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Abstract: In this account we describe our efforts over more than a
decade to develop a synthetically useful and practical methodology for
the synthesis of highly enantioenriched compounds via iron promoted
allylic substitutions. After first attempts based on a kinetic resolution
of planar chiral tetracarbonyl(73-allyl)iron(1+) complexes and an
auxiliary controlled diastereoselective formation of the iron complexes,
the "chirality transfer" approach turned out to be an efficient solution.
Starting from enantiopure easily accessible and cheap acceptor sub-
stituted allylic substrates, the corresponding (773-allyl)tetracarbonyl
iron cation complexes are formed and trapped with a variety of carbon
and heteroatom nucleophiles including silyl enol ethers, electronrich
arenes and heteroarenes, functionalized organozinc compounds and
amines. The iron mediated allylic substitutions proceed with virtually
no loss of chirality information from central (C-O) over planar (C-Fe)
back to central chirality (C-C or C-X) affording products of high enan-
tiomeric purity with overall retention (double inversion). In addition,
complete yregioselectivity and conservation of the double bond
geometry is achieved. First applications in the synthesis of virtually
enantiopure natural products are described.
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1 Introduction

In recent years cationic metal 7z-complexes of odd and even numbered
unsaturated polyenic ligands have received considerable attention as
useful synthetic tools in organic synthesis. They can be regarded as
stabilized carbocation equivalents coordinated to a transition metal.
One advantage is their enhanced reactivity towards a multitude of soft
carbon and hetero atom nucleophiles.!-2 In addition, they are of in-
creasing significance in enantiomerically pure form for the develop-
ment of various new synthetic methods and as valuable building blocks
for the convergent regio- and stereocontrolled construction of organic
target molecules. In general, transition metal m-complexes of unsym-
metrically substituted ligands in which the metal fragment distin-
guishes the two enantiotopic faces of the ligand are planar chiral.3
Nucleophilic addition reactions are subject to complete stereocontrol
by the metal-ligand moiety while regiochemical outcomes are mostly
controlled by substitution patterns and/or the influence of substi-
tuents.

Among the various carbon-carbon and carbon-heteroatom bond
forming reactions promoted or catalysed by transition metals, allylic
substitution via electrophilic m-allyl complexes have been one of the
most intensively investigated.+2 Current knowledge about the stereo-
chemical course of the formation and reactivity of cationic tetra-
carbonyl(z-allyl)iron complexes is limited. Studies devoted to the
synthetic potential of alkyl and aryl substituted tetracarbonyl(r3-
allyl)iron(1+) complexes have demonstrated that these species undergo
regioselective nucleophilic attack by a multitude of soft carbon and
heteroatom nucleophiles preferentially at the less substituted or at the
syn substituted allyl termini affording addition products of (Z)-con-
figuration.!® Likewise, polar effects on the regioselectivity of
nucleophilic addition reactions to tetracarbonyl(73-allyl)iron(1+) com-
plexes caused by electron withdrawing functionalities (e.g. CO,R,
CONRy) have been examined recently and independently to our work
by Green et al.'! and Speckamp et al.12 to give allyl coupled addition
products with complete yregioselectivity after oxidative removal of
the stabilizing Fe(CO),-fragment.

Since the early eighties, our group has been engaged in the investigation
of the influence of planar chirality of complexes of the forementioned
type on the design of synthetic strategies and their use in the prepara-
tion of highly enantiomerically enriched organic target molecules.!3-22
In this course, we developed an efficient approach to acceptor-func-
tionalized highly diastereo- and enantiomerically enriched planar chiral
tetracarbonyl(n3-allyl)iron(l+) complexes starting from easily acces-
sible enantiopure precursors based on natural products. A general use
of these iron complexes as synthetic equivalents of a*-synthons for
the homologous (1,5)-Michael addition?3 is of interest both as a form
of umpolung?4 of classical d4-chemistry and as a synthetic method of
considerable potential. Now we have completed a series of preliminary
studies towards mechanistic details and the stereochemical outcome of
our iron mediated "chirality transfer" methodology. Furthermore, we
have investigated the synthetic potential of this new process and have
found some useful applications in natural product synthesis. In order
to give an overview, we wish to summarize and to discuss our results
obtained so far in this area of research.

2 Development of Basic Concepts
The following three basic concepts have been examined to reach our
goals:

1) Nucleophilic addition of enantiopure d2-nucleophiles to racemic
planar chiral electrophilic tetracarbonyl(r3-allyl)iron(1+) complexes
("kinetic resolution")

2) Preparation of diastereomerically enriched tetracarbonyl(7-
allyl)iron(1+) complexes by means of an auxiliary controlled com-
plexation of (E)-configurated enoates and subsequent addition of
achiral nucleophiles

3) Diastereoselective complexation of enantiopure (£)-configurated
acceptor substituted olefins, subsequent generation of enantiomerically
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enriched acceptor substituted tetracarbonyl(n3-allyl)iron(1+) com-
plexes and addition of achiral nucleophiles ("chirality transfer")

In the following discussion each of the concepts will be presented in
greater detail taking account to its impact in understanding the
stereochemical pathways of the complete reaction sequences as well as
to its synthetic potential.

2.1 Kinetic Resolution / Chiral Nucleophile Approach

Scheme 1 displays the first concept in which the cationic (173-allyl)iron
complex represents a planar chiral but racemic a%-synthon and the
nucleophile a chiral d2-synthon offering an access to chiral 1,6-di-
carbonyl compounds, which are proved to be versatile intermediates in
the synthesis of more complex target molecules.
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The realisation of the concept is illustrated in scheme 2. The reaction
of the ester 1 with diironnonacarbonyl [Fe,(CO)q] initially yields
neutral methoxycarbony] substituted tetracarbonyl(72-olefin)-iron(0)
complexes, which are directly converted without isolation to the
corresponding tetracarbonyl(n3-allyl)iron(1+) salts 2 by treatment
with excess anhydrous HBF, or anhydrous HPF¢ in diethylether,
respectively.25:26 The salts were obtained as pale yellow moderately
moisture- and air stable powders in 68 - 78 % yield.

The complexes thus obtained were then used in nucleophilic addition
reactions with chiral nucleophiles, such as enamines 3, metalated
imines 4 and metalated o-silyl ketones 5 (scheme 2).27-29

The first test series were carried out by the addition of the enantiopure
(S)-proline derived enamines 3 to the complexes 2. The enantiomeric
excesses of the reaction products 7 are in line with the growing steric
bulk of the substituents of the pyrrolidine ring in 3 increasing in the
order R = H (ee = 34 %), R = Me (ee = 64 %), R = Et (ee = 72 %).

In addition, the reaction of various metalated Schiff bases was
examined. The usual optimisation tests showed that best results were
obtained when the imines were transformed to the ¢-lithio derivatives
with #-BuLi and the reaction was carried out in THF at low tem-
perature (-78 °C) (yield: 17 - 71 %, ee =40 - 67 %).

Furthermore, the reaction of lithiated acyclic o-silylated ketones
furnished after workup diastereomeric mixtures (de = 49 - > 96 %) of
o-silyl o/-allylated ketone derivatives, which could be desilylated
furnishing the 6-oxoenoates 7 (yield: 35 - 95 %). Here, racemisation
occured in some cases (ee = <5 - 92 %) during the desilylation step.

In compilation, the resulting enantiomeric excesses obtained with the
reaction of the metalated a-silyl ketones 5 are only slightly higher than
those obtained by the alternative routes employing the enamines 3 or
metalated imines 4. The enantiomeric excesses of the 6-oxoenoates 7
thus obtained are generally in line with increase in steric bulk of the
nucleophile, as for instance in the case of the enamines 3. The results
support the assumption that the planar chiral tetracarbonyl(n3-
allyliron(1+) complexes are effectively kinetically resolved by the
predominant reaction of the enantiopure carbon nucleophiles 3, 4 and
5 with one of the enantiomers of the racemic iron complexes 2, as has
been reported in the literature for similar systems.30

In summary, we have shown that the nucleophilic addition of various
enantiopure d2-carbon nucleophiles (chiral enamines 3 or metalated
imines 4 and silylketone derivatives S) to racemic planar chiral electro-
philic tetracarbonyl(n3-allyl)iron(1+) complex 2 proceeds with com-
plete yregioselectivity and with kinetic resolution of the iron complex.
Subsequent oxidative demetalation opens an access to enantiomerically
enriched (ee = <5 -> 92 %) 1,6-dicarbonyl compounds 7 in moderate
overall yields (14 - 53 %, 4 steps or 5 - 21 %, 5 steps) and with
retention of the (¥)-double bond geometry with respect to the starting
material 1.20

2.2 Auxiliary Controlled Complexation / Achiral Nucleophile
Approach

The second concept, namely the synthesis of highly diastereomerically
enriched tetracarbonyl(n3-allyl)iron(1+) complexes via auxiliary con-
trolled complexation is illustrated in scheme 3.
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To reach this goal, first we tried to find an approach to alkoxy
carbonyl functionalized tetracarbonyl(n3-allyl)iron(1+) complexes by
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complexation of the epimeric acetyl protected 8-phenylmenthyiester
(4R/S)-8a3! as a model system employing the Corey-Ensley alcohol as
chiral auxiliary.

(o}
Hs;C
3 NOR* i
OR R = HC CHg
(4S/R)-8a: R = Ac
(4R)-8b: B=Bn HjC
(45)-8b: R=8Bn

The (E)-enoate 8a was transformed to the tetracarbonyl(n3-allyl)-
iron(1+) complexes by initial complexation with Feo(CO)g to the
neutral tetracarbonyl(n2-alkene)iron(0) species, followed by subse-
quent treatment with anhydrous HPFg or HBF, in diethyl ether
yielding the cationic complex 9 with a moderate diastereomeric excess
(80%, de = 40 %). Repeated precipitation of 9 from a solution in
nitromethane with cold ether afforded the complex in virtually dia-
stereomerically pure form (20 %, de = 98 %) as could easily be
determined by !H-NMR spectroscopy. In addition, [H-NMR spec-
troscopic analysis showed that both the alkoxy carbonyl functionality
and the methyl group of 9 are placed in a sy relationship with respect
to the B-hydrogen atom of the allylic subunit. Unfortunately, the exact
position of the Fe(CO), fragment could not unambiguously be
determined. Variations of the chiral auxiliary based on alternative chiral
pool precursors [eg. R* = (~)-menthol, (-)-borneol, (-)-p-
anisidylmenthol]32 proved to be less diastereomerically discriminating
during the complexation step (de = 0 %). In addition, no synthetical
attractive enrichment could be observed by precipitation.

In this context, the influence of the stereochemical uniformity of the
carbon atom bearing the leaving group on the trajectory of the
incoming Fe(CO)4 moiety was examined next.

Starting from the diastereomerically pure epimeric benzyl-protected
enoates (45)-8b and (4R)-8b, which were readily obtained in accept-
able yields from the corresponding protected enantiomeric lactaldehy-
des after conventional olefination procedures, the iron complexes
(2R,3R,45)-9 and (25,35,4R)-9 were obtained in highly diastereomeri-
cally enriched form (de > 90 %) and in acceptable to good yields
[(2R,3R45)-9: (30 %); (25,3S,4R)-9 (53 %)] as single syn,syn-isomers
as determined by !H-NMR spectroscopy. Furthermore, 'H-NMR
spectroscopy  unambiguously demonstrated that the complex
(25,35,4R)-9 is, in contrast to (2R,3R,45)-9 not identical with the
diastercomer 9 obtained from complexation of the epimeric acetates
(4R/S)-8a. From these results it seems reasonable that the trajectory of
complexation by the Fe(CO)4-moiety is mainly determined by the
configuration of the carbon atom bearing the leaving group, with less
influence of the chiral auxiliary.

The electrophilic tetracarbonyl(n?-allyl)iron(1+) complexes 9 thus ob-
tained were subjected towards nucleophilic addition reactions by
various achiral silyl enol ethers or silyl ketene acetals 10, which in turn
are readily accessible from their corresponding carbonyl precursors
according to established procedures33. 6-Oxoenoates 11 of excellent
diastereomeric purity (de > 90 % - = 95 %) were obtained in fair to
excellent yield (25 - 90 %) after oxidative removal of the Fe(CO),-
moiety. The results showed that the reaction products of the iron
complexes obtained from (R/S)-8a and (R)-8b with the silyl enol ether
10 are identical, whereas the reaction of iron complex obtained from
(S)-8b with 10 generates a diastereomeric 6-oxoenoate differing in its
absolute configuration at the carbon atom where the nucleophilic
attack of the corresponding nucleophile 10 occurred (scheme 4).21
From the results obtained it is obvious that the facial selectivity of
complexation of the double bonds in the starting enoates 8 by the
Fe(CO)4-moiety as well as the absolute configuration of the resulting
nucleophilic addition products is predominantly controlled by the ab-
solute configuration of the stereogenic center bearing the leaving group
in 8. Based on these results we examined the following third concept
which is discribed in chapter 2.3.
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2.3 "Chirality Transfer" Approach

Starting from enantiopure protected o-hydroxy aldehydes, easily
available from natural sources such as lactic acid or via asymmetric
synthesis, are transformed into enantiopure, acceptor substituted al-
lylic substrates, which in turn are converted into planar chiral iron-
tetracarbonyl cation complexes. Reaction with carbon or heteroatom
nucleophiles and removal of the iron moiety should then lead to the
final allylic substitution products. The question was whether the
whole procedure from central (C-O) over planar (C-Fe) back to central
chirality (C-C or C-X) would be possible without any loss of chirality
information.

fe) complete "chirality transfer"?
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Scheme 5

The transformation of the enantiopure easily accessible enoates (4S)-
and (4R)-1234 to the planar chiral tetracarbonyl(n3-allyl)iron(1+)
complexes (1S5,25,3R)-13 and (1R,2R,35)-13, following the reaction
procedure described above yielded the electrophilic complexes as
single syn,syn-configurated diastereomers (75 %, de = 95 %) after re-
peated precipitation. Unfortunately it can not be excluded that a selec-
tive enrichment of the syn,syn-configurated isomers during the precipi-
tation procedure has taken place. Furthermore, their enantiomeric
purity could only be indirectly determined from the enantiomeric ex-
cesses of the addition products 14 obtained from nucleophilic addition
reactions of various silyl enol ethers, silyl ketene acetals or amines (ee
295 %) (scheme 6).
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Scheme 6

The absolute configuration of the stereogenic centers in the addition
products 14 were unambiguously determined to be (S) by comparing
the sign of optical rotation of derivatives of reaction products with
those data given for authentic samples with known absolute configu-
ration in the literature.

In general, variation of the substituents at the allylic termini of the iron
complexes should extend the method to make it more flexible and
valuable and hence more attractive for synthetic chemists. Considering
the possibilities, one could vary the acceptor group and the substi-
tuent R simply by starting from different enantiopure precursors from
cheap sources (scheme 7).

Extension of the methodology

R\/\/"\cc R = alkyl, a
o Ao = GO, SOgPh CN, PO(OE),, ...
e(CO)4 BF4

-n.....

Scheme 7

Based on the results obtained and in order to gain more insight into the
overall stereochemical pathway of the formation and reactivity of al-
lylic complexes of the type discussed, further investigations were em-
phasized on a phenylsulfonyl substituted model system. Due to their
enhanced stability and easy accessibility reported so far in the litera-
ture,35 we were inspired to try to isolate the initially formed neutral
tetracarbonyl(72-alkene)iron(0) complexes and planned to examine
their stereochemistry with respect to the stereochemistry of the re-
sulting tetracarbonyl(n3-allyl)iron(1+) complexes. Starting from (S)-
ethyllactate the required enantiomerically pure sulfone (35)-15 is
easily accessible.36 Its reaction with nonacarbonyldiiron [Fen(CO)gl

HaC SO,Ph

X
OBn
(39)-15

Fey(CO)g | quant.

HaC N SO,Ph BnO\:./\/802Ph
BnO Fe(CO)4 CH; Fe(CO)4
(1R,25,35)-16 (15,2R,39)-16
85 : 15
"W"-shaped "S"-shaped
Scheme 8
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initially yielded a mixture of the diastereomeric tetracarbonyl(n?-
alkene)iron(0) complexes (15,2R,35)-16 and (1R,25,35)-16 in a ratio of
about 15 : 85 which was easily determined by IH-NMR spectroscopy
(scheme 8).

The diastereomers (15,2R,35)-16 and (1R,285,35)-16 could be separated
by fractional crystallisation and (1R,2S,35)-16 could be obtained in
virtually diastereo- and enantiopure form (de > 99 %, ee > 99 %). The
crystal structures of both enantiopure diastereomers could be
solved.37-3% Some structural aspects concerning the stereochemistry of
the complexed ligand in (1R,2S5,35)-16, the major diastereomer, merit
closer inspection (figure 1).

Cc13
Cc1 Cc14

(1R25,35)-16

Figure 1

The SO,Ph unit is twisted away from the Fe(CO), moiety and the ter-
minal methyl group is, on the other hand, inclined slightly towards the
Fe-atom resulting a "W"-shaped geometry of the ligand, which in turn
determins a syn,syn-substitution pattern in the resulting cationic com-
plex 17 (vide supra). As a consequence of the single configuration at
the 3-position, one side of the double bond unit is selectively blocked
by the Fe(CO)4 moiety, which lies trans to the OBn leaving group.
These stereochemical features are very important for the trans-
formation of (1R,2S,35)-16 into the stereochemically well defined
syn,syn-substituted cationic complex (1R,2S,3R)-17, which was ob-
tained upon addition of excess anhydrous HBF, to an etheral solution
of the neutral (172-olefin)iron complex (1R,25,35)-16 in 96 % and in
virtually isomeric pure form (de, ee > 98 %) as a pale yellow moder-
ately moisture- and air stable powder.

Since all starting materials are accessible in a multigram scale, even the
complex (1R,2S,3R)-17 can be synthesised in scales up to 10 g and can
be stored for extended periods in a refrigerator. The complex
(1R,28,3R)-17 thus obtained, was now used in reactions with a wide
range of nucleophiles, including electronrich arenes and heteroarenes!6
and organozinc carbon nucleophiles bearing further functional groups
(scheme 9).22

HsC N S0P ygF, Hscgg?\/SOZPh
BnO Fe(CO), 96 % BFs  Fe(CO)4
(1R25,35)-16 (1R2S,3R)-17

19 % - quant.

1.Nu
2. Oxidation
Nu = silyl enol ethers, silyl ketene acetals,
amines, electronrich carbon- and

HsC N SO,Ph
heteroarenes, functionalized carbon Y\/
nucleophiles Nu

(9)-18
ee=>95->99 %

Scheme 9
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We now had collected enough data to propose a reaction mechanism
for the overall reaction sequence starting from the olefins (S)-12 or (S)-
15, respectively. Due to the shielding of the OBi-leaving group,
complexation of the olefins (S)-12 and (S)-15 by an incoming
Fe(CO)4-moiety seems to be directed preferentially to the opposite
face of the double bond with respect to the sterically demanding OBn-
leaving group. Cleavage of the C-O-bond of the OPG leaving group
proceeds with formation of a new Fe-C-bond. According to the
relative anti-arrangement of the Fe(CO)4-moiety and the OPG leaving
group, the absolute configuration of the carbon atom C-3 which bore
the OPG unit is inverted during this step. Based on the assumption of
a uniform reaction mechanism for the complexes with all different
types of soft nucleophiles employed and due to the overriding anti-
directing effect of the Fe(CO), fragment, the nucleophilic attack occurs
from the opposite side with respect to the Fe(CO)4 moiety as it has
been described for similar nucleophilic addition reactions to several
other transition metal complexed carbocations.4? During the addition
step a new carbon-carbon or carbon-hetero atom bond is formed with
inversion of configuration at C-3 by cleavage of the C-Fe bond. The
initially resulting neutral C-3 substituted tetracarbonyl(n2-alkene)-
iron(0) complexes have to possess the same relative and therefore
absolute stereochemistry with respect to the Fe(CO),-moiety and the
new substituents as described for the complex (1R,2S5,35)-16.
Oxidative cleavage of the tetracarbonyliron fragment completes the
reaction cycle without affecting the newly generated stereogenic
centre. Thus, the reaction sequence proceeds with virtually complete
"chirality transfer" from C-O over C-Fe to C-C or C-X and with
overall retention (double inversion) of the stereochemistry of the
stereogenic centre with respect to the starting materials (S)-12 and (S)-
15. In addition, the reaction proceeds with complete regioselectivity
and with conservation of the (E)-double bond geometry leading to
highly functionalized molecules of well defined stereochemistry.

Due to their origin from enantiopure building blocks bearing methyl
substituents (e.g. isoprenoids, alanine, lactic acid derivatives) many
naturally occuring compounds possess methy! branched carbon atom
skeletons containing structural fragments of the general type A which
in turn can be retrosynthetically disconnected to the synthons B, C
and D or B, E and F respectively (scheme 10).

CHj
R‘@ + + R2® n=1)
€] ©
CH3 / B c D
R? R2
A \ CHs,
n=1,2) R1@ + @K/\ " Hz@ (n=2)
®
B E F
Scheme 10
HsC CO,CH 3 1
3 %\/ ;F 3 HSCM
Fe(CO)s =~ * ®
planar chiral
al/a%-synthon
HSC\/\/SOZPh 2
7N — HiC.s
(CH BF4e = NN
Fe(CO)4 ® ©
planar chiral
d'/a3-synthon
Scheme 11
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The synthetic equivalence of the methyl ester substituted iron com-
plex with a chiral al/a%-synthon as well as the synthetic equivalence of
the phenylsulfony! substituted iron complex with a d1/a3-synthon can
be drawn back from their potential bifunctionality opening an ap-
proach to a flexible sequential functionalisation which in turn is of
great synthetic value (scheme 11).

The following chapters demonstrate some of our efforts made so far in
natural product synthesis taking advantage of our methodology.

3 Application in the Total Synthesis of Simple Natural Products
3.1 Synthesis of the C 4-Amine of the New Zealand Ascidian
Pseudodistoma Novaezelandiae

The C4-amine (25,3E,5Z)-2-Amino-3,5,13-tetradecatrien {(S)-19] was
first isolated and characterised in 1991 in connection with one of the
large numbers of research programs directed towards the discovery of
marine-derived drugs.4! The compound was obtained as the major
constituent of an extract of the New Zealand ascidian Pseudodistoma
novaezelandiae and showed in biological assays cytotoxic activity
against diverse cell lines (P 388 murine leukaemia and host mammalian
cells). Furthermore, it was also active against the bacteria Escherichia
coli and Bacillus subtilis and showed antifugal growth inhibiting
activity against Candida albicans, Cladosporium resinae and Tricho-
phyton mentagrophytes. As illustrated in scheme 12 the retrosynthetic
analysis of the title compound (8)-19 leads to two subunits, a y~amino
enal (S)-20 and Wittig reagent 21.

HsCYV:§WNCH2
NHz

(9)-19
Hac\‘/\/CHO O O O
X Br  PhgP
NH,
(5)-20 21
Scheme 12

Starting from the enantiopure complex syn,syn-(15,25,3R)-13 the 3
amino enal (S)-24 was prepared in three steps in an overall yield of 69
% (scheme 13). Key step in the reaction sequence is the nucleophilic
addition of ¢-buty! carbamate to the cationic iron complex followed by
oxidative cleavage of the tetracarbonyliron fragment yielding 88 % of
the pure (E)-enoate (S)-22 (ee = 95 %). The reaction proceeded with
complete jpregioselectivity, conservation of the (E) double bond geo-
metry and stereoselectively trans with respect to the tetracarbonyliron
moiety. DIBAH-reduction and subsequent Swern-oxidation of the re-
sulting allylic alcohol (S)-23 afforded finally the protected y-amino
enal (S)-24.

Q 1. BocNH, [e]
HSC\/\/U\ _2' Ce(lV) »~ HsC
75N OCHj3 R OCH;
CE [S) 88 %
Fe(CO)s pr, NHBoc
syn,syn-(25,35,4R)-13 (S)-22
Y yee(>95%m ee=>95%
quant. l DIBAH
HsC CHO Swern-ox. HAC
oS — NT"oH
NHBoc 8% NHBoc
(S)-24 (S)-23
Scheme 13
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As illustrated in scheme 14, the synthesis of the Wittig salt 21 was
readily accomplished in 4 steps and in an overall yield of 45 % starting
from the commercially available octan-1,8-diol 25 according to stan-
dard literature procedures.

4 steps o ® CH
2
HO/\M;\OH —_ B Phapw
45 %
25 21

1. HBr - 2, PCC/Si0,,CH,Clp 3. CHaPPhaBr, KOt-Bu, THF - 4. PPhg,
CH3CN, A.

Scheme 14

For the final construction of the carbon backbone of the target
molecule the Wittig reagent 21 was transformed into the corresponding
ylide by deprotonation with potassium f-butoxide. Its subsequent
reaction with the jamino enal (S)-24 furnished the protected amino
triene (S)-26 in 85 % yield with high (Z)-selectivity with respect to
the geometry of the new generated carbon double bond [(Z)/(E) = 97:3]
(scheme 15). Finally, after virtually quantitative cleavage of the
carbamat protecting group from (S)-26 the free amine (S)-19 was
obtained as a pale yellow viscous oil.

Q@ @ CH
Br PP (M N
21
o 1. KOBu
e |18
H3c AN E— /CH2
NHBoc

(926 zZE=97:3
2,6-lutidine,
97 % it—BuMeZSiOTf

H3CWCH2

NH (S19 ee =954 %

Scheme 15

The enantiomeric purity (ee > 95 %) was determined by 13C-NMR
spectroscopy and GLC analysis of the corresponding Mosher amide
of (S)-19 and by comparison with the Mosher derivative of the
racemic material obtained by an analogous route starting from the
racemic complex syn,syn-(1R/S,2R/S,3R/S)-13. The absolute configura-
tion of the stereogenic centre could be assigned as (S) based on our
earlier investigations (vide supra). In conclusion, we have carried out,
the first total synthesis of (2S,3E,5Z)-2-Amino-3,5,13-tetradecatrien
[($)-19] which in turn also confirmed its proposed structure. The com-
pound was obtained in excellent overall yield starting from the iron
complex syn,syn-(15,28,3R)-13 (5 steps, 57 %) and in high enantio-
meric purity (ee > 95 %).15

3.2 Synthesis of (-)-(S)-Myoporone

Myoporone, a hepatotoxic furanosesquiterpene diketone, was first
reported in 1957 as the main furanoid constituent of the essential oil of
the Japanese Myoporum bontioides A. Gray. Later its presence was
also detected in various other Myoporum species, Eremophila species,
Eumorphia serica and Eumorphia prostata. Interestingly, different
species of Myoporum and Eremophila yielded myoporone samples of
widely differing optical purity. The Jackson variety of the Australian
shrub Myoporum deserti contains on the one extreme the (-)-(S)-
myoporone as a secondary metabolite and Myoporum montanum on
the other the (+)-(R)-enantiomer.42:43 (-)-(S)-Myoporone was also
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isolated in enantiopure form as a stress metabolite of sweet potatoes
(Ipomoea batatas) during microbial infection ("black rotted disease")
or under the challenge from mercuric chloride.#4 However, only a few
total syntheses of myoporone have been reported so far in the litera-
ture starting either from enantiomerically enriched natural precursors
or by asymmetric synthesis.4>

As depicted in scheme 16, retrosynthetic analysis of the target mole-
cule lead to three subunits, the silyl enol ether 28, the cationic phenyl-
sulfonyl substituted (73-allyl)tetracarbonyliron complex 17 and the
aldehyde 29.

(0]
HsC N
YYD
3 3

(0]

(-)-(S)-myoporone (S)-27

HoC S0P y
CH BF4 R
e(CO)q
o

HsC CH,

HsC OSIMeg

28 syn,syn-(1R,28,3A)-17 29
Scheme 16
1.28
HsC SO.Ph
2. Ce(lV 3 o
HsC . -SOzPh (V) X
®i quant.
Fe(CO)s BFL HyC
HsC o}
syn,syn-(1R28,3R)-17 (R)-30
Hs, 10 % Pd/C
EtOAc, RT | uant
HsC SO.Ph HsC SO,Ph
HsC quant, HaC
HaC O\ /O HsC o
(R)-32 (R)-31
1. p-BuLi
2.29 89 %
3. Swern-Ox
(R/S,R)-33 Zn, EtOAc,
HOAc, EtOH
A, cat. H,0
93 %
0

H@M
HsC (o] CE)H \ O

3 3

(-)-(8)-myoporone (S)-27
ee>99 %

Scheme 17
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As illustrated in scheme 17, the synthesis of the 6-oxosulfone (R)-30
was accomplished by nucleophilic addition of the silyl enol ether 28,
easily obtained in 92 % yield as a single regioisomer from commer-
cially available 4-methylpentan-2-one, to the enantiopure phenyl-
sulfonyl substituted (73-allyl)tetracarbonyliron(1+) complex syn,syn-
(1R,25,3R)-17 in dichloromethane after subsequent oxidative demeta-
lation with aqueous ceric ammonium nitrate solution.

This key step proceeded as expected with complete regioselectivity
and stereoselectively anti with respect to the metal carbonyl moiety.
Thus, the reaction sequence resulted in an overall retention (double
inversion) of configuration with respect to the starting material and the
stereogenic centre at C<3 could be assigned the (R)-configuration as can
be concluded from the sign of optical rotation of the final product (S)-
27 (vide infra). The enantiomeric purity of (R)-30 (ee > 99 %) was
determined by HPLC employing a chiral stationary phase (Daicel-OD)
and by comparison with the racemic material, which was synthesized
by an analogous route wusing the racemic iron complex
(1R/S,2R/S,3R/S)-17. Palladium catalyzed hydrogenation of the double
bond of (R)-30 furnished the saturated sulfone (R)-31 in quantitative
yield. Although difficult, the keto group was quantitatively trans-
formed to the dioxolane derivative according to Noyori's acetalisation
method. The S-keto sulfone (R/S,R)-33 was synthesised as a mixture
of diastereomers in a two step procedure with an overall yield of 89
%. Aldol-type reaction of furan-3-aldehyde 29 with the o-lithio
derivative of the protected sulfone of (R)-32 at —78 °C furnished a
mixture of diastereomeric alcohols with 96 % conversion with respect
to the starting material (R)-32 and completed the construction of the
carbon skeleton of the target molecule. Subsequent Swern oxidation of
the diastereomeric secondary alcohols yielded the f-keto sulfone
(R/S,R)-33 in 93 % yield and with a moderate diastereomeric excess of
only 23 % of one of the a-epimeric sulfones. Simultaneous removal of
both the acetal protecting group and the sulfone group of (R/S,R)-33
was achieved by refluxing (R/S,R)-33 in a mixture of ethyl acetate,
acetic acid and ethanol (3:1:1) in the presence of zinc dust and a few
drops of water to afford the target compound as a pale yellow liquid in
93 % vyield, solidifying to a colourless solid in the refrigerator. The
enantiomeric excess of (S)-19 (ee > 99 %) was determined by HPLC
on a chiral stationary phase (Daicel OD) and by comparison with a
racemic sample. As clearly shown by the HPLC-plots, the stereogenic
centre bearing the methyl branch does not suffer from any significant
racemisation during the reaction sequence under the described con-
ditions (figure 2).

(S)-30 (R)-30 (R)-30 (R-27 (S)-27 (5)-27

|

N

|
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.

g
8
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Figure 2

In summary, the naturally occuring hepatotoxic furanosesquiterpene
(—)-(S)-myoporone has been synthesised straightforward and effi-
ciently in excellent enantiomeric purity (ee > 99 %) and in a very high
overall yield of 82 % (six steps) from readily available starting
materials.17 This reaction sequence examplifies very nicely the great
synthetic value of the phenylsulfonyl-substituted (7-allyl) complex
syn,syn-(1R,2S,3R)-17 due to its potential bifunctionality.
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3.3 Synthesis of the Sex Pheromones of the Spotted and Banded
Cucumber Beetle

The Spotted Cucumber Beetle (SCB) Diabrotica undecimpunctata
howardi Barber as well as the Banded Cucumber Beetle (BCB)
Diabrotica balteata LeConte are polyphagous insects (Coleoptera:
Chrysomelidae) belonging to the fucata species group of the genus
Diabrotica. In general, both species are confined to North America
from Canada to Mexico but the Banded Cucumber Beetle is found
more often in the warmer southern regions down to Costa Rica and
Cuba.46:47 These beetles are known to cause severe damage to several
crop plants due to their action as vectors of a number of plant
diseases. In contrast, the larvae of these beetles [e.g. Southern Corn
Rootworm (SCR)] are most damaging pests to e.g. seedling curcubits,
groundnut, corn and sweet potato.48 (-)-(R)-10-Methyltridecan-2-one
[(R)-34] was identified as the sex pheromone secreted by virgin
females of Diabrotica undecimpunctata howardi Barber,*8 while the
female produced sex pheromone of Diabrotica balteata LeConte has
been isolated and identified as (-)-(R,R)-6,12-Dimethylpentadecan-2-
one [(6R,12R)-35].49 The chemical structures of sex pheromones of
this species included in the fucata group are characterised by the
methyl ketone functionality and a methyl branch on the fourth carbon
from the hydrocarbon end of the chain (scheme 18).47:49.50

CHgs o]

(~)-(R)-10-methyltridecan-2-one (R)-34

3

CHj CHs 0]

HBC/\/k/\/\)\/\/U\CH

(-)-(R,R)-6,12-dimethylpentadecan-2-one (R, R)-35

3

Scheme 18

Field trapping experiments directed towards sex pheromones as
biotechnical weapons with regard to integrated future pest
management programs generally demonstrated that the (R)- or the
(R,R)-stereoisomers, respectively, show the highest attractive
bioactivity towards males of the SCB or the BCB and closely related
species.48:49 However, only few total syntheses of all possible
stereoisomers of 34 and 35 in high enantiomeric purity have been
reported so far in the literature, mostly starting from enantiopure
methyl-branched building blocks from nature e.g. citronellol. 50-52

With our method we were able to realize efficient and convergent
syntheses of highly enantiomerically enriched (6R)-34 as well as
(6R,12R)-35 taking advantage of the bifunctionality of the phenyl-
sulfonyl substituted iron complex (1R,2S,3R)-17. In the following
chapters the straightforward syntheses of both sex pheromones in
their naturally occuring absolute configuration are described.

3.3.1 Synthesis of (-)-(R)-10-Methyltridecan-2-one

The retrosynthetic analysis of the spotted cucumber beatle sex phero-
mone is illustrated in scheme 19. The target molecule {R)-34 can be
divided into three subunits, the allyl silane 36, the planar chiral, cati-
onic phenylsuifonyl substituted (n3-allyl)tetracarbonyl iron complex
syn,syn-(1R,28,3R)-17 and the bromide 37.

The synthesis of the protected electrophile 37 was easily accom-
plished in two steps starting from commercially available 6-bromo
hexanoic acid 38 in 67 % overall yield. Again, the key step of the syn-
thesis is a nucleophilic addition, in this case of allyltrimethylsilane, to
the electrophilic iron complex syn,syn-(1R,2S,3R)-17, followed by oxi-
dative cleavage of the tetracarbonyl iron fragment furnishing the
propenyl substituted alkenyl sulfone (R)-39 in quantitative yield. The
enantiomeric excess of (R)-39 (ee = 99.4 %) was determined by GC
employing a chiral stationary phase (Lipodex E) and by comparison

SYNLETT
CHs 0
Hac/\/H’J\/Fﬁ\/\/\)kCHS
(R)-34
S HSCWSOZ"*‘@ . b
2 @ : /\t')><
Fe(CO), BF, Br 4 CHs
36 (1R283R)-17 37
HO~qp ] 98 %
0
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Scheme 19

with the appropriate racemic material. Catalytic hydrogenation of (R)-
39 yielded (R)-40 virtually without any racemisation as it has been
proven again by GC analysis on a chiral stationary phase (Lipodex E).
o-Lithiation of the saturated sulfone (R)-40 with n-butyllithium and
subsequent alkylation of the metalated species with bromide 37 com-
pleted the final construction of the carbon skeleton to furnish (R/S,R)-
41 in 95 % yield as a mixture of diastereomers (de < 2 %). The
sulfonyl group was reductively removed by treatment with an excess
of sodium amalgam. Cleavage of the acetal protecting group was
accomplished by acid hydrolysis to yield finally the pure pheromone
(R)-34 in 79 % yield (scheme 20). As it has been shown for very
similar systems no synthetic operation should have affected the
stereogenic centre at C-10 during the reaction course and the enan-
tiomeric purity of the pheromone (R)-34 should be identical with that
determined for (R)-39 or (R)-40 (ee =99 %).
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2. Ce (IV) Hs N 2
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(R)-39 ee>99 %
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® i ©
Fe(CO), BF,
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™\ .
o__0 LEBu hce SO,Ph
HiC :
4 CHa ™" g5 HsC
HsC 80,Ph
(AIS,A)-41 (F)-40 ee>99 %

1. Na(Hg), NapHPOy,
MeOH, — 10 °C, 79 %

2. H*, THF/H20, A

CH3 o}

HgCMCH

(R)-34 ee =99 %

3

Scheme 20
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In conclusion, an efficient and highly convergent synthesis of the sex
pheromone of Diabrotica undecimpunctata howardi Barber, (-)-(R)-
10-methyltridecan-2-one, in excellent overall yield (five steps, 75 %)
and in high enantiomeric purity (ee = 99 %) was realized.!?

3.3.2 Synthesis of (-)-(R,R)-6,12-Dimethylpentadecan-2-one
Retrosynthetic analysis of the target molecule by C-9/C-10 disconnec-
tion leads to the sulfone (R)-40 and the bromide (S)-42, which can be
subsequently further disconnected to five readily accessible allylic
subunits as illustrated in scheme 21.
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Hsc/\/k/}r‘\/\/k/\/U\CH
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CH3 CH3
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36 36 43
HBC\/:\/SOZPh H3C\/:A/802Ph

® i © ® ©
Fe(CO)s BF, Fe(CO)s BF,

(1R25,3A)-17 (1R2S3R)-17

Scheme 21

The synthesis of the sulfone (R)-40 has already been described in the
previous section (vide supra), while the bromide (S)-42 can be syn-
thesised from allyltrimethylsilane 36, the iron complex syn,syn-
(1R,25,3R)-17 and allyl bromide. The crucial step for the construction
of the carbon chain of the title compound was the alkylation of the
sulfone (R)-40 with the bromide (S)-42.

The building block (R)-40 was prepared in three steps and practically
quantitative yield starting from iron complex syn,syn-(1R,2S,3R)-17 as
described earlier (ee = 99 %). For the preparation of the subunit (S)-42
the regioselective hydroboration of the terminal double bond of (R)-39
was achieved by treatment with 9-borabicyclo[3.3.1]nonane (9-BBN)
followed by oxidative workup with H,O, furnishing the alcohol (R)-
43 in 90 % yield. Palladium catalyzed hydrogenation of the remaining
double bond and protection of the free hydroxy functionality as the
corresponding #-butyldimethylsilyl-ether furnished the sulfone (R)-44
in 94 % overall yield. The o-lithio derivative of (R)-44 was alkylated
with allyl bromide affording the alkylated sulfone. The crude alky-
lation product was directly deprotected with aqueous hydrofluoric
acid/acetonitrile furnishing the hydroxy sulfone (R/S,R)-45 in 99 %
yield over three steps. The reductive removal of the sulfonyl group of
(R/S,R)-45 was achieved by treatment with an excess of sodium
amalgam. The resulting alcohol (S)-46 was converted in two steps to
the corresponding bromide (S)-42 according to literature procedures
(scheme 22).

The final construction of the carbon skeleton was achieved by alkylat-
ive connection of the two enantiopure building blocks (R)-40 and (S)-
42 under the standard conditions described before (scheme 20). The re-
ductive removal of the phenylsulfonyl group of the resulting alkyl-
ation product (6S,10R/S,12R)-47 and the Wacker-type conversion of
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the terminal double bond into the methyl ketone functionality fur-
nished the pure pheromone (6R,12R)-35 in 68 % yield (scheme 23)
and in excellent diastereo- and enantiomerical purity (de = 98 %, ee 2

99 %).
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, \J/\/

(R)-40 ee =99 %
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2.(542 | 85%
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Scheme 23

In conclusion, starting from readily available, inexpensive starting
materials, the first stereocontrolled, efficient and highly convergent
synthesis of the sex phereomone (-)-(R,R)-6,10-dimethylpentadecan-
2-one was accomplished in good overall yield (13 steps, 39 %) and in
high diastereo- and enantiomeric purity (de = 98 %, ee = 99 %).18
There remains to be mentioned that the sign of the optical rotations of
the final products (S)-27 myoporone, (R)-34 and (6R,12R)-35 were
identical with those reported for the authentical natural samples in the
literature, which demonstrates that we have synthesised all
compounds in their naturally occurring configurations. These results
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also verify the overall stereochemical outcome of our "chirality
transfer" process according to the proposed mechanism with double
inversion (net retention) at the stereogenic centre with respect to the
starting materials. The synthesis of the corresponding optical
antipodes or diastereomers may be easily performed in the same
manner by employing the other enantiomer of the iron complex 17.

4 Conclusion

We presented in this paper a "chirality transfer" process in iron medi-
ated allylic substitution reactions. Starting from enantiopure precur-
sors from the "chiral pool", the formation of the enantiopure tetra-
carbonyl(n3-allyl)iron(1+) complexes proceeds with virtually com-
plete "chirality transfer" from the allylic starting material with central
chirality to the corresponding tetracarbonyl(73-allyl)iron(1+) com-
plexes owing planar chirality. During the subsequent nucleophilic addi-
tion to the electrophilic iron complexes a new stereogenic center is
formed with inversion of the configuration at the involved carbon
atom. Thus, the whole reaction sequence proceeds with overall
retention (double inversion) of the stereochemistry of the stereogenic
centre with respect to the starting materials (S)-12 and (S)-15. In
addition, the reaction proceeds with complete yregioselectivity and
with conservation of the (E)-double bond geometry. Although this
"chirality transfer" process in allylic substitution reactions proceeds
via stoichiometric tetracarbonyl(73-allyl)iron(1+) complexes, the great
variability in the substitution patterns of the allylic subunit, the broad
range of employable nucleophiles in this sequence and the possibility
of preparing both enantiomers of a target molecule display the great
synthetic potential and value of this protocol. Highly functionalized
and stereochemically well defined compounds of high enantiomeric
purity are of increasing significance and represent valuable building
blocks in the synthesis of bioactive compounds. The presented
methodology should be regarded as a useful supplement to alternative
(catalytical) variants in allylic subsitution reactions, which are often
more limited in their range of nucleophilic components and allylic
substrates.
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