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Introduction

Piperidine alkaloids[1] often possess potent biological activity
and are therefore of interest for organic and medicinal
chemists.[2] Structural types that were addressed in our work
are described in Figure 1.[3] Commonly, construction of the
piperidine involves ring closure by C�N bond formation. As
most alkaloids possess chirality centers at C2 and C6, stereo-
selectivity is essential for this step. High levels of diastereo-
selectivity have been achieved in substrate-controlled cycli-
zations, for example, by allylic substitution.[4] However,
there is a drawback of this approach in that the selectivity
of the cyclization process is predetermined by the substrate
configuration and only one of a pair of diastereomers can
usually be provided.

Recently we have communicated a method using the Ir-
catalyzed allylic substitution[5] as a configurational switch
that allows either of a pair of diastereomeric cyclization
products to be generated selectively by external (reagent)
control (Scheme 1).[6] To the best of our knowledge, such a
configurational switch has not been achieved for an allylic

substitution,[7,8] whereas it has been developed for other re-
agent-controlled reactions such as the Brown allylation,[9]

and most prominently, the Katsuki–Sharpless epoxidation.[10]

In our previous communication,[6] we have presented one
example of the configurational switch, which was used in a
synthesis of the 4-hydroxypiperidine (+)-241D. In the mean-
time this work was considerably extended to include a varie-
ty of 3-hydroxypiperidines such as the prosopis alkaloids
listed in Figure 1. Here we present a full account of our in-
vestigations.
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Figure 1. Examples of naturally occuring 2,6-dialkylpiperidine alkaloids.
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Results and Discussion

Synthesis of prosopis alkaloids : The alkaloids (+)-prosopi-
nine (15 b) and (+)-prosopine (18 b) were isolated by Ratle
et al. from leaves of a Prosopis africana species in 1966.[11]

They possess antihypertensive and local anesthetic proper-
ties as well as antibiotic activity against Staphyllococcus
aureus and are being used by African natives against tooth-
ache and for the treatment of wounds.[12] Their relative and
absolute configuration was disclosed in 1972 by the same
group,[13] which also reported the isolation of racemic (� )-
prosophylline in the same year.[14] Since then, various syn-
theses have been reported for prosopinine,[15, 16] prosophyl-
line,[17, 18] and their desoxo derivatives.[19,20]

Ir-catalyzed allylic amination : The Ir-catalyzed allylic substi-
tution, introduced in 1997,[21] has emerged as a versatile tool
for the enantioselective construction of allylic stereocen-
ters.[5] High degrees of enantio- and regioselectivity in favor
of the branched substitution products can routinely be ob-
tained (Scheme 2). Of particular value are aminations[22]

with diacylimines, which react with carbonates to give allyl-ACHTUNGTRENNUNGamines with a broad range of N-protecting groups suitable
in alkaloid synthesis, such as tert-butoxycarbonyl (Boc) and
carbobenzyloxy (Cbz).[23] Furthermore, salt-free reaction
conditions can be applied with diacylimines.[24]

The catalyst was prepared from [{IrCl ACHTUNGTRENNUNG(cod)}2] (cod= 1,5-
cyclooctadiene) and a chiral phosphoramidite L* by activa-
tion with a strong base. The commercially available ligand
L1, introduced by Feringa,[25] and the usually superior ligand
L2, developed by Alexakis, were used.[26] The Ir-catalyzed
amination of the carbonate 1 with HN ACHTUNGTRENNUNG(CHO)Boc as ammo-
nia equivalent has already been described by us

(Scheme 3).[23a] The present project was used to test the
scale-up capability. The reaction was run on a scale of
50 mmol with a reduced catalyst loading of 1 mol% of Ir.
After cleavage of the formyl group, the allylic amide 2 was
obtained with 96 % ee in 79 % yield.

Synthesis of the cyclization precursor 9 : For the introduction
of the OH group of the piperidine ring, epoxidation or dihy-
droxylation of the amination product 2 was planned. Thus,
treatment of 2 with meta-chloroperbenzoic acid (mCPBA)
gave the epoxides 4 a and 4 b as an 87:13 mixture of diaste-
reoisomers in 78 % yield, in favor of syn-4 a as expected
(Scheme 3).[27] The epoxides were separated by preparative
HPLC and crystallization, and the relative configuration of
syn-4 a was confirmed by single-crystal X-ray structural anal-
ysis.[28] Several other reagents and methods for the epoxida-
tion of 2 as well as various dihydroxylation methods were
tested, but none of them provided a useful access to the
requisite anti-4 b or gave otherwise improved results. Similar
results were obtained with the corresponding N-phthaloyl
derivative (formula not shown).

The epoxides syn-4 a and anti-4 b were each subjected to
the copper-mediated addition of allylmagnesium chloride,[29]

which generated the alcohols syn-5 a and anti-5 b in 78 and
83 % yield, respectively (Scheme 4). In both cases <10 % of
the byproduct, 5 a’ and 5 b’, respectively, resulting from reac-
tion of the cuprate at C2’ of the epoxide was formed.

The syn-alcohol 5 a was transformed into the anti-alcohol
5 b by inversion of configuration using the Mitsunobu reac-
tion followed by saponification of the resultant acetate. Ini-
tially, this seemingly simple task met with difficulties. It
turned out to be crucial, concerning yield and reproducibili-
ty, to add diisopropyl azodicarboxylate after having stirred a
solution of the alcohol, PPh3, and AcOH for a period of

Scheme 1. Double stereodifferentiation: interplay between substrate- and
reagent-induced selectivity ([Ir] = Ir catalyst ; L*=L1 or L2).

Scheme 2. General scheme for iridium-catalyzed allylic substitution.

Scheme 3. Synthesis of the epoxides anti-4 and syn-4 (TBD =1,5-
triazabicycloACHTUNGTRENNUNG[4.4.0]-dec-5-ene).
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15 min (yield: 85 %). Next, 5 b was reacted with the bis-car-
bonate 6 (5 equiv) in the presence of Grubbs II catalyst
(5 mol%). The metathesis product 7 was obtained in almost
quantitative yield as an 89:11 mixture of the E and the Z
isomers, which were separated by preparative HPLC.

The Ir-catalyzed substitution reaction of the Boc-protect-
ed amide 7 exclusively gave the tetrahydrofuran derivatives
8 a and 8 b (91–97%). Thus, an intramolecular Ir-catalyzed
etherification[30] rather than an amination had occurred. The
diastereoselectivity of the reaction was very high, both upon
use of ligand L2 (98:2) as well as ligand ent-L2 (5:95).

Hence, a change in the protecting-group strategy was re-
quired for the preparation of the desired piperidines. Using
standard procedures, the amines (E)-9 and (Z)-9 with two
tert-butyldimethylsilyl (TBDMS)-protected OH groups were
prepared from the isomerically pure precursors (E)-7 and
(Z)-7, respectively. It was of interest to investigate the influ-
ence of the double-bond geometry on the cyclization.

Ir-catalyzed cyclizations of (E)- and (Z)-9 : Intramolecular
allylic aminations usually give
excellent results.[7] This was also
true for the cyclization of (E)-9,
which proceeded smoothly
under standard conditions to
give the vinylpiperidines in
good yield and with high selec-
tivity (Scheme 5, Table 1).[31]

Control experiments using
PACHTUNGTRENNUNG(OPh)3 as ligand indicated
that substrate control is weak in
this system (10 a/10 b= 60:40).
The use of isomerically pure
(E)-9 in conjunction with ligand
L1 (matched case) furnished
the cyclization product 10 a
with a diastereoselectivity of

97.5:2.5 in 85 % yield (entry 1). The ligand L2 induced even
higher reactivity and diastereoselectivity (98.5:1.5, entry 2);
the latter was slightly reduced upon heating (entries 3–4).
With a 9:1-mixture of (E)- and (Z)-9, the diastereoselectiv-
ity was slightly reduced (entries 4–5). The configuration of
the cyclization products was as expected according to a gen-
eral rule for the steric course of the Ir-catalyzed substitu-
tions.[5a]

Scheme 4. Synthesis of the cyclization precursor 9.

Table 1. Iridium-catalyzed allylic cyclizations of carbonate 9 according to Scheme 5.

Entry[a] Substrate L* Ir [mol %] T [8C] t [h] Yield[b] [%] 10 a/10b[c]

1 (E)-9 L1 4 RT 22 85 97.5:2.5
2 (E)-9 L2 4 RT 6.5 89 98.5:1.5
3 (E)-9 L2 4 50 2 78 97:3
4 (E)-9/(Z)-9 9:1 L2 4 50 1 88 95.5:4.5
5 (E)-9/(Z)-9 9:1 L2 2 50 3 76 94:6
6 (E)-9 ent-L1 4 RT 24 76 (86) 6:94
7 (E)-9 ent-L2 4 RT 5.5 87 2.5:97.5
8 (E)-9 ent-L1 4 50 3 88 4.5:95.5
9 (E)-9 ent-L2 4 50 1.3 92 3:97
10 (E)-9/(Z)-9 9:1 ent-L1 4 RT 22 82 5.5:94.5
11 (E)-9/(Z)-9 9:1 ent-L2 4 50 1 87 4.5:95.5
12 (E)-9/(Z)-9 9:1 ent-L2 2 50 3 77 5:95
13 (Z)-9 L2 4 RT 6 60 (90) 51:49

[a] All reactions were carried out according to GP2 (see Experimental Section). [b] Isolated yield of the major
diastereoisomer; in parentheses: yield corrected for recovered starting material. [c] Determined by GC.

Scheme 5. Ir-catalyzed cyclizations of the allylic carbonate 9.
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In the mismatched case (entries 6–9, ent-L*) yields and se-
lectivities were only marginally lower than in the matched
case (L*). Again, yields and selectivities were little affected
by an increase of the reaction temperature, reduced catalyst
loading, and use of the 9:1 mixture of (E)- and (Z)-9 as sub-
strate (entries 10–12).

When isomerically pure (Z)-9 was used as substrate, the
reaction was nonselective (10 a/10 b=51:49) and slow
(entry 13). This result reflects observations that intermolecu-
lar Ir-catalyzed allylic substitutions of (Z)-allylic substrates
yield linear substitution products[32] and the formation of vi-
nylcyclopropanes by Ir-catalyzed cyclizations of (Z)-allylic
substrates proceed with very poor yield.[24]

Synthesis of (+)-prosophylline (15 a) and (+)-prosopinine
(15 b): The cyclization products 10 a and 10 b were trans-
formed into benzyl carbamates 11 a or 11 b under standard
conditions (Scheme 6). Unexpectedly, the carbamates did
not undergo cross-metathesis with the ketone 13 (10 mol %
Grubbs II or Grubbs II–Hoveyda, CH2Cl2 or ClCH2CH2Cl,
reflux). The same observation was made when the bulky
TBDMS groups of 11 b were replaced by acetyl groups (not
shown). Initial attempts with the free diols 12 as substrates
gave only little conversion under standard conditions (cata-
lyst: 5 mol % Grubbs II or Grubbs II–Hoveyda, CH2Cl2,
reflux). The reaction never went to completion, and the
products were isolated in low yields (15–20 %). Changing
the solvent and increasing the reaction temperature (1,2-di-
chloroethane or toluene, reflux) led to predominant forma-
tion of an unidentified side product. Using the dioxolane de-

rived from ketone 13 or adding Lewis acids such as Ti-ACHTUNGTRENNUNG(OiPr)4 or Cy2BCl (Cy =cyclohexyl) did not give improved
results either.[33] Finally, moderate yields of 14 a (58 %) and
14 b (62 %) were obtained, when Grubbs II–Hoveyda cata-
lyst (9–12 mol %) was used and added in 3–6 portions to a
solution of the reactants in CH2Cl2 at reflux.

The synthesis of (+)-prosopinine was completed by cata-
lytic hydrogenation of the metathesis product 14 b using
Pearlman�s catalyst (Pd(OH)2/C).[34] Other than anticipated,
no epimerization occurred within the limits of detection
(1H NMR spectroscopy). After recrystallization from ace-
tone (+)-prosopinine (15 b) was obtained as colorless nee-
dles suitable for X-ray structural analysis.[28] The synthesis of
(+)-prosophylline was carried out similarly, except for
workup of the hydrogenation reaction; in this case, a solu-
tion of the crude product had to be washed with aqueous
1 n NaOH before the desired compound could be extracted.
Recrystallization from acetone gave analytically pure (+)-
prosophylline (15 a) as colorless needles.

Synthesis of (+)-prosopine (18 b) and its C6 epimer (18 a):
Various syntheses of prosopinine and prosophylline have
been carried out,[15–20] however, no synthesis of (+)-proso-
pine has been reported. With the piperidine 12 b in hand, in-
troduction of an appropriate side chain by means of cross-
metathesis appeared of interest (Scheme 7). Thus, the chiral
alcohol 16[35] was prepared from (�)-(S)-propylene oxide in
analogy to a known procedure.[29,36]

Other than the cross-metatheses with 13, the reaction be-
tween 12 b and the unsaturated alcohol 16 (3 equiv) using

Scheme 6. Synthesis of (+)-prosopinine and (+)-prosophylline.

Scheme 7. Synthesis of (+)-prosopine and (+)-6-epi-prosopine.
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Grubbs–Hoveyda catalyst (7 mol %) was fast (1 h, CH2Cl2,
reflux). However, selectivity was low and only a modest
yield of 57 % of 17 b was obtained. Subsequent hydrogena-
tion with Pd(OH)2 as catalyst quantitatively gave (+)-proso-
pine, which crystallized from acetone in the form of color-
less needles. To the best of our knowledge, this constitutes
the first synthesis of prosopine (18 b).

Furthermore, the heretofore unknown C6 epimer of (+)-
prosopine was synthesized, using cis-piperidine 12 a as sub-
strate for the cross-metathesis with 16. Subsequent hydroge-
nation furnished (+)-6-epi-prosopine (18 a) as colorless oil
([a]20

D =++29.9, c=0.84 in MeOH, >99 % ee).

Synthesis of dendrobate and spruce alkaloids : Dendrobati-
dae (belonging to the poison or dart frogs) are a family of
small frogs living in the rain forests of Central and South
America. They are usually brightly colored and often show
high toxicity against the central nervous system. From their
skins, numerous alkaloids have been isolated, for example,
batrachotoxines, histrionicotoxines, indolizidines, pumilotox-
ines, decahydrochinolines, and various 2,6-disubstituted pyr-
rolidines and piperidines.[37]

The alkaloid (+)-241D (30 a) was isolated by Daly et al.
from the skin of Dendrobates speciosus,[37b, 38] and was found
to be a potent inhibitor of binding of [3H]perhydrohistri-ACHTUNGTRENNUNGonicotoxin to nicotinic acetylcholine receptor channels.[39]

Subsequent to a synthesis of the racemate,[39] asymmetric
syntheses of (+)-241D and (�)-241D and their C4 epimers
have been reported.[40]

Synthesis of the cyclization precursor 24 : The Ir-catalyzed
amination of trans-crotyl methyl carbonate with HN-ACHTUNGTRENNUNG(CHO)Boc as nucleophile (Scheme 7) has previously been
carried out on a submillimol scale.[41] In the present project,
the catalyzed reaction was conducted on a preparatively sig-
nificant scale of 77 mmol with a reduced catalyst loading of
1 mol % of L1. After cleavage of the formyl group, the Boc-
protected amine 19 was obtained in 81 % yield with
94 % ee.[42] Hydroboration/oxidation[43] and Swern reaction
of the resultant primary alcohol 20[44] furnished the sensitive
aldehyde 21 in 89 % yield over two steps.[45] Treatment of 21
with (+)-B-allyldiisopinocampheylborane[46] ((+)-Ipc2B-ACHTUNGTRENNUNG(allyl)) at low temperature gave a 93:7 mixture (GC) of the
homoallylic alcohols 22 and 3-epi-22, which were separated
by flash chromatography. Pure 22[28] was obtained in 88 %
yield with >99 % ee.[31] As before, the allylic unit was intro-
duced by cross-metathesis (Grubbs II catalyst) of 22 and the
bis-carbonate 6 (5 equiv), which gave allylic carbonate 23 in
87 % yield as a 9:1 mixture (1H NMR spectroscopy) of E
and Z isomers. Cleavage of the Boc group under standard
conditions gave the cyclization precursor 24 in 96 % yield
(Scheme 8).

Ir-catalyzed cyclizations of 24 : Under standard conditions,
the Ir-catalyzed cyclization of amine 24 (E/Z=9:1) gave
very satisfactory results (Scheme 9). Using L2 as ligand, the
piperidine 25 a was isolated in 90 % yield with almost per-

fect diastereoselectivity of 25 a/25 b=98:2 (GC). In the mis-
matched case, upon use of ligand ent-L2, piperidine 25 b was
produced in 74 % yield with only slightly reduced selectivity
(25 a/25 b= 6:94). The yield was marginally lower with ent-
L1, whereas the diastereoselectivity of 4:96 was even higher
than that achieved with ent-L2.

In contrast to the results in the cyclization of 7, the (Z)-al-
lylic carbonate did not markedly contribute to product for-
mation in this case. In contrast, when isomerically enriched
(Z)-24 (Z/E >90:10) was reacted according to Scheme 9,
using L2 as ligand, the cyclization was slow and nonselective
(25 a/25 b 63:37) and gave 25 a in only approximately 20 %
yield. In a control experiment using PACHTUNGTRENNUNG(OPh3) as achiral
ligand, the diastereoselectivity was 65:35 in favor of 25 a,
thus showing that substrate control is weak in this system.

The configuration of the cyclization product 25 a was veri-
fied by an X-ray crystal structural analysis,[28] which con-
firmed the predicted configuration according to the general
rule.[5a]

Synthesis of the dendrobate alkaloid (+)-241 D (30 a) and its
C6 epimer 30 b : A cross-metathesis was considered as a key

Scheme 8. Synthesis of the cyclization precursor 24 (9-BBN =9-
borabicyclo ACHTUNGTRENNUNG[3.3.1]nonane).

Scheme 9. Ir-catalyzed cyclizations of amine 24.
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step for the synthesis of (+)-241D from 25 a (Scheme 10).
Attempts to use an ammonium salt of 25 a as substrate were
not successful, mainly because of low solubility of the salts
tried in dichloromethane. Hence, the OH and the NH group
were protected by formation of 27 a using standard proce-
dures. The reaction of 27 a with 1-nonene in the presence of
Grubbs II catalyst (10 mol %) furnished the cross-metathesis
product 28 a in 71 % yield, together with some starting mate-
rial (20 %). Catalytic hydrogenation (Rh/C) gave the amine
29 a in 92 % yield without epimerization according to
1H NMR spectroscopy. Hydrolysis of the acetate gave the
natural product (+)-241D (30 a) in an overall yield of 27 %.
The spectroscopic data were in full agreement with those re-
ported.

For the synthesis of the C6 epimer of (+)-241D by means
of an analogous route, piperidine 25 b was transformed into
27 b, which was significantly less reactive than 27 a in the
cross-metathesis reaction. After testing several reaction con-
ditions, we had to settle with incomplete conversion and a
moderate yield of 28 b of 46 %; fortunately, the starting ma-
terial was fully recovered (53 %). Similarly, hydrogenation
of 28 b using Rh/C as catalyst was not possible; Pd(OH)2 on
charcoal was used instead, and amine 29 b was obtained in
86 % yield. Other than anticipated, no epimerization oc-
curred (1H NMR spectroscopy). Hydrolysis gave the amino
alcohol 30 b in 95 % yield, the relative configuration of
which was verified by X-ray crystal structural analysis.[28]

This concluded the first synthesis of the C6 epimer of the al-
kaloid (+)-241D. The overall yield was 15 %.

Synthesis of the spruce alkaloid 34 : This compound has
been identified as a trace alkaloid in extracts from Colorado
blue spruce (Picea pungens) by Stermitz et al.
(Scheme 11).[47] They deduced the structure and the relative
configuration of 34 from GC–MS data and on the basis of
analogy to similar alkaloids and verified it by a synthesis of
the racemic compound. The absolute configuration and opti-
cal rotation were unknown. The assignment shown in
Scheme 11 was based on the observation that, with one ex-
ception (euphococcinine), 2,6-disubstituted piperidines oc-

curring in conifers possess the same absolute configuration
at the methylated center C2.[47]

In our synthesis of 34, aldehyde 31 was prepared from car-
bamate 27 a by oxidative cleavage of the double bond (O3/
SMe2). This was subjected to a Wittig olefination, which
gave the olefin 32 in 81 % yield as a mixture of isomers (Z/
E=87:13, 1H NMR spectroscopy). After catalytic hydroge-
nation using Pd(OH)2/C as catalyst and subsequent hydroly-
sis of the acetate 33, compound 34 was obtained in form of
colorless polyhedra ([a]20

D =++ 8.8, c=0.43 in MeOH,
>99 % ee), suitable for X-ray crystal structural analysis,[28] in
an overall yield of 24 %.[48]

Conclusion

In conclusion, we are reporting the first examples of a con-
figurational switch for Ir-catalyzed allylic cyclizations, which
allows each of two possible diastereomeric cyclization prod-
ucts to be prepared with a very high degree of diastereose-
lectivtiy. The concept has been applied in syntheses of 2,6-
disubstituted hydroxypiperidine alkaloids. Examples are
(+)-prosopinine (15 b), (+)-prosophylline (15 a), and (+)-
241D (30 a), which have been synthesized before. The first
asymmetric syntheses are reported here for (+)-prosopine
(18 b), (+)-6-epi-prosopine (18 a), (+)-6-epi-241D (30 b), and
the spruce alkaloid (+)-34.

Scheme 10. Synthesis of (+)-241D (30a) and its C6 epimer 30b.

Scheme 11. Synthesis of the spruce alkaloid 34.
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Experimental Section

General remarks : 1H NMR spectra were recorded at room temperature
using Bruker DRX-200 (199.92 MHz), Bruker Avance DRX-300
(300.13 MHz), Bruker Avance DRX-500 (500.13 MHz), or Bruker
Avance III 600 (600.13 MHz) spectrometers. Chemical shifts are reported
in d relative to the solvent residual peak (CHCl3 in CDCl3 at dH =

7.26 ppm; CD2HOD in CD3OD at dH =3.31 ppm).[49] The following ab-
breviations are used for description of the signal multiplicity: s (singlet),
d (doublet), t (triplet), q (quartet), dd (doublet of doublet), dt (doublet
of triplet), ddd (doublet of doublet of doublet), and so forth, br s (broad
signal), m (multiplet). Diastereotopic hydrogen atoms are described with
indices a and b (CHaHb) or, if applicable, with the indices ax (axial) and
eq (equatorial). Chemical shifts are not reported for acidic protons (NH,
OH) when CD3OD was used as solvent. 13C NMR spectra were recorded
at room temperature using Bruker DRX-200 (50.27 MHz), Bruker
Avance DRX-300 (75.47 MHz), Bruker Avance DRX-500 (125.76 MHz),
and Bruker Avance III 600 (150.90 MHz) spectrometers. Chemical shifts
are reported in d relative to the solvent signal: CDCl3 (dC =77.16 ppm
(central line of the triplet)), CD3OD (dC =49.00 ppm (central line of the
septet)).[49] The following abbreviations were used: s (singlet, quaternary
C atom), d (doublet, CH group), t (triplet, CH2 group), q (quartet, CH3

group). The multiplicity stated refers to {1H}-decoupled spectra. In every
case, the assignments of signals were confirmed by 1H,1H-COSY, 1H,13C-
COSY, and DEPT spectra.

Melting points are uncorrected. Optical rotations were measured using a
Perkin–Elmer 341 polarimeter using a mercury lamp. High-resolution
mass spectra were recorded using a JEOL JMS-700 (EI + , FAB+ ) or
using a Bruker ApexQe FT-ICR (ESI + ) mass spectrometer. Elemental
analyses were carried out at the Organisch-Chemisches Institut, Universi-
t�t Heidelberg. Kugelrohr distillations were carried out using a B�chi B-
580 instrument; boiling points correspond to air-bath temperatures.

Determination of enantiomeric excess by HPLC was accomplished using
an HP 1100 instrument equipped with a Daicel, Chiralpak AD-H column
(250 � 4.6 mm, 5 mm) with guard cartridge AD-H (10 � 4 mm, 5 mm). GC
was carried out on a HP 5890 Series II instrument using helium as carrier
gas. As achiral column an HP-1 cross-linked methylsilicon gum (HP-1)
(25 m� 0.2 mm, 0.33 mm film thickness) was used (injector temperature
250 8C, detector temperature 280 8C). For determination of enantiomeric
excess the following column was used: Varian Chrompack-Chirasil-Dex
permethyl-b-cyclodextrin (b-CD) (25 m� 0.25 mm, 25 mm film thickness)
(injector temperature 200 8C, detector temperature 250 8C). Preparative
HPLC was carried out using a ProntoSIL (250 � 20 mm, 5 m silica gel) or
a LATEK (250 � 21 mm, 5 m silica gel) column using a Gilson-305 pump
coupled with a Knauer Smartline UV detector 2600. Analytical thin-layer
chromatography was performed on precoated TLC plates (Polygram SIL
G/UV254, from Machery & Nagel) using the solvents stated.

Visualization of spots was carried out using UV light (l=254 nm) or dip-
ping into the following solutions and heating: aqueous KMnO4 (1.5 g
KMnO4, 2.5 g K2CO3 in 250 mL of H2O; referred to as KMnO4), molyb-
datophosphoric acid (5 g H3[P ACHTUNGTRENNUNG(Mo3O10)4]·x H2O in 250 mL of EtOH; re-
ferred to as MPA), p-anisaldehyde (45 mL p-anisaldehyde, 810 mL of
EtOH, 45 mL H2SO4, 9 mL HOAc; referred to as PAA). Flash-column
chromatography was carried out with silica gel (0.032–0.062) of Macher-
ey, Nagel, and Co. Allylamines are prone to decomposition on column;
this can be minimized by the addition of triethylamine (ca. 1%) to the
solvent, use of a small column, and fast elution. Tetrahydrofuran was
dried over benzophenone ketyl, and the water content was determined
by Karl Fischer titration. 1,5,7-Triazabicyclo ACHTUNGTRENNUNG[4.4.0]dec-5-ene (TBD) was
stored in an desiccator over KOH (alternatively, small amounts were
stored under argon in a Schlenk tube) and weighed under air. IUPAC
names were generated by the ACD/Labs 6.0 program from Advanced
Chemistry Development Inc.

The following compounds were prepared according to published proce-
dures: methyl (E)-4-(trityloxy)but-2-en-1-yl carbonate (1),[23a] tert-butyl
formyl carbamate (HN ACHTUNGTRENNUNG(CHO)Boc),[50] (Z)-but-2-ene-1,4-diyl dimethyl
bis-carbonate (6),[51] 11-dodecen-3-one (13),[52] 9-bromonon-1-ene,[53] (+)-
(S)-dodec-11-en-2-ol ((+)-(S)-16),[35, 36] trans-crotyl methyl carbonate,[54]

(+)-tert-butyl formyl[(R)-1-methylprop-2-en-1-yl] carbamate,[41, 55] (+)-
tert-butyl [(R)-1-methylprop-2-en-1-yl] carbamate ((+)-(R)-19),[55, 56, 57]

and (�)-tert-butyl [(R)-3-hydroxy-1-methylpropyl]carbamate ((�)-(R)-
20).[43, 44]

(�)-tert-Butyl {(S)-1-[(trityloxy)methyl]prop-2-en-1-yl}carbamate ((�)-
(S)-2): A flame-dried Schlenk tube was charged with a solution of [{IrCl-ACHTUNGTRENNUNG(cod)}2] (336 mg, 0.50 mmol) and (S,S,aS)-L1 (540 mg, 1.00 mmol) in dry
THF (50 mL). Anhydrous TBD (278 mg, 2.00 mmol) was added, and the
mixture was stirred for 1 h at room temperature. The carbonate 1 (19.4 g,
50.0 mmol) and the pronucleophile NH ACHTUNGTRENNUNG(CHO)Boc (9.44 g, 65.0 mmol)
were then added, and the reaction mixture was stirred at 50 8C for 26 h
until TLC control (petroleum ether/ethyl acetate 3:1, Rf(1)=0.44,
Rf(2’)=0.50, Rf(3’) =0.44, KMnO4) showed complete conversion. The
mixture was concentrated in vacuo, and the residue was dissolved in dry
MeOH (150 mL). KOH (2.81 g, 50.0 mmol) was added, and the mixture
was stirred at room temperature for 1.5 h when TLC control showed
complete conversion (petroleum ether/diethyl ether 4:1, Rf(2’)=0.19,
Rf(2)=0.15)). An acidic ion exchange resin (Amberlite IR-120, Merck)
was added in portions until pH 7 was reached. The mixture was filtered,
and the filtrate was concentrated in vacuo. The residue was subjected to
flash chromatography (100 g of silica gel, petroleum ether/ethyl acetate
9:1) to give (�)-(S)-2 (17.1 g, 79%, 96% ee) and 3 (2.9 g, 13 %). (�)-(S)-
2 : Colorless solid; m.p. 93–95 8C; [a]20

D =�19.3 (c =0.99 in CHCl3,
95% ee); 1H NMR (300 MHz, CDCl3): d=7.53–7.49 (m, 6 H; Ph), 7.38–
7.25 (m, 9H; Ph), 5.95 (ddd, J=17.2, 10.5, 5.3 Hz, 1H; CH=CH2), 5.30
(ddd, J =17.3, 1.4, 1.4 Hz, 1H; CH=CHEHZ), 5.23 (ddd, J =10.5, 1.3,
1.3 Hz, 1 H; CH=CHEHZ), 4.91 (br s, 1H; NH), 4.44 (br s, 1 H; CHN),
3.28 (dd, J =9.1, 4.2 Hz, 1H; CHaHbO), 3.23 (dd, J =9.0, 4.9 Hz, 1H;
CHaHbO), 1.53 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR (75 MHz, CDCl3): d=

155.43 (s, CO2), 143.83 (s, Ph), 136.68 (d, =CH), 128.72, 127.88, 127.12
(3 d, Ph), 115.52 (t, =CH2), 86.53 (s, CPh3), 79.41 (s, C ACHTUNGTRENNUNG(CH3)3), 65.71 (t,
CH2O), 52.90 (d, CHN), 28.50 ppm (q, C ACHTUNGTRENNUNG(CH3)3); elemental analysis
calcd (%) for C28H31NO3: C 78.29, H 7.27, N 3.26; found C 78.15, H 7.27,
N 3.24; HRMS (FAB + ): m/z : calcd for C28H32NO3

+ : 430.2377; found:
430.2378 [M+H]+ ; HPLC (Chiralpak AD-H, n-hexane/iPrOH 99:1, flow
0.5 mL min�1, RT, l =210 nm): tR((+)-(R)-2)=34.1 min, tR((�)-(S)-2)=

47.0 min.

(�)-tert-Butyl [(1R)-1-[(2’S)-oxiran-2’-yl]-2-(trityloxy)ethyl]carbamate
((�)-(1R,2’S)-4 a) and (�)-tert-butyl [(1R)-1-[(2’R)-oxiran-2’-yl]-2-(trityl-
oxy)ethyl]carbamate ((�)-(1R,2’R)-4 b): A flame-dried Schlenk tube
under argon was charged with a solution of (�)-(S)-2 (50 mg, 117 mmol)
in dry CH2Cl2 (1 mL). Then 3-chloroperoxybenzoic acid (ca. 70 wt %)
(43 mg, 175 mmol) was added, and the mixture was heated at reflux for
24 h when TLC control (petroleum ether/ethyl acetate 3:1, Rf(2)=0.68,
Rf(4)=0.56, MPA) showed complete conversion. The reaction mixture
was allowed to cool to room temperature and a saturated aqueous solu-
tion of Na2SO3/NaHCO3 (prepared by mixing saturated aqueous Na2SO3

with saturated aqueous NaHCO3 in a 1:1 ratio) was added slowly until
gas evolution ceased (ca. 1 mL). The mixture was extracted with CH2Cl2

(4 � 3 mL), and the combined organic layers were dried over Na2SO4. The
solvent was evaporated under reduced pressure, and the residue was sub-
jected to flash chromatography on silica gel (1 g, petroleum ether/ethyl
acetate 6:1) to yield an 87:13 mixture (1H NMR spectroscopy) of (�)-
(1R,2’S)-4 a and (�)-(1R,2’R)-4b (40 mg, 78%).

Analytically pure samples of (�)-(1R,2’S)-4 a and (�)-(1R,2’R)-4b were
obtained by repeated crystallization from diethyl ether/petroleum ether
and repeated preparative HPLC (petroleum ether/ethyl acetate 9:1,
column: ProntoSIL, 250 � 20 mm, 5 m silica gel, 18 mL min�1, 50 bar). The
relative configuration of (�)-(1R,2’S)-4 a was verified by X-ray crystal
structural analysis.

Analytical data for (�)-(1R,2’S)-4a : Colorless columns; m.p. 141–142 8C;
[a]20

D =�37.0 (c =0.87 in CHCl3, 95% ee); 1H NMR (300 MHz, CDCl3):
d=7.48–7.44 (m, 6H; Ph), 7.34–7.22 (m, 9H; Ph), 4.65 (d, J =9.0 Hz,
1H; NH), 4.13 (br s, 1H; CHN), 3.29–3.22 (m, 2 H; CH2OCPh3), 3.20
(br s, 1H; 2’-H), 2.74 (dd, J =4.4, 4.4 Hz, 1H; 3’-Ha), 2.65–2.60 (m, 1H;
3’-Hb), 1.44 ppm (s, 9 H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR (75 MHz, CDCl3): d=

155.71 (s, CO2), 143.83 (s, Ph), 128.81, 128.01, 127.24 (3 d, Ph), 86.88 (s,
CPh3), 79.76 (s, C ACHTUNGTRENNUNG(CH3)3), 64.72 (t, CH2OCPh3), 51.84 (d, C-2’), 49.41 (d,
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CHN), 43.71 (t, C-3’), 28.49 ppm (q, C ACHTUNGTRENNUNG(CH3)3); elemental analysis calcd
(%) for C28H31NO4: C 75.48, H 7.01, N 3.14; found C 75.21, H 7.07, N
3.09; HRMS (FAB+ ): m/z : calcd for C28H32NO4

+ : 446.2326; found:
446.2334 [M+H]+ .

Analytical data for (�)-(1R,2’R)-4b : Colorless crystals; m.p. 122–124 8C;
[a]20

D =�3.7 (c=1.01 in CHCl3, 95 % ee); 1H NMR (600 MHz, CDCl3):
d=7.46 (d, J =7.5 Hz, 6H; Ph), 7.33 (t, J= 7.8 Hz, 6H; Ph), 7.26 (t, J=

7.3 Hz, 3 H; Ph), 4.91 (br s, 1H; NH), 3.51 (br s, 1H; CHN), 3.48 (dd, J =

9.3, 3.6 Hz, 1H; CHaHbOCPh3), 3.25–3.19 (m, 2H; CHaHbOCPh3, 2’-H),
2.86 (dd, J=4.2, 4.2 Hz, 1 H; 3’-Ha), 2.79 (br s, 1 H; 3’-Hb), 1.46 ppm (s,
9H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR (126 MHz, CDCl3): d =155.44 (s, CO2), 143.71
(s, Ph), 128.74, 128.06, 127.32 (3 d, Ph), 86.96 (s, CPh3), 79.76 (s, CACHTUNGTRENNUNG(CH3)3),
63.31 (t, CH2OCPh3), 52.68 (d, CHN), 51.78 (d, C-2’), 47.17 (t, C-3’),
28.49 ppm (q, C ACHTUNGTRENNUNG(CH3)3); elemental analysis calcd (%) for C28H31NO4: C
75.48, H 7.01, N 3.14; found C 75.20, H 6.98, N 3.10; HRMS (FAB+ ):
m/z : calcd for C28H31KNO4

+ : 484.1885; found: 484.1901 [M+K]+.

(+)-tert-Butyl {(1R,2R)-2-hydroxy-1-[(trityloxy)methyl]hex-5-en-1-yl}car-
bamate ((+)-(1R,2R)-5 a) and (�)-tert-butyl {(1S,2R)-2-(hydroxymethyl)-
1-[(trityloxy)methyl]pent-4-en-1-yl}-carbamate ((�)-(1S,2R)-5 a’): In a
flame-dried Schlenk tube under an argon atmosphere, a solution of allyl-
magnesium chloride (ca. 0.65 m in THF, 19.8 mL, ca. 12.9 mmol) was di-
luted with dry THF (58 mL) and cooled to �40 8C. Then CuI (123 mg,
644 mmol) was added. The resultant yellow suspension was stirred for
30 min and was then treated with the epoxide (�)-(1R,2’S)-4a (2.87 g,
6.44 mmol). The mixture was stirred for 6.5 h at �40 8C and was then al-
lowed to warm slowly to room temperature overnight. After 24 h, TLC
control (petroleum ether/diethyl ether 3:1, RfACHTUNGTRENNUNG(4 a)=0.23, RfACHTUNGTRENNUNG(5a) =0.18,
RfACHTUNGTRENNUNG(5a’)= 0.15, UV, KMnO4, MPA) showed complete consumption of the
substrate. Saturated aqueous NH4Cl (50 mL) was added, and the mixture
was extracted with ethyl acetate (4 � 50 mL). The organic phases were
combined, dried over Na2SO4, and concentrated under reduced pressure.
The crude product was subjected to flash chromatography on silica gel
(47 g, petroleum ether/ethyl acetate 4:1) to give (+)-(1R,2R)-5 a (2.44 g,
78%) and the regioisomer (�)-(1S,2R)-5a’ (286 mg, 9%).

Analytical data for (+)-(1R,2R)-5a : Colorless oil; [a]20
D =++2.5 (c =1.13

in CHCl3, 97% ee); 1H NMR (300 MHz, CDCl3): d =7.44–7.40 (m, 6 H;
Ph), 7.35–7.22 (m, 9H; Ph), 5.80 (dddd, J =17.0, 10.2, 6.8, 6.8 Hz, 1H;
CH=CH2), 5.22 (d, J=8.9 Hz, 1H; NH), 5.03 (dd, J =17.2, 1.4 Hz, 1 H;
CH=CHEHZ), 4.96 (d, J =10.2 Hz, 1 H; CH=CHEHZ), 3.85–3.79 (m;
CHOH), 3.73–3.64 (m, 1 H; CHN), 3.46 (dd, J =9.2, 4.1 Hz, 1H;
CHaHbO), 3.19 (dd, J= 9.3, 3.5 Hz, 1 H; CHaHbO), 2.79 (br s, 1 H; OH),
2.24–2.07 (m, 2H; 4-H), 1.68–1.52 (m, 2 H; 3-H), 1.48 ppm (s, 9H; C-ACHTUNGTRENNUNG(CH3)3); 13C NMR (75 MHz, CDCl3): d=156.20 (s, CO2), 143.58 (s, Ph),
138.32 (d, =CH), 128.65, 128.14, 127.37 (3 d, Ph), 114.99 (t, =CH2), 87.34
(s, CPh3), 79.54 (s, C ACHTUNGTRENNUNG(CH3)3), 72.21 (d, CHOH), 65.99 (t, CH2O), 53.52 (d,
CHN), 33.00 (t, C-3), 29.96 (t, C-4), 28.56 ppm (q, C ACHTUNGTRENNUNG(CH3)3); HRMS
(FAB+ ): m/z: calcd for C31H38NO4

+: 488.2795; found: 488.2853 [M+H]+.

Analytical data for (�)-(1S,2R)-5a’: Colorless rectangular plates; m.p.
99–101 8C; [a]20

D =�7.0 (c=1.09 in CHCl3, 97% ee); 1H NMR (500 MHz,
CDCl3): d =7.45–7.43 (m, 6H; Ph), 7.33 (t, J =7.6 Hz, 6H; Ph), 7.28–7.25
(m, 3 H; Ph), 5.82 (dddd, J=17.1, 10.0, 7.7, 6.6 Hz, 1 H; CH=CH2), 5.08
(d, J= 9.1 Hz, 1 H; NH), 5.01 (d, J=8.2 Hz, 1 H; CH=CHEHZ), 4.99 (d,
J =16.8 Hz, 1 H; CH=CHEHZ), 3.76–3.70 (m, 1H; CHN), 3.67 (ddd, J=

11.9, 3.5, 3.5 Hz, 1 H; CHaHbOH), 3.61 (ddd, J =11.8, 8.3, 3.1 Hz, 1 H;
CHaHbOH), 3.36 (dd, J =9.4, 3.5 Hz, 1H; CHaHbOCPh3), 3.29 (dd, J=

9.5, 3.7 Hz, 1H; CHaHbOCPh3), 2.91 (dd, J=8.0, 4.7 Hz, 1H; OH), 2.12
(ddd, J=13.9, 8.5, 8.5 Hz, 1H; 3-Ha), 1.99 (ddd, J=13.6, 5.2, 5.2 Hz, 1H;
3-Hb), 1.85–1.79 (m, 1H; 2-H), 1.47 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR
(125 MHz, CDCl3): d =156.96 (s, CO2), 143.76 (s, Ph), 136.73 (d, =CH),
128.75, 128.06, 127.33 (3 d, Ph), 116.70 (t, =CH2), 86.79 (s, CPh3), 79.91 (s,
C ACHTUNGTRENNUNG(CH3)3), 63.32 (t, CH2OCPh3), 61.32 (t, CH2OH), 51.49 (d, CHN), 41.83
(d, C-2), 32.73 (t, C-3), 28.54 ppm (q, C ACHTUNGTRENNUNG(CH3)3); HRMS (FAB+ ): m/z :
calcd for C31H37NNaO4

+ : 510.2615; found: 510.2616 [M+Na]+ .

(+)-tert-Butyl {(1R,2S)-2-hydroxy-1-[(trityloxy)methyl]hex-5-en-1-yl}car-
bamate ((+)-(1R,2S)-5 b) and (�)-tert-butyl {(1S,2S)-2-(hydroxymethyl)-
1-[(trityloxy)methyl]pent-4-en-1-yl}-carbamate ((�)-(1S,2S)-5 b’): The
title compounds were prepared as described above for the preparation of
(+)-(1R,2R)-5a. The reaction of the epoxide (�)-(1R,2’R)-4 b (287 mg,

644 mmol) with allylmagnesium chloride was complete after 18 h accord-
ing to TLC analysis (petroleum ether/diethyl ether 3 � (3:1), RfACHTUNGTRENNUNG(4b)=

0.22, RfACHTUNGTRENNUNG(5b)= 0.16, Rf ACHTUNGTRENNUNG(5 b’) =0.13, UV, KMnO4, MPA). The crude product
was subjected to flash chromatography on silica gel (4 g, petroleum
ether/ethyl acetate 4:1) to give (+)-(1R,2S)-5b (262 mg, 83 %) and (�)-
(1S,2S)-5 b’ (8 mg, 2.5%).

Analytical data for (+)-(1R,2S)-5b : Colorless needles; m.p. 105–106 8C;
[a]20

D =++4.5 (c= 1.13 in CHCl3, 95 % ee); 1H NMR (300 MHz, CDCl3):
d=7.44–7.40 (m, 6 H; Ph), 7.33–7.21 (m, 9 H; Ph), 5.72 (dddd, J =17.0,
10.3, 6.6, 6.6 Hz, 1H; =CH), 5.37 (d, J =7.5 Hz, 1H; NH), 4.99–4.90 (m,
2H; =CH2), 3.71–3.59 (m, 2H; CHN, CHOH), 3.51 (dd, J =9.7, 2.5 Hz,
1H; CHaHbO), 3.20 (dd, J =9.8, 3.2 Hz, CHaHbO), 2.71 (d, J =8.1 Hz,
1H; OH), 2.25–2.13 (m, 1 H; 4-Ha), 2.07–1.94 (m, 1H; 4-Hb), 1.49 (s, 9 H;
C ACHTUNGTRENNUNG(CH3)3), 1.36–1.23 ppm (m, 2H; 3-H); 13C NMR (75 MHz, CDCl3): d=

155.89 (s, CO2), 143.50 (s, Ph), 138.23 (d, =CH), 128.62, 128.17, 127.42
(3 d, Ph), 114.99 (t, =CH2), 87.41 (s, CPh3), 79.68 (s, CACHTUNGTRENNUNG(CH3)3), 73.24 (d,
CHOH), 63.40 (t, CH2O), 54.02 (d, CHN), 33.43 (t, C-3), 30.13 (t, C-4),
28.61 ppm (q, C ACHTUNGTRENNUNG(CH3)3); elemental analysis calcd (%) for C31H37NO4: C
76.36, H 7.65, N 2.87; found C 76.36, H 7.66, N 2.82; HRMS (FAB+ ):
m/z : calcd for C31H37NNaO4

+ : 510.2615; found: 510.2614 [M+Na]+ .

Analytical data for (�)-(1S,2S)-5b’: Colorless oil; [a]20
D =�10.7 (c =0.65

in CHCl3, 95% ee); 1H NMR (300 MHz, CDCl3): d =7.44–7.40 (m, 6 H;
Ph), 7.33–7.20 (m, 9H; Ph), 5.65 (dddd, J =16.7, 10.2, 7.5, 6.5 Hz, 1H;
CH=CH2), 4.90 (d, J=9.4 Hz, 1H; CH=CHEHZ), 4.88 (d, J =17.0 Hz,
1H; CH=CHEHZ), 4.53 (d, J =9.2 Hz, 1 H; NH), 4.21–4.10 (m, 1 H;
CHN), 3.62–3.51 (m, 1H; CHaHbOH), 3.49–3.41 (m, 1H; OH), 3.39–3.28
(m, 1H; CHaHbOH), 3.20 (d, J=9.7 Hz, 1 H; CHaHbOCPh3), 3.14 (d, J=

10.0 Hz, 1H; CHaHbOCPh3), 2.00–1.89 (m, 2 H; 2-H, 3-Ha), 1.80–1.69 (m,
1H; 3-Hb), 1.45 ppm (s, 9 H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR (75 MHz, CDCl3): d=

157.12 (s, CO2), 143.76 (s, Ph), 136.68 (d, =CH), 128.77, 128.05, 127.30
(3 d, Ph), 116.49 (t, =CH2), 86.99 (s, CPh3), 80.14 (s, C ACHTUNGTRENNUNG(CH3)3), 64.03 (t,
CH2OCPh3), 62.73 (t, CH2OH), 50.40 (d, CHN), 42.38 (d, C-2), 31.11 (t,
C-3), 28.52 (q, CACHTUNGTRENNUNG(CH3)3); HRMS (FAB + ): m/z : calcd for C31H37NNaO4

+ :
510.2615; found: 510.2654 [M+Na]+ .

Synthesis of (+)-(1R,2S)-5b) by means of Mitsunobu reaction/saponifica-
tion : A cooled (0 8C) solution of (+)-(1R,2R)-5a (36 mg, 74 mmol) in tol-
uene (Tol; 1.5 mL) was treated with triphenylphosphine (39 mg,
150 mmol) and acetic acid (1 m in toluene, 150 mL, 150 mmol). After
15 min diisopropyl azodicarboxylate (DIAD) (30 mL, 150 mmol) was
added to give a yellow solution, which became slightly turbid after some
time. As TLC control (petroleum ether/ethyl acetate 3:1, RfACHTUNGTRENNUNG(5 a)=0.41,
Rf(acetate of 5b)=0.49, PAA) still showed starting material after 30 min,
further PPh3 (39 mg), AcOH (150 mL), and DIAD) (30 mL were added.
This was repeated after 1.5, 3, and 5 h. The reaction was complete after
22 h. The reaction mixture was concentrated in vacuo and the residue
subjected to flash chromatography on silica gel (4 g, petroleum ether/
ethyl acetate 9:1). This gave 58 mg of a mixture of the acetate of 5b and
diisopropyl hydrazine-1,2-dicarboxylate, which was dissolved in methanol
(6 mL). The solution was treated with K2CO3 (9 mg, 90 mmol) at room
temperature (TLC: petroleum ether/ethyl acetate 3:1, Rf(acetate of
5b) =0.49, RfACHTUNGTRENNUNG(5 b)=0.41, PAA). After 1 h additional K2CO3 (6 mg,
60 mmol) was added. After 4 h the conversion was complete, and saturat-
ed aqueous NH4Cl (3 mL) was added. The mixture was extracted with
ethyl acetate (4 � 5 mL), and the combined organic layers were dried
over Na2SO4 and concentrated under reduced pressure. The residue was
subjected to flash chromatography on silica gel (5 g, petroleum ether/
ethyl acetate 4:1) to give the alcohol (+)-(1R,2S)-5b (31 mg, 86%). For
analytical data, see the previous procedure.

General procedure 1 (GP1, cross-metathesis with the bis-carbonate 6): In
a flame-dried Schlenk tube under an argon atmosphere Grubbs II cata-
lyst (0.03–0.05 mmol) was added to a solution of the olefinic substrate
(1 mmol) and 6 (5 mmol) in dry CH2Cl2 (20 mL). The mixture was stirred
at room temperature until complete conversion was indicated by TLC
analysis. Concentration of the mixture under reduced pressure and flash
chromatography of the residue gave clean reaction products.

(�)-(E,6S,7R)-7-[(tert-Butoxycarbonyl)amino]-6-hydroxy-8-(trityloxy)-
oct-2-en-1-yl methyl carbonate ((�)-(E,6S,7R)-7) and (+)-(Z,6S,7R)-7-
[(tert-butoxycarbonyl)amino]-6-hydroxy-8-(trityloxy)oct-2-en-1-yl methyl
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carbonate ((+)-(Z,6S,7R)-7): Following GP1, Grubbs II catalyst (148 mg,
174 mmol) was added to a solution of alcohol (+)-(1R,2S)-5 b (1.70 g,
3.49 mmol) and carbonate 6 (3.56 g, 17.4 mmol) in dry CH2Cl2 (60 mL),
and the mixture was stirred at room temperature for 3.5 h when complete
conversion of the substrate was detected by TLC control (petroleum
ether/ethyl acetate 3:1, RfACHTUNGTRENNUNG(5b)= 0.31, Rf(7) =0.16, KMnO4, PAA). The
mixture was filtered through a pad of Celite and the filtrate was concen-
trated in vacuo. The residue was subjected to flash chromatography on
silica gel (86 g, petroleum ether/ethyl acetate 5:1 to ethyl acetate), which
yielded an 89:11 mixture (1.97 g, 98 %; 1H NMR spectroscopy) of (�)-
(E,6S,7R)-7 and (+)-(Z,6S,7R)-7 as a colorless oil. Separation of the dia-
stereomers was accomplished by repeated preparative HPLC (petroleum
ether/ethyl acetate 4:1, column: ProntoSIL, 250 � 20 mm, 5 m silica gel,
15 mL min�1, 90 bar). Analytically pure (�)-(E,6S,7R)-7 (1.54 g, 76%)
and (+)-(Z,6S,7R)-7 (144 mg, 7%), both colorless oils, and a mixed frac-
tion (211 mg, 10%) were obtained.

Analytical data for (�)-(E,6S,7R)-7: Colorless oil; [a]20
D =�10.1 (c =0.97

in acetone, 96 % ee); 1H NMR (300 MHz, CDCl3): d=7.43–7.39 (m, 6H;
Ph), 7.33–7.21 (m, 9H; Ph), 5.72 (ddd, J =15.3, 6.8, 6.8 Hz, 1 H; 2-H),
5.51 (ddd, J=15.1, 6.5, 6.5 Hz, 1 H; 3-H), 5.37 (d, J=7.5 Hz, 1 H; NH),
4.54 (d, J= 6.2 Hz, 2H; CH2OCO2), 3.76 (s, 3 H; CO2CH3), 3.66–3.58 (m,
2H; 6-H, 7-H), 3.51 (dd, J=9.8, 2.6 Hz, 1 H; CHaHbOCPh3), 3.18 (dd, J=

9.8, 3.0 Hz, 1 H; CHaHbOCPh3), 2.76 (d, J =8.1 Hz, 1H; OH), 2.26–2.15
(m, 1 H; 4-Ha), 2.07–1.95 (m, 1H; 4-Hb), 1.49 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.34–
1.25 ppm (m, 2H; 5-H); 13C NMR (75 MHz, CDCl3): d=155.88 (s,
NCO2), 155.77 (s, OCO2), 143.42 (s, Ph), 136.40 (d, C-3), 128.57, 128.17,
127.42 (3 d, Ph), 123.83 (d, C-2), 87.39 (s, CPh3), 79.72 (s, C ACHTUNGTRENNUNG(CH3)3), 73.09
(d, CHOH), 68.58 (t, CH2OCO2), 63.33 (t, CH2OCPh3), 54.81 (q,
CO2CH3), 53.97 (d, CHN), 33.27 (t, C-5), 28.58 ppm (1 t, 1q, C-4, C-ACHTUNGTRENNUNG(CH3)3); elemental analysis calcd (%) for C34H41NO7: C 70.93, H 7.18, N
2.43; found C 71.12, H 7.29, N 2.44; HRMS (FAB+ ): m/z : calcd for
C34H42NO7

+ : 576.2956; found: 576.2944 [M+H]+ .

Analytical data for (+)-(Z,6S,7R)-7: Colorless oil; [a]20
D = ++1.7 (c =0.99

in CHCl3, 96% ee); 1H NMR (300 MHz, CDCl3): d =7.44–7.40 (m, 6 H;
Ph), 7.34–7.21 (m, 9H; Ph), 5.61–5.50 (m, 2H; CH=CH), 5.27 (d, J=

7.3 Hz, 1 H; NH), 4.73–4.59 (m, 2H; CH2OCO2), 3.72 (s, 3 H; CO2CH3),
3.68–3.60 (m, 2H; 6-H, 7-H), 3.46 (dd, J= 9.5, 2.7 Hz, 1 H;
CHaHbOCPh3), 3.24 (dd, J =9.7, 3.3 Hz, 1H; CHaHbOCPh3), 2.83 (d, J =

6.2 Hz, 1 H; OH), 2.24–2.17 (m, 2 H; 4-H), 1.48 (s, 9H; CACHTUNGTRENNUNG(CH3)3), 1.39–
1.22 ppm (m, 2H; 5-H); 13C NMR (75 MHz, CDCl3): d=155.91 (s,
OCO2), 155.88 (s, NCO2), 143.54 (s, Ph), 135.16 (d, =CH), 128.63, 128.14,
127.39 (3 d, Ph), 123.68 (d, =CH), 87.31 (s, CPh3), 79.67 (s, C ACHTUNGTRENNUNG(CH3)3),
72.54 (d, CHOH), 63.74 (t, CH2OCO2), 63.26 (t, CH2OCPh3), 54.86 (q,
CO2CH3), 54.24 (d, CHN), 33.62 (t, C-5), 28.59 (q, C ACHTUNGTRENNUNG(CH3)3), 24.00 ppm
(t, C-4); HRMS (ESI + ): m/z : calcd for C34H41NNaO7

+ : 598.2775; found:
598.2771 [M+Na]+ .

General procedure 2 (GP2, Ir-catalyzed allylic cyclization): Success with
the following procedures requires dry THF (<30 mg L

�1 of H2O, Karl–
Fischer titration). A Schlenk tube was dried under argon with a heat gun
and charged with a solution of [{IrCl ACHTUNGTRENNUNG(cod)}2] (13.4 mg, 0.02 mmol) and L*
(0.04 mmol) in dry THF (1 mL). Anhydrous TBD (11.1 mg, 0.08 mmol)
was added, and the mixture was stirred for 5 min (L2) or 1 h (L1). Then
the carbonate (1 mmol) and if necessary dry THF (3 mL) was added and
the mixture was stirred for the time and at the temperature stated until
TLC control indicated complete conversion. For workup, saturated aque-
ous NH4Cl (4 mL) was added, and the mixture was extracted with ethyl
acetate (3 � 5 mL). The combined organic layers were dried over Na2SO4,
concentrated under reduced pressure, and the crude product was ana-
lyzed by GC with respect to the diastereomeric ratio. Pure products were
obtained by flash chromatography on silica gel.

(�)-(1R)-1,4-Anhydro-5-[(tert-butoxycarbonyl)amino]-2,3,5-trideoxy-6-
O-trityl-1-vinyl-d-erythro-hexitol ((�)-(1R)-d-erythro-8a): According to
GP2, anhydrous TBD (2.0 mg, 14.6 mmol), was added to a solution of
[{IrCl ACHTUNGTRENNUNG(cod)}2] (2.5 mg, 3.7 mmol) and (S,S,aS)-L2 (4.4 mg, 7.3 mmol) in dry
THF (300 mL), and the mixture was stirred for 5 min. Then a solution of
the carbonate (�)-(E,6S,7R)-7 (105 mg, 182 mmol) in dry THF (900 mL)
was added, and the mixture was heated at reflux for 3 h when complete
conversion was indicated by TLC (petroleum ether/ethyl acetate 3:1,

Rf(7)=0.19, RfACHTUNGTRENNUNG(8a) =0.48, KMnO4). After workup, the crude product
was analyzed by HPLC (Chiralpak AD-H (n-hexane/iPrOH 95:5, flow
0.5 mL min�1, RT, l =220 nm): tRACHTUNGTRENNUNG(8 a) =12.3, tR ACHTUNGTRENNUNG(8b)=21.0 min) with re-
spect to the diastereomeric ratio (8a/8b=98:2). The major diastereoiso-
mer (�)-(1R)-d-erythro-8a (88 mg, 97 %) was obtained after flash chro-
matography on silica gel (17 g, petroleum ether/diethyl ether 9:1 to 4:1)
as a colorless oil. [a]20

D =�21.7 (c =0.48 in CHCl3, >99 % ee); 1H NMR
(500 MHz, CDCl3): d= 7.49–7.48 (m, 6 H; Ph), 7.33–7.30 (m, 6 H; Ph),
7.26–7.23 (m, 3 H; Ph), 5.75 (ddd, J=17.0, 10.3, 6.5 Hz, 1H; CH=CH2),
5.17 (d, J=17.2 Hz, 1H; CH=CHEHZ), 5.03 (d, J=10.1 Hz, 1H; CH=

CHEHZ), 4.82 (d, J =8.7 Hz, 1H; NH), 4.36–4.32 (m, 1H; 1-H), 4.16–4.12
(m, 1H; 4-H), 3.77 (br s, 1 H; NCH), 3.49–3.46 (m, 1 H; CHaHbO), 3.20–
3.18 (m, 1H; CHaHb), 2.05–1.97 (m, 2 H; 2-Ha, 3-Ha), 1.94–1.88 (m, 1 H;
3-Hb), 1.65–1.58 (m, 1H; 2-Hb), 1.46 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3); 13C NMR
(125 MHz, CDCl3): d =155.68 (s, CO2), 143.96 (s, Ph), 139.08 (d, =CH),
128.67, 127.73, 126.91 (3 d, Ph), 114.88 (t, =CH2), 86.58 (s, CPh3), 80.67
(d, C-1), 80.04 (s, C ACHTUNGTRENNUNG(CH3)3), 79.17 (d, C-4), 62.99 (t, CH2O), 54.09 (d,
CHN), 31.45 (t, C-2), 28.41 (t, C-3), 28.37 ppm (q, C ACHTUNGTRENNUNG(CH3)3); HRMS
(FAB + ): m/z : calcd for C32H37NNaO4

+ : 522.2616; found: 522.2661
[M+Na]+ .

(�)-(1S)-1,4-Anhydro-5-[(tert-butoxycarbonyl)amino]-2,3,5-trideoxy-6-O-
trityl-1-vinyl-d-erythro-hexitol ((�)-(1S)-d-erythro-8 b): According to
GP2, anhydrous TBD (3.9 mg, 27.8 mmol) was added to a solution of
[{IrCl ACHTUNGTRENNUNG(cod)}2] (4.7 mg, 7.0 mmol) and (R,R,aR)-L2 (8.3 mg, 13.9 mmol) in
dry THF (750 mL), and the mixture was stirred for 5 min. Then a solution
of the carbonate (�)-(E,6S,7R)-7 (188 mg, 327 mmol) in dry THF
(1.5 mL) was added, and the mixture was heated at reflux for 3.5 h when
complete conversion was indicated by TLC analysis (petroleum ether/
ethyl acetate 3:1, Rf(7)=0.19, RfACHTUNGTRENNUNG(8 b) =0.45, KMnO4). After work up the
crude product was analyzed by HPLC (Chiralpak AD-H (n-hexane/
iPrOH 95:5, flow 0.5 mL min�1, RT, l= 220 nm): tR ACHTUNGTRENNUNG(8 a)=12.3, tR ACHTUNGTRENNUNG(8 b)=

21.0 min) with respect to the diastereomeric ratio (8a/8 b=5:95). The
major diastereomer (�)-(1S)-d-erythro-8b (148 mg, 91 %) was obtained
after flash chromatography on silica gel (15 g, petroleum ether/diethyl
ether 9:1 to 4:1) as a colorless oil. [a]20

D =�14.9 (c =0.32 in CHCl3,
>99 % ee); 1H NMR (300 MHz, CDCl3): d=7.49–7.46 (m, 6H; Ph), 7.34–
7.21 (m, 9H; Ph), 5.85 (ddd, J=17.1, 10.4, 6.2 Hz, 1H; CH=CH2), 5.23
(ddd, J =17.1, 1.5, 1.5 Hz, 1H; CH=CHEHZ), 5.09 (ddd, J =10.4, 1.4,
1.4 Hz, 1H; CH=CHEHZ), 4.86 (d, J =8.7 Hz, 1H; NH), 4.34 (ddd, J=

7.2, 6.2, 6.2 Hz, 1 H; 1-H), 4.27 (ddd, J=7.2, 7.2, 7.2 Hz, 1H; 4-H), 3.76–
3.68 (m, 1 H; NCH), 3.49 (dd, J=9.2, 3.7 Hz, 1H; CHaHbO), 3.15 (dd, J=

9.2, 3.3 Hz, 1H; CHaHbO), 2.13–2.01 (m, 2 H; 2-Ha, 3-Ha), 1.93–1.80 (m,
1H; 3-Hb), 1.72–1.63 (m, 1 H; 2-Hb), 1.45 ppm (s, 9H; C ACHTUNGTRENNUNG(CH3)3);
13C NMR (75 MHz, CDCl3): d=155.67 (s, CO2), 143.96 (s, Ph), 139.20 (d,
=CH), 128.68, 127.74, 126.93 (3 d, Ph), 114.70 (t, =CH2), 86.54 (s, CPh3),
80.05 (d, C-1), 79.20 (s, C ACHTUNGTRENNUNG(CH3)3), 78.70 (d, C-4), 62.96 (t, CH2O), 54.01
(d, CHN), 32.13 (t, C-2), 28.92 (t, C-3), 28.37 ppm (q, C ACHTUNGTRENNUNG(CH3)3); HRMS
(FAB + ): m/z : calcd for C32H37NNaO4

+ : 522.2616; found: 522.2604
[M+Na]+ . For HPLC data see (�)-(1R)-d-erythro-8a.

(+)-(E,6S,7R)-7-Amino-6,8-bis{[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}oct-2-en-1-
yl methyl carbonate ((+)-(E,6S,7R)-9): A solution of (�)-(E,6S,7R)-7
(578 mg, 1.00 mmol) in CH2Cl2 (12 mL) was treated with trifluoroacetic
acid (TFA; 12 mL, 162 mmol), and the yellow reaction mixture was
stirred at room temperature. After 1 h all volatiles were removed under
reduced pressure, and the yellow-brownish residue was dissolved in
methanol (10 mL). The pale brown solution was concentrated under re-
duced pressure, and the residue was treated with diethyl ether (5 mL)
and water (5 mL). The phases were separated and the organic phase was
extracted repeatedly with water (5 � 5 mL). The combined aqueous
phases were washed with diethyl ether (2 � 3 mL) and concentrated in
vacuo to give the TFA salt of the amino diol as a colorless, highly viscous
oil. This was treated with CH2Cl2 (20 mL), and the mixture was cooled to
0 8C. Imidazole (813 mg, 11.9 mmol) and tert-butyldimethylsilyl chloride
(1.21 g, 8.04 mmol) were added, whereupon a white precipitate was
formed. The ice bath was removed, and the mixture was allowed to
warm to room temperature. After being stirred for 18 h, water (15 mL)
was added. The phases were separated, and the aqueous layer was ex-
tracted with CH2Cl2 (3 � 20 mL). The combined organic layers were dried
over Na2SO4 and concentrated under reduced pressure. Analytically pure

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 10514 – 1053210522

G. Helmchen et al.

www.chemeurj.org


(+)-(E,6S,7R)-9 (388 mg, 84% over two steps) was obtained after purifi-
cation of the crude product by flash chromatography on silica gel (12 g,
petroleum ether/ethyl acetate 3:1) as a colorless oil. [a]20

D =++2.8 (c =1.10
in CHCl3, 96 % ee); 1H NMR (300 MHz, CDCl3): d=5.80 (ddd, J =15.4,
6.6, 6.6 Hz, 1H; 3-H), 5.58 (ddddd, J =15.3, 6.5, 6.5, 1.3, 1.3 Hz, 1 H; 2-
H), 4.54 (d, J =6.4 Hz, 2H; CH2OC), 3.75 (s, 3 H; CO2CH3), 3.67 (ddd,
J =6.9, 4.6, 4.6 Hz, 1H; CHOSi), 3.62 (dd, J =9.8, 5.1 Hz, 1H;
CHaHbOSi), 3.43 (dd, J=9.8, 7.3 Hz, 1 H; CHaHbOSi), 2.87 (ddd, J =7.0,
5.0, 5.0 Hz, 1 H; CHN), 2.22–1.98 (m, 2 H; 4-H), 1.69–1.56 (m, 1 H; 5-Ha),
1.53–1.42 (m, 1 H; 5-Hb), 1.33 (br s, 2H; NH2), 0.87, 0.87 (2 s, 18 H; C-ACHTUNGTRENNUNG(CH3)3), 0.04 (s, 3 H; SiCH3), 0.03 ppm (s, 9 H; SiCH3); 13C NMR
(75 MHz, CDCl3): d =155.76 (s, CO2), 137.22 (d, C-3), 123.45 (d, C-2),
73.16 (d, CHOSi), 68.68 (t, CH2OCO2), 65.08 (t, CH2OSi), 56.64 (d,
CHN), 54.77 (q, CO2CH3), 31.33 (t, C-5), 27.90 (t, C-4), 26.01, 25.97 (2 q,
C ACHTUNGTRENNUNG(CH3)3), 18.34, 18.17 (2 s, C ACHTUNGTRENNUNG(CH3)3), �4.24, �4.41, �5.26, �5.30 ppm
(4 q, SiCH3); elemental analysis calcd (%) for C22H47NO5Si2: C 57.22, H
10.26, N 3.03; found C 57.29, H 10.30, N 2.98; HRMS (ESI + ): m/z : calcd
for C22H48NO5Si2

+ : 462.3066; found: 462.3063 [M+H]+ .

(+)-(Z,6S,7R)-7-Amino-6,8-bis{[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}oct-2-en-1-
yl methyl carbonate ((+)-(Z,6S,7R)-9): This compound was prepared
analogously to (+)-(E,6S,7R)-9 from (+)-(Z,6S,7R)-7 (129 mg, 224 mmol).
Purification by flash chromatography on silica gel (3 g, petroleum ether/
ethyl acetate 3:1) gave pure (+)-(Z,6S,7R)-9 (60 mg, 58% over two
steps) as a colorless oil. [a]20

D = ++3.7 (c =1.21 in CHCl3, 96% ee);
1H NMR (300 MHz, CDCl3): d= 5.68 (ddd, J= 10.8, 7.3, 7.3 Hz, 1H; 3-
H), 5.55 (ddd, J= 11.1, 6.7, 6.7 Hz, 1H; 2-H), 4.74–4.62 (m, 2 H;
CH2OCO2), 3.77 (s, 3 H; CO2CH3), 3.72–3.66 (m, 1H; CHOSi), 3.66 (dd,
J =9.9, 5.0 Hz, 1H; CHaHbOSi), 3.45 (dd, J =9.9, 7.3 Hz, 1H; CHaHbOSi),
2.90 (ddd, J =7.2, 5.0, 5.0 Hz, 1H; CHN), 2.31–2.20 (m, 1 H; 4-Ha), 2.18–
2.05 (m, 1 H; 4-Hb), 1.70–1.58 (m, 1H; 5-Ha), 1.54–1.42 (m, 1 H; 5-Hb),
1.40 (br s, 2H; NH2), 0.89 (s, 18H; CACHTUNGTRENNUNG(CH3)3), 0.06, 0.06 (2 s, 6H; SiCH3),
0.05 ppm (s, 6H; SiCH3); 13C NMR (75 MHz, CDCl3): d=155.88 (s,
CO2), 135.90 (d, C-3), 123.08 (d, C-2), 73.28 (d, CHOSi), 65.20 (t,
CH2OSi), 63.74 (t, CH2OC), 56.63 (d, CHN), 54.85 (q, CO2CH3), 32.13 (t,
C-5), 26.06, 26.00 (2 q, C ACHTUNGTRENNUNG(CH3)3), 23.31 (t, C-4), 18.40, 18.21 (2 s, C-ACHTUNGTRENNUNG(CH3)3), �4.22, �4.39, �5.22, �5.26 ppm (4 q, SiCH3); elemental analysis
calcd (%) for C22H47NO5Si2: C 57.22, H 10.26, N 3.03; found C 57.49, H
10.35, N 3.07; HRMS (ESI + ): m/z : calcd for C22H48NO5Si2

+ : 462.3066;
found: 462.3067 [M+H]+ .

(+)-(2R,3S,6R)-3-{[tert-Butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}-2-({[tert-butyl-ACHTUNGTRENNUNG(dimethyl)silyl]oxy}methyl)-6-vinylpiperidine ((+)-(2R,3S,6R)-10 a): Ac-
cording to GP2, anhydrous TBD (1.2 mg, 8.6 mmol) was added to a solu-
tion of [{IrCl ACHTUNGTRENNUNG(cod)}2] (1.5 mg, 2.2 mmol) and (S,S,aS)-L2 (2.6 mg,
4.3 mmol) in dry THF (300 mL), and the mixture was stirred for 5 min.
Then a solution of the carbonate (+)-(E,6S,7R)-9 (50.0 mg, 108 mmol) in
dry THF (700 mL) was added, and the mixture was stirred at room tem-
perature for 6.5 h when TLC control (petroleum ether/ethyl acetate 1:1,
Rf(9)=0.23, RfACHTUNGTRENNUNG(10 a)=0.61, KMnO4) showed complete conversion. After
workup, the crude product was analyzed by GC with respect to the dia-
stereomeric ratio (10a/10b=98:2). The major diastereomer (+)-
(2R,3S,6R)-10 a (34.6 mg, 89 %) was obtained after flash chromatography
on silica gel (5 g, petroleum ether/ethyl acetate 10:1) as a colorless oil.
[a]20

D =++38.8 (c =0.94 in CHCl3, >99% ee); 1H NMR (300 MHz, CDCl3):
d=5.81 (ddd, J=17.0, 10.5, 6.4 Hz, 1H; CH=CH2), 5.14 (d, J =17.1 Hz,
1H; CH=CHEHZ), 5.01 (d, J= 10.4 Hz, 1H; CH=CHEHZ), 3.96 (dd, J=

9.5, 2.9 Hz, 1 H; CHaHbO), 3.47 (dd, J=8.9, 8.9 Hz, 1H; CHaHbO), 3.29
(ddd, J =10.3, 9.0, 4.6 Hz, 1 H; 3-H), 3.12–3.06 (m, 1 H; 6-H), 2.56 (ddd,
J =8.7, 8.7, 3.0 Hz, 1H; 2-H), 2.05 (br s, 1 H; NH), 1.96–1.89 (m, 1H; 4-
Ha), 1.69 (ddd, J= 12.4, 5.9, 2.9 Hz, 1 H; 5-Ha), 1.50–1.35 (m, 1H; 4-Hb),
1.34–1.21 (m, 1H; 5-Hb), 0.87, 0.86 (2 s, 18 H; C ACHTUNGTRENNUNG(CH3)3), 0.04, 0.04, 0.02,
0.01 ppm (4 s, 12H; SiCH3); 13C NMR (75 MHz, CDCl3): d =141.34 (d, =

CH), 114.09 (t, =CH2), 70.05 (d, C-3), 64.81 (t, CH2O), 64.08 (d, C-2),
58.45 (d, C-6), 34.45 (t, C-4), 31.70 (t, C-5), 26.09, 25.90 (2 q, C ACHTUNGTRENNUNG(CH3)3),
18.47, 18.07 (2 s, C ACHTUNGTRENNUNG(CH3)3), �3.94, �4.77, �5.21, �5.22 ppm (4 q, SiCH3);
elemental analysis calcd (%) for C20H43NO2Si2: C 62.27, H 11.24, N 3.63;
found C 62.31, H 11.24, N 3.68; HRMS (ESI+ ): m/z : calcd for
C20H44NO2Si2

+ : 386.2905; found: 386.2905 [M+H]+ . GC (achiral: HP-1,
200 8C isothermal): tR((+)-(2R,3S,6R)-10a)= 15.1 min, tR((+)-(2R,3S,6S)-
10b) =16.1 min.

(+)-(2R,3S,6S)-3-{[tert-ButylACHTUNGTRENNUNG(dimethyl)silyl]oxy}-2-({[tert-butyl-ACHTUNGTRENNUNG(dimethyl)silyl]oxy}methyl)-6-vinylpiperidine ((+)-(2R,3S,6S)-10 b): Fol-
lowing GP2, a solution of [{IrCl ACHTUNGTRENNUNG(cod)}2] (1.5 mg, 2.2 mmol) and (R,R,aR)-
L2 (2.6 mg, 4.3 mmol) in dry THF (300 mL) was treated with anhydrous
TBD (1.2 mg, 8.6 mmol), and the mixture was stirred for 5 min at room
temperature. Then a solution of carbonate (+)-(E,6S,7R)-9 (50.0 mg,
108 mmol) in dry THF (700 mL) was added, and the mixture was heated
at 50 8C for 1.25 h when conversion was complete according to TLC con-
trol (petroleum ether/ethyl acetate 1:1, Rf(9)=0.23, RfACHTUNGTRENNUNG(10b) =0.39,
KMnO4). After workup, the crude product was analyzed by GC with re-
spect to the diastereomeric ratio (10 b/10a =97:3). Purification of the
crude product by flash chromatography on silica gel (5 g, petroleum
ether/ethyl acetate 10:1) yielded the major diastereomer (+)-(2R,3S,6S)-
10b (35.7 mg, 92%) as colorless oil. [a]20

D =++48.5 (c=1.04 in CHCl3,
>99 % ee); 1H NMR (300 MHz, CDCl3): d =5.99 (ddd, J=17.8, 10.3,
5.0 Hz, 1H; CH=CH2), 5.15 (ddd, J=10.3, 1.7, 1.7 Hz, 1H; CH=CHEHZ),
5.15 (ddd, J =17.7, 1.5, 1.4 Hz, 1H; CH=CHEHZ), 3.90 (dd, J =9.4,
3.8 Hz, 1 H; CHaHbO), 3.55–3.50 (m, 1H; 6-H), 3.44 (dd, J= 9.4, 8.1 Hz,
1H; CHaHbO), 3.39 (ddd, J=9.8, 8.5, 3.8 Hz, 1 H; 3-H), 2.80 (ddd, J=

8.1, 8.1, 3.7 Hz, 1H; 2-H), 1.96 (br s, 1H; NH), 1.79–1.71 (m, 3H; 4-Ha, 5-
H), 1.59–1.45 (m, 1 H; 4-Hb), 0.89, 0.87 (2 s, 18 H; C ACHTUNGTRENNUNG(CH3)3), 0.05 (s, 6 H;
SiCH3), 0.03, 0.03 ppm (2 s, 6 H; SiCH3); 13C NMR (75 MHz, CDCl3): d=

140.33 (d, =CH), 114.97 (t, =CH2), 70.10 (d, C-3), 64.76 (t, CH2O), 58.26
(d, C-2), 53.00 (d, C-6), 29.99 (t, C-4), 28.56 (t, C-5), 26.07, 25.95 (2 q, C-ACHTUNGTRENNUNG(CH3)3), 18.39, 18.14 (2 s, C ACHTUNGTRENNUNG(CH3)3), �3.94, �4.72, �5.24 ppm (3 q,
SiCH3); elemental analysis calcd (%) for C20H43NO2Si2: C 62.27, H 11.24,
N 3.63; found C 62.28, H 11.24, N 3.60; HRMS (ESI + ): m/z : calcd for
C20H44NO2Si2

+ : 386.2905; found: 386.2905 [M+H]+ . For GC data see
(+)-(2R,3S,6R)-10a.

General procedure 3 (GP3, Cbz-protection): A solution of the piperidine
(0.1 mmol) in CH2Cl2 (1 mL) was added to a solution of Na2CO3

(159 mg, 1.5 mmol) in H2O (1.5 mL). The mixture was vigorously stirred
and cooled to 0 8C. Benzyl chloroformate (85 mg, 0.5 mmol) was added
dropwise. After complete addition the ice bath was removed, and the
mixture was allowed to warm to room temperature. When conversion
was complete according to TLC, the mixture was extracted with CH2Cl2.
The combined organic layers were dried over Na2SO4 and concentrated
in vacuo. Pure products were obtained by flash chromatography on silica
gel.

(+)-Benzyl (2R,3S,6R)-3-{[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}-2-({[tert-butyl-ACHTUNGTRENNUNG(dimethyl)silyl]oxy}methyl)-6-vinylpiperidine-1-carboxylate ((+)-
(2R,3S,6R)-11 a): Following GP3, a solution of (+)-(2R,3S,6R)-10a
(55.8 mg, 145 mmol) in CH2Cl2 (1.5 mL) was added to a solution of
Na2CO3 (230 mg, 2.17 mmol) in H2O (1.5 mL). The mixture was cooled
to 0 8C and benzyl chloroformate (123 mg, 721 mmol) was added drop-
wise. After complete addition the ice bath was removed, and the mixture
was allowed to warm to room temperature. After 2.5 h conversion was
complete according to TLC control (petroleum ether/diethyl ether 4:1,
RfACHTUNGTRENNUNG(10a)= 0.19, RfACHTUNGTRENNUNG(11a) =0.48), and the mixture was extracted with
CH2Cl2 (4 � 3 mL). The combined organic layers were dried over Na2SO4

and concentrated in vacuo. The residue was subjected to flash chroma-
tography on silica gel (5 g, petroleum ether/diethyl ether 20:1) to give
pure (+)-(2R,3S,6R)-11a (73.1 mg, 97 %) as a colorless oil. [a]20

D =++26.2
(c= 1.06 in CHCl3, >99% ee); 1H NMR (300 MHz, CHCl3): d=7.38–7.28
(m, 5 H; Ph), 5.76 (ddd, J =17.4, 10.7, 4.9 Hz, 1H; =CH), 5.21–5.06 (m,
4H; CH2Ph, =CH2), 4.81 (br s, 1H; 6-H), 4.23–4.08 (m, 2H; 2-H, 3-H),
3.54–3.48 (m, 2 H; CH2OSi), 2.23 (dddd, J =13.6, 13.6, 6.2, 3.5 Hz, 1H; 5-
Ha), 1.77 (dddd, J= 13.6, 13.6, 2.7, 2.7 Hz, 1H; 4-Ha), 1.64–1.42 (m, 2 H;
4-Hb, 5-Hb), 0.86 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 0.04 (s, 6H; SiCH3), �0.01 ppm (br s,
6H; SiCH3); 13C NMR (75 MHz, CHCl3): d=156.56 (s, CO2), 147.35 (d,
=CH), 137.06 (s, Ph), 128.52, 127.92, 127.85 (3 d, Ph), 115.19 (t, =CH2),
67.14 (t, CH2Ph), 64.08 (d, C-3), 63.14 (t, CH2OSi), 60.24 (d, C-2), 51.28
(d, C-6), 25.97, 25.91 (2 q, CACHTUNGTRENNUNG(CH3)3), 22.56 (t, C-4), 20.39 (t, C-5), 18.29,
18.17 (2 s, CACHTUNGTRENNUNG(CH3)3), �4.71, �4.80, �5.26, �5.47 ppm (4 q, SiCH3); ele-
mental analysis calcd (%) for C28H49NO4Si2: C 64.69, H 9.50, N 2.69;
found C 64.61, H 9.43, N 2.63; HRMS (ESI+ ): m/z : calcd for
C28H49NNaO4Si2

+ : 542.3092; found: 542.3087 [M+Na]+ .
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(+)-Benzyl (2R,3S,6S)-3-{[tert-butyl ACHTUNGTRENNUNG(dimethyl)silyl]oxy}-2-({[tert-butyl-ACHTUNGTRENNUNG(dimethyl)silyl]oxy}methyl)-6-vinylpiperidine-1-carboxylate ((+)-
(2R,3S,6S)-11 b): According to GP3, a solution of (+)-(2R,3S,6S)-10b
(183 mg, 475 mmol) in CH2Cl2 (4.0 mL) was added to a solution of
Na2CO3 (754 mg, 7.11 mmol) in H2O (4.0 mL). The mixture was cooled
to 0 8C and benzyl chloroformate (405 mg, 2.37 mmol) was added drop-
wise. When the addition was complete, the ice bath was removed, and
the mixture was allowed to warm to room temperature. After 15 min the
reaction was complete according to TLC analysis (petroleum ether/ethyl
acetate 4:1, Rf ACHTUNGTRENNUNG(10 b)=0.31, RfACHTUNGTRENNUNG(11 b) =0.65, KMnO4), and the mixture was
extracted with CH2Cl2 (4 � 10 mL). The combined organic layers were
dried over Na2SO4, concentrated under reduced pressure, and the crude
product was purified by flash chromatography on silica gel (5 g, petrole-
um ether/diethyl ether 20:1) to give (+)-(2R,3S,6S)-11b (233 mg, 94%)
as a colorless oil. [a]20

D =++10.7 (c =0.99 in CHCl3, >99 % ee); 1H NMR
(300 MHz, CDCl3): d=7.36–7.27 (m, 5H; Ph), 6.24 (ddd, J =17.3, 10.3,
7.1 Hz, 1 H; CH=CH2), 5.16 (d, J=12.6 Hz, 1H; CHaHbPh), 5.12–5.05 (m,
1H; CH=CHEHZ), 5.09 (d, J =12.6 Hz, 1H; CHaHbPh), 5.02 (ddd, J=

10.4, 1.8, 1.8 Hz, 1H; CH=CHEHZ), 4.24–4.20 (m, 2 H; 3-H, 6-H), 4.00
(ddd, J =8.5, 4.3, 3.9 Hz, 1H; 2-H), 3.73 (dd, J =9.6, 4.5 Hz, 1 H;
CHaHbOSi), 3.56 (dd, J=9.5, 9.5 Hz, 1H; CHaHbOSi), 1.98–1.87 (m, 1 H;
CH2CHaHb), 1.84–1.61 (m, 3 H; CH2CHaHb), 0.87, 0.87 (2 s, 18H; C-ACHTUNGTRENNUNG(CH3)3), 0.05, 0.04 (2 s, 6H; SiCH3), 0.00 ppm (s, 6 H; SiCH3); 13C NMR
(75 MHz, CDCl3): d =156.44 (s, CO2), 140.33 (d, =CH), 137.05 (s, Ph),
128.46, 127.95, 127.87 (3 d, Ph), 113.63 (t, =CH2), 66.85 (t, CH2Ph), 65.55
(d, C-3), 62.86 (t, CH2OSi), 60.91 (d, C-2), 55.12 (d, C-6), 26.15,§ 25.97,#

25.94,§ 25.90# (2 � 2q, C ACHTUNGTRENNUNG(CH3)3), 18.28, 18.10 (2 s, C ACHTUNGTRENNUNG(CH3)3), �4.68, �4.79,
�5.29, �5.47 ppm (4 q, SiCH3) (the CH3 resonances of the tert-butyl
groups appear as a pair of each two sharp (#) and two smaller and slight-
ly broadened (§) signals); elemental analysis calcd (%) for C28H49NO4Si2:
C 64.69, H 9.50, N 2.69; found C 64.77, H 9.53, N 2.67; HRMS (ESI + ):
m/z : calcd for C28H50NO4Si2

+ : 520.3273; found: 520.3281 [M+H]+ .

(+)-Benzyl (2R,3S,6R)-3-Hydroxy-2-(hydroxymethyl)-6-vinylpiperidine-
1-carboxylate ((+)-(2R,3S,6R)-12 a): A solution of (+)-(2R,3S,6R)-11 a
(222 mg, 427 mmol) in methanol (1.0 mL) was treated with 20% HCl/
MeOH (2.0 mL, prepared from concentrated aqueous HCl (ca. 12 m,
0.4 mL) and methanol (1.6 mL)) and stirred at room temperature for
2.5 h when complete conversion was indicated by TLC control (petro-
leum ether/ethyl acetate 4:1, RfACHTUNGTRENNUNG(11 a) =0.63, RfACHTUNGTRENNUNG(12 a)<0.1, KMnO4).
NaHCO3 was added in small portions until gas evolution ceased and the
mixture was extracted with ethyl acetate (4 � 5 mL). The combined or-
ganic phases were dried over Na2SO4 and concentrated in vacuo. The
crude product was purified by flash chromatography on silica gel (3 g, pe-
troleum ether/ethyl acetate 1:1 to 1:2) to give the pure diol (+)-
(2R,3S,6R)-12 a (123 mg, 99%) as a colorless oil. [a]20

D = ++ 28.0 (c =0.68
in CHCl3, >99 % ee); 1H NMR (300 MHz, CDCl3): d=7.37–7.27 (m, 5H;
Ph), 5.81 (ddd, J= 17.4, 10.6, 4.9 Hz, 1H; CH=CH2), 5.17–5.09 (m, 2H;
CH=CH2), 5.16 (d, J =12.4 Hz, 1 H; CHaHbPh), 5.08 (d, J =12.4 Hz, 1 H;
CHaHbPh), 4.83–4.76 (m, 1 H; 6-H), 4.35 (dd, J= 7.3, 7.3 Hz, 1H; 2-H),
4.08 (br s, 1 H; CHOH), 3.59 (dd, J =10.9, 6.8 Hz, 1 H; CHaHbOH), 3.54
(dd, J=10.8, 8.6 Hz, 1 H; CHaHbOH), 3.19 (br s, 2H; OH), 2.25–2.12 (m,
1H; 5-Ha), 1.86–1.74 (m, 1 H; 4-Ha), 1.68–1.60 ppm (m, 2H; 4-Hb, 5-Hb);
13C NMR (75 MHz, CDCl3): d=157.42 (s, CO2), 139.13 (d, =CH), 136.47
(s, Ph), 128.62, 128.15, 127.91 (3 d, Ph), 115.79 (t, =CH2), 67.74 (t,
CH2Ph), 64.13 (d, CHOH), 63.33 (t, CH2OH), 60.41 (d, C-2), 51.58 (d, C-
6), 22.15 (t, C-4), 20.60 ppm (t, C-5); HRMS (ESI + ): m/z : calcd for
C16H22NO4

+ : 292.1543; found: 292.1545 [M+H]+ .

(�)-Benzyl (2R,3S,6S)-3-hydroxy-2-(hydroxymethyl)-6-vinylpiperidine-1-
carboxylate ((�)-(2R,3S,6S)-12 b): This compound was prepared analo-
gously to (+)-(2R,3S,6R)-12a from (+)-(2R,3S,6S)-11b (195 mg,
375 mmol). After 2.5 h, when the starting material was no longer detected
by TLC control (petroleum ether/ethyl acetate 4:1, Rf ACHTUNGTRENNUNG(11 b)=0.65, Rf-ACHTUNGTRENNUNG(12b)<0.1, KMnO4), workup was carried out by addition of NaHCO3

and extraction with ethyl acetate. The pure diol (�)-(2R,3S,6S)-12b
(103 mg, 94 %) was obtained after purification by flash chromatography
on silica gel (3 g, petroleum ether/ethyl acetate 1:1 to 1:2) as a colorless
oil. [a]20

D =�19.7 (c=1.08 in CHCl3, >99% ee); 1H NMR (300 MHz,
CDCl3): d=7.40–7.29 (m, 5H; Ph), 5.78 (ddd, J= 17.5, 10.7, 3.6 Hz, 1H;
CH=CH2), 5.27 (ddd, J =10.7, 2.4, 0.9 Hz, 1H; CH=CHEHZ), 5.20–5.12

(m, 1 H; CH=CHEHZ), 5.16 (d, J =12.4 Hz, 1 H; CHaHbPh), 5.11 (d, J=

12.4 Hz, 1 H; CHaHbPh), 4.92–4.86 (m, 1H; 6-H), 4.62 (br s, 1 H;
CH2OH), 4.13–3.99 (m, 2 H; CH2OH), 3.91–3.81 (m, 1H; CHOH), 3.19
(ddd, J=9.6, 4.0, 3.0 Hz, 1 H; 2-H), 3.11 (br s, 1H; CHOH), 1.98–1.85 (m,
2H; 4-Ha, 5-Ha), 1.82–1.58 ppm (m, 2 H; 4-Hb, 5-Hb); 13C NMR (75 MHz,
CDCl3): d= 156.30 (s, CO2), 136.54 (d, =CH), 136.35 (s, Ph), 128.70,
128.31, 127.94 (3 d, Ph), 117.15 (t, =CH2), 67.58 (t, CH2Ph), 67.09 (d, C-
3), 61.17 (d, C-2), 60.08 (t, CH2OH), 55.30 (d, C-6), 28.75 (t, C-4),
26.40 ppm (t, C-5); HRMS (ESI+ ): m/z : calcd for C16H22NO4

+ :
292.1543; found: 292.1546 [M+H]+ .

General procedure 4 (GP4, cross-metathesis): In a flame-dried Schlenk
tube under an argon atmosphere, a solution of the piperidine derivative
(0.1 mmol) and the olefin representing the side chain (0.3–1.0 mmol) in
dry CH2Cl2 (1 mL) was treated with Grubbs II or Grubbs II–Hoveyda
catalyst (1–10 mmol) and heated at reflux. If necessary, further portions
of the catalyst and the side chain olefin were added until TLC control in-
dicated complete or no further conversion (1–24 h). The mixture was
concentrated and purified by flash chromatography on silica gel and, if
necessary, by preparative HPLC.

(+)-Benzyl (2R,3S,6R)-3-hydroxy-2-(hydroxymethyl)-6-[(E)-10’-oxodo-
dec-1’-en-1’-yl]piperidine-1-carboxylate ((+)-(2R,3S,6R,E)-14 a): Follow-
ing GP4, Grubbs II–Hoveyda catalyst (2.0 mg, 3.2 mmol) was added to a
solution of (+)-(2R,3S,6R)-12a (46.2 mg, 159 mmol) and 13 (145 mg,
797 mmol) in dry CH2Cl2 (1.5 mL), and the mixture was heated at reflux.
An additional 5 portions of the catalyst (each 2.0 mg, 3.2 mmol) were
added after intervals of 2 h each, and stirring was continued at reflux
overnight. After 25 h no further conversion was detected by TLC control
(ethyl acetate, Rf ACHTUNGTRENNUNG(12 a)=0.33, Rf ACHTUNGTRENNUNG(14 a)=0.39, KMnO4), and the mixture
was concentrated under reduced pressure. The residue was subjected to
flash chromatography on silica gel (3 g, ethyl acetate) and subsequent
preparative HPLC (ethyl acetate, column: ProntoSIL, 250 � 20 mm, 5 m

silica gel, 15 mL min�1, 100 bar) to give pure (+)-(2R,3S,6R,E)-14 a
(40.8 mg, 58 %) as colorless needles (m.p. 50–51 8C); [a]20

D =++41.7 (c =

0.82 in CHCl3, >99% ee); 1H NMR (500 MHz, CDCl3): d =7.34–7.27 (m,
5H; Ph), 5.51 (ddd, J =14.9, 6.8, 6.8 Hz, 1 H; 2’-H), 5.36 (dd, J =15.6,
5.2 Hz, 1 H; 1’-H), 5.15 (d, J=12.3 Hz, 1H; CHaHbPh), 5.05 (d, J=

12.3 Hz, CHaHbPh), 4.74 (br s, 1H; 6-H), 4.32 (dd, J =7.1, 7.1 Hz, 1 H; 2-
H), 4.10 (br s, 1H; 3-H), 3.57 (dd, J= 10.7, 6.0 Hz, 1 H; CHaHbOH), 3.53
(dd, J=11.0, 8.5 Hz, 1H; CHaHbOH), 3.32 (br s, 2H; OH), 2.40 (q, J=

7.7 Hz, 2H; CH2CH3), 2.37 (t, J =7.8 Hz, 2H; 9’-H), 2.19–2.11 (m, 1H; 5-
Ha), 1.95 (ddd, J =6.9, 6.9, 6.9 Hz, 2H; 3’-H), 1.85–1.78 (m, 1 H; 4-Ha),
1.65–1.60 (m, 1H; 4-Hb), 1.56–1.51 (m, 3H; 5-Hb, 8’-H), 1.31–1.20 (m,
8H; (CH2)4), 1.03 ppm (t, J= 7.3 Hz, 3 H; CH3); 13C NMR (125 MHz,
CDCl3): d =212.31 (s, C=O), 157.28 (s, CO2), 136.61 (s, Ph), 132.27 (d, C-
2’), 130.38 (d, C-1’), 128.54, 128.05, 127.88 (3 d, Ph), 67.56 (t, CH2Ph),
64.15 (d, C-3), 63.44 (t, CH2OH), 60.37 (d, C-2), 51.03 (d, C-6), 42.47 (t,
C-9’), 35.99 (t, C-11’), 32.43 (t, C-3’), 29.27, 29.27, 29.10, 29.01 (4 t, C-4’,
C-5’, C-6’, C-7’), 23.93 (t, C-8’), 22.10 (t, C-4), 21.35 (t, C-5), 7.94 ppm (q,
CH3); HRMS (ESI + ): m/z : calcd for C26H39NNaO5

+ : 468.2720; found:
468.2717 [M+Na]+ .

(�)-Benzyl (2R,3S,6S)-3-hydroxy-2-(hydroxymethyl)-6-[(E)-10’-oxodo-
dec-1’-en-1’-yl]piperidine-1-carboxylate ((�)-(2R,3S,6S,E)-14 b): Follow-
ing GP4, a solution of (�)-(2R,3S,6S)-12b (39.0 mg, 134 mmol) and 13
(122 mg, 670 mmol) in dry CH2Cl2 (750 mL) was treated with Grubbs II–
Hoveyda catalyst (2.5 mg, 4 mmol) and heated at reflux. A second and a
third portion of the catalyst (each 2.5 mg, 4 mmol) was added after 2 h
and 5 h reaction time, respectively. After 8.5 h the mixture was allowed
to cool to room temperature, and stirring was continued overnight. After
24 h TLC control (ethyl acetate, RfACHTUNGTRENNUNG(12b)=0.40, Rf ACHTUNGTRENNUNG(14b)=0.47, KMnO4)
showed almost complete conversion. The mixture was concentrated in
vacuo, and the residue was subjected to flash chromatography on silica
gel (4 g, petroleum ether/ethyl acetate 1:1) and preparative HPLC (ethyl
acetate, column: ProntoSIL, 250 � 20 mm, 5 m silica gel, 15 mL min�1,
54 bar) to give pure (�)-(2R,3S,6S,E)-14 b (36.8 mg, 62%) as a colorless
oil together with some recovered starting material (�)-(2R,3S,6S)-12b
(2.7 mg, 7 %). [a]20

D =�41.3 (c=1.43 in CHCl3, >99% ee); 1H NMR
(300 MHz, CDCl3): d=7.37–7.30 (m, 5H; Ph), 5.55 (dddd, J =15.6, 6.8,
6.8, 1.8 Hz, 1H; 2’-H), 5.38 (dd, J=15.6, 4.1 Hz, 1 H; 1’-H), 5.14 (d, J =
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12.3 Hz, 1 H; CHaHbPh), 5.11 (d, J=12.3 Hz, 1 H; CHaHbPh), 4.85 (br s,
1H; 6-H), 4.61 (br s, 1 H; CH2OH), 4.08–4.00 (m, 2H; CH2OH), 3.86–
3.82 (m, 1 H; 3-H), 3.22–3.17 (m, 1H; 2-H), 3.00 (br s, 1H; CHOH), 2.40
(q, J =7.7 Hz, 2H; CH2CH3), 2.38 (t, J=7.8 Hz, 2H; 9’-H), 2.02 (dt, J=

7.0, 7.0 Hz, 2H; 3’-H), 1.94–1.90 (m, 1 H; 4-Ha), 1.85–1.81 (m, 1 H; 5-Ha),
1.75–1.62 (m, 2H; 4-Hb, 5-Hb), 1.58–1.52 (m, 2 H; 8’-H), 1.37–1.30 (m,
2H; 4’-H), 1.30–1.22 (m, 6H; 5’-H, 6’-H, 7’-H), 1.04 ppm (t, J =7.3 Hz,
3H; CH3); 13C NMR (125 MHz, CDCl3): d= 212.08 (s, C=O), 156.26 (s,
CO2), 136.47 (s, Ph), 133.69 (d, C-1’), 128.67, 128.25, 127.90 (3 d, Ph),
127.75 (d, C-2’), 67.45 (t, CH2Ph), 67.27 (d, C-3), 60.96 (d, C-2), 60.15 (t,
CH2OH), 54.74 (d, C-6), 42.48 (t, C-9’), 35.99 (t, CH2CH3), 32.53 (t, C-3’),
29.30, 29.29, 29.17, 29.07, 28.80 (5 t, C-4, C-4’, C-5’, C-6’, C-7’), 27.03 (t,
C-5), 23.97 (t, C-8’), 7.97 ppm (q, CH3); elemental analysis calcd (%) for
C26H39NO5: C 70.08, H 8.82, N 3.14; found C 69.90, H 8.80, N 3.10;
HRMS (ESI + ): m/z : calcd for C26H39NNaO5

+ : 468.2720; found:
468.2719 [M+Na]+ .

General procedure 5 (GP5, catalytic hydrogenation on Pd(OH)2/C):
Under an atmosphere of hydrogen (1 bar) in a flame dried Schlenk tube,
palladium hydroxide (ca. 10–20 wt % (dry) on activated charcoal, wet, ca.
50% H2O) (5 mg, 3.6 mmol) was suspended in dry methanol (0.5 mL),
and the mixture was stirred for 30 min. A solution of the olefin
(0.1 mmol) in dry methanol (0.5 mL) was added and the mixture was
stirred at room temperature until TLC control showed complete conver-
sion (1–4 h). The mixture was filtered through a pad of silica gel, and the
filtrate was concentrated under reduced pressure.

(+)-12-[(2’S,5’S,6’R)-5’-Hydroxy-6’-(hydroxymethyl)piperidin-2’-yl]dode-
can-3-one ((+)-(2’S,5’S,6’R)-prosophylline; (+)-15 a): According to GP5,
a suspension of palladium hydroxide (2.5 mg) in methanol (400 mL) was
stirred under an atmosphere of hydrogen (1 bar) for 30 min. Then a solu-
tion of (+)-(2R,3S,6R,E)-14a (24.9 mg, 55.9 mmol) in methanol (500 mL)
was added, and the mixture was stirred at room temperature for 1 h
when the starting compound was consumed according to TLC control
(ethyl acetate, RfACHTUNGTRENNUNG(14a)= 0.39, Rf(prosophylline)<0.1, KMnO4). The mix-
ture was filtered through a pad of Celite and the filtrate concentrated
under reduced pressure to give a colorless oil, which was dissolved in
ethyl acetate (5 mL). The resulting solution was washed with aqueous
NaOH (2 � 2 mL, 1n), and the aqueous layer was re-extracted with ethyl
acetate (2 � 1 mL). The combined organic layers were dried over Na2SO4

and concentrated in vacuo to give pure (by NMR spectroscopy) (+)-
(2’S,5’S,6’R)-prosophylline (17.4 mg, 99 %) as a colorless solid showing
physical properties that matched those reported.[14, 17] Recrystallization
from acetone afforded colorless crystals. M.p. 85.5–86 8C (ref. [17a]: 77–
79 8C ((�)-prosophylline); ref. [17e]: 82–83 8C ((� )-prosophylline));
[a]20

D =++10.3 (c=1.30 in CHCl3, >99% ee) (ref. [15a]: [a]26
D =�12.9 (c=

2.54, CHCl3 ((�)-prosophylline))); 1H NMR (600 MHz, CDCl3): d=3.81
(dd, J=10.8, 4.5 Hz, 1H; CHaHbOH), 3.69 (dd, J=10.8, 5.4 Hz, 1H;
CHaHbOH), 3.44 (ddd, J =10.0, 9.9, 4.5 Hz, 1 H; 5’-H), 2.71 (br s, 3 H;
OH, NH), 2.54 (ddd, J=9.3, 4.8, 4.8 Hz, 1H; 6’-H), 2.53–2.48 (m, 1H; 2’-
H), 2.41 (q, J=7.3 Hz, 2 H; CH2CH3), 2.38 (t, J= 7.3 Hz, 2H; 4-H), 2.04–
2.00 (m, 1H; 4’-Ha), 1.75–1.71 (m, 1 H; 3’-Ha), 1.57–1.52 (m, 2H; 5-H),
1.40–1.31 (m, 3 H; 12-H, 4’-Hb), 1.31–1.22 (m, 12 H; (CH2)6), 1.11 (dddd,
J =13.5, 13.5, 10.9, 3.2 Hz, 1 H; 3’-Hb), 1.03 ppm (t, J= 7.4 Hz, 3H; CH3);
13C NMR (151 MHz, CDCl3): d=212.32 (s, C=O), 70.43 (d, C-5’), 64.47
(t, CH2OH), 63.35 (d, C-6’), 56.14 (d, C-2’), 42.55 (t, C-4), 36.60 (t, C-12),
35.99 (t, C-2), 33.96 (t, C-4’), 31.15 (t, C-3’), 29.83, 29.60, 29.50, 29.48,
29.36, 26.29 [6 t, (CH2)6), 24.04 (t, C-5), 7.98 ppm (q, CH3); HRMS
(ESI + ): m/z : calcd for C18H36NO3

+ : 314.2690; found: 314.2691 [M+H]+ .

(+)-12-[(2’R,5’S,6’R)-5’-Hydroxy-6’-(hydroxymethyl)piperidin-2’-yl]dode-
can-3-one ((+)-(2’R,5’S,6’R)-prosopinine (+)-15 b): Following GP5, a sus-
pension of palladium hydroxide (3.4 mg) in methanol (500 mL) was
stirred under an atmosphere of hydrogen (1 bar) for 30 min. A solution
of (�)-(2R,3S,6S,E)-14b (28.5 mg, 64.0 mmol) in methanol (750 mL) was
added, and the mixture was stirred for 1 h when TLC analysis (ethyl ace-
tate, RfACHTUNGTRENNUNG(14b) =0.45, RfACHTUNGTRENNUNG(15b)<0.1, KMnO4) indicated complete consump-
tion of the substrate. The mixture was filtered through a pad of Celite
and all volatiles were evaporated to give analytically pure (+)-
(2’R,5’S,6’R)-prosopinine (20.1 mg, quant.) as a colorless crystalline solid,
the spectroscopic data of which were in accordance with the reported

data.[11, 15, 58] Recrystallization from acetone afforded colorless needles
(m.p. 100.0–100.5 8C; ref. [15b]: 96–99 8C ((�)-prosopinine (CHCl3/
Et2O))). The relative configuration of the product was confirmed by X-
ray crystal structural analysis. [a]20

D =++11.7 (c =0.70 in CHCl3, >99% ee)
(refs. [11, 12b,13]: [a]20

D =++12 (c =0.01, CHCl3)); 1H NMR (600 MHz,
CDCl3): d =3.74 (br s, 3 H; NH, OH), 3.66 (dd, J=10.9, 7.1 Hz, 1 H;
CHaHbOH), 3.63 (dd, J =10.9, 5.0 Hz, 1 H; CHaHbOH), 3.53 (ddd, J =6.6,
6.6, 3.8 Hz, 1 H; 5’-H), 2.86 (ddd, J= 6.0, 6.0, 6.0 Hz, 1H; 6’-H), 2.83–2.79
(m, 1H; 2’-H), 2.39 (q, J =7.3 Hz, 2H; CH2CH3), 2.36 (t, J =7.5 Hz, 2H;
4-H), 1.73–1.68 (m, 1H; 4’-Ha), 1.64–1.57 (m, 2H; 3’-Ha, 4’-Hb), 1.56–1.46
(m, 4 H; 5-H, 12-Ha, 3’-Hb), 1.43–1.37 (m, 1H; 12-Hb), 1.30–1.19 (m,
12H; (CH2)6), 1.01 ppm (t, J= 7.4 Hz, 3H; CH3); 13C NMR (151 MHz,
CDCl3): d=212.33 (s, C=O), 67.45 (d, C-5’), 61.84 (t, CH2OH), 58.14 (d,
C-6’), 50.39 (d, C-2’), 42.50 (t, C-4), 35.94 (t, C-2), 33.05 (t, C-12), 29.67,
29.57, 29.45, 29.44, 29.30 (5 t, CH2), 28.24 (t, C-4’), 26.86 (t, C-3’), 26.40 (t,
CH2), 23.98 (t, C-5), 7.93 ppm (q, CH3); HRMS (ESI + ): m/z : calcd for
C18H36NO3

+ : 314.2690; found: 314.2689 [M+H]+ .

(+)-Benzyl (2R,3S,6R)-3-hydroxy-6-[(E,11’S)-11’-hydroxydodec-1’-en-1’-
yl]-2-(hydroxymethyl)piperidine-1-carboxylate ((+)-(2R,3S,6R,E,11’S)-
17a): Following GP4, Grubbs II–Hoveyda catalyst (8.4 mg, 13.4 mmol)
was added to a solution of (+)-(2R,3S,6R)-12a (80.0 mg, 275 mmol) and
(+)-(S)-16 (237 mg, 1.29 mmol) in dry CH2Cl2 (1.5 mL), and the mixture
was heated at reflux. After 2 h TLC control (ethyl acetate, RfACHTUNGTRENNUNG(12 a)=

0.23, Rf ACHTUNGTRENNUNG(17 a)=0.20, KMnO4) still showed some starting material, and an-
other portion of the catalyst (3.4 mg, 5.4 mmol) was added. After 5.5 h
conversion was complete, and the mixture was concentrated in vacuo,
and the residue subjected to flash chromatography on silica gel (3 g, pe-
troleum ether/ethyl acetate 1:1 to ethyl acetate). The product obtained
(105 mg, 85 %) was still contaminated with unidentified side products
and purified by repeated preparative HPLC (ethyl acetate, column:
ProntoSIL, 250 � 20 mm, 5 m silica gel, 15 mL min�1, 58 bar) to furnish an-
alytically pure (+)-(2R,3S,6R,E,11’S)-17a (41.5 mg, 34%) as a colorless
oil. [a]20

D =++34.2 (c=1.18 in CHCl3, >99% ee); 1H NMR (500 MHz,
CDCl3): d =7.36–7.28 (m, 5 H; Ph), 5.52 (ddd, J= 14.8, 7.1, 7.1 Hz, 1 H;
2’-H), 5.38 (dd, J= 15.5, 5.6 Hz, 1H; 1’-H), 5.16 (d, J =12.3 Hz,
CHaHbPh), 5.07 (d, J =12.6 Hz, 1H; CHaHbPh), 4.75 (m, 1 H; 6-H), 4.34–
4.26 (m, 1 H; 2-H), 4.10 (br s, 1 H; 3-H), 3.77 (qt, J =6.0, 5.9 Hz, 1H; 11’-
H), 3.62–3.51 (m, 2H; CH2OH), 3.13 (br s, 2H; OH), 2.19–2.12 (m, 1 H;
5-Ha), 2.03 (br s, 1 H; OH), 1.96 (dt, J=7.0, 7.0 Hz, 2H; 3’-H), 1.86–1.79
(m, 1 H; 4-Ha), 1.66–1.61 (m, 1 H; 4-Hb), 1.58–1.52 (m, 1 H; 5-Hb), 1.48–
1.19 (m, 14 H; (CH2)7), 1.16 ppm (d, J=6.3 Hz, 3H; CH3); 13C NMR
(126 MHz, CDCl3): d =157.32 (s, CO2), 136.61 (s, Ph), 132.46 (d, C-2’),
130.33 (d, C-1’), 128.59, 128.10, 127.94 (3 d, Ph), 68.21 (d, C-11’), 67.61 (t,
CH2Ph), 64.19 (d, C-3), 63.49 (t, CH2OH), 60.47 (d, C-2), 51.11 (d, C-6),
39.36 (t, C-10’), 32.40 (t, C-3’), 29.61, 29.58, 29.33, 29.10, 29.09, 25.79 (6 t,
CH2), 23.51 (q, CH3), 22.14 (t, C-4), 21.45 ppm (t, C-5); HRMS (ESI + ):
m/z : calcd for C26H41NNaO5

+ : 470.2877; found: 470.2879 [M+Na]+ .

(+)-(2R,3S,6S)-6-[(11’S)-11’-Hydroxydodecyl]-2-(hydroxymethyl)piperi-
din-3-ol ((+)-6-epi-prosopine; (+)-18 a)): According to GP5, as suspen-
sion of palladium hydroxide (2.2 mg) in methanol (500 mL) was stirred
for 30 min under an hydrogen atmosphere (1 bar). A solution of (+)-17 a
(23.6 mg, 52.8 mmol) in methanol (400 mL) was added, and the mixture
was stirred at room temperature. After 3 h conversion was incomplete ac-
cording to TLC (ethyl acetate, RfACHTUNGTRENNUNG(17a)=0.20, RfACHTUNGTRENNUNG(18a)<0.1), and another
portion of the palladium catalyst (2.5 mg) was added. After being stirred
for another 1 h, complete conversion was reached, and the mixture was
filtered through a pad of Celite. Evaporation of all volatiles gave (+)-18 a
(16.5 mg, 99%) as a colorless oil. [a]20

D =++29.9 (c=0.84 in MeOH,
>99 % ee); 1H NMR (600 MHz, CD3OD): d=3.94 (dd, J =11.5, 3.0 Hz,
1H; CHaHbOH), 3.74 (dd, J=11.5, 6.3 Hz, 1H; CHaHbOH), 3.72–3.68
(m, 1H; 11’-H), 3.54 (ddd, J =10.7, 10.2, 4.6 Hz, 1 H; 3-H), 2.90–2.86 (m,
1H; 6-H), 2.79–2.76 (m, 1H; 2-H), 2.11–2.07 (m, 1H; 4-Ha), 1.99–1.95
(m, 1H; 5-Ha), 1.68–1.63 (m, 1H; 1’-Ha), 1.51–1.27 (m, 21H; (CH2)9, 1’-
Hb, 4-Hb, 5-Hb), 1.14 ppm (d, J =6.2 Hz, 3 H; CH3); 13C NMR (151 MHz,
CD3OD): d= 68.53 (d, C-11’), 67.26 (d, C-3), 64.68 (d, C-2), 60.90 (t,
CH2OH), 58.03 (d, C-6), 40.20 (t, C-10’), 34.98 (t, C-1’), 33.51 (t, C-4),
30.84, 30.75, 30.70, 30.65, 30.61, 30.55 (6 t, CH2), 29.13 (t, C-5), 26.90,
26.82 (2 t, CH2), 23.53 ppm (q, CH3); HRMS (ESI + ): m/z : calcd for
C18H37NNaO3

+ : 338.2666; found: 338.2668 [M+Na]+ .
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(�)-Benzyl (2R,3S,6S)-3-hydroxy-6-[(E,11’S)-11’-hydroxydodec-1’-en-1’-
yl]-2-(hydroxymethyl)piperidine-1-carboxylate ((�)-(2R,3S,6S,E,11’S)-
17b): According to GP4, Grubbs II–Hoveyda catalyst (5.0 mg, 8.0 mmol)
was added to a solution of (�)-12 b (32.0 mg, 110 mmol) and (+)-(S)-16
(59.0 mg, 320 mmol) in dry CH2Cl2 (600 mL). The solution was heated at
reflux for 1 h when TLC control (ethyl acetate, RfACHTUNGTRENNUNG(12 b) =0.38, Rf ACHTUNGTRENNUNG(17 b)=

0.32, Rf(16)=0.58, KMnO4) showed complete conversion. The mixture
was concentrated in vacuo, and the residue was subjected to flash chro-
matography on silica gel (2 g, ethyl acetate) and subsequent preparative
HPLC (ethyl acetate, column: ProntoSIL, 250 � 20 mm, 5 m silica gel,
15 mL min�1, 100 bar) to yield pure (�)-17 b (28 mg, 57%) as a colorless
oil. [a]20

D =�38.6 (c=0.81 in CHCl3, >99% ee); 1H NMR (500 MHz,
CDCl3): d=7.37–7.30 (m, 5H; Ph), 5.55 (dddd, J=15.5, 6.8, 6.8, 1.6 Hz,
1H; 2’-H), 5.39 (dd, J =15.8, 4.0 Hz, 1 H; 1’-H), 5.14 (d, J=12.3 Hz, 1H;
CHaHbPh), 5.10 (d, J= 12.3 Hz, 1 H; CHaHbPh), 4.85 (br s, 1H; 6-H), 4.73
(br s, 1H; CH2OH), 4.08–3.99 (m, 2H; CH2OH), 3.85–3.80 (m, 1H; 3-H),
3.77 (qt, J =6.0, 6.0 Hz, 1H; 11’-H), 3.34 (br s, 1H; 3-OH), 3.20–3.18 (m,
1H; 2-H), 2.02 (dt, J =7.0, 7.0 Hz, 2H; 3’-H), 1.95–1.90 (m, 2 H; 4-Ha,
11’-OH), 1.84–1.78 (m, 1H; 5-Ha), 1.74–1.62 (m, 2H; 4-Hb, 5-Hb), 1.49–
1.22 (m, 14 H; (CH2)7), 1.17 ppm (d, J=6.0 Hz, 3H; CH3); 13C NMR
(126 MHz, CDCl3): d =156.25 (s, CO2), 136.47 (s, Ph), 133.76 (d, C-2’),
128.65, 128.23, 127.88 (3 d, Ph), 127.68 (d, C-1’), 68.15 (d, C-11’), 67.45 (t,
CH2Ph), 67.03 (d, C-3), 61.02 (d, C-2), 60.02 (t, CH2OH), 54.74 (d, C-6),
39.42 (t, C-10’), 32.54 (d, C-3’), 29.68, 29.62, 29.43, 29.21, 29.20 (5 t, CH2),
28.82 (t, C-4), 27.05 (t, C-5), 25.83 (t, CH2), 23.55 ppm (q, CH3); HRMS
(ESI + ): m/z : calcd for C26H42NO5

+ : 448.3058; found: 448.3054 [M+H]+ .

(+)-(2R,3S,6R)-6-[(11’S)-11’-Hydroxydodecyl]-2-(hydroxymethyl)piperi-
din-3-ol ((+)-(2R,3S,6R,11’S)-prosopine; (+)-18 b): According to GP5, a
suspension of palladium hydroxide (2.6 mg) in methanol (100 mL) was
stirred under an atmosphere of hydrogen (1 bar) for 30 min. Then a solu-
tion of (�)-17 b (19.0 mg, 42.5 mmol) in methanol (250 mL) was added,
and the mixture was stirred for 2 h when complete conversion was indi-
cated by TLC control (ethyl acetate, RfACHTUNGTRENNUNG(17 b)=0.32, Rf(prosopine)<0.1,
KMnO4). Filtration through cotton and a pad of Celite and evaporation
of all volatiles gave (+)-(2R,3S,6R)-prosopine as colorless solid (13.4 mg,
quant.), the analytical data of which agreed with the data reported in the
literature.[11, 12b,13, 58] Recrystallization from acetone gave fine colorless
needles. M.p. 127.5–128.5 8C (ref. [12b]: 126–127 8C). [a]20

D =++21.0 (c=

1.00 in MeOH, >99% ee) (ref. [12b]: [a]20
D =++25 (c =1, MeOH));

1H NMR (600 MHz, CD3OD): d =3.83 (dd, J =11.0, 4.2 Hz, 1H;
CHaHbOH), 3.70 (qt, J =6.3, 5.8 Hz, 1H; 11’-H), 3.56 (dd, J =10.9,
7.8 Hz, 1H; CHaHbOH), 3.45 (ddd, J=7.8, 7.5, 4.1 Hz, 1H; 3-H), 2.95–
2.91 (m, 1 H; 6-H), 2.83 (ddd, J =7.5, 7.5, 4.2 Hz, 1H; 2-H), 1.82–1.78 (m,
1H; 4-Ha), 1.73–1.68 (m, 1H; 5-Ha), 1.67–1.58 (m, 3H; 1’-Ha, 4-Hb, 5-Hb),
1.54–1.48 (m, 1H; 1’-Hb), 1.45–1.29 (m, 18 H; (CH2)9), 1.14 ppm (d, J =

6.2 Hz, 3 H; CH3); 13C NMR (151 MHz, CD3OD): d=68.56 (d, C-11’),
68.15 (d, C-3), 62.51 (t, CH2OH), 59.07 (d, C-2), 52.07 (d, C-6), 40.22 (t,
C-10’), 32.65 (t, C-1’), 30.84, 30.76, 30.72, 30.72, 30.71, 30.67 (6 t, CH2),
28.89 (t, C-4), 27.33, 27.25 (2 t, C-5, CH2), 26.91 (t, CH2), 23.51 ppm (q,
CH3); HRMS (ESI + ): m/z : calcd for C18H38NO3

+ : 316.2846; found:
316.2846 [M+H]+ .

(+)-tert-Butyl [(R)-1-methyl-3-oxopropyl]carbamate ((+)-(R)-21):[45] In a
flame-dried Schlenk tube under argon, a solution of oxalyl chloride
(800 mL, 9.3 mmol) in dry CH2Cl2 (10 mL) was cooled to �78 8C. Dry di-
methyl sulfoxide (2.0 mL, 28 mmol) was added dropwise, and the solution
was stirred at �78 8C for 40 min. Then a solution of (�)-(R)-20 (1.19 g,
6.28 mmol) in dry CH2Cl2 (20 mL) was added dropwise. The solution was
allowed to warm to �30 8C over a period of 4.5 h and stirred for 4.5 h.
The mixture was then again cooled to �78 8C and NEt3 (4.4 mL,
31 mmol) was added. After stirring for 30 min the cooling bath was re-
moved, and stirring was continued overnight. The mixture was washed
with saturated aqueous NH4Cl (2 � 100 mL), and the combined aqueous
layers were extracted with CH2Cl2 (2 � 50 mL). The combined organic
layers were dried over Na2SO4 and concentrated under reduced pressure
to give a yellow oil, which was subjected to flash chromatography on
silica gel (5 g, petroleum ether/ethyl acetate 4:1, Rf(20) =0.47, Rf(21)=

0.55 (ethyl acetate), KMnO4) to give aldehyde (+)-(R)-21 (1.10 g, 93%)
as a colorless oil. [a]20

D =++27.6 (c=1.12 in CHCl3, 97 % ee); 1H NMR
(300 MHz, CDCl3): d=9.72 (t, J= 2.0 Hz, 1 H; CHO), 4.73 (d, J =6.0 Hz,

1H; NH), 4.16–4.03 (m, 1 H; CHN), 2.65–2.49 (m, 2 H; CH2), 1.39 (s, 9 H;
C ACHTUNGTRENNUNG(CH3)3), 1.20 ppm (d, J =6.8 Hz, 3H; CH3CH); 13C NMR (75 MHz,
CDCl3): d=201.03 (d, CHO), 155.21 (s, CO2), 79.65 (s, C ACHTUNGTRENNUNG(CH3)3), 50.66
(t, CH2), 42.48 (d, CHN), 28.45 (q, C ACHTUNGTRENNUNG(CH3)3), 21.06 ppm (q, CH3CH);
HRMS (EI+ ): m/z : calcd for C8H14NO3

+ : 172.0968; found: 172.0974ACHTUNGTRENNUNG[M-CH3]
+ .

(+)-tert-Butyl [(1R,3R)-3-hydroxy-1-methylhex-5-en-1-yl]carbamate
((+)-(1R,3R)-22) and (+)-tert-butyl [(1R,3S)-3-hydroxy-1-methylhex-5-
en-1-yl]carbamate ((+)-3-epi-22): According to a general procedure,[46b] a
flame-dried flask equipped with a coolable dropping funnel was charged
with a solution of aldehyde (+)-(R)-21 (3.017 g, 16.11 mmol) in dry di-ACHTUNGTRENNUNGethyl ether (150 mL) and cooled to �100 8C. The dropping funnel was
charged with a solution of (+)-Ipc2B ACHTUNGTRENNUNG(allyl) (1 m in n-pentane, 20.0 mL,
20.0 mmol) in dry diethyl ether (150 mL) and cooled to �78 8C. The
borane solution was added dropwise over a period of 30 min to the solu-
tion of the aldehyde, and the mixture was then allowed to warm to
�45 8C over a period of 1.5 h. Methanol (30 mL), aqueous NaOH (3 m,
15 mL) and aqueous hydrogen peroxide (30 %, 15 mL) were added to
give a white suspension, which was allowed to warm up to room tempera-
ture overnight. After 18 h the phases were separated and the organic
layer was washed with aqueous NaOH (1 m, 2� 70 mL) and saturated
aqueous NH4Cl (2 � 70 mL). The combined aqueous layers were extract-
ed with diethyl ether (3 � 100 mL), and the combined organic phases
were dried over Na2SO4 and concentrated under reduced pressure to give
the crude product, which was analyzed by GC with respect to the diaste-
reomeric ratio ((+)-22/(+)-3-epi-22 =93:7). Flash chromatography on
silica gel (19 g, petroleum ether/ethyl acetate 7:1 to 4:1 to 2:1, Rf(22)=

0.24, RfACHTUNGTRENNUNG(3-epi-22) =0.11 (petroleum ether/ethyl acetate 3:1), KMnO4)
gave pure (+)-3-epi-22 (317 mg, 8.6 %) and pure (+)-(1R,3R)-22 (415 mg,
11.2 %), both colorless oils, together with a fraction of (+)-(1R,3R)-22
(8.489 g), which was contaminated with degradation products of the
chiral borane. This fraction was purified by slow sublimation of the
borane impurities in a Kugelrohr distillation apparatus (0.2 mbar, 40–
50 8C) to yield pure (+)-(1R,3R)-22 (2.81 g, 76%) as a colorless oil,
which crystallized over a period of a few days as colorless polyhedra
(m.p. 39.5–40.5 8C) that were subjected to X-ray crystal structural analy-
sis.

Analytic data for (+)-(1R,3R)-22 : [a]20
D =++4.6 (c =0.92 in CHCl3,

>99 % ee); 1H NMR (300 MHz, CDCl3): d =5.85 (ddd, J=17.2, 10.1,
7.1 Hz, 1H; =CH), 5.11–5.04 (m, 2 H; =CH2), 4.50 (d, J=8.0 Hz, 1 H;
NH), 3.92 (br s, 2 H; CHN, OH), 3.67 (br s, 1H; CHOH), 2.32–2.14 (m,
2H; 4-H), 1.57–1.30 (m, 2 H; 2-H), 1.43 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 1.16 ppm (d,
J =6.7 Hz, CH3CH); 13C NMR (75, CDCl3): d =156.97 (s, CO2), 135.50 (d,
=CH), 117.05 (t, =CH2), 79.92 (s, C ACHTUNGTRENNUNG(CH3)3), 67.32 (d, CHOH), 45.70 (t,
C-2), 43.45 (d, CHN), 41.54 (t, C-4), 28.49 (q, CACHTUNGTRENNUNG(CH3)3), 21.69 ppm (q,
CH3CH); elemental analysis calcd (%) for C12H23NO3: C 62.85, H 10.11,
N 6.11; found C 62.84, H 10.26, N 6.07; HRMS (ESI + ): m/z : calcd for
C12H23NNaO3

+ : 252.1570; found: 252.1572 [M+Na]+ . GC (achiral: HP-1,
140 8C isothermal): tR((+)-(1R,3R)-22)=17.6 min, tR((+)-3-epi-22). GC
(chiral: b-CD, 125 8C isothermal): tR((+)-(1R,3R)-22)=42.0 min, tR((�)-
(1S,3S)-22) =45.8 min.

Analytical data for (+)-3-epi-22 : [a]20
D =++12.6 (c =1.00 in CHCl3,

96% ee); 1H NMR (300 MHz, CDCl3): d= 5.81 (dddd, J=17.4, 9.8, 7.5,
6.9 Hz, 1H; =CH), 5.15–5.07 (m, 2H; =CH2), 4.61 (br s, 1H; NH), 3.82–
3.69 (m, 2H; CHN, CHOH), 2.46 (br s, 1H; OH), 2.30 (ddd, J=13.8, 6.5,
5.0 Hz, 1H; 4-Ha), 2.18 (ddd, J= 14.0, 7.5, 7.5 Hz, 1H; 4-Hb), 1.64–1.53
(m, 2H; 2-H), 1.43 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.16 ppm (d, J =6.6 Hz, 3 H;
CH3CH); 13C NMR (75 MHz, CDCl3): d=155.83 (s, CO2), 134.79 (d, =

CH), 118.20 (t, =CH2), 79.46 (s, C ACHTUNGTRENNUNG(CH3)3), 69.20 (d, CHOH), 45.20 (d,
CHN), 44.31 (t, C-2), 42.39 (t, C-4), 28.55 (q, CACHTUNGTRENNUNG(CH3)3), 21.95 ppm (q,
CH3CH); elemental analysis calcd (%) for C12H23NO3: C 62.85, H 10.11,
N 6.11; found C 62.69, H 10.08, N 5.97; HRMS (EI+ ): m/z : calcd for
C12H23NO3

+ : 229.1673; found: 229.1672 [M]+ . For GC data see isomer
(+)-(1R,3R)-22.

(+)-(E,5R,7R)-7-[(tert-Butoxycarbonyl)amino]-5-hydroxyoct-2-en-1-yl
methyl carbonate ((+)-(E,5R,7R)-23) and (+)-(Z,5R,7R)-7-[(tert-butoxy-
carbonyl)amino]-5-hydroxyoct-2-en-1-yl methyl carbonate ((+)-
(Z,5R,7R)-23): According to GP1, a solution of (+)-(1R,3R)-22 (300 mg,
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1.308 mmol), 6 (1.30 g, 6.4 mmol) and Grubbs II catalyst (33 mg,
39 mmol) in dry CH2Cl2 (30 mL) was stirred at room temperature for
3.5 h when complete conversion was indicated by GC (HP-1; temperature
program: isothermal 50 8C (1 min), heating rate 20 8C min�1 (10 min), iso-
thermal 250 8C (14 min); tR(22)=8.90 min, tR(6) =8.12 min, tR(23)=

12.47 min). The mixture was concentrated in vacuo and the residue sub-
jected to flash chromatography on silica gel (21 g, petroleum ether/ethyl
acetate 5:1 to 3:1, Rf(22)=0.43, Rf(6)=0.43, Rf(23)=0.29 (petroleum
ether/ethyl acetate 1:1), KMnO4) to give 23 (359 mg, 86%) as a 88:12
mixture of E and Z isomers (1H NMR spectroscopy) as a colorless oil.
Separation of the isomers was possible on a small scale by preparative
HPLC (petroleum ether/ethyl acetate 3:1, column: ProntoSIL, 250 �
20 mm, 5 m silica gel, 15 mL min�1, 50 bar).

Analytical data for (+)-(E,5R,7R)-23 : Colorless needles; m.p. 63.5–
64.5 8C; [a]20

D =++10.6 (c =1.32 in CHCl3, >99 % ee); 1H NMR (300 MHz,
CDCl3): d =5.85 (ddd, J =15.3, 7.1, 7.1 Hz, 1 H; 3-H), 5.63 (ddd, J =15.3,
6.4, 6.4 Hz, 1H; 2-H), 4.57 (dd, J =6.4, 0.8 Hz, 2H; CH2O), 4.49 (d, J=

8.7 Hz, 1H; NH), 4.13–4.07 (m, 1 H; OH), 3.97–3.83 (m, 1H; CHN), 3.75
(s, 3 H; CO2CH3), 3.69–3.58 (m, 1 H; CHOH), 2.27 (ddd, J=14.2, 6.8,
6.8 Hz, 1H; 4-Ha), 2.17 (ddd, J= 14.0, 6.8, 6.8 Hz, 1H; 4-Hb), 1.54–1.21
(m, 2H; 6-H), 1.42 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.15 ppm (d, J =6.8 Hz, 3 H;
CH3CH); 13C NMR (75 MHz, CDCl3): d=157.04, 155.74 (2 s, CO2),
133.58 (d, C-3), 125.65 (d, C-2), 80.00 (s, C ACHTUNGTRENNUNG(CH3)3), 68.58 (t, CH2O), 67.18
(d, CHOH), 54.80 (q, CO2CH3), 45.84 (t, C-6), 43.34 (d, CHN), 39.84 (t,
C-4), 28.46 (q, C ACHTUNGTRENNUNG(CH3)3), 21.69 ppm (q, CH3CH); elemental analysis
calcd (%) for C15H27NO6: C 56.77, H 8.57, N 4.41; found C 56.89, H 8.65,
N 4.46; HRMS (ESI + ): m/z : calcd for C15H28NO6

+ : 318.1911; found:
318.1913 [M+H]+ . For GC data see experimental procedure.

Analytical data (+)-(Z,5R,7R)-23 : Colorless oil; [a]20
D =++6.6 (c=1.14 in

CHCl3, >99 % ee); 1H NMR (500 MHz, CDCl3): d=5.77 (ddd, J =10.8,
7.6, 7.6 Hz, 1H; 3-H), 5.65 (ddd, J=11.0, 6.7, 6.7 Hz, 1 H; 2-H), 4.72–4.65
(m, 2H; CH2O), 4.48 (d, J= 8.3 Hz, 1H; NH), 4.09 (br s, 1 H; OH), 3.95–
3.87 (m, 1H; CHN), 3.76 (s, 3H; CO2CH3), 3.65 (br s, 1H; CHOH), 2.32
(ddd, J=14.9, 7.5, 7.5 Hz, 1H; 4-Ha), 2.25 (ddd, J=14.4, 7.0, 7.0 Hz, 1H;
4-Hb), 1.53 (ddd, J =13.8, 10.9, 2.8 Hz, 1 H; 6-Ha), 1.43 (s, 9H; C ACHTUNGTRENNUNG(CH3)3),
1.32 (dd, J=11.9, 11.9 Hz, 1 H; 6-Hb), 1.16 ppm (d, J= 6.7 Hz, 3 H;
CH3CH); 13C NMR (126 MHz, CDCl3): d= 157.04 (s, NCO2), 155.89 (s,
OCO2), 132.27 (d, C-3), 124.81 (d, C-2), 80.00 (s, C ACHTUNGTRENNUNG(CH3)3), 67.37 (d,
CHOH), 63.88 (t, CH2O), 54.86 (q, CO2CH3), 45.91 (t, C-6), 43.39 (d,
CHN), 34.99 (t, C-4), 28.46 (q, CACHTUNGTRENNUNG(CH3)3), 21.67 ppm (q, CH3CH); HRMS
(ESI + ): m/z : calcd for C15H28NO6

+ : 318.1911; found: 318.1914 [M+H]+ .
For GC data see experimental procedure.ACHTUNGTRENNUNG(5R,7R)-7-Amino-5-hydroxyoct-2-en-1-yl methyl carbonate ((5R,7R)-24):
A solution of (5R,7R)-23 (E/Z= 91:9) (631 mg, 1.988 mmol) in CH2Cl2

(4.0 mL) was treated with trifluoracetic acid (4.0 mL) at room tempera-
ture. After 1.5 h, the solution was cooled to 0 8C and saturated aqueous
NaHCO3 (ca. 200 mL) was added until gas evolution had ceased. Aque-
ous NaOH (2 m) was added dropwise until pH 9–10 was reached. The
mixture was carefully extracted with CH2Cl2 (15 � 50 mL), and the com-
bined organic layers were dried over Na2SO4 and concentrated in vacuo
to give pure (NMR spectroscopy) (5R,7R)-24 (E/Z =91:9) (416 mg,
96%) as a colorless oil, which was directly used in the next step.

(�)-(E,5R,7R)-7-Amino-5-hydroxyoct-2-en-1-yl methyl carbonate ((�)-
(E,5R,7R)-24) and (Z,5R,7R)-7-amino-5-hydroxyoct-2-en-1-yl methyl
carbonate ((Z,5R,7R)-24): Isomerically pure (�)-(E,5R,7R)-24 (15 mg,
71%) and isomerically enriched (Z,5R,7R)-24 (Z/E>90:10) (13 mg,
90%) were synthesized in analogy to (5R,7R)-24 from isomerically pure
starting material (+)-(E,5R,7R)-23 and isomerically enriched starting ma-
terial (+)-(Z,5R,7R)-23 (Z/E>90:10), respectively.

Analytical data for (�)-(E,5R,7R)-24 : Rf(24) =0.4 (CH2Cl2/MeOH 4:1);
colorless oil; [a]20

D =�2.5 (c =0.86 in CHCl3, >99% ee); 1H NMR
(300 MHz, CDCl3): d =5.86 (ddd, J =15.3, 7.1, 7.1 Hz, 1H; 3-H), 5.66
(ddd, J=15.4, 6.4, 6.4 Hz, 1 H; 2-H), 4.58 (dd, J =6.5, 0.7 Hz, 2 H;
CH2O), 4.02–3.95 (m, 1H; CHOH), 3.77 (s, 3 H; CO2CH3), 3.45–3.31 (m,
1H; CHN), 2.73 (br s, 3 H; NH2, OH), 2.29 (ddd, J= 14.1, 7.0, 7.0 Hz,
1H; 4-Ha), 2.19 (ddd, J=13.9, 6.7, 6.7 Hz, 1H; 4-Hb), 1.54 (ddd, J =14.3,
8.4, 3.5 Hz, 1 H; 6-Ha), 1.43 (ddd, J =14.4, 6.5, 3.2 Hz, 1H; 6-Hb),
1.16 ppm (d, J= 6.6 Hz, 3 H; CH3CH); 13C NMR (75 MHz, CDCl3): d=

155.77 (s, CO2), 133.65 (d, C-3), 125.78 (d, C-2), 68.65 (d, CHOH), 68.62
(t, CH2O), 54.82 (q, CO2CH3), 44.82 (d, CHN), 42.12 (t, C-6), 40.78 (t, C-
4), 23.39 ppm (q, CH3CH); elemental analysis calcd (%) for C10H19NO4:
C 55.28, H 8.81, N 6.45; found C 55.57, H 8.87, N 6.33; HRMS (ESI + ):
m/z : calcd for C10H20NO4

+ : 218.1387; found: 218.1387 [M+H]+ .

Analytical data for (Z,5R,7R)-24 : Rf(24)=0.4 (CH2Cl2/MeOH 4:1); col-
orless oil; 1H NMR (200 MHz, CDCl3): d=5.78 (ddd, J= 10.9, 7.0,
7.0 Hz, 1 H; 3-H), 5.67 (ddd, J =11.2, 6.3, 6.3 Hz, 1H; 2-H), 4.71 (d, J=

6.1 Hz, 2H; CH2O), 4.05–3.93 (m, 1H; CHOH), 3.78 (s, 3H; CO2CH3),
3.47–3.33 (m, 1H; CHN), 2.74 (br s, 3H; NH2, OH), 2.44–2.19 (m, 2 H; 4-
H), 1.58 (ddd, J =14.5, 7.8, 3.6 Hz, 1H; 6-Ha), 1.45 (ddd, J=14.3, 6.4,
3.5 Hz, 1 H; 6-Hb), 1.17 ppm (d, J =6.5 Hz, 3 H; CH3CH).

(�)-(2R,4S,6R)-2-Methyl-6-vinylpiperidin-4-ol ((�)-(2R,4S,6R)-25 a):
Following GP2, anhydrous TBD (30.0 mg, 216 mmol) was added to a solu-
tion of [{IrCl ACHTUNGTRENNUNG(cod)}2] (36.2 mg, 53.9 mmol) and (S,S,aS)-L2 (64.6 mg,
108 mmol) in dry THF (3.0 mL). After 5 min, a solution of the carbonate
(5R,7R)-24 (E/Z=9:1) (585 mg, 2.69 mmol) in dry THF (2.0 mL) was
added, and the mixture was stirred at room temperature for 6 h when the
reaction was complete according to TLC (CH2Cl2/MeOH 4:1, Rf(24)=

0.4, Rf ACHTUNGTRENNUNG(25 a)=0.3, RfACHTUNGTRENNUNG(25b)=0.3, KMnO4). The mixture was concentrated
in vacuo and analyzed by GC with respect to the ratio of diastereomers
((�)-25 a/(+)-25b =98:2). Purification by flash chromatography on silica
gel (3 g, CH2Cl2/MeOH 4:1 to 3:1) gave (�)-25 a (342 mg, 90 %) as a col-
orless solid. An analytically pure sample was obtained by sublimation
under reduced pressure, which gave (�)-25a as colorless needles (m.p.
82–83 8C) that were suitable for X-ray crystal structural analysis. [a]20

D =

�4.7 (c =0.34 in acetone, >99% ee); 1H NMR (300 MHz, CDCl3): d=

5.82 (ddd, J=17.1, 10.5, 6.6 Hz, 1 H; =CH), 5.16 (ddd, J =17.3, 1.3,
1.3 Hz, 1 H; =CHEHZ), 5.04 (ddd, J =10.4, 1.1, 1.1 Hz, 1H; =CHEHZ),
3.69 (dddd, J =11.1, 11.1, 4.6, 4.6 Hz, 1 H; CHOH), 3.20–3.13 (m, 1H; 6-
H), 2.80–2.69 (m, 1 H; 2-H), 2.11 (br s, 2H; NH, OH), 2.01–1.90 (m, 2 H;
3-Ha, 5-Ha), 1.22–0.99 (m, 2H; 3-Hb, 5-Hb), 1.13 ppm (d, J =6.2 Hz, 3 H;
CH3); 13C NMR (75 MHz, CDCl3): d =140.28 (d, =CH), 114.96 (t, =CH2),
68.99 (d, CHOH), 57.74 (d, C-6), 50.26 (d, C-2), 43.33, 41.16 (2 t, C-3, C-
5), 22.36 ppm (q, CH3); elemental analysis calcd (%) for C8H15NO: C
68.04, H 10.71, N 9.92; found C 67.87, H 10.70, N 9.62; HRMS (EI + ):
m/z : calcd for C8H15NO+ : 141.1148; found: 141.1142 [M]+ ; GC (achiral
HP-1, 90 8C isothermal): tR((�)-(2R,4S,6R)-25a)=15.5 min, tR((+)-
(2R,4S,6S)-25 b) =18.2 min.

(+)-(2R,4S,6S)-2-Methyl-6-vinylpiperidin-4-ol (25 b): According to GP2,
anhydrous TBD (11.9 mg, 85.6 mmol) was added to a solution of [{IrCl-ACHTUNGTRENNUNG(cod)}2] (14.4 mg, 21.4 mmol) and (R,R,aR)-L2 (25.7 mg, 42.9 mmol) in dry
THF (1.0 mL). After 5 min a solution of the carbonate (5R,7R)-24ACHTUNGTRENNUNG(E/Z=9:1) (233 mg, 1.07 mmol) in dry THF (1.5 mL) was added and the
mixture was stirred at room temperature for 6 h until the reaction was
complete according to TLC (CH2Cl2/MeOH 4:1, Rf(24)= 0.4, RfACHTUNGTRENNUNG(25a)=

0.3, RfACHTUNGTRENNUNG(25b) =0.3, KMnO4). The mixture was concentrated and analyzed
by GC with respect to the ratio of diastereomers ((+)-25b :(�)-25 a=

94:6). Purification by flash chromatography on silica gel (2 g, CH2Cl2/
MeOH 5:1 to 3:1) gave (+)-25b (113 mg, 74%) as a brownish solid. An
analytically pure sample was obtained by sublimation under reduced
pressure, which gave (+)-25b as a colorless solid (m.p. 38–40 8C). [a]20

D =

+69.2 (c =0.27 in acetone, >99% ee); 1H NMR (500 MHz, CDCl3): d=

5.97 (ddd, J=17.3, 10.8, 5.6 Hz, 1 H; =CH), 5.13 (ddd, J =17.4, 1.4,
1.4 Hz, 1H; =CHEHZ), 5.12 (ddd, J =10.5, 1.4, 1.4 Hz, 1H; CH=CHEHZ),
3.84 (dddd, J =11.0, 11.0, 4.5, 4.5 Hz, 1 H; CHOH), 3.80–3.76 (m, 1H; 6-
H), 3.01–2.94 (m, 1 H; 2-H), 2.05–1.98 (m, 3 H; 5-Ha, OH, NH), 1.95–1.91
(m, 1H; 3-Ha), 1.58 (ddd, J =12.4, 11.3, 5.5 Hz, 1H; 5-Hb), 1.10–1.02 (m,
1H; 3-Hb), 1.08 ppm (d, J=6.4 Hz, 3H; CH3); 13C NMR (125 MHz,
CDCl3): d=140.06 (d, =CH), 115.20 (t, =CH2), 65.52 (d, CHOH), 54.46
(d, C-6), 44.93 (d, C-2), 44.18 (t, C-3), 38.68 (t, C-5), 22.76 ppm (q, CH3);
HRMS (EI+ ): m/z : calcd for C8H15NO+ : 141.1148; found: 141.1167
[M]+ . For GC data see (�)-(2R,4S,6R)-25 a.

(�)-Benzyl (2R,4S,6R)-4-Hydroxy-2-methyl-6-vinylpiperidine-1-carboxyl-
ate ((�)-(2R,4S,6R)-26 a): Following GP3, a solution of (�)-(2R,4S,6R)-
25a (53.3 mg, 377 mmol) in CH2Cl2 (2 mL) was cooled to 0 8C with an ice
bath and treated with a solution of Na2CO3 (590 mg, 5.62 mmol) in H2O
(1.5 mL) and benzyl chloroformate (265 mL, 1.86 mmol). The ice bath
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was removed and the heterogeneous mixture was vigorously stirred for
3 h when TLC (CH2Cl2/MeOH 4:1, Rf ACHTUNGTRENNUNG(25 a)=0.3, RfACHTUNGTRENNUNG(26a) =0.77,
KMnO4) showed complete conversion. The mixture was extracted with
CH2Cl2 (3 � 3 mL), and the combined extracts were dried over Na2SO4

and concentrated in vacuo. Purification by flash chromatography on silica
gel (3 g, petroleum ether/ethyl acetate 3:1 to 2:1) yielded pure (�)-26a
(95.7 mg, 92%) as a colorless oil. [a]20

D =�16.4 (c =0.73 in MeOH,
>99 % ee); 1H NMR (300 MHz, CDCl3): d=7.39–7.28 (m, 5 H; Ph), 6.16
(ddd, J= 17.1, 10.4, 6.6 Hz, 1 H; CH=CH2), 5.15 (ddd, J=17.0, 1.2,
1.2 Hz, 1H; CH=CHEHZ), 5.14 (s, 2 H; CH2Ph), 5.07 (ddd, J= 10.4, 1.3,
1.3 Hz, 1H; CH=CHEHZ), 4.85–4.78 (m, 1 H; 6-H), 4.36 (ddq, J =7.1, 7.1,
4.2 Hz, 1H; 2-H), 4.09 (dddd, J =5.9, 5.9, 4.3, 4.3 Hz, 1 H; 4-H), 2.13–1.95
(m, 2H; 3-Ha, 5-Ha), 1.88 (dddd, J =14.5, 5.5, 4.0, 1.1 Hz, 1 H; 5-Hb), 1.84
(br s, 1 H; OH), 1.67 (dddd, J =13.9, 6.1, 4.4, 1.1 Hz, 1H; 3-Hb), 1.38 ppm
(d, J=7.0 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3): d=155.92 (s,
CO2), 141.47 (d, =CH), 136.94 (s, Ph), 128.56, 128.02, 127.92 (3 d, Ph),
115.11 (t, =CH2), 67.23 (t, CH2Ph), 65.10 (d, CHOH), 52.04 (d, C-6),
46.27 (d, C-2), 36.91 (t, C-3), 35.77 (t, C-5), 23.68 ppm (q, CH3); elemen-
tal analysis calcd (%) for C16H21NO3: C 69.79, H 7.69, N 5.09; found C
69.85, H 7.64, N 4.86; HRMS (EI + ): m/z : calcd for C16H22NO3

+ :
276.1594; found: 276.1593 [M+H]+ .

(�)-Benzyl (2R,4S,6R)-4-(acetyloxy)-2-methyl-6-vinylpiperidine-1-car-
boxylate ((�)-(2R,4S,6R)-27 a): A solution of (�)-26 a (106 mg,
385 mmol) in pyridine (700 mL) was treated with acetic anhydride
(300 mL, 3.17 mmol) at room temperature. After 1 h TLC (ethyl acetate,
RfACHTUNGTRENNUNG(26a)= 0.33, RfACHTUNGTRENNUNG(27a)=0.57, KMnO4) still showed some starting materi-
al. More pyridine (100 mL) and acetic anhydride (100 mL, 1.06 mmol)
were added, and stirring was continued overnight. After 19 h conversion
was complete, and the mixture was cooled to 0 8C. Water (2 mL) and
ethyl acetate (5 mL) were added, the phases were separated, and the
aqueous layer was extracted with ethyl acetate (3 � 10 mL). The com-
bined organic layers were dried over Na2SO4, concentrated under re-
duced pressure, and the residue was subjected to flash chromatography
on silica gel (3 g, petroleum ether/ethyl acetate 4:1) to give (�)-27 a
(106 mg, 87 %) as a colorless oil. [a]20

D =�24.3 (c=0.87 in CHCl3,
>99 % ee); 1H NMR (300 MHz, CDCl3): d=7.39–7.29 (m, 5 H; Ph), 6.07
(ddd, J =17.1, 10.5, 6.6 Hz, 1 H; CH=CH2), 5.17–5.04 (m, 3 H; CHOAc,
CH=CH2), 5.15 (s, 2 H; CH2Ph), 4.89–4.82 (m, 1 H; 6-H), 4.42 (qdd, J=

7.1, 7.1, 3.3 Hz, 1 H; 2-H), 2.07–2.02 (m, 2H; 5-H), 2.04 (s, 3 H; CH3CO2),
1.97 (ddd, J =14.4, 7.3, 4.0 Hz, 1H; 3-Ha), 1.81 (dddd, J =14.4, 4.9, 3.5,
1.2 Hz, 1H; 3-Hb), 1.35 ppm (d, J= 7.0 Hz, 3H; CH3CH); 13C NMR
(75 MHz, CDCl3): d=170.49 (s, CH3CO2), 155.83 (s, NCO2), 140.69 (d,
=CH), 136.89 (s, Ph), 128.61, 128.10, 128.03 (3 d, Ph), 115.34 (t, =CH2),
67.34 (t, CH2Ph), 67.25 (d, CHOAc), 51.35 (d, C-6), 45.65 (d, C-2), 33.34
(t, C-3), 32.23 (t, C-5), 22.95 (q, CH3CH), 21.62 ppm (q, CH3CO2); ele-
mental analysis calcd (%) for C18H23NO4: C 68.12, H 7.30, N 4.41; found
C 68.02, H 7.35, N 4.48; HRMS (FAB+ ): m/z : calcd for C18H24NO4

+ :
318.1700; found: 318.1695 [M+H]+ .

(�)-Benzyl (2R,4S,6R)-4-(acetyloxy)-2-methyl-6-[(E)-non-1’-en-1’-yl]pi-
peridine-1-carboxylate ((�)-(2R,4S,6R)-28 a): According to GP4, a mix-
ture of (�)-(2R,4S,6R)-27 a (61.4 mg, 194 mmol), 1-nonene (150 mL,
869 mmol) (500 mL) and Grubbs II catalyst (8.2 mg, 9.7 mmol) in dry
CH2Cl2 was heated at reflux. After 3 h TLC (petroleum ether/ethyl ace-
tate 3:1, Rf ACHTUNGTRENNUNG(27 a)=0.42, RfACHTUNGTRENNUNG(28 a)=0.53, MPA) indicated incomplete con-
version and 1-nonene (150 mL, 869 mmol) together with a second portion
of the catalyst (8.0 mg, 9.4 mmol) were added. After additional 2 h no fur-
ther conversion was detected, and the mixture was cooled to room tem-
perature and concentrated under reduced pressure. The residue was sub-
jected to flash chromatography on silica gel (12 g, petroleum ether/ethyl
acetate 9:1) and subsequent preparative HPLC (petroleum ether/ethyl
acetate 9:1, column: ProntoSIL, 250 � 20 mm, 5 m silica gel, 20 mL min�1,
70 bar) to give pure (�)-28 a (56.8 mg, 71%) as a colorless oil together
with some starting material (�)-27a (13.8 mg, 22%). [a]20

D =�8.9 (c =1.06
in CHCl3, >99 % ee); 1H NMR (300 MHz, CDCl3): d=7.35–7.28 (m, 5H;
Ph), 5.68 (dddd, J=15.4, 7.0, 1.1, 1.1 Hz, 1 H; 1’-H), 5.52 (dddd, J =15.4,
6.6, 6.6, 1.0 Hz, 1H; C-2’), 5.17 (d, J =12.4 Hz, 1 H; CHaHbPh), 5.11 (d,
J =12.4 Hz, 1H; CHaHbPh), 5.05 (dddd, J =4.5, 4.5, 4.5, 4.5 Hz, 1 H;
CHOAc), 4.81 (ddd, J =6.0, 5.9, 4.8 Hz, 1H; 6-H), 4.40 (qdd, J =7.1, 7.1,
3.3 Hz, 1 H; 2-H), 2.05 (s, 3H; CH3CO2), 2.01–1.91 (m, 5H; 3-Ha, 5-H, 3’-

H), 1.80 (ddd, J=14.3, 4.1, 4.0 Hz, 1 H; 3-Hb), 1.40–1.19 (m, 10 H;
(CH2)5), 1.35 (d, J =7.2 Hz, 3 H; CH3CH), 0.87 ppm (t, J= 6.8 Hz, 3H;
CH3CH2); 13C NMR (75 MHz, CDCl3): d =170.34 (s, CH3CO2), 155.69 (s,
NCO2), 136.95 (s, Ph), 132.11, 131.95 (2 d, CH=CH), 128.50, 127.96,
127.93 (3 d, Ph), 67.40 (d, CHOAc), 67.13 (t, CH2Ph), 50.78 (d, C-6),
45.51 (d, C-2), 33.36 (t, C-3), 32.71, 32.36 (2 t, C-5, CH2), 31.91, 29.22,
29.19, 29.18 (4 t, CH2), 22.95 (q, CH3CH), 22.73 (t, CH2), 21.54 (q,
CH3CO2), 14.17 ppm (q, CH3CH2); elemental analysis calcd (%) for
C25H37NO4: C 72.26, H 8.97, N 3.37; found C 72.06, H 9.09, N 3.34;
HRMS (FAB+ ): m/z : calcd for C25H38NO4

+ : 416.2795; found: 416.2843
[M+H]+ .

(�)-(2R,4S,6S)-2-Methyl-6-nonylpiperidin-4-yl acetate ((�)-(2R,4S,6S)-
29a): In a Schlenk tube under hydrogen atmosphere (1 bar), a suspension
of rhodium (5 wt % (dry) on charcoal, wet, Degussa type G106B/W)
(7.0 mg) in dry methanol (500 mL) was stirred for 30 min. A solution of
(�)-28 a (28.1 mg, 67.6 mmol) in dry methanol (1.5 mL) was added, and
the mixture was stirred at room temperature for 1.5 h when TLC control
(petroleum ether/ethyl acetate 3:1, RfACHTUNGTRENNUNG(28a) =0.41, RfACHTUNGTRENNUNG(29a)<0.1, KMnO4)
showed complete conversion. The mixture was filtered through a pad of
Celite, and the filtrate was concentrated in vacuo. Flash chromatography
of the residue on silica gel (1 g, ethyl acetate) furnished analytically pure
(�)-(2R,4S,6S)-29a (17.6 mg, 92%) as a colorless oil. [a]20

D =�6.7 (c =

0.81 in acetone, >99% ee); 1H NMR (500 MHz, CDCl3): d=4.74 (dddd,
J =11.3, 11.3, 4.7, 4.7 Hz, 1 H; CHOAc), 2.72 (dqd, J =11.2, 6.2, 2.3 Hz,
1H; 2-H), 2.58 (dddd, J=11.1, 6.4, 6.4, 2.1 Hz, 1 H; 6-H), 2.00 (s, 3 H;
CH3CO2), 1.98–1.91 (m, 2 H; 3-Ha, 5-Ha), 1.45 (br s, 1H; NH), 1.42–1.35
(m, 2H; 1’-H), 1.33–1.20 (m, 14 H; (CH2)7), 1.12–1.02 (m, 2 H; 3-Hb, 5-
Hb), 1.09 (d, J =6.4 Hz, 3H; CH3CH), 0.85 ppm (t, J =7.0 Hz, 3H;
CH3CH2); 13C NMR (126 MHz, CDCl3): d=170.72 (s, CO2), 71.93 (d,
CHOAc), 54.79 (d, C-6), 50.12 (d, C-2), 39.94 (t, C-3), 37.84 (t, C-5),
36.94 (t, C-1’), 31.99, 29.83, 29.65, 29.63, 29.41, 26.05, 22.78 (7 t, (CH2)7),
22.53 (q, CH3CH), 21.48 (q, CH3CO2), 14.21 ppm (q, CH3CH2); elemen-
tal analysis calcd (%) for C17H33NO2: C 72.03, H 11.73, N 4.94; found C
71.80, H 11.69, N 4.68; HRMS (EI + ): m/z : calcd for C17H33NO2

+ :
283.2511; found: 283.2531 [M]+ .

(+)-(2R,4S,6S)-2-Methyl-6-nonylpiperidin-4-ol ((+)-241 D; (+)-30 a): A
solution of (�)-29a (16.0 mg, 56.5 mmol) in methanol (400 mL) was treat-
ed with methanolic NaOH (1 m, 400 mL, 400 mmol) at room temperature
for 15 min until starting material was not detected by TLC control (ethyl
acetate/MeOH 5:1, RfACHTUNGTRENNUNG(29a) =0.48, Rf((+)-241D)=0.10, KMnO4). Water
(1 mL) was added, and the mixture was repeatedly extracted with
CH2Cl2 (4 � 2 mL). The combined organic phases were washed with H2O
(1 � 1 mL) and dried over Na2SO4. Evaporation of the solvent gave virtu-
ally pure (+)-241D (13.4 mg, 98%) as a colorless solid. An analytically
pure sample was obtained after flash chromatography on silica gel
(100 mg, ethyl acetate to ethyl acetate/MeOH 5:1) as a colorless solid
(m.p. 106–107 8C), the spectroscopic properties of which were in full ac-
cordance with the literature.[38–40] Recrystallization from ethyl acetate by
addition of petroleum ether at 0 8C furnished (+)-241D as colorless nee-
dles. M.p. 108–109 8C (ref. [40a]: 108–109 8C). [a]20

D =++5.9 (c =0.65 in
MeOH, >99 % ee) (ref. [40d]: [a]20

D =++ 6.5 (c=1.20 in MeOH)); 1H NMR
(500 MHz, CDCl3): d=3.66 (dddd, J =11.0, 11.0, 4.6, 4.6 Hz, 1H;
CHOH), 2.71 (dqd, J =11.1, 6.3, 2.3 Hz, 1 H; 2-H), 2.56 (dddd, J =11.0,
6.4, 6.4, 2.2 Hz, 1H; 6-H), 2.01–1.93 (m, 4 H; 3-Heq, 5-Heq, NH, OH),
1.49–1.37 (m, 2H; 1’-H), 1.36–1.21 (m, 14H; CH2(n-nonyl)), 1.14 (d, J =

6.4 Hz, 3H; CH3CH), 1.05 (ddd, J= 11.6, 11.6, 11.6 Hz, 1 H; 3-Hax), 1.00
(ddd, J= 11.5, 11.5, 11.5 Hz, 1H; 5-Hax), 0.88 ppm (t, J =7.0 Hz, 3 H;
CH3CH2); 13C NMR (125 MHz, CDCl3): d=69.43 (d, CHOH), 55.02 (d,
C-6), 50.36 (d, C-2), 43.86 (t, C-3), 41.63 (t, C-5), 36.73 (t, C-1’), 32.04,
29.87, 29.71, 29.69, 29.46, 26.15 (6 t, CH2(n-nonyl)), 22.81 (t, CH2CH3), 22.41
(q, CH3CH), 14.26 ppm (q, CH3CH2); HRMS (FAB+ ): m/z : calcd for
C15H32NO+ : 242.2478; found: 242.2453 [M+H]+ .

(�)-Benzyl (2R,4S,6S)-4-Hydroxy-2-methyl-6-vinylpiperidine-1-carboxyl-
ate ((�)-(2R,4S,6S)-26 b): According to GP3, a solution of (+)-25b
(16.6 mg, 118 mmol) in CH2Cl2 (1.0 mL) was cooled to 0 8C and treated
with a solution of Na2CO3 (187 mg, 1.76 mmol) in H2O (1.0 mL) and
benzyl chloroformate (84 mL, 0.59 mmol). The cooling bath was removed,
and the mixture was vigorously stirred for 4.5 h when TLC control
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(CH2Cl2/MeOH 4:1, RfACHTUNGTRENNUNG(25b)=0.3, RfACHTUNGTRENNUNG(26b)=0.69, KMnO4) showed com-
plete conversion. The mixture was extracted with CH2Cl2 (3 � 3 mL), and
the combined extracts were dried over Na2SO4 and concentrated in
vacuo. The residue was subjected to flash chromatography on silica gel
(1 g, petroleum ether/ethyl acetate 2:1) to give (�)-26b (30.6 mg, 94%)
as a colorless oil. [a]20

D =�9.6 (c =0.74 in MeOH, >99% ee); 1H NMR
(300 MHz, CDCl3): d=7.37–7.27 (m, 5H; Ph), 5.79 (ddd, J =17.2, 10.6,
4.2 Hz, 1 H; CH=CH2), 5.17–5.02 (m, 4 H; CH=CH2, CH2Ph), 4.75–4.70
(m, 1H; 6-H), 4.08 (dddd, J =9.8, 6.6, 6.6, 3.5 Hz, 1 H; CHOH), 3.98
(qdd, J=6.7, 5.0, 5.0 Hz, 1H; 2-H), 2.28 (ddd, J =13.8, 7.2, 3.0 Hz, 1H; 5-
Ha), 2.15 (ddd, J=14.6, 6.1, 4.9 Hz, 1 H; 3-Ha), 2.06 (br s, 1H; OH), 1.90
(ddd, J =13.8, 9.6, 5.4 Hz, 1H; 5-Hb), 1.56 (ddd, J=14.6, 4.9, 3.9 Hz, 1H;
3-Hb), 1.44 ppm (d, J =6.8 Hz, 3 H; CH3); 13C NMR (300 MHz, CDCl3):
d=155.96 (s, CO2), 138.60 (d, =CH), 136.89 (s, Ph), 128.52, 127.99, 127.93
(3 d, Ph), 114.81 (t, =CH2), 67.01 (t, CH2Ph), 63.20 (d, CHOH), 53.18 (d,
C-6), 47.65 (d, C-2), 38.22 (t, C-3), 35.62 (t, C-5), 22.44 ppm (q, CH3); ele-
mental analysis calcd (%) for C16H21NO3: C 69.79, H 7.69, N 5.09; found
C 69.50, H 7.79, N 4.92; HRMS (EI + ): m/z : calcd for C16H21NO3

+ :
275.1516; found: 275.1521 [M]+ .

(+)-Benzyl (2R,4S,6S)-4-(acetyloxy)-2-methyl-6-vinylpiperidine-1-carbox-
ylate ((+)-(2R,4S,6S)-27 b): This compound was prepared from (�)-
(2R,4S,6S)-26 b analogously to (�)-(2R,4S,6R)-27a (30.6 mg, 111 mmol)
using pyridine (500 mL) and acetic anhydride (200 mL, 2.11 mmol). After
16 h workup and purification by flash chromatography on silica gel (2 g,
petroleum ether/ethyl acetate 4:1) furnished (+)-27b (34.4 mg, 97%) as
a colorless oil. RfACHTUNGTRENNUNG(27b)= 0.61 (petroleum ether/ethyl acetate 1:1); [a]20

D =

+2.7 (c=1.00 in MeOH, >99% ee); 1H NMR (300 MHz, CDCl3): d=

7.35–7.27 (m, 5 H; Ph), 5.82 (ddd, J=17.2, 10.6, 4.1 Hz, 1H; CH=CH2),
5.18–5.02 (m, 5H; CH=CH2, CH2Ph, CHOAc), 4.71 (ddd, J =8.9, 5.3,
2.1 Hz, 1H; 6-H), 4.07 (qdd, J= 6.6, 4.6, 4.6 Hz, 1 H; 2-H), 2.40 (ddd, J=

14.0, 7.8, 3.0 Hz, 1H; 5-Ha), 2.25 (ddd, J=15.2, 6.7, 5.2 Hz, 1H; 3-Ha),
2.03 (s, 3H; CH3CO2), 1.98 (ddd, J=14.2, 9.2, 5.2 Hz, 1 H; 5-Hb), 1.65
(ddd, J =15.3, 3.9, 2.9 Hz, 1H; 3-Hb), 1.39 ppm (d, J= 6.9 Hz, 3 H;
CH3CH); 13C NMR (75 MHz, CDCl3): d=170.58 (s, CH3CO2), 155.71 (s,
NCO2), 138.38 (d, =CH), 136.88 (s, Ph), 128.54, 128.03, 127.99 (3 d, Ph),
115.09 (t, =CH2), 67.06 (t, CH2Ph), 66.07 (d, CHOAc), 52.36 (d, C-6),
47.06 (d, C-2), 34.08 (t, C-3), 32.04 (t, C-5), 22.16 (q, CH3CH), 21.44 ppm
(q, CH3CO2); elemental analysis calcd (%) for C18H23NO4: C 68.12, H
7.30, N 4.41; found C 68.02, H 7.48, N 4.45; HRMS (EI+ ): m/z : calcd for
C18H23NO4

+ : 317.1622; found: 317.1646 [M]+ .

(�)-Benzyl (2R,4S,6S)-4-(acetyloxy)-2-methyl-6-[(E)-non-1’-en-1’-yl]pi-
peridine-1-carboxylate ((�)-(2R,4S,6S)-28 b): According to GP4, a solu-
tion of (+)-27b (15.0 mg, 47.3 mmol), 1-nonene (80 mL, 0.51 mmol) and
Grubbs II catalyst (4.0 mg, 4.7 mmol) in dry CH2Cl2 was heated at reflux
for 8 h when no further conversion was detected by TLC (petroleum
ether/ethyl acetate 3:1, RfACHTUNGTRENNUNG(27 b) =0.46, RfACHTUNGTRENNUNG(28b)=0.62, MPA). The mix-
ture was concentrated under reduced pressure, and the residue was sub-
jected to flash chromatography on silica gel (2 g, petroleum ether/ethyl
acetate 9:1) to give (�)-28b (9.0 mg, 46 %) as a colorless oil Additionally
some starting material (+)-27b (8.0 mg, 53 %) was recovered. An analyti-
cally pure sample was obtained by preparative HPLC (petroleum ether/
ethyl acetate 9:1, column: ProntoSIL, 250 � 20 mm, 5 m silica gel,
20 mL min�1, 60 bar). [a]20

D =�7.1 (c=0.75 in CHCl3, >99% ee);
1H NMR (300 MHz, CDCl3): d =7.35–7.28 (m, 5H; Ph), 5.48 (dddd, J=

15.3, 6.3, 6.3, 1.1 Hz, 1 H; 2’-H), 5.38 (dd, J=15.4, 4.1 Hz, 1H; 1’-H), 5.17
(d, J=12.3 Hz, 1 H; CHaHbPh), 5.12–5.04 (m, CHOAc), 5.10 (d, J=

12.5 Hz, 1 H; CHaHbPh), 4.67 (br s, 1H; C-6), 4.04 (qdd, J= 6.6, 4.6,
4.6 Hz, 1H; 2-H), 2.35 (ddd, J =13.8, 7.8, 2.9 Hz, 1 H; 5-Ha), 2.26 (ddd,
J =15.2, 6.5, 5.0 Hz, 1H; 3-Ha), 2.03 (s, 3 H; CH3CO2), 2.02–1.90 (m, 3H;
5-Hb, 3’-H), 1.64 (ddd, J =15.2, 3.9, 3.0 Hz, 1 H; 3-Hb), 1.38 (d, J =6.9 Hz,
3H; CH3CH), 1.35–1.20 (m, 10H; (CH2)5), 0.88 ppm (t, J=6.7 Hz, 3 H;
CH3CH2); 13C NMR (75 MHz, CDCl3): d =170.64 (s, CH3CO2), 155.72 (s,
NCO2), 137.00 (s, Ph), 131.67 (d, C-2’), 129.65 (d, C-1’), 128.53, 127.98,
127.98 (3 d, Ph), 66.95 (t, CH2Ph), 66.31 (d, CHOAc), 51.85 (d, C-6),
46.97 (d, C-2), 34.24 (t, C-3), 32.58 (t, C-5), 32.32 (t, C-3’), 31.91, 29.28,
29.28, 29.23, 22.77 (5 t, (CH2)5), 22.17 (q, CH3CH), 21.48 (q, CH3CO2),
14.21 ppm (q, CH3CH2); two signals coincide at 127.98 ppm (d, Ph) and
29.28 ppm (t, CH2); elemental analysis calcd (%) for C25H37NO4: C 72.26,

H 8.97, N 3.37; found C 72.15, H 8.96, N 3.42; HRMS (EI + ): m/z : calcd
for C25H37NO4

+ : 415.2717; found: 415.2719 [M]+ .

(+)-(2R,4S,6R)-2-Methyl-6-nonylpiperidin-4-yl acetate ((+)-(2R,4S,6R)-
29b): According to GP5, a suspension of palladium hydroxide (4.5 mg) in
dry methanol (500 mL) was stirred for 30 min under an atmosphere of hy-
drogen (1 bar). A solution of (�)-28b (13.2 mg, 31.8 mmol) in dry metha-
nol (1.2 mL) was added, and the mixture was stirred for 50 min when
conversion was complete according to TLC (petroleum ether/ethyl ace-
tate 3:1, RfACHTUNGTRENNUNG(28b) =0.57, RfACHTUNGTRENNUNG(29 b)<0.1, KMnO4). The mixture was filtered
through a pad of Celite, concentrated under reduced pressure, and the
residue was subjected to flash chromatography on silica gel (1 g, ethyl
acetate to ethyl acetate/MeOH 10:1), which furnished (+)-29 b (8.5 mg,
94%) as a colorless oil. [a]20

D =++21.0 (c =0.38 in CHCl3, >99% ee);
1H NMR (500 MHz, CDCl3): d =4.98 (dddd, J =10.4, 10.4, 4.5, 4.5 Hz,
1H; CHOAc), 3.15–3.11 (m, 1 H; 6-H), 3.04–2.98 (m, 1 H; 2-H), 2.02 (s,
3H; CH3CO2), 1.97 (d, J=12.6 Hz, 1H; 3-Ha), 1.81 (d, J =12.6 Hz, 1 H;
5-Ha), 1.63 (ddd, J =12.3, 11.0, 5.1 Hz, 1H; 5-Hb), 1.62–1.54 (m, 1H;
CHaHb), 1.49–1.40 (m, 1H; CHaHb), 1.34–1.22 (m, 15H; (CH2)7, NH),
1.17 (ddd, J=11.4, 10.9, 10.9 Hz, 1H; 3-Hb), 1.10 (d, J =6.4 Hz, 3H;
CH3CH), 0.87 ppm (t, J =7.0 Hz, 3H; CH3CH2); 13C NMR (126 MHz,
CDCl3): d =170.74 (s, CO2), 68.88 (d, CHOAc), 51.87 (d, C-6), 44.22 (d,
C-2), 39.69 (t, C-3), 34.80 (t, C-5), 32.50, 32.02, 29.74, 29.72, 29.70, 29.44,
26.99, 22.81 (8 t, (CH2)8), 22.58 (q, CH3CH), 21.57 (q, CH3CO2),
14.24 ppm (q, CH3CH2); elemental analysis calcd (%) for C17H33NO2: C
72.03, H 11.73, N 4.94; found C 71.74, H 11.73, N 4.86; HRMS (ESI + ):
m/z : calcd for C17H34NO2

+ : 284.2584; found: 284.2589 [M+H]+ .

(+)-(2R,4S,6R)-2-Methyl-6-nonylpiperidin-4-ol ((+)-6-epi-241D; (+)-
30b): A solution of (+)-(2R,4S,6R)-29b (6.5 mg, 23 mmol) in methanol
(1 mL) was treated with methanolic NaOH (1 m, 1 mL, 1 mmol) at room
temperature for 15 min when no starting material was detected by TLC
(ethyl acetate/MeOH 5:1, RfACHTUNGTRENNUNG(29b) =0.38, RfACHTUNGTRENNUNG(30 b)<0.1, KMnO4). Aque-
ous NH4Cl (1 mL) and H2O (1 mL) were added, and the mixture was ex-
tracted with ethyl acetate (4 � 3 mL). The combined organic layers were
dried over Na2SO4 and concentrated under reduced pressure. Purification
of the residue by flash chromatography on silica gel (600 mg, ethyl ace-
tate to ethyl acetate/MeOH 5:1) gave (+)-6-epi-241D (5.2 mg, 95%) as
colorless needles (m.p. 88.5–89.5 8C), suitable for X-ray crystal structural
analysis, which confirmed the relative configuration of the compound.
[a]20

D =++10.0 (c =0.57 in MeOH, >99% ee); 1H NMR (600 MHz,
CDCl3): d=3.87 (dddd, J =10.7, 10.7, 4.5, 4.5 Hz, 1H; CHOH), 3.13–3.10
(m, 1 H; 6-H), 2.94–2.88 (m, 1 H; 2-H), 1.97–1.93 (m, 1H; 3-Ha), 1.88–
1.84 (m, 1 H; 5-Ha), 1.82 (br s, 2 H; NH, OH), 1.55–1.45 (m, 1H; 1’-Ha),
1.48 (ddd, J =11.9, 11.6, 5.2 Hz, 1H; 5-Hb), 1.44–1.38 (m, 1 H; 1’-Hb),
1.30–1.22 (m, 14H; CH2(n-nonyl)), 1.08 (d, J =6.3 Hz, 3 H; CH3CH), 1.03
(ddd, J= 11.4, 11.4, 11.4 Hz, 1H; 3-Hb), 0.87 ppm (t, J=7.0 Hz, 3H;
CH3CH2); 13C NMR (150 MHz, CDCl3): d=65.71 (d, CHOH), 52.50 (d,
C-6), 44.27 (d, C-2), 44.16 (t, C-3), 38.65 (t, C-5), 32.44 (t, C-1’), 32.02,
29.76, 29.76, 29.71, 29.45, 27.16 (6 t, CH2(n-nonyl)), 22.91 (t, CH2CH3), 22.81
(q, CH3CH), 14.25 ppm (q, CH3CH2); HRMS (ESI + ): m/z : calcd for
C15H32NO+ : 242.2478; found: 242.2483 [M+H]+ .

(+)-Benzyl (2R,4S,6R)-4-(acetyloxy)-2-formyl-6-methyliperidine-1-car-
boxylate ((+)-(2R,4S,6R)-31): A solution of (�)-27a (106 mg, 333 mmol)
in CH2Cl2/MeOH (4:1, 2.5 mL) was treated with a small amount of
Sudan

�

III red as indicator, and the resulting red mixture was cooled to
�78 8C. Ozone was bubbled through for 3 min when the red color disap-
peared. Dimethylsulfide (ca. 200 mL, ca. 2.7 mmol) was added and stirring
was continued for 10 min at �78 8C. Then the mixture was allowed to
warm to room temperature and stirring was continued for 1 h. Volatiles
were removed under reduced pressure, and the crude product was sub-
jected to flash chromatography on silica gel (5 g, petroleum ether/ethyl
acetate 4:1 to 3:1, RfACHTUNGTRENNUNG(27a) =0.62, Rf(31)=0.52 (petroleum ether/ethyl
acetate 1:1), KMnO4), which gave aldehyde (+)-(2R,4S,6R)-31 (99 mg,
93%) as a colorless oil. [a]20

D =++2.9 (c =1.03 in CHCl3, >99% ee);
1H NMR (500 MHz, CDCl3): d=9.67 (s, 1 H; CHO), 7.37–7.30 (m, 5H;
Ph), 5.20 (d, J =12.3 Hz, 1H; CHaHbPh), 5.17 (d, J =12.3 Hz, CHaHbPh),
5.07 (dddd, J =3.4, 3.4, 3.4, 3.4 Hz, 1H; CHOAc), 4.70 (d, J= 7.2 Hz, 1H;
2-H), 4.46 (qdd, J =7.0, 7.0, 1.6 Hz, 1 H; 6-H), 2.61 (d, J =14.7 Hz, 1H; 3-
Ha), 1.96 (s, 3 H; CH3CO2), 1.89–1.84 (m, 2 H; 3-Hb, 5-Ha), 1.79 (d, J=
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14.7 Hz, 1H; 5-Hb), 1.29 ppm (d, J=7.1 Hz, 3H; CH3CH); 13C NMR
(126 MHz, CDCl3): d=201.28 (d, CHO), 169.98 (s, CH3CO2), 156.01 (s,
NCO2), 136.29 (s, Ph), 128.63, 128.27, 128.05 (3 d, Ph), 67.79 (t, CH2Ph),
65.90 (d, CHOAc), 57.37 (d, C-2), 45.39 (d, C-6), 32.52 (t, C-5), 27.41 (t,
C-3), 21.71 (q, CH3CH), 21.29 ppm (q, CH3CO2); HRMS (ESI + ): m/z :
calcd for C17H22NO5

+ : 320.1493; found: 320.1498 [M+H]+ .

Benzyl (2R,4S,6R)-4-(acetyloxy)-2-methyl-6-(prop-1’-en-1’-yl)piperidine-
1-carboxylate ((2R,4S,6R)-32): A solution of potassium hexamethyldisila-
zane (KHMDS; 0.5m in toluene, 830 mL, 415 mmol) was added dropwise
at 0 8C to a suspension of ethyltriphenylphosphonium bromide (149 mg,
401 mmol) in dry THF (1.5 mL) to give an initially yellow solution, which
was stirred at 0 8C for 30 min when the color changed to red. A solution
of the aldehyde (+)-31 (44.6 mg, 140 mmol) in dry THF (2.0 mL) was
added dropwise, and stirring was continued for 1.5 h at 0 8C until TLC
(petroleum ether/ethyl acetate 3:1, Rf(31)=0.15, Rf(32)=0.30, MPA)
showed complete conversion. Brine (2 mL) was added, and the mixture
was extracted with ethyl acetate (4 � 5 mL). The combined organic layers
were dried over Na2SO4 and concentrated in vacuo. The residue was sub-
jected to flash chromatography on silica gel (4 g, petroleum ether/ethyl
acetate 4:1) to give (2R,4S,6R)-32 (37.6 mg, 81 %) as a 87:13 mixture of
Z and E isomers (1H NMR spectroscopy), which could not be separated;
colorless oil. Analytical data refers to this mixture: 1H NMR (E isomer,
500 MHz, CDCl3): d= 7.36–7.28 (m, 5H; Ph), 5.75 (ddq, J =10.9, 9.3,
1.7 Hz, 1 H; CH=CHCH3), 5.43 (dqd, J =10.8, 6.9, 1.2 Hz, 1H; =CHCH3),
5.18–5.10 (m, 3 H; 6-H, CH2Ph), 5.06 (dddd, J= 4.7, 4.7, 4.4, 4.2 Hz, 1 H;
CHOAc), 4.42 (qdd, J =7.1, 7.1, 3.2 Hz, 1 H; 2-H), 2.04 (s, 3H; CH3CO2),
2.03–1.97 (m, 2H; CH2), 1.91–1.85 (m, 1 H; CH2), 1.84–1.77 (m, 1H;
CH2), 1.59 (dd, J=7.0, 1.6 Hz, 3H; =CHCH3), 1.39 ppm (d, J =7.0 Hz,
3H; CH3CHN); 13C NMR (126 MHz, CDCl3): d= 170.43 (s, CH3CO2),
155.63 (s, NCO2), 136.87 (s, Ph), 133.00 (d, CH=CHCH3), 128.52, 128.02,
128.01 (3 d, Ph), 124.75 (d, =CHCH3), 67.27 (d, CHOAc), 67.25 (t,
CH2Ph), 46.55 (d, C-6), 45.47 (d, C-2), 33.33, 33.33 (2 t, CH2), 23.06 (q,
CH3CHN), 21.58 (q, CH3CO2), 12.60 ppm (q, CH3CH=CH); two signals
(t, CH2) coincide at 33.33 ppm; elemental analysis calcd (%) for
C19H25NO4: C 68.86, H 7.60, N 4.23; found C 68.69, H 7.69, N 4.27;
HRMS (FAB+ ): m/z : calcd for C19H26NO4

+ : 332.1856; found: 332.1884
[M+H]+ .

(�)-(2R,4S,6S)-2-Methyl-6-propylpiperidin-4-yl acetate ((�)-(2R,4S,6S)-
33): Following GP5, a suspension of palladium hydroxide (6.8 mg) in dry
methanol (0.5 mL) was stirred for 30 min under an atmosphere of hydro-
gen (1 bar). A solution of (2R,4S,6R)-32 (21.0 mg, 63.4 mmol) in dry
methanol (1.2 mL) was added, and the mixture was stirred for 1 h when
TLC control (petroleum ether/ethyl acetate 3:1, Rf(32)=0.40, Rf(33)<
0.1, KMnO4) showed complete conversion. The mixture was filtered
through a pad of silica gel and concentrated under reduced pressure to
give (�)-(2R,4S,6S)-33 (11.0 mg, 87%) as a colorless oil. An analytically
pure sample was obtained by flash chromatography on silica gel (1 g,
ethyl acetate). [a]20

D =�3.0 (c =0.75 in CHCl3, >99% ee); 1H NMR
(300 MHz, CDCl3): d=4.76 (dddd, J =11.3, 11.3, 4.7, 4.7 Hz, 1H;
CHOAc), 2.75 (dqd, J =11.1, 6.2, 2.0 Hz, 1H; 2-H), 2.67–2.58 (m, 1H; 6-
H), 2.03 (s, 3H; CH3CO2), 2.01–1.91 (m, 2H; 3-Ha, 5-Ha), 1.45–1.30 (m,
5H; CH2CH2, NH), 1.16–1.01 (m, 2 H; 3-Hb, 5-Hb), 1.11 (d, J =6.4 Hz,
3H; CH3CH), 0.91 ppm (t, J =6.9 Hz, 3H; CH3CH2); 13C NMR (75 MHz,
CDCl3): d =170.66 (s, CO2), 71.58 (d, CHOAc), 54.59 (d, C-6), 50.28 (d,
C-2), 39.59 (t, C-3), 38.69 (t, CH2), 37.40 (t, C-5), 22.19 (q, CH3CH),
21.43 (q, CH3CO2), 19.15 (t, CH2), 14.19 ppm (q, CH3CH2); HRMS
(EI+ ): m/z : calcd for C11H21NO2

+ : 199.1572; found: 199.1615 [M]+ ; GC
(chiral: b-CD, 145 8C isothermal): tR((�)-(2R,4S,6S)-33)=50.5 min,
tR((+)-(2S,4R,6R)-33)= 56.4 min.

(+)-(2R,4S,6S)-2-Methyl-6-propylpiperidin-4-ol ((+)-34): A solution of
(�)-(2R,4S,6S)-33 (15.0 mg, 75.4 mmol) in methanol (0.5 mL) was treated
with methanolic NaOH (1 m, 0.5 mL, 0.5 mmol) at room temperature for
30 min until TLC control (ethyl acetate/MeOH 4:1, Rf(33)=0.34,
Rf(34)=0.16, KMnO4) showed complete consumption of the starting ma-
terial. The mixture was concentrated in vacuo, and the residue was treat-
ed with CH2Cl2 (1 mL) and H2O (1 mL). The phases were separated, and
the aqueous phase was extracted with CH2Cl2 (4 � 1 mL). The combined
organic layers were washed with H2O (2 mL), dried over Na2SO4 and

concentrated in vacuo to give pure (NMR spectroscopy) (+)-34 (10.0 mg,
85%) as a colorless solid. An analytically pure sample was obtained after
purification by flash chromatography on silica gel (ethyl acetate to ethyl
acetate/MeOH 10:1) as colorless polyhedra (m.p. 94–95 8C; ref. [47]: 88–
89 8C ((� )-34, (ethyl acetate))), suitable for X-ray crystal structural anal-
ysis. [a]20

D =++8.8 (c =0.43 in MeOH, >99 % ee); 1H NMR (500 MHz,
CDCl3): d=3.63 (dddd, J=11.0, 11.0, 4.6, 4.6 Hz, 1H; CHOH), 2.68
(dqd, J=11.0, 6.3, 2.3 Hz, 1H; 2-H), 2.58–2.53 (m, 1 H; 6-H), 1.98–1.90
(m, 2 H; 3-Ha, 5-Ha), 1.85 (br s, 2 H; NH, OH), 1.43–1.30 (m, 4 H;
CH2CH2), 1.11 (d, J =6.3 Hz, 3H; CH3CH), 1.05–0.93 (m, 2 H; 3-Hb, 5-
Hb), 0.90 ppm (t, J =7.1 Hz, 3 H; CH3CH2); 13C NMR (75 MHz, CDCl3):
d=69.34 (d, CHOH), 54.66 (d, C-6), 50.28 (d, C-2), 44.00 (t, C-3), 41.78
(t, C-5), 39.06 (t, CH2CH2CH3), 22.55 (q, CH3CH), 19.29 (t, CH2CH3),
14.28 ppm (CH3CH2); HRMS (ESI + ): m/z : calcd for C9H20NO+ :
158.1539; found: 158.1539 [M+H]+ .

Acknowledgements

This work was supported by the Studienstiftung des deutschen Volkes.
We thank Prof. Frank R. Stermitz (Colorado State University) for send-
ing us a sample of racemic 34, Dr. Frank Rominger (Universit�t Heidel-
berg) for the crystal structural analyses, and Prof. Dr. K. Ditrich (BASF
AG) for enantiomerically pure 1-arylethylamines.

[1] G. M. Strunz, J. A. Findlay in The Alkaloids, Vol. 26 (Ed.: A.
Brossi), Academic Press, New York, 1985, pp. 89 –183.

[2] Reviews on the synthesis of piperidines: a) J. Cossy, Chem. Rec.
2005, 5, 70 –80; b) M. G. P. Buffat, Tetrahedron 2004, 60, 1701 –1729;
c) F.-X. Felpin, J. Lebreton, Eur. J. Org. Chem. 2003, 3693 – 3712;
d) S. Laschat, T. Dickner, Synthesis 2000, 1781 –1813; e) P. D. Bailey,
P. A. Millwood, P. D. Smith, Chem. Commun. 1998, 633 – 640.

[3] Reviews on the synthesis of 2,6-disubstituted piperidines: a) R. W.
Bates, K. Sa-Ei, Tetrahedron 2002, 58, 5957 – 5978; b) V. Baliah, R.
Jeyraman, L. Chandrasekaran, Chem. Rev. 1983, 83, 379 –423.

[4] a) H. Yokoyama, H. Ejiri, M. Miyazawa, S. Yamaguchi, Y. Hirai,
Tetrahedron: Asymmetry 2007, 18, 852 – 856; b) H. Makabe, L. K.
Kong, M. Hirota, Org. Lett. 2003, 5, 27 –29; c) Y. Hirai, J. Watanabe,
T. Nozaki, H. Yokoyama, S. Yamaguchi, J. Org. Chem. 1997, 62,
776 – 777; d) K. Takao, Y. Nigawara, E. Nishino, I. Takagi, K.
Maeda, K. Tadano, S. Ogawa, Tetrahedron 1994, 50, 5681 – 5704.

[5] Reviews: a) G. Helmchen in Iridium Complexes in Organic Synthesis
(Eds. L. A. Oro, C. Claver), Wiley-VCH, Weinheim, 2009, pp. 211 –
250; b) G. Helmchen, A. Dahnz, P. D�bon, M. Schelwies, R. Weiho-
fen, Chem. Commun. 2007, 675 – 691; c) R. Takeuchi, S. Kezuka,
Synthesis 2006, 3349 –3366; d) H. Miyabe, Y. Takemoto, Synlett
2005, 1641 – 1655; e) R. Takeuchi, Synlett 2002, 1954 – 1965.

[6] C. Gnamm. C. M. Krauter, K. Brçdner, G. Helmchen, Chem. Eur. J.
2009, 15, 2050 –2054.

[7] Sequential Ir-catalyzed asymmetric inter- and intramolecular amina-
tions of bis-allylic substrates only yield the trans diastereomers with
high selectivity, see ref. [22a]. For other intramolecular Ir- and Pd-
catalyzed asymmetric allylic substitutions, see: C. Welter, O. Koch,
G. Lipowsky, G. Helmchen, Chem. Commun. 2004, 896 –897 and
B. M. Trost, M. J. Krische, R. Radinov, G. Zanoni, J. Am. Chem.
Soc. 1996, 118, 6297 –6298, respectively.

[8] For a highly stereoselective Ir-catalyzed double allylation of guani-
dines, see: H. Miyabe, K. Yoshida, V. K. Reddy, Y. Takemoto, J.
Org. Chem. 2009, 74, 305 –311.

[9] a) M. Srebnik, Aldrichimica Acta 1987, 20, 9 –24; b) H. C. Brown,
K. S. Bhat, R. S. Randad, J. Org. Chem. 1987, 52, 319 –320.

[10] R. A. Johnson, K. B. Sharpless, Catalytic Asymmetric Synthesis, 2nd
ed. (Ed.: I. Ojima), Wiley-VCH, Weinheim, 2000, pp. 231 –280.

[11] G. Ratle, X. Monseur, B. C. Das, J. Yassi, Q. Khuong-Huu, R. Gou-
tarel, Bull. Soc. Chim. Fr. 1966, 9, 2945 –2947.

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 10514 – 1053210530

G. Helmchen et al.

http://dx.doi.org/10.1002/tcr.20035
http://dx.doi.org/10.1002/tcr.20035
http://dx.doi.org/10.1002/tcr.20035
http://dx.doi.org/10.1002/tcr.20035
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1016/j.tet.2003.11.043
http://dx.doi.org/10.1002/ejoc.200300193
http://dx.doi.org/10.1002/ejoc.200300193
http://dx.doi.org/10.1002/ejoc.200300193
http://dx.doi.org/10.1055/s-2000-8218
http://dx.doi.org/10.1055/s-2000-8218
http://dx.doi.org/10.1055/s-2000-8218
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1039/a709071d
http://dx.doi.org/10.1016/S0040-4020(02)00584-7
http://dx.doi.org/10.1016/S0040-4020(02)00584-7
http://dx.doi.org/10.1016/S0040-4020(02)00584-7
http://dx.doi.org/10.1021/cr00056a002
http://dx.doi.org/10.1021/cr00056a002
http://dx.doi.org/10.1021/cr00056a002
http://dx.doi.org/10.1016/j.tetasy.2007.03.022
http://dx.doi.org/10.1016/j.tetasy.2007.03.022
http://dx.doi.org/10.1016/j.tetasy.2007.03.022
http://dx.doi.org/10.1021/ol0201916
http://dx.doi.org/10.1021/ol0201916
http://dx.doi.org/10.1021/ol0201916
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1016/S0040-4020(01)85638-6
http://dx.doi.org/10.1016/S0040-4020(01)85638-6
http://dx.doi.org/10.1016/S0040-4020(01)85638-6
http://dx.doi.org/10.1039/b614169b
http://dx.doi.org/10.1039/b614169b
http://dx.doi.org/10.1039/b614169b
http://dx.doi.org/10.1055/s-2006-950284
http://dx.doi.org/10.1055/s-2006-950284
http://dx.doi.org/10.1055/s-2006-950284
http://dx.doi.org/10.1055/s-2002-35576
http://dx.doi.org/10.1055/s-2002-35576
http://dx.doi.org/10.1055/s-2002-35576
http://dx.doi.org/10.1002/chem.200802525
http://dx.doi.org/10.1002/chem.200802525
http://dx.doi.org/10.1002/chem.200802525
http://dx.doi.org/10.1002/chem.200802525
http://dx.doi.org/10.1039/b400023d
http://dx.doi.org/10.1039/b400023d
http://dx.doi.org/10.1039/b400023d
http://dx.doi.org/10.1021/ja960649x
http://dx.doi.org/10.1021/ja960649x
http://dx.doi.org/10.1021/ja960649x
http://dx.doi.org/10.1021/ja960649x
http://dx.doi.org/10.1021/jo802271d
http://dx.doi.org/10.1021/jo802271d
http://dx.doi.org/10.1021/jo802271d
http://dx.doi.org/10.1021/jo802271d
http://dx.doi.org/10.1021/jo00378a042
http://dx.doi.org/10.1021/jo00378a042
http://dx.doi.org/10.1021/jo00378a042
www.chemeurj.org


[12] a) P. Bourrinet, A. Quevauviller, Ann. Pharm. Fr. 1968, 26, 787 –
796; b) Omnium Chimique, S.A. FR1524395, 1968 ; Chem. Abstr.
1969, 71, 91733w.

[13] Q. Khuong-Huu, G. Ratle, X. Monseur, R. Goutarel, Bull. Soc.
Chim. Belges 1972, 425 – 442.

[14] Q. Khuong-Huu, G. Ratle, X. Monseur, R. Goutarel, Bull. Soc.
Chim. Belges. 1972, 81, 443 –458.

[15] For total syntheses of prosopinine, see: a) N. Toyooka, Yakugaku
Zasshi 2001, 121, 467 –479; b) N. Toyooka, Y. Yoshida, Y. Yotsui, T.
Momose, J. Org. Chem. 1999, 64, 4914 –4919; c) I. Ojima, E. S.
Vidal, J. Org. Chem. 1998, 63, 7999 –8003; d) Y. Hirai, J. Watanabe,
T. Nozaki, H. Yokoyama, S. Yamaguchi, J. Org. Chem. 1997, 62,
776 – 777; e) G. R. Cook, L. G. Beholz, J. R. Stille, J. Org. Chem.
1994, 59, 3575 –3584; f) G. R. Cook, L. G. Beholz, J. R. Stille, Tetra-
hedron Lett. 1994, 35, 1669 – 1672.

[16] For formal syntheses of prosopinine, see: a) H. K. Lee, J. S. Chun,
C. S. Pak, Tetrahedron 2003, 59, 6445 – 6454; b) N. Toyooka, Y. Yosh-
ida, T. Momose, Tetrahedron Lett. 1995, 36, 3715 –3718.

[17] For total syntheses of prosophylline, see: a) J. Cossy, C. Willis, V.
Bellosta, S. BouzBouz, J. Org. Chem. 2002, 67, 1982 –1992; b) J.
Cossy, C. Willis, V. Bellosta, Synlett 2001, 1578 – 1580; c) C. Yang, L.
Liao, Y. Xu, H. Zhang, P. Xia, W. Zhou, Tetrahedron: Asymmetry
1999, 10, 2311 – 2318; d) S. D. Koulocheri, S. A. Haroutounian, Tetra-
hedron Lett. 1999, 40, 6869 –6870; e) M. Natsume, M. Ogawa, Het-
erocycles 1981, 16, 973 – 977; and ref. [15a,b].

[18] For formal syntheses of prosophylline, see: a) E. A. Couladouros,
A. T. Strongilos, E. Neokosmidis, Tetrahedron Lett. 2007, 48, 8227 –
8229; and ref. [16a].

[19] For total syntheses of desoxoprosopinine and desoxoprosophylline,
see: a) E. Abraham, E. A. Brock, J. I. Candela-Lena, S. G. Davies,
M. Georgiou, R. L. Nicholson, J. H. Perkins, P. M. Roberts, A. J.
Russel, E. M. S�nchez-Fern�ndez, P. M. Scott, A. D. Smith, J. E.
Thomson, Org. Biomol. Chem. 2008, 6, 1665 – 1673; b) J. M. Andr	s,
R. Pedrosa, A. P	rez-Encabo, Eur. J. Org. Chem. 2007, 1803 – 1810;
c) S. K. Pandey, P. Kumar, Synlett 2007, 2894 – 2896; d) K. Fuhshuku,
K. Mori, Tetrahedron: Asymmetry 2007, 18, 2104 –2107; e) A. Jourd-
ant, J. Zhu, Heterocycles 2004, 64, 249 –259; f) S. P. Chavan, C.
Praveen, Tetrahedron Lett. 2004, 45, 421 –423; g) Q. Wang, N. A.
Sasaki, J. Org. Chem. 2004, 69, 4767 – 4773; h) N. Ma, D. Ma, Tetra-
hedron: Asymmetry 2003, 14, 1403 – 1406; i) P. J. Dransfield, P. M.
Gore, I. Prokes, M. Shipman, A. M. Z. Slawin, Org. Biomol. Chem.
2003, 1, 2723 – 2733; j) P. J. Dransfield, P. M. Gore, M. Shipman,
A. M. Z. Slawin, Chem. Commun. 2002, 150 – 151; k) D. L. Commins,
M. J. Sandelier, T. A. Grillo, J. Org. Chem. 2001, 66, 6829 – 6832;
l) A. Jourdant, J. Zhu, Tetrahedron Lett. 2001, 42, 3431 –3434; m) A.
Datta, J. S. R. Kumar, S. Roy, Tetrahedron 2001, 57, 1169 –1173;
n) C. Herdeis, J. Telser, Eur. J. Org. Chem. 1999, 1407 –1414; o) C.-F.
Yang, Y.-M. Xu, L.-X. Liao, W.-S. Zhou, Tetrahedron Lett. 1998, 39,
9227 – 9228; p) C. A. Agami, F. Couty, H. Lam, H. Mathieu, Tetrahe-
dron 1998, 54, 8783 –8796; q) C. A. Agami, F. Couty, H. Mathieu,
Tetrahedron Lett. 1998, 39, 3505 – 3508; r) T. Luker, H. Hiemstra,
W. N. Speckamp, J. Org. Chem. 1997, 62, 3592 –3596; s) I. Kadota,
M. Kawada, Y. Muramatsu, Y. Yamamoto, Tetrahedron: Asymmetry
1997, 8, 3887 – 3893; t) I. Kadota, M. Kawada, Y. Muramatsu, Y. Ya-
mamoto, Tetrahedron Lett. 1997, 38, 7469 –7470; u) K. Tadano, K.
Takao, Y. Nigawara, E. Nishino, I. Takagi, K. Maeda, S. Ogawa,
Synlett 1993, 565 – 567; v) M. A. Ciufolini, C. W. Hermann, K. H.
Whitmire, N. E. Byrne, J. Am. Chem. Soc. 1989, 111, 3473 –3475;
w) A. B. Holmes, J. Thompson, A. J. G. Baxter, J. Dixon, J. Chem.
Soc. Chem. Commun. 1985, 37–39; x) Y. Saitoh, Y. Moriyama, H.
Hirota, T. Takahashi, Q. Khuong-Huu, Bull. Chem. Soc. Jpn. 1981,
54, 488 – 492; y) Y. Saitoh, Y. Moriyma, T. Takahashi, Q. Khuong-
Huu, Tetrahedron Lett. 1980, 21, 75– 78; and refs. [4d, 15c,17c].

[20] For formal syntheses of desoxoprosopinine and desoxoprosophyl-
line, see: a) S. D. Koulocheri, S. A. Haroutounian, Synthesis 1999,
1889 – 1892; b) Y. Yuasa, J. Ando, S. Shibuya, J. Chem. Soc. Perkin
Trans. 1 1996, 793 – 802; c) Y. Yuasa, J. Ando, S. Shibuya, Tetrahe-
dron: Asymmetry 1995, 6, 1525 –1526.

[21] a) R. Takeuchi, M. Kashio, Angew. Chem. 1997, 109, 268 –270;
Angew. Chem. Int. Ed. Engl. 1997, 36, 263 – 265; b) J. Janssen, G.
Helmchen, Tetrahedron Lett. 1997, 38, 8025.

[22] a) C. Welter, A. Dahnz, B. Brunner, S. Streiff, P. D�bon, G. Helm-
chen, Org. Lett. 2005, 7, 1239 –1242; b) D. Polet, A. Alexakis, Org.
Lett. 2005, 7, 1621 –1624; c) A. Leitner, C. Shu. J. F. Hartwig, Org.
Lett. 2005, 7, 1093 –1096; d) G. Lipowsky, G. Helmchen, Chem.
Commun. 2004, 116 –117; e) T. Ohmura, J. F. Hartwig, J. Am. Chem.
Soc. 2002, 124, 15164 –15165.

[23] a) C. Gnamm, G. Franck, N. Miller, T. Stork, K. Brçdner, G. Helm-
chen, Synthesis 2008, 3331 – 3350; b) C. Defieber, M. A. Ariger, P.
Moriel, E. M. Carreira, Angew. Chem. 2007, 119, 3200 – 3204;
Angew. Chem. Int. Ed. 2007, 46, 3139 –3143; c) O. V. Singh, H. Han,
Tetrahedron Lett. 2007, 48, 7094 – 7098; d) R. Weihofen, O. Tverskoy,
G. Helmchen, Angew. Chem. 2006, 118, 5673 – 5676; Angew. Chem.
Int. Ed. 2006, 45, 5546 – 5549; e) R. Weihofen, A. Dahnz, O. Tver-
skoy, G. Helmchen, Chem. Commun. 2005, 3541 – 3543; f) H.
Miyabe, K. Yoshida, M. Yamauchi, Y. Takemoto, J. Org. Chem.
2005, 70, 2148 –2153.

[24] C. Gnamm, S. Fçrster, N. Miller, K. Brçdner, G. Helmchen, Synlett
2007, 790 –794.

[25] B. L. Feringa, Acc. Chem. Res. 2000, 33, 346 – 353.
[26] a) D. Polet, A. Alexakis, K. Tissot-Croset, C. Corminboeuf, K. Di-

trich, Chem. Eur. J. 2006, 12, 3596 – 3609; b) K. Tissot-Crosset, D.
Polet, S. Gille, C. Hawner, A. Alexakis, Synthesis 2004, 2586 –2590;
c) A. Alexakis, D. Polet, Org. Lett. 2004, 6, 3529 –3532.

[27] For epoxidations of similar allylic amides, see: a) Y. Ohfune, N. Kur-
okawa, Tetrahedron Lett. 1984, 25, 1587 – 1590; b) J. R. Luly, J. F.
Dellaria, J. J. Plattner, J. L. Soderquist, N. Yi, J. Org. Chem. 1987,
52, 1487 –1492; c) P. Meffre, L. Vo-Quang, F. Le Goffic, Tetrahedron
Lett. 1990, 31, 2291 –2294.

[28] CCDC-721129 (syn-4 a), CCDC-721130 ((+ )-prosopinine), CCDC-
704949 (22), CCDC-704950 (25 a), CCDC-704951 ((+ )-6-epi-241D),
and CCDC-704952 (34) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

[29] C. Dubost, I. E. Mark
, T. Ryckmans, Org. Lett. 2006, 8, 5137 –5140,
see the Supporting Information.

[30] a) S. Ueno, J. F. Hartwig, Angew. Chem. 2008, 120, 1954 –1957;
Angew. Chem. Int. Ed. 2008, 47, 1928 –1931; b) C. Shu, J. F. Hartwig,
Angew. Chem. 2004, 116, 4898 – 4901; Angew. Chem. Int. Ed. 2004,
43, 4794 –4797.

[31] The cyclization products were obtained with an increased enantio-
meric excess of >99% ee as a consequence of double stereodif-
ferentiation. Accordingly, the natural products that were synthesized
from these precursors possessed a very high degree of enantiomeric
purity.

[32] R. Takeuchi, N. Shiga, Org. Lett. 1999, 1, 265 –267.
[33] a) E. Vedrenne, H. Dupont, S. Oualef, L. Elka�m, L. Grimaud, Syn-

lett 2005, 670 –672; b) A. F�rstner, K. Langemann, J. Am. Chem.
Soc. 1997, 119, 9130 –9136.

[34] W. M. Pearlman, Tetrahedron Lett. 1967, 8, 1663 – 1664.
[35] For analytical data of 16, see: A. Sharma, S. Sankaranarayanan, S.

Chattopadhyay, J. Org. Chem. 1996, 61, 1814 –1816.
[36] G. Voß, H. Gerlach, Liebigs Ann. Chem. 1982, 1466 –1477.
[37] a) R. A. Saporito, M. A. Donelly, P. Jain, H. M. Garraffo, T. F.

Spande, J. W. Daly, Toxicon 2007, 50, 757 – 778; b) J. W. Daly, C. W.
Myers, N. Whittaker, Toxicon 1987, 25, 1023 –1095.

[38] M. W. Edwards, J. W. Daly, J. Nat. Prod. 1988, 51, 1188 – 1197.
[39] M. W. Edwards, H. M. Garaffo, J. W. Daly, Synthesis 1994, 1167 –

1170.
[40] a) R. ChÞnevert, M. Dickmann, J. Org. Chem. 1996, 61, 3332 –3341;

b) S. Ciblat, P. Calinaud, J.-L. Canet, Y. Troin, J. Chem. Soc. Perkin
Trans. 1 2000, 353 – 357; c) D. Ma, H. Sun, Org. Lett. 2000, 2, 2503 –
2505; d) F. A. Davis, B. Chao, A. Rao, Org. Lett. 2001, 3, 3169 –
3171; e) J. Monfray, Y. Gelas-Mialhe, J.-C. Gramain, R. Remuson,
Tetrahedron: Asymmetry 2005, 16, 1025 –1034.

[41] S. Fçrster, G. Helmchen, Synlett 2008, 831 –836.

Chem. Eur. J. 2009, 15, 10514 – 10532 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10531

FULL PAPERIridium-Catalyzed Allylic Cyclization

http://dx.doi.org/10.1248/yakushi.121.467
http://dx.doi.org/10.1248/yakushi.121.467
http://dx.doi.org/10.1248/yakushi.121.467
http://dx.doi.org/10.1248/yakushi.121.467
http://dx.doi.org/10.1021/jo990397t
http://dx.doi.org/10.1021/jo990397t
http://dx.doi.org/10.1021/jo990397t
http://dx.doi.org/10.1021/jo9815608
http://dx.doi.org/10.1021/jo9815608
http://dx.doi.org/10.1021/jo9815608
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo961951r
http://dx.doi.org/10.1021/jo00092a015
http://dx.doi.org/10.1021/jo00092a015
http://dx.doi.org/10.1021/jo00092a015
http://dx.doi.org/10.1021/jo00092a015
http://dx.doi.org/10.1016/0040-4039(94)88315-7
http://dx.doi.org/10.1016/0040-4039(94)88315-7
http://dx.doi.org/10.1016/0040-4039(94)88315-7
http://dx.doi.org/10.1016/0040-4039(94)88315-7
http://dx.doi.org/10.1016/S0040-4020(03)01063-9
http://dx.doi.org/10.1016/S0040-4020(03)01063-9
http://dx.doi.org/10.1016/S0040-4020(03)01063-9
http://dx.doi.org/10.1016/0040-4039(95)00661-U
http://dx.doi.org/10.1016/0040-4039(95)00661-U
http://dx.doi.org/10.1016/0040-4039(95)00661-U
http://dx.doi.org/10.1021/jo010653d
http://dx.doi.org/10.1021/jo010653d
http://dx.doi.org/10.1021/jo010653d
http://dx.doi.org/10.1055/s-2001-17461
http://dx.doi.org/10.1055/s-2001-17461
http://dx.doi.org/10.1055/s-2001-17461
http://dx.doi.org/10.1016/S0957-4166(99)00239-6
http://dx.doi.org/10.1016/S0957-4166(99)00239-6
http://dx.doi.org/10.1016/S0957-4166(99)00239-6
http://dx.doi.org/10.1016/S0957-4166(99)00239-6
http://dx.doi.org/10.1016/S0040-4039(99)01387-8
http://dx.doi.org/10.1016/S0040-4039(99)01387-8
http://dx.doi.org/10.1016/S0040-4039(99)01387-8
http://dx.doi.org/10.1016/S0040-4039(99)01387-8
http://dx.doi.org/10.3987/R-1981-06-0973
http://dx.doi.org/10.3987/R-1981-06-0973
http://dx.doi.org/10.3987/R-1981-06-0973
http://dx.doi.org/10.3987/R-1981-06-0973
http://dx.doi.org/10.1016/j.tetlet.2007.09.075
http://dx.doi.org/10.1016/j.tetlet.2007.09.075
http://dx.doi.org/10.1016/j.tetlet.2007.09.075
http://dx.doi.org/10.1039/b801671b
http://dx.doi.org/10.1039/b801671b
http://dx.doi.org/10.1039/b801671b
http://dx.doi.org/10.1016/j.tetasy.2007.08.028
http://dx.doi.org/10.1016/j.tetasy.2007.08.028
http://dx.doi.org/10.1016/j.tetasy.2007.08.028
http://dx.doi.org/10.1016/j.tetlet.2003.10.142
http://dx.doi.org/10.1016/j.tetlet.2003.10.142
http://dx.doi.org/10.1016/j.tetlet.2003.10.142
http://dx.doi.org/10.1021/jo0496291
http://dx.doi.org/10.1021/jo0496291
http://dx.doi.org/10.1021/jo0496291
http://dx.doi.org/10.1016/S0957-4166(03)00275-1
http://dx.doi.org/10.1016/S0957-4166(03)00275-1
http://dx.doi.org/10.1016/S0957-4166(03)00275-1
http://dx.doi.org/10.1016/S0957-4166(03)00275-1
http://dx.doi.org/10.1039/b303817c
http://dx.doi.org/10.1039/b303817c
http://dx.doi.org/10.1039/b303817c
http://dx.doi.org/10.1039/b303817c
http://dx.doi.org/10.1039/b110035a
http://dx.doi.org/10.1039/b110035a
http://dx.doi.org/10.1039/b110035a
http://dx.doi.org/10.1016/S0040-4039(01)00483-X
http://dx.doi.org/10.1016/S0040-4039(01)00483-X
http://dx.doi.org/10.1016/S0040-4039(01)00483-X
http://dx.doi.org/10.1016/S0040-4020(00)01113-3
http://dx.doi.org/10.1016/S0040-4020(00)01113-3
http://dx.doi.org/10.1016/S0040-4020(00)01113-3
http://dx.doi.org/10.1002/(SICI)1099-0690(199906)1999:6%3C1407::AID-EJOC1407%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1099-0690(199906)1999:6%3C1407::AID-EJOC1407%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1099-0690(199906)1999:6%3C1407::AID-EJOC1407%3E3.0.CO;2-T
http://dx.doi.org/10.1016/S0040-4039(98)02129-7
http://dx.doi.org/10.1016/S0040-4039(98)02129-7
http://dx.doi.org/10.1016/S0040-4039(98)02129-7
http://dx.doi.org/10.1016/S0040-4039(98)02129-7
http://dx.doi.org/10.1016/S0040-4020(98)00508-0
http://dx.doi.org/10.1016/S0040-4020(98)00508-0
http://dx.doi.org/10.1016/S0040-4020(98)00508-0
http://dx.doi.org/10.1016/S0040-4020(98)00508-0
http://dx.doi.org/10.1016/S0040-4039(98)00646-7
http://dx.doi.org/10.1016/S0040-4039(98)00646-7
http://dx.doi.org/10.1016/S0040-4039(98)00646-7
http://dx.doi.org/10.1021/jo962347j
http://dx.doi.org/10.1021/jo962347j
http://dx.doi.org/10.1021/jo962347j
http://dx.doi.org/10.1016/S0957-4166(97)00563-6
http://dx.doi.org/10.1016/S0957-4166(97)00563-6
http://dx.doi.org/10.1016/S0957-4166(97)00563-6
http://dx.doi.org/10.1016/S0957-4166(97)00563-6
http://dx.doi.org/10.1016/S0040-4039(97)01759-0
http://dx.doi.org/10.1016/S0040-4039(97)01759-0
http://dx.doi.org/10.1016/S0040-4039(97)01759-0
http://dx.doi.org/10.1055/s-1993-22530
http://dx.doi.org/10.1055/s-1993-22530
http://dx.doi.org/10.1055/s-1993-22530
http://dx.doi.org/10.1021/ja00191a078
http://dx.doi.org/10.1021/ja00191a078
http://dx.doi.org/10.1021/ja00191a078
http://dx.doi.org/10.1039/c39850000037
http://dx.doi.org/10.1039/c39850000037
http://dx.doi.org/10.1039/c39850000037
http://dx.doi.org/10.1039/c39850000037
http://dx.doi.org/10.1246/bcsj.54.488
http://dx.doi.org/10.1246/bcsj.54.488
http://dx.doi.org/10.1246/bcsj.54.488
http://dx.doi.org/10.1246/bcsj.54.488
http://dx.doi.org/10.1016/S0040-4039(00)93628-1
http://dx.doi.org/10.1016/S0040-4039(00)93628-1
http://dx.doi.org/10.1016/S0040-4039(00)93628-1
http://dx.doi.org/10.1055/s-1999-3604
http://dx.doi.org/10.1055/s-1999-3604
http://dx.doi.org/10.1055/s-1999-3604
http://dx.doi.org/10.1055/s-1999-3604
http://dx.doi.org/10.1039/p19960000793
http://dx.doi.org/10.1039/p19960000793
http://dx.doi.org/10.1039/p19960000793
http://dx.doi.org/10.1039/p19960000793
http://dx.doi.org/10.1016/0957-4166(95)00189-V
http://dx.doi.org/10.1016/0957-4166(95)00189-V
http://dx.doi.org/10.1016/0957-4166(95)00189-V
http://dx.doi.org/10.1016/0957-4166(95)00189-V
http://dx.doi.org/10.1002/ange.19971090320
http://dx.doi.org/10.1002/ange.19971090320
http://dx.doi.org/10.1002/ange.19971090320
http://dx.doi.org/10.1002/anie.199702631
http://dx.doi.org/10.1002/anie.199702631
http://dx.doi.org/10.1002/anie.199702631
http://dx.doi.org/10.1016/S0040-4039(97)10220-9
http://dx.doi.org/10.1021/ol047351t
http://dx.doi.org/10.1021/ol047351t
http://dx.doi.org/10.1021/ol047351t
http://dx.doi.org/10.1021/ol050350w
http://dx.doi.org/10.1021/ol050350w
http://dx.doi.org/10.1021/ol050350w
http://dx.doi.org/10.1021/ol050350w
http://dx.doi.org/10.1021/ol050029d
http://dx.doi.org/10.1021/ol050029d
http://dx.doi.org/10.1021/ol050029d
http://dx.doi.org/10.1021/ol050029d
http://dx.doi.org/10.1039/b311502j
http://dx.doi.org/10.1039/b311502j
http://dx.doi.org/10.1039/b311502j
http://dx.doi.org/10.1039/b311502j
http://dx.doi.org/10.1021/ja028614m
http://dx.doi.org/10.1021/ja028614m
http://dx.doi.org/10.1021/ja028614m
http://dx.doi.org/10.1021/ja028614m
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/ange.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1002/anie.200700159
http://dx.doi.org/10.1016/j.tetlet.2007.08.009
http://dx.doi.org/10.1016/j.tetlet.2007.08.009
http://dx.doi.org/10.1016/j.tetlet.2007.08.009
http://dx.doi.org/10.1002/ange.200601472
http://dx.doi.org/10.1002/ange.200601472
http://dx.doi.org/10.1002/ange.200601472
http://dx.doi.org/10.1002/anie.200601472
http://dx.doi.org/10.1002/anie.200601472
http://dx.doi.org/10.1002/anie.200601472
http://dx.doi.org/10.1002/anie.200601472
http://dx.doi.org/10.1039/b505197e
http://dx.doi.org/10.1039/b505197e
http://dx.doi.org/10.1039/b505197e
http://dx.doi.org/10.1021/jo047897t
http://dx.doi.org/10.1021/jo047897t
http://dx.doi.org/10.1021/jo047897t
http://dx.doi.org/10.1021/jo047897t
http://dx.doi.org/10.1021/ar990084k
http://dx.doi.org/10.1021/ar990084k
http://dx.doi.org/10.1021/ar990084k
http://dx.doi.org/10.1002/chem.200501180
http://dx.doi.org/10.1002/chem.200501180
http://dx.doi.org/10.1002/chem.200501180
http://dx.doi.org/10.1021/ol048607y
http://dx.doi.org/10.1021/ol048607y
http://dx.doi.org/10.1021/ol048607y
http://dx.doi.org/10.1016/S0040-4039(01)90018-8
http://dx.doi.org/10.1016/S0040-4039(01)90018-8
http://dx.doi.org/10.1016/S0040-4039(01)90018-8
http://dx.doi.org/10.1021/jo00384a020
http://dx.doi.org/10.1021/jo00384a020
http://dx.doi.org/10.1021/jo00384a020
http://dx.doi.org/10.1021/jo00384a020
http://dx.doi.org/10.1016/0040-4039(90)80209-5
http://dx.doi.org/10.1016/0040-4039(90)80209-5
http://dx.doi.org/10.1016/0040-4039(90)80209-5
http://dx.doi.org/10.1016/0040-4039(90)80209-5
http://dx.doi.org/10.1021/ol0620287
http://dx.doi.org/10.1021/ol0620287
http://dx.doi.org/10.1021/ol0620287
http://dx.doi.org/10.1002/ange.200705267
http://dx.doi.org/10.1002/ange.200705267
http://dx.doi.org/10.1002/ange.200705267
http://dx.doi.org/10.1002/anie.200705267
http://dx.doi.org/10.1002/anie.200705267
http://dx.doi.org/10.1002/anie.200705267
http://dx.doi.org/10.1002/ange.200460214
http://dx.doi.org/10.1002/ange.200460214
http://dx.doi.org/10.1002/ange.200460214
http://dx.doi.org/10.1002/anie.200460214
http://dx.doi.org/10.1002/anie.200460214
http://dx.doi.org/10.1002/anie.200460214
http://dx.doi.org/10.1002/anie.200460214
http://dx.doi.org/10.1021/ol990033n
http://dx.doi.org/10.1021/ol990033n
http://dx.doi.org/10.1021/ol990033n
http://dx.doi.org/10.1021/ja9719945
http://dx.doi.org/10.1021/ja9719945
http://dx.doi.org/10.1021/ja9719945
http://dx.doi.org/10.1021/ja9719945
http://dx.doi.org/10.1016/S0040-4039(00)70335-2
http://dx.doi.org/10.1016/S0040-4039(00)70335-2
http://dx.doi.org/10.1016/S0040-4039(00)70335-2
http://dx.doi.org/10.1021/jo951339k
http://dx.doi.org/10.1021/jo951339k
http://dx.doi.org/10.1021/jo951339k
http://dx.doi.org/10.1002/jlac.198219820806
http://dx.doi.org/10.1002/jlac.198219820806
http://dx.doi.org/10.1002/jlac.198219820806
http://dx.doi.org/10.1016/j.toxicon.2007.06.022
http://dx.doi.org/10.1016/j.toxicon.2007.06.022
http://dx.doi.org/10.1016/j.toxicon.2007.06.022
http://dx.doi.org/10.1016/0041-0101(87)90265-0
http://dx.doi.org/10.1016/0041-0101(87)90265-0
http://dx.doi.org/10.1016/0041-0101(87)90265-0
http://dx.doi.org/10.1021/np50060a023
http://dx.doi.org/10.1021/np50060a023
http://dx.doi.org/10.1021/np50060a023
http://dx.doi.org/10.1055/s-1994-25665
http://dx.doi.org/10.1055/s-1994-25665
http://dx.doi.org/10.1055/s-1994-25665
http://dx.doi.org/10.1039/a908265d
http://dx.doi.org/10.1039/a908265d
http://dx.doi.org/10.1039/a908265d
http://dx.doi.org/10.1039/a908265d
http://dx.doi.org/10.1021/ol006176n
http://dx.doi.org/10.1021/ol006176n
http://dx.doi.org/10.1021/ol006176n
http://dx.doi.org/10.1021/ol0164839
http://dx.doi.org/10.1021/ol0164839
http://dx.doi.org/10.1021/ol0164839
http://dx.doi.org/10.1016/j.tetasy.2005.01.018
http://dx.doi.org/10.1016/j.tetasy.2005.01.018
http://dx.doi.org/10.1016/j.tetasy.2005.01.018
www.chemeurj.org


[42] The enantiomer of amide 19 has previously been prepared through
other routes: a) T. Fujisawa, S. Odake, Y. Ogawa, J. Yasuda, Y.
Morita, T. Morikawa, Chem. Pharm. Bull. 2002, 50, 239 – 252; b) T.
Moriwake, S. Hamano, S. Saito, S. Torii, S. Kashino, J. Org. Chem.
1989, 54, 4114 –4120.

[43] a) M. Alc
n, M. Canas, M. Poch, A. Moyano, M. A. Peric�s, A.
Riera, Tetrahedron Lett. 1994, 35, 1589 –1592; b) K. Burgess, L. T.
Liu, B. Pal, J. Org. Chem. 1993, 58, 4758 – 4763.

[44] (�)-(R)-20 : a) D. M. Le Grand (Novartis AG, Novartis Pharma
GmbH), WO2005026113, 2005 ; b) J. Frei, J. Stanek (Ciba-Geigy
AG), WO9424094, 1994. (+ )-(S)-20 : c) A. Rae, A. E. Aliev, J. E.
Anderson, J. L. Castro, J. Ker, S. Parsons, M. Stchedroff, S. Thomas,
A. B. Tabor, J. Chem. Soc. Perkin Trans. 1 1999, 1933 –1941; d) P.
Casara, C. Danzin, B. Metcalf, M. Jung, J. Chem. Soc. Perkin Trans.
1 1985, 2201 –2207.

[45] Aldehyde 21 has been described repeatedly but without detailed ex-
perimental or analytical data. (+ )-(R)-21: a) J. B. Santella III, D. S.
Gardner, W. Yao, C. Shi, P. Reddy, A. J. Tebben, G. V. DeLucca,
D. A. Wacker, P. S. Watson, P. K. Welch, E. A. Wadman, P. Davies,
K. A. Solomon, D. M. Graden, S. Yeleswaram, S. Mandlekar, I.
Kariv, C. P. Decicco, S. S. Ko, P. H. Carter, J. V. Duncia, Bioorg.
Med. Chem. Lett. 2008, 18, 576 – 585; b) G.-B. Liang, X. Qian, D.
Feng, T. Biftu, G. Eiermann, H. He, B. Leitning, K. Lyons, A.
Petrov, R. Sinha-Roy, B. Zhang, J. Wu, X. Zhang, N. A. Thornberry,
A. E. Weber, Bioorg. Med. Chem. Lett. 2007, 17, 1903 – 1907; c) T.
Biftu, G.-B. Liang, D. Danqing, A. E. Weber (Merck & Co., Inc.),
WO2005011581, 2005 ; d) H. Yoshizawa, H. Itani, K. Ishikura, T.
Irie, K. Yokoo, T. Kubota, K. Minami, T. Iwaki, H. Miwa, Y. Nishi-
tani, J. Antibiot. 2002, 55, 975 –992. (�)-(S)-21: e) D. L. J. Clive, Z.
Li, M. Yu, J. Org. Chem. 2007, 72, 5608 – 5617; f) D. Limal, V. Seme-
tey, P. Dalbon, M. Jolivet, J.-P. Briand, Tetrahedron Lett. 1999, 40,
2749 – 2752; g) J. M. McIntosh, S. O. Acquaah, Can. J. Chem. 1988,
66, 1752 – 1756. (� )-21: h) S. Mensching, M. Kalesse, J. Prakt. Chem.
1997, 339, 96–97.

[46] a) H. C. Brown, P. K. Jadhav, J. Am. Chem. Soc. 1983, 105, 2092 –
2093; b) U. S. Racherla, H. C. Brown, J. Org. Chem. 1991, 56, 401 –
404.

[47] J. N. Tawara, P. Lorenz, F. R. Stermitz, J. Nat. Prod. 1999, 62, 321 –
323.

[48] We want to emphasize that the absolute configuration of the natural
product remains unknown due to lack of an authentic sample. As
the natural product has only been analyzed by GC–MS, its optical
rotation is still unknown (see ref. [47]).

[49] H. E. Gottlieb, V. Kotlyar, A. Nudelman, J. Org. Chem. 1997, 62,
7512 – 7515.

[50] R. Weihofen, Dissertation, Universti�t Heidelberg, 2007.
[51] This compound was prepared from (E)-but-2-ene-1,4-diol using stan-

dard conditions according to ref. [23a]. It has been described in the
literature before but without an experimental procedure or analyti-
cal data, for example: I. Shimizu, Y. Ohashi, J. Tsuji, Tetrahedron
Lett. 1985, 26, 3825 –3828.

[52] This compound was synthesized from commercially available 9-
decen-1-ol by oxidation, addition of EtMgBr and reoxidation follow-
ing a procedure described in the literature: X. Qin, T. Tzvetkov, X.
Liu, D. C. Lee, L. Yu, D. C. Jacobs, J. Am. Chem. Soc. 2004, 126,
13232 – 13233, see the Supporting Information.

[53] The synthesis of this compound was carried out in analogy to a
known procedure: K. A. Tallman, B. Roschek, Jr., N. A. Porter, J.
Am. Chem. Soc. 2004, 126, 9240 –9247. Its analytical data agreed
with those reported elsewhere: A. P. Patwardhan, D. H. Thompson,
Langmuir 2000, 16, 10340 – 10350; A. P. Patwardhan, D. H. Thomp-
son, Org. Lett. 1999, 1, 241 – 243, see the Supporting Information.

[54] a) L. Glendenning, L. D. Field, R. K. Haynes, Bull. Chem. Soc. Jpn.
1995, 68, 2739 –2749; b) J. K. Ado, P. Teesdale-Spittle, J. O. Hoberg,
Synthesis 2005, 1923 – 1925.

[55] S. Fçrster, Dissertation, Universit�t Heidelberg, 2009.
[56] Compound (+ )-(R)-19 has been described previously: J. H. Del-

camp, A. P. Brucks, M. C. White, J. Am. Chem. Soc. 2008, 130,
11270 – 11271.

[57] For syntheses of (�)-(S)-19 together with analytical data, see: a) T.
Moriwake, S. Hamano, S. Saito, S. Tori, S. Kashino, J. Org. Chem.
1989, 54, 4114 –4120; b) T. Fujisawa, S. Odake, Y. Ogawa, J. Yasuda,
Y. Morita, T. Morikawa, Chem. Pharm. Bull. 2002, 50, 239 –252 and
refs. [41, 55].

[58] Q. Khuong-Huu, X. Monseur, M. J. Gasic, P. M. Wovkulic, E. Wen-
kert, J. Chem. Soc. Pak. 1982, 3, 267 – 269.

Received: June 17, 2009
Published online: September 3, 2009

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 10514 – 1053210532

G. Helmchen et al.

http://dx.doi.org/10.1248/cpb.50.239
http://dx.doi.org/10.1248/cpb.50.239
http://dx.doi.org/10.1248/cpb.50.239
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00069a052
http://dx.doi.org/10.1021/jo00069a052
http://dx.doi.org/10.1021/jo00069a052
http://dx.doi.org/10.1039/a902667c
http://dx.doi.org/10.1039/a902667c
http://dx.doi.org/10.1039/a902667c
http://dx.doi.org/10.1039/p19850002201
http://dx.doi.org/10.1039/p19850002201
http://dx.doi.org/10.1039/p19850002201
http://dx.doi.org/10.1039/p19850002201
http://dx.doi.org/10.1016/j.bmcl.2007.11.067
http://dx.doi.org/10.1016/j.bmcl.2007.11.067
http://dx.doi.org/10.1016/j.bmcl.2007.11.067
http://dx.doi.org/10.1016/j.bmcl.2007.11.067
http://dx.doi.org/10.1016/j.bmcl.2007.01.039
http://dx.doi.org/10.1016/j.bmcl.2007.01.039
http://dx.doi.org/10.1016/j.bmcl.2007.01.039
http://dx.doi.org/10.1021/jo070664s
http://dx.doi.org/10.1021/jo070664s
http://dx.doi.org/10.1021/jo070664s
http://dx.doi.org/10.1016/S0040-4039(99)00288-9
http://dx.doi.org/10.1016/S0040-4039(99)00288-9
http://dx.doi.org/10.1016/S0040-4039(99)00288-9
http://dx.doi.org/10.1016/S0040-4039(99)00288-9
http://dx.doi.org/10.1139/v88-282
http://dx.doi.org/10.1139/v88-282
http://dx.doi.org/10.1139/v88-282
http://dx.doi.org/10.1139/v88-282
http://dx.doi.org/10.1002/prac.19973390118
http://dx.doi.org/10.1002/prac.19973390118
http://dx.doi.org/10.1002/prac.19973390118
http://dx.doi.org/10.1002/prac.19973390118
http://dx.doi.org/10.1021/ja00345a085
http://dx.doi.org/10.1021/ja00345a085
http://dx.doi.org/10.1021/ja00345a085
http://dx.doi.org/10.1021/jo00001a072
http://dx.doi.org/10.1021/jo00001a072
http://dx.doi.org/10.1021/jo00001a072
http://dx.doi.org/10.1021/np9802769
http://dx.doi.org/10.1021/np9802769
http://dx.doi.org/10.1021/np9802769
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1016/S0040-4039(00)89261-8
http://dx.doi.org/10.1016/S0040-4039(00)89261-8
http://dx.doi.org/10.1016/S0040-4039(00)89261-8
http://dx.doi.org/10.1016/S0040-4039(00)89261-8
http://dx.doi.org/10.1021/ja045475v
http://dx.doi.org/10.1021/ja045475v
http://dx.doi.org/10.1021/ja045475v
http://dx.doi.org/10.1021/ja045475v
http://dx.doi.org/10.1021/ja049104q
http://dx.doi.org/10.1021/ja049104q
http://dx.doi.org/10.1021/ja049104q
http://dx.doi.org/10.1021/ja049104q
http://dx.doi.org/10.1021/la001104q
http://dx.doi.org/10.1021/la001104q
http://dx.doi.org/10.1021/la001104q
http://dx.doi.org/10.1021/ol990567o
http://dx.doi.org/10.1021/ol990567o
http://dx.doi.org/10.1021/ol990567o
http://dx.doi.org/10.1246/bcsj.68.2739
http://dx.doi.org/10.1246/bcsj.68.2739
http://dx.doi.org/10.1246/bcsj.68.2739
http://dx.doi.org/10.1246/bcsj.68.2739
http://dx.doi.org/10.1021/ja804120r
http://dx.doi.org/10.1021/ja804120r
http://dx.doi.org/10.1021/ja804120r
http://dx.doi.org/10.1021/ja804120r
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1021/jo00278a024
http://dx.doi.org/10.1248/cpb.50.239
http://dx.doi.org/10.1248/cpb.50.239
http://dx.doi.org/10.1248/cpb.50.239
www.chemeurj.org

