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Abstract

N-Benzylimines derived from conveniently protected (R)-glyceraldehyde underwent diastereoselective tandem
Mannich-Michael reaction with Danishefsky's diene in the presence of Lewis acids. The temperature, catalyst
and solvent dependence of the product ratio is described. Under zinc iodide-catalysed conditions in acetonitrile
at =20 °C, double stereodifferentiation using (R)-2,3-di-O-benzylglyceraldehyde (S)-N-a-(methylbenzyl)imine

as starting material was successful and the reaction occurred with good yield and complete diastereoselectivity.
© 1999 Elsevier Science Ltd. All rights reserved.
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Introduction

Nitrogen-containing heterocycles are abundant in nature and exhibit diverse and important
biological properties [1-4]. One of the parent systems, the piperidine ring, is contained in
numerous physiologically active compounds [5]. Accordingly, novel strategies for the
stereoselective synthesis of enantiopure piperidines continue to receive considerable attention
in the field of synthetic organic chemistry [6-8]. The hetero Diels—Alder reaction [9,10] of C~
N double bonds with carbon dienes is probably the most efficient route to substituted piperidine
derivatives reported to date. This reaction potentially allows the rapid construction of quite
complex piperidines, functionalised or derivatised at various positions.

The development of methods to effect the hetero Diels—Alder reaction asymmetrically was,
for a long time, restricted to only a few attempts. However, during the last decade this field has
been the subject of intense research activity. The diastereoselectivity of this reaction has been
investigated with chiral C-acylimines [11-15], chiral alkoxy imines [16-19], imines derived
from chiral amino sugars [20,21], chiral amino esters [22,23] or chiral amino alcohols [24],
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chiral tricarbonylchromium complexes of substituted benzaldehyde imines [25,26], chiral 1,3-
butadienes [27,28] and chiral Lewis acids [29,30]. In some of these cases a cycloaddition
pathway was suggested, while in others an addition-cyclization pathway (tandem Mannich—
Michael reaction) was postulated.

Our recent work [31-35] has been directed towards the synthesis of highly functionalised
amino acids from chiral imines derived from conveniently protected (R)-glyceraldehyde, a
useful starting material from the chiral pool. As a result of that work we reported the
asymmetric hetero Diels—Alder reaction of (R)-2,3-di-O-benzylglyceraldehyde N-benzylimine
with Danishefsky's diene as a new approach to homochiral piperidine building blocks and its
application to the synthesis of (R)-4-oxopipecolic acid [36]. We have now completed a more
detailed study of that topic, including double induction using imines derived from (R)-2,3-di-O-
benzylglyceraldehyde and a chiral amine, (R) or (S)-o-methylbenzylamine, as a starting
material.

Results and discussion

As previously reported, imine 1, obtained from crude (R)-2,3-di-O-benzylglyceraldehyde and
benzylamine, reacts in dichloromethane with 1-methoxy-3-trimethylsilyloxy-buta-1,3-diene
(Danishefsky's diene) in the presence of 1.1 eq. of a Lewis acid catalyst to give the cyclic
enaminones 2a and 2b. The yields of these reactions are low to acceptable depending on the
Lewis acid and reaction temperature used. In general, good stereoselectivity is observed in
favour of the diastereomer of R configuration as determined by correlation of the major
diastereomer 2a with (R)-4-oxopipecolic acid [36] (Scheme 1, Table 1). From this study we
concluded that the best catalyst system in dichloromethane is Znl at 40 °C (Table 1, entry
10).
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It is interesting to note that the sense of induction was not affected by the complexing
properties of the Lewis acid employed [24,37]: both the chelating zinc salt and the aluminum or
boron catalysts, which usually prefer tetracoordination, gave the same diastereomer 2a in
excess. The stereochemical course of the reaction with non-chelating Lewis acids can be
explained by assuming that the catalyst coordinates to the imine nitrogen and that the
glyceraldehyde moiety preferentially adopts an anti-Felkin—Anh conformation A [38], in which
the 0.-C—OBn bond is oriented perpendicular to the imine group. The silyloxydiene should now
preferentially attack from the re-side and give the observed major product. On the other hand,
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the alkoxy imine 1 can behave as a bifunctional ligand towards chelating Lewis acids, such as
Znly, and if we assume that the Zn(IT) coordinates with the nitrogen of the imine group and the
adjacent oxygen to form a 5-membered ring intermediate B [39], this chelate should also be
preferentially attacked from the re-side (Figure 1). These hypothetical models should be
regarded as working hypotheses only, because the situation could be even more complicated
due to the possibility of the imine undergoing E to Z isomerization [37,40].
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Figure 1

Table 1.

Lewis acid and temperature influence on the reaction of 1 with Danishefsky's diene

Entry Lewis acid Temp. (°C) Time (h) Yield (%) d.r.
1 MgBr; rt. 24 - -
2 Eu(fod)s It 24 -° :
3 SnCly rt. 0.25 -¢ -
4 TiCly It 0.25 - -
5 EtAICI Lt 0.25 16 82/18
6 BF3.EO L.t 0.25 15 80/20
7 Znl, rt. 0.25 16 85/15
8 EtAICI 40 4 53 84/16
9 BF3.EO —40 4 35 86/14
10 Znl, -40 4 67 91/9
11 EtAICI -78 10 52 82/18
12 BF3.Et;0 -78 10 34 85/25
13 Znlp 78 10 67 90/10
14 SnCl4 78 0.25 - -
15 TiClq —78 0.25 -° -

* Determined from the spectra of the crude reaction mixture by integration of the TH-NMR absorptions of one of the

ethylenic protons [major: § = 6.90 (dd), minor: § = 7.02 (dd)]. *A complex mixture of products was obtained. ¢ Rapid
decomposition was observed.

It has been reported that the diastereofacial selectivities of intermolecular hetero Diels—Alder
reactions with alkoxy imines can be modified by the polarity of the reaction solvent [41]. We
have therefore studied the influence of this variable on the stereochemical course of the
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reaction between (R)-2,3-di-O-benzylglyceraldehyde N-benzylimine and Danishefsky's diene
catalysed by Znl at —40 °C (Table 2).

Table 2.
Solvent influence on the reaction of 1 with Danishefsky's diene.

Entry Solvent catalyst (eq) Yield (%)’ dr.’
1 toluene 1.1 65 75125
2 diethyl ether 1.1 30 76/24
3 tetrahydrofuran 1.1 63 80/20
4 dichloromethane 1.1 67 91/9
5 nitroethane 1.1 65 95/5
6 nitroethane 0.2 59 95/5
7 acetonitrile 1.1 88 95/5
8 acetonitrile 0.2 70 95/5

* Reaction time 4 h . ° Determined from the spectra of the crude reaction mixture by integration of the 'H-
NMR absorptions of one of the ethylenic protons [major: 8 = 6.90 (dd), minor: & = 7.02 (dd)].

We observed that, with aprotic solvents, an increase in the solvent polarity led to an
improvement in the diastereoselectivity of the reaction. The reasons for this phenomenon are
not clear, although it may result from stabilisation of the chelated intermediate by polar
solvents [41]. The best results were obtained when the reaction was carried out in nitroethane
or acetonitrile (Table 2, entries 5, 6, 7 and 8). It is worth noting that the same yield and
diastereoselectivity was obtained when a less than stoichiometric amount of Znlz (0.2 eq.) in
nitroethane or acetonitrile was used as catalyst (Table 2, entries 6 and 8).

Although the asymmetric induction was high, removal of the undesired diastereomer 2b was
difficult, and homochiral product 2a was hard to obtain. As an alternative, we therefore tested
the reaction between the imine 3 - obtained from benzylamine and (R)-2,3-di-O-
isopropylideneglyceraldehyde, previously purified by distillation [42] — and Danishefsky’s
diene under the experimental conditions described above. In this case we observed the
formation of the corresponding diastereomeric enaminones 4a and 4b in excellent yield (93%)
but, unfortunately, with very low stereoselectivity (d.r. 69/31). (Scheme 2). Due to this
disappointing result we did not continue our studies on this starting compound.
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Finally, we studied the possibility of the use of imines, derived from chiral amines, as
starting compounds to perform a double asymmetric induction process. With this aim in mind,
crude (R)-2,3-di-O-benzylglyceraldehyde was treated with (S)- or (R)-a-methylbenzylamine to
give the corresponding two imines 5 and 8 bearing two chiral centres. These imines were
treated with Danishefsky's diene under the optimal reaction conditions previously developed;
i.e. using acetonitrile as solvent in the presence of Znl7 as the Lewis acid. These imines proved
to be less reactive than imine 1 and the processes had to be carried out at —20 rather than —40
°C in order to obtain acceptable yields. Cyclic enaminone 7 and a mixture of enaminones 9a
and 9b were obtained in 75 and 73% yield from imines 5 and 8, respectively, after 4 h (Scheme
3). With the imine derived from (R)-c-methylbenzylamine, only modest asymmetric induction
was observed (d.r. 64/36), however, with the imine derived from (S)-c-methylbenzylamine
only a single diastereomer 7 could be detected by NMR.
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The diastereoselectivities of these processes reflect the net directing effect of both
stereogenic units present in the starting imines 5 and 8, i.e. 1,2-induction from the group at C-2
plus (matched pair) or minus (mismatched pair) 1,3-induction from the respective N-o-
methylbenzyl moiety.

The diastereomeric ratio of compounds 9a and 9b was determined from the spectra of the
reaction mixture by integration of the IH-NMR absorptions of the methyl protons of the N-a-
methylbenzyl moiety. The absolute configuration at the newly formed stereogenic carbon (C2)
of compounds 7 and 9a was determined by conversion of these products to the known
compound 15, which is an intermediate product in our previously reported [36] synthetic route
to naturally occurring (R)-4-oxopipecolic acid, according to Scheme 4. Selective reduction of
enaminone 7 or the mixture of 9a and 9b, with L-selectride® in THF at 78 °C gave,
respectively, the 4-piperidinone 10 or a mixture of piperidones 12a and 12b from which the
major compound 12a was isolated by column chromatography. The carbonyl groups of these
compounds were protected with ethylene glycol in the presence of boron trifluoride diethyl
ctherate to obtain the corresponding ketals 11 and 13. Both compounds were separately
converted into the N-BOC derivative 14 by selective hydrogenolytic debenzylation, followed
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by protection of the piperidine ring nitrogen with di-tert-butyldicarbonate. Finally, removal of
the O-benzyl groups by hydrogenolysis using palladium hydroxide as a catalyst gave the
desired diol 15, whose absolute configuration had been previously correlated with that of (R)-4-
oxopipecolic acid. Comparison of the specific rotation of compound 15, [@]p?5 = +45.0 (c =1,
CHCI3), with the known value® allowed us to unambiguously assign the R configuration to the
newly formed stereogenic centre.
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The stereochemistry of the reaction between imine 7 (matched pair) and Danishefsky's diene
in the presence of Znl as the Lewis acid can be understood in terms of the rational model C
involving a 5-membered compacting chelate (o-chelate) with the Zn atom (Figure 2). This
model is similar to that proposed by Jiger et al. [43] to explain the stereochemical course of the
addition of Grignard reagents to related imines. The N-a-methylbenzyl group is depicted in the
conformation that is known to be preferred in related systems due to allylic 1,3-strain [44,45].
In the intermediate complex, both the benzyloxymethyl group in the chiral (R)-glyceraldehyde
moiety and the phenyl group in the chiral amine would effectively block the si-face of the (E)-
imine 7' complexed with Znl and the diene would approach the re-face.

The mechanism of the reaction between imines and electron-rich dienes, like Danishefsky's
diene, in the presence of a Lewis acid is a matter of debate and may vary with the structure of
the reagents. This reaction is usually denoted as a [4+2] cycloaddition, but Kunz ez al. [20]

* For the same compound, correlated with (R)-oxopipecolic acid according to reference 14, [a]D25 = +45.0 (c=1, CHCl3)
! The preferred E geometry of 7 could clearly be demonstrated by IH-NMR analysis and NOE experiments.
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postulated a stepwise tandem Mannich-Michael process. In the reaction of imine § with
Danishefsky's diene the intermediate compound 6 (Scheme 3), which resulted from addition of
the silyl enol ether moiety of the diene, was detected. This Mannich intermediate was then
treated with 1N HCl and Michael addition followed by elimination of methanol to afford the
cyclic enaminone 7 occurred immediately. Moreover, when dilute HC1 was used for the work-
up prior to chromatographic separation, only enaminone 7 was detected. From these results we
infer that a tandem Mannich—-Michael sequence occurred when N-benzylimines derived from
conveniently protected (R)-glyceraldehyde were used as reagents in the reaction with
Danishefsky's diene.
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Conclusion

In summary: the optimal conditions to carry out the reaction between N-benzylimines
derived from (R)-2,3-di-O-benzylglyceraldehyde and Danishefsky's diene are to work at low
temperature, use acetonitrile as solvent and Znl3 as Lewis acid. Under these conditions, double
stereodifferentiation using (§)-a-methylbenzylamine as chiral auxiliary occurs and the reaction
takes place with complete control of stereochemistry. The resulting enaminone provides a
potential scaffold for other useful synthetic transformations [6] that can presumably be used to
prepare analogues of a wide variety of alkaloids containing the piperidine ring as well as cyclic
amino acid derivatives. Research into this area is underway and will be reported in due course.

Experimental

General. All reagents were purchased from the Aldrich Chemical Co. and used as received.
(R)-2,3-di-O-benzylglyceraldehyde  N-benzylimine 1), (R)-2,3-di-O-isopropylidene
glyceraldehyde N-benzylimine 3), (R)-2,3-di-O-benzylglyceraldehyde S)-o-
methylbenzylimine (5) and (R)-2,3-di-O-benzylglyceraldehyde (R)-a-methylbenzylimine (8)
were obtained according to our previously described procedure for the synthesis of imine 1
[32]. Melting points were determined with a Biichi 510 capillary melting point apparatus and
are uncorrected. IR spectra were recorded using a Perkin~Elmer 1600 FT-IR infrared
spectrophotometer. !H-NMR and 13C-NMR spectra were recorded on a Varian Unity-300 or a
Bruker ARX-300 spectrometer in deuterochloroform using the residual solvent signal as the
internal standard; chemical shifts (3) are given in parts per million and the coupling constants
(/) in Hertz. The 1H-NMR and 13C-NMR spectra of N-BOC protected compounds were not
conclusive at room temperature due to the presence of a dynamic equilibrium between rotamers
caused by the restricted rotation of the nitrogen-carbon bond of the urethane group. In order to
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overcome this problem NMR spectra of these compounds were run at 333 K. Optical rotations
were measured on a Perkin-Elmer 241-C polarimeter at 25 °C. Elemental analyses were
performed using a Perkin—Elmer 200 C,H,N,S elemental analyser. Mass spectra (MS) were
determined on a high resolution VG-autospec spectrometer. TLC was performed on Merck 60
F240 precoated silica gel polyester plates and products were visualised by UV light (254 nm)
and anisaldehyde/sulphuric acid/ethanol (2:1:100). Column chromatography was performed
using silica gel (Kiesegel 60).

General procedure for Lewis-Acid Catalysed reaction of imines 1 and 3 with Danishefsky's
diene

To a cooled suspension of the Lewis acid (3.3 mmol) in the selected dry solvent (35 ml) under
argon at the corresponding temperature was added a solution of the imine 1 or 3 (3 mmol) in
the same dry solvent (15 ml) and the mixture was stirred for 5 min. Commercial Danishefsky's
diene (95%) (652 mg, 3.6 mmol) was added in one portion via syringe. After completion of the
reaction, the dark yellow solution was poured into saturated aqueous NaHCO3 and extracted
with dichloromethane. The combined organic phases were washed with HCl IN and brine,
dried over MgSO4 and the solvent evaporated in vacuo. The resulting dark-coloured oil was
purified by silica gel column chromatography (1st ether, 2nd ethyl acetate as eluents) to afford
the corresponding adducts as a mixture of diastereomers. For yields and stereoselectivities see
Tables 1 and 2, as well as the text corresponding to Scheme 2.
(R)-N-Benzyl-2-[(S)-1,2-dibenzyloxyethyl]-5,6-dihydro-4-pyridone (2a)

From a 95/5 mixture of diastereomers: Yellowish oil, IR (neat) 1635, 1585 cm-1; 1H NMR
(CDCl3, 300 MHz) 6 2.17 (bd, 1H, J = 16.8 Hz); 2.66 (dd, 1H, J = 7.2 Hz, J = 16.8 Hz); 3.47
(dd, 1H, J = 3.6 Hz, J = 11.1 Hz); 3.67 (dd, 1H, J = 2.7 Hz, J = 11.1 Hz); 3.72-3.80 (m, 1H);
4.11 (ddd, 1H, J=2.7Hz, J=3.6 Hz, J = 8.4 Hz); 432 (d, 1H, J = 15.3 Hz); 446 (d, 1H, J =
11.7 Hz); 4.49 (s, 2H); 4.62 (d, 1H, J = 15.3 Hz); 4.67 (d, 1H, J = 11.7 Hz); 4.85 (bd, 1H, J =
7.2 Hz); 6.90 (dd, 1H, J = 1.2 Hz, J = 7.2 Hz); 7.15-7.37 (m, 15H); 13C NMR (CDCl3, 75
MHz) 8 37.3; 56.7; 60.4; 68.1; 72.6; 73.5; 75.8; 97.0; 127.4; 127.7; 127.8; 128.0; 128.0; 128.2;
128.4; 128.4; 128.9; 137.3; 137.7; 137.8; 152.7; 190.0; HRMS (EI): m/z = 427.2155 (M+ calcd.
for CogHa9NO3: 427.2147).
(R)-N-Benzyl-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-yl]-5,6-dihydro-4-pyridone (4a)

From a 69/31 mixture of diastereomers 4a/4b: Yellowish oil, IH NMR (CDCl3, 300 MHz) 3
1.32 (s, 3H); 1.42 (s, 3H); 1.95 (ddd, 1H, /= 1.3 Hz,J= 1.3 Hz, J = 17.0 Hz); 2.75 (dd, 1H, J =
7.3 Hz, J = 17.0 Hz); 3.36-3.43 (m, 1H); 3.48 (dd, 1H, J = 6.6 Hz, J = 8.6 Hz); 4.04 (dd, 1H, J
= 6.6 Hz, J = 8.6 Hz); 449 (d, 1H, J = 15.1 Hz); 4.69 (ddd, 1H, J=4.5Hz,J=6.0Hz,J=7.5
Hz); 4.76 (d, 1H, J = 15.1 Hz); 4.94 (bd, 1H, J=7.5 Hz); 7.11 (dd, 1H, J= 1.1 Hz, J = 7.5 Hz);
7.25-7.40 (m, 5H); 13C NMR (CDCl3, 75 MHz) § 25.3; 26.7; 37.3; 58.9; 60.0; 66.7; 73.4;
96.9; 109.9; 127.6; 128.2; 129.0; 136.9; 152.9; 189.0; HRMS of the 69/31 mixture of
diastereomers (EI): m/z = 287.1516 (M* calcd. for C17H21NO3: 287.1521).
(S)-N-Benzyl-2-[(S)-2,2-dimethyl-1,3-dioxolan-4-yl]-5,6-dihydro-4-pyridone (4b)

From a 69/31 mixture of diasterecomers 4a/4b: Yellowish oil -1H NMR (CDCl3, 300 MHz) 8
1.31 (s, 3H); 1.39 (s, 3H); 2.38 (ddd, 1H, /= 0.9 Hz, J = 2.5 Hz, J = 16.8 Hz); 2.68 (dd, 1H, J =
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8.2 Hz, J = 16.8 Hz); 3.63-3.70 (m, 1H); 3.73 (dd, 1H, J = 7.5 Hz, J = 8.5 Hz); 4.01 (dd, 1H, J
= 6.0 Hz, J = 8.5 Hz); 4.22 (ddd, 1H,J=4.5Hz,J=6.0Hz,J=7.5 Hz); 447 (d, 1H,J=15.3
Hz); 4.57 (4, 1H, J = 15.3 Hz); 4.94 (bd, 1H, J = 7.5 Hz); 7.13 (dd, 1H, J = 0.9 Hz, J = 7.5 Hz);
7.25-7.40 (m, 5H); 13C NMR (CDCl3, 75 MHz) & 25.3; 26.3; 36.3; 59.2; 60.4; 66.0; 73.4;
98.0; 109.0; 127.3; 128.3; 129.1; 136.6; 153.5; 189.7; HRMS of the 69/31 mixture of
diastereomers (EI): m/z = 287.1516 (M+ calcd. for C17H21NO3: 287.1521).

General procedure for Lewis-Acid Catalysed reaction of imines 5 and 8 with Danishefsky's
diene

To a suspension of Znl2 (1.05 g, 3.3 mmol) in dry acetonitrile (35 ml), cooled under argon at —
20 °C, was added a solution of the crude imine 5 or 8 (1.12 g, 3 mmol) in dry acetonitrile (15
ml) and the mixture was stirred for 5 min. Commercial Danishefsky's diene (95%) (652 mg, 3.6
mmol) was added in one portion via syringe. After 4 hours at —20 °C, the dark yellow solution
was poured into saturated aqueous NaHCO3 and extracted with dichloromethane. The
combined organic phases were washed with 1IN HCl and brine, dried over MgSO4 and the
solvent evaporated in vacuo. The resulting dark-coloured oil was purified by silica gel column
chromatography (1st ether, 2nd ethyl acetate as eluents) to yield 0.99 g (75% yield) of 7 or 0.96
g (73% yield) of 9a and 9b as a 64/36 mixture of diastereomers, respectively.
(R)-N-[(S)-a-Methylbenzyl]-2-[(S)-1,2-dibenzyloxyethyl]-5,6-dihydro-4-pyridone (T)

Yellowish oil; [a]p29= +84.0 (c = 1 in CHCI3); IR (neat) 1639, 1581 cm—1; 1H NMR (CDCl3,
300 MHz) 8 1.57 (d, 3H, J = 6.8 Hz); 2.36 (bd, 1H, J = 16.9 Hz); 2.73 (dd, 1H, J= 6.4 Hz, J =
16.9 Hz); 3.51 (dd, 1H, J=3.1 Hz, J = 11.1 Hz); 3.73 (dd, 1H, J = 1.9 Hz, J = 11.1 Hz); 3.96—
4.10 (m, 2H); 4.47 (d, 1H, J = 11.7 Hz); 4.48 (d, 1H, J = 12 Hz); 4.54 (d, 1H, J = 12 Hz); 4.65
(d, 1H, J = 11.7 Hz); 470 (q, 1H, J = 6.8 Hz); 478 (d, 1H, J =74 Hz); 6.71 (d, 1H, /= 7.4
Hz); 7.20-7.40 (m, 15H); 13C NMR (CDCl3, 75 MHz) 8 20.2; 37.3; 56.7; 62.7; 61.7; 72.2;
73.5; 76.4; 97.5; 127.8; 127.8; 127.8; 127.9; 128.0; 128.3; 128.4; 128.8; 137.8; 138.0; 139.2;
149.8; 190.4; HRMS (EI): m/z = 441.2306 (M* calcd. for C20H31NO3: 441.2304).
(R)-N-[(R)-a-Methylbenzyl]-2-{(S)- 1,2-dibenzyloxyethyl]-5,6-dihydro-4-pyridone (9a)

From a 64/36 mixture of diastereomers 9a/9b: Yellowish oil; 1H NMR (CDCl3, 300 MHz)
from the 64/36 mixture of diastereomers & 1.40 (d, 3H, J = 6.9 Hz); 2.12 (bd, 1H, J = 17.2 Hz);
2.57 (dd, 1H, J = 7 Hz, J = 17.2 Hz); 3.44 (dd, 1H, J = 3.6 Hz, J = 11.1 Hz); 3.60-3.70 (m,
2H); 4.054.12 (m, 1H); 4.46 (d, 1H, /= 11.7 Hz); 4.48 (s, 2H); 4.64 (d, 1H, J = 11.7 Hz); 4.76
(q, 1H, J = 6.9 Hz); 4.98 (d, 1H, J = 7.5 Hz); 6.74 (d, 1H, J = 7.5 Hz); 7.15-7.45 (m, 15H); 13C
NMR (CDCl3, 75 MHz) & 21.2; 36.8; 57.7; 63.3; 67.9; 72.7; 73.4; 76.0; 96.5; 125.7; 127.6;
127.6; 127.7; 127.8; 128.0; 128.3; 128.4; 128.8; 137.7; 137.8; 143.4; 147.3; 190.1; HRMS (EI):
m/z =441.2312 (M+ calcd. for Co9H31NO3: 441.2304).

General procedure for reduction of (R)-N-[(S)-o-methylbenzyl]-2-[(S)-1,2-dibenzyloxyethyl]-
5,6-dihydro-4-pyridone (7) or the mixture of (R) and (S)-N-[(R)-c-methylbenzyl]-2-{(S)-1,2-
dibenzyloxyethyl]-5,6-dihydro-4-pyridones (9a) and (9b)

To a solution of enantiomerically pure compound 7 or to a solution of a diastereomeric mixture -
(d.r. 64/36) of 9a and 9b (0.88 g, 2 mmol) in dry THF (30 ml) was added dropwise L-
selectride® 1M (2.2 ml, 2.2 mmol) at —78 °C under an argon atmosphere. After being stirred for
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72 h at that temperature, the reaction mixture was quenched with saturated aqueous NH4Cl and
extracted with ether. The combined organic phases were washed with brine, dried over MgSO4
and the solvent was evaporated in vacuo. The crude product was purified by silica gel column
chromatography (ether/hexane 1/2 as eluent) to give 0.75 g (85% yield) of 10 or 0.50 g (57%
yield) of 12a.

(R)-N-[(S)-c-Methylbenzyl]-2-[(S)-1,2-dibenzyloxyethyl ]-4-pyridone (10)

Colourless oil; [¢]p20= +0.8 (c = 1 in CHCI3); IR (neat) 1712 cm~1; IH NMR (CDCl3, 300
MHz) § 1.35 (d, 3H, J = 6.6 Hz); 2.12-2.21 (m, 2H); 2.32 (ddd, 1H,J=6 Hz, J=99 Hz, J =
16.6 Hz); 2.60 (dd, 1H, J = 6.6 Hz, J = 15 Hz); 3.04-3.20 (m, 1H); 3.22-3.30 (m, 1H); 3.34
(ddd, 1H, J = 4.2 Hz, J = 9.9 Hz, J = 13.8 Hz); 3.53-3.61 (m, 1H); 3.62-3.72 (m, 2H); 4.00 (q,
1H, J = 6.6 Hz); 4.45 (d, 1H, J = 12.3 Hz); 4.50 (d, 1H, J = 12,3 Hz); 4.55 (d, 1H, J = 11.4 Hz);
4.63 (d, 1H, J = 11.4 Hz); 7.10-7.40 (m, 15H); 13C NMR (CDCl3, 75 MHz) § 19.2; 38.8; 40.0;
43.3; 58.5; 58.6; 71.8; 73.3; 73.5; 81.2; 127.1; 127.4; 127.5; 127.6; 128.1; 128.2; 128.3; 128.4;
138.2; 138.3; 145.1; 209.0; HRMS (FAB+): m/z = 443.2453 (M* calcd. for C29H33NO3:
443.2460).

(R)-N-[(R)-a-Methylbenzyl]-2-[(S)-1,2-dibenzyloxyethyl ]-4-pyridone (12a)

Colourless oil; IR (neat) 1708 cm-1; 1H NMR (CDCl3, 300 MHz) 6 1.34 (d, 3H, J = 6.6 Hz);
1.98 (bd, 1H, J = 15.5 Hz); 2.19 (bd, 1H, J = 15 Hz); 2.33 (ddd, 1H, J=6.6 Hz, /= 10.8 Hz, J
= 15.5 Hz); 2.50 (dd, 1H, J = 6.9 Hz, J = 15 Hz); 2.68-2.78 (m, 1H); 3.30 (ddd, 1H, J = 3.9 Hz,
J=10.8 Hz, J = 14.7 Hz); 3.70-3.74 (m, 2H); 3.76-3.81 (m, 1H); 3.88 (dd, 1H,/=4.8 Hz, J =
8.7 Hz); 4.01 (q, 1H, J = 6.6 Hz); 4.56 (s, 4H); 7.10-7.50 (m, 15H); 13C NMR (CDCl3, 75
MHz) § 20.5; 39.1; 39.4; 43.8; 57.8; 59.6; 70.6; 72.6; 73.4; 78.4; 127.1; 127.5; 127.6; 127.7;
127.8; 128.2; 128.3; 128.4; 128.5; 138.1; 138.2; 145.3; 209.6; HRMS (FAB+): m/z = 443.2451
(M calcd. for C29H33NO3: 443.2460).

General procedure for the synthesis of (R)-N-[(S)-a-methylbenzyl]-2-[(S)-1,2-
dibenzyloxyethyl]-4-(1,3-dioxolane-2-yl)piperidine (11) and (R)-N-[(R)-c-methylbenzyl]-2-
[(S)-1,2-dibenzyloxyethyl]-4-(1,3-dioxolane-2-yl)piperidine (13) '
A solution of 10 or 12a (443 mg, 1 mmol) in dry chloroform (10 ml) and ethylene glycol (2 ml)
was cooled to =10 °C. To this solution, boron trifluoride etherate (0.5 ml) was added slowly via
a syringe. The reaction mixture was allowed to stir for 3 h at room temperature, poured into
water (10 ml), and extracted with dichloromethane. The organic layer was successively washed
with 10% sodium bicarbonate, water and saturated brine solution. After drying over MgSOay,
the solvent was removed in vacuo. The crude product was purified by silica gel column
(ether/hexane 1/2) to yield 400 mg (82% yield) of 11 or 415 mg (85% yield) of 13.
(R)-N-[(S)-a-Methylbenzyl]-2-[(S)-1,2-dibenzyloxyethyl ]-4-( 1,3-dioxolane-2-yl )piperidine (11)
Colourless oil; IR (neat) 950 cm-1; IH NMR (CDCls, 300 MHz) § 1.23 (d, 3H, J = 6.6 Hz);
1.40-1.53 (m, 2H); 2.00-2.10 (m, 1H); 2.29-2.51 (m, 2H); 3.07 (ddd, 1H, J=3.0Hz, J=5.1
Hz, J = 10.8 Hz); 3.63 (dd, 1H, J = 7.2 Hz, J = 10.5 Hz); 3.81-3.93 (m, 5H); 3.99 (dd, 1H, J =
1.5 Hz, J = 10.8 Hz); 4.08-4.19 (m, 2H); 4.49 (d, 1H, J = 12.1 Hz); 4.56 (d, 1H, J = 12.1 Hz),
4.71 (d, 1H, J = 12 Hz); 4.78 (d, 1H, J = 12 Hz); 7.10-7.42 (m, 15H); 13C NMR (CDCl3, 75
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MHz) 3§ 10.2; 35.1; 42.3; 54.8; 56.6; 64.2; 71.3; 72.7; 73.7; 77.8; 108.0; 126.4; 127.4; 127.5;
127.7; 127.8; 128.0; 128.2; 128.3; 138.7; 139.3; 144.4; HRMS (FAB+): m/z = 488.2821 (MH*
calcd. for C31H38NO4: 488.2800).

(R)-N-[(R)-o-Methylbenzyl]-2-[(S)-1,2-dibenzyloxyethyl ]-4-(1,3-dioxolane-2-yl)piperidine (13)
Colourless oil; IR (neat) 952 cm-1; 1H NMR (CDCl3, 300 MHz) & 1.30 (d, 3H, J = 6.9 Hz);
1.45-1.70 (m, 2H); 1.87-1.97 (m, 1H); 2.10-2.24 (m, 1H); 2.85-3.00 (m, 2H); 3.51 (dd, 1H, J
= 6.7 Hz, J = 10.6 Hz); 3.75-3.93 (m, 6H); 4.00 (dd, 1H, J = 6.6 Hz, J = 13.5 Hz); 4.25-4.35
(m, 1H); 4.57 (s, 2H); 4.73 (s, 2H); 7.00~7.55 (m, 15H); 13C NMR (CDCl3, 75 MHz) § 20.1;
33.8; 34.0; 42.7; 55.8; 56.4; 64.0; 64.1; 70.9; 72.3; 73.4; 71.4; 107.6; 126.8; 127.4; 127.5;
127.7; 127.8; 127.9; 128.0; 128.2; 128.3; 138.6; 139.1; 141.2; HRMS (FAB+): m/z = 488.2809
(MH calcd. for C31H38NO4: 488.2800).
(R)-N-tert-Butoxycarbonyl-2-[(S)-1,2-dibenzyloxyethyl]-4-(1,3-dioxolane-2-yl)piperidine (14)
To a stirred suspension of 20% Pd(OH)2/C (100 mg) in absolute ethanol (10 ml) under H» at 1
atm, was added a solution of 11 or 13 (487 mg, 1 mmol) in absolute ethanol (10 ml). The
reaction was stirred for 3 h at room temperature, filtered and the solvent evaporated in vacuo.
The resulting N-debenzylated product, diisopropylethylamine (13 mg, 0,1 mmol) and di-terz-
butyl dicarbonate (546 mg, 2.5 mmol) were dissolved in dry THF (25 ml). After being stirred at
50 °C for 20 h the reaction mixture was treated with ether (25 ml), washed with 1M aqueous
KHSO4, dried over anhydrous MgSQy4, filtered and concentrated in vacuo to afford a crude
product which was purified by flash chromatography (ether/hexane 1/1) to give compound 14
(338 mg, 70% from 11 or 318 mg, 66% from 13) as a colourless oil.

Oil; IR (nujol) 1691, 946 cm~1; 1H NMR (CDCl3, 300 MHz) 8 1.40 (s, 9H); 1.50-1.80 (m,
4H); 2.73 (ddd, 1H, J= 3.6 Hz, J = 12.3 Hz, J = 13.8 Hz); 3.55 (dd, 1H, J=4.3 Hz, /= 11 Hz);
3.60-3.85 (m, 7H); 4.03 (ddd, 1H, J=2.7 Hz, J = 4.1 Hz, J =99 Hz); 447 (d, 1H, J = 11.7
Hz); 4.48 (d, 1H, J = 12.3 Hz); 4.63 (d, 1H, J = 12.3 Hz); 4.69 (d, 1H, J = 11.7 Hz); 7.10-7.45
(m, 10H); 13C NMR (CDCl3, 75 MHz) & 28.4; 34.5; 34.8; 39.8; 52.0; 64.0; 64.5; 70.1; 72.3;
73.3; 75.8; 79.4; 107.3; 127.3; 127.5; 127.8; 127.9; 128.1; 128.3; 138.4; 138.9; 155.2; HRMS
(FAB+): m/z = 484.2705 (MH* calcd. for C2gH38NOg: 484.2699).

(R)-N-tert-Butoxycarbonyl-2-[(S)-1,2-dihydroxyethyl]-4-(1,3-dioxolane-2-yl)piperidine (15)

A solution of 14 (241 mg, 0.5 mmol) in ethanol (15 ml) was hydrogenated with 20%
Pd(OH)2/C (80 mg) as a catalyst at room temperature and atmospheric pressure for 24 h. When
the reaction was complete the catalyst was removed by filtration and the filtrate evaporate to
dryness. The resulting crude material was purified by flash chromatography (ethyl acetate) to
afford 139 mg (92% yield) of 15 as a white solid.

M. p. = 117 °C; []p20= +45.0 (c = 1 in CHCI3); IR (nujol) 1717 cm~1; IH NMR (CDCl3, 300
MHz)  1.43 (s, 9H); 1.60-1.71 (m, 2H); 1.77 (bd, 1H, J = 14.2 Hz); 3.87 (dd, 1H, J=7.3 Hz, J
= 14.2 Hz); 3.18-3.37 (m, 1H); 3.45-3.60 (m, 3H); 3.80-4.10 (m, 7H); 4.30-4.45 (m, 1H); 13C
NMR (CDCl3, 75 MHz) & 28.3; 34.4; 36.1; 39.4; 51.6; 63.7; 64.2; 64.8; 74.0; 80.6; 107.1;
156.3; HRMS (EI): m/z = 242.1385 (M+-C2H502 caled. for C12H20NO4: 242.1392). Anal
Calc. for C14H25NOg¢: C, 55.43; H, 8.31; N, 4.52. Found: C, 55.47; H, 8.25; N, 447.
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