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Abstract 
tmines of the type R-N-CHCOsEt can be coerced into unde~oing a (4+2) cyclo- 
ad~~ion with sub~ituted dienes if the rea~ion 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. ea. 70%); moreover, the diastereoisomers are 
surprisingly easy to separate, giving a short general route to optically pure 
substituted pipecolic acid derivatives. 

The work described herein was aimed at developing a general route to pipecolic acid derivatives 

that was simple, short and versatile, whilst also allowing control of regi~hemist~, relative 

stereochemist~ and absolute stere~hemist~. The resultant asymmetry ~a-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.‘,2 

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)s and man-made [(5)4a, (6f4bJJ and (7)5] compounds. But secondly, as most piperidino 

natural products are substituted at the 2-posi~on, the presence of an “ortho” ~a~oxylic acid 

derivative would readily allow ela~ration to a host of other targets. Of pa~icular interest to us 

were carpamic acid (8)s and streptolutin(9}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 &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 welt as the 

convergent nature of the ~h~rnist9 involved. For piperidine targets, we envisaged that the 

attachment of a chiral auxi~ja~ onto the nitrogen might readily allow extension of the method to the 

pre~ration of optically active products. Although there are three types of ~a-~iels-Aver reaction 

that might generate the desired heterocyclic products (Scheme l), no general asymmetric 

methodology had been developed prior to our work. 

C02Et 

Scheme 1. Retro-o-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 
“hetern” 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 ~ieis-Alder dienes has been quite e~ensively studied, and they 

have been widely used for the preparation of ~iperidine/py~d~ne-based com~ounds.8 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. 

l-Azadienes, on the other hand, appear to have the potential for the attachment of a chiral 

auxiliary. The electron rich “1-amino-1-azadienes” @$-unsaturated hydrazones) react with 

electron deficient alkenes, but the range of dienes and dienophiles is rather limited.9 The “2s 

alkoxy-l-aza-dienes” (trapped imino esters of @unsaturated amides) will also react with 

electron deficient dienophiles, but only intramolecular reactions seem viable (via a non-concerted 
“double Michael” mechanism).1o Finally, electron-deficient l-azadienes possessing N-acyll’ or 

~~suiphonyl’* groups will undergo intramolecular (4+2) cy~lo-additions with electron-~ch alkenes, 

These examples notwithstanding, all of these reactions require specific derivatisation of the 
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nitrogen atom that severely limits the possibilities for the attachment of an effective chiral auxiliary, 

should an asymmetric version of the reaction be sought. 

lmines 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 protonationls, but more general success has been achieved by the 

attachment of acyll4 or, in pa~i~ular, sulphonyli5 groups to the nitrogen. When an alkyl group is 

attached to the imine nitrogen, the scope of the Diels-Alder reaction is considerably reduced; 

even in the presence of acid, intermolecular cycle-additions were apparently only possible with 

very reactive dienes (typically cyclopentadiene) .ta These observations were discouraging for the 

development of an asymmetric version of the reaction, as we were hoping that a chirai alkyl group 

(specifically the l-phenylethyl moiety) might be introduce onto the nitrogen of the imine, and that 

its close proximity to the reacting centres might lead to high asymmetric indu~ion. Our first task 

was therefore lo develop conditions in which N-alkytated C-alkoxycarbonyiimines (i.e. 

RN=CHCOaR’) would react with a range of dienes via an intermolecular Diels-Alder pathway. 

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

~1 (Scheme 2) * * 

. . 
Reaction. The closest example to the reaction we sought had been reported by Fobare 

et al, who reacted Ph~H2N~CHCO2H (generated in situ ) with cyclopentadiene under acidic 

aqueous conditions, isolating the Diels-Alder adduct in 80% yield.‘sc Although Diels-Alder 

reactions are often accelerated when carried out in water,‘6 we suspected that the concommitant 

hydrolysis of the imine might be a serious problem, and we therefore decided to repeat the 

reaction with cyclopentadiene in a range of acidified non-aqueous solvents. 

Because of problems in isolating the adducts (which are amino acids), we replaced 

giyoxylic acid by ethyl glyo~late to generate amino ester adducts which could be readily 

chromatographed. The results, summarised in Table 1, confirm that the cycle-addition takes place 

in water, albeit in moderate yield, whilst the less polar ethanol and THF gave progressively less 

cycle-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 con~ituted the first example of an acyclic diene 

pa~~cipating in a (4+2) cycle-addition with an imine of the type R-N-CHCOaR’. In fu~her reactions 

with a series of methylated dienes, we were able to demonstrate 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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Tabie 1. The effect of reaction conditions on the yield of DiebAlder adduct from PhCH~N=CH~~Et 

~~~~~. The next question concerned the possibiliiy of regiocontroi using unsymmetrical 

dienes (e.g. penta-1,3diene and 2-methylbutadiene). In both cases, only a single regio-isomer 

was observed. With the penta-l ,Sdiene adduct, the pseudo-triplet (J = 5.6 Hz) for H(2) (i.e. the o- 

proton of the amino ester acfcfuct - see note 17 concerning numbering) at 63.46 indicated that the 

2,6-djsubstitut~ product had been formed, and that the ester group was occupying a pseudo- 

axial position [a conformational feature that was relatedly seen in the NOR data, and also in an 

X-ray crystal structure (see below); c.f. ref. 181. For the Z-methyibutadiene adducts, a series of 

proton decoupling experiments enabled us to show that the H(6) protons were vicinal to the 

alkenic proton; from this we inferred that the 2,4-disubst~tuted adduct had been formed. This 

would be consistent with the fo~atio~ of ffo~ho~para” products (with respect to the nitrogen),l~a 

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. 

Diastereoselecti ’ Wk. Initial results with cyclic dienes were not particularly encouraging, with the 
8x0 adduct predominating (ca. 29) from the reaction with cyclopentadiene, and the endo adduct 

being the major product (ca. 3:l) with cyciohexadiene. Nevertheless, when Pans- penta-1,3-diene 

was employed, high diastereoselect~v~ty 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 - cf. ref. 18). 

Of more relevence to the reaction mechanism was the stere~hemist~ of the adduct 

derived from a 1,4-disubstituted butadiene, We were therefore delighted to observe that the 

adduct from tramtraffs- hexa-2,4diene was composed of a single diastereo-isomer, assigned as 

the all-cis product from a 2D-NUESY experiment. This was strongly indicative that the reaction 

had proceeded via a concerted pathway (although CouloMbic factors were probably diving the 
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regio-seiectivi~, with unsymmet~oal dienes). It was reassu~ng to note that the adduct resuming 

from an endo t~nsition state was again inferred for the reaction with an acyclic diene. 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 reversiblelad; this 

is supported by our observation that storage of the adduct from cyclopentadiene and 

H$&NCH2Ph led to formation of a cyclic imine trimer, presumably via retro-Diels-Alder chemistry. 

lmprovina the vield. In order to increase the yield further, we attempted to remove the water 

generated during the in situ formation of the imine, by the addition of molecular sieves. To our 

amazement, no cycle-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 (l-10 mol%) led to 

considerably enhanced yields, whilst an excess of water caused the yields to drop, presumably 

due to ~mpeting imine hydrolysis (see Table 1 f. The role of the water is hard to explain. With the 

amounts added being so small, it is highly unlikely that the “hydrophobic cavity” effectfa is 

operating here. One possibility is that the water helps to increase the x-character of the iminium 

species (the presumed dienophile), by forming a cyclic intermediate via two hydrogen bonds 
(Figure 1); this should reduce the normally rapid rotation of iminium ions about the x-bond’s, 

thereby accelerating the reaction by increasing the effective concentration of the 2x-component, or 

by stabilising the 6x-transition state. (Direct intramolecular hydrogen bonding of the iminium 

ester, to give a 5-membered “ring”, is disfavoured for stereo-electronic reasons).*0 Evidence to 

support this hypothesis is that the addition of methanol in place of water led to a similar increase in 

the yield of cycle-adduct (with 2,3_dimethylbutadiene), but that the use of formaldehyde in place of 

ethyl glyoxylate ~cyclopentadiene~ benzylamine hydrochloride/ HCHO(aq)i DMF) failed to give 

cycle-addu~ with DMF as solvent (c.f. successful reaction in water - see ref.13a). The presence of 

acid was also shown to be essential (see Table 1). 

Figure 1. Possible role of water in catalysing the Diels-Alder 
reaction between imines of the type RN=C!HCQEt and dienes 
under acidic conditions. For the (R)-l-phenylethyl auxiliary 
depicted here, the diene approaches from the si face in all cases 
where the relevant stereochemistry has ken determined. For 
acyclic dienes, the products result from an endo transition state, 
whilst cyclic dienes yield mainly the exe adducts. 

* . 
~. Having developed suitable conditions for the achiral aza- 

Diels-Alder chemists, it was relatively simple to use optically active l-phenylethylamine in place 

of benzylamine. The imine itself was isolated prior to carrying out the reaction (PhMeCHNH*/ 

OHC402Etl PhMel azeotrope), and it in fact proved to be considerably more stable than the ethyl 
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Me 

CO,Et 

Yield 89% Yield 82% 
exo:endo 69:31 exo:endo 973 

a,i.(exo) 89% 
a.i.(en&) 100% 

Yield 21% Yield 31% 
exo:endo 21113 exo:endo 92:8 

a.i.(exo) 84% 
a.i.(endo) 100% 

Yield 47% Yield 69% 
a.i. 68% 

Yield 43% Yield 44% 
a.i. 62% 

Yield 36% Yield 55% 
a.i. 24% 

Yield 38%’ Yield 35% 
a.i. 36% 

Table 2, Outcome of the aza-Diels-Alder reactions of imines of the type R’-N=CHCO,Et with a range 

of dienes. a Reaction conditions for the achiral imine (R’ = PhCH,) used method A (see “Experimental” 

section); bReaction conditions for the chin-J imine [R’ = (R)-PhMeCH] used method B (see “Experi- 

mental” sechon) - a.i. refers to asymmetric induction, equivalent to e-e, after removal of the chiral 

auxiliary; ’ Product was a 13:1 cis:frunr mixture. 

glyo~late precursor (imine stable for l-2 weeks at O*C under argon). The ~yclo-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 mof eq.) and water (0.03 mol es.), the yields averaged about 55%. As 



befoore, complete control af regiochemistry was abser~d, generating the “orthotpara” adducts 

(with respect to the nitrogen) (see Table 2). 

~re~setecti~* The simple addition of the methyl group ta the auxiliary had a ~~~~~~~~1~ 

larga (and wholly desirable) effect on the diastereosel~ctiv~ty. For the cyclic dienes, a dramatic 

preference for the exe adducts was obsenred (ca. 321 for cyctopentadiene and lf.5:I far 

cyclohexadiene). Presumably the bulkier auxiliary is directed away from the bridging (CH2)n 

group into the axial ends position, forcing the ester into the considerably less hindered ~6 

stereochemistry. 

For acylic dienes, 100% control of d~ast~r~~chern~sf~ was observed within the piperidine 

ring, and the afl-cis addo& resulting from an HI&J transition state were inferred by analogy with 

ths acylic cases. In general, the d~astera~~~nt~l using the bulkier auxiliary was etiramely good 

with all dienes, and WXM have justified its use even in the absence of arty asymmetric induction. 

Enanfi~~ele~~vi~* For the reactions using cycEc dienes, the asymmetric induction for &th the QXO 

and err& isomers were det~rrn~~ed~ and we were able to detect only a single en& isomer. 

However, it is clear/y the major em 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 cyctohexadiene, 

Moving on to the acyclic dienes, the 2,3ditnethylbutadiene and 2-methylbutadiene adducts 

WWE! both obtained with about 65% asymmetric induction. We were surprised that the effect of the 

auxifiaty should have ken so great; not only is it freely rotating, but the presumed endo transition 

state (with respect to the ester group) for the cyc~~additi~n would farce the au~j~~a~ away from the 

reacting centres. These results were therefore pa~i~u~arl~ pleasing. 

Fur Pans -per&-l ,3-diene and frans-fms -hexa9,4-dime, the asymmetric induction was 

redtrcad tt~ 36% and 26% respectively. This could be due to the additional substituent at the 1- 

position af the diene ailso in:eracting with the auxiliary. If this were so, then cis -penta-1,3-dienrs 

might be expected to yield the ~rans -2,6-disubstituted piperidina with very high asymmetric 

~ndu~i~n (c.f, ref. 21)_ However, when this reaetitln was ~~~mpted~ no cycfo-adduct wits formed. 

This observation does have a practical benefit, which WB have used to advantage - a mixture of 

cis- and Pans- dienes can be used in the aza-Dick-Aider reactions, as only the trans isomer will 

react. In view of the difficulties often encountered when trying to obtain stereochemically pure 

alkenes, this feature is extremely valuable (see below). 

Assessment of optical purity. Overall, the average asymmetric induction fur the eight Diels-Alder 

adducts was about XE!. However, a far more ~rnp~~ant practical ~ns~derat~cn is periinant ta thea 

adducts - it was pussibte to separate ALL of the diast~re~isomers by c~tumn chr~~at~~ra~hy. 

This was helped by the fact that the rr~anocyclk abducts were the highest t+ compounds 

(exduding volatile ~xcass diene) from the crude reaction mixtures by silica gel chromatography, 

and using hexane plus a trace of ethyl acetate as eluant resulted in complete resolution of the 
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diasiereomeric components. In all cases where we attempted to obtain the major adduct as a 
single stereoisomer, pu~fication by flash c~mmatography proved successful. 

l@ure 2. Chiral RPLC of: a) 5050 mixture of (A) [(R).auxiliary] and (B) [(S)-auxiliary]; b) (A): 
c) (B). See note 22 for the conditions used for the chiial HPLC. 

Confjrmation that no racem4sation of the auxilia~ had occurred (e.g. by imine ta~tome~sm) 

was obtained by chiral HPLC of the 2-methy4butadiene adducts on a Pirkle column22. It turned out 

that it was unnecessary to separate the diastereoisomers for assessment of the optical purity, 

because the absolute st@reochemist~ at C(2) (where the ester is a~ached~ had no effect on the 

retention time [i.e. the 1:6 diastereome~~ mixture of adducts using the {R~-auxil4a~ were not 

FeSOlVed 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 ARK-auxilia~ was replaced by the (S)- 

auxiliary, giving fully resolved peaks (see Figure 2). We were able to conclude that the 

enan~ome~c excess was > 97% for the ~R)-auxi4ia~, and >99% for the (S)-~uxiiia~; indeed, the 

(R)- and (S)-l-phenylethylamines were not purified before use, and their estimated optical purities 

correlated very closely to those of the adciucts. 23 We are therefore confident that the auxiliary is 

configurationally stable during the aza-Diels-Alder reactions. Importantly, this not only means that 

diastereomer4ca4ly pure products will be homochir~l (assuming that homochiral auxiliary is 

employed~~ but also that the diasteFeome~c 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 quit@ 

supe~luous to removal the auxil4a~ prior to assessment of the e.e., as optical purity is often 

determined by the specific 4ntrodu~tion of a Ghiral auxilia~. It is impo~ant, however~ that removal 

of 1 phenylethyl auxiliaries from nitrogen by hydrogenoiysis should proceed without loss of optical 

integ~ty; this is indeed the case from literature examples, including many that are closely related 

to the substrates des~r4bed hsre4n.24 
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The PA derivatives (7) are irn~~ant because of their action as throm~n inbibito~,~ The key 

feature that controls their biological activity is the stereochemist~ of ihe pipeddi~e ring5, the 

synthesis of which was ideally suited to our newly develops chemists. The reaction sequence 

that we followed is depicted in Scheme 3, for which the key Diefs-Alder reaction has already been 

de~dbed above. 

Scheme 3. Formation of abyl(~,4R)~rne~yl~~~~. Reagents a, DMF/ TFA fle@/ Hz0 (cac.)I RT (44%). 
then flash c~~~~hy (EC.); b, HZ, 3% Pt-C/ EtOAc/ RT (7’S%), then FL!.: c) HZ, Pd(OH)J EtON (72%). 

Of importance is that we could carry out the reaction using the cheap E/Z mixture of penta- 

1,8dienes (see above), and that the reaction could be conducted out on a muiti~gram scale 

(i~iuding the chromatography), from which only the major isomer was taken forward. The optical 

purity of the adduct was confirmed by chiral HPLC, as discussed above. A~hough we could 

prob~Jy have reduced the double bond and remove the auxi~ia~ in a single step, we chose to 

carry out these steps separately in order to facilitate detailed monito~ng of the rea~ions. Thus, 

hydrogenation over a pla~num catalyst in ethyl acetate gave mainly the cis disubsiitued 

piperidine by reduction from the least hindered face 25, and removal of the auxiliary was easily 

achieved using Hz over Pearlman’s catalyst in ethanol, giving (2S,4R~(7). Similar~, the minor 

hydrogenation product was deprotected to give (ZS,~)-(7). These esters were the inte~ediates 

previously used in the synthesis of the MQPA thrombin inh~bitors5, and our work therefore 

constitutes a formal synthesis of these impounds. moreover, by ~mparison with the literature 

optical rotations, we were able to deduce the absolute stereochemist~ of our products (a~hough 

assessment of e-e. from the optical rotation of free amines is noto~ous~ flnreliabie because traces 

of acid can have such a dramatic eff~). Access to the remanning two stereoisomers of MQPA 

could have been achieved by simply using the equally cheap (S)-auxjlia~‘ or by using the minor 

diastereo-isomer resulting from the initial 5ieis-Alder reaction. 

The synthe~s of the MQPA thrombin jnhibjtors allowed us to determine the direction of asymmetdc 

induction with 2-methyib~adiene. We were also able to dete~~ne the sense of asymmet~c 

induction from the 2,3-dimethylbutadiene adduct, by X-ray c~stailography of the major 

diastereoisomer (see inure 3). The solid state s~~cture closely re~mbled that inferred from the 

NMR data, with the C(2)-ester group occupying a pseudo-axial position on the half-char 
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didehydro-piperidine ring. Moreover, it was again observed that the (R)-auxiliary had induced the 

(S)-stereochemistry at the C(2)-position. 

Figure 3. X-Ray crystal structure of the major adduct from the aza-Die&Alder reaction of 
(R)-PhM~~-~~CO~Et and 2,3-dime~ylbuta~ene, indicating the relative stereochemistry 
of the chirai centres. Full data has been deposited with the C~b~dge C~s~llo~aphic Data Base. 

In the literature, there is now an additional single example of an ~a-Diets-Alder reaction 

using PhMeCHNGHC02R as the dienophile; Stelia et al carried out such a reaction with 

cyclopentadiene, although under very different conditions to those developed by us (-78oCI 

CH&l2/ TFAI BF3.OEt2).26 Using a racemic auxiliary, they were able to crystallise the major exe 

adduct and carry out X-ray diffraction; they observed that the (R/S)-auxiliary gave rise to the (S/R)- 

stereochemistry at the C(Z)-position. Because their exe selectivity and high asymmetric induction 

were so 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 

(Rf-auxiliary would again generate predominently (S)-stereo-chemistry at the P-position of the 

adduct, 

We therefore expect that the (R~-auxili~ will, in general, lead to attack on the si face of the 

imine, thereby inducing (S)-stereochemist~ at the C{Z)-position in the ~a-Diels-Alder reaction; 

the (Qauxiliary would, of course, give access to the antipodal series. 
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The following obsenrations summa&e our results concerning the asymmetric aza-Diels-Alder 

reactions: 

a) The reaction is a simple one pot cyc~addition between (Rf- or (S)-PhMe~HN=CHC~2Et and 

an alkylated diene. The reaction takes place at room tem~rature in DMF, with TFA (1 eq.) and 

water (catalytic) being essential additives. 

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

c) Complete control of regiochemistry is observed, with ottholpara 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 (362%) 

except for those substituted in the l-position (ca. 30%). 

f) In all cases, chromatographic separation of the diastereome~~ products is relatively 

straightfo~ard. 

gf The auxiliary is configurationally stable to the reaction conditions, can be used to assess the 
optical purity of the pipe~dine moiety, and is readily removed by hydrogenolysis over Pd(OH)a-C. 

h) The (Rf-auxiliary induces (Sj-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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AgDaratus. The NMR spectra reported below were run on a Bruker MSL300 spectrometer (‘H at 

300MHz and tsC at 75MHz), or on a JEOL FX 90Q spectrometer (‘H at 9OMHz and 1aC 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 AEI 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. 

Dimethy~ormamide was obtained anhydrous from Ald~ch ~anhydrous” or “gold label Chemicals. 

grade), and was stored under dry argon. T~fluoroacetic acid (TFA) was distilled before use. 

~yclopentadiene was prepared from its dimer, and used imm~iately. All other reagents were 
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used as supplied. Flash chromatography27 utilised silica gel 60 from Camlab as the stationary 

phase. 

General procedures for the aza-Die&Alder rem 

Method A (benzyl auxiliary). In a typical procedure, benzylamine hydrochlo~de (360mg, 

2.5mmoi) was dissolved in DMF (IOml), to which freshly prepared ethyl glyoxylate** (360mg, 

35mmol) and 2-methylbutadiene (3lOmg, 5.0mmol) were added. The mixture was stirred at room 

temperature until TLC indicated no further accumulation of adduct (Xh). After removal of the 

solvent in vacua, 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 wcuo, and the pure adduct was isolated after flash 

chromatography. 

method B [(R)-i-phenylethyl auxiliary]. The chiral imine was pre-formed from (Q-l- 

phenyiethylamine (log, 82.7mmol) and freshly prepared ethyl giyoxylate** (8.43g, 82.7mmol) in 

reftuxing toluene (30ml), by removal of water using a Dean-Stark apparatus. After 20 minutes, 

removal of the solvent in vacua gave the chiral imine {ethyl [(R)-I-phenylethylJiminoethanoate} as 

an orange oil (16.9g, 100%): [a]$4 +45 (c=l.oo, CHCl3); &(90MHz, CDCls) 1.32 (3H, t, J=7.OHz), 

1,60 (lH, d, J=6.9Hz), 4.31 (2H, q1 J=7,0Hz), 4.58 (lH, q, J=6.9Hz), 7.31 (5H, brs), 7.72 (lH, s); SC 

13.9 (q), 23.6 (q), 61.5 (t), 69.4 (d), 126.7 (d), 127.3 (d), 128.5 (cl), 142.5 (s), 152.1 (d), 163.0 (s); IR 

v max cm-r: 700,770,1035, 1200, 1300,1380, 1450, 1490, 1600,1650,1720,1745,2980; MS m/e 

205 (M+, 2%)‘ 176 (8%), 160 (7%), 131 (9%), 105 (lOO%), 77 (20%); HRMS calcd. for Cr2H1sN02 : 

205.1064. Found: 205.1065. 

The use of (S)-l-phenyiethylamine in place of (R)-I-phenylethylamine gave ethyl [(S)-l- 

phenylethyljiminoethanoate, which was identical to the (R)-imine above in all respects except the 

sign of the optical rotation: [old4 -45 (c=l .OO, CHGl$ 

In a typical cycle-addition reaction, the (R~-~hiral imine jethyt I-l-phenylethyl]imino-ethanoate~ 

(3.759, 18,3mmol) was dissolved in DMF (13ml) with TFA (2.19, 18.3mmol), 2-methyibutadiene 

(2.499, 36.6mmol) and water (lOuL, 056mmol). 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 addug& (N.B. See note 17 concerning numbering) 

2-A~a-2-ben~vl-3-ethoxv~arbonvl-r~.2.i l-bicvcloheot-~-en~. Prepared by method A (15h) from 

cycle-pentadiene (89% yield). The exo and endo isomers (ratio 69:31) were separated by flash 

chromatography. 

EXeiSOmey. Rr [PhMe/~tOA~EtOH~Hs(aq) 95:1:2:2] 0.3; S~(300MHz, CDCls) 1.12 (3H, t, J=7Hz), 

1.36 (lH, d, J=8.3Hz), 1.98 (lH, d, J=8.3Hz), 2.80 (lH, s), 3.08 (IH, s), 3.39-3.60 (2H, ABq, 

J=12.7Hz), 3.86 (lH, s), 4.00 (2H, q, J=7.0Hz), 6.21-6,24 (lH, dd, J=5.4, 1.7Hz), 6.44-6.47 (IH, m), 

7.20-7.34 (5H, m); &(22.5MHz, CHCls) 14.1 (q). 46.5 (t), 48.4 (d), 58.9 (t), 60.5 (t), 64.3 (d), 64.9 

(d), 126-S (d), 129.0 (d), 133.5 (d), 136.5 (d), 139.1 (s), 174.0 (s): IR v max cm’: 715750,850, 1040, 
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1100, 1180, 1240, 1325, 1370, 1460, 1500, 1740, 2800, 2880, 2980, 3015; MS m/e 257 (M+, 

28%) 184 (48%), 117 (9%) 91 (lOO%), 76 (15%); HRMS cabd. for G'GH'$DI! :257.1411. Found: 

257.1412, 

ho-isomer Rf [PhMe/Et~Ac/EtOH/NH3(aq) 95:1:2:2] 0.16; s~(300MH~, CDCt3fl.15 (3H, t, 

J=7Hz), 158 (lH, d, J=8.3Hz), 1.88 (iH, d, J=8.3Hz), 3.37 (2H, m), 3.72 (lH, s), 3.80-3.90 (231, 

ABq, J=l3.9Hz), 4.02 (2H, ABqq, J=7.0, 3.5 Hz), 6.12-6.15 (lH, dd, J-5.6, 2.8Hz), 6.45-6.50 (IH, 

dd, J&6, 2.8Hz), 7.20-7.40 (5H, m);&(225MHz, CHCls)l4.2 (q), 45.3 (t), 47.9 (t), 60.3 (t), 60.9 

(t), 65.0 (d), 66.1 (d), 127.0 (d), 128.2 (d), 129.2 (d), 135.0 (d), 139.3 (s), 173.0 (s); IR v milY cm': 

715,750,850,1040,1100,1180,1240,1325,1370,1460,1500,1740, 2840,2905,3060;MS m/e 

257 (M+, 28%), 184 (48%) 117 (9%) 91 (lOO%), 76 (15%); HRMS oalcd. for G'6H'sNOa : 

257.1411. Found:257.1412. 

2 Prepared &y method A (32h) from -Aza 2 ben~vl-3-ethoxvcarbonvl-~2.2.2l-bicvclo~t-~-en~. _ - 

cycle-hexadiene (2l%yield). The exo and en& isomers (ratio 27:73) were separated by flash 

chromatogr~hy. 

Exe-isomer. Rf(EtOAc/hexane 19) 0.32; ~~(300MHz, CDCls)O.83-1.42 (2H, m), 1.19 (3H, t, 

J=7,2Hz), 1.59 (lH, dddd, J=lZ.O, 9.4, 3.75, 3.3Hz), 2.00 (lH, dddd,J=l2.0,9.4, 3.75 and 3.3Ht), 

2.75 (lH, dd,J=2.2, 1.8H.z) 2.83(iH, m), 3.40(lH, m),3.39-3.59 (2H,ABq,Jri3.4Hz), 4.08 (2H, q, 

J=7.0Hz), 6.23-6.33 (IH, dd, J=8.3, 5.3Hz), 6.46-6.51 (lH, m), 7.19-7.40 (5H, m); 8~(22,5MHz, 

CHCl3)14.3 (q), 18.0 (t), 26.7(t), 33.8 (d), 51.0 (d), 60.4 (t), 61.9 (t), 66.7 (d), 127.0 (d), 128.1 (d), 

129.3 (d), 132.5 (d), 133.3(d),139.3(~), 173.6 (s); IR v,,, cm-':700, 760, 860, 1040, 1120, 1160, 

1180,1380,1440,1460,1720,2860,2940;MS m/e271 (M+, 6%),198(100%),170(91%),117 

(4%),91 (68%), 79~l~);HRMS cat&for C'~H~'NO~:271.1572. Found:271.1574. 

~o~somer. Rf {EtOA~hexane 1:9) 0,13;~~(3OOMHz~ CDCI3) 1.13 (3H,t,J=7,OHz}, 1.21-1.45 

(2H, m), 1.68 (lH, m),2.19 (lH, m), 2.89 (lH, m), 3.05 (lH,d, J-1.6Hz), 3.39 (lH, m),3.70-3.85 

(2H, ABq, J=l2.8Hz), 3.92-4.05 (2H, ABqq, J=7.0, 3.5Hr), 6.17 (iH, dd, J=7.3, 6.2Hz), 6.53 (lH, 

m), 7.17-7.41 (SH, m);6~(225MHz, CHCIsJl4.2 (q), 18.3(t),24.0 (t), 33.5 (d),49.9 (d),58.2& 60.4 

(t), 66.0 (d), 127.1 (d), 128.2 (d), 129.4 (d), 130.5 (d), 136.7 fd), 139.0 (s), 173.5 (s); IRv ABX cm-': 

700,725,750,1040,i120,1180, 1260,1380,1440,1460,1720,2860, 2940;MS m/e 271 (M+, 

1%) 198 (43%) 170 (88%), 117 (3%), 91 (100%) 79 (10%); HRMS caicd. for C'7H2'N02: 

271.1572. Found:271.1574. 

~RIS)-i-Benzvl-6-ethoxvcarbonvl-3.4-dimeth~,4-didehvdr~i~eridine. Prepared by method A 

(35h) from 2,3"dimethylbutadiene in 47% yield. 

Rf (EtOA~hexane 1:9) 0.55;~~(9OMHz, CDGls)1.25 (3H,t,J=7.OHz~ 1.53 (3H, s), 1.61 (3H, s), 

2.32 (2H, broad s), 3,lO (2H, broad q, J=l8,OHz), 3.48 (lH, t, J=4.9Hz), 3.63-3.98 (2H, ABq, 

J=f3.OHz), 4.14 (2H, q, J=7.OHz), 7.19-7.30 (5H, m):~~22.5MHz, GHCla) 14.4 (q), 16.3 (q), 18.4 

(q) 34.3 (t), 53.9 (t), 52.9 {t), 59.3 (d), 59.9 (t), 121.9 (s), 123.9 (s), 127.0 (d), 128.2 (d), 128.9 (d), 

138.6 (s), 173.0 (s);lR v,,, cm-':700,740,980,1025,1040,1090,1130,1150,1180,1360,1450, 

1490, 1730, 2860, 2900, 2980, 301O;MS m/e 273 (M+, 8%) 200 (100%~ 182(8%), iOS@%), 91 

(47%);HRMS~l~.for C,,H~NO~ :273.172S.Found:273.1732. 
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(6R/S)-1 -Benzvl-6-ethoxvcarbonvl-4-methvl-3.4-didehvdrooioeridine. Prepared by method A 

(35h) from Z-methylbutadiene in 43% yield. 

Rf (EtOAc/hexane 1:9) 0.48; 8~(300h#iZ, CD&) 1.28 (3H, t, J=7.0Hz), 1.68 (3H, s), 2.25-2.45 (2H, 

m), 3.06-3.39 (2H, ABq, J=l6.OHz), 3.53 (IH, dd, J&6, 3.7Hz), 3.75-3.90 (2H, ABq, J=l3.OHz), 

4.17 (2H, q, J=7.0Hz), 5.36 (lH, s), 7.23-7.36 (5H, m); &(225MHz, CHCls) 14.3 (q), 22.8 (q), 32.9 

(t), 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 max cm-‘: 700, 740, 1030, 1050, 1160, 1190, 1370, 1450, 1490, 1730, 2860, 2920, 

2980, 3020; MS m/e 259 (M+, 3%) 186 (100%) 168 (3%) 91 (51%); HRMS calcd. for C16H2,N02 : 

259.1568. Found: 259.1569. 

~2RIS.5S/R.6RIS~-l-Benzvl-6-ethoxvcarbonvl-2.5-dimethvl-3,4-didehvdrooioeridin~. Prepared by 

method A (48h) from tfaan.s,frans-hexa-2,4-diene in 36% yield, as a single diastereoisomer. 
Rf (EtOAc/hexane 1:9) 0.43; 6~(300MHZ, CDCls) 1.04 (3H, td J=7.0Hz), 1.08 (3H, d, J=6.9Hz), 1.2 

(3H, t, J=7.1Hz), 2.54 (IH, m), 3.37 (lH, m), 3.46 (IH, d, J=4.7Hz), 3.90-4.01 (2H, ABq, 

“JAa”=14.8Hz), 4.10-4.22 (2H, ABqq, J=7.0 and “JAa”=3.8tiz), 5.51 (1 H, dt, J=Q.Q and 2.2Hz), 5.64 

(lH, ddd, J=9.9, 3.5 and 2.5Hz), 7.20-7.37 (5H, m, Ph); 6c(22.5MHz, CHCla) 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 max cm-l: 715, 750, 1040, 1120, 1140, 1170, 1380, 1470, 1750, 2900, 2960, 3000, 

3060; MS m/e 273 (M+, I%), 200 (69%) 108 (a%), 91 (lOO%), 65 (13%); HRMS calcd. for 

C17H23N02 : 273.1729. Found: 273.1730. 

/2WS.6RIS~-l-Benzyl-6-ethoxvcarbonvl-2-methvl-3,4-didehvdrooioeridin~. 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,6S)/(2S/6R)] isomers in a ratio of 93:7. (The f3C data in brackets refers to the minor isomer). 

Rf (EtOAc/hexane 1:9) 0.27; &(300MHZ, CDCls) 1.08 (3H, d, J=6.9Hz), 1.23 (3H, t, J=7.2Hz), 2.23 

(lH, dddd, J=l7.0, 5.6, 5.5 and 2.8Hz), 2.45 (lH, dddd, J=l7.0, 6.3, 4.2 and 2.OHz), 3.31-3.39 (lH, 

m), 3.46 (lH, t, J=5.6Hz), 3.90-4.00 (2H, ABq, “JAa”=l4.7Hz), 3.94-4.14 (2H, qABq, J=7.2 and 

“JAa”=3,5HZ), 5.54 (lH, dddd, J=lO.O, 2.8, 1.8 and 1.8Hz), 5.72 (lH, dddd, J=lO.O, 3.85, 3.85 and 

2.3Hz), 7.18-7.38 (5H, m); 6c(22.5MHz, CHCla) 14.1 (14.3) (q), 18.4 (21 .O) (q), 27.6 (t), 53.7 (52.3) 

(d), 56.4 (54.8) (1) 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-l: 700, 730, 

1030, 1180, 1260, 1290,1370, 1450,1490, 1730, 2860, 2940, 2980,304O; MS m/e 259 (M+, 3%), 

244 (4%) 200 (12%) 186 (loo%), 170 (8%) 91 (80%); HRMS calcd. for CIGHP1N02 : 259.1568. 

Found: 259.1568. 

2-Aza-2-I~R~-1-ohenvlethvll-3-ethoxvcarbonvl-f2.2.ll-bicvcloheot-5-ene. Prepared by method B 

(24h) from cyclopentadiene (82% yield). The exo and endo isomers (ratio 97:3) were separated 

by flash chromatography. 

Exe-isomers (ratio 9455.5; lsC data on minor isomer given in brackets). Rf (EtOAc/hexane 1 :Q) 

0.51; 6~(300fvtiz, CDC13) 0.95 (3H, 1, J=7.2Hz), 1.40 (4H, d, J=6.5Hz), 2.12 (IH, d, J=6.9Hz), 2.19 
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(lH, s), 2.89 (lH, broad s), 3.02 (lH, q, J=6.5Hz),3.81 (ZH, m), 4.30 flH, d, J=l5Hz), 6.25-6.28 

(lH, dd, J&.6, lQHz), 6.40-6.43 (1H. m), 7.13-7.41 (5H, m); %(75MHz, CHCI3) 14.1 ~14.2)(q~, 

22.6 (24.3) (q), 45.4 (44.3) (t), 49.0 (48.4) (d), 60.2 (60.4) (t), 62.6 (d), 63.3 (63.7) (d), 65.0 (64.7) 

(d), 128.9 (127.4) (d), 127.9 (d), 128.0 (128.4)(d), 132.9 (134.3)(d), 136.4 (139.0) (d), 145.0 (s), 

174.3 (s); IR v max cm-1:700,730,770, 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 

(ll%), 198 (70%), 131 (8%), 105 (loo%), 34 (28%); HRMS calcd. for &H2,N02 : 271.1572. 

Found:271.1572. 

&&-isomer. Rf (EtOAc/hexane, 1:Q) O.i7;6~(300MHz, CDClo) 1.04 (3H,t, J=7.1Hz), 1.47 (3H,d, 

J=6.4Hr), 1.51 (lH, d,J=9.6Hz), 1.64 (lH, d, J=9.6Hz), 3.23 (IH, broad s), 3.30 (lH, d, J=3.3Hz), 

3.64 (IH, q, J=65Hz), 3.85-3.94 (2H, ABqq, J=7.1, 2.5Hz), 4.05 {IH, broad s), 6.05-6.08 (IH, dd, 

J=5.6, 2.7Hz), 6.57-6.60 (lH, dd, J=5.5, 3.lHz), 7.16-7.35 (5H, m); ~(22.5MHz, CHCI3) 14.1 (qf, 

22.9 (q), 45.5 (t), 48.3 {d), 60.1 {t), 63.3 {d), 64.2 (d), 64.3 (d), 127.1 (d), 128.1 (d), 128.2 (d), 135.1 

(d), 138.7 fd), 144.4 (s), 173.4 (s); IRv,,, cm-1:700,730,770,900,320,1040,1050,11~0,1170, 

1290,1330,1450,1740,2860,2940,2980,3040;MS m/e 271 (M+, ll%), 256 (12%), 198 ~80%~ 

131(40%),105(100%),34(18%);HRMScaicd.for C17H~1N0~:271.1572.Found:271.1570. 

2-Aza-2-~-1-ohenvlethvll-3-ethoxvcarbonvl-12.2.21-bicyclooct-5-en~. Prepared by method B 

(60h) from cyclohexadiene (31% yield). The exe and endo isomers (ratio 92:8) were separated 

by flash chromatography. 

&@-isomers (ratio 92:8;1sCdataon minorisomergiven in brackets). Rf (EtOAc/hexane, 1:9)0.51; 

6~(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 (lH, 

m), 2.02-2.19 (lH, m), 2.72 (lH, m), 2.89 (lH, dd, J=2.2, 1.8Hz), 3.43 (lH, q, J=S.GHz), 3.64 (lH, 

m), 3.96 (2H,q, J=7,2HzJ, 6.22-6.28 {IH, m), 6.36-6.41 (lH, td, J=6.7, l.OHz}, 7.10-7.40 (5H, m); 

8c(75MHz, CHCl3) 14.1 (q), 18.5 (18.3) (t), 19.0 (q), 26.4 (t), 33.8 (34.3) (d), 47.6 (49.0) (d)v 60.1 

(60.2) (t), 63.0 (63.9) fdf, 65.1 f65.0) (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); IRv,,, cm-1:700, 730, 770,820, 920, 1030, 1040, 

1070,1180,1260,1280,1300,1370,1450,1490,1740,2860,2900,2960,3020;MS m/e 285 

(M+, 2%), 270 (l%), 212 (70%), 184 (45%), 105 (lOO%), 80 (95%); HRMS calcd. for Ct8H23N02 : 

285.1727. Found: 285.1728. 

&go-isomer. Rf (ElOAclhexane, 1:9) 0.17; 8R(300Miiz, CDCl3) 1.08-1.44 (2H, m), 0.92 (3H, t, 

J=7.1H.z), 1.40 (3H, d,J=6.6Hz), 1.63 (lH, m), 2.12 (lH, m), 2.67 (lH, m),3.02 (IH, d, J=l.8i-iz), 

3.62 (lH, q, J=6.6Hz), 3.71 (2H, q,J=7.1Hz), 3.94 (lH, m), 6.11-6.16 (lH, t, J=7.1Hz), 6.64-6.70 

(lH, td, J~8.2, 1.6Hz), 7.13-7.34 (5H, m); 6o(75MHz, CHCl3) 14.0 (q), 18.6 (t), 22.1 (q), 23.8 (t), 

34.3 (d), 47.4 (d), 59.9 (t), 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 max cm-l:700, 770, 1040, 1060, 1100, 1160, 1180, 1280, 1380, 1460, 

1500, 1750, 2860, 2940, 3030; MS m/e 285 (M+, 2%), 270 (l%), 212 (70%), 185 (45%) 105 

(100%},~(95%~:HRMS~l~.for C,*H~~NO*:285.1727.~ound:285.1728. 

~6S/R1-1-fIR1-l-Phenvlethvl~-6-ethoxvcarbonvl-3.4-dimethvl-3.4-didehvdrooiperidine. Prepared by 

method B (24h)from 2,3_dimethylbutadiene (69%yield)as a mixture of 6S/R-isomers (ratio 84:t6). 



1278 P. D. BAILEY et al. 

(The 13C data in brackets refers to the minor isomer). 

Rr (EtOAc/hexane 1:9) 0.43; 6~(300MHt, CD&) 1.25 (1.19) (3H, t, J=7.0Hz), 1.32 (1.26) (3H, d, 

J=6.8Hz), 1.43 (3H, s), 1.62 (3H, s), 2.29-2.59 (2H, broad m), 2.75-3.17 (2H, broad ABq, 

J=l6.4Hz), 3.94-4.04 (2H, m and q, J=68Hz), 4.14 (2H, q, J=7.0Hz), 7.17-7.38 (5H, m); 8~(75MHz, 

CHC13) 14.4 (14.2) (q), 16.3 (16.6) (q), 18.4 (q), 21.0 (22.2) (q), 34.8 (t), 52.2 (50.6) (t), 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-l: 700, 760, 1040, 1100, 1140, 

1180, 1240, 1370, 1450, 1490, 1730, 2910, 2980, 3020, 3060; MS m/e 287 (M+, 18%) 214 

(lOO%), 182 (18%) 110 (75%) 105 (69%) 77 (10%); HRMS calcd. for CIBH2sN02 : 287.1899. 

Found: 287.1899. 

The major (GS)-isomer could be isolated by flash chromatography (EtOAcIhexane 1:249), and was 
converted to its hydrochloride salt: m.p. 162-164oC [a]~ 20 -7.5 (c=l .OO, MeOH). Crystallisation 

from EtOAc/hexane yielded crystals suitable for structure determination by X-ray diffraction. 

(1 iceridine. Prepared by 

method B (30h) from 2-methylbutadiene (44% yield) as a mixture of GS/R-isomers (ratio 81:19). 

(The NMR data in brackets refers to the minor isomer). 

Rt (EtOAcihexane 1:9) 0.48; 8~(300MHz, CDCls) 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 (lH, q, J=6.7Hz), 4.05 (3.39) (lH, 

dd, J=6.5 and2.2Hz), 4.17 (2H, q, J=7.2Hz), 5.26 (5.45) (lH, brs), 7.17-7.64 (5H, m); Sc(75MHz, 

CHC13) 1404 (14.2) (q), 21.1 (q), 22.9 (22.2) (q), 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 max cm-r: 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 C17HZ3N02 : 273.1729. Found: 273.1738. 

The diastereoisomers could be separated by flash chromatography (EtOAclhexane 1:249), giving 

the major (GS)-isomer {[a]~~~ +7.5 (c=l.OO, CHCl3)} and the minor (GR)-isomer ([a]$ +65 

(c=2.00, CHCIB)}. 

Using the (S)-imine in the aza-Diels-Alder reaction generated the antipodal adducts, which were 

used as a diastereomeric mixture for assessment of optical purity by chiral HPLC (see Figure 2 

and note 22). 

(2 IR R 1 -dimethvl-3.4-didehvdrooioeridine. 

Prepared by method B (36h) from trans,trans-hexa-2,4-diene (55% yield) as a mixture of 

(2S,5R,6S)- and (2R,5S,6R)-isomers (ratio 63:37). (The NMR data in brackets refers to the minor 

isomer). 

Rf (EtOAc/hexane 1:9) 0.55; 6~(300MHz, CDCls) 1.08 (0.94) (3H, d, J=7.6Hz), 1 .Ol (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 (lH, m), 3.43 (3.79) 

(IH, m), 3.76 (3.23) (lH, d, J=5.5Hz), 3.95 (4.00) (lH, q, J=7.0Hz), 4.19 (4.20) (2H, m), 5.53-5.69 
(2H, m), 7.17-7.40 (5H, m); 8c(75MHz, CHCIs) 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), 173.5 (172.8) (s); IR v 

may cm-l: 700, 770, 1030, 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 (lOO%), 77 (8%); HRMS 

calcd. for C18HZ5N02 : 287.1899. Found: 287.1899. 

~2S/R.6S/RI-1-IIR~-l-PhenvlethvIl-6-ethox~carbonvl-2-methvl-3.4-didehvdrooioeriding. Prepared 

by method B 36h) from Vans-penta-1,3-diene (35% yield) as a mixture of (2S,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; &(300MHz, CDCl3) 0.92 (1.08) (3H, d, J=6.9Hz), (1.30 (1.29) (3H, t, 

J=7.lHz), 1.42 (1.38) (3H, d, J=6.6Hz), 2.03-2.58 (2H, m), 3.29-3.38 (3.75-3.85) (lH, m), 3.96 

(3.33) (lH, 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 (5H, 

m); Sc(22.5MHz, CHCis) 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 vmax cm-l: 700, 770, 1030, 

1180, 1370, 1450,1490,1730,2900,2940,2980,3020; MS m/e 273 (M+, 17%), 258 (53%), 200 

(loo%), 154 (13%), 105 (loo%), 96 (92%): HRMS calcd. for C17HZ3N02 : 273.1729. Found: 

273.1727. 

Further transformations of Diels-Alder adducts. (N.B. See note 17 concerning numbering) 

Ethvl ~2S.4R/SI-1-I~RI-1-ohenvlethvll-4-methvloioecola~. (6S)-l-[(R)-I-Phenylethyll-6- 

ethoxycarbonyl-4-methyl-3,4_didehydropiperidine (125mg, 0.46 mmol) was dissolved in degassed 

ethyl acetate (lOml), 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 vacua. Flash chromatography (ethyl acetatelhexane 1:99) gave the 

cis (2S,4R) and trans (2S,4S) isomers (88:12 ratio), in a combined yield of 78%. 

Cis-isomer (2S.4R). Rf (EtOAc/hexane 1:9) 0.43; [a]~ 24 -17.5 (c=l .OO, CHCl3); 6H(300MHZ, 

CDCls) 0.89 (3H, d, J=G.OHz), 1.09 (lH, qd, J=ll.9 and 3.8Hz), 1.29 (3H, t, J=7.lHz), 1.31 (3H, d, 

J=6.9Hz), 1.34-1.53 (3H, m), 1.85 (lH, m), 2.13 (lH, td, 11.2 and 2.2Hz), 2.48 (lH, dt, J=ll.3 and 

3.3Hz), 3.36 (lH, dd, J=lO.4 and 2.8Hz), 3.94 (lH, q, J=6.9Hz), 4.16-4.26 (2H, qABq, J=7.1 and 

“J,$‘=3.4Hz), 7.18-7.53 (5H, m); 6c(75MHz, CHCls) 9.0 (q), 14.3 (q), 21.7 (q), 30.6 (d), 33.7 (t), 

38.6 (t), 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); IRv 

may cm-l: 700, 740, 780, 1035, 1100, 1130, 1170, 1240, 1260, 1280, 1370, 1450, 1490, 1740, 

2880, 2930, 2960, 3030; MS m/e 275 (M+, 2%), 260 (8%), 202 (73%), 105 (52%), 98 (loo%), 77 

(10%); HRMS calcd. for C17HZ5N02 : 275.1916. Found: 275.1916. 

Trans-isomer (7S.4Q. Rf (EtOAc/hexane 1:9) 0.54; [a]$4 t32.5 (c=l .OO, CHCl3); 6~(300MHz, 

CDCls) 0.88 (3H, d, J=5.8Hz), 0.99-1.12 (IH, m), 1.22 (3H, d, J=6.74-lz), 1.29 (3H, t, J=7.lHz), 1.44- 

1.55 (3H, m), 2.05 (lH, m), 2.48 (lH, m), 2.83 (lH, td, J=l2.0 and 2.7Hz), 3.95 (2H, q and d), 4.14- 
4.22 (2H, qABq, J=7.1 and “J,$=3.4Hz), 7.17-7.37 (5H, m); &(22.5MHz, CHC13) 14.4 (q), 21.9 (q), 

22.0 (q), 27.1 (d), 34.2 (t), 36.9 (t), 43.8 (t), 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 max cm-l: 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*, I%}, 260 (l%)> 202 (1 OO%), 105 (35%), 98 

(63%), 79 (3%); HRMS caicd. for ~,,H~N~~ : 275.1916. Found: 275.1916. 

Ethyl ~2S.4R)-4-methvlo~ecoi~. Ethyl (2S,4R)~l-~(R)-l-phenyiethyi]-4-methylpipecoiate (200mg, 

0.72 mmol) was dissolved in ethanol @ml); 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 vacua, 

and the residue was purified by flash chromatography (ethyl acetate/hexane 3:7) to give the 

desired product in 72% yield. 

[a]~*~ -10.5 (c=2.00, EtOH) (Lit. [a]~ ** -12.5 (c=5.00, EtOH); &(3OOMHz, CDCl3) 0.95 (3H, d, 

J=6.4Hz), 0.99-1.13 (IH, qd, J=l2.3 and 3.2Hz), 1.27(4H, t + m, J=7.1Hz), 1.49-1.60 (2H, m), 2.00 

(IH, m), 2.09 (lH, brs), 2.62 (IH, td, J~12.2 and 2.3 Hz), 3.15 (lH, ddd, 5~12.2, 3.8 and 1.6Hz), 

3.30 (IH, dd, J=11.6 and 2.7Hz), 4.17 (2H, q, J=7.1Hz); ~~~75MH2, CHCIs) 14.2 (q), 22.4 (q), 31.3 

(d), 34.6 (t), 37.9 (t,, 45.8 (t), 59.O~d),60.7 (t), 173.4(s); f~v~~~m-‘:750, 1030, 1100, 1130, 1180, 

1220, 1270, 1375, 1450, 1730, 2880, 2940, 2960, 3020; MS m/e 171 (M+, 1 X), 98 (1 OO%), 56 

(35%), 42 (9%), 41(10%); HRMS calcd. for GHr7NOz: 171.1263. Found: 171.1267. 

Ethvi (2S.4S)-4-methvlbioecolate. Ethyl (2S,4S)-l-[(R)-1-phenytethyll-4-methylpipecolate 

(lOOmg, 0.36 mmol) was dissolved in ethanol @ml); Pearlman’s ca!alyst (10% palladium 

hydroxide on charcoal, 1 lmg) 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 vacua, and the residue was purified by flash chromatography (ethyl 

acetatelhexane 3:7) to give the desired product in 51% yield. 

[a]$* +22 (c=1.40, EtOH) {Lit. [a]$* +24.1 (c&00, EtOH); ~~(3OOMHz. CDCi3f 0.94 (3H, d, 

J=6.4Hz), 1.02-1.15 (lH, qd, J=12.3 and 3.2Hz), 1.25 (4H, t+m, J=7,lHz), 1.59-1.65 (2H, m), 2.10 

(IH, brsf, 2.20 (IH, m), 2.98 (IH, td, J=i2.2 and 2.3 Hz), 3.46 (IH, ddd, J=12.2, 3.8 and 1.6Hz), 

4.01 (lH, dd, J=11.6 and 2.7Hz), 4.21 (2X, q, J=7.lHz); ~~(22.5MHz‘ CHClsf 14.3 (q), 22.7 (q), 

27.8 (d), 35.1 ft), 36.2 (t), 48.1 (t), 58.3 (df. 59.9 (t), 173.0 (s); tRv,,cm-1: 760, 1025, 1100, 1130, 

1150, I 220, 1270, 1385, 1450, 1740, 2880,2930,2960,3020; MS m/e 171 (M+, l%), 98 (1 OO%), 

56 (35*X$ 42 (9%), 41(10%); HRMS calcd. for C9H1rN02 : 171.1263. Found: 171.1267. 
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