 (59%)
2 17
CO,Me COzMeocHo
B 0Re N/Jq\ OcHo N/J#
1 <co Me  MeO,C” MeO,C”
COMa™ ° 2 27 @3%)E 8 B
coMe® come MO
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o N N
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N—L 0 coMep
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0L 4 15%) 2 32 a3%)
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MeO,C Me MeO,C Me
g OCHO Nf
Me MeO,C” MeO,C”
33 (35%) 34 (10%)
OH OCHO
N—<
) COMe MeO.C Me°H Me
CO,Me 2
5 20 /"~
N
MoO,C” N7 CcoMe
35 (5%) CO,Me 36 (29%)°
Hl CO,Me H coneOCHO
OAc OCHO
N :cozm N N
6 0 21 d wvoew d soemw
Me
H comdl® H come
N—< A MOCHO M\Me
CO,Me N N
7 0 22 g wwn d e

* Isolated yields; ® This product was contaminated with 4% of 26; © Compounds 29 and 30 could not be seperated;

¢ mixture of stereoisomers.
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upfield compared to 23, and the splitting pattern (Table I) clearly indicated an axial orientation.
CO,Me

2N HC1 HN
N/~ 'OCHO reflux, 18 h Hozc% a7
-,
E0,C” 23 81% i

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.’ Also
alcohols 32 and 35 were described in our previous paper.7 The stereochemistry of 32 and 40 could be
inferred from the 13C NMR chemical shifts of their quaternary methyl groups (Table ITI). 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 II Selected 13C NMR chemical shift data (ppm)

compound 8(C-CH,3) compound 8(C-CHs)
OH co. MeOH
315" 32 2 309
180 \M\ Me /Jﬁ\m
Me0,C”
oo {bﬂkm s
* See reference 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 n-complex between the cationic
carbon atom and the alkene in a chair-like conformation, and irreversible trapping of this x-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 cyclization13 (to a six-membered ring) is shown in eq 8.

OCHO

HOR T - /{7:_. 0(7_*1, .
E10,C” Et0,C” E10,¢”
'OCHO OCHO

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 ).14 Cyclization of both A and B preferably leads to piperidine derivative 13. Similarly, (Z)-
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 5-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 SnCly, also exclusively give 6-
membered rings.7 A point of similarity between the formic acid and SnCly induced ring closure is the
stereochemical leakage, being more serious for the (Z)- than for the (E) -alkene.’ 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 = CO,Me)
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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 o-
amino ester function could then be the result of the avoidance of allylic 1,3-strain. 4.5 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 SnCly-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 cis-addition of carbon and oxygen to the double bond.”
Formate attack by an SN2 mechanism at C-4 of the piperidine ring leads to the equatorial formates.
Alternatively, G can capture a water molecule!? 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 (Z)-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.

Scheme II (E = CO,R)
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R flst e”
1618 F l R!
Meoj% e
f R?
N
E HCOH e
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With the mechanism of Scheme II the products of Table II can be satisfactorily explained. The ratios of
axial and equatorial 4-oxy 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 Me
N/jﬁ EC—OZE gﬂ 17 OCHO (eq9)
MeO,C” OH Me Me0,C” MeOC N COMe
20 % CO,Me

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 situ (see eq 10) from allylglycine derivative 43,16 by
stirring with paraformaldehyde in formic acid, and cyclized under the same conditions to a 50:50 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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/j\ (CH0), /j\ /j\ 295% 13+
Xt (eq 10)
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Meozc 5 3) -78°C »20°C Meozc a4 (66%) Meozc’“

The formation of the axial formates by slow formylation of axial alcohols was proved by using 1
NMR spectroscopy. To this end axial alcohol 44 was synthesized by SnCly-induced cyclization of 45
followed by aqueous quench at -78 °C (eq 11).7 A solution of alcohol 44 in deuteroformic acid (DCO,D)
was monitored by 1H 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 DCO;D and the resulting events were monitored by 1H 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. 1:1 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.

oD
CO,Me CO,Me

DCO,D &0Me poo,p
45 — o /;J"] — f + /jﬂ\ocoo 12

N
(fﬂS[)Meozc/47 ocDo (slow) Meozc 44' b MBOZC

( 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 1- (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 synthesis.9 To a solution of the carbamate in 15 mL of THF was added,
successively, paraformaldehyde (1.1 equiv) and Cs;CO3 (2 equiv). The reaction mixture was stirred at room
temperature for 24 h. The excess Cs,CO5 was filtered off and the filirate was concentrated in vacuo. The residue
was chromatographed.

Ethyl N-(3-butenyl)-N-(hydroxymethyl)carbamate (9). Ethyl N-(3-butenyl)carbamate7 (386 mg, 2.70 mmol)
was treated with paraformaldehyde (90 mg, 3.0 mmol) and CspCO3 (1.7 g, 5.22 mmol) in 15 mL of THF to give 37
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OCHZCH3), 2.60 (bs) and 3.20 (bs, two rotamers, 1 H, OH), 2.34 (q,/J=7.1Hz,2 H, =CHCH2), 341(,/=7.1Hz,
2 H, CHyCH;N), 4.17 (g, J = 7.1 Hz, 2 H, OCH,CHj3), 4.74 (bs) and 4.78 (bs, two rotamers, 2 H, CH,0H), 5.00-
5.15 (m, 2 H, =CHy), 5.65-5.90 (m, 1 H, =CH-).

Methyl N-[(E)-3-hexenyl]-N-(hydroxymethyl)carbamate (10). Methyl N-[(E)-3-hexeny1]carbamate7 (127 mg,
0.812 mmol) was treated with paraformaldehyde (25 mg, 0.83 mmol) and CsyCO3 (530 mg, 1.63 mmol) in 15 mL of
THF to give 38 (62 mg, 0.33 mmol, 41%) as a colourless oil. Rf 0.23 (EtOAc/hexanes: 1/2). IR 3590 (s) and 3440 (b,
OH), 1690 (NC=0). 1H NMR (200 MHz) 0.95 (t, J = 7.4 Hz, 3 H, CH,CH3), 1.99 (quintet, J = 7.3 Hz, 2 H,
CH,CH3), 2.24 (bg, J = 6.7 Hz, 2 H, NCHyCH)), 3.20-3.45 (m, 2 H, NCH,CHy), 3.72 (5, 3 H, OCH3), 4.75 (s, 2 H,
CH,OH), 5.25-5.40 (m, 1 H, -CH=), 5.40-5.60 (m, 1 H, -CH=).

Methyl N-[(Z)-3-hexenyl]-N-(hydroxymethyl)carbamate (11). Methyl N-[(Z)-3-hexenyl]carbamate7 (305 mg,
1.94 mmol) was treated with paraformaldehyde (60 mg, 2.0 mmol) and Cs»CO5 (1.20 g, 3.68 mmol) in 15 mL of THF
to give 39 (280 mg, 1.49 mmol, 77%) as a colourless oil. Rf 0.23 (EtOAc/hexanes: 1/2). IR 3590 (s) and 3440 (b,
OH), 1690 (NC=0). 1H NMR (200 MHz) 0.95 (t, J = 7.5 Hz, 3 H, CH,CH3), 2.03 (quintet, J = 7.4 Hz, 2 H,
CH,CHjy), 2.31 (bq, J = 7.2 Hz, 2 H, NCH,CH>), 3.25-3.50 (m, 2 H, NCHyCH,), 3.73 (s, 3 H, OCHjy), 4.74 (bs)
and 4.77 (bs, two rotamers, 2 H, CH,OH), 5.20-5.40 (m, 1 H, -CH=), 5.40-5.60 (m, 1 H, -CH=).

Cyclization of 9. Methylol 9 (78 mg, 0.45 mmol) was dissolved in 1 mL of formic acid and stirred for 24 h at room
temperature. The reaction mixture was evaporated in vacuo. The residue was diluted with 2 mL of toluene and
evaporated in vacuo. This was repeated twice to give 4-formyloxy-1-piperidinecarboxylic acid ethyl ester (12) (89
mg, 0.44 mmol, 100%) as a colourless oil. RfO.Sl (EtOAc/hexanes: 1/2). IR 1720 (HC=0), 1680 (NC=0). 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, H22X and H02%), 3,65-3.80 (m, 2 H, H2¢d and H¢4), 4.12 (g, /= 7.1 Hz, 2 H, OCHy), 5.07 (it, J = 7.8 3.9 Hz, 1
H, H43X), 8.04 (s, 1 H, OCHO).

Cyclization of 10. According to the procedure used for the cyclization of 9, methylol compound 10 (49 mg, 0.26
mmol) was stirred in 2 mL formic acid to give a 88:4:8 mixture of 13:14:15 in quantitative yield.

Cyclization of 11. According to the procedure used for the cyclization of 9, methylol compound 11 (240 mg, 1.26
mmol) was 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 trans-3-ethyl-4-formyloxy-1-
piperidinecarboxylic acid methyl ester (13) and cis-3-ethyl-4-formyloxy-1-piperidinecarboxylic acid methyl
ester (14) (217 mg, 1.01 mmol, 80%) as a colourless oil. Rf 0.60 (EtOAc/hexanes: 1/1). IR 1715 (C=0), 1680
(NC=0). 1H NMR (200 MHz) 13: 0.91 (1, /= 7.3 Hz, 3 H, CH,CH4), 1.05-1.30 (m, 1 H), 1.40-1.65 (m, 3 H), 1.88-
2.00 (m, 1 H), 2.75-2.95 (m, 1 H), 3.05-3.20 (m, 1 H), 3.66 (s, 3 H, OCH3), 3.75-4.05 (m, 2 H), 4.79 (1d, /= 8.4, 4.1
Hz, 1 H, H43X), 8.05 (s, 1 H, OCHO); 14 (characteristic signals): 5.27 (bs, 1 H, H*¢9). 13C NMR (63 MHz) 13:
10.9 (CH3), 22.0 (CHj), 29.5 (C-5), 41.4 (C-6), 41.5 (C-3), 45.3 (C-2), 52.5 (OCHj3), 73.4 (C-4), 155.7 (NC=0),
160.2 (HC=0); 14: 10.8 (CH3), 21.0 (CHy), 29.3 (C-5), 39.0 (C-6). 40.5 (C-3), 44.0 (C-2), 52.5 (OCHj), 69.1 (C-4),
155.9 (NC=0), 160.2 (HC=0). The second fraction consisted of 3-(1-formyloxypropyl)-1-pyrrolidinecarboxylic
acid methyl ester (15) (24 mg, 0.11 mmol, 9%) as a colourless oil. Rf 0.45 (EtOAc/hexanes: 1/1). IR 1715 (C=0),
1680 (NC=0). 14 NMR (250 MHz, a 20:80 mixture of diastereoisomers) 0.91 (t, /= 7.4 Hz, 3 H, CHZCH3). 1.45-
175 (m, 3 H), 1.85-2.10 (m, 1 H), 2.30-2.55 (m, 1 H), 2.85-3.70 (m, 4 H, CHyNCHy), 3.67 (s, 3 H, OCH3), 4.90-5.05
(m, 1 H, CHOCHO), 8.10 and 8.12 (s, 1 H, OCHO).

Cyclization of 16. Hydroxy compound 16’ (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 vacuo. The residue was diluted with 2 mL of
toluene and evaporated in vacuo. The residue was chromatographed to give two fractions. The first fraction consisted
of trans-4-formyloxy-1,2-piperidinedicarboxylic acid 1-ethyl, 2-methyl ester (23) (40.8 mg, 0.157 mmol, 39%) as a
colourless oil. Rf 0.27 (EtOAc/hexanes: 1/2). IR 1735 (C=0), 1720 (HC=0), 1685 (NC=0). 1y NMR (200 MHz)
1.15-1.35 (m, 3 H, CH,CH3), 1.53 (qd, J=12.7, 5.0 Hz, 1 H, Hsax). 1.78 (td, J=12.5,6.3Hz, 1 H, H3a"), 1.95-2.10
(m, 1 H, H3¢9), 2.50 (bd, J = 12.9 Hz, 1 H, H3¢9), 2.95-3.20 (m, 1 H, H63%), 3.75 (5, 3 H, OCH3), 4.00-4.20 (m, 1 H,
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1.15-1.35 (m, 3 H, CHyCH3), 1.53 (qd, /= 12.7,5.0 Hz, 1 H, H33%) 178 (td, J=12.5,6.3 Hz, 1 H, H3ax), 1.95.2.10
(m, 1 H, H3¢9), 2.50 (bd, J = 12.9 Hz, 1 H, H3€d), 2.95-3.20 (m, 1 H, H62%), 3.75 (5, 3 H, OCH3), 4.00-4.20 (m, 1 H,
H6€q), 4.15 (g, J = 7.1 Hz, 2 H, CH,0), 4.87 (1t, / = 11.5, 4.3 Hz, 1 H, H¥3X), 4.90 (bs) and 5.07 (bs, two rotamers,
1 H, H2¢9), 8.00 (s, 1 H, OHCO). 1%C NMR (63 MHz) 14.5 (CH3), 304, 31.7, 39.8 (C-6), 52.5 (OCHjy), 53.8 (C-2),
61.9 (OCHp), 68.1 (C-4), 155.9 (NC=0), 160.0 (HC=0), 171.1 (C=0). Accurate mass 259.1088 (calcd for
C11H7NOg 259.1056). The second fraction consisted of cis-4-formyloxy-1,2-piperidinedicarboxylic acid 1-ethyl,
2-methyl ester (24) (49.9 mg, 0.193 mmol, 48%) as a colourless oil. Rf 0.36 (EtOAc/hexanes: 1/2). IR 1735 (C=0),
1720 (HC=0), 1685 (NC=0). !H NMR (200 MHz) 1.15-1.30 (m, 3 H, CH,CH3), 1.60-2.00 (m, 3 H, H33X gng g5ax
and H5€9), 2.59 (bd, J = 13.6 Hz, 1 H, H3€Q), 3.15-3.45 (m, 1 H, H63%), 3.71 (s, 3 H, OCHj), 3.85-4.10 (m, 1 H,
HO€9), 4.15 (q,/="7.1 Hz, 2 H, OCHy), 4.78 (bs) and 4.88 (bs, two rotamers, 1 H, H2¢4), 5.21 (bt, J=2.7Hz, 1 H,
H49), 7.92 (s, 1 H, OCHO). 'H NMR (C¢Dg, 200 MHz) 0.95-1.45 (m, 6 H, CHyCH3 and H3%X and H33X and
H3¢d), 2.40 (ddt, J = 14.6, 3.3, 2.1 Hz, 1 H, H3€4), 3.32 (5, 3 H, OCHy), 3.30-3.55 (m, 1 H, H62%), 3.80 (bd, J = 13.6
Hz) and 4.10-4.30 (m, two rotamers, 1 H, H0€9), 4.68 (bd) and 5.06 (bd, J = 6.9 Hz, two rotamers, 1 H, H2¢9), 4.80
(t, J=2.9Hz, 1 H, H%9), 7.47 (s, 1 H, OCHO). 13¢ NMR (50 MHz) 14.5 (CHg), 28.5, 30.3, 36.0 (C-6), 50.7 (C-2),
52.1 (OCHy), 61.8 (OCH,), 66.2 (C-4), 156.0 (NC=0), 159.7 (HC=0), 171.6 (C=0). Accurate mass 259.1042
(calcd for Cl 1H17N06 259.1056).

Cyclization of 17. Hydroxy compound 177 (207 mg, 0.845 mmol) was dissolved in 2 mL of formic acid and stirred
for 3 days at room temperature. The reaction mixure was concentrated in vacuo. The residue was diluted with 2 mL
of toluene and evaporated in vacuo. This procedure was repeated twice. The residue was chromatographed to give
two fractions. The first fraction consisted of rel-(2R,3R,4R)-3-ethyl-4-formyloxy-1,2-piperidinedicarboxylic acid
dimethyl ester (25) (35.0 mg, 0.128 mmol, 15%) as a colourless oil. Rf 0.51 (EtOAc/hexanes: 1/2). IR 1735 (C=0),
1720 (HC=0), 1690 (NC=0). 'H NMR (250 MHz) 0.98 (1, /= 7.4 Hz, 3 H, CH,CH3), 1.10-1.35 (m, 1 H), 1.40-1.80
(m, 3 H), 2.05-2.15 (m, 1 H, H?’a"). 3.25-3.50 (m, 1 H, H62%), 370 (s, 6 H, 2 x OCHy), 3.90-4.20 (m, 1 H, HO¢q),
4.95 (bs) and 5.10 (bs, two rotamers, 1 H, H2¢d), 5.12 (id, J = 10.7, 4.6 Hz, 1 H, H43X), 8.04 (s, 1 H, OCHO). 13C
NMR (63 MHz) 11.3 (CH3), 20.7 (CHy), 30.9 (C-5), 39.5 (C-6), 44.3 (C-3), 51.9 (OCHj), 53.0 (OCH3), 56.0 (C-2),
71.4 (C-4), 155.3 (NC=0), 160.3 (HC=0), 170.0 (C=0). Accurate mass 273.1204 (calcd for C{,HgNOg 273.1212).
The second fraction consisted of rel-(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/hexanes: 1/2). IR 1735 (C=0), 1720
(HC=0), 1690 (NC=0). 'H NMR (250 MHz) 0.99 (t, J = 7.4 Hz, 3 H, CHyCH3), 1.45 (septet, J = 7.2 Hz, 1 H),
1.60-2.00 (m, 4 H), 3.40-3.60 (m, 1 H, H63%), 3.60 (s, 3 H, OCH3), 3.71 (s, 3 H, OCHgy), 3.91 (dd) and 4.04 (dd, /=
13.8, 4.8 Hz, 1 H, two rotamers, H0€4), 4.70 (d) and 4.87 (d, J = 5.9 Hz, 1 H, two rotamers, H2¢9), 5.25 (bs, 1 H,
H44), 7.9 (s, 1 H, OCHO). 13C NMR (50 MHz) 11.7 (CHg), 22.2 and 22.3 (CHy), 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=0), 160.0 (HC=0), 171.0 and 171.1 (C=0). Accurate mass 273.1221 (caled for CoHgNOg 273.1212).

Cyclization of 18. Acetoxy compound 187 (341 mg, 1.19 mmol) was dissolved in 2 mL of formic acid and stirred
for 2 days at room temperature. The formic acid was evaporated in vacuo. The residue was diluted with 2 mL of
toluene and evaporated in vacuo. The residue was chromatographed to give two fractions. The first fraction consisted
of rel-(2R,3S ,4R)-2-ethyl-4-formyloxy-1,2-piperidinedicarboxylic acid dimethyl ester (27) (139 mg, 0.512 mmol,
43%) as a colourless oil. Rf 0.31 (EtOAc/hexanes: 1/2). IR 1735 (C=0), 1720 (HC=0), 1690 (NC=0). 1H NMR
(CDClg, 200 MHz) 1.00 (t, J = 7.3 Hz, 3 H, CHpCH3), 1.20-1.45 (m, 1 H), 1.55-1.90 (m, 3 H), 2.35-2.45 (m, 1 H,
H3€d), 3.18 (bs, 1 H, H62%), 3.72 (s, 3 H, OCH3), 3.77 (s, 3 H, OCHj), 4.00-4.30 (m, 1 H, H6¢9), 4.80-5.10 (m, 2 H,
H2¢4 and H43X), 8.02 (s, 1 H, OCHO). 'H NMR (C¢Dg, 250 MHz) 0.70-1.00 (m, 3 H, CH,CH3), 1.05-1.70 (m, 4
H), 2.40-2.50 (m, 1 H, H3€9), 3.00 -3.30 (m, 1 H, H03X), 3.23 (s, 3 H, OCH3), 3.41 (s, 3 H, OCH3), 3.85 (bd, /= 9.7
Hz) and 4.25-4.40 (m, two rotamers, 1 H, H5€9), 4.89 and 5.31 (bs, two rotamers, 1 H, H2¢4), 495-5.05 (m, 1 H,
HA43X), 7.43 (s, 1 H, OCHO) 13C NMR (50 MHz) 12 1 (CH3), 17.4 (CHy), 25.1 (C-5), 39.8 (C-6), 40.8 (C-3), 52.5
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(OCHgy), 53.1 (OCH3y), 56.4 (C-2), 70.3 (C-4), 156.9 (NC=0), 160.0 (HC=0), 171.3 (C=0). Accurate mass
273.1199 (caled for CoHgNOg 273.1212). The second fraction consisted of a 17:83 mixture (109 mg, 0.396 mmol,
34%) of 26 and rel-(2R,3S ,45)-3-ethyl-4-formyloxy-1,2-piperidinedicarboxylic acid dimethyl ester (28) as a
colourless oil. Rf 0.26 (EtOAc/hexanes: 1/2). IR 1740 (C=0), 1720 (HC=0), 1690 (NC=0). 'H NMR (200 MHz)
1.02 (t, J = 7.3 Hz, 3 H, CHyCH3), 1.45 (quintet, J = 7.7 Hz, 2 H, CH,CH3), 1.60-1.95 (m, 2 H, H32X and H3¢9),
2.43 (bd, J = 4.6 Hz, 1 H, H3¢4), 3.20-3.45 (m, 1 H, H02%X), 3.70 (s, 3 H, OCHj3), 3.72 (s, 3 H, OCHj3), 3.90 (dd) and
4.05 (dd, two rotamers, J = 13.4, 5.0 Hz, 1 H, H5€9), 4.60 (s) and 4.78 (s, two rotamers, 1 H, H2¢4), 5.03 (bd, J =
2.7Hz, 1H, H4°q), 7.91 (s, 1 H, OCHO). 13¢ NMR (63 MHz) 11.9 (CHg), 23.2 (CHy), 24.1 and 24.3 (C-5), 36.0
and 36.2 (C-6), 40.9 (C-3), 52.1 (OCHjy), 52.9 (OCHjy), 54.2 and 54.6 (C-2), 70.0 (C-4), 156.7 and 157.3 (NC=0),
159.5 (HC=0), 171.6 (C=0). Accurate mass 273.1205 (caled for C1,HgNOg 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 vacuo. The residue was chromatographed to
give three fractions. The first fraction consisted of a 86:14 mixture of trans-4-formyloxy-4-methyl-1,2-
piperidinedicarboxylic acid dimethyl ester (29) and cis-4-formyloxy-4-methyl-1,2-piperidinedicarboxylic acid
dimethyl ester (30) (33 mg, 0.126 mmol, 36%) as a colourless oil. Rf 0.25 (EtOAc/hexanes: 1/2). IR 1750 (C=0),
1730 (HC=0), 1705 (NC=0). !H NMR (200 MHz) 29: 1.35-1.60 (m, 1 H), 1.57 (s, 3 H, CH3), 1.74 (dd, /= 149, 7.0
Hz, 1H, HSeq)_ 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, H63%), 3,68 (s) and
3.71 (s) and 3.73 (s, 6 H, 2 X OCH3), 3.80-4.10 (m, 1 H, H6°q), 4.74 (d) and 4.89 (d, two rotamers, J = 6.2 Hz, 1 H,
H2¢€4), 7.87 (s, 1 H, OCHO); 30 (isolated signals): 1.50 (s, 3 H, CHy), 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 (CHy), 34.5, 36.9, 37.0, 51.5 and 51.8 (C-2), 52.0
(OCHjy), 52.9 (OCH3), 79.2 (C-4), 156.8 (NC=0), 159.5 (HC=0), 171.5 (C=0); 30 (isolated signals) 22.2 (CHj),
35.7, 38.9, 80.1 (C4), 159.8 (HC=0), 171.8 (C=0). The second fraction consisted of rel-(2R,SS )-5-methyl-7-0x0-6-
oxa-2-azabicyclo[3.2.1]nonane-2-carboxylic acid methyl ester (31) (10 mg, 0.05 mmol, 15%) as a colourless oil.
Ry 0.16 (EtOAc/hexanes: 1/2). IR 1795 (C=0), 1710 (NC=0). H NMR (200 MHz) 1.53 (s, 3 H, CHjy), 1.70-2.15
(m, 4 H), 3.05-3.30 (m, 1 H, H3¢nd0) 374 (5, 3 H, OCHgy), 4.00-4.25 (m, 1 H, H3ex0) 4 85 (bs, 1 H, H1). Accurate
mass 199.0875 (calcd for CoH3NO,4 199.0845). The third fraction consisted of rel-(2R,45)-4-hydroxy-4-methyl-1,2-
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 vacuo. The residue was dissolved in 2
mL of benzene and concentrated in vacuo. The residue was chromatographed to give 4 fractions. The first fraction
consisted of rel-(2R,4S ,5S )-4-formyloxy-5-methyl-1,2-piperidinedicarboxylic acid dimethyl ester (33) (117.1 mg,
0.4521 mmol, 35%) as a colourless oil. Rf 0.43 (EtOAc/hexanes: 1/2). IR 1740 (C=0), 1720 (HC=0), 1695 (NC=0).
1H NMR (200 MHz) 0.90 (d, J = 6.5 Hz, 3 H, CHg), 172 (dd,7=11.7,64 Hz, 1 H, H3), 1.80 (dd,J=11.7,6.4Hz, 1
H, H3), 2.45-2.60 (m, 1 H, Hsa"), 2.74 (dd) and 2.83 (dd, two rotamers, J = 13.5, 12.2, H6a"), 3.70 (s) and 3.74 (s)
and 3.77 (s, 6 H, 2 X OCHg), 4.03(dd) and 4.18 (dd, two rotamers, J = 12.6, 3.7 Hz, H9€9), 4.62 (1d, J= 11.0, 4.3 Hz,
1 H, H*3%), 491 (bd) and 5.07 (bd, J = 6.4 Hz, two rotamers, 1 H, H2€9), 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 (OCHj), 53.0 (OCH3), 53.8 and 53.9
(C-2), 72.8 (C-4), 156.0 and 156.3 (NC=0), 160.2 (HC=0), 170.9 (C=0). Accurate mass 259.1068 (calcd for
C11H 7NOg4 259.1056). The second fraction consisted of rel-(2R,4R,5S)-4-formyloxy-5-methyl-1,2-
piperidinedicarboxylic acid dimethyl ester (34) (33.5 mg, 0.129 mmol, 10%) as a colourless oil. Rf 0.33
(EtOAc/hexanes: 1/2). IR 1740 (C=0), 1720 (HC=0), 1690 (NC=0). 1H NMR (200 MHz) 0.87 (d, /=69 Hz, 3 H,
CHy), 1.80-2.00 (m, 2 H, H3¢4 + H33%), 2.55.2.75 (m, 1 H, H53X), 2.96 (dd) and 3.04 (dd, J = 13.0, 12.6 Hz, 1 H,
HY2X), 3.72 (s) and 3.69 (s) and 3.68 (s, 6 H, 2 x OCH3y), 3.80 (dd) and 3.95 (dd, two rotamers, J = 13.4,4.9 Hz, 1
H, H6€9), 4.72 (d) and 4.88 (d, two rotamers, J = 6.7 Hz, 1 H, H2€4), 5.08 (bs, 1 H, H*€4), 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 (OCHg), 69.8 and 69.9 (C-4), 156.1 and 156.6 (NC=0), 159.9 (HC=0), 171.4 (C=0).
Accurate mass 259.1042 (calced for CyH;7NOg 259.1056). The third fraction consisted of 4-(1-formyloxyethyl)-1,2-
pyrrolidinedicarboxylic acid dimethyl ester (36) (96.2 mg, 0.371 mmol, 29%) as a colourless oil. Rf 0.24
(EtOAc/hexanes: 1/2). IR 1740 (C=0), 1720 (HC=0), 1695 (NC=0). !H NMR (200 MHz) 1.26 (dd, J = 6.3, 1.7 Hz,
3 H, CHy), 1.90-2.20 (m, 2 H, 2 x H3), 2.40-2.65 (m, 1 H, H%), 3.07 (d) and 3.18 (d, two rotamers, J = 10.3 Hz, 1 H,
Hs), 3.60-3.80 (m, 7 H, 2 x OCH3 + H5), 4.30-4.50 (m, 1 H, Hz). 4.97 (bquintet, J = 5.7 Hz, 1 H, CHO;CH), 8.02 (s,
1 H, OCHO). 13C NMR (50 MHz) 18.7 (CHgy), 31.6 and 32.9 (C-3), 41.3 and 42.2 (C-4), 47.8 and 48.3 (C-5), 52.2
(OCHy), 52.5 (OCHgy), 58.6 and 58.8 (C-2), 70.7 and 71.0 (CHO,CH), 154.9 and 155.3 (NC=0), 160.2 (HC=0),
172.7 (C=0). Accurate mass 259.1042 (calcd for C1H7NOg 259.1056). The fourth fraction consisted of rel-
(2R 4R 5S )-4-hydroxy-S-methyl-1,2-piperidinedicarboxylic acid dimethy! 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, 0.271 mmol) was dissolved in 2 mL of formic acid and stirred
for 17 h at room temperature. The reaction mixture was concentrated in vacuo. The residue was diluted with 2 mL of
toluene and evaporated in vacuo. The residue was chromatographed to give two fractions. The first fraction consisted
of rel-(SR,7R,8aS )-7-formyloxy-octahydro-3-oxoindolizine-5-carboxylic acid methyl ester (37) (17.7 mg, 0.0734
mmol, 27%) as a colourless oil. Rf 0.40 (CH,Clp/acetone: 2/1). IR 1740 (C=0), 1720 (HC=0), 1680 (NC=0). g
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, OCHj), 3.65-3.90
(m, 1 H, H82), 4.80-5.00 (m, 2 H, HS + H7), 7.95 (s, 1 H, OCHO). 13C NMR (50 MHz) 25.1 (C-1), 29.8 (C-8), 31.1
(C-6), 38.0 (C-8), 49.6 (C-5), 52.5 (OCHjy), 52.8 (C-8a), 67.5 (C-7), 159.8 (HC=0), 170.2 (C=0), 174.0 (C3). The
second fraction consisted of rel-(5R,7S,8aS$)-7-formyloxy-octahydro-3-oxoindolizine-5-carboxylic acid methyl
ester (38) (25.5 mg, 0.106 mmol, 39%) as white crystals, mp 86-87 °C (ether/hexanes). Rf 0.30 (CHpCly/acetone:
2/1). IR 1740 (C=0), 1720 (HC=00), 1675 (NC=0). 1H NMR (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, Hsa), 474 (d,J = 7.1 Hz, Hs), 5.25(bs, 1 H, H7), 7.88
(s, 1 H, OCHO). 13c NMR (50 MHz) 25.7 (C-1), 29.7, 29.9, 36.0 (C-8), 47.8 (C-5), 49.1 (C-8a), 52.3 (OCH3), 66.8
(C-7), 159.5 (HC=00), 170.6 (C=0), 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 temperature. The reaction mixture was poured out slowly in 300 mL of saturated aq NaHCO3 and
stirred for 10 min. The mixture was extracted (4 x) with 150 mL of CH,Cl,. The collected organic layers were dried
(MgS0,) and concentrated in vacuo. 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-5-carboxylic acid methyl ester (39) (0.364 g, 1.42 mmol, 47%) as white needles, mp 92-93 °C
(ether/hexanes). Rf 0.40 (CH;Cly/acetone: 2/1). IR 1740 (C=0), 1720 (HC=0), 1680 (NC=0). 1H NMR (200
MHz) 1.45-1.75 (m, 2 H), 1.50 (s, 3 H, CHj), 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, Hsa), 4.84 (d, J= 6.5 Hz, 1 H, CHCO,;Me), 7.92 (s, 1 H, OCHO).
1y NMR (200 MHz, C¢Dg) 0.75-1.15 (m, 2H), 1.33 (s, 3 H, CHy), 1.30-1.55 (m, 1 H), 1.62 (dd,J=13.5Hz, /=175
Hz, 1 H), 1.85-2.10 (m, 3 H), 2.61 (bd, J = 13.5 Hz, 1 H), 3.15 (s, 3 H, OCHg), 3.20-3.50 (m, 1 H, Hsa), 4.88(d,J=
6.5 Hz, 1 H, H5), 7.47 (s, 1 H, OCHO). 13¢c NMR (50 MHz) 21.8 (CH3), 25.6 (C-1), 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=00), 171.0 (C=0), 174.2 (C-3). Accurate mass
255.1106 (calcd for CyoH7NO5 255.1107). The second fraction consisted of rel-(5R,7R 8aS)-octahydro-7-hydroxy-
7-methyl-3-oxoindolizine-5-carboxylic acid methyl ester (40) (0.230 g, 1.02 mmol, 33%) as white crystals, mp 132-
134 °C (ether/hexanes). Rf0.20 (CH,Cly/acetone: 2/1). IR 3600, 3400 (OH), 1725 (C=0), 1675 (NC=0). 1 NMR
(200 MHz) 1.15-1.30 (m, 1 H, H83%) 126 (s, 3 H, CHgy), 1.45-1.65 (m, 1 H, H1), 1.68 (dd, J = 14.1, 6.9 Hz, 1 H,
H62%), 1.80-1.95 (m, 1 H, H3eq), 2.05 (bs, 1 H, OH), 2.10-2.50 (m, 4 H, H! + 2 x H2 + H5€9), 3.69 (s, 3 H, OCH3y),
3.95-4.15 (m, 1 H, H32), 4.73 (d, 7 = 5.9 Hz, 1 H, H3¢9). 13C NMR (50 MHz) 25.4 (C-1), 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=0), 174.5 (C-3). Accurate mass
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227.1177 (caled for Cy{H{,NO4 227.1158).

trans-4-Hydroxy-2-piperidinecarboxylic acid (41). Formate 23 (25.8 mg, 0.100 mmol) was dissolved in 2 mL of
2 N aqueous HCI] and refluxed for 18 h, The reaction mixture was evaporated in vacuo. The residue was
chromatographed using an ion exchange column as described” 1o give 41 (11.6 mg, 0.080 mmol, 81%) as a thick oil.
1H NMR (200 MHz, D,0) 1.85-2.10 (m, 3 H), 2.20-2.35 (m, 1 H), 3.30-3.40 (m, 2 H, H0¢d + H6%%), 3.94 (dd, / =
11.7, 3.8 Hz, H23%), 4.26 (quintet, J = 3.1 Hz, H4¢4). 13C NMR (50 MHz, D,0) 29.9 (C-5), 34.7 (C-3), 40.5 (C-6),
55.9 (C-2), 63.7 (C-4), 176.2 (CO,H).

Cyclization of 43 with paraformaldehyde in formic acid. Paraformaldehyde (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 vacuo, treated with 1 mL of benzene, and concentrated in vacuo (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)carbamate7 (302.5 mg, 2.058 mmol) was treated with
allyltrimethylsilane (0.4 mL, 2.51 mmol) and BF3°OEt; (0.38 mL, 3.1 mmol) in 5 mL CH,Cl, to give methyl N-(3-
butenyl)carbamate (207.8 mg, 1.611 mmol, 78%) as a colourless oil. Rf 0.60 (EtOAc/hexanes: 1/2). IR 3450 (NH),
1715 (NC=0). 1H NMR (250 MHz) 2.22 (q, / = 6.7 Hz, 2 H, CH,CH=), 3.22 (g, / = 6.3 Hz, 2 H, NCH;), 3.63 (s, 3
H, OCHgy), 4.75 (bs, 1 H, NH), 5.00-5.15 (m, 2 H, =CHjp), 5.60-5.80 (m, 1 H, -CH=). 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: 1/2). IR 3520 (OH), 1740 (C=0), 1690 (NC=0). 1H NMR
(200 MHz) 2.33 (q, J= 7.0 Hz, 2 H, =CHCHy), 3.35 (dt, J= 7.3, 2.9 Hz, 2 H, CH;N), 3.71 (s, 3 H, OCH3), 3.80 (s,
3 H, OCHy), 4.20 (bs, 1 H, OH), 5.00-5.15 (m, 2 H, =CH,), 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. Rf 0.50 (EtOAc/hexanes: 1/2). IR 1745 and 1715 (3 x C=0). 1H NMR (200 MHz)
2.17 (s, 3 H, C=0CHjy), 2.25-2.45 (m, 2 H, =CHCH},), 3.20-3.35 (m, 1 H, CHN), 3.40-3.60 (m, 1 H, CHN), 3.76 (s, 3
H, OCHjy), 3.79 (s, 3 H, OCH3), 5.00-5.15 (m, 2 H, =CH)), 5.65-5.90 (m, 1 H, -CH=), 6.51 (s, 1 H, NCHO).

Cyclization of 45 at -78 °C with SnCl4. Under a nitrogen atmosphere, a 1.2 M solution of SnCl, in CH,Cl, (3.50
mL, 4.20 mmol) was slowly added to a solution of 45 (183 mg, 0.707 mmol) in 2 mL of CH,Cl, at -78 °C. The
reaction mixture was stirred for 4 h at -78 °C and then 5 mL of saturated aq NaHCO4 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 (MgSOy) and concentrated in vacuo. The residue was chromatographed to give cis-4-
hydroxy-1,2-piperidinedicarboxylic acid dimethy! ester (44) (101 mg, 0.466 mmol, 66%) as a coloutless oil. Rf0-22
(EtOAc/hexanes: 1/1). IR 3600 (s) and 3480 (b, OH), 1730 (C=0), 1685 (NC=0). 1H NMR (200 MHz) 1.55-1.80
(m, 2 H, H53X and H5€4), 1.87 (ddd, J = 14.3, 6.7, 2.2 Hz, 1 H, H32X), 2,38 (bs, 1 H, OH), 2.43 (bd, J = 14.2 Hz, 1 H,
H3ed), 3,30-3.55 (m, 1 H, H62X), 3.72 (s, 6 H, 2 x OCHy), 3.75-4.05 (m, 1 H, H0¢9), 4.14 (b quintet, /= 2.7 Hz, 1 H,
H4€9), 4.70 and 4.82 (bs, two rotamers, 1 H, Hzeq). 1H NMR (250 MHz, DCOOD) 1.70-1.95 (m, 2 H), 2.05 (ddd,
J=14.3, 6.8, 2.1 Hz, 1 H), 2.45-2.55 (m, 1 H), 3.30-3.55 (m, 1 H, H63X), 379 (s, 6 H, 2 x OCHj), 3.90-4.00 (m, 1 H,
H€9), 4.33 (bs, 1 H, H4€4), 4.85-5.00 (m, 1 H, H2). 13C NMR (50 MHz) 30.9, 33.2, 35.6, 50.7 and 50.9 (C-2), 52.1
(OCHy), 52.7 (OCHg), 62.7 (C-4), 156.5 and 156.9 (NC=0), 172.8 (C=0). Accurate mass 217.1003 (calcd for
CgH|5NO5 217.0950).

cis-4-Formyloxy-d-1,2-piperidinedicarboxylic 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 'H 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, Hoax),
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3.80 (s, 6 H, 2 X OCH3), 4.90-5.05 (m, 1 H, HZ), 5.28 (bt, J = 2.7 Hz, 1 H, H%¢9),

ACKNOWLEDGEMENTS

We thank C. Kruk and his staff for their help in obtaining and interpreting the NMR spectra. R. van
Ginkel is kindly acknowledged for arranging the Karl Fischer titrations. This work was supported by the
Netherlands Foundation for Chemical Research (SON) with financial aid from the Netherlands
Organization for Advancement of Pure Research (NWO).

REFERENCES AND NOTES

1.
2.

IS

11.
12
13.
14.

15.
16.

Speckamp, W. N.; Hiemstra, H. Tetrahedron 1985, 41, 4367.

Hiemstra, H.; Speckamp, W. N. In The Alkaloids, Chemistry and Pharmacology; Brossi, A., Ed.;
Academic Press: San Diego, 1988; Vol 32, p 271.

Schoemaker, H. E.; Dijkink, J.; Speckamp, W. N. Tetrahedron 1978, 34, 163.

Hart, D. J.; Tsai, Y.-M. Tetrahedron Lett. 1981, 22, 1567.

Hoffmann, R. W.Chem. Rev. 1989, 89, 1841.

a) Hart, D. J.; Yang, T. K. J. Org. Chem. 1988, 50, 235; b) Ent, H.; de Koning, H.; Speckamp, W. N.J.
Org.Chem. 1986, 51, 1687.

Esch, P. M.;Boska, 1. M.; Hiemstra, H.; De Boer, R. F.; Speckamp, W. N., preceding paper in this
issue.

. a) Li, T.-T.; Lesko, P.; Ellison, R. H.; Subramanian, N.; Fried, J. H. J. Org. Chem. 1981, 46, 111. b)

Shono, T.; Matsumura, Y.; Uchida, Kobayashi, H. J. Org. Chem. 1985, 50, 3243. c) Kano, S.;
Yokomatsu, T.; Nemoto, H.; Shibuya, S.J. Org. Chem. 1986, 51, 561.

. Gobao, R. A. Bremmer, M. L.; Weinreb, S.M. J. Am. Chem. Soc. 1982, 104, 7065.
10.

a) Sugg, E. E.; Griffin, J. F.; Portoghese, P. S.J. Org. Chem. 1985, 50, 5032. b) Irie, K.; Aoe, K.; Tanaka,
T.; Saito, S.J. Chem. Soc., Chem. Commun. 1985, 633.

Clark-Lewis, J. W.; Mortimer, P. 1.J. Chem. Soc. 1961, 189.

Schneider, H.; Hoppen, V.J. Org. Chem. 1978, 34, 3866.

Dewar, M. J. S.; Reynolds, C. H. J. Am. Chem. Soc. 1984, 106, 1744.

a) Daub, G. W.; Heerding, D. A.; Overman, L. E. Tetrahedron 1988, 44, 3919. b) Flann, C.; Malone, T.
C.; Overman, L. E. J. Am. Chem. Soc. 1987, 109, 6097.

The formic acid used contained 0.5% of water (Karl Fischer titration).

Mooiweer, H. H.; Hiemstra, H.; Speckamp, W. N. Tetrahedron 1989, 45, 4627.



