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Abstract

Imines of the type R-N=CHCOzEt can be coerced into undergoing a (4+2) cyclo-
addition with substituted dienes if the reaction is carried out in DMF in the presence
of both water and acid; these reactions show extremely high regio- and diastereo-
selectivity. Use of the 1-phenylethyl group as a chiral auxiliary leads to moderate
asymmetric induction (typical d.e. ca. 70%); moreover, the diastersoisomers are
surprisingly easy to separate, giving a short general route to optically pure
substituted pipecolic acid derivatives.

Introduction

The work described herein was aimed at developing a general route to pipecolic acid derivatives
that was simple, short and versatile, whilst also allowing contro! of regiochemistry, relative
stereochemistry and absolute stereochemistry. The resultant asymmetric aza-Diels-Alder reaction
is probably the most efficient method available for the synthesis of a wide range of optically active
pipecolic acid derivatives, giving rapid access to products in which regio-, diastereo- and enantio-
control have all been achieved in a predictable way.!:?

Our interest in the synthesis of substituted pipecolic acids was twofold. Firstly, there are
many pipecolic acid derivatives that possess potent biological properties, including both natural
(1-4)3 and man-made [{5)42, (6)30.¢ and (7)5] compounds. But secondly, as most piperidino
natural products are substituted at the 2-position, the presence of an “ortho™ carboxylic acid
derivalive would readily allow elaboration 10 a host of other targets. Of particular interest to us
were carpamic acid (8)8 and streptolutin(8)7, for which Wittig or Strecker chemistry on the
carboxaldehyde might reasonably be expected to introduce the key functionality at the 2-position.
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For most 6-membered ring systems, it perhaps seems obvious to explore the use of the
Diels-Alder reaction, with its reputation for high regio- and diastereo-control, as well as the
convergent nature of the chemistry involved. For piperidine targets, we envisaged that the
attachment of a chiral auxiliary onto the nitrogen might readily allow extension of the method fo the
preparation of optically active products. Although there are three types of aza-Diels-Alder reaction
that might generate the desired heterocyclic products (Scheme 1), no general asymmetric
methodology had been developed prior to our work.
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Scheme 1.  Retro-synthetic analysis of pipecolic acid derivatives using Diels-Alder chemistry.
Six such disconnections are possible, yielding pairs of 2-azadienes, 1-azadienes or imines as the
"hetero” component; only one of each are shown. The attachment of a chiral auxiliary can be
readily envisaged for structures possessing a "divalent” nitrogen.

The use of 2-azadienes as Diels-Alder dienes has been quite extensively studied, and they
have been widely used for the praparation of piperidine/pyridine-based compounds.® However,
from our point of view, this approach had one extremely serious drawback - the difficulty of
attaching a removable chiral auxiliary to the tri-substituted nitrogen.

1-Azadienes, on the other hand, appear to have the potential for the attachment of a chiral
auxiliary. The electron rich “i-amino-1-azadienes" (o,B-unsaturated hydrazones) react with
electron deficient alkenes, but the range of dienes and dienophiles is rather limited.9 The "2-
alkoxy-1-aza-dienes” (trapped imino esters of a,B-unsaturated amides) will also react with
electron deficient dienophiles, but only intramolecular reactions seem viable (via a non-concerted
“double Michael" mechanism).1® Finally, electron-deficient 1-azadienes possessing N-acyl'? or
N-sulphony12 graups will undergo intramolecular (4+2) cyclo-additions with electron-rich alkenes.
These examples notwithstanding, all of these reactions require specific derivatisation of the



Synthesis of pipecolic acid derivatives 1265

nitrogen atom that severely limits the possibilities for the attachment of an effective chiral auxiliary,
should an asymmetric version of the reaction be sought.

Imines have recently been found to undergo Diels-Alder reactions with a wide range of
dienes, and several groups have extensively exploited this chemistry. The key to this reaction
appears to be a result of making the imine nitrogen very electron deficient. This can sometimes be
accomplished by simple protonation3, but more general success has been achieved by the
attachment of acyl'4 or, in particular, sulphony!15 groups to the nitrogen. When an alkyl group is
aftached to the imine nitrogen, the scope of the Diels-Alder reaction is considerably reduced;
even in the presence of acid, intermolecular cyclo-additions were apparently only possible with
very reactive dienes (typically cyclopentadiene).!3 These observations were discouraging for the
development of an asymmetric version of the reaction, as we were hoping that a chiral alkyi group
{specifically the 1-phenylethy! moiety) might be introduced onto the nitrogen of the imine, and that
its close proximity 1o the reacting centres might lead to high asymmetric induction. Our first fask
was therefore o develop conditions in which N-alkylated C-alkoxycarbonylimines {i.e.
RN=CHCO,R') would react with a range of dienes via an intermolecular Diels-Alder pathway.

PhCH ,NH,, /'l‘\ 1
CHCO,Et
0\ + —_— Ph /\Né 2 L

\C -~ COyEL Condmons CO,Et
H/ See Table 1 CHzPh

Scheme 2.  Formation of pipecolic acid derivatives vig the achiral aza-Diels-Alder reaction

Development of the achiral aza-Diels-Alder chemistry! (Scheme 2)

Reaction conditions. The closest example to the reaction we sought had been reported by Fobare
et al, who reacted PhCHpN=CHCO2H (generated in situ ) with cyclopentadiene under acidic
aqueous conditions, isolating the Diels-Alder adduct in 80% yield.}3¢ Although Diels-Alder
reactions are often accelerated when carried out in water,16 we suspected that the concommitant
hydrolysis of the imine might be a setious problem, and we therefore decided to repeat the
reaction with cyclopentadiene in a range of acidified non-agqueous solvents.

Because of problems in isolating the adducts {which are amino acids), we replaced
glyoxylic acid by ethyl glyoxylate to generate amino estar adducts which could be readily
chromatagraphed. The results, summarised in Table 1, confirm that the cyclo-addition takes place
in water, alpeit in moderate yield, whilst the less polar ethanol and THF gave progressively less
cyclo-adduct. In contrast, DMF gave a satisfying 89% yield, indicating that polar non-aqueous
solvents were a viable medium. Using these conditions, the reaction was also successful using
2,3-dimethylbutadiene as the diene, and this constituted the first example of an acyclic diene
participating in a (4+2) cyclo-addition with an imine of the type R-N=CHCO2R". In further reactions
with a series of methylated dienes, we were able to demaonstrate the generality of the reaction, with
yields varying from 36-47% (see Table 2). The modest yields are offset by the shortness of the
method, its simplicity, and ease of product isolation.
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Diene Formation Reaction_conditions Yield of
of imine Solvent Adid Water cydo-adduct

@ In situ THF HCI(leq) leqlinsitu) 0%
" In situ EtOH HCl(leq)  leqlinsitu) 17%
" In sity H,0 HCl (leq) leq(insitu) 52%
" In situ DMF HCl(leq) leq(n situ) 89%

H Pre-formed DMF  TFA(le)  None 0%
" Pre-formed DMF None leq 0%
" Pre-formed DMF TFA(leq) 0.01eq 94%
" Pre-formed DMF TFA(leq) 0.1eq 94%
" Pre-formed DMF TFA(leg) leg 29%
" Pre-formed DMF TFA(leq) 10eq 9%

Table1. The effect of reaction conditions on the yield of Diels-Alder adduct from PhCH,N=CHCO,Et

Regiochemistry. The next question concerned the possibility of regiocontrol using unsymmetrical
dienes (e.g. penta-1,3-diene and 2-methylbutadiene). In both cases, only a single regio-isomer
was observed. With the penta-1,3-diene adduct, the pseudo-triplet (J = 5.6 Hz) for H(2) (i.e. the o-
proton of the amino ester adduct - see note 17 concerning numbering) at 33.46 indicated that the
2,6-disubstituted product had been formed, and that the ester group was occupying a pseudo-
axial position [a conformational feature that was repeatedly seen in the NMR data, and also in an
X-ray crystal structure {see below); c.f. ref. 18]. For the 2-methylbutadiene adducts, a series of
proton decoupling experiments enabled us fo show that the H{6) protons were vicinal to the
alkenic proton; from this we inferred that the 2 4-disubstituted adduct had been formed. This
would be consistent with the formation of "ortho/para” products (with respect to the nitrogen),13a
and this might be expected from either a concerted {4+2} cyclo-addition or from a two-step polar
process. If the latter were the case, then the diastereo-control characteristic of the Diels-Alder
reaction would probably be lost.

Diaster ivity. Initial results with cyclic dienes were not particularly encouraging, with the
exo adduct predominating (ca. 2:1) from the reaction with cyclopentadiene, and the endo adduct
being the major product {ca. 3:1) with cyclohexadiene. Nevertheless, when trans- penta-1,3-diene
was employed, high diastereoselectivity was observed {ca. 13:1), with the NOE enhancement
between the C(6)-methyl and ester-methyl groups providing strong evidence for a cis 2,6-
relationship (assigned as diaxial - ¢. ref. 18).

Of more relevence to the reaction mechanism was the stereochemistry of the adduct
derived from a 1,4-disubstituted butadiene. We were therefore delighted to observe that the
adduct from trans-trans- hexa-2,4-diene was composed of a single diasterec-isomer, assigned as
the all-cis product from a 2D-NOESY experiment. This was strongly indicative that the reaction
had proceeded via a concerted pathway (although coulombic factors were probably driving the
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regio-selectivily, with unsymmetrical dienes). It was reassuring to note that the adduct resulting
from an endo transition state was again inferred for the reaction with an acyclic diens. The
formation of significant amounts of exo adduct with cyclic dienes may be the result of
thermodynamic control, as related Diels-Alder reactions have been shown to be reversible13d: this
is supported by our cbservation that storage of the adduct from cyclopentadiene and
HaC=NCHzPh led to fermation of a cyclic imine trimer, presumably via retro-Diels-Alder chemistry.

Improvi ield. In order to increase the yield further, we attempted to remove the water
genarated during the in situ formation of the imine, by the addition of molecular sieves. To our
amazement, no cyclo-adduct was observed (with 2,3-dimethylbutadiene), and the imine was
recovered from the reaction mixture. By isolating the imine and specifically adding water to the
reaction mixture, we were able to show that a catalytic amount of water (1-10 mol%) led to
considerably enhanced yields, whilst an excess of water caused the yields to drop, presumably
due to competing imine hydrolysis (see Table 1). The role of the water is hard to explain. With the
amounts added being so small, it is highly unlikely that the “hydrophobic cavity" effect1€ is
operating here. One possibility is that the water halps to increase the =-character of the iminium
species (the presumed dienophile), by forming a cyclic intermediate via two hydrogen bends
(Figure 1}; this should reduce the normally rapid rotation of iminium ions about the x-bond1?,
thereby accelerating the reaction by increasing the effective concentration of the 2z-component, or
by stabilising the 6n-transition state. (Direct intra-molecular hydrogen bonding of the iminium
ester, 1o give a 5-membered "ring", is disfavoured for sterso-electronic reasons).20 Evidence to
support this hypothesis is that the addition of methanol in place of water led to a similar increase in
the yield of cyclo-adduct (with 2,3-dimethylbutadiene), but that the use of formaldehyde in place of
sthyl glyoxylate (cyclopentadiene/ benzylamine hydrochloride/ HCHO{aq)/ DMF) failed to give
cyclo-adduct with DMF as solvent {¢.f. successiul reaction in water - see ref.13a). The presence of
acid was also shown to be essential (see Table 1).

Me H Figure 1. Possible role of water in catalysing the Diels-Alder
Pht reaction between imines of the type RN=CHCO,Et and dienes
+N—H under acidic conditions. For the (R)-1-phenylethyl auxiliary
H Y/ . depicted here, the diene approaches from the si face in all cases
0—R where the relevant stereochemistry has been determined. For
/ acyclic dienes, the products result from an endo transition state,
EO X0 . whilst cyclic dienes yield mainly the exo adducts.
The asymmetric aza-Diels-Alder reaction?

Beaction conditions and regiochemistry. Having developed suitable conditions for the achiral aza-

Diels-Alder chemistry, it was relatively simple to use optically active 1-phenylethylamine in place
of benzylamine. The imine itself was isolated prior to carrying out the reaction (PhMeCHNHy/
QOHC-COoEY PhMe/ azeotrope), and it in fact proved to be considerably more stable than the ethyl
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Yield 89%
exo:endo 69:31

Yield 21%
exo:endo 27:73

Yield 47%

Yield 43%

Yield 36%

Yield 38%°

R=Me’

Yield 82%
exo:endo 97:3
a.i.(exo) 89%
a.i.(endo) 100%

Yield 31%
exo:endo 92:8
ai.(exo) 84%
a.i.(endo) 100%

Yield 69%
al 68%

Yield 44%
ai. 62%

Yield 55%
ai 26%

Yield 35%
ai. 36%

Table2, Outcome of the aza-Diels-Alder reactions of imines of the type R-N=CHCO,Et with a range
of dienes.  Reaction conditions for the achiral imine (R' = PhCH,) used method A (see "Experimental"
section); ®Reaction conditions for the chiral imine [R' = (R)-PhMeCH] used method B (see "Experi-
mental” section) - a.i. refers to asymmetric induction, equivalent to ¢.e. after removal of the chiral

auxiliary; ©Product was a 13:1 cis:trans mixture.

glyoxylate precursor {imine stable for 1-2 weeks at 0°C under argon). The cyclo-additions were
carried out with the same dienes (2 mol eq.) as in the achiral series; with DMF as the solvent, and
the addition of TFA (1 mol eq.) and water (0.03 mol eq.), the yieids averaged about 55%. As
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before, complete control of regiochemistry was observed, gengrating the "ortho/para™ adducts
(with respect to the nitrogen) {see Table 2).

Diastereoselectivity. The simple addition of the methyl group to the auxiliary had a surprisingly
large (and wholly desirable) effect on the diastereoselectivity. For the cyclic dienes, a dramatic
preference for the exo adducts was observed (ca. 32:1 for cyclopentadiene and 11.5:1 for
cyclohexadiene). Presumably the bulkier auxiliary is directed away from the bridging (CH2),
group into the axial endo position, forcing the ester into the considerably less hindered exo
stereochemistry.

For acylic dienes, 100% control of diasterecchemistry was observed within the piperidine
ting, and the all-cis adducts resutlting from an endo transition state were inferred by analogy with
the acylic cases. In general, the diastereo-control using the bulkier auxiliary was extremely good
with all dienes, and would have justified its use even in the absence of any asymmetric induction.

Enanfioselectivity. For the reactions using cyclic dienes, the asymmetric induction for both the exo
and endo isomers were determined, and we were able io detect only a single endo isomer.
However, it is clearly the major exo adducts that are of greatest synthetic interest, and the
asymmetric induction in these cases was pleasingly high - 89% d.e. for cyclopentadiene and 84%
for cyclohexadiene.

Moving on to the acyclic dienes, the 2,3-dimethylbutadiene and 2-methylbutadiene adducts
wete both obtained with about 65% asymmetric induction. We were surprised that the effect of the
auxiliary should have been so great; not only is it freely rotating, but the presumed endo transition
state (with respect 1o the ester group) for the cyclo-addition would force the auxiliary away from the
reacting centres. These results were therefore particularly pleasing.

For trans -penta-1,3-diene and trans-trans -hexa-2,4-diene, the asymmeric induction was
reduced to 36% and 26% respectively. This could be due fo the additional substituent at the 1-
position of the diene also interacting with the auxiliary. If this were so, then ¢is -penta-1,3-diene
might be expected fo yield the frans -2,6-disubstiluted piperidine with very high asymmetric
induction (c.f. ref. 21). However, when this reaction was attempted, no cyclo-adduct was formed.
This observation does have a practical benefit, which we have used to advantage - a mixture of
cis- and frans- dienes can be used in the aza-Diels-Alder reactions, as only the trans isomer will
react. In view of the difficulties often encounterad when trying to obtain stereochemically pure
alkenes, this feature is extremely valuable (see below).

Assessment of optical purity. Overall, the average asymmetric induction for the eight Diels-Alder
adducts was about 70%. However, a far more imporiant practical consideration is perfinant to the
adducts - it was possible to separate ALL of the diasterecisomers by column chromatography.
This was helped by the fact that the monocyclic adducts were the highest Ry compounds
{excluding volatile excess diene)} from the crude reaction mixtures by silica gel chromatography,
and using hexane plus a trace of ethyl acetate as eluant resulied in complete resolution of the
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diastereomeric components. In all cases where we attempted to obtain the major adduct as a
single sterecisomer, purification by flash chromatography proved successful.
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Figure 2,  Chiral HPLC of: a) 50:50 mixture of (A) [(R)-auxiliary] and (B) {(S)-auxiliary]; b) (A);
¢) (B). See note 22 for the conditions used for the chiral HPLC.,

Confirmation that no racemisation of the auxiliary had occurred {e.g. by imine tautomerism)
was obtained by chiral HPLC of the 2-methylbutadiene adducts on a Pirkle column22. It turned out
that it was unnecessary to separate the diasterepisomers for assessment of the optical purity,
because the absolute stereochemistry at C(2) {(where the ester is attached) had no effect on the
retention time [i.e. the 1:6 diastereomeric mixture of adducts using the (R)-auxiliary were not
resolved by chiral HPLC, and neither were those resulting from use of the (S)-auxiliary]. However,
there was a large decrease in the retention time when the (R)-auxiliary was replaced by the (8}
auxiliary, giving fully resolved peaks {see Figure 2). We were able to conclude that the
enantiomeric excess was > 97% for the {R)-auxitiary, and >98% for the (S)-auxiliary; indeed, the
{R)- and (8)-1-phenylethylamines were not purified before use, and their estimated optical purities
correlated very closely to those of the adducts.23 We are therefore confident that the auxiliary is
configurationally stable during the aza-Diels-Alder reactions. Imporantly, this not only means that
diastereomerically pure products will be homochiral (assuming that homochiral auxiliary is
employed), but also that the diastereomeric excess is a measure of the e.e. in the final product
(assuming that one chose to continue with a diastereomeric mixture); indeed, it would be quite
superfluous to removal the guxiliary prior to assessment of the e.e., as optical purity is often
determined by the specific introduction of a chiral auxiliary. 1t is important, however, that removal
of 1-phenylethyl auxiliaries from nitrogen by hydrogenolysis should proceed without loss of optical
integrity; 1his is indeed the case from literature examples, including many that are closely related
to the substrates described herein.24
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The MQPA derivatives (7) are important because of their action as thrombin inhibitors.5 The key
feature that controls their biological activity is the stereochemistry of the piperidine ring5, the
synthesis of which was ideally suited to our newly developed chemistry. The reaction sequence
that we followed is depicted in Scheme 3, for which the key Diels-Alder reaction has already been
described above.

Me
t <
°“°°2E’ N COLEL N CO,Et N7 VCoE
,L ) H 0S4R)(7)
Ph “Me Ph "‘Me Ph "ue [g} 511 (=2, EOH)
B2 = 85:15 cisstrans = 88:12 Lit. IOL}D -12.5(c = 5, EtOH)

Scheme 3.  Formation of ethyl (28,4R)-4-methylpipecolate. Reagents: a, DMF/ TFA (leq)/ H,O (cat.y RT (44%),
then flash chromatography (F.C.); b, Hyf 3% Pt-C/ EfOAc/ RT (78%), then F.C.; ¢) Hyf PA(OH),/ EIOH (72%).

Of importance is that we could carry out the reaction using the cheap E/Z mixture of penta-
1,3-dienes (see above), and that the reaction could be conducted out on a multi-gram scale
{including the chromatography), fram which only the major isomer was taken forward. The optical
purity of the adduct was confirmed by chiral HPLC, as discussed above. Although we could
probably have reduced the double bond and removed the auxiliary in a single step, we chose to
carry out these steps separately in order to facilitate detailed monitoring of the reactions. Thus,
hydrogenation over a platinum catalyst in ethyl acetate gave mainly the cis  disubstitued
piperidine by reduction from the least hindered face?28, and removal of the auxiliary was easily
achieved using Hy over Peariman's catalyst in ethanol, giving {25,4R}-(7). Similarly, the minor
hydrogenation product was deprotected to give {25,45)-{7). These esters were the infermediates
previously used in the synthesis of the MQPA thrombin inhibitors5, and our work therefore
constitutes a formal synthesis of these compounds. Moreover, by comparison with the literature
optical rotations, we were able to deduce the absolute stereochemistry of our products (although
assessment of e.e. from the optical rotation of free amines is notoriously unreliable because traces
of acid can have such a dramatic effect). Access o the remaining two sterecisomers of MQPA
could have been achieved by simply using the equally cheap (S}-auxiliary, or by using the minor
diastereo-isomer resulting from the initial Diels-Alder reaction.

The synthesis of the MQPA thrombin inhibitors allowed us to determine the direction of asymmetric
induction with 2-methylbutadiene. We were also able to determine the sense of asymmetric
induction from the 2,3-dimethylbutadiene adduct, by X-ray crystaliography of the major
diastereoisomer (see Figurs 3). The solid state struciure closely resembled that inferred from the
NMR data, with the C{2)-ester group occupying a pseudo-axial position on the half-chair
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didehydro-piperidine ring. Moreover, it was again observed that the (R)-auxiliary had induced the
(8)-stereochemisiry at the C(2)-position.

Figure3. X-Ray crystal structure of the major adduct from the aza-Diels-Alder reaction of
(R)-PhMeCH-N=CHCO,Et and 2,3-dimethylbutadiene, indicating the relative stereochemistry
of the chiral centres. Full data has been deposited with the Cambridge Crystallographic Data Base.

In the literature, there is now an additional single example of an aza-Dieis-Alder reaction
using PhMeCHN=CHCO2R as the dienophile; Stella et al carried out such a reaction with
cyclopentadiene, although under very different conditions to those developed by us (-789C/
CHaCly/ TFA/ BF3.0Et»).26 Using a racemic auxiliary, they were able to crystallise the major exo
adduct and carry out X-ray diffraction; they observed that the (R/S)-auxiliary gave rise to the (S/R)-
sterecchemistry at the C(2)-position. Because their exo selectivity and high asymmetric induction
were 50 similar to those observed by us, it seems probable that our conditions also lead to the
same relationship between the stereochemistry of the auxiliary and the piperidine ring; thus, out
{R)-auxiliary would again generate predominently (S)-stereo-chemistry at the 2-position of the
adduct,

We therefore expect that the (R)-auxiliary will, in general, lead 1o attack on the s/ face of the
imine, thereby inducing (8)-stereocchemisiry at the C{2)-position in the aza-Diels-Alder reaction;
the (S)-auxiliary would, of course, give access to the antipodal series.
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Summary

The following observations summarise our results concerning the asymmetric aza-Diels-Alder
reactions:

a) The reaction is a simple one pot cycloaddition between (R)- or (S)-PhMeCHN=CHCO,Et and
an alkylated diene. The reaction takes place at room temperature in DMF, with TFA (1 eq.) and
water (catalytic) being essential additives.

b} Material yields are typically around 50-60%.

¢) Complete control of regiochemistry is observed, with ortho/para products (with respect to the
piperidine nitrogen) being generated.

d) Good to excellent diastereoselectivity is observed within the piperidine ring, with cyclic dienes
giving mainly exo adducts, and acyclic dienes reacting via an endo transition state.

e) Asymmetric induction is high for cyclic dienes (> 84%), and moderate for acyclic dienes (>62%)
except for those substituted in the 1-position (ca. 30%).

fy In all cases, chromatographic separation of the diastereomeric products is relatively
straightforward.

g} The auxiliary is configurationally stable 1o the reaction conditions, can be used 1o assess the
optical purity of the pipericine moiety, and is readily removed by hydrogenclysis over Pd{OH)2-C.
h) The (R)-auxiliary induces (S})-stereochemistry at the C(2)-position in all three cases for which
relevant data is available. The equally cheap (S)-auxiliary should lead to the antipodal series.
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Experimental

Apparatys. The NMR spectra reported below were run on a Bruker MSL300 spectrometer {1H at
300MHz and 13C at 75MHz), or on a JEOL FX 90Q spectrometer ('H at 90MHz and 13C at
22.5MHz), and are measured in ppm downfield from TMS. IR spectra were all run as thin films on
a Perkin-Elmer 197 spectrophotometer. Mass spectra were obtained by electron impact at 70eV
on an AEl MS-3074 spectrometer. Optical rotations were measured using a Perkin-Elmer 141
Polarimeter. Melting points were determined on a Reichert microscope hot-stage apparatus;
products were colourless oils, unless otherwise stated.

Chemicals. Dimethylformamide was obtained anhydrous from Aldrich ("anhydrous” or "gold label"
grade), and was stored under dry argon. Trifluoroacetic acid (TFA) was distilled before use.
Cyclopentadiene was prepared from its dimer, and used immediately. All other reagents were
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used as supplied. Flash chromatography?? utilised silica ge! 60 from Camlab as the stationary
phase.

n I res for the aza-Diels-Alder reaction
Method A (benzyl auxiliary). in a typical procedure, benzylamine hydrochloride (360mg,
2.5mmol) was dissolved in DMF (10ml)}, to which freshly prepared ethyl glyoxylate28 (360mg,
3.5mmol) and 2-methylbutadiene (310mg, 5.0mmol) were added. The mixture was stirred at room
temperature until TLC indicated no further accumulation of adduct (35h). After removal of the
solvent in vacuo, the residue was taken up in chloroform, and was washed with sodium
bicarbonate solution {5%) and with saturated brine. After drying the solution over potassium
carbonate, the solvent was removed in vacuo, and the pure adduct was isolated after flash
chromatography.
Method B [(R)-1-phenylethyl auxiliary]. The chiral imine was pre-formed from (R)-1-
phenylethylamine (10g, 82.7mmol} and freshly prepared ethyl glyoxylate28 (8.43g, 82.7mmol) in
refluxing toluene (30ml), by removal of water using a Dean-Stark apparatus. After 20 minutes,
removal of the solvent in vacuo gave the chiral imine {ethyl [(R)-1-phenylethyliminoethanoate} as
an orange oil (16.9g, 100%): [e]p24 +45 (c=1.00, CHCl3); Su(90MHz, CDCl3) 1.32 (3H, t, J=7.0Hz),
1.60 (1H, d, J=6.9Hz), 4.31 {2H, q, J=7.0Hz), 4.58 (1H, q, J=6.9Hz), 7.31 (5H, brs), 7.72 (1H, 5); ¢
13.8 (4}, 23.6 {q), 61.5 (1), 89.4 (d), 126.7 {d}, 127.3 (d), 128.5 (d), 142.5 (s}, 152.1 {d}, 163.0 (s); IR
V max Y1 700, 770, 1035, 1200, 1300, 1380, 1450, 1480, 1600, 1650, 1720, 1745, 2980; MS m/e
205 (M, 2%), 176 (8%), 160 (7%), 131 (9%), 105 (100%), 77 {20%); HRMS calcd. for Cj,HsNO2:
205.1064, Found: 205.1065.
The use of (5)-1-phenylethylamine in place of (R)-1-phenylethylamine gave ethyl {(S)-1-
phenylethylliminoethanoate, which was identical to the (R)-imine above in ali respects except the
sign of the optical rotation: [«jp24 -45 (c=1.00, CHCl3).
In a typical cyclo-addition reaction, the {R}-chiral imine {ethy! [{R)-1-phenylethyllimino-ethanoate}
{3.75g, 18.3mmol) was dissolved in DMF (13mi) with TFA (2.1g, 18.3mmol}, 2-methylbutadiene
{2.49g, 36.6mmol} and water (10pl, 0.56mmoi). The reaction was stirred at room temperature
until TLC indicated no further accumulation of adduct (30h). Work up and product isofation were
the same as for Method A above.

The aza-Diels-Alder adducts. (N.B. See note 17 concerning numbering)

. Prepared by method A (15h) from
cyclo-pentadiene (89% yield). The exo and endo isomers (rat:o 69:31) were separated by flash
chromatography.

Exo-isomer. Ry [PhMe/EtOAC/EIOH/NHa(aq) 95:1:2:2] 0.3; 814(300MHz, CDClg) 1.12 (3H, 1, J=7Hz),
1.36 (1H, d, J=8.3Hz), 1.98 (1H, d, J=8.3Hz), 2.80 (1H, <), 3.08 {1H, s), 3.39-3.60 (2H, ABq,
J=12.7Hz}, 3.86 (1H, s}, 4.00 (2H, q, J=7.0Hz), 6.21-6.24 (1H, dd, J=5.4, 1.7Hz), 5.44-6.47 {(1H, m),
7.20-7.34 (8H, m}; 3c{22.5MHz, CHCl3) 14.1 (q), 46.5 (1), 48.4 (d}, 58.9 (1), 60.5 {1}, 64.3 {d), 64.9
{d), 126.9 (d), 129.0 {d), 133.5 (d), 136.5 (d), 139.1 (s}, 174.0 (s}; IR v ,,,, cm': 715, 750, 850, 1040,
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1100, 1180, 1240, 1325, 1370, 1480, 1500, 1740, 2800, 2880, 2980, 3015; MS m/e 257 (M+,
28%), 184 (48%), 117 (9%), 91 (100%), 76 (15%); HRMS calcd. for CisHigNO, : 257.1411. Found:
257.1412,

Endo-isomer. Ry [PhMe/EtOAc/EtOH/NHa{ag) 95:1:2:2] 0.16; 61{300MHz, CDCI3)i.15 (3H, ¢,
J=7Hz), 158 (1H, d, J=8.3Hz), 1.68 (1H, d, J=8.3Hz), 3.37 (2H, m), 3.72 (1H, s), 3.80-3.90 (2H,
ABq, J=13.9Hz), 4.02 (2H, ABqq, J=7.0, 3.5 Hz), 6.12-6.15 (1H, dd, J=5.8, 2.8Hz), 6.45-6.50 (1H,
dd, J=5.6, 2.8Hz), 7.20-7.40 (5H, m); 5c(22.5MHz, CHCl3) 14.2 (), 45.3 (1), 47.9 (1), 60.3 (), 60.9
(1), 65.0 (d), 66.1 (d), 127.0 (d), 128.2 (d), 129.2 (d), 135.0 (d), 139.3 (s), 173.0 (5); IR V , €M
715, 750, 850, 1040, 1100, 1180, 1240, 1325, 1370, 1460, 1500, 1740, 2840, 2905, 3060; MS m/e
257 {M+, 28%), 184 (48%), 117 (8%), 91 (100%), 76 {15%); HRMS caicd. for CigHNO, !
257.1411. Found: 257.1412.

. . Prepared by method A (32h) from
cyclo-hexadiene (21% yield). The exc and endo isomers (ratic 27:73) were separated by flash
chromatography.

Exo-isomer. Rp{EtOAc/hexane 1:9) 0.32; 8n(300MHz, CDCls) 0.83-1.42 (2H, m), 1.18 (3H, 4,
dJ=7.2Hz), 1.59 (1H, dddd, J=12.0, 9.4, 3.75, 3.3Hz), 2.00 (1H, dddd, J=12.0, 8.4, 3.75 and 3.3Hz),
2.75 (1H, dd, J=2.2, 1.8Hz), 2.83 (1H, m}, 3.40 (1H, m), 3.39-3.59 (2H, ABq, J=13.4Hz), 4.08 {2H, q,
J=7.0Hz), 6.23-6.33 (1H, dd, J=8.3, 5.3Hz}, 6.46-6.51 (1H, m), 7.19-7.40 (5H, m); 8¢(22.5MHz,
CHCI3) 14.3 (g), 18.0 (1), 26.7 (t), 33.8 (d), 51.0 (d), 60.4 (1), 61.9 (t), 66.7 (d), 127.0 (d), 128.1 (d),
129.3 (d), 132.5 (d), 133.3 (d}, 139.3 (s), 173.6 (s); IR v .o, cM-1: 700, 760, 860, 1040, 1120, 1160,
1180, 1380, 1440, 1460, 1720, 2860, 2940; MS m/e 271 (M+, 6%), 198 (100%), 170 (91%), 117
{4%), 91 (68%), 79 (12%); HRMS calcd. for Cy;HyNO,: 271.1572. Found: 271.1574.
Endo-somer. Rf (EtQAc/hexane 1:9} 0.13; 84(300MHz, CDClg) 1.13 (3H, t, J=7.0Hz), 1.21-1.45
{2H, m), 1.68 (1H, m), 2.19 {1H, m}, 2.83 (1H, m), 3.05 (1H, d, J-1.6Hz}, 3.39 {1H, m}, 3.70-3.85
(2H, ABq, J=12.8Hz), 3.92-4.05 {2H, ABqq, J=7.0, 3.5Hz), 6.17 (1H, dd, J=7.3, 6.2Hz), 6.53 (1H,
mj}, 7.17-7.41 (5H, m); 3c(22.5MHz, CHCl3} 14.2 (g}, 18.3 (1), 24.0 (1), 33.5 (d), 49.9 (d), 58.2(t), 60.4
{t), 66.0 (d), 127.1 {d), 128.2 (d), 129.4 (d), 130.5 {d}, 136.7 (d), 139.0 (s}, 1735 {s); IR v, cm":
700, 725, 750, 1040, 1120, 1180, 1260, 1380, 1440, 1460, 1720, 2860, 2940, MS m/e 271 (M,
1%}, 198 (43%), 170 (88%}), 117 (3%), 91 (100%), 79 {10%); HAMS calcd. for Cy7HxNO; !
271.1572. Found: 271.1574.

- - - . Prepared by method A
(35h) from 2,3-dimethylbutadiene in 47% yield.

Rt (EtOAc/hexane 1:9) 0.55; 8u(80MHz, CDCla} 1.25 (3H, 1, J=7.0Hz), 1.53 (3H, s}, 1.61 (3H, s),
2.32 (2H, broad s), 3.10 {2H, broad q, J=18.0Hz), 3.48 (1H, t, J=4.9Hz), 3.63-3.98 (2H, ABq,
J=13.0Hz), 4.14 {2H, ¢, J=7.0Hz), 7.18-7.30 (5H, m}; §(22.5MHz, CHCl3) 14.4 (g}, 16.3 {g), 18.4
{q), 34.3 (1), 53.9 {t), 52.9 (), 59.3 (d), 59.9 (t), 121.8 (s), 123.9 (), 127.0 (d), 128.2 (d), 128.9 (d),
138.6 (s), 173.0 {s); IR v ., cm: 700, 740, 980, 1025, 1040, 1080, 1130, 1150, 1180, 1360, 1450,
1490, 1730, 2860, 2900, 2980, 3010; MS m/e 273 (M+, 8%), 200 (100%), 182 (8%}, 108 {5%), 91
{47%); HRMS calcd. for Cy7H»NO, : 273.1729. Found: 273.1732.
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. Prepared by method A
(35h) from 2-methylbutadiene in 43% yield.

R (EtOAc/hexane 1:9) 0.48; 84(300MHz, CDCl3) 1.28 (3H, t, J=7.0Hz), 1.68 (3H, s), 2.25-2.45 (2H,
m), 3.06-3.39 (2H, ABq, J=16.0Hz), 3.53 (1H, dd, J=5.6, 3.7Hz), 3.75-3.90 {2H, ABq, J=13.0Hz),
4.17 (2H, q, J=7.0Hz), 5.36 {(1H, s), 7.23-7.36 (5H, m); 8c(22.5MHz, CHCI3) 14.3 (q), 22.8 (), 32.9
(), 48.7 (1), 58.6 (t), 59.1 (d), 59.9 (t}, 119.3 (d), 126.9 (d), 128.1 (d), 128.8 (d), 129.9 (s), 138.6 (s),
172.8 (s); IR v 0 €M': 700, 740, 1030, 1050, 1160, 1120, 1370, 1450, 1490, 1730, 2860, 2920,
2980, 3020; MS m/e 259 (M+, 3%), 186 (100%), 168 (3%), 91 (51%); HRMS calcd. for Ci5HpNO; :
259.1568. Found: 259.1569.

. Prepared by
method A (48h) from trans,trans-hexa-2,4-diene in 36% yield, as a single diastereoisomer.

Rf (EtOAc/hexane 1:9) 0.43; §4(300MHz, CDCl3) 1.04 (3H, td J=7.0Hz), 1.08 (3H, d, J=6.9Hz), 1.2
(3H, t, J=7.1Hz), 2.54 (1H, m), 3.37 (1H, m), 3.46 {1H, d, J=4.7Hz), 3.90-4.01 (2H, ABq,
"Jag"=14.8Hz), 4.10-4.22 (2H, ABqg, J=7.0 and "Jag"=3.8Hz), 5.51 (1H, dt, J=9.9 and 2.2Hz), 5.64
(1H, ddd, J=9.9, 3.5 and 2.5Hz}, 7.20-7.37 (5H, m, Ph); 5c(22.5MHz, CHCI3) 14.3 (q), 16.8 (q), 18.6
{q), 32.8 (d), 53.9 (d), 56.8 (t), 59.9 (t), 62.6 {d), 126.8 (d), 128.0 (d), 128.8 (d), 130.0 (d), 139.2 (s),
172.4 (s); IR v ., cm1: 715, 750, 1040, 1120, 1140, 1170, 1380, 1470, 1750, 2900, 2960, 3000,
3060; MS m/e 273 (M+, 1%), 200 (69%), 108 (8%), 91 {100%), 65 (13%); HRMS calcd. for
Ci7H23NO, : 273.1729. Found: 273.1730.

. Prepared by method A
(45h) from trans-penta-1,3-diene in 38% yield, as a mixture of cis [(2R,6R)/(2S,6S)] and trans
[(2R,6S8)/(2S/6RY)] isomers in a ratio of 93:7. (The 13C data in brackets refers to the minor isomer).
Rt (EtOAc/hexane 1:9) 0.27; 81(300MHz, CDCl3) 1.08 (3H, d, J=6.9Hz), 1.23 (3H, 1, J=7.2Hz), 2.23
(1H, dddd, J=17.0, 5.6, 5.5 and 2.8Hz), 2.45 (1H, dddd, J=17.0, 6.3, 4.2 and 2.0Hz), 3.31-3.39 (1H,
m), 3.46 {1H, t, J=5.6Hz), 3.90-4.00 (2H, ABqg, "Jap"=14.7Hz), 3.94-4.14 (2H, qABq, J=7.2 and
"Jag"=3.5Hz), 5.54 (1H, dddd, J=10.0, 2.8, 1.8 and 1.8Hz), 5.72 (1H, dddd, J=10.0, 3.85, 3.85 and
2.3Hz), 7.18-7.38 (5H, m); 8¢(22.5MHz, CHCI3) 14.1 (14.3) (q), 18.4 (21.0) (q), 27.6 (t), 53.7 (52.3)
(d), 56.4 (54.8) (t), 58.6 (56.1) (d), 60.4 (59.8) (t), 122.2 (121.5) (d), 126.9 (d). 128.1 (128.3) (d),
128.5 (128.8 (d), 131.1 (132.4) (d), 139.3 (140.0) (s), 174.3 (173.7) (s); IR v ., cm-': 700, 730,
1030, 1180, 1260, 1290, 1370, 1450, 1490, 1730, 2860, 2940, 2980, 3040; MS m/e 259 (M+, 3%),
244 (4%), 200 (12%), 186 (100%), 170 (8%), 91 (80%); HRMS calcd. for C;sHyNO, : 259.1568.
Found: 259.1568.

. Prepared by method B
(24h) from cyclopentadiene (82% yield). The exo and endo isomers (rano 97:3) were separated
by flash chromatography.

Exo-isomers (ratio 94.5:5.5; 13C data on minor isomer given in brackets). R (EtOAc/hexane 1:9)
0.51; 3H(300MHz, CDClg) 0.95 (3H, t, J=7.2Hz), 1.40 (4H, d, J=6.5Hz), 2.12 (1H, d, J=6.9Hz), 2.19
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{1H, s}, 2.89 (1H, broad s}, 3.02 (1H, q, J=6.5Hz}, 3.81 (2H, m), 4.30 (1H, d, J=1.5Hz}, 6.25-6.28
{1H, dd, J=5.6, 1.9Hz), 6.40-6.43 (1H, m}, 7.13-7.41 (5H, m}); 8c(75MHz, CHCl3} 14.1 (14.2) (g},
22.6 (24.3) (q), 45.4 (44.9) {t}, 49.0 (48.4) (d), 60.2 (60.4) (1), 62.6 (d}, 63.9 (63.7) (d), 5.0 (64.7)
(d), 126.9 {127.4) (d), 127.9 (d), 128.0 {128.4) (d), 132.9 (134.3) (d), 136.4 (139.0) (d), 145.0 (s},
1743 (s); IR v ,,, €m-': 700, 730, 770, 840, 890, 920, 950, 970, 1030, 1060, 1080, 1110, 1160,
1190, 1240, 1320, 1370, 1450, 1490, 1740, 2820, 2900,2980, 3030; MS m/e 271 (M+, 10%), 256
{11%), 198 (70%), 131 (8%), 105 (100%), 94 (28%); HRMS calcd. for Cy7HzNO, : 271.1572.
Found: 271.1572.

Endo-isomer. Ry (EtOAc/hexane, 1:9) 0.17; 84(300MHz, CDClg) 1.04 (3H, t, J=7.1Hz), 1.47 {3H, d,
J=6.4Hz), 1.51 (1H, d, J=8.6Hz), 1.64 (1H, d, J=9.6Hz), 3.23 (1H, broad s), 3.30 {1H, d, J=3.3Hz),
3.64 {1H, q, J=6.5Hz), 3.85-3.94 {2H, ABqg, J=7.1, 2.5Hz), 4.05 {1H, broad s), 6.05-6.08 {1H, dd,
J=5.6, 2.7Hz), 6.57-6.60 (1H, dd, J=5.5, 3.1Hz), 7.16-7.35 (5H, m}; dc(22.5MHz, CHCl3) 14.1 (q),
22.9 (q), 45.5 (1), 48.3 (d), 60.1 {1}, 63.3 (d), 64.2 (d}, 64.3 (d), 127.1 (d), 128.1 {d}, 128.2 (d), 135.1
{d}, 138.7 (d), 144.4 (s), 173.4 (s); IR v ,,, cm1: 700, 730, 770, 900, 920, 1040, 1050, 1110, 1170,
1290, 1330, 1450, 1740, 2860, 2940, 2980, 3040; MS m/e 271 (M+, 11%), 256 {12%), 198 (80%),
131 (40%), 105 (100%), 94 (18%); HRMS calcd. for Cy7HxNQ, 1 271.1572. Found: 271.1570.

. . Prepared by method B
(60h) from cyclohexadiene (31% yield). The exo and e¢ndo isomers (ratio 92:8) were separated
by flash chromatography.

Exo-isomers (ratio 92:8; 13C data on minor isomer given in brackets). R¢ (EtOAc/hexane, 1:9) 0.51;
8H(300MHz, CDCl3) 0.92-1.37 (2H, m), 1.06 (3H, t, J=7.1Hz), 1.30 (3H, d, J=6.7Hz), 1.54-1.64 (1H,
m), 2,02-2.19 (1H, m), 2.72 {1H, m), 2.89 (1H, dd, J=2.2, 1.8Hz), 3.43 (1H, g, J=6.6Hz), 3.64 (1H,
m), 3.96 (2H, g, J=7.2Hz), 6.22-6.28 (1H, m), 6.36-6.41 (1H, td, J=6.7, 1.0Hz), 7.10-7.40 (5H, m);
5c(75MHz, CHCI3) 14.1 (q), 18.5 (18.3) (t), 19.0 (q), 26.4 (1), 33.8 (34.3) (d), 47.6 (49.0) (d), 60.1
(60.2) (1), 63.0 (63.9) (d), 65.1 (65.0) (d), 126.4 (127.3) (d), 127.8 (128.3) (d), 128.1 (128.8) (d),
132.2 (d), 132.7 (132.9) (d}, 144.3 (s), 173.7 {s); IR v ,,,, cm™: 700, 730, 770, 820, 920, 1030, 1040,
1070, 1180, 1260, 1280, 1300, 1370, 1450, 1480, 1740, 2860, 2900, 2960, 3020; MS m/e 285
(M*, 2%}, 270 (1%), 212 (70%), 184 (45%), 105 (100%), 80 (95%); HRMS calcd. for CygHpNO; :
285.1727. Found: 285.1728.

Endo-isomer. Rf (EiOAc/hexane, 1:9) 0.17; d1(300MHz, CDCl3) 1.08-1.44 (2H, m), 0.92 (3H, 1,
J=7.1Hz), 1.40 (3H, d, J=6.6Hz), 1.63 (1H, m), 2.12 (1H, m), 2.67 (1H, m),3.02 (1H, d, J=1.8Hz),
3.62 (1H, g, J=6.6Hz), 3.71 (2H, q, J=7.1Hz), 3.94 (1H, m), 6.11-6.16 (1H, t, J=7.1Hz), 6.64-6.70
(1H, td, J=8.2, 1.6Hz), 7.13-7.34 (5H, m); §c(75MHz, CHCl3) 14.0 (q), 18.6 (t), 22.1 (q), 23.8 (1),
34.3 (d), 47.4 (d), 59.9 (1), 63.4 (d), 66.4 (d), 127.1 (d), 128.0 {d), 128.4 (d), 130.8 (d), 136.6 (d),
145.0 (s), 173.6 (s); IR v ,,, cm': 700, 770, 1040, 1060, 1100, 1160, 1180, 1280, 1380, 1460,
1500, 1750, 2860, 2940, 3030; MS mfe 285 (M, 2%), 270 (1%), 212 (70%), 185 (456%), 105
{100%}, 80 (85%); HRMS calcd. for CisHpNO, 1 285.1727. Found: 285.1728.

. Prepared by
method B (24h) from 2,3-dimethylbutadiene (69% vield) as a mixture of 6S/R-isomers (ratio 84:16}.
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(The 13C data in brackets refers to the minor isomer).

Rt (EtOAc/hexane 1:9) 0.43; §4(300MHz, CDCl3) 1.25 (1.19) (3H, t, J=7.0Hz), 1.32 (1.26) (3H, d,
J=B.8Hz), 1.43 (3H, s}, 1.62 (3H, s), 2.28-2.59 (2H, broad m), 2.75-3.17 {2H, broad ABg,

J=16.4Hz), 3.94-4.04 (2H, m and q, J=6.8Hz), 4.14 (2H, q, J=7.0Hz), 7.17-7.38 (SH, m), dc(75MHz,
CHCl3) 14.4 (14.2) (q), 16.3 (16.6) {(q), 18.4 (g}, 21.0 (22.2) (q), 34.8 (1), 52.2 (50.8) (1), 55.1 (56.2)
(d), 59.8 (60.4) (1), 61.8 (61.5) (d), 121.4 (122.1) (s), 124.4 (124.3) (s), 126.7 (d), 127.2 (127.4) (d),
128.3 (128.5) (d), 146.1 (145.0) (s), 173.6 (173.1) (s); IR v ., cM': 700, 760, 1040, 1100, 1140,
1180, 1240, 1370, 1450, 1490, 1730, 2910, 2980, 3020, 3060; MS m/e 287 (M+, 18%), 214
(100%), 182 (18%), 110 {75%), 105 (69%), 77 (10%); HRMS calcd. for CygHsNO, : 287.1899.
Found: 287.1899.

The major (6S)-isomer could be isolated by flash chromatography (EtOAc/hexane 1:249), and was
converted to its hydrochloride salt: m.p. 162-164°C, [0]p?0 -7.5 (c=1.00, MeOH). Crystallisation
from EtOAc/hexane yielded crystals suitable for structure determination by X-ray diffraction.

. Prepared by
method B (30h) from 2-methylbutadiene (44% yield) as a mixture of 6S/R-isomers {ratio 81:19).
(The NMR data in brackets refers to the minor isomer).

Rt (EtOAc/hexane 1:9) 0.48; 84(300MHz, CDCl3) 1.27 (1.21) (3H, t, J=7.2Hz), 1.34 (1.38) (3H, d,
J=6.7Hz), 1.67 (3H, s), 2.29-2.59 (2H, m), 2.91-3.19 (2H, m), 3.96 (1H, q, J=6.7Hz), 4.05 (3.39) (1H,
dd, J=6.5 and2.2Hz), 4.17 (2H, q, J=7.2Hz), 5.26 (5.45) (1H, brs), 7.17-7.64 (5H, m); dc(75MHz,
CHCl3) 14.4 (14.2) (q), 21.1 (g), 22.9 (22.2) (), 33.6 (t), 47.2 (45.6) (t), 54.7 (55.9) (d), 59.9 (59.7)
{t), 61.8 (61.6) (d), 119.8 (d), 126.7 {127.1) (d), 127.2 (127.3) (d), 128.3 (128.5) (d), 129.4 (130.1)
(s), 146.0 (145.3) (s), 173.4 (173.1) (s); IR v q Cm': 700, 750, 770, 1030, 1050, 1160, 1180, 1370,
1450, 1490, 1730, 2940, 2980, 3040, 3060; MS m/e 273 {M+, 3%}, 200 (100%), 168 (32%), 105
(67%), 96 (67%), 77 (11%); HRMS calcd. for Cy7H2NO, @ 273.1729. Found: 273.1738.

The diastereocisomers could be separated by flash chromatography (EtOAc/hexane 1:249), giving
the major (6S)-isomer {[a]p22 +7.5 (c=1.00, CHCI3)} and the minor (6R)-isomer {[a]p22 +65
(c=2.00, CHCI3)}.

Using the (S)-imine in the aza-Diels-Alder reaction generated the antipedal adducts, which were
used as a diastereomeric mixture for assessment of optical purity by chiral HPLC (see Figure 2
and note 22).

Prepared by method B (36h) from frans,trans-hexa-2,4-diene (55% yield) as a mixture of
(2S,5R,6S)- and (2R,55,6R)-isomers (ratio 63:37). (The NMR data in brackets refers to the minor
isomer).

Rt (EtOAc/hexane 1:9) 0.55; 34(300MHz, CDCl3) 1.08 (0.94) (3H, d, J=7.6Hz), 1.01 {(1.14) (3H, d,
J=7.0Hz), 1.28 (1.25) (3H, t, J=7.1Hz), 1.45 (1.38) (3H, d, J=6.7Hz), 2.41-2.60 (1H, m), 3.43 (3.79)
(1H, m), 3.76 (3.23) (1H, d, J=5.5Hz), 3.95 (4.00) (1H, q, J=7.0Hz), 4.19 (4.20) (2H, m}, 5.53-5.69
(2H, m), 7.17-7.40 (5H, m); 8¢(75MHz, CHCI3) 14.3 (q), 17.2 (16.6) (q), 17.4 {17.0) (q), 21.0 (q),
32.0 (31.9) (d), 50.4 (49.5) (d), 57.3 (57.7) (d), 58.7 (59.3) (d), 59.7 (59.5) (t), 126.7 (126.9) (d),
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127.2 (127.4) (d). 127.5 (d), 128.2 (128.3) (d), 130.4 (129.8) (d), 145.5 (s), 1735 (172.8) (s); IR v
max CM-12 700, 770, 1080, 1150, 1240, 1300, 1320, 1450, 1490, 1730, 2880, 2940, 2980, 3020,
3060; MS m/e 287 (M+, 8%), 214 (78%), 168 (19%), 110 (78%), 105 (100%), 77 (8%); HRMS
caled. for CygHasNO, : 287.1899. Found: 267.1899.

. Prepared
by method B 36h) from trans-penta-1,3-diene (35% yield) as a mixture of (25,6S)- and (2R,6R)-
isomers (ratio 68:32). (The NMR data in brackets refers to the minor isomer).

Rt (EtOAc/hexane 1:9) 0.47; 34(300MHz, CDClg) 0.92 (1.08) (3H, d, J=6.9Hz), (1.30 (1.29) (3H, t,
J=7.1Hz), 1.42 (1.38) (3H, d, J=6.6Hz), 2.03-2.58 (2H, m), 3.29-3.38 (3.75-3.85) (1H, m), 3.96
(3.33) (1H, dd, J=6.2 and 1.7Hz), 4.14 (4.07) (2H, q, J=7.1Hz), 5.50-5.78 (2H, m), 7.17-7.43 (SH,
m); 8c(22.5MHz, CHCl3) 14.1 (q), 16.5 (15.9) (q), 21.5 (21.7) (q), 26.7 (26.5) (t), 49.5 (49.3) (d),
52.2 (52.6) (d), 58.8 (59.0) (d), 60.2 (60.0) (t), 121.9 (122.6) (d), 126.6 (126.8) (d), 127.1 {127.5)
{d), 128.2 (128.3 (d), 131.2 (130.7) (d), 145.9 (145.7) (s}, 175.2 (s); IR V g €M'*: 700, 770, 1030,
1180, 1370, 1450, 1490, 1730, 290C, 2940, 2980, 3020; MS m/e 273 (M+, 17%), 258 (63%), 200
{100%), 154 (13%), 105 (100%), 96 {92%); HRMS caled. for C;;H2NO, : 273.1729. Found:
273.1727.

Eurther transformations of Diels-Alder adducts. (N.B. See note 17 concerning numbering)
Ethyl (2S.4R/S)-1-[(R)-1-phanylethyl]-4-methylpi late. (6S)-1-[(R)-1-Phenylethyl}-6-

ethoxycarbonyl-4-methyl-3,4-didehydropiperidine (125mg, 0.46 mmol) was dissolved in degassed
ethyl acetate (10ml), and 3% platinum on charcoal (31mg) was added. After hydrogenation for
16h at atmospheric pressure, the catalyst was filtered off through a short kieselguhr column, and
the solvent was removed in vacuo. Flash chromatography (ethyl acetate/hexane 1:99) gave the
cis (25,4R) and trans (25,4S) isomers (88:12 ratio), in a combined yield of 78%.

B). R (EtOAc/hexane 1:9) 0.43; [¢]p24 -17.5 (c=1.00, CHCl3); 34(300MHz,
CDCl3) 0.89 (3H, d, J=6.0Hz), 1.09 (1H, qd, J=11.9 and 3.8Hz), 1.29 (3H, 1, J=7.1Hz), 1.31 (3H, d,
J=6.9Hz), 1.34-1.53 (3H, m), 1.85 (1H, m), 2.13 (1H, td, 11.2 and 2.2Hz), 2.48 (1H, dt, J=11.3 and
3.3Hz), 3.36 (1H, dd, J=10.4 and 2.8Hz), 3.94 (1H, q, J=6.9Hz), 4.16-4.26 (2H, qABq, J=7.1 and
"Jag"=3.4Hz), 7.18-7.53 (5H, m); 8¢(75MHz, CHCI3) 9.0 (q), 14.3 (q), 21.7 (q), 30.6 (d), 33.7 (t),
38.6 (1), 43.5 (t), 57.7 (d), 60.6 (t), 64.1 (d), 126.5 (d), 127.8 (d), 127.9 (d), 143.4 (s), 174.4 (s); IR v
max €12 700, 740, 780, 1035, 1100, 1130, 1170, 1240, 1260, 1280, 1370, 1450, 1430, 1740,
2880, 2930, 2960, 3030; MS m/e 275 (M+, 2%), 260 (8%), 202 (73%), 105 {52%), 98 (100%), 77
{10%); HRMS calcd. for Cy7HpsNQ; : 275.1916. Found: 275.1916.
Trans-isomer (2S.48). Ry (EtOAc/hexane 1:9) 0.54; [«]p24 +32.5 (c=1.00, CHCl3); 81(300MHz,
CDCl3) 0.88 {3H, d, J=5.8Hz), 0.99-1.12 (1H, m), 1.22 (3H, d, J=6.7Hz), 1.29 (3H, 1, J=7.1Hz), 1.44-
1.55 (3H, m), 2.05 (1H, m), 2.48 (1H, m), 2.83 (1H, td, J=12.0 and 2.7Hz), 3.95 (2H, q and d), 4.14-
422 (2H, gABq, J=7.1 and "Jag"=3.4Hz), 7.17-7.37 (5H, m); 8c(22.5MHz, CHCl3) 14.4 (q), 21.9 (q),
22.0(q), 27.1 (d), 34.2 (1), 36.9 {t), 43.8 (1), 57.0 (d), 59.8 (t), 61.7 (d), 126.6 {d), 127.0 (d), 128.2 (d),
147.2 (s), 174.0 (s); IR v .5, cm': 700, 750, 770, 900, 1030, 1060, 1090, 1160, 1370, 1450, 1490,
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1730, 2850, 2880, 2920, 2960, 3030; MS m/e 275 (M-, 1%}, 260 (1%), 202 (100%), 105 (35%), 98
(63%), 79 (3%); HRMS calcd. for Cy7HsNO; : 275.1916. Found: 275.1916.

4R)-4-methylpi late. Ethy! (25,4R)-1-[(R)-1-phenylethyl]-4-methylpipecolate (200mg,
0.72 mmol) was dissolved in ethanal (5ml); Pearlman's catalyst (10% palladium hydroxide on
charcoal, 22mg) was added, and the mixture was hydrogenated for 8h at atmospheric pressure.
The catalyst was filtered off through a short kieselguhr column, the solvent was removed in vacuo,
and the residue was purified by flash chromatography (ethyl acetate/hexane 3:7) to give the
desired product in 72% yield.
[a]p?2 -10.5 (c=2.00, EtOH) {Lit. [x]p22 -12.5 (c=5.00, EtOH); 84(300MHz, CDCl3) 0.95 (3H, d,
J=6.4Hz}, 0.99-1.13 (1H, qd, J=12.3 and 3.2Hz), 1.27 (4H, t + m, J=7.1Hz), 1.48-1.60 (2H, m), 2.00
(1H, mj, 2.09 (1H, brs}, 2.62 (1H, td, J=12.2 and 2.3 Hz), 3.15 (1H, ddd, J=12.2, 3.8 and 1.6Hz),
3.30 (1H, dd, J=11.6 and 2.7Hz), 4.17 (2H, q, J=7.1Hz); 8c(75MHz, CHCl3) 14.2 (q}, 22.4 {g), 31.3
{d}, 34.6 {1}, 37.9 {t), 45.8 (1), 59.0 (d), 60.7 {1}, 173.4 (s); IR v ,,,, cM~": 750, 1030, 1100, 1130, 1180,
1220, 1270, 1375, 1450, 1730, 2880, 2940, 2960, 3020; MS m/e 171 (M+, 1%), 98 (100%), 56
(35%), 42 (8%), 41(10%); HRMS calcd. for CoH 7NO,: 171.1263. Found: 171.1267.

Ethyl (28.48)-4-methylpipecolate. Ethyl (28,45)-1-[(R)-1-phenylethyi]-4-methylpipecolate
(100mg, 0.36 mmol) was dissolved in ethanol (5ml); Pearlman's catalyst (10% palladium
hydroxide on charcoal, 11mg) was added, and the mixture was hydrogenated for 8h at
atmospheric pressure. The catalyst was filtered off through a short kieselguhr column, the solvent
was removed in vacuo, and the residue was purified by flash chromatography (ethyl
acetate/hexane 3.7) to give the desired product in 51% yield.

[a]p?? +22 {c=1.40, EtOH) {Lit. [x]p?? +24.1 (c=5.00, EtOH); 54(300MHz, CDCla) 0.94 (3H, d,
J=6.4Hz}, 1.02-1.15 (1H, qd, J=12.3 and 3.2Hz), 1.25 {4H, t+m, J=7.1Hz), 1.59-1.65 (2H, m}, 2.10
(1H, brs), 2.20 (1H, m), 2.98 (1H, td, J=12.2 and 2.3 Hz), 3.46 (1H, ddd, J=12.2, 3.8 and 1.6Hz),
4.01 (1H, dd, J=11.6 and 2.7Hz), 4.21 (2H, g, J=7.1Hz); §c(22.5MHz, CHCl3) 14.3 (q), 22.7 (q),
27.8 (d), 35.1 {t), 36.2 {t), 48.1 (t}, 58.3 (d), 59.9 (1}, 173.0 (s); IR v o, CM-': 760, 1025, 1100, 1130,
1150, 1220, 1270, 1385, 1450, 1740, 2880, 2330, 2980, 3020; MS m/e 171 (M+, 1%), 98 {100%),
56 (35%), 42 (9%}, 41(10%); HRMS calcd. for CgHy7NO, : 171.1263. Found: 171.1267.
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