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Chapter 1
Total Syntheses of Platencin

(-)-platencin

In 2007 researchers from Merck reported the discovery of the natural product (-)-platencin.
This compound incorporated a remarkable ketolide structure and furthermore, showed potent
antibiotic activity against (multi-)resistant bacteria such as MRSA and VREF. In this chapter,
first the importance of this discovery is put in context by a discussion on the challenges in the
development of new antibiotics. Next, a detailed overview of the bacterial type II fatty acid
synthesis, targeted by platencin, is presented. The major part of this chapter, however, is
devoted to a review on the many total syntheses of platencin that have been reported in this
relatively short timeframe.

Chapter 1

1.1

Introduction

The emergence of resistant pathogens is a rapidly increasing concern to society and has been
identified by the World Health Organization (WHO) as one of the three greatest threats to
human health. According to the Infectious Diseases Society of America (IDSA), in 2005 more
than 50% of the Staphylococcus aureus infections encountered in hospitalized patients involved
methicillin resistant Staphylococcus aureus (MRSA). This bacterium alone is responsible for
19.000 deaths annually in the USA and has become a prime concern in hospitals. Recently, IDSA
called for the development of ten new antibiotics by 2020 to ensure adequate treatment of
infectious diseases in the near future. However, with only three new classes of antibacterial
agents approved for clinical use since 1962,1 the pharmaceutical industry lags far behind.
Since the 1960,s, fighting microbial resistance has mainly relied on modification of existing
antibiotics. However, because it has become increasingly more difficult to manipulate existing
antibiotics while retaining the activity, also in this area the pipeline is running dry. In 2009 only
two new antibiotics entered the market; telavancin,2·3 a semi-synthetic derivative of vancomycin,
and besifloxacin,2 a fourth-generation fluoroquinolone. More strikingly, in 2004, out of the 506
drugs in late-stage clinical testing by the 15 largest pharmaceutical companies, only six were
new antibacterials, which were all derivatives of known antibiotics.4 One of the main reasons for
the declining interest of the pharmaceutical industry in the development of new antibiotics is
the inevitable paradox that, although the rapidly emerging resistance calls for more antibiotics, a
new antibiotic, to which no resistance exists, will preferably be held in reserve until all other
therapies fail. Ending up with a second-line therapeutic agent will certainly not appeal to the
pharmaceutical industry when it costs $ 800 million on average and 10-15 years to bring a new
drug to the market.5 Additionally, chronic diseases, where drugs are prescribed for years or even
lifelong, are financially more attractive than the treatment of infections, where medication is
typically used for weeks. To steer clear of a health-care calamity, several incentives for the
pharmaceutical industry to develop new antibiotics are investigated. These include e.g. patent
extension for one of the compan/s drugs, limiting liability for adverse effects and advanced
purchase commitment from the government. Revision of clinical trial protocols to facilitate
approval of new antibiotics by the US Food and Drug Administration (FDA) is also discussed, but
has so far not led to major changes.6
In contrast to the development of new antibiotics, the identification of novel antibacterial targets
has been more successful. One of these targets is the FtsZ protein, which plays an essential role
in cell division.1 This enzyme is conserved in many bacteria and despite the structural
resemblance to its human homologue tubulin, researchers recently successfully developed a
selective inhibitor for this target.7 Another promising target is QseC, a conserved membrane
kinase which signaling pathway promotes transcription of key virulence genes.8 This enzyme
could be efficiently targeted by the small-molecule LED209 which, although it did not inhibit
pathogen growth, efficiently inhibited the virulence of several pathogens in vitro and in vivo in
animals (i.e. it inhibited the ability of certain bacteria to cause a disease). For the treatment of
MRSA, a particular innovative approach was reported which targets CrtM, an essential enzyme
for the production of staphyloxanthin in Staphylococcus aureus.9 The pigment staphyloxanthin
acts as an antioxidant to evade attack by reactive oxygen species, released from the host immune
system. The structural resemblance of CrtM to human squalene synthase (SQS), an enzyme
already targeted by cholesterol-lowering drugs, quickly put researchers on the track of known
10
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SQS inhibitors as potential antibiotics. Indeed, several SQS inhibitors showed affinity for CrtM,
and further experiments with the most potent inhibitor BPH-652 showed a 4-fold decrease in
survival rate for Staphylococcus aureus incubated with BPH-652 in whole blood. Apart from
finding new targets, the antibiotics themselves also offer opportunities for innovation as shown
by the recent development of monoclonal antibodies (mAbs) as highly selective antibiotics.
Several of these mAbs have now entered clinical trials.10
These examples are only a selection of a large number of potentially new antibiotic targets,11 and
illustrate the ample opportunities available for the development of novel antibacterials.
However, for reasons discussed before, there has generally been little follow up on reports of
new antibacterial targets by the pharmaceutical industry. In this respect, the recent discovery of
two potent inhibitors of an essential and unexploited bacterial pathway by researchers from
Merck is especially encouraging. Using antisense RNA silencing, researchers systematically
screened 250.000 natural product extracts for inhibition of the bacterial type II fatty acid
synthesis to find two potent inhibitors of this pathway, platensimycin (I) 1 2 and platencin (2)
(Figure I]. 1 3 Both compounds were recovered from soil extracts collected in South Africa and
Spain respectively, and showed potent broad-spectrum Gram-positive antibacterial activity.
0h

HO2C

(-)-platensimycin(l)
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Figure 1 Structures of (-)-platensimycin (1) and (-)-platencin (Z).

1.2

Type II fatty acid synthesis

The bacterial type II fatty acid synthesis (FAS II)14 differs significantly from the type I fatty acid
synthesis (FAS I) 15 in animals and humans. Bacteria rely on several distinct enzymes for the
production of essential fatty acids, but in humans the overall reaction is performed by one large
dimeric enzyme which incorporates no less than seven different catalytic sites. Because the
protein sequences and the active sites of the two types differ significantly, the type II fatty acid
synthesis is considered an attractive target for the development of new antibiotics.16 As detailed
in Figure 2, the first committed step in the FAS II pathway is the carboxylation of acetyl-CoA
which is carried out by acetyl-CoA carboxylase (ACC).17 This multi-subunit enzyme is
encountered in different forms in virtually all living organisms including plants, where plantACC is the target of widely used herbicides. The recent discovery of several bacterial ACC
inhibitors provided promising results for their use as antibiotics.18 In the next step, FabD, a
malonyl-CoArACP transacylase, catalyses the transfer of a malonyl group from coenzyme A (CoA)
to the acetyl carrier protein (ACP).19 This enzyme is present in excess and is not thought to play
an essential role in fatty acid synthesis. Conversely, the subsequent condensation of malonylACP with acetyl-CoA to form ß-ketobutyryl-ACP, catalyzed by FabH, is a crucial initiating step in
the fatty acid synthesis cycle. However, targeting this enzyme across a wide range of bacteria is
challenging because of structural variations in the substrate binding site of FabH.20 These
architectural differences determine the fatty acid profile of an organism which causes e.g.
Escherichia coli to produce predominantly straight-chain fatty acids and Streptomyces
11
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gìaucescens to produce both straight and branched chain fatty acids. Nonetheless, several
inhibitors of FabH have been reported of which platencin (2) is the most potent one (ICso = 3.91
μg mL -1 in 5. aureus), demonstrating the viability of FabH as an antibiotic target.13
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Figure 2 Schematic representation of the bacterial type II fatty acid synthesis. Reproduced and modified from C. 0.
Rock et al. 1 6

In contrast to FabH, the next enzyme in the cycle is highly conserved and only a single isoform is
known in bacteria. This enzyme, FabG, is a reductase which catalyses the reduction of a ßketoacyl intermediate by NADPH. Interestingly, FabG is the only enzyme in the catalytic cycle
that undergoes a substantial conformational change upon binding of its cofactor which could
offer additional opportunities for drug development.21 However, this enzyme is not rate limiting
in the catalytic cycle which possibly explains why the few reported inhibitors of FabG only show
moderate antibiotic activity.22 In the next step, the alcohol of the ß-hydroxyacetyl-ACP complex
is eliminated by FabA or FabZ to give trans-2-acetyl-ACP. In contrast to FabZ, FabA is a
bifunctional enzyme and also catalyzes the isomerization of trans-2-acetyl-ACP to cis-3-acetylACP, essential for unsaturated fatty acid synthesis. FabA is only present in Gram-negative
bacteria and it is believed that Gram-positive bacteria, which also produce unsaturated fatty
acids, utilize other isomerases such as FabM and FabZi.23·24 FabZ is the primary dehydratase in
the FAS II pathway and simple inhibitors have been reported that show good in vitro activity for
Helicobacter pylori.25 However, the equilibrium that is catalyzed by FabZ lies to the side of the ßhydroxyacetyl-ACP complex and is not rate-limiting which makes it a somewhat less attractive
antibiotic target Inhibition of the reductase FabI in the last step of the FAS II pathway is
considered to have more potential and is already targeted by triclosan, which is an antimicrobial
agent that is widely used in a variety of consumer products.26 Unfortunately, several key
pathogenic bacteria, including Streptococcus pneumoniae, use FabK for this reduction step,
which makes FabI less interesting for the development of broad-spectrum antibiotics.27 After the
reduction step the product can re-enter the catalytic cycle, but now the first step is performed by
the elongation condensing enzymes FabB and FabF instead of the initiating ezyme FabH.
12
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Bacteria that express FabA typically utilize FabB for elongation of unsaturated fatty acids.
However, in the absence of FabB, the second elongation enzyme FabF carries out the elongation
of both saturated and unsaturated acyl-ACP's.28 The crucial role of FabF and its ubiquitous
presence in bacteria make this an attractive target for new antibacterials and several inhibitors
for FabF have been reported. The first of these were cerulenin 29 and thiolactomycin 30 which
display only weak antibiotic activity, precluding clinical use. More recently, platensimycin (1)
and platencin (2) were discovered both proving potent inhibitors of FabF (ICso = 0.13 and 1.95
μg mL -1 respectively in 5. aureus). Despite the lower affinity of platencin (2) for FabF, the overall
in vivo efficacy of both compounds is comparable because platencin (2] also inhibits the
previously discussed initiating enzyme FabH (ICso = 3.91 μg mL -1 in 5. aureus).
Interestingly, three years after the discovery of platensimycin, the validity of the type II fatty
acid synthesis as an antibacterial target has become the issue of debate. In 2009 Brinster et al.
reported that the fatty acid synthesis is not an essential pathway for Gram-positive bacteria
because bacteria are capable of absorbing fatty acids from their h o s t 3 1 " In reply Balemans et al.
reported that the type II fatty acid synthesis is an essential pathway for Staphylococcus aureus, a
conclusion which contradicted with the observation of Brinster et al. 31b

1.3

Total syntheses of platencin

As a result of their intriguing structure and valuable antibacterial properties, platensimycin (1)
and platencin (2) became prime targets for synthetic chemists, resulting in a large number of
synthetic routes to these natural products. In the next part of this chapter, the reported total
syntheses of platencin are discussed. For clarity, the syntheses are organized on the type of
strategy used and are not necessarily discussed in chronological order. Total syntheses of
platensimycin are discussed in Chapter 2 in a more succinct manner.
1.3.1 Reductive cyclization strategies
1.3.1.1 Total synthesis of platencin by Nicolaou et al.
The first synthesis of platencin was reported by Nicolaou et al. in 2008 and commenced with a
Rawal asymmetric Diels-Alder reaction of diene 3 and aldehyde 4 in the presence of a Crlll-salen
catalyst (5) to give 92% of TBS ether 6 (Scheme I ) . 3 2 Subsequent reduction with LÌAIH4,
followed by acidic work-up afforded cyclohexenone 7 in 63% yield and 85-93% ee.33 SEMB n
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Scheme 1 Synthesis of a key intermediate in the total synthesis of platencin by Nicolaou et al.
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protection of the alcohol and formation of the TIPS-silyl enol ether 8 proceeded in 91% yield
thereby setting up the molecule for a key gold(I)-catalyzed cyclization step. As previously
34
reported by Toste et al., silyl enol ethers can efficiently add to alkynes upon treatment with
gold(l) in the presence of silver salts. In the case of TIPS-enol ether 8, the reaction also
proceeded efficiently to give enone 9 in 94% yield. Subsequent conjugate addition with
allylmagnesium chloride and CuBrMezS afforded the advanced intermediate 10. To gain access
to the bicyclo[2.2.2]octane skeleton of platencin, Nicolaou et al. employed an established
35
strategy, relying on a homoallyl-homoallyl rearrangement reaction. As detailed in Scheme 2,
ketone 10 was first efficiently elaborated to the corresponding xanthate ester 11 and
subsequently reacted with BusSnH and catalytic AIBN. The concept of this rearrangement
reaction is that, under the proper conditions, the initially formed homoallylic radical 12 can
equilibrate to the thermodynamically favored bicyclo[2.2.2]octane structure (14) via the exotic
three-membered ring intermediate 13.

.
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2)KHMDS
.
CS2, Mel
97%

^ ^ ,
| --OSEM AIBN
r x
BuiSnH
Ο

MeS^S

OSEM

^<-/

a

OSEM

OSEM

ί^ίγ^ΟβΕΜ

Τ

^

12

11

O2
PdCl2, CuCI

I^Me
>L^-v.

50%

1)TASF
2)TPAP

";

NaOH
99%

16
Scheme 2 Completion of the core structure of platencin.

Indeed this strategy was also successful in case of xanthate ester 11 and, after a Wacker
oxidation, ketone 16 was obtained in 50% yield over two steps. Interestingly, in the
rearrangement reaction, small protecting groups on the primary alcohol favored the desired
reaction pathway, while larger protecting groups seemed to promote the competing 5-exo-trig
reaction with the pendent allyl group. In the next step the SEM group was removed with TASF
and the unmasked alcohol was then oxidized with TPAP to provide ketoaldehyde 17 in a
somewhat moderate yield for a deprotection and oxidation sequence. The synthesis of the core
structure of platencin was completed by an aldol condensation catalyzed by NaOH affording core
structure 18 in 99% yield.
The aromatic portion of platencin was constructed from resorcinol 19 and commenced with a
nitration reaction as developed by Giannis et al.36 (Scheme 3), to give resorcinols 20 and 21 in
33 and 35% yield, respectively. The latter product was transesterified with 2(trimethylsilyl]ethanol using BuzSnO37 as the catalyst and, after reduction of the nitro group,
target aniline 22 was obtained in 61% yield. In the end game of the synthesis, the propionic acid
linker was installed using a procedure that was previously developed in their total synthesis of
platensimycin.38
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Scheme 3 Synthesis of the aromatic part of platencin.

Core structure 18 was alkylated using KHMDS and Mel and, in the next step, this protocol was
repeated with allyl iodide as the electrophile (Scheme 4) yielding ketone 23 in 58% yield. In a
three-step sequence, the carboxylic acid functionality was introduced, starting with a key crossmetathesis reaction of ketone 23 with vinyl pinacol borane (24}. Boronate 25 was obtained as
an E/Z-mixture (3:1) and was reacted as such with MeaNO. In the last step, the resulting
aldehyde was oxidized in a Pinnick oxidation to give acid 26 in 39% yield over three steps. The
coupling of acid 26 to aniline 22 was effected with HATU as dehydrating reagent and, finally,
subsequent TMSE deprotection with TASF completed thefirsttotal synthesis of platencin (2).
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Scheme 4 Completion of the total synthesis of platencin by Nicolaou et al

1.3.1.2 Formal total synthesis of platencin by Maler et al.
The group of Maier envisioned a similar strategy toward core structure 18, but experienced
difficulties in the homoallyl-homoallyl rearrangement step. Their synthesis of the homoallylhomoallyl rearrangement precursor is shown in Scheme 5.39
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Scheme 5 Synthesis of the homoallyl-homoallyl rearrangement precursor 35.
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Starting from cyclohexenone 28, reaction with iso-butoxyformate under basic conditions,
followed by trapping of the intermediate enolate with allyl chloroformate delivered an E/Zmixture of carbonate 29. A subsequent Pd-mediated Tsuji-allylation efficiently constructed the
quaternary carbon center to give aldehyde 30 in 92% yield over two steps. By using a chiral
ligand in the Tsuji-allylation step, Maier et al. could also access aldehyde 30 in enantioenriched
form (87% ee) which in principle allows for an asymmetric synthetic pathway. Reduction of the
aldehyde under Luche conditions also effected reduction of the vinologous ester and, after acidic
workup and pivaloyl protection of the primary alcohol, cyclohexenone 31 was obtained in 94%
yield. From this point, the researchers followed the pathway as developed by Toyota and
Ihara,35b and Nicolaou et al. Thus, cyclohexenone 31 was converted into the TBS enol ether using
LDA and TBSC1, and product 32 was reacted in a Pd(II)-mediated cyclization reaction to give the
bicyclo[3.2.1]octane scaffold 33 in 85% yield. A Mukaiyama-type Michael addition of silyl ketene
acetal 34 with enone 33 then delivered the rearrangement precursor 35 as a single
diastereoisomer. In the next step, Maier et al. initially induced the homoallyl-homoallyl
rearrangement via the xanthate ester. Surprisingly, the small differences between precursor 35
and the precursor used by Nicolaou et al. (11), resulted in a poor yield of 31% under optimized
conditions. By applying Taber's conditions,40 also used by Toyota and Ihara,35b the
corresponding tosylhydrazone of ketone 36 was converted into the desired bicyclo[2.2.2]octane
product (37) in a much improved yield of 60%. Formation of the Weinreb amide from ester 37
and subsequent treatment with methyllithium afforded hemiacetal 38. Reduction to the dio),
followed by a Swern oxidation then afforded ketoaldehyde 17 in 62% yield. Finally, the formal
total synthesis of platencin was concluded by an aldol condensation, identical to that reported
by Nicolaou et al., to afford the core structure of platencin (18) in 87% yield.
.co 2 Me
,

.

TsNHNH2

J k /

36

-

0

H
NaCNBH

^

3

m

<

1)ΑΙΜβ3
H O ^ M e 1) LiAIH,
2
NH(OMe)Me
^ Q
) (COCI)2
H
2) MeLi
'^ J
DMSO
62%
38

^X02Me
C 0 2 M e

2nC|2

H

'JC

^

Y

37

0

H

f^Me
'J^ CHO
^AJ

NaOH
87%

Ξ

i 17

Scheme 6 Completion of the core structure of platencin by Maier et al.

1.3.1.3 Formal total synthesis ofplatencin by Lee et al.
In their formal total synthesis of platencin, Lee et al. also applied the homoallyl-homoallyl
rearrangement as the key step.41 However, the synthetic approach to the requisite precursor for
this rearrangement was completely different and commenced with the asymmetric ring-opening
of meso-anhydride 39 with catalyst 40, as developed by Deng and co-workers (Scheme 7).42
Subsequent conversion to acid chloride 41 allowed for a selective mono-reduction with NaBFU
which, after treatment with TsOH, afforded lactone 42 in 88% yield over four steps. Alkylation
with propargyl bromide proceeded in 86% yield and the alkylated product (43) was then
reduced with LÌAIH4 and acetylated with acetic anhydride to give diacetate 44 in good yield. In
the following key rearrangement step, diacetate 44 was treated with BuaSnH and AIBN to give,
after mild acidic workup with SiOz, the bicyclo[2.2.2]octane scaffold (45) in 67% yield.
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Scheme 7 Synthesis of [2.2.2]bicyclooctanes 46a-b by Lee et al.

Most likely, this reaction also proceeds via a bicyclo[3.2.1]octane radical intermediate, which
rearranges to the desired bicyclo[2.2.2]octane product in situ. In the next step, both acetyls were
hydrolyzed under basic conditions, and the resulting diol was deprotonated with NaH and then
quenched with TBSCI. This afforded a mixture of the mono-protected TBS ethers 46a and 46b in
a 2:1 ratio which were separately elaborated to the core structure of platencin using two
different procedures. The major product, alcohol 46a, was oxidized to the aldehyde with PCC
and subsequently reacted in a Wittig reaction to give the methyl enol ether 47 as a mixture of
E/Z-isomers (Scheme 8). The hydrolysis of the methyl enol ether under aqueous acidic
conditions not only led to the anticipated concomitant hydrolysis of the TBS ether, but also to
hydration of the exocyclic alkene. This undesired reaction pathway could be avoided by
bromination of methyl enol ether 47 with NBS and direct reduction of the resulting abromoaldehyde with zinc. Subsequent Grignard addition to the aldehyde with MeMgBr then
afforded alcohol 48 in 4 5 % yield over four steps. In the last stage of the synthesis, TBS
deprotection of alcohol 48 with TBAF and subsequent Swern oxidation of the resulting diol
afforded the previously reported ketone 17. Finally, an aldol condensation catalyzed by NaOH
delivered the core structure of platencin (18) in 5 1 % yield over the last three steps.
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Scheme 8 Elaboration of alcohol 46b to core structure 18.

For elaboration of alcohol 46b to core structure 18, a different route was used commencing with
PCC oxidation of alcohol 46b. A Wittig reaction and subsequent TBS deprotection with TsOH in
methanol then provided alcohol 49 in 73% yield. Using a similar approach as for alcohol 46a,
alcohol 49 was treated with PCC and the resulting aldehyde was reacted in a Wittig reaction to
give the corresponding methyl enol ether. Finally, hydrolysis with NBS and water, followed by
reduction of the α-bromoaldehyde with zinc afforded aldehyde 50. A Grignard addition with
vinylmagnesium bromide then setup the molecule for a ring-closing metathesis reaction, which
provided alcohol 51 in 37% yield over five steps. In the last step, the allylic alcohol was oxidized
with MnOz to give core structure 18 in 86% yield.
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1.3.1.4 Formal total synthesis of platencin by Ghosh et al.
A considerably shorter, but racemic formal total synthesis of platencin was reported by Ghosh
43
and co-workers. Starting from the commercially available cyclohexenone 28, alkylation with
methyl vinyl ketone, subsequent dioxolane protection and finally alkylation with propargyl
bromide afforded cyclohexenone 52 in 6 1 % yield. In an alternative strategy, alkylation of
cyclohexenone 28 with propargyl bromide followed by alkylation with methyl vinyl ketone
afforded the product in less than 10% yield. In the next step, the ketone was converted to enone
53 by reduction with DIBAL-H and subsequent treatment with acid. Several catalysts were
screened for the intramolecular Michael addition reaction of ketone 53, of which KOt-Bu in
refluxing THF proved to be most effective, to afford the ring-closed product 54 in 76% yield.
Subsequent mono-reduction of the /neso-product (54) with LiAlH(Ot-Bu)3 and treatment of the
resulting alcohol with PPhs and iodine delivered the radical cyclization precursor 55.
Remarkably, in the radical cyclization, the solvent was found to greatly influence the ratio of
reduced (56) and cyclized product (57). While benzene afforded a 3:2 ratio in favor of the
undesired product 56, changing the solvent to xylene yielded primarily the desired ketone 57 in
a 3:10 ratio, respectively. Finally, the formal total synthesis of platencin was concluded by
reaction of ketone 57 with PhSeBr, followed by oxidation-elimination with NalCU to give core
structure 18 in 45% yield.
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Scheme 1 0 Formal total synthesis of platencin b y Ghosh et al.

1.3.2

Diels-Alder strategies

1.3.2.1 Total synthesis of platencin by Rawal et al.
The second total synthesis of platencin was reported by the group of Rawal in 2008. 44 Their
synthesis commenced with a Birch alkylation of anisic acid (58) with 2,3-dibromopropene to
afford, after acid-promoted decarboxylation and isomerization, the 2-substituted cyclohexenone
59 in 44% yield (Scheme l l ) . 4 5 Reaction with PhSeBr proceeded efficiently and the product (60)
was then reacted in a Diels-Alder reaction with diene 6 1 . 4 6 Despite the poor reactivity of 218
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substituted cyclohexenones in the Diels-Alder reaction,47 the highly electron-rich diene 61
efficiently reacted with cyclohexenone 60 to give, after acidic fluoride-mediated workup and
oxidation of the selenium with H2O2, compound 62 in 51% yield. For the following key nickelmediated reductive cyclization step, Rawal and co-workers found that reduction of the ketone to
alcohol 63 significantly increased the yield of this reaction. The chemoselective reduction of
ketone 62 was achieved by treatment with DIBAL-H to give alcohol 63 in quantitative yield as a
single diastereoisomer. Subsequent reaction with Ni(C0D)2 in the presence of cyclooctadiene
afforded the bicyclo[2.2.2]octane motif 64 in 69% yield. To reduce the ketone functionality,
compound 64 was first converted into the corresponding tosylhydrazone and then reduced
using NaBHsCN and ZnClz in excellent overall yield.48 The racemic synthesis of core structure 18
was completed by oxidation of the allylic alcohol with MnOz.
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Scheme 11 Synthesis of core structure 18 by Rawal et al.

In the endgame of the synthesis, Rawal and co-workers reacted core structure 18 in two
consecutive diastereoselective alkylation reactions with methyl iodide and l-(tribenzylsilyl)-3iodoprop-l-ene (65). The latter iodide (65) was obtained in moderate yield by hydrosilylation
of propargyl alcohol and subsequent substitution of the alcohol for an iodide. A Tamao-Fleming
oxidation of vinylsilane 66 was envisioned to deliver the desired aldehyde. However, this
transformation proved difficult due to concomitant epoxidation of the enone moiety. This
problem was solved by performing the reaction in the presence of iodosobenzene affording the
desired aldehyde in 89% yield. The exact role of iodosobenzene in this reaction, however,
remained unclear. Lastly, oxidation of the aldehyde to the carboxylic acid was achieved by a
Pinnick oxidation to give acid 26 in quantitative yield.
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Scheme 12 Completion of the total synthesis of platencin by Rawal et al.
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Interestingly, Rawal et al. found that acid 26 could be coupled to the fully unprotected aniline 67
in 60% yield using DCC as the dehydrating reagent. They proposed that the reaction might
proceed via initial formation of an anhydride intermediate or one of the possible phenolic esters,
which could then react in an intramolecular fashion to the desired amide product
1.3.2.2 Formal total synthesis ofplatencln by Nicolaou and Chen et al.
Nicolaou and Chen et al. reported a formal total synthesis of platencin employing an
intramolecular Diels-Alder reaction as the key step.49 The precursor for this transformation was
synthesized in four steps from guaiacol (68) (Scheme 13). TBDPS-protection of guaiacol (68)
followed by ortho-lithiation with s-BuLi and quenching with Weinreb amide 69 afforded ketone
70 in 48% yield. Catalytic enantioselective reduction using the Corey-Bakshi-Shibata catalyst
(CBS-cat)50 and catecholborane as the hydride donor delivered, after TBAF deprotection, the
Diels-Alder precursor 71 in 72% yield and 90% ee. Treatment of a methanolic solution of
alcohol 71 with PhI(0Ac)2 generated the requisite ortho-benzoquinone 72 which upon changing
the solvent to toluene and heating to reflux, afforded the Diels-Alder product 73 in 75% yield
and a 15:1 diastereomeric ratio. Subsequent hydrogénation to ketone 74 proceeded
quantitatively. The elimination of the alcohol in ketone 74 proved difficult so that eventually a
three-step protocol was used relying on PCC oxidation to the ketone, formation of the vinyl
triflate and subsequent Pd-mediated hydrogenolysis to give alkene 75 in 80% yield.
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Scheme 13 Synthesis of intermediate 7 5 by Nicoalou and Chen et al.

Reductive cleavage of the dimethyl acetal with Smh provided ketone 76 in 72% yield (Scheme
14). Grignard addition to the latter compound with MeMgBr afforded an inconsequential 1:1
mixture of diastereoisomers, which was reacted as such in the allylic oxidation as reported by
Shing et al.51 to afford ketone 78 in 80% yield. In the final step, the tertiary alcohol was
selectively eliminated with Martin's sulfurane to give core structure 18 in 90% yield.
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Scheme 1 4 Completion of core structure 1 8 by Nicolaou and Chen et al.
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1.3.2.3 Formal total synthesis of platencin by Baimeli et al.
Banwell and co-workers reported a formal total synthesis of platencin, which also relied on an
intramolecular Diels-Alder reaction of a cyclohexadiene.52 The synthesis of the Diels-Alder
precursor commenced with TBS protection and subsequent ozonolysis of homoallylic alcohol
79. After reductive workup conversion of the alcohol to the iodide delivered iodide 80 in 36%
yield over three steps. The moderate yield was mainly caused by a poor selectivity in the
ozonolysis reaction giving rise to the mono and double oxidized product in a 1:1 ratio. Iodide 80
was converted into the corresponding organozinc species and then immediately reacted in a
Negishi-coupling with vinyl iodide 8 1 to give Diels-Alder precursor 82 in 65-85% yield. Upon
refluxing in toluene, the Diels-Alder reaction proceeded with full endo-selectivity, yielding a
separable mixture of diastereomeric TBS ethers (83). Additionally, both diastereoisomers,
originating from endo attack from the most hindered face, were each isolated in 4% yield (not
shown). Elaboration to structure 84 was achieved by deprotection, hydrogénation and
subsequent benzoyl protection.
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Scheme 1 5 Synthesis of acetonide 8 4 b y Banwell et al.

Acetonide 84 was surprisingly stable to hydrolysis and even refluxing in aqueous MeOH in the
presence of DOWEX-50 for 72 h did not give full conversion to the diol (97% yield at 63%
conversion) (Scheme 16). The product diol (85) was then selectively oxidized with 4-acetamidoTEMPO and TsOH and the resulting acyloin was protected with a benzoyl group to give ketone
86 in 77% yield. The keto-activated benzoate was quantitatively removed by treatment with
Smiz and the product ketone (87) was reacted in a Wittig reaction to afford alkene 88 in 84%
yield. Subsequent deprotection of the remaining benzoyl group with K2CO3 in MeOH and
OBz
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Scheme 16 Completion of the core structure of platencin (18] by Banwell et al.
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oxidation of the alcohol with IBX efficiently provided ketone 57. The formal total synthesis of
platencin was completed by transformation of ketone 57 to the silyl enol ether and subsequent
oxidation with IBX and MPO to give the separable enones 18 and 89 in 64% and 21% yield,
respectively.
1.3.2.4 Formal total synthesis of platencin by Yamamoto et al.
Recently, Yamamoto and co-workers showed that, using either a tris(pentafluoro)phenylborane
or Binol-aluminum catalyst, tropone (90) reacts with various alkenes to give the corresponding
[4+2] cycloadducts in good yield and in case of the latter catalyst also in good ee. The developed
methodology was utilized in their synthesis of platencin.53 As shown in Scheme 17, reaction of
tropone (90) with benzyl vinyl ether (91), catalyzed by tris(pentafluoro)phenylborane afforded
the two racemic regioisomeric products 92 and 93 in a 5:1 ratio. Subsequent hydrogénation of
the unsaturated ketone with hydrogen and Pd/C and concomitant benzyl deprotection yielded
alcohol 94 in 69% yield over two steps (endo:exo 10:3). Alcohol 94 was then converted to
alkene 96 in four steps. First, the ketone was protected with ethylene glycol and the alcohol
oxidized with Dess-Martin periodinane. Subsequent Wittig reaction of ketone 95 and
deprotection with TsOH in acetone then delivered ketone 96 in 62% yield over four steps.
Conversion of ketone 96 to the silyl enol ether followed by a Rubottom oxidation and TBAF
deprotection then provided acyloin 97 in 78% yield.
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Scheme 1 7 Synthesis of intermediate 9 7 b y Yamamoto et al.

In the next step, cleavage with lead tetraacetate and a Horner-Wadsworth-Emmons reaction of
the product with phosphonate 98 afforded ketone 99 in 58% yield (Scheme 18). Separation of
the enantiomers by chiral HPLC was used to obtain ketone 99 in enantiopure form. Elaboration
to aldehyde 100 was achieved by reduction with LiAltU and oxidation with Dess-Martin
periodinane in 97% yield over two steps. The formal total synthesis of platencin was concluded
with an asymmetric Michael addition reaction of aldehyde 100 using 50 mol% of silica gelsupported catalyst 101, followed by a NaOH-catalyzed aldol condensation to give core structure
18 in 86% yield.
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Scheme 18 Completion of core structure 18 by Yamamoto et al.
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1.3.2.S Formal total synthesis of platencin by Mulzer et al.
S4
The shortest formal total synthesis of platencin was reported by Mulzer et al. and strongly
resembles the formal total synthesis of platencin that was concurrently developed by our group
55
(see Chapter 3). This chiral pool-based approach commenced with the Diels-Alder reaction of
(5)-(-)-perillaldehyde (102) with Rawal's diene (61) and afforded, after hydrolysis of the DielsAlder product, aldehyde 103 in 68% yield (dr 20:1) (Scheme 19). Subsequent Wittig reaction
using standard conditions provided alkene 104 in 80% yield. In the next step, the
bicyclo[2.2.2]octane structure was constructed by a ring-closing metathesis reaction with the
second generation Grubbs catalyst in refluxing CH2CI2. The product (105) was then treated with
NBS and the resulting diastereomeric mixture of allylic bromides was reduced with in situ
prepared CrClz to give core structure 18 in 48% yield over the last three steps.
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Scheme 19 Synthesis of core structure 18 by Mulzer et al.

To circumvent the use of toxic chromium, Mulzer et al. later also devised an alternative approach
for the conversion of alkene 105 to core structure 18. 5 4 b Treatment of alkene 105 with TFA in
CH2CI2 and subsequent hydrolysis of the intermediate TFA ester yielded alcohol 78 as an
inconsequential mixture of diastereoisomers. Elimination with Martin's sulfurane proceeded
selectively and delivered core structure 18 in 90% yield.
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Scheme 20 Alternative conversion of RCM product 105 to core structure 18.

1.4

Purpose and outline of this research

The valuable properties, and certainly also the challenging structures, of platensimycin (1) and
platencin (2) fueled extensive research to their total synthesis. This thesis describes our efforts
in this field and research that evolved from it
In Chapter 1 the relevance of the discovery of platensimycin and platencin is first put into
context by discussing the challenges faced in antibiotic drug discovery. Then, after detailing the
type II bacterial fatty acid synthesis, a comprehensive overview of the reported total syntheses
of (-)-platencin is presented. Chapter 2 describes studies toward the synthesis of (-)-
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platensimycin. In Chapter 3 a formal total synthesis of (-)-platencin is presented and in Chapter
4 t h e concise synthesis of various derivatives of (-)-platencin is described. Chapter 5 describes
efforts to extend t h e methodology, developed in the formal total synthesis of (-)-platencin, to t h e
synthesis of lycojapodine A. Finally, Chapter 6 highlights t h e total synthesis of (+)-integric acid,
an unrelated natural product, whose total synthesis was initially p u r s u e d using methodology
developed in Chapter 2.

1.5

References

(I)
(2]
(3]

R. L. Lock, E. ). Harry, Nat Rev. Drug Discov. 2008, 7, 324-338.
B. Hughes, Wat Rev. Drug Discov. 2010, 9,89-92.
a) M. R. Leadbetter, S. M. Adams, B. Bazzini, P. R. Fatheree, D. E. Karr, Κ. M. Krause, Β. M. T. Lam, M.
S. Linsell, M. B. Nodwell, J. L. Pace, Κ. Quast, J. P. Shaw, E. Soriano, S. G. Trapp, J. D. Villena, T. X. Wu,
B. G. Christensen, J. K. Judice, J. Antibiol 2004, 57, 326-336. b) G. R. Corey, M. E. Stryjewski, W.
Weyenberg, U. Yasothan, P. Kirkpatrick, Wat Rev. Drug Discov. 2009,8,929-930.
B. Spellberg, J. H. Powers, E. P. Brass, L. G. Miller, J. E. Edwards, Clin. Infect Dis. 2004, 38, 12791286.
DiMasi, J. Α., Hansen, R.W. & Grabowski, H. G.J. Health Econ. 2003,22,151-185.
Wat Rev. Drug Discov. 2009,8,10-11
D. J. Haydon, N. R. Stokes, R. Ure, G. Galbraith, J. M. Bennett, D. R. Brown, P. J. Baker, V. V. Barynin,
D. W. Rice, S. E. Sedelnikova, J. R. Heal, J. M. Sheridan, S. T. Aiwale, P. K. Chauhan, A Srivastava, A.
Taneja, I. Collins, J. Errington, L. G. Czaplewski, Science 2008,321,1673-1675.
D. A. Rasko, C. G. Moreira, D. R. Li, N. C. Reading, J. M. Ritchie, M. K. Waldor, N. Williams, R. Taussig,
S. Wei, M. Roth, D. T. Hughes, J. F. Huntley, M. W. Fina, ). R. Falck, V. Sperandio, Science 2008,321,
1078-1080.
C. I. Liu, G. Y. Liu, Y. Song, F. Yin, M. E. Hensler, W. Y. Jeng, V. Nizet, A. H. J. Wang, E. Oldfield, Science
2008,319,1391-1394.
a) I. Lowy, D. C. Molrine, B. A. Leav, B. M. Blair, R. Baxter, D. N. Gerding, G. Nichol, W. D. Thomas, Jr.,
M. Leney, S. Sloan, C. A. Hay, D. M. Ambrosino, W. Engl. ). Med. 2010, 362, 197-205. b) A. Extance,
Wat Rev. Drug Discov. 2010, 9,177-178.
C. Walsh, Wat Rev. Microbiol. 2003,1,65-70.
J. Wang, S. M. Soisson, K. Young, W. Shoop, S. Kodali, A. Galgoci, R. Painter, G. Parthasarathy, Y. S.
Tang, R. Cummings, S. Ha, K. Dorso, M. Motyl, H. Jayasuriya, J. Ondeyka, K. Herath, C. Zhang, L.
Hernandez, J. Allocco, À. Basilio, J. R. Tormo, 0. Genilloud, F. Vicente, F. Pelaez, L. Colwell, S. H. Lee,
B. Michael, T. Felcetto, C. Gill, L. L. Silver, J. D. Hermes, K. Bartizal, J. Barrett, D. Schmatz, J. W.
Becker, D. Cully, S. B. Singh, Wature 2006,441,358-361.

(4)
(5)
(6)
(7)

(8)

(9)
(10)

(II)
(12)

(13)

a) H. Jayasuriya, K. B. Herath, C. Zhang, D. L. Zink, A. Basilio, O. Genilloud, M. T. Diez, F. Vicente, I.
Gonzalez, 0. Salazar, F. Pelaez, R. Cummings, S. Ha, J. Wang, S. B. Singh, Angew. Chem. Int Ed. 2007,
46, 4684-4688. b) J. Wang, S. Kodali, S. H. Lee, A. Galgoci, R. Painter, K. Dorso, F. Racine, M. Motyl,
L. Hernandez, E. Tinney, S. L. Colletti, K. Herath, R. Cummings, O. Salazar, I. Gonzalez, A. Basilio, F.
Vicente, O. Genilloud, F. Pelaez, H. Jayasuriya, K. Young, D. F. Cully, S. B. Singh, Proc. Natl. Acad. Sci.
USA 2007,104, 7612-7616.

(14)
(15)

S. W. White, J. Zheng, Y. M. Zhang, C. 0. Rock, Annu. Rev. Biochem. 2005, 74,791-831.
a) S. Smith, A. Witkowski, A. K. Joshi, Protf. Lipid Res. 2003, 42, 289-317. b) F. J. Astunas, J. Z.
Chadick, I. K. Cheung, H. Stark, A. Witkowski, A. K. Joshi, S. Smith, Wat Struct Mol. Biol. 2005,12,
225-232.
a) J. W. Campbell, J. E. Cronan, Annu. Rev. Microbiol. 2001, SS, 305-332. b) R. J. Heath, C. 0. Rock,
Curr. Opin. Investig. Drugs 2004, 5, 146-153. c) Y. M. Zhang, S. W. White, C. 0. Rock,/ Bio/. Chem.
2006,201,17541-17544.

(16)

24

Total Syntheses ofPlatencin
(17)
(18)

(19)
(20)
(21)
(22)

(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)

(32)
(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)

(48)
(49)

J E Cronan,G L Waldrop, Prog Lipid Res 2002,41,407-435
a) C Freiberg, Ν Α Brunner, G Schiffer, Τ Lampe, J Pohlmann, M Brands, M Raabe, D Habich, Κ
Ziegelbauer, J Biol Chem. 2004, 279, 26066-26073 b) Τ W Lin, M M Melgar, D Kurth, S J
Swamidass, J Purdon, Τ Tseng, G Gago, Ρ Baldi, Η Gramajo, S C Tsai, Proc Natl Acad Sci USA
2006,103.3072-3077
Ν R. De Lay, J E CronanJ Bwl Chem 2007,282,20319-20328
Κ S Gajiwala, S Margosiak, J Lu, J Cortez, Y Su, Ζ Nie, Κ. Appell, FEBS Lett 2009, 593, 29392946
A C Price, Y M Zhang, C 0 Rock, S W White, Biochemistry 2001,40,12772-12781
a) D Tasdemir, G Lack, R. Brun, Ρ Ruedi, L Scapezza, R Perozzo, ƒ Med Chem 2006, 49, 33453353 b) K. Knstan, Τ Bratkovic, M Sova, S Gobec, A Prezelj, U Urleb, Chem Biol Interact 2009,
170,310-316
H Marrakchi, K.-H Choi.C Ο Rock,] Biol Chem 2002,277,44809-44816
H H Wang,J E Cronan,/ Biol Chem 2004,279,34489-34495
L Y He, L Zhang, X. F Liu, X. H Li, M Y Zheng, H L Li, Κ. Q Yu, Κ X Chen, X Shen, H L Jiang, H
LiuJ Med Chem 2009,52,2465-2481
H Lu, Ρ J Tonge,/tcc Chem Res 2008,41,11-20
R. J Heath, C Ο Rock, Nature 2000,406,145-146
H Marrakchi, Y M Zhang, C Ο Rock, Biochem Soc Trans 2002,30,1050-1055
A Matsumae, S Nomura, Τ Hata,/ Antibiot 1964,17,1-7
Τ Noto, S Miyakawa, H Oishi, H Endo, H OkazakiJ Antibiot 1982,35,401-410
a) S Brinster, G Lamberet, Β Staels, Ρ Tneu-Cuot, A Gruss, C Poyart, Mature 2009,458,83-86 b)
W Balemans, Ν Loums, R Gihssen, ( Guillemont, K. Simmen, Κ Andnes, A Koul, Nature
2010,463, E3-E4 c) S Brinster, G Lamberet, Β Staels, Ρ Tneu-Cuot, A Gruss, C Poyart, Nature
2010, 463, E4-E5
K. C Nicolaou, G S Tria, D J Edmonds, Angew Chem. Int Ed 2008,47,1780-1783
Τ R Hoye, C S Jeffrey, F Shao, Nature Protocols 2007,2,2451-2458
S Τ Stäben, J J Kennedy-Smith, D Huang, Β K. Corkey, R L LaLonde, F D Toste, Angew Chem
Int Ed 2006,45,5991-5994
a) M Toyota, Τ Wada, K. Fukumoto, M Ihara, ƒ Am Chem Soc 1998, 120, 4916-4925 b) M
Toyota, Τ Asano, M Ihara, Org Lett 2005, 7,3929-3932
Ρ Heretsch, A Gianms, Synthesis 2007,2614-2616
Ρ Baumhof, R. Mazitschek, A Gianms, Angew Chem Int Ed 2001,40,3672-3674
K. C Nicolaou, A Li, D J Edmonds, Angew Chem Int Ed 2006,45,7086-7090
G Varseev, M Maier, Angew Chem Int Ed 2009,48,3685-3688
D F Taber, Y Wang, S J Stachel, Tetrahedron Lett 1993,34, 6209-6210
S Y Yun, J C Zheng, D lee, Angew Chem Int Ed 2008,47,6201-6203
Y Chen, S Κ. Tian, L Deng,; Am Chem Soc 2000,122,9542-9543
A K. Ghosh, K. Xi, Angew Chem Int Ed 2009,48, 5372-5375
J Hayashida,V Η Rawal, Angew Chem Int Ed 2008,47,4373-4376
D F Taber,/ Org Chem 1976,41,2649-2650
S A Kozmin, V H Rawal,/ Org Chem 1997, 62,5252-5253
a) S Damshefsky, Τ Kitahara, C F Yan, J Morns, ƒ Am Chem Soc 1979, 101, 6996-7000 b) F
Fringuelli, F Pizzo, A Taticchi, E Wenkert, / Org Chem 1983, 48, 2802-2808 c) M Gè, Β M
Stoltz, E J Corey, Org Lett 2000,2,1927-1929
L Caghoti, M Magi, Tetrahedron 1963,19,1127-1131
a) K C Nicolaou, Q Y Toh, D Y K. Chen, / Am Chem Soc 2008, 130, 11292-11293 b) K. C
Nicolaou, Q Y Toh, D Y K Chen,/ Am Chem Soc 2008,130,14016-14016 c) K. C Nicolaou, G S
Tria, D J Edmonds, M Kar,/ Am Chem Soc 2009,131,15909-15917

25

Chapter 1

(50)
(51)
(52)
(53)
(54)
(55)

26

E. J. Corey, C. J. Helal, Angew. Chem. Int Ed. 1998,37,1986-2012.
T. K. M. Shing, Yeung, P. L. Su, Org. Lett 2006,8,3149-3151.
K. A. B. Austin, M. G. Banwell, A. C. Willis, Org. Lett 2008,10,4465-4468.
P. Li, H. Yamamoto, Chem. Comm. 2010,34,6294-6295.
a) K. Tiefenbacher, J. Mulzer, Angew. Chem. Int Ed. 2008, 47, 6199-6200. b) K. Tiefenbacher, J.
Mulzer,/ Org. Chem. 2009, 74,2937-2941.
D. C. J. Waalboer, M. C. Schaapman, F. L. van Delft, F. P. J. T. Rutjes, Angew. Chem. Int Ed. 2008,47,
6576-6578.

Chapter 2
Synthetic Studies toward
(-)-Platensimycin

platensimycin (1)

M e

A synthetic pathway to platensimycin was explored starting from cyclohexanone. Several
α,β,γ,δ-unsaturated decalones were synthesized and tested for their reactivity toward
electrophilic iodination conditions. This resulted in a novel iodolactonization reaction in which
the synthesis of a key intermediate toward platensimycin was realized. Furthermore, the
α,β,γ,δ-unsaturated decalones proved ideal substrates for a regio- and stereoselective
hydroxyiodination reaction yielding densely functionalized iodohydrins in good yield.
Subsequent elimination reactions of these iodohydrins proved difficult. This, as well as other
factors, thwarted further exploration of the synthetic pathway to platensimycin.
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2.1

Introduction

In 2006 researchers from Merck reported the discovery of platensimycin (1), a potent new
antibiotic that was isolated from a strain of Streptomyces platensis
recovered from a soil sample collected in South Africa (Figure I). 1
%
Me,
Platensimycin targets the fatty acid synthesis of bacteria by
HO2C
selectively
inhibiting an acyl enzyme intermediate of FabF. The
OH
potent antibiotic properties and intriguing structure of platensimycin
Me
platensimycin (1)
(1) immediately sparked the interest of the synthetic community
which has culminated in a large number of (formal) total syntheses,
Figure 1
some of which will be highlighted here.
The first total synthesis of platensimycin (1) was reported by Nicolaou and co-workers only
three months (!) after its structure was disclosed (Scheme I). 2 In the first key step, alkyne 2 was
reacted in a ruthenium-catalyzed cycloisomerization reaction as developed by Trost et al.3 The
cyclic product 3 was obtained in excellent yield as an inconsequential mixture of
diastereoisomers. Subsequent dehydrogenation and deprotection of the TBS enol ether
delivered aldehyde 4 setting the stage for the key radical cyclization. Treatment of aldehyde 4
with Smh afforded the cyclized product 5 in 46% yield and a 2:1 diastereomeric ratio favoring
the desired product. Finally, in a further eight steps, the first total synthesis of (±)-platensimycin
(1) was completed. Recently, Nicolaou and co-workers reported an asymmetric rutheniumcatalyzed cycloisomerization reaction of alkyne 2 which allowed for the asymmetric synthesis of
platensimycin (1) via this strategy.4

dr
21

Sml2
HFIP
46%

y

III

TBSO'

S ^ \
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n u r ^

^

8 steps
35%
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«"2 1)

'
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4

Scheme 1 Racemic total synthesis of 1 by Nicolaou et al. (a) Ru = [CpRu(MeCN)3]PF6.
5

Corey et al. used a different approach in their formal total synthesis of I. Ketone 6 was reacted
in a rhodium-catalyzed asymmetric conjugate addition reaction with potassium 2-propenyl
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Scheme 2 Asymmetric synthesis of core structure 12 by Corey et al.
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6

trifluoroborate to give ketone 7 in 96% yield and 94% ee. After several functional group
manipulations, alkene 8 was obtained in 78% yield over seven steps. In a clean and remarkably
diastereoselective (>10:1) bromoetherification reaction, alkene 8 was reacted with bromine at
low temperature to give ether 9 in 84% yield. The last ring of the platensimycin core skeleton
was then efficiently constructed by heating ether 9 in the presence of TBAF at 130 "C. The
synthesis was concluded with a three-step reduction-oxidation protocol to give core structure
12 in 58% yield. The syntheses shown only represent a fraction of the work that has been
performed on the total synthesis of platensimycin. For a complete overview a recent review by
Kaliappan et al. is recommended.7

2.2

Retrosynthesis

The structure of platensimycin (1) consists of two distinct domains which are connected by a
proionic acid linker. Retrosynthetic cleavage of this linker reveals two distinct key synthons; the
aromatic polar fragment 13, and the apolar pentacyclic structure 14. (Figure 2).

-ΐ^
0

('^Ύ' ^

0

..Ο

Ir

- "te · A£
NH

2

Me,?

Me

platensimycin (1) M e
13
Figure 2 Cleavage of the C-3 linker in platensimycin (1] reveals key fragments 13 and 14.

14

Of the two structures, the exotic cage-like structure 14 represents the main synthetic challenge.
Retrosynthetically, cleavage of the ether bond at the quaternary carbon center and
dehydrogenation of a saturated ketone reveals diol 15 (Figure 3). We envisioned accessing this
diol via a Smh-mediated radical cyclization reaction of ketone 16 as one of the key steps in the
synthesis.8 Protection of the unsaturated ketone is required in this case to achieve the desired
chemoselectivity. A critical step from ketone 16 to diol 15 is the diastereoselective reduction of
the unsaturated ketone after the radical cyclization. We envisioned to use the neighboring
alcohol group of ketone 16 to direct the reduction to the most hindered face of the molecule.9
Alternatively, the reduction could be performed after the etherification since at that point
reduction from the least hindered side would lead to the desired product.

17
Figure 3 Retrosynthesis of key fragment 14.

18

19
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We realized that iodolactone 17 might serve as an ideal precursor for ketone 16; elimination of
the iodide installs the double bond and opening of the lactone with e.g. MeLi introduces the
alcohol and ketone functionality, respectively. The synthesis of iodolactone 17 requires an
unprecedented iodolactonization reaction as a second key step in the synthesis. The anticipated
precursor for the iodolactonization, carboxylic acid 18, should be accessible in enantiopure form
from cyclohexanone derivative 19 using established methodologies.

2.3

Synthesis of a iodolactonization precursor

In the first step of the synthesis the methyl and tert-butyl esters of carboxylic acid 19 (Figure 3)
were prepared by a-alkylation of cyclohexanone with the corresponding bromoacetates in good
yield. (Scheme 3)
LDA, HMPA

COjR

THF, -ye-c
20 R = Me 80%
21 R = f-Bu 83%
Scheme 3 Synthesis of 20-21.

Both esters were reacted in an asymmetric Michael addition reaction as developed by d'Angelo
et al.10 Thus, esters 20 and 21 were reacted with (5)-(-)-phenylethylamine in refluxing toluene
and catalytic TsOH, after which the resulting crude imine was treated with ethyl vinyl ketone
(neat) for 90 h at 60 0C (Scheme 4). Finally, the product imine was hydrolyzed with acetic acid in
a methanol/water mixture to afford the desired products in low to moderate yield. Several
factors could be responsible for the modest yield and the large amount of starting material that
was recovered from this reaction. The most probable causes are (i) incomplete imine formation,
(ii) hydrolysis of the imine during the Michael addition step, (iii) inherent low reactivity of the
imine, and (iv) competing polymerization of ethyl vinyl ketone.
ν

Ph

Me

TsOH, NH2
toluene, reflux

?J

1)KOH, MeOH
reflux

»·

C02R

20-21

2) K2CO3, Mel
acetone, RT

El

60 "C, 90 h
then AcOH
MeOH, H 2 0
RT

TsOH
chloraml

22 R = Me 52% (s m 21%)
23 R = /-Bu 35% (s m 44%)

I

c o

^

.. t-BuOH
2
toluene
reflux

24
(ee 89%)

C02Me

M e

25

62%

from 22 82%
from 23 53%

Scheme 4 Synthesis of diene 25.

Since GC analysis showed complete consumption of ketone 20 and distillation of the crude imine
did not affect the reaction outcome, it is unlikely that the imine formation step is causative.
Distillation and drying of ethyl vinyl ketone over molecular sieves prior to the reaction to
prevent hydrolysis of the imine in the Michael addition step proved ineffective. Performing the
latter step at RT only decelerated the reaction and did not increase the yield. Furthermore, the
addition of a catalytic amount of hydroquinone to suppress radical polymerization of ethyl vinyl
ketone was also unsuccessful in increasing the overall yield of this reaction. Unable to identify

30

Synthetic Studies toward (-)-Platensimycin
the major cause for the moderate yield, we decided to postpone further optimization studies and
first explore the next part of the synthesis.
In the next step KOH proved most effective in the intramolecular aldol reaction. As expected,
these conditions also led to hydrolysis of the methyl and tert-butyl ester (partial hydrolysis).
Employing NaOMe as the base to surpress the hydrolysis reaction, was only partially successful,
most likely due to elimination of water in the aldol reaction. Acidic conditions (TsOH in refluxing
toluene) gave significantly lower yields. Fortunately, the crude product from the KOH-mediated
aldol reaction of ester 22 could be readily methylated with Mel/foCOs to afford the desired
methyl ester 24 in 82% yield over two steps in 89% ee. For the dehydrogenation of α,βunsaturated ketones to α,β,γ,δ-unsaturated ketones, chloranil (tetrachloro-l,4-benzoquinone) is
11
most commonly employed. Reacting ester 24 with chloranil under thermodynamic conditions
afforded the desired diene (25) in 62% yield. Attempts to perform this reaction directly with the
free carboxylic acid were frustrated by the difficulty of removing the tetrachloro-1,4hydroquinone byproduct from the reaction mixture.
We reasoned that the overall yield of this approach might be improved by substituting the ester
group for a more inert functionality such as an alkene. Moreover, the hydrolytically stable alkene
would obviate the need for an additional methylation step after the aldol condensation. Success
of this approach would depend heavily on the challenging selective oxidation of the alkene to
introduce the requisite carboxylic acid functionality prior to the iodolactonization. As detailed in
Scheme 5, cyclohexanone 26 was reacted in the asymmetric Michael addition to afford ketone
27 in 52% yield. Subsequent aldol condensation and dehydrogenation delivered diene 28 in
practically the same overall yield as for ester 24. Unfortunately, the selective oxidation of diene
28 proved particularly challenging and only trace amounts of product were obtained by
oxidation with either ozone or OsCU/NalO^ Since the overall yield of diene 28 is comparable to
that of diene 28, these results do show that the modest overall yield of diene 25 is not caused by
the presence of the ester group.

y

^

Ph
TsOH,

Me

v

NH2

1) KOH, MeOH
reflux

^
toluene, reflux

2)

^ °

27

2) TsOH, chloranil
f-BuOH, toluene
reflux

O3 or
Os0 4 , NalO.»
CHO

29

47%

El

26

60 °C, 90 h
then AcOH
MeOH, H 2 0, RT
52%

Scheme S Synthesis of alkene 28 and subsequent selective oxidation attempts.

2.4

Iodolactonization and hydroxyiodination studies

In literature some examples exist for the formation of bridged six-membered ring
iodolactones.12 However, these are limited to simple systems which exclude competitive
reaction pathways. With sufficient amounts of ester 25 in hand, the stage was set to explore the
crucial iodolactonization reaction. Thus, methyl ester 25 was hydrolyzed with aqueous NaOH in
31
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methanol and the crude product was then treated with iodine and KI under basic conditions
(Scheme 6). To our delight, the iodolactonization reaction proceeded in the desired fashion to
afford iodolactone 17 in 54% yield. HSQC and COSY experiments unambiguously confirmed the
regiochemistry of iodolactone 17.

1) NaOH, MeOH, RT

'--

2) NaHCOj, KI, l2
C02Me

H

20'RT
54%

25

o
17

Scheme 6 Iodolactonization and elimination.

Having arrived at key intermediate 17 we investigated the elimination of the iodide. DBU is
typically used for elimination reactions of iodolactones13 and we were pleased tofindthat also in
the case of iodolactone 17, elimination proceeded in good yield (Scheme 7).

DBU
THF, 70 °C

o

17

Scheme 7 Elimination reaction of iodolactone 17 and ORTEP plot of diene 31 derived from X-ray crystallographic
analysis (non-hydrogen atoms are shown with ellipsoids at 50% probability].

Initially, the product was identified as lactone 30, however, later X-ray crystallographic analysis
revealed the actual structure of the product to be that of the rearranged product 31. Most likely,
alkene 30 is formed in the reaction, but the highly activated lactone can readily dissociate at
these temperatures to give the well-stabilized zwitterion 32. The carboxylate can then
recombine to afford the thermodynamic product 31. Alternatively, the reaction could proceed
via attack of iodide on the activated lactone and subsequent SN2' attack of the carboxylate on the
allylic iodide (not shown). Since we initially believed the elimination reaction to be successful,
we investigated the reactivity of ester 25 toward the hydroxyiodination reaction. If successful,
this reaction would greatly expand the scope of this approach since the synthesis does not have
to rely on the ester substituent for the intramolecular delivery of the oxygen atom. Although the
reaction in principle could have several regio- and stereochemical outcomes, we felt that the
electronic and steric nature of the molecule should only allow the formation a single product.
This hypothesis was strongly supported by results from Reinholz and co-workers (Scheme 8).14
In the latter case, the pendent methyl group of alkene 33 directs attack of the electrophile to the
opposite face of the molecule. The neighboring double bond ensures that SN2-type attack of the
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formic acid on the resulting chloronium ion intermediate occurs only at the activated allylic
position leading to the formation of formate 34 as the single product

f-BuOCI
HCO2H, RT

33

91%

Scheme β Chloroformyloxylation reaction by Reinholz et al.

To our delight, diene 25 indeed reacted efficiently and selectively with AModosuccinimide (NIS)
in a 2:1 mixture of MeCN in water to afford iodohydrin 35 in 80% yield. Interestingly, also 11%
of the iodolactonization product 17 was isolated from the reaction mixture. Attempts to increase
the yield of iodolactone 17 by performing the reaction in the absence of water or with the free
carboxylic acid were only partially successful.15 The reaction was sluggish and never exceeded
the 54% yield that was obtained under the standard conditions (Scheme 6). Although the
iodohydrin was stable, treatment of iodohydrin 35 with base (e.g. K2CO3 or imidazole) would
rapidly generate the epoxide. Protection of iodohydrin 35 with acetic anhydride to give ester 36
eliminated this problem and allowed for more follow-up chemistry.

AC20, DMAP

NIS

17

+
||

Ι 'Ί

MeCN, H20

COjMe

50 °C

Γ

v

35
80%
Scheme 9 Hydroxyiodination reaction of ester 25.

C02Me

25

2.5

»•

AcO,

CH2CI2, pyridine
RT

11%

94%

Revised strategy toward (-)-platensimycin

With the new hydroxyiodination strategy in hand, we revised the retrosynthesis to a more
succinct approach as depicted in Figure 4. The idea was to use an alkyne as a masked ketone.
Although we already unsuccessfully pursued a similar strategy in the synthesis of aldehyde 29,
we felt confident that intermediate 37 would allow for the selective manipulation of the alkyne.
In the case of alkyne 37 we would not have to rely on a risky selective oxidation step, but instead
a mild gold-catalyzed hydration of the alkyne could be used to introduce the ketone while
leaving the other unsaturations untouched.16 To survive the asymmetric Michael addition
reaction17 and probably also the hydroxyiodination reaction, the alkyne was protected with a
TIPS group.

PGO,
TIPS
'Au" catalyzed
hydration

39
TIPS

Figure 4 Modified retrosynthetic analysis of intermediate 16.
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To realize this plan, iodide 42 was synthesized in four steps in excellent yield via standard
protocols (Scheme 10]. Thus, protection of propargyl alcohol with ethyl vinyl ether followed by
deprotonation of the alkyne with n-butyllithium and quenching with TIPSC1 delivered acetal 41
in 93% over two steps. Deprotection of the acetal under acidic conditions returned the alcohol
which was substituted for an iodide by treatment with PPhs and iodine in the presence of base to
give iodide 42 in 80% yield.
1) PPTS
ethyl vinyl ether 0 °C

= ^ ^ OH

».

TIPS

^

OEE

2) Buü, TIPSCI
THF - 7 8 °C

40

1) HCl
THF, H 2 0, 0 °C

=

2) PPh3,12, imidazole
CH2CI2, 0 °C

41

93%

TIPS

=

42

80%

Scheme 10 Synthesis of TIPS-proterted propargyl iodide (42}.

Next, alkyne 39 was efficiently prepared by reacting the lithium enolate of cyclohexanone with
iodide 42 (Scheme 11). Because of the highly reactive nature of iodide 42, no addition of HMPA
was required. The subsequent asymmetric Michael addition reaction with ethyl vinyl ketone
afforded the desired product 44 in 53% yield. As expected, the aldol cyclization proceeded
smoothly and after dehydrogenation with chloranil dienone 46 was obtained in 56% yield over
two steps. Pleasingly, the hydroxyiodination of diene 46 proceeded selectively and in good yield
to afford iodohydrin 38 in 80% yield.
TIPS

.,>

Ph

LDA, 42

»-

2) ^ γ

THF, - 7 8 °C
43

quant

Me

TsOH,
NHj
toluene, reDux
0

^

El
then AcOH
MeOH, H2O, RT

39

53%

TIPS

TIPS

TsOH chloranil

NIS

AcjO, DMAP

i-BuOH, toluene
reflux

MeCN, HjO
50 °C

MOM-CI, 2,6-lulidine

64%

IPS

80%

TIPS

47 R = Ac
98% TIPS
48 R = MOM quant

Scheme 11 Synthesis of alkynes 47 and 48.

Attempts to perform the hydroxyiodination reaction after deprotection of alkyne 46 only met
with failure and yielded a complex mixture. Finally, iodohydrin 38 was efficiently protected as
the corresponding acetate (47) or MOM ether (48) in excellent yields. In the latter case, the use
of 2,6-lutidine instead of DIPEA was essential to prevent epoxide formation. X-ray
crystallographic analysis of acetate 47 delivered unambiguous evidence for the absolute
stereochemistry as well as for the regio- and stereochemical outcome of the hydroxyiodination
reaction (Figure 5).
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Figure 5 ORTEP plot of acetate 47 derived from X ray crystallographic analysis (non hydrogen atoms are shown with
ellipsoids at 50% probability)

Unfortunately, elimination of iodide 47 did not afford the desired alkene 49, but instead yielded
enol acetate 50 (Scheme 12). Most likely the undesired formation of diene 50 proceeds through
ElcB elimination of the iodide via the thermodynamic dienolate In the case of lactone 17,
dienolate formation is not possible which would explain the difference in reaction outcome
o

O
Me

DBU
THF 60•C
47

TIPS

0

NA

YV
^/

AcO.

49

Me^JL

.«yy

TIPS

0%

50

TIPS

76%

Scheme 12 Elimination reaction of 47 with DBU

The presumed ElcB pathway might be blocked by e.g protection of the ketone as the dioxolane.
However, at this point there were other developments as well that prevented further studies on
the elimination of iodide 47. Already three months after the structure of platensimycin was
disclosed, Nicolaou and co-workers published the first total synthesis of platensimycin (I) 1 8 and
undoubtedly more were soon to follow. The shrinking time frame in combination with the
modest yields and many challenges still ahead, made us doubt whether this strategy was still
worth pursuing. When in 2007 researchers from Merck reported the discovery of platencin,19 a
second novel antibiotic, the strategic decision was made to abandon this approach and instead
aim for an equally challenging total synthesis of platencin.
2.6

Conclusions

This chapter describes efforts toward the synthesis of platensimycin Several α,β,γ,δ-unsaturated
decalones were synthesized in enantioennched form by the use of an asymmetric Michael
addition reaction as the key step The decalones were selectively reacted with NIS in
MeCN/water to yield novel lodohydnns in good yield. In the case of a pendent carboxylic acid
group an unprecedented lodolactomzation was performed with excellent regioselectivity.
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Unfortunately, the elimination of the lodohydnn or lodolactone product did not afford the
desired allylic acetates, but instead novel dienes were obtained in good yield Despite the
successful synthesis of a key intermediate in the synthesis to platensimycin, several factors
made us question the feasibility of this approach to platensimycin Especially the inability to
synthesize the key lodolactone intermediate in large amounts because of sequentially
moderately yielding steps combined with the undesired reaction pathway in the elimination
reaction thwarted exploration of the next part of the synthesis This eventually led us to direct
our efforts to the synthesis of a second novel antibiotic, platencin

2.7

Acknowledgements

M C Schaapman and H A van Kalkeren are gratefully acknowledged for their contribution to this
chapter J M M Smits is kindly acknowledged for crystallographic analyses A E M Swolfs is
acknowledged for assistance with the 2D NMR experiments

2.8

Experimental

General remarks
Solvents were distilled from appropriate drying agents prior to use and stored under nitrogen Chemicals
were purchased from Sigma-Aldnch and used as received, unless stated otherwise Reactions were carried
out under inert atmosphere of dry argon Standard syringe techniques were applied for the transfer of dry
solvents and air- or moisture-sensitive reagents Reactions were monitored using thin layer
chromatography (TLC) on silica gel-coated plates (Merck 60 F254) with the indicated solvent mixture
Detection was performed with UV light, and/or by charring at -150 "C after dipping into aqueous basic
permanganate Melting points were analyzed with a Buchi melting point B-545 IR spectra were recorded
on an ATI Mattson Genesis Series FTIR spectrometer, or a Bruker Tensor 27 FTIR spectrometer Gas
chromatography (GC) was performed on a Hewlett Packard 5890, containing a HP1 column (25 m χ 0 32
mm χ 0 17 μιη), FID detection, and equipped with a HP3393A integrator NMR spectra were recorded on a
Bruker DMX 300 (300 MHz), and a Vanan 400 (400 MHz) spectrometer in CDC13 solutions (unless
otherwise reported) Chemical shifts are given in ppm with respect to the undeuterated chloroform signal
(δ = 7 26 ppm) or (δ = 77 0 ppm) as an internal reference Coupling constants are reported as J-values in
Hz Column or flash chromatography was carried out using Silicycle silica gel (0 035-0 070 mm, and ca 6
nm pore diameter) Optical rotations were determined with a Perkin Elmer 241 Polarimeter High
resolution mass spectra were recorded on a JEOL AccuTOF (ESI), or a MAT900 (EI, CI, and ESI)
General procedure A; a-Alkylation of cyclohexanone
To a stirred solution of dusopropylamine (1 2 equiv ) in THF (1 2 M) was added n-butylhthium (1 2 equiv,
1 6 M in hexanes) at -78 °C under argon atmosphere After stirring for 30 min a solution of cyclohexanone
(1 equiv) in THF (14 M) was added dropwise to the solution The reaction was kept at -78 °C for 30 mm
and then HMPA (118 equiv) and the electrophile (2 equiv) were added When TLC analysis showed full
conversion (typically 1 5-2 h) the reaction was quenched by the addition of a sat NH4CI solution and the
mixture was extracted with ether ("3) The combined organic layers were washed with water and brine,
dried with MgS04, filtered and the solvent evaporated The crude product was purified by flash
chromatography as indicated
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General procedure B; Asymmetric Michael addition reaction and aldol condenstation
To a stirred solution of the ketone (1 equiv) and (S)-(-)-phenylethylamine (102 equiv) in toluene (0.6 M)
was added a catalytic amount of TsOH (0.005 equiv) and the reaction mixture was refluxed overnight in a
Dean-Stark set-up. The solvent was evaporated and ethyl vinyl ketone (2.2 equiv) was added to the crude
imine. After stirring for 90 h at 60 "C, the reaction mixture was cooled to RT and excess ethyl vinyl ketone
was distilled off. Subsequently, a mixture of methanol, water and acetic acid (1:2:0.36, 0.5 M) was added
and the solution was vigorously stirred for 2 h. The reaction mixture was diluted with water and extracted
with pentane (χ5). The combined organic layers were dried with MgSCU, filtered and the solvent
evaporated. Purification by flash chromatography yielded an oil that was not analytically pure. This oil
was dissolved in MeOH (0.03 M) and KOH (1.1 equiv) was added. The reaction mixture was heated to
reflux for 75 min after which the solvent was evaporated. Work-up was performed as indicated.
General procedure C; Debydrogenation reaction
To a stirred solution of the unsaturated ketone (1 equiv) in toluene/t-BuOH (3:7, 0.1 M) was added
chloranil (1.5 equiv) and TsOH (0.2 equiv) and the reaction mixture was heated to reflux. After 24 h the
conversion was determined by GC and if neccessary an additional amount of chloranil was added (0.2
equiv). Once the reaction was complete according to GC, the reaction mixture was cooled to RT and the
solvent was evaporated. The crude product was dissolved in CH2CI2, filtered and washed with aqueous
NaOH (»3, 0.1 M). Some brine was used to facilitate separation of the organic and aqueous layer. The
combined organic layers were washed with water and brine, dried with MgS04, filtered and the solvent
evaporated. The crude product was purified by flash chromatography as indicated.
(2R,4a5)-2-Iodo-8-methyl-3,4,5,6-tetrahydro-lH-l,4a-(epoxyethano)naphthalene-7,10(2H)-dlone
(17)
Μ<
ι,
ί
Ο To a stirred solution of diene 25 (15.0 mg, 0.064 mmol) in MeOH (5 mL) was added
y/^y^-f^j
NaOH (2 M, 2.5 mL, 5 mmol). After 4 h the solvent was evaporated and the crude product
Ο Jr^
was dissolved in aqueous NaOH (0.1 M, 10 mL). The aqueous layer was washed with
Il
CH2CI2 (10 mL), acidified with HCl (2 M) to pH 1 and subsequently extracted with EtOAc
(3 « 10 mL). The combined organic layers were washed with brine, dried with Na2S04,
filtered and the solvent evaporated. The crude product was dissolved in aqueous NaHCOs (0.5 M, 2.5 mL)
and subsequently potassium iodide (32.0 mg, 0.192 mmol) and iodine (16.0 mg, 0.064 mmol) were added.
The reaction was protected from light and stirred for 16 h. The reaction mixture was extracted with
CH2CI2 (3 χ 10 mL) and the combined organic layers were washed with sodium sulfite (2 M, 2 χ 10 mL).
Finally the organic layer was washed with brine, dried with Na2S04, filtered and the solvent evaporated.
The crude product was purified by flash chromatography (silica gel, EtOAcheptane 1:10 to 1:3) to give
iodolactone 17 (10.0 mg, 54%) as a white oil. [σ]ο20 = -52.5 (c 0.65 CH2CI2). IR (film) ν 2923, 2857,1732,
1674 cm-i. »H NMR (CDCb, 400 MHz) δ 5.46 (dd, ƒ = 0.7,3.7 Hz, IH), 4.71 (m, IH), 2.87 (dd, J = 1.3,18.4 Hz,
IH), 2.68 (d, J = 18.4 Hz, IH), 2.42-2.56 (m, 2H), 2.14-2.25 (m, 2H), 2.03-2.10 (m, IH), 1.97 (ddd, ƒ = 5.5,
10.5,14.2 Hz, IH), 1.93 (s, 3H), 1.82 (ddd, ƒ = 5.4, 7.1,14.0 Hz, IH), 1.65-1.68 (m, IH). "C NMR (CDCI3, 75
MHz) δ 197.3,169.1, 144.1, 134.9, 77.9, 42.6, 36.5, 35.6, 33.7, 33.3, 27.8, 26.4,11.5. HRMS (EI*) calcd. for
CisHisOal [M]+ 346.0066, found 346.0053. COSY and HSQC spectra were in complete agreement with
structure 17.
Methyl 2-(2-oxocyclohexyl)acetate (20)
Ο
Cyclohexanone (2.00 g, 20.4 mmol) was reacted with methyl bromoacetate as indicated
i^N^^COjMe in general procedure A. Purification by flash chromatography (silica gel, etherpentane
K^J
1:10 to 1:4) yielded ester 20 (2.78 g, 80%) as a pale yellow oil. Analytical data were in
full agreement with those reported in the literature.20 IR (neat) ν 2934, 2859, 1735,
1708,1435,1165 cm-i. 'H NMR (CDCI3,300 MHz) 3.67 (s, 3H), 2.82-2.90 (m, IH), 2.77 ( d d j = 7.2,16.1 Hz,
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IH), 2.31-2.45 (m, 2H), 2.15 (dd,7 = 5.8,16.1Hz, IH), 2.08-2.17 (m, 2H), 1.85-1.91 (m, IH), 1.56-1.80 (m,
2H), 1.41 (dq, ƒ = 3.9, 12.8 Hz, IH). 13 C NMR (CDCh, 75 MHz) 6 210.9, 173.0, 51.6, 47.1, 41.8, 34.2, 33.9,
27.7,25.2. HRMS (EI») calcd. for C9H14O3 [M]* 170.0943, found 170.0935.
tert-Butyl 2-(2-oxocydohexyl)acetate (21)
O

Cyclohexanone (2.00 g, 20.4 mmol) was reacted with tert-butyl bromoacetate as

I^Y^C02(-Bu

indicated in general procedure A. Purification by flash chromatography (silica gel,

K^y

ethenpentane 1:10 to 1:6) yielded ester 2 1 (3.59 g, 83%) as a colorless oil. IR (neat) ν
2974, 2932, 2861, 1727, 1710, 1152 c m 1 . Ή NMR (CDCI3, 400 MHz) δ 2.77-2.85 (m,

IH), 2.68 (dd,y = 7.1, 16.4 Hz, IH), 2.31-2.44 (m, 2H), 2.07-2.16 (m, 2H), 2.06 ( d d j = 6.2, 16.3 Hz, IH),
1.84-1.90 (m, IH), 1.71 ( t q j = 3.4,12.7 Hz, IH), 1.58-1.67 (m, IH), 1.44 (s, 9H). 13 C NMR (CDCb, 75 MHz) δ
211.3, 172.1, 80.5, 47.4, 42.0, 35.8, 34.0, 28.2, 28.0, 25.4. HRMS (ESI*) calcd. for CizHzoOjNa [M+Na]*
235.1310, found 235.1314. Analytical data were in full agreement with those reported in the literature. 2 1
(«)-Methyl2-(8-methyl-7-oxo-l,2,3,4,4a,5,6,7-octahydronaphthalen-4a-yl)acetate(24)
9

According to general procedure B, 20 (2,00 g, 11,75 mmol) was reacted with (S)-(-)-

T i ^

phenylethylamine

^

and

ethyl

vinyl

ketone to give after

purification

by

flash

chromatography (silica gel, EtOAc:heptane 1:10 to 1:7) ketone 22 (1,59 g, 53%) as a pale

f/^yS
J 'l

yellow liquid and recovered ester 20 (0.42 g, 21%). The product was not analytically
2

pure and was reacted in the next step with KOH according to the general procedure. The

crude product of this reaction was dissolved in aqueous NaOH (0.1 M, 200 mL) and the aqueous layer was
washed with CH2CI2 (40 mL) and subsequently acidified with HCl (2 M) to pH 1. The aqueous layer was
extracted with EtOAc (3 χ 70 mL) and the combined organic layers were washed with brine (100 mL),
dried with NazSCU, filtered and the solvent evaporated to yield the hydrolyzed aldol product (1.42 g) as a
pale yellow oil. Ή NMR (COCU, 400 MHz) δ 2.74-2.78 (m, IH), 2.74 (dd, ƒ = 0.8,13.6 Hz, IH), 2.55 (ddd,7 =
5.0,13.7,17.5 Hz, IH), 2.55 (dd,y = 0.8,13.6 Hz, IH), 2.43 (ddd,ƒ = 4.0,4.8,17.4 Hz, IH), 5.01 (ddd, ƒ = 4.0,
4.8,13.9 Hz, IH), 1.93-2.13 (m, 3H), 1.62-1.80 (m, 3H), 1.78 (d,y = 1.3 Hz, 3H), 1.30-1.44 (m, 2H). " C NMR
(CDCI3, 75 MHz) δ 199.0,176.9, 160.6, 130.2, 39.1, 38.3, 38.1, 33.7, 33.6, 27.7, 26.7, 21.3, 11.2. The crude
product (1.42 g) was dissolved in acetone (25 mL) and treated with K2CO3 (1.77 g, 12.78 mmol) and
iodomethane (1.81 g, 12.78 mmol). After stirring for 6 h at RT the suspension was filtered and the solvent
evaporated. The crude product was purified by flash chromatography (silica gel, EtOAc:heptane 1:20 to
1:3) to give ester 24 (1.21 g, 82%) as a colorless oil. [α]ο 20 = -53.5 (c 1.12 CH2CI2). IR (neat) ν 2929, 2861,
1732,1663,1608 cm-1, m NMR (CDC13, 400 MHz) δ 3.67 (s, 3H), 2.72-2.78 (m, IH), 2.71 (dd,/= 1.1,13.7
Hz, IH), 2.53 (ddd,ƒ = 5.0,13.8,17.3 Hz, IH), 2.53 (dd, ƒ = 1.1,13.7 Hz, IH), 2.41 ( d d d j = 3.8,4.9,17.3 Hz,
IH), 2.04-2.16 (m, 2H), 1.91-1.97 (m, IH), 1.77 (d, ƒ = 1.4 Hz, 3H), 1.58-1.76 (m, 4H), 1.37 (tq, ƒ = 4.4,13.1
Hz, IH), 1.27-1.34 (m, IH). " C NMR (CDCI3, 75 MHz) δ 198.6, 171.5, 160.3, 129.9, 51.6, 39.0, 38.3, 38.0,
33.6,33.6, 27.5,26.6,21.2,11.0. HRMS (EI*) calcd. for C14H20O3 [M]* 236.1413, found 236.1406.
(R)-Methyl2-(l-methyl-2-oxo-2,3,4,4a,5,6-hexahydronaphthalen-4a-yl)acetate(25)
Ο

According to general procedure C, ester 24 (1.00 g, 4.23 mmol) was reacted with
chloranil. Flash chromatography (silica gel, EtOAcheptane 1:20 to 1:5) afforded diene 25
(0.615 g, 62%) as an off-white solid, [alo 2 0 = -278.4 (c 1.16 CH2CI2). IR (neat) ν 3031,
2950, 2921, 2860, 1730, 1654, 1613, 1579 cm-1. Ή NMR (CDCI3, 400 MHz) δ 6.46-6.49
(m, IH), 6.24-6.29 (m, IH), 3.68 (s, 3H), 2.68 (ddd, ƒ = 5.2, 14.8, 18.2 Hz, IH), 2.43-2.54

(m, 4H), 2.25 (td,/ = 5.4, 20.1 Hz, IH), 2.11 (ddd, ƒ = 2.0, 5.2,13.6 Hz, IH), 1.96 (tdd, ƒ = 1.2, 5.2, 13.6 Hz,
IH), 1.82 (s, 3H), 1.74 (dddd, 1.3, 5.0, 13.8, 14.9 Hz, IH), 1.45-1.53 (m, IH). 13 C NMR (CDCI3, 75 MHz) δ
198.8,171.4,152.9,137.2, 128.8, 124.3, 51.6, 36.6, 36.1, 33.8, 32.9, 32.6, 23.2, 10.3. HRMS (EI*) calcd. for
CuHieOs [M]· 234.1256, found 234.1246.

38

Synthetic Studies toward (-)-Platensimycin

2-Allylcyclohexanone (26)
Cyclohexanone (5 00 g, 60 0 mmol) was reacted with allyl bromide as indicated in general
procedure A with the exception that in this reaction no HMPA was used Purification by flash
chromatography (silica gel, EtOAc heptane 1 80 to 1 20) yielded ketone 26 (4 20 g, 60%) as a
colorless oil 'H NMR (CDCU, 400 MHz) δ 5 77 (dddd,/ = 6 3, 7 8,10 1,16 6 Hz, IH), 4 98-5 05
(m, 2H), 2 50-2 57 (m, IH), 2 26-2 42 (m, 3H), 2 10-2 17 (m, IH), 2 02-2 08 (m, IH), 1 9 8 (td, ƒ = 7 7, 14 3
13
Hz, IH), 1 83-1 89 (m, IH), 1 62-1 69 (m, 2H), 1 31-141 (m, IH) C NMR (CDCb, 75 MHz) δ 212 5,136 5,
116 2, 50 3, 42 04, 33 8, 33 4, 27 9, 25 0 Analytical data were in full agreement with those reported in the
22
literature

y

(Ä)-4a-Allyl-l-methyl-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one(28)
O

According to general procedure B, ketone 26 (2 00 g, 14 5 mmol) was reacted with ($)-(-)phenylethylamine and ethyl vinyl ketone to give, after purification by flash chromatography
(silica gel, EtOAc heptane 1 20 to 1 4), ketone 27 (1 69 g, 52%) as a pale yellow liquid and
recovered 26 (0 385 g, 19%) The product was reacted with KOH as indicated in general
procedure Β The crude product was taken up in EtOAc (100 mL) and washed with water (2
χ 50 mL) and bnne (50 mL), dried with Na2S04, filtered and the solvent evaporated The crude product
was purified by flash chromatography (silica gel, EtOAc heptane 0 1 to 1 5) to give a pale yellow oil (1 20
g, 77%) A portion of this product (0 927 g, 4 54 mmol) was reacted with chloranil according to general
procedure C Flash chromatography (silica gel, EtOAc heptane 0 1 to 1 40) afforded diene 28 (0 560 g,
61%) as ayellow oil [α]ο 20 = - 3 7 4 1 (c 0 70 CH2CI2) IR (neat) ν 3071, 3032, 2920, 2855,1653,1613,1578
cm-i iHNMR (CDCI3,400 MHz) δ 6 49-6 52 (m, IH), 6 21-6 26 (m, IH), 5 81 (tdd, ƒ = 7 5,10 7,16 3 Hz, IH),
5 14 (m, IH), 5 09-5 12 (m, IH), 2 59 ( d d d j = 5 4,14 8,18 0 Hz, IH), 2 42 (ddd, ƒ = 2 1, 5 1, 18 0 Hz, IH),
2 17-2 34 (m, 4H), 1 9 4 (ddd, / = 2 0, 5 4, 13 5 Hz, IH), 1 83 (s, 3H), 1 77 (tdd, / = 1 3, 5 2, 13 S Hz, IH),
1 59-1 68 (m, IH), 1 40 (dddd, / = 0 9, 5 7, 12 0, 13 2 Hz, IH) " C NMR (CDCI3, 75 MHz) δ 199 2, 154 7,
136 8,133 9,128 1,124 7,118 2, 36 4, 36 2, 33 6, 32 2, 32 0, 22 9,10 2 HRMS (El*) calcd for CuHieO [M]*
202 1358, found 202 1366
(45,10aS)-7-Methyl-9,10-dlhydro-4,10a-methanobenzo[ii]oxocine-2,8(l//,4H)-dione(31)
Me ο DBU (61 6 mg, 0 405 mmol) was added to a stirred solution of lodolactone 17 (56 0 mg,
—f^~\
0 162 mmol) in THF (1 6 mL) The reaction mixture was warmed to 70 0C (sealed tube)
\s~\
and stirred for 1 h Then an additional portion of DBU (25 0 mg, 0 164 mmol) was added to
O-ff
the white suspension and the reaction was continued for 2 h At that time TLC showed
Ο
complete consumption of lodolactone 17 and the reaction was cooled to RT, quenched
with saturated aqueous NH4CI (15 mL) and extracted with ether ( 6 x 7 mL) The combined organic layers
were washed with brine (5 mL), dried over NaaSO*, filtered and the solvent evaporated The crude product
was purified by flash chromatography (silica gel, EtOAc heptane 1 20 + 1% EtaN to 1 2 + 1% EtsN) to give
diene 31 (30 2 mg, 86%) as colorless needles [α]ο 20 = +358 3 (c 0 30 CH2CI2) »H NMR (CDCb, 400 MHz) δ
6 08-6 14 (m, 2H), 5 43-5 48 (m, IH), 2 85 ( d j = 18 7 Hz, IH), 2 80 (d, ƒ = 17 2 Hz, IH), 2 66 (dd, ƒ = 1 1 ,
18 7 Hz, IH), 2 49-2 53 (m, 2H), 2 27 ( d d j = 3 0,17 8 Hz, IH), 2 02-2 08 (m, 2H) " C NMR (CDCU, 75 MHz)
δ 197 7, 170 2, 148 0, 132 8, 130 3, 126 9, 7 1 1 , 46 5, 41 2, 35 6, 34 6, 33 9, 10 9 IR (film) ν 3040, 2989,
2947,2912,1722,1667,1193 971 cm-i HRMS (ΕΙ*) calcd for CnH^Oa [M]* 218 0943, found 218 0934
Methyl 2-((lR,2ß,4a5)-l-hydroxy-2-lodo-8-methyl-7-oxo-l,2,3,4,4a,5,6,7-octahydronaphthalen-4ayljacetate (35)
°
NIS (50 3 mg, 0 224 mmol) was added to a stirred solution of diene 25 (50 0 mg, 0 213
M e
Nj/\
mmol) in acetomtnle/water (2 1,1 5 mL) at RT The reaction was warmed to 50 "C for
HO ^ k ^
40 mm, then cooled to RT and quenched with aqueous Na2S03 (0 5 M, 5 mL) The
JL J 'l
reaction mixture was extracted with ether (3 χ 10 mL) and the combined organic
1^^-^

C02Me
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layers were washed with water (5 mL) and brine (5 mL) The organic layer was dried with NazSCU, filtered
and the solvent evaporated The crude product was purified by flash chromatography (silica gel,
EtOAc heptane 1 10 to 1 4) to give lodohydnn 35 (64 9 mg, 80%) as a colorless solid and lodolactone 17
20
(8 1 mg, 11%) as a white oil 35 [α]ο = +73 3 (c 0 18 CH2CI2) IR (film) ν 3079-3667, 2945, 2925, 2863,
1
1728,1664,1453,1433,1198,1171,1003, 940 cm- 'H NMR (CDCI3, 400 MHz) δ 5 17 (m, IH), 4 62-4 65
(m, IH), 3 85 (d, ƒ = 1 4 Hz, IH), 3 66 (s, 3H), 3 09 (d,ƒ = 13 6 Hz, IH), 2 62 (d, ƒ = 13 6 Hz, IH), 2 47 (dd,/ =
1 2, 6 2 Hz, IH), 2 45 (t, ƒ = 6 3, IH), 2 33 (tdd, / = 3 5, 13 0, 15 5 Hz, IH), 1 92-2 02 (m, 3H), 190 (s, 3H),
1 77-1 84 (m, IH), 1 67-1 74 (m, IH) " C NMR (CDCI3, 75 MHz) δ 198 5, 174 0, 150 9, 136 4, 72 0, 52 3,
42 9,38 0,36 8,361,34 3,34 0, 24 7,10 8 HRMS (El*) calcd for CMHWCM [M]* 378 0328, found 378 0336
Methyl 2-((lfi,2R,4a5)-l-acetoxy-2-lodo-8-methyl-7-oxo-l,2,3,4,4a,5,6,7-octahydronaphthalen-4ayl)acetate (36)
Ο
Μ β
^^Ν
AcO, J^J
JL J I

Acetic anhydride (0196 g, 1 92 mmol) and DMAP (4 0 mg, 0 03 mmol) were added to
a stirred solution of lodohydnn 35 (0 161 g, 0 427 mmol) in C^CU/pyndine (20 1,
10 mL) at 0 °C After 5 mm the reaction was warmed to RT and stirred for 2 h
Methanol (2 mL) was added to quench the reaction and the solvent was evaporated
2
The crude product was redissolved in CH2CI2 (30 mL) and washed with aqueous HCl
(0 1 M, 10 mL), saturated aqueous NaHCOs (10 mL) and brine (10 mL) The organic layer was dried with
Na2S04, filtered and the solvent evaporated The crude product was purfified by flash chromatography
(silica gel, EtOAc heptane 1 40 to 1 4) to give iodide 36 (0 169 g, 94%) as a colorless oil IR (film) ν 2947,
2863,1732,1674 cm-i Ή NMR (CDCI3,400 MHz) δ 6 16 ( d j = 2 7 Hz, IH), 4 58-4 60 (m, IH), 3 68 (s, 3H),
3 01 (dd, / = 1 0, 14 1 Hz, IH), 2 66 (ddd, j = 4 9, 14 7, 17 9 Hz, IH), 2 55 (dd, / = 1 0, 14 0 Hz, IH), 2 51
(ddd, y = 3 0, 4 6, 17 8 Hz, IH), 2 02-2 19 (m, 3H), 2 06 (s, 3H), 1 82-1 93 (m, 3H), 1 90 (s, 3H) 13 C NMR
(COCU, 75 MHz) δ 198 4,1713,168 7,148 4,137 8, 72 7 51 7, 38 9, 37 7, 34 4, 33 9, 33 6, 30 2, 25 3, 20 9,
1 1 2 HRMS (ESI*) calcd for C^foiIOs [M]* 421 0512, found 421 0510
(4a5,7Ä,8fi)-8-Hydroxy-7-iodo-l-methyl-4a-(3-(trllsopropylsllyl)prop-2-yn-l-yl)-4,4a,5,6,7,8hexahydro-naphthalen-2(3H)-one (38)
NIS (40 0 mg, 0178 mmol) was added to a stirred solution of diene 46 (60 0 mg, 0 168
mmol) in acetonitrile/water (2 5 mL, 4 1) at RT The reaction was warmed to 50 °C and
after 30 mm two portions of NIS (8 0 mg, 0 036 mmol) were added with 15 mm interval
According to TLC analysis the reaction was complete after 1 h and the reaction mixture
was cooled to RT, transfered to a seperatory funnel by rinsing with ether (10 mL) and
washed with Na2S03 (0 5 M, 5 mL) The organic phase was separated and the aqueous
layer was extracted with ether ( 2 x 5 mL) The combined organic layers were washed
with brine (10 mL), dried with NazSCU, filtered and the solvent evaporated Purification by flash
chromatography (silica gel, EtOAc heptane 0 1 to 1 20) afforded lodohydnn 38 (67 5 mg, 80%) as
colorless needles [α]ο 20 = -22 5 (c 0 95 CH2CI2) IR (neat) ν 3439, 2958, 2938, 2888, 2862, 2162, 1645,
1601 cm ! m NMR (CDCls, 400 MHz) δ 5 16 (t, ƒ = 2 6 Hz, IH), 4 59-4 61 (m, IH), 2 92 (dd,/ = 0 8,17 6 Hz,
IH), 2 78 (ddd,y = 5 1,14 9,17 6 Hz, IH), 2 71 (dd,/ = 0 9,17 6 Hz, IH), 2 47 ( d d d j = 2 9,4 6,17 6 Hz, IH),
2 21-2 30 (m, IH), 2 24 (d,y = 2 8 Hz, IH), 2 20 (ddd,y = 2 9, 5 0,13 5 Hz, IH), 1 76-1 97 (m, 4H), 1 88 (s,
3H), 1 01-1 05 (m, 21H) " C NMR (CDCI3, 75 MHz) δ 199 0,152 1,135 8,105 7, 84 5, 72 0,53 4, 37 9, 36 2,
34 4,34 4,34 0,28 5, 24 4,18 6,11 2 HRMS (CI*) calcd for C23H3e02Sil [M+H]* 5011686, found 5011673
2-(3-(Triisopropylsilyl)prop-2-yn-l-yl)cyclohexanone(39)
Cyclohexanone (4 64 g, 47 2 mmol) was reacted with iodide 42 as indicated in general
procedure A with the following adjustments different ratios of n-butyllithium ( 1 1
equiv), dusopropylamine ( 1 1 equiv) and iodide 42 (1 2 equiv) were used and no
HMPA was added to the reaction Purification by flash chromatography (silica gel,
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EtOAc heptane 0 1 to 1 10) yielded ketone 39 (13 8 g, quant) as a colorless oil IR (film) ν 2939, 2891,
1
2862, 2172,1713 cm- >H NMR (CDCU, 400 MHz) δ 2 69 (dd, ƒ = 3 9,17 2 Hz, IH), 2 39-2 52 (m, 3H), 2 30
(ddt,y = 0 9, 6 0, 12 9 Hz, IH), 2 25 (dd,/ = 9 0, 17 3 Hz, IH), 2 04-2 12 (m, IH), 190-1 96 (m, IH), 1 6113
1 75 (m, 2H), 138-1 49 (m, IH), 1 03-1 07 (m, 21H) C NMR (CDCb, 75 MHz) δ 210 8, 106 9, 81 6, 49 9,
419,33 1,27 8, 25 1, 20 2,18 6,11 3 HRMS (EI*) calcd for CieHazOSi [M]* 292 2223, found 292 2236
(3-(l-Ethoxyethoxy)prop-l-ynyl)tTiisopropylsllane (41)
TIPS—=—\
Propagyl alcohol (5 27 mL, 89 2 mmol) was added dropwise to a stirred solution of
0 E E
ethyl vinyl ether (33 4 mL, 348 mmol) and pyndimum p-toluenesulfonate (0 045 g,
0 178 mmol) at 0 °C After 3 h the reaction mixture was warmed to RT and diluted with pentane (170 mL)
The reaction was filtered over Celile and the solvent removed in vacuo The crude product was dissolved
in THF (500 mL) and n-butylhthium (53 7 mL, 1 6 M in hexanes, 85 9 mmol) was added dropwise at -78
"C After 1 h TIPSC1 (18 4 mL, 85 9 mmol) was added at -78 "C and the solution was stirred for 3 h at the
same temperature The reaction mixture was warmed to 0 °C and quenched by the careful addition of
water (50 mL) The organic layer was washed with saturated aqueous NH4CI (75 mL) and brine (50 mL),
dried with MgSCU, filtered, and the solvent evaporated to give alkyne 4 1 (23 2 g, 95%) as a pale yellow
liquid IR (neat) ν 2941, 2889, 2864, 2171, 2171, 2146,1462,1382 cm-* m NMR (CDCI3, 300 MHz) ò 4 90
(q, ƒ = 5 3 Hz, IH), 419-4 32 (m, 2H), 3 68 ( d q j = 7 1, 9 4 Hz, IH), 3 52 (dq, ƒ = 7 1, 9 5 Hz, IH), 1 33 (d, ƒ =
5 3 Hz, 3H), 1 21 (t, ƒ = 7 1 Hz, 3H), 1 04-1 07 (m, 21H) 13C NMR (CDCb, 75 MHz) δ 103 2, 98 0, 86 4, 60 8,
53 0,19 5,181,14 8,10 7
(3-Iodoprop-l-ynyl)triisopropylsilane(42)
TIPS =
To a stirred solution of alkyne 4 1 (24 4 g, 85 8 mmol) in THF (300 mL) was added HCl (80
1
mL, 2 M) at 0 °C After 5 h ether (75 mL) was added and the organic layer was washed
with saturated aqueous NazCCb (50 mL), water (75 mL) and brine (50 mL) The organic layer was dried
with MgS04, filtered and the solvent evaporated to give the deprotected product (17 7 g, 97%) as a pale
yellow oil A portion of this product (0 500 g, 2 35 mmol) was treated with tnphenylphosphine (0 784 g,
2 98 mmol) imidazole (0 240 g, 3 52 mmol) and iodine (0 775 g, 3 01 mmol) in CH2CI2 (15 mL) at 0 "C
After 10 mm the reaction mixture was quenched with aqueous NazSOa (0 5 M, 10 mL) The organic layer
was separated and washed with an aqeous solution of NaiSOs (0 5 M, 10 mL) and brine (lOmL) The
organic layer was dried with Na2S04, filtered and the solvent evaporated in vacuo at RT The crude
product was dissolved in ether and CH2CI2 and purified by flash chromatography (silica gel,
EtOAc heptane 0 1) yielding iodide 42 (0 621 g, 82%) as a pale yellow liquid Note Because of the highly
reactive nature of the product only 'H-NMR analysis has been conducted The product was immediately
reacted m the next step m NMR (CDCU, 300 MHz) δ 3 74 (s, 2Η), 1 07-1 05 (m, 21H)
(«)-l-Methyl-4a-(3-(triisopropylsllyl)prop-2-yn-l-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)one (45)
O
According to general procedure Β, ketone 39 (4 20 g, 14 4 mmol) was reacted with (5)-(-)Me^JL
phenylethylamine and ethyl vinyl ketone to give after purification by flash
J b \
chromatography (silica gel, EtOAc heptane 1 40 to 1 10) ketone 44 (2 88 g, 53%) as a pale
Γ J '
yellow oil The product was treated with KOH as indicated in general procedure Β and the
11
crude product was dissolved in EtOAc (150 mL) and washed with water (50 mL) and brine
(50 mL) The organic layer was dried with MgSCU, filtered and the solvent evaporated The
crude product was purified by flash chromatography (silica gel, EtOAc heptane 0 1 to 1 6)
to give ketone 45 (2 38 g, 87%) as a white solid [α]ο 20 = -11 5 (c 1 02 CH2CI2) IR (neat) ν 2940, 2889,
2861, 2168,1667 cm 1 »H NMR (CDCU, 400 MHz) δ 2 73 (td, ƒ = 3 1, 15 0 Hz, IH), 2 64 (dd, 1 2, 17 2 Hz,
IH), 2 56 (ddd, ƒ = 5 1,13 9,17 1 Hz, IH) 2 53 (dd, ƒ = 11,17 2 Hz, IH), 2 39 (ddd, ƒ = 4 0,4 7,17 1 Hz, IH),
2 22 (ddd, ƒ = 4 0, 5 1,13 6 Hz, IH), 1 98-2 10 (m, 2H), 188-1 95 (m, IH), 1 77 (d, ƒ = 1 4 Hz, 3H), 1 68 (ddt,
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13

J = 1.1, 4.8, 13.7 Hz, IH), 1.60-1.67 (m, 2H), 1.20-1.43 (m, 2H), 0.98-1.08 (m, 21H). C NMR (CDCb, 75
MHz) δ 198.7,160.6,129.9,104.6, 83.5, 39.2, 38.0, 34.1, 33.7, 27.7, 26.6, 25.6, 21.1,18.6,11.3,11.0. HRMS
(ESI*) calcd. for CzsHsaOSiNa [M+Na]* 381.290, found 381.2591.
(R)-l-Methyl-4a-(3-(triisopropylsilyl)prop-2-yii-l-yl)-4,4a,5,6-tetrahydronaphthalen-2(3H)-one
(46)
According to general procedure C, ketone 45 (2.00 g, 5.57 mmol) was reacted with
chloranil. Flash chromatography (silica gel, EtOAc:heptane 0:1 to 1:6) afforded diene 4 6
20
(1.28 g, 64%) as a pale yellow oil. [α]ο = -144.7 (c 1.15 CH2CI2). IR (neat) ν 2938, 2920,
1
2862, 2889, 2168, 1660, 1614, 1581 cm- . Ή NMR (CDCb, 400 MHz) δ 6.47 (ddd, J = 1.3,
2.7,10.1 Hz, IH), 6.23 (ddd, ƒ = 2.4, 5.2,10.0 Hz, IH), 2.61 (ddd, ƒ = 5.4,14.7,18.0 Hz, IH),
2.44-2.50 (m, 3H), 2.34-2.41 (m, IH), 2.22-2.29 (m, 2H), 2.14 (tdd, ƒ = 1.2, 5.2,13.4 Hz, IH),
1.82 (s, 3H), 1.70 (dddd,/= 1.1, 5.2,13.7,14.6 Hz, IH), 1.44 ( d t j = 5.7,12.5 Hz, IH), 1.0313
1.09 (m, 21H). C NMR (CDCb, 75 MHz) δ 198.8, 152.9, 137.1, 128.8, 124.3, 104.7, 83.2, 36.2, 33.6, 32.7,
32.5, 24.0, 22.9,18.6,11.3,10.3. HRMS (ESI*) calcd. for CzjHsyOSi [M+H]* 357.2614, found 357.2604.
ο

(l/f,2Ä,4ay)-2-Iodo-8-methyl-7-oxo-4a-(3-(triisopropylsilyl)prop-2-yn-l-yl)-l,2,3,4,4a,5,6,7octahydronaphthalen-1-yl acetate (47)
Acetic anhydride (57.8 mg, 0.566 mmol) and DMAP (2.0 mg, 0.02 mmol) were added to
a stirred solution of iodohydrin 38 (63.0 mg, 0.126 mmol) in CHzCU/pyridine (20:1, 6
mL) at 0 0C. After 5 min the reaction was warmed to RT and stirred for 2 h. Methanol (2
mL) was added to quench the reaction and the solvent was evaporated. The crude
product was redissolved in CH2CI2 (20 mL) and washed with aqueous HCl (0.1 M, 10
mL), saturated aqueous NaHCOs (10 mL) and brine (10 mL). The organic phase was
dried with Na2S04, filtered and the solvent evaporated. The crude product was purfified
by flash chromatography (silica gel, EtOAc:heptane 1:40 to 1:4) to give acetate 47 as colorless plates [α]ο 20
= -73.8 (c 1.00 CH2CI2). IR (neat) ν 2942, 2862, 2163,1745,1667 cm->. Ή NMR (CDCb, 400 MHz) δ 6.15
(d, ƒ = 2.9 Hz, IH), 4.56-4.58 (m, IH), 2.90 (dd, ƒ = 1.1,17.5 Hz, IH), 2.74 (ddd, ƒ = 5.0,14.8, 17.7 Hz, IH),
2.57 (dd,7 = 1.1,17.5 Hz, IH), 2.48 ( d d d j = 2.9,4.7,17.7 Hz, IH), 2.34 (ddd,/ = 2.9, 5.0,13.5 Hz, IH), 2.002.09 (m, 2H), 2.07 (s, 3H), 1.79-1.91 (m, 3H), 1.89 (s, 3H), 1.04-1.05 (m, 21H). " C NMR (CDCb, 75 MHz) δ
198.6, 168.8, 148.5, 137.8, 104.7, 84.1, 72.5, 37.9, 35.2, 33.9, 33.6, 30.3, 27.2, 25.2, 21.0, 18.6, 11.3, 11.1.
HRMS (ESI*) calcd. for CzsHioIOaSi [M+H]* 543.1791, found 543.1832.
(4a5,7Ä,8R)-7-Iodo-8-(methoxymethoxy)-l-methyl-4a-(3-(triisopropylsilyl)prop-2-yn-l-yl)4,4a,5,6,7,8-hexahydronaphthalen-2 (3 H)-one (48)
ο
Methyl chloromethyl ether (53.1 mg, 0.660 mmol) was added to a cooled (0 0C)
Me
γ ^
solution of alcohol 38 (87.0 mg, 0.174 mmol) and 2,6-lutidine (0.112 g, 0.660 mmol)
MOMO,, J^J
' n CH2CI2 (3 mL). After 30 min the reaction was warmed to RT and stirred for 16 h.
I
1 ''
The reaction was quenched by saturated aqueous NaHCCb (10 mL) and the aqueous
1
11
layer was extracted with CH2CI2 (3 χ 7 mL). The combined organic layers were
. . | p s washed with brine (10 mL), dried over Na2S04, filtered and the solvent evaporated.
The crude product was purfified by flash chromatography (silica gel, EtOAcheptane
1:10) to give MOM-ether 48 (94.5 mg, quant) as a colorless oil. [α]ο 20 = -41.1 (c 0.85 CH2CI2). IR (neat) ν
2939, 2862, 2889, 2168,1675 c n r U H NMR (CDCb, 400 MHz) δ 5.00 ( d j = 2.8 Hz, IH), 4.62-4.65 (m, IH),
4.55 (d,;= 6.9 Hz, IH), 4.52 ( d j = 6.9 Hz, IH), 3.33 (s, 3H), 3.08 (dd,/= 1.1,17.6 Hz, IH), 2.70 (ddd,ƒ = 5.0,
15.0,17.6 Hz, IH), 2.49 ( d d j = 1.3,17.6 Hz, IH), 2.47 (ddd, ƒ = 2.8,4.6,17.6 Hz, IH), 2.32 (ddd,/ = 2.8, 5.0,
13.4 Hz, IH), 2.06-2.18 (m, 2H), 1.83-1.88 (m, IH), 1.87 (s, 3H), 1.73-1.81 (m, 2H), 1.03-1.06 (m, 21H). " C
NMR (CDCb, 75 MHz) δ 198.4, 150.1, 136.1, 104.7, 94.0, 83.1, 74.7, 55.3, 37.5, 34.4, 33.4, 33.4, 32.6, 26.3,
24.4,18.2,10.8,10.3. HRMS (ESI*) calcd. for C2SH42O3SÌI [M+H]* 545.1948, found 545.1944.
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(fi)-8-Methyl-7-oxo-4a-(3-(trllsopropylsllyl)prop-2-yii-l-yl)-3,4,4a,5,6,7-hexahydronaphthaIen-lyl acetate (50)
O
DBU (73 mg, 0.480 mmol) was added to a stirred solution of acetate 47 (74.0 mg, 0.136
0
Me^JL
mmol) in THF (1.3 mL). The reaction mixture was warmed to 60 C and stirred for 2 h.
AcO Jl^^J
Then an additional portion of DBU (36 mg, 0.236 mmol) was added to the green
Τ J''
suspension and the reaction was continued for 90 min. At that time TLC showed almost
11
complete consumption of acetate 47 and the reaction was cooled to RT, quenched with
.
saturated aqueous NH4CI (15 mL) and extracted with ether ( 4 x 5 mL). The combined
organic layers were washed with brine (5 mL), dried over NazSOi, filtered and the
solvent evaporated. The crude product was purified by flash chromatography (silica gel, EtOAcheptane
20
0:1 + 1% EtaN) to give enol acetate 50 (44.0 mg, 78%) as a colorless oil. [α]ο = -203.3 (c 0.60, CH2CI2). [R
(neat) ν 2939, 2890, 2863, 2169,1760,1669, 1456,1215, 1203, 1169 cm-i. Ή N M R (CDCb, 400 MHz) δ
5.79 (t, ƒ = 4.0 Hz, IH), 2.82 (dd,/ = 1.8,17.9 Hz, IH), 2.59 (dd,y = 1.4,17.9 Hz, IH), 2.55 (ddd,ƒ = 5.1,15.2,
17.4 Hz, IH), 2.46-2.53 (m, IH), 2.43 (ddd, ƒ = 2.4, 4.7,17.4 Hz, IH), 2.30-2.38 (m, 2H), 2.15-2.20 (m, IH),
2.14 (s, 3H), 1.90 (s, 3H), 1.63 (ddddj = 1.8,4.7,13.7,15.3 Hz, IH), 1.47-1.55 (m, IH), 1.05-1.07 (m, 21H).
»C N M R (CDCI3, 75 MHz) δ 198.8,169.0,148.4,144.3,129.5,126.4,104.8,83.0, 38.7, 33.3, 33.1, 31.9, 23.1,
21.9,20.7,18.6,13.0,11.3. HRMS (EI*) calcd. for CzsHaeOsSi [M]* 414.2590, found 414.2581.
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Chapter 3
Formal Total Synthesis of
(-)-Platencin

CHO

(SM-)-perillaldehyde

This chapter describes the development of a formal total synthesis of (-)-platencin. The
synthesis commenced with a novel high-pressure Diels-AIder reaction of (5)-(-)-perillaldehyde
with Danishefsky's diene. Several chemoselective transformations of the Diels-AIder product
were investigated and finally, through the use of a Smh-mediated pinacol cyclization as a
second key step, the synthesis of the core structure of (-)-platencin was completed.
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3.1

Introduction
1

One year after the discovery of platensimycin (I), researchers from Merck reported a second
2
potent antibiotic, platencin (2) (Figure I ) . Although both compounds are structurally closely
related, subtle changes in the cage structure lead to a different affinity for the acyl carrier
3
proteins in the fatty acid synthesis. Whereas platensimycin (1) is an efficient inhibitor of FabF
(ICso = 0.13 μg/mL), platencin (2) inhibits both FabF and FabH with ICso values of 1.95 and 3.91
μg/mL in 5. aureus respectively. The overall efficacy for both compounds is comparable and only
against 5. pneumoniae platencin (2) displays a fourfold lower activity.

[^γ Ο Η ο

Β

fY0"0

Ho,c

0

" » ^Φ
(-)-platensimycin (1)

M e

0

sA

Y ^

(-)-platenan (2)

Figure 1 Structures of platensimycin [1] and platencin (2].

As was the case for platensimycin (1), the valuable properties and intriguing architecture of
platencin (2) fueled extensive research to its synthesis. This chapter describes our efforts in this
field which culminate in a formal total synthesis of platencin (2). For a complete overview of
total syntheses of platencin (2), the interested reader is referred to Chapter 1.

3.2

Retrosynthesis

Based on the structural similarity of platencin (2) and platensimycin (1), the first disconnections
in the retrosynthesis of platencin (2) are the same. Thus, cleavage of the propionic acid linker in
platencin (2) and disconnection of the methyl group reveals two key synthons, aniline 3 and
ketolide 4 (Figure 2). At the start of this project, several syntheses of protected forms of aniline
3 had already been reported, 4 allowing us to focus our attention on the synthesis of the
unprecedented ketolide 4.

A*
-•^
Ο

(->-platencin (2) "

O

NH2

^

II

=> "tc· ^ - $
3

4

|J

Figure 2 Cleavage of the C-3 linker reveals synthons 3 and 4.

We envisioned accessing core structure 4 using a Diels-Alder reaction of a cydohexene with
Danishefsky's diene. Surprisingly, at the time, this approach had not been utilized by other
groups in the synthesis of platensimycin (1) or platencin (2). Instead, most research groups first
assembled the cage part of the molecule and then spent many steps on the formation of the
cyclohexenone portion at a later stage of the synthesis, which often involved unattractive
sequential reduction-oxidation protocols and protective group manipulations. 5
As depicted in Figure 3, a Diels-Alder strategy would allow us to quickly construct the
cyclohexenone portion of the molecule in one step, while simultaneously installing the larger
46
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part of the cage structure as well. The success of this approach would primarily hinge on the
commercial or synthetic availability of enantiopure cyclohexenes (e.g. alkene 5) with suitable Rgroups to render the Diels-Alder reaction regio- and diastereoselective. Furthermore, the Rgroups should be amenable to follow up chemistry for elaboration of enone 8 into core structure
4.
R1

OTMS
//

VoMe
OMe

R2

S

7

Figure 3 Diels-Alder strategy to core structure 4.

3.3

Diels-Alder reaction of (5)-(-)-perillaldehyde

A literature search for suitably functionalized cyclohexenes for the Diels-Alder reaction revealed
(5)-(-)-perillaldehyde (10) as a potential substrate (Figure 4). In contrast to its extensively used
congener carvone (9), (5)-(-)-perillaldehyde (10) is only scarcely used in organic synthesis and,
to the best of our knowledge, had so far not found application in total syntheses. Like carvone,
(5)-(-)-perillaldehyde (10) is an inexpensive and harmless flavoring agent which is readily
available in kilogram quantities. As depicted in Figure 4, a Diels-Alder reaction of (5)-(-)perillaldehyde (10) and Danishesfky's diene (6) would, after hydrolysis, afford enone 11.
Irrespective of an endo- or exo-transition state, the equatorial isopropylene group is incapable of
directing the diastereoselectivity of the reaction by steric shielding. Instead, the facial selectivity
is expected to be governed by the preferred equatorial position of the isopropylene substituent
in the boat-like transition state.

f

Tavored
Me

CHO

Me

6

1)

) _ V . OMe
O

2)

(R)-(-)-carvone (9)

H*

(S)-(-)-perillaldehyde (10)

Me

'CHO

1

unfavored
H

11
«' Me:

Figure 4 (5]-(-)-Perillaldehyde (10] as a potential Diels-Alder substrate.

Unfortunately, cyclohexenes are notoriously poor dienophiles and even electron-rich dienes
such as Danishesfky's diene (6) fail to react with cyclohexenes at high temperatures. 6 Often
Lewis acid catalysis is used for the activation of unreactive dienophiles in the Diels-Alder
reaction. However, the limited stability of diene 6 toward Lewis acids restricts its use to
reactions where the Diels-Alder reaction is faster than decomposition. A striking example of this
limitation is shown in Figure 5. Here, Danishefsky and co-workers resorted to a Lewis acidcatalyzed Diels-Alder reaction of 2-(trimethylsiloxy)-l,3-butadiene with (5)-(+)-carvone (9)
followed by stoichiometric palladium acetate oxidation of the silyl enol ether (12) to enone 13. 7
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Me

Me
(S)-(+)-carvone (9)

ur1

(+)-penbysin E (14)

,<

63% 2 steps
(dr 19 1 as trans)
Figure 5 Synthesis of (+)-penbysin E (14) by Danishefsky et al.

As anticipated, under thermal activation or Lewis acid catalysis the reaction of (5)-(-)perillaldehyde (10) with diene 6 also suffered from the aforementioned problems and either no
reaction or decomposition of diene 6 was observed. In the case of BFs-OEtz, reaction did occur
but only afforded the hetero Diels-Alder product. The latter result clearly demonstrates the
inherent problem that activation of unreactive cyclohexenals by Lewis acid catalysis will also
promote the undesired hetero Diels-Alder pathway. Inspired by previous work from our
research group,8 we envisioned that high-pressure activation could be key in tackling these
problems. To our delight, performing the Diels-Alder reaction of (5)-(-)-perillaldehyde (10) and
diene 6 at 15 kbar and 50 0C followed by acidic work-up, afforded the desired product 11, in an
excellent yield of 81% and a diastereomeric ratio of >20:1 (Scheme 1).
OTMS

CHO

6
OMe

M e ^

MeCN, 15 kbar
RTtoSO-C, 16 h

'CHO

(S)-(-)-penllaldehyde (10)
Scheme 1 High-pressure Diels-Alder reaction of (5]-(-)-perillaldehyde (10) and diene 6.

The reaction can be performed at high concentration, allowing the preparation of over 4 g of
enone 11 in a single run. The use of CH2CI2 as the solvent instead of MeCN resulted in a complex
mixture. Most likely, this can be attributed to the increased acidity of CH2CI2 at high pressure. It
is noteworthy that, as shown by Mulzer et al. in their synthesis of platencin, enone 11 can also be
accessed by refluxing (5)-(-)-perillaldehyde (10) with Rawal's diene9 in toluene (68% yield).10
As demonstrated in Scheme 2, the methodology can be extended to (Ä)-(-)-carvone (9) to afford,
after Lewis acidic workup, the enantiomer of peribysin E intermediate 17 in excellent yield (dr
2.6:1 cis:trans).
M e

OTMS
TMSO

•H-d,

Μ θ ^
(R)-(-)-cafvone (9)

MeCN, 15 kbar,
RTto50°C, 16 h

OMe

Yb(OTf)3
MeOTMS
toluene, ,,
0 °C, 2 h
^rt'
86%
(dr 2 6 1 as trans)

Scheme 2 High-pressure Diels-Alder reaction of (R)-(-)-carvone (9) and diene (6).
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The various options for elaboration of Diels-Alder product 11 to core structure 4 all depended
on the ability to discriminate between the aldehyde and ketone functionality in enone 11.
Several pathways to core structure 4 were concurrently explored and these are discussed in the
next part of this chapter. An interesting option that is only briefly discussed is shown in Scheme
3. The oxidation of aldehyde 11 to carboxylic acid 18 allowed for an unprecedented
decarboxylation reaction mediated by DMAP or PBua to afford ketone 20 in 65% yield.11
Although extremely challenging, an "electrocyclization-type" reaction with alkene 20, could
provide a highly concise and practical pathway to core structure 4. This option has only briefly
been explored with no success, but further studies might be worthwhile.
NaCI0 2
NaHsPCVHjO
2-methyl-2-butene

DMAP
or BU3P
(0 1 equiv)

^
f-BuOH, HjO
0 °C to RT
quant

Me

'CO2H THF, reflux

Ï

65%
18

Me
19
X = PBU3 or DMAP

Τ

20

Scheme 3 Oxidation and subsequent decarboxylation of aldehyde 1 1 .

3.4

Selective deprotection strategy

With aldehyde 11 in hand, we envisioned elaboration to ketolide 4 according to the
retrosynthesis depicted in Figure 6. The exocyclic methylene of ketolide 4 could originate from
elimination of the corresponding tertiary alcohol 21. Masking of the unsaturated ketone as a
protected allylic alcohol followed by an intramolecular Barbier reaction for the construction of
the bicyclo[2.2.2]octane moiety then traced back to iodide 22. An iodination reaction revealed
the alcohol precursor which could originate from a selective deprotection reaction of the double
protected diol 23. A simple oxidation and reduction sequence then unmasked Diels-Alder
product 11.

•"h
22

ΜΘΝ,
iodination
(f
and selective Ο
deprotection

'CHO

Figure 6 Retrosynthetic analysis of ketolide 4 to Diels-Alder product 11.

Diol 23 was synthesized by a Luche reduction of aldehyde 11 followed by the selective oxidative
cleavage of the isopropylene substituent to give diol 23 in 80% yield over two steps (Scheme 4).
In the next step, both alcohols were protected as either the acetate (24a) or the TBS ether (24b).
X-ray crystallographic analysis of diacetate 24a delivered unambiguous evidence for the
diastereoselectivity of the Diels-Alder reaction and the Luche reduction (Figure 7).
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Ξ

AcjO DMAP
CH2CI2, pyndine
0 °C to RT

1) NaBH 4 , CeClj
MeOH, - 2 0 °C

^
2) O3, CHjCIs,
C H 3 0 H , - 7 8 ° C Me
then DMS

^

TBSCI, imidazole
CH 2 Cl2, 0 °C to RT

Me

-X|0'
Ο
24a R = Ac 75%
24b R = TBS 90%

80%

Scheme 4 Synthesis of protected diols 24a-b.

Figure 7 ORTEP plot of 24a
derived from X-ray crystallographic
analysis.
(nonhydrogen atoms are s h o w n
with
ellipsoids at 5 0 %
probability]

The selective deprotection of the protected diols 24a-b proved
challenging.12 Deprotection of acetate 24a with KzCOs in MeOH at 0 0C
or BusSnO in refluxing MeOH was completely unselective and
afforded a mixture of alcohols (Scheme 5). To our delight treatment
of TBS ether 24b with CSA in a 2:1 mixture of MeOH in CfoCh did
lead to selective mono-deprotection. Unfortunately, spectroscopic
analyses indicated that the product was the undesired secondary
alcohol 25. Indeed, alcohol 25 cleanly reacted with Mn02 in CH2CI2 at
RT thereby unmistakably proving the presence of the allylic alcohol.
Most likely the stability of the primary TBS ether can be attributed to
steric hindrance imposed by the adjacent quaternary carbon center.
This idea is supported by the fact that despite the abundance of
literature precedence for the selective deprotection of primary TBS
ethers, none of these examples involve neopentyl ethers.

K2CO3
deprotection

*

J

MeOH, 0 0 C
R = OAc

»4 j
-γι- "l

OR

0 24a R:= Ac
24b R = TBS

CSA
CH2Cl2, MeOH
RT

Μβ

70% (93% brsm)
R = TBS

Ύ

OTBS

0

Scheme 5 Selective deprotection attempts of protected diols 24a-b.

3.5

Selective reduction strategy

As an alternative strategy, we next investigated the selective reduction of aldehyde 11 (Scheme
6). We hoped that the high reactivity of aldehydes toward reducing agents would outweigh the
steric burden of the neopentyl configuration. However, treatment of aldehyde 11 with mild
reducing agents (e.g. NaBHsCN or NaBH(0Ac)3) only afforded the product in low yield (<50%),
while reduction with NaBH* at -78 "C proceeded without any selectivity. Fortunately, in the
latter case lowering the reaction temperature to -115 "C led to clean reduction of the aldehyde
in 80% yield. To our surprise, subsequent attempts to convert ketone 26 to dioxolane 29 using
TsOH or PPTS with ethylene glycol under Dean-Stark conditions delivered complex reaction
mixtures. When the mild aprotic conditions of Noyori et al. were used (TMSOTf with
TMS(OCH2)2) no product other than the TMS protected alcohol was formed.13 Although the
precise cause for the decomposition remains unclear, it is likely that the neopentylic alcohol 26
is susceptible to acid catalyzed rearrangement. Additionally, intramolecular hemiacetal
formation can compete with attack of ethylene glycol and may very well prevent protection of
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the ketone. Being unable to protect ketone 26, we focused our attention on the synthesis of the
unprotected iodide 28. Treatment of ketone 26 with MelDCC14 afforded iodide 30 in 41% yield.
However, in the next step ozonolysis of iodide 30 proceeded unselectively and afforded multiple
products. To circumvent the potential oxidation of the iodide in the ozonolysis reaction, the
sequence of reactions was reversed. Thus, alcohol 26 was treated with ozone which, after
reductive workup, afforded the desired ketone 27 in excellent yield. Introduction of the iodide
with triphenylphosphine, imidazole and iodine in CH2CI2 proved problematic and only gave
complex reaction mixtures. Eventually we found that changing the solvent to toluene
dramatically improved the selectivity of the reaction affording iodide 28 in 70% yield.

Ξ

PhaP
I2, imidazole

O3, then DMS

NaBH,

^

^
MeOH
CH
2Cl2 M e ^ ,
-115 "C
|f

|
OH

CH2Cl2, CH3OH
-78-CtoRT

26

^
M e

95%

γ
Ο

toluene
0"Cto65°C
27

M e

70%

85%

Me^

Y

v

0H

ethylene glycol
•
X

Mel-DCC

benzene
Dean-Stark

THF, 50 °C

O3
then DMS
Μ Θ

41%

!

/

CH2CI2, CH3OH
-78 °C to RT

29
Scheme 6 Synthesis of iodide 28 from 11.

Next the challenging Barbier reaction of iodide 28 was investigated. Typically Smh is used for
this transformation, because of the homogeneous and highly chemoselective nature of this
reagent.15 Unfortunately, in the reaction of iodide 28 with Smh only baseline material was
obtained and no product could be isolated (Scheme 7). Most likely, the unsaturated ketone
moiety needs to be protected in order to survive these reaction conditions.

Sml2
—X—
THF, - 7 8 "C

Θ

Me OH 21
Scheme 7 Smh-mediated Barbier reaction of iodide 28.

3.6

Pinacol cyclization strategy

An interesting alternative to the Barbier reaction for the construction of the bicyclo[2.2.2]octane
motif is the Smh-mediated pinacol cyclization. Although unlikely, we first verified whether this

Sml2
MeOH
X—·'CHO THF, RT

O3
then DMS
CH2CI2, MeOH
-78 °C to RT
88%

M e

Ύ'
Ο

Me OH OH
31

32

Scheme 8 Ozonolysis of aldehyde 1 1 and subsequent pinacol cyclization attempt with aldehyde 3 1 .
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reaction could be performed with the unprotected enone 31. Treatment of ozonolysis product
31 with Smh indeed only afforded a non-UV active product which indicates loss of the
conjugated cydohexenone system (Scheme 8). Clearly, protection of the cyclohexenone moiety is
required in order to achieve the desired chemoselectivity. Therefore aldehyde 11 was first
reacted in a Wittig reaction to selectively protect the aldehyde with a methylene group affording
alkene 33 in 86% yield (Scheme 9). Subsequent dioxolane protection upon reaction with
ethylene glycol and catalytic PPTS proceeded smoothly to give product 34 in quantitative yield.
Dioxolane 34 is very acid labile and the reaction should be quenched with solid anhydrous
NazCOs before any workup can be performed. Finally, both carbonyls were unmasked in an
ozonolysis reaction to give the pinacol cyclization precursor 35 in 91% yield. The presence of
pyridine in the reaction mixture proved essential to prevent hydrolysis of the dioxolane. We
realized that intermediate 33 can also potentially serve as a substrate for a ring-closing
metathesis reaction. Reaction of alkene 33 with Grubbs II catalyst or the sterically less
demanding catalyst 36 in toluene at 90 0C, however, only returned starting material. Since these
forcing conditions failed to give any conversion this approach was not pursued any further. To
our surprise, Mulzer et al. showed that ring-closing metathesis is indeed possible by refluxing
alkene 33 with Grubbs II catalyst in CH2CI2 for 36 h.10

KOf-Bu
PhjPCHjBr

PPTS
ethylene glycol

^

I

O3, pyridine
then PhjP

benzene, reflux

CH2CI2 ΜθΟΗ
-78"CtoRT

quant

91%

''CHO
M e

Ny
Ο

\ Me
Ru=\

Me

36

Grubbs II or 36
κ
toluene, 90 °C
16h

Scheme 9 Synthesis of pinacol cyclization precursor 3 5 and RCM attempts with intermediate 33.

Next, we investigated the pinacol cyclization of aldehyde 35. Much to our delight, reaction of
aldehyde 35 with Smh gave full conversion to a single product within 10 min (Scheme 10). The
crude product could be easily deprotected by stirring in wet CH2CI2 in the presence of a catalytic
amount TsOH to afford the pinacol cyclization product 32 in 85% yield as a single
diastereoisomer. It is noteworthy that the reaction has been scaled to three grams without any
problems, demonstrating the robustness of this approach. Fortunately the crystalline nature of
diol 32 allowed for X-ray crystallographic analysis, thus establishing the relative configuration of
the molecule. The cis-configuration of the alcohols can be explained by the strong chelation of
1
Sm" to oxygen. The beta-configuration of the alcohols, however, is more difficult to rationalize.
Presumably, the orientation of the neopentyl aldehyde in precursor 35 dictates the
stereochemical outcome of the reaction. For the elaboration to core structure 4, diol 32 was
selectively acetylated with acetic anhydride in quantitative yield. In the subsequent elimination
of the secondary alcohol various dehydrating reagents were evaluated such as SOCI2, Martin's
sulfurane16 and Burgess reagent.17 The latter reagent afforded the best result giving the allylic
acetate 39 in a modest yield of 48%. Finally, the formal total synthesis of platencin was
completed by a palladium-mediated hydrogenolysis as developed by Tsuji et al.18 to give enone 4
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in 60% yield.19 Compared to other syntheses of core structure 4 this approach represents one of
the shortest and highest yielding syntheses reported to date.

1)Sml2, MeOH
THF, RT, 10 mm

*·

35

2) TsOH, CH2CI2, H20
RT, 30 mm
85%

Burgess reagent

»·
toluene, 70 °C
30 mm

48%
Scheme 10 Completion of the core structure of platencin (4).

3.7

Conclusions

In conclusion, we have developed a concise nine step synthesis of the core structure of platencin
in 16% overall yield. The synthesis comprises (i) a novel high-pressure Diels-Alder reaction of
(5)-(-)-perillaldehyde and Danishefsky's diene and (ii) a samarium mediated pinacol cyclization
as key steps. Several intermediates offer excellent opportunities for diversification which
renders this also an attractive approach for the synthesis of platencin derivatives. In addition,
we have demonstrated a number of strategies for the selective functional group manipulation of
an unprotected Diels-Alder product which broadens its value as a versatile, easily accessible
enantiopure scaffold for natural product synthesis.

3.8

Acknowledgements

M.C. Schaapman is gratefully acknowledged for his contribution to this chapter. R.W.M. Aben is
kindly acknowledged for assistance with the high-pressure reactions. J.M.M. Smits is
acknowledged for crystallographic analyses.

3.9

Experimental

For general remarks see section 2.8.
General procedure A; Ozonolysis reaction
Ozone was purged through a solution of the alkene (1.0 equiv) in CfaCU/MeOH (1:1, 0.15 M) at -78 'C
until TLC analysis showed virtually complete consumption of the starting material. The reaction was then
purged with argon for 30 min at -78 °C and was subsequently treated with dimethyl sulfide (10 equiv).
The reaction was allowed to warm to RT and stirred for 16 h after which the solvent was evaporated.
Purification of the crude product was performed as indicated.
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(25,4aW,8a5)-7-Oxo-2-(prop-l-en-2-yl)-l,2,3,4,4a,7,8,8a-octahydronaphthalene-4acarbaldehyde ( 1 1 )
O

A teflon pressure vial was loaded with (5)-(-)-perillaldehyde (3.56 g, 23.7 mmol),
Danishefsky diene (4.50 g, 26.1 mmol) and a catalytic amount of 5-tert-butyl-4hydroxy-2-methylphenyl sulfide (3.0 mg, 0.008 mmol). The vial was filled with MeCN
'CHO (5 mL) so that no air remained and was then sealed with a stainless steel screw cap.
Me
The contents were mixed by shaking and the vial was placed in the high pressure
apparatus. The stainless steel cylinder containing the reaction vial was filled with
petroleum ether after which the contents were pressurized to 15 kbar by a piston. Subsequently, the
reaction mixture was gently warmed to 50 "C in 1 h. After 15 h the reaction was stopped and transferred
to a round-bottom flask (250 mL). Subsequently, the solvent was evaporated and the crude product was
redissolved in a mutture of THF (70 mL) and H2O (30 mL). Aqueous HCl (250 μΐ, 2 M, 0.50 mmol) was
then added to the vigorously stirred solution at RT. After 1.5 h the reaction was poured into aqueous
saturated NaHCOs (75 mL) and ether (100 mL) was added. The organic layer was separated and the
aqueous layer was extracted with ether (2 χ 70 mL). The combined organic layers were washed with brine
(100 mL), dried over MgSCU, filtered and the solvent evaporated. The crude product was purified by flash
chromatography (silica gel, EtOAc:heptane 1:10 to 1:5) to give aldehyde 11 (4.17 g, 81%) as a colorless oil.
20
1
[α]ο = +147.1 (c 0.84 CHzCy. IR (neat) ν 3079,2930, 2860,2708,1725,1674,1643 c m . Ή NMR (COCU,
400 MHz) δ 9.59 (brs, IH), 6.61 ( d j = 10.1 Hz, IH), 6.09 (dd,/ = 0.7,10.1 Hz, IH), 4.75-4.76 (m, IH), 4.694.70 (m, IH), 2.78-2.84 (m, IH), 2.66 (dd, ƒ = 13.9,16.5 Hz, IH), 2.40 ( d d j = 4.3,16.5 Hz, IH) 2.22 (ttd, ƒ =
1.1, 3.7, 13.9, Hz, IH), 2.11 (tt,/ = 3.5, 11.7 Hz , IH), 1.72-1.78 (m, IH), 1.68-1.70 (m, 3H), 1.64-1.69 (m,
IH), 1.61-1.63 (m, IH), 1.57-1.59 (m, IH), 1.24 (dq, J = 3.4,13.1 Hz, IH). 13 C NMR (CDCb, 75 MHz) δ 201.6,
198.5, 148.2, 147.9, 129.9, 109.7, 52.7, 39.2, 38.0, 32.8, 32.6, 28.1, 27.1, 20.9. HRMS (EI*) calcd. for
Ci4Hie02 [M]* 218.1307, found 218.1313.
(3S,4a5,8a5)-8a-Methyl-3-(prop-l-en-2-yl)-3,4,4a,5-tetrahydronaphthalene-l,6(2W,8aii)-dione
(17a)
and
(35,4aÄ,8aß)-8a-methyl-3-(prop-l-en-2-yl)-3,4,4a,5-tetrahydronaphthalenel,6(2//,8afQ-dlone (I7b)
Ο

O

(Ä)-(-)-carvone (100 mg, 0.666 mmol), Danishefsky's diene (229
^
mg, 1.33 mmol), MeCN (0.4 mL) and a catalytic amount of 5-tertJJ
butyl-4-hydroxy-2-methylphenyI sulfide (2.0 mg, 0.005 mmol)
'Me were loaded in a teflon vial and the mixture was pressurized to 15
0
kbar at RT. After 1 h, the reaction was heated to 50 0C for 16 h. The
reaction mixture was then transferred to a round-bottom flask and
the solvent evaporated. The crude product was redissolved in toluene (10 mL), cooled to 0 eC and
MeOTMS (6.9 mg, 0.067 mmol) and Yb(OTf)3 (10.0 mg, 0.017 mmol) were added. After stirring for 1 h
another portion of Yb(OTf)3 (10.0 mg, 0.017 mmol) was added. At this time the reaction quickly developed
a yellow color which slowly turned dark orange. After 20 min the reaction was poured into cold water (20
mL) and the mixture was extracted with EtOAc (3 χ 20 mL). The combined organic extracts were washed
with brine (10 mL), dried with NazSO^ filtered, and the solvent evaporated. The crude product was
purified by flash chromatography (silica gel, EtOAc:heptane, 1:10 to 1:3) to give ketones 17a (35.0 mg,
24%) and 17b (90.0 mg, 62%) as colorless oils. 17a: iH NMR (CDCI3,400 MHz) δ 6.43 (dd, ƒ = 2.1,10.1 Hz,
IH), 6.05 (dd,ƒ = 0.7,10.1 Hz, IH), 4.76 (p,ƒ = 1.4 Hz, IH), 4.69-4.70 (m, IH), 2.85 (dd,7 = 5.1,17.2 Hz, IH),
2.30-2.50 (m, 5H), 1.71-1.83 (m, 2H), 1.70 (m, 3H), 1.40 (s, 3H). 13 C NMR (CDCI3, 75 MHz) δ 210.6,197.1,
149.6, 146.5, 128.8, 110.3, 50.7, 44.8, 43.8, 42.8, 40.8, 33.7, 20.9, 20.3. 17b: m NMR (CDCI3, 400 MHz) δ
6.74 (d, ƒ = 10.2 Hz, IH), 6.04 (d, ƒ = 10.2 Hz, IH), 4.84-4.86 (m, IH), 4.76 (s, IH), 2.57-2.70 (m, 2H), 2.482.54 (m, IH), 2.31-2.44 (m, 3H), 2.09-2.16 (m, IH), 1.76 (s, 3H), 1.68-1.76 (m, IH), 1.47 (s, 3H). 13 C NMR
(CDCI3, 75 MHz) δ 212.5,198.4,153.3,146.3,128.4,110.9, 50.9,42.7,41.5,40.7,31.2, 24.2,20.8.

•Ce·
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(2S,4aÄ,8a5)-7-Oxo-2-(prop-l-en-2-yl)-l,2,3,4,4a,7,8,8a-octahydronaphthalene-4a-carboxylic acid
(18)
To a mixture of aldehyde 11 (2 24 g, 10 26 mmol), 2-methyl-2-butene (9 60 g, 136 8
mmol), t-BuOH (140 mL) and water (60 mL) was added Na^PCVHzO (7 08 (513
mmol) followed by NaCIOz (4 64 g, 51 3 mmol) at 0 "C After 5 mm the reaction was
warmed to RT, stirred for 1 h and then poured into brine (150 mL) The mixture was
extracted with ether (3 χ 100 mL) and the combined organic layers were dried with
NazSCU, filtered and the solvent evaporated to give acid 18 (2 47 g, quant) as an off20
white solid which required no further purification [α]ο = +124 5 (c 100 CH2CI2) IR (neat) ν 3043, 2648,
2857,1735, 1644, 1153 cm 1 m NMR (CDCI3 400 MHz) δ 6 84 ( d j = 10 1 Hz, IH), 6 06 (dd,y = 0 6,10 1
Hz, IH), 4 76-4 77 (m, IH), 4 72-4 73 (m, IH), 2 98 (qd, ƒ = 4 5,13 0 Hz, IH), 2 64 (dd, ƒ = 13 9,16 8 Hz, IH),
2 39 (dd,/= 4 3,16 5 Hz, IH), 2 36 (td,/ = 3 2,12 3 Hz, IH), 2 12 (tt,/= 3 4,118 Hz, IH), 1 76-1 88 (m, 2H),
13
1 72 (br s, 3H), 1 65 (dt, ƒ = 3 4, 13 1 Hz, IH), 155-1 61 (m, IH), 132-142 (m, IH) C NMR (CDCU, 75
MHz) δ 199 0, 179 0, 1511, 148 4, 129 0, 109 6, 49 3, 39 6, 37 9, 33 8, 33 0, 30 1, 27 7, 2 1 1 HRMS (ESI*)
calcd for CuHieOaNa [M+Na]* 257 1154, found 257 1146
(75,8a5)-7-(Prop-l-en-2-yl)-l,5,6,7,8,8a-hexahydronaphthalen-2(3H)-one(20)
Ο
DMAP (52 5 mg, 0 430 mmol) was added to a solution of acid 18 (1 00 g, 4 27 mmol) in
THF (20 mL) and the reaction mixture was heated to reflux After 7 h, the reaction was
cooled to RT and the solvent evaporated Purification by flash chromatography (silica gel,
ether pentane 0 1 to 1 4) afforded the decarboxylated product 20 (0 53 g, 65%) as a
colorless liquid [α]ο 20 = +964 (c 0 94 CH2CI2) IR (neat) ν 3083, 2929, 2864,1719,1641,
1444, 888 cm-i Ή NMR (CDCI3 400 MHz) δ 5 33-5 36 (m, IH), 4 92 (dd, J = 1 4, 2 9 Hz,
IH), 4 81 (br s, IH), 2 90-2 97 (m, IH), 2 67-2 79 (m, 2H), 2 52 (ddd, ƒ = 1 6, 6 1, 13 8 Hz, IH), 2 40 (br s ,
IH), 2 24 (dd,y = 9 3,13 7 Hz, IH), 2 09-2 21 (m, 3H), 1 99-2 06 (m, IH), 1 75 (d,ƒ = 0 6 Hz, 3H), 1 59 ( t t j =
5 3, 13 1 Hz, IH), 1 4 5 (ddd, / = 5 1, 11 6, 13 4 Hz, IH) " C NMR (CDCU, 75 MHz) δ 2101, 1461, 141 0,
115 3, 111 0, 4 6 1 , 4 0 1 , 38 3, 36 9, 35 0, 29 5, 28 7, 22 4 HRMS (EI*) calcd for CisHieO [M]* 190 1358,
found 190 1360
l-({25,4aR,7«,8a$)-7-Hydroxy-4a-(hydroxymethyl)-l,2,3,4,4a,7,8,8a-octahydronaphthalen-2yljethanone (23)
CeCU 7 H2O (5 37 g, 14 4 mmol) was added to a solution of aldehyde 11 (1 50 g, 6 87
mmol) in MeOH (60 mL) When all solids were dissolved, the solution was cooled to 20 "C and NaBH4 (0 572 g, 15 12 mmol) was carefully added After 2 5 h acetone (6 mL)
was added and the reaction was stirred for 1 5 h at RT Ether (250 mL) was added and
the reaction mixture was left to settle for 16 h The reaction mixture was filtered and
the solvent evaporated The crude product was purified by flushing over a plug of silica
gel (MeOH CH2CI2, 1 10) to give diol 23 (1 54 g, 86%) as a sticky white grease [α]ο 20 = +47 0 (c 0 67
MeOH) IR (neat) ν 3315, 3081, 3016, 2860,1643 cm-1 'H NMR (CDCI3, 400 MHz) δ 5 73 (d, J = 10 1 Hz,
IH), 5 50 (dd,ƒ = 2 0,10 1 Hz, IH), 4 67-4 69 (m, IH), 4 66-4 67 (m, IH), 4 31-4 36 (m, IH), 3 68 (d,ƒ = 10 8
Hz, IH), 3 48 (d, J = 10 8 Hz, IH), 1 89-2 11 (m, 3H), 1 67-1 85 (m, 3H), 1 69 (m, 3H), 143-1 65 (m, 5H),
119-1 30 (m, IH) 13 C NMR (CDCI3, 75 MHz) δ 150 0,135 9,132 4,108 5, 68 6, 66 5, 40 3, 39 3, 35 5, 33 3,
31 5, 30 2, 27 3, 20 9 HRMS (EI*) calcd for C14H22O2 [M]* 222 1620, found 222 1619 According to general
procedure A, the purified product (1 04 g, 7 60 mmol) was treated with ozone to give after purification by
flash chromatography (silica gel, EtOAc heptane MeOH, 50 50 2 to 70 30 2), ketone 23 (0 99 g, 94%) as a
sticky colorless grease [α]ΰ20 = +59 2 (c 1 01 MeOH) IR (neat) ν 3382, 2927, 2861, 1696, 1653 cm-1 Ή
NMR (CDCU, 400 MHz) δ 5 76 (td, ƒ = 1 5 Hz, IH), 5 53 (dd, ƒ = 2 0,10 1 Hz, IH), 4 37 (br s, IH), 3 65-3 69
(dd,/ = 6 6,10 7 Hz, IH), 3 49 (d,/ = 10 8 Hz, IH), 2 52 (tt,/ = 3 5,12 4 Hz, IH), 2 15 (s, 3H), 2 06-2 13 (m,
IH), 171-187 (m, 4H), 1 55-1 66 (m, 3H), 1 35-1 53 (m, 2H), 1 29-1 36 (m, IH) " C NMR (CDCI3, 75 MHz)
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δ 211.9, 135.6, 132.4, 68.3, 66.4, 46.0, 40.1, 35.2, 30.8, 30.1, 29.2, 28.2, 24.1. HRMS (ESI*) calcd. for
CiaHzoNaOa [M+Na]* 247.1310, found 247.1317.
((25,4aÄ,8a5)-7-Acetoxy-2-acetyl-l,2,3,4,4a,7,8,8a-octahydronaphthalen-4a-yl)methyl
acetate
(24a)
Acetic anhydride (0.523 g, 5.12 mmol) was added to a stirred solution of diol 23 (0.230
OAc
g, 1.02 mmol) and DMAP (25 mg, 0.20 mmol) in a mixture of CfyCk/pyridine (20:1, 4
mL) at 0 °C. After reacting for 2 h at 0 °C the reaction was quenched with MeOH (5 mL)
and stirred for 30 min at RT. The solvent was evaporated and the crude product was
OAc dissolved in EtOAc (50 mL), washed with aqueous HCl (0.1 M, 10 mL), saturated
aqueous NaHCOs (10 mL) and brine (10 mL). The organic layer was dried with MgSCi,
filtered and the solvent evaporated. The crude product was purified by flash chromatography (silica gel,
20
EtOAc:heptane, 1:10 to 1:4) to give ketone 24a (0.237 g, 75%) as colorless needles. [α]ο = +73.7 (c 1.00
CH2CI2). IR (neat) ν 2940, 2873,1729,1700 cnrMH NMR (CDCI3,400 MHz) δ 5.57-5.63 (m, 2H), 5.37-5.41
(m, IH), 4.10 {d, J =11.1 Hz, IH), 4.01 [d. J =11.1 Hz, IH), 2.49 ( t t j = 3.5,12.0 Hz, IH), 2.13 (s, 3H), 2.06 (s,
13
3H), 2.04 (s, 3H), 1.98-2.04 (m, IH), 1.81-1.93 (m, 3H), 1.72-1.79 (m, IH), 1.42-1.69 (m, 4H). C NMR
(COCU, 75 MHz) δ 211.1,170.9,170.7,136.7,126.8, 70.6, 67.2,45.7, 38.1, 31.7, 30.7, 29.8, 29.0, 28.0, 23.9,
21.3, 20.9. HRMS (ESI*) calcd. for CiytoiNaOs [M+Na]* 331.1521, found 331.1519. mp 58 "C.
l-((25,4aÄ,7R,8a5)-7-(tert-Butyldlmethylsllyloxy)-4a-(((ert-butyldlmethylsllyloxy)methyl)1,2,3,4,4a, 7,8,8a-octahydronaphthalen-2-yl)eth anone (24b)
OTBS
To a stirred and cooled (0 °C) solution of diol 23 (1.24 g, 5.53 mmol) and imidazole
(1.13 g, 16.6 mmol) in CH2CI2 (60 mL) was added TBSCl (2.50 g, 16.6 mmol). After 5
min the reaction was wanned to RT and stirred for 16 h. The reaction was then
cooled to 0 °C and quenched with saturated aqueous NaHC03 (50 mL). CH2CI2 (50
OTBS mL) was added and the organic layer was separated and washed with water (2 χ 30
mL) and brine (30 mL). The organic layer was dried with MgSCU, filtered and the
solvent evaporated. Purification of the crude product by flash chromatography (silica gel, EtOAcheptane,
0:1 to 1:40) afforded TBS-ether 24b (2.24 g, 90%) as a colorless oil. [α]ο 20 = +50.7 (c 0.91 CH2CI2). IR
(film) ν 2951, 2928, 2894,2856,1711 cm-i.m NMR (CDCI3,400 MHz) δ 5.55 (dd,/ = 1.6,10.2 Hz, IH), 5.51
(td, ƒ = 1.2, 10.2 Hz, IH), 4.28-4.33 (m, IH), 3.59 ( d j = 9.7 Hz, IH), 3.35 ( d j = 9.7 Hz, IH), 3.35 (m, IH),
2.14 (s, 3H), 1.68-1.87 (m, 5H), 1.59-1.63 (m, IH), 1.51-1.58 (m, IH), 1.34-1.45 (m, 2H), 0.91 (s, 9H), 0.87
(s, 9H), 0.09 (s, 3H), 0.08 (s, 3H), 0.02 (s, 6H). " C NMR (CDCI3, 75 MHz) δ 212.3,135.5,130.6, 69.3, 66.3,
46.2, 39.7, 35.6, 32.2, 30.4, 28.3, 28.2, 26.0, 25.8, 24.2, 18.3, 18.2, -4.5, -4.6, -5.5. HRMS (El*) calcd. for
C26H51O2SÌ2 [M]* 451.3428, found 451.3424.
l-((2i,4aÄ,7i?,8ay)-4a-(((iert-Butyldlmethylsilyl)oxy)methyl)-7-hydroxy-l,2,3,4,4a,7,8,8aoctahydronaphthalen-2-yl)ethanone (25)
Catalytic camphor-10-sulfonic acid (»2 mg) was added to a solution of TBS-ether
24b (0.200 g, 0.442 mmol) in CHzCh/MeOH (2:1, 10 mL) at RT. The reaction was
monitored by TLC and after 2 h the reaction was quenched by the addition of Eta Ν
(30 μ ι ) . The solvent was evaporated and the crude product purified by flash
OTBS
chromatography (silica gel, EtOAc:heptane, 1:10 to 1:3) to give allylic alcohol 25
(0.104 g, 70%) and recovered 24b (50.4 mg, 25%) as colorless oils. [σ]ο20 = +52.9 (c
1.28 CH2CI2). IR (film) ν 3393, 2927, 2855,1704 cm-i. m NMR (CDCls, 400 MHz) δ 5.61 ( d d J = 1.4, 10.2
Hz, IH), 5.58 ( t d j = 1.2,10.2 Hz, IH), 4.31 (t, ƒ = 7.6 Hz, IH), 3.58 ( d j = 9.7 Hz, IH), 3.37 ( d j = 9.7 Hz, IH),
2.46-2.54 (m, IH), 2.13 (s, 3H), 1.85-1.89 (m, IH), 1.68-1.80 (m, 5H), 1.53-1.57 (m, 2H), 1.36-1.43 (m, 2H),
0.86 (s, 9H), 0.01 (s, 6H). "C NMR (CDCb, 75 MHz) δ 212.1,136.7,129.4, 68.5, 66.2, 46.1, 39.7, 35.4, 32.0,
30.3, 28.3, 28.2, 25.8,24.1,18.2, -5.5. HRMS (EI*) calcd. for C20H37O2SÌ [M]* 337.2563, found 337.2566.
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{4ail,75,8a$)-4a-{Hydroxyinethyl)-7-(prop-l-en-2-yl)-4a,5,6,7,8,8a-hexahydronaphthalen-2(lH)one (26)
To a stirred solution of aldehyde 11 (3 06 g, 14 03 mmol) in MeOH (50 mL) and CH2CI2
(50 mL) at -115 °C was added sodium borohydnde (0 530 g, 14 03 mmol) and the
reaction was monitored by TLC Interpretation of TLC analyses can be deceptive since
the small increase in temperature upon sampling already leads to significant over
reduction in the capillary Therefore the TLC spot of the diol should be ignored and the
endpoint of the reaction should be judged by disappearance of the starting material and
convergence of the two initially unselective mono-reduced product spots to one TLC spot After 5 h TLC
analysis indicated full conversion and the reaction mixture was quenched with acetaldehyde (12 mL)
After 30 mm the reaction was allowed to warm to RT and the solvent was evaporated The residue was
dissolved in EtOAc (100 mL) and washed with water (50 mL) The aqueous layer was extracted with
EtOAc (2 χ 100 mL) and the combined organic layers were washed with brine (50 mL), dried with MgS04,
filtered and the solvent evaporated The crude product was purified flash chromatography (silica gel,
EtOAc heptane, 1 5 to 1 1) to afford alcohol 26 (2 63 g, 85%) as a white solid [α]ο 20 = +2 3 (c 1 00 CH2CI2)
IR (neat) ν 3429, 2924, 2859,1658,1057 cm 1 'H NMR (CDCI3, 400 MHz) δ 6 85 (d, ƒ = 10 2 Hz, IH), 6 02
(d, ƒ = 10 2 Hz, IH), 4 75 (m, IH), 4 72 (m, IH), 3 77 ( d d j = 4 4,10 9 Hz, IH), 3 73 (dd, ƒ = 5 7,10 9 Hz, IH),
2 70 (dd, ƒ = 13 8,16 4 Hz, IH), 2 38-2 46 (m, IH), 2 30 ( d d j = 4 5,16 4 Hz, IH), 2 14 (tt, ƒ = 3 5,11 8 Hz,
IH), 164-1 80 (m, 4H), 1 73 (s, 3H) 1 46-1 59 (m, 2H), 139 ( d q j = 3 5,13 0 Hz, IH) 13C NMR (CDCI3, 75
MHz) δ 199 9, 156 5, 148 7, 128 5, 109 1, 65 7, 40 9, 39 5, 38 2, 33 1, 31 7, 27 5, 25 8, 20 9 HRMS (EI*)
calcd for CufooOz [M]* 220 1463, found 220 1467 mp 65-72 "C
(4a«,7S,8aS)-7-Acetyl-4a-(hydroxymethyl)-4a,5,6,7,8,8a-hexahydronaphthalen-2(lH)-one(27)
According to general procedure A, alcohol 26 (1 55 g, 7 04 mmol) was treated with
ozone to give, after purification by flash chromatography (silica gel, EtOAc heptane, 1 4
to 2 1), ketone 27 (1 48 g, 95%) as a white solid [α]ο 20 +34 2 (c 1 00 CH2CI2) IR (neat) ν
3462, 2924, 2900, 2872,1704,1657,1177,1060, 529 cm-i ^H NMR (CDCh, 400 MHz) δ
6 78 (d, ƒ = 10 2 Hz, IH), 6 02 (d,7 = 10 2 Hz, IH), 3 70 ( d j = 10 9 Hz, IH), 3 66 (d, ƒ =
10 9 Hz, IH), 2 58 (tt,y =4 1, 9 4 Hz, IH), 2 39-2 50 (m, 3H), 2 18-2 30 (m, IH), 2 16 (s,
3H), 184-190 (ddd, ƒ = 4 3, 9 8, 14 1 Hz, IH), 1 64-1 76 (m, 3H), 1 53-1 59 (m, 2H) " C NMR (CDCI3, 75
MHz) δ 2111, 199 4,156 0,129 2, 66 3, 45 3, 41 2, 39 8, 32 7, 28 7, 28 2, 27 6, 23 1 HRMS (EI*) calcd for
CisHiaOs [M]* 222 1256, found 222 1261 mp 110 "C
(4afl,7S,8aJ>7-Acetyl-4a-(iodomethyl)-4a,5,6,7,8,8a-hexahydronaphthalen-2(lH)-one(28)
To a stirred and cooled (0 X)

solution of alcohol 27

(103 g, 4 63 mmol),

triphenylphosphine (1 762 g, 6 719 mmol) and imidazole (0 631 g, 9 268 mmol) in
toluene (60 mL) was added iodine (1 76 g, 6 95 mmol) The reaction mixture was allowed
to warm to RT and was then slowly warmed to 65 °C After 2 h the reaction mixture was
cooled to RT and quenched with saturated aqueous Na2S03 (15 mL) The reaction
mixture was diluted with water (100 mL) and extracted with EtOAc (3 χ 100 mL) The
combined organic layers were washed with brine (50 mL), dried with MgS04, filtered and the solvent
evaporated The crude product was purified by flash chromatography (silica gel, EtOAc heptane, 1 8 to
1 1) to give iodide 28 (1 08 g, 70%) as a white solid [α]ο 20 = +20 6 (c 1 00 CH2CI2) IR (neat) ν 2924, 2859,
1700,1666 cm-i iH NMR (CDCI3,400 MHz) δ 6 61 (d, ƒ = 10 2 Hz, IH), 5 99 (d,/ = 10 2 Hz, IH), 3 45 (d, ƒ =
10 4 Hz, IH), 3 36 (d, ƒ = 10 4 Hz, IH), 2 41-2 60 (m, 4H), 2 17 (s, 3H), 1 84 (ddd,y = 4 2,10 0,14 4 Hz, IH),
1 62-180 (m, 4H), 1 57 (td, ƒ = 3 9, 14 4 Hz, IH)

13

C NMR (CDC13, 75 MHz) δ 210 3, 198 3, 155 9, 129 0,

45 0, 39 6, 38 4, 35 4, 31 0, 28 5, 28 2, 22 9, 16 5 HRMS (EI*) calcd for C13H17O2I [M]* 332 0274, found
332 0271
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(4aÄ,7S,8a5)-4a-(Iodomethyl)-7-(prop-l-en-2-yl)-4a,5,6,7,8,8a-hexahydronaphthalen2(l//]-one (30)
To a stirred and cooled (0 0C) solution of alcohol 26 (0.100 g, 0.454 mmol),
triphenylphosphine (0.173 g, 0.658 mmol) and imidazole (62 mg, 0.91 mmol) in toluene
(6 mL) was added iodine (0.173 g, 0.681 mmol). The reaction mixture was allowed to
warm to RT and was then slowly warmed to 65 "C. After 2 h the reaction mixture was
Me
cooled to RT and quenched with saturated aqueous NazSOs (3 mL). The reaction mixture
was diluted with water (20 mL) and extracted with EtOAc (3 χ 20 mL). The combined
organic layers were washed with brine (30 mL), dried with MgSO*, filtered and the solvent evaporated.
The crude product was purified by flash chromatography (silica gel, EtOAc:heptane, 1:20 to 1:2) to give
20
iodide 30 (0.112 g, 75%) as a white solid. [O]D = +16.8 (c 1.00 CHzCh). IR (neat) ν 2919, 2863, 1671,
1446, 1260, 1212,1199, 884, 794 cm-i. ^H NMR (CDCb, 400 MHz) δ 6.63 (d, ƒ = 10.2 Hz, IH), 5.98 (d, ƒ =
10.2 Hz, IH), 4.77 (s, IH), 4.73 (s, IH), 3.51 (d, ƒ = 10.4 Hz, IH), 3.43 ( d j = 10.4 Η, IH), 2.72 (dd, ƒ = 13.8,
16.5 Hz, IH), 2.48-2.57 (m, IH), 2.32 (dd,/ = 4.4,16.6 Hz, IH), 2.12 (tt,7 = 3.6,11.9 Hz, IH), 1.84 (td,y =
13
14.1 Hz, IH), 1.61-1.79 (m, 3H), 1.73 (s, 3H), 1.49-1.52 (m, IH), 1.36 (dq, ƒ = 3.9, 8.7 Hz, IH). C NMR
(CDCU, 75 MHz) δ 199.3,157.2,148.4,128.3,109.5,39.8,38.5,38.1, 36.0, 31.5,31.0, 25.6,21.1,16.9. HRMS
(EI*) calcd for C14H19IO [M]* 330.0481, found 330.0478. mp 50-54 °C.
O

(2S,4aR,8a5)-2-Acetyl-7-oxo-l,2,3,4,4a,7,8,8a-octahydronaphthalene-4a-carbaldehyde(31)
O
According to general procedure A, aldehyde 11 (1.66 g, 7.60 mmol) was treated with
^A^
ozone to give after purification by flash chromatography (silica gel, EtOAc:heptane, 1:10
^JLJ
to 1:2), compound 31 (1.47 g, 88%) as a colorless oil. [α]ο2<> = +167.2 (c 0.91 CH2CI2). IR
Γ J^CHO (neat) ν 2931, 2863, 1702, 1674, 1612 cm-1, m NMR (CDCb, 400 MHz) δ 9.54 (s, IH),
0
Y' ^ ^
6.58 (d,/ = 10.2 Hz, IH), 6.14 (d, ƒ = 10.2 Hz, IH), 2.77-2.84 (m, IH), 2.56 ( t t j = 4.1, 9.1
Me
Hz, IH), 2.49 (d, ƒ = 2.2 Hz, IH), 2.16 (s, 3H), 2.09-2.14 (m, IH), 1.80-1.92 (m, 2H), 1.571.73 (m, 4H). " C NMR (CDCb, 75 MHz) δ 210.0, 200.5,197.6,147.4,130.9, 52.5,44.9, 39.5,31.8, 29.0, 28.0,
27.3,23.5. HRMS (ESI*) calcd. for CisHuNaCh [M+Na]* 243.0997, found 243.0988.
(2S,3S,4R,4aÄ,8a5>3,4-Dlhydroxy-3-methyl-3,4,8,8a-tetrahydro-ltf-2,4a-ethanonaphÜialen-7(2H)one (32)
ο
To a solution of ketoaldehyde 35 (70.0 mg, 0.265 mmol) in THF (1 mL) at RT was added
methanol (45 mg, 1.4 mmol) under an argon atmosphere. A samarium iodide solution (0.1 M
in THF, 9.5 mL, 0.95 mmol) was added via syringe until the solution retained its indicative
blue color for more than 5 min. The reaction mixture was diluted with ether (10 mL) and
saturated aqueous NH4CI (5 mL) was added. The organic layer was separated and the
aqueous layer was extracted with ether (2 χ 5 mL) The combined organic layers were washed with brine
(5 mL), dried with Na2S04, filtered and the solvent evaporated. The crude product was redissolved in
CH2CI2 (5 mL) and one drop of water was added followed by a catalytic amount of TsOH. The reaction
mixture was stirred vigorously for 30 min after which the solvent was evaporated. Purification of the
crude product by flash chromatography (silica gel, EtOAciheptane 1:10 to 1:2) afforded diol 32 (50.2 mg,
85%) as a white solid. [O]D 20 = +40.4 (c 0.99 CH2CI2). IR (neat) ν 3330, 2948, 2875, 1675, 1666 cm-i. Ή
NMR (CDCMOO MHz) δ 7.04 (d, ƒ = 10.2 Hz, IH), 5.92 (dd,/ = 0.9, 10.2 Hz, IH), 3.32-3.35 (m, IH), 3.12
(dd,/= 1.3, 5.2 Hz, IH), 2.46 (ddd,/= 0.9, 5.2,17.0, Hz, IH), 2.34-2.41 (m, 2H), 1.94-2.04 (m, 3H), 1.73-1.82
(m, IH), 1.63-1.68 (m, IH), 1.38-1.47 (m, 2H), 1.36 (s, 3H), 1.09-1.17 (m, IH). " C NMR (CDCI3, 75 MHz) δ
199.6, 155.0, 128.1, 76.8, 70.0, 41.1, 39.8, 36.9, 32.8, 30.8, 29.4, 20.7, 17.3. HRMS (ESI*) calcd. for
CuHieOjNa [M+Na]* 245.1154, found 245.1158.
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(4aÄ,75,8a5)-7-(Prop-l-en-2-yl)-4a-vinyl-4a,5,6,7,8,8a-hexahydronaphthalen-2(l//)-one
(33)
To a suspension of methyltriphenylphosphonium bromide (11.05 g, 30.93 mmol) in THF
(250 mL) at 0 °C was added KOt-Bu (2.89 g, 25.75 mmol). After stirring for 10 min the
resulting yellow suspension was added via a cannula to a solution of aldehyde 11 (3.75 g,
Me ,. k / 1 11 17.17 mmol) in THF (100 mL) at 0 °C until the reaction mixture retained its indicative
Π
yellow color due to excess Wittig reagent The reaction was quenched with saturated
aqueous NH+Cl (100 mL) and diluted with ether (100 mL). The organic layer was
separated and the aqueous layer extracted with ether (2 χ 50 mL). The combined organic layers were
washed with water (2 χ 50 mL) and brine (50 mL), dried over MgSCU, filtered and the solvent evaporated.
The crude product was purified by flash chromatography (silica gel, ethenpentane 1:10) to give alkene 31
20
(3.20 g, 86%) as a colorless oil. [a]D = +91.2 (c 1.03 CH2CI2). IR (film) ν 2931, 2859,1676, 1642 cm-i. Ή
NMR (CDCI3,400 MHz) δ 6.58 (d, J = 10.1 Hz, IH), 5.93, (d,/ = 10.1 Hz, IH), 5.91 (dd, J = 10.8,17.7 Hz, IH),
5.26, (d,/ = 10.8 Hz, IH), 5.17, ( d j = 17.7 Hz, IH), 4.76 (br s, IH), 4.72 (br s, IH), 2.60-2.67 (m, IH), 2.302.40 (m, 2H), 2.15 ( t t j = 3.4,10.9 Hz, IH), 1.75-1.82 (m, 2H), 1.72 (br s, 3H), 1.61-1.68 (m, 2H), 1.46-1.57
(m, 2H). " C NMR (CDCI3,75 MHz) δ 200.2, 157.2, 148.8,143.3, 127.0,115.8, 109.3, 42.3, 40.0, 38.3, 38.1,
32.0,30.6,25.9,21.1. HRMS (El*) calcd. forCisHzoO [M]* 216.1514, found 216.1519.
{4a'Ä,7 , 5,8a'5)-7'-(Prop-l-en-2-yl)-4a'-vinyl-4a , ,5',6 , ,7 , ,8 , ,8a'-hexahydro-l'i/-spiro[[l,3]dloxolane2,2'-naphthalene] (34)
I—\
To ketone 3 1 (3.00 g, 13.87 mmol) in dry benzene (300 mL) were added ethylene glycol
(8.61 g, 0.138 mol) and PPTS (0.87 g, 3.47 mmol). The flask was fitted with a Dean-Stark
condenser and the setup was purged with argon. After refluxing for 16 h, the reaction
was cooled to RT, quenched with solid anhydrous Na2C03 (3.00 g, 28.30 mmol) and
Me
subsequently stirred for 30 min. Ether was added (100 mL) and the reaction mixture was
washed with saturated aqueous NaHCOs, (2 χ 100 mL), water (100 mL) and brine (100
mL), dried with Na2S04 filtered and the solvent evaporated to give ketal 34 (3.70 g, quant.) as a colorless
oil, which required no further purification. [α]ο 20 = +23.8 (c 2.03 CH2CI2). IR (neat) ν 3079, 3023, 2922,
2877,1642 cm-1, m NMR (CDCMOO MHz) δ 5.86 (dd, ƒ = 11.0,17.5 Hz, IH), 5.59 (d, ƒ = 10.0 Hz, IH), 5.49
(dd,y = 1.7,10.0 Hz, IH), 5.15 (dd,/ = 1.0,11.0 Hz, IH), 5.13 (dd, ƒ = 1.0, 17.5 Hz, IH), 4.68-4.69 (m, IH),
4.66-4.67 (m, IH), 3.97-4.05 (m, 3H), 3.88-3.95 (m, IH), 2.15-2.22 (m, IH), 2.12 (dd,/ = 11.9,14.0 Hz, IH)
2.04 (tt,/ = 3.0,12.2 Hz, IH), 1.73 (dd,/ = 4.4,13.4 Hz, IH), 1.69-1.70 (m, 3H), 1.65-1.68 (m, IH), 1.64 (td,/
= 1.6,11.8 Hz, IH), 1.52-1.60 (m, 2H), 1.39-1.47 (m, 2H). 13 C NMR (CDCb, 75 MHz) δ 150.2, 144.4, 140.9,
124.6, 114.3, 108.5, 106.7, 64.7, 64.4, 41.3, 39.1, 36.7, 36.0, 33.4, 30.8, 26.9, 20.9. HRMS (ESI*) calcd. for
Ci7H2402Na [M+Na]* 283.1674, found 283.1667.

Τ

{4a'R,7'5,8a,5)-7'-Acetyl-4a',5',6',7',8',8a'-hexahydro-l'W-spiro[[l,3]dioxolane-2,2'-naphthalene]4a'-carbaldehyde (35)
A solution of ketal 34 (98.0 mg, 0.38 mmol) and pyridine (0.119 g, 1.50 mmol) in
CH2Cl2/MeOH (1:1, 5 mL) was cooled to -78 0C and treated with ozone. When the
reaction was complete according to TLC the reaction mixture was purged with argon
'CHO for 30 min at -78 °C. Subsequently, the reaction was quenched with
triphenylphosphine (0.300 g, 1.14 mmol) and the reaction was allowed to warm to RT.
After stirring for 1.5 h the solvent was evaporated and the crude product was purified
by flash chromatography (silica gel, EtOAc:heptane 1:6 + 1% EtsN to 1:2 + 1% EtsN) to yield ketoaldehyde
35 (90.0 mg, 91%) as a colorless oil, which solidified upon storage in the freezer. [α]ο 20 = +122.5 (c 1.00
CH2CI2). IR (neat) 2944,2925, 2883, 2859,1703,1643 cm-1. iH NMR (CDCMOO MHz) δ 9.41 (d,/= 1.0 Hz,
IH), 5.75 (dd,/= 1.5,10.0 Hz, IH), 5.53 (d,/= 10.0 Hz, IH), 3.98-4.08 (m, 3H), 3.91-3.97 (m, IH), 2.60-2.66
(m, IH), 2.41 (tt,/ = 3.7,11.8 Hz, IH), 2.10-2.16 (m, IH), 2.12 (s, 3H), 2.02 (t,ƒ = 13.5 Hz, IH), 1.79-1.85 (m,
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IH), 1.66-1.76 (m, 3H), 1.44 (ddt, ƒ = 0.9, 3.6,13.6 Hz, IH), 1.29-1.36 (m, IH). " C NMR (CDCb, 75 MHz) δ
210.9, 202.4,131.2,130.0,105.5, 64.9, 64.6, 51.9,45.3, 35.0, 30.7, 30.6, 27.8, 26.9, 24.8. HRMS (ESI*) calcd.
for CisHzoOtNa [M+Na]* 287.1259, found 287.1250.
(25,3i,4i?,4aii,8a5)-3-Hydroxy-3 niethyl-7-oxo-2,3,4,7,8,8a-hexahydro-lH-2,4a-ethanonaphthalen4-yl acetate (38)
Acetic anhydride (1.41 g, 13.8 mmol) was added to a solution of diol 32 (0.613 g, 2.76
mmol) and DMAP (5.8 mg, 0.05 mmol) in C^CU/pyridine (20:1, 20 mL) at 0 "C. After
stirring for 5 min the reaction was warmed to RT and stirred for 1 h. The reaction was
. ,
cooled to 0 °C, quenched with saturated aqueous NaHCCh (10 mL) and stirred vigorously at
RT for 30 min The reaction mixture was diluted with CH2CI2 (10 mL) and the aqueous layer
extracted with CH2CI2 (2 χ 10 mL). The combined organic layers were washed with aqueous HCl (0.1 M, 10
mL), water (10 mL) and brine (10 mL), dried over Na2S04, filtered and the solvent evaporated. The crude
product was purified by flash chromatography (silica gel, EtOAcheptane 1:4 to 1:2) to give ester 38
(0.729 g, quant.) as a white solid, [ajo 20 = +64.7 (c 1.02 CHzClz). IR (neat) ν 3451, 2967, 2932, 2870,1713,
1684,1669 c m 1 . W NMR (CDCMOO MHz) δ 6.68 (d, ƒ = 10.2 Hz, IH), 5.91 (dd, J = 0.9,10.2 Hz, IH), 4.23
(d,7 = 1.5 Hz, IH), 2.48 (dddj = 0.9, 5.1, 16.7 Hz, IH), 2.38 (dd,/ = 12.9, 16.7 Hz, IH), 2.20 (s, 3H), 1.982.13 (m, 3H), 1.93 (br s, IH), 1.76-1.82 (m, IH), 1.65-1.68 (m, IH), 1.51-1.57 (m, IH), 1.44-1.50 (m, IH),
1.43 (s, 3H), 1.12 (ddd,/= 1.5, 7.4, 9.4 Hz, IH). 13 C NMR (CDCI3, 75 MHz) δ 198.8,172.0,152.6,128.6, 79.1,
70.0, 40.6, 38.2, 36.6, 32.6, 30.6, 29.2, 20.9, 20.4, 18.2. HRMS (ESI*) calcd. for CisfooOtNa [M+Na]*
287.1259, found 287.1254.
(25,4S,4afl,8aS)-3-Methylene-7-oxo-2,3,4,7,8,8a-hexahydro-lH-2,4a-ethanonaphthalen-4-yl
acetate (39)
Burgess reagent (47.0 mg, 0.197 mmol) was added to a solution of ester 38 (21.0 mg, 0.079
mmol) in toluene (1.5 mL) and the reaction mixture was heated to 70 "C. After 15 min the
reaction mixture was cooled to RT and the solvent evaporated. The crude product was
purified by flash chromatography (silica gel, EtOAc:heptane 1:10) to give allylic actetate 39
(9.4 mg, 48%) as a colorless oil, which solidified upon storage in the freezer. [α]ο20 = +96.2 (c
1.25 CH2CI2). IR (neat) ν 2938, 2864,1736,1683 c m 1 . Ή NMR (CDCMOO MHz) δ 6.61 ( d j = 10.2 Hz, IH),
5.93 ( d d j = 0.9,10.2 Hz, IH), 5.24-5.26 (m, IH), 5.12 (t,/= 1.2 Hz, IH), 5.06, (t,/= 1.3 Hz, IH), 2.51, (ddd,/
= 0.9, 5.2, 16.8 Hz, IH), 2.39-2.42 (m, IH), 2.39 ( d d j = 13.3,16.8 Hz, IH), 2.15 (s, 3H), 2.01-2.11 (m, IH),
1.96 ( d d d d j = 2.2,4.4,9.9,14.6 Hz, IH), 1.84-1.91 (m, IH), 1.78-1.83 (m, IH), 1.72-1.77 (m, IH), 1.60-1.70
(m, IH), 1.22 (ddd, J = 1.4, 7.8, 12.5 Hz, IH). " C NMR (CDCI3, 75 MHz) δ 198.8,172.0, 152.6, 128.6, 79.1,
70.0, 40.6, 38.2, 36.6, 32.6, 30.6, 29.2, 20.9, 20.4, 18.2. HRMS (ESI*) calcd. for CisHieOaNa [M+Na]*
269.1154, found 269.1145.
(2S,4afl,8a5)-3-Methylene-3,4,8,8a-tetrahydro-lH-2,4a-ethanonaphthalen-7(2/f)-one(4)
To a solution of allylic actetate 39 (67.9 mg, 0.276 mmol) in THF (4.5 mL) was added a
premixed solution of Pd2(dba)3 (12.6 mg, 0.014 mmol), PBus (22.4 mg, 0.111 mmol), Et3N
(0.167 g, 1.66 mmol) and formic acid (76.2 mg, 1.66 mmol) in THF (0.5 mL). After 18 h the
reaction mixture was cooled to RT, diluted with ether (10 mL) and washed with water (2 mL),
aqueous HCl (2 M, 2 mL), saturated aqueous NaHCCb (2 mL) and brine (2 mL). The organic
layer was dried with MgSCU, filtered and the solvent evaporated. Purification of the crude product by flash
chromatography (silica gel, etherpentane 0:1 to 1:10) afforded core structure 4 (31.0 mg, 60%) as a
20
1
colorless oil. [α]ο = +24.1 (c 1.20 CHCI3). IR (film) ν 2936, 2864,1429,1681,1392 cm- . 'H NMR (CDCI3,
400 MHz) δ 6.56 (d, ƒ = 10.0 Hz, IH), 5.87 (dd,/ = 1.0,10.0 Hz, IH), 4.83 (td,/ = 1.7, 3.0 Hz, IH), 4.68 (td,/ =
1.7, 3.5 Hz, IH), 2.45 (dd,ƒ = 4.9, 16.7 Hz, IH), 2.43 (td,/ = 2.6, 16.2, Hz, IH), 2.32 (dd,/ = 13.6,16.8, Hz,
IH), 2.30-2.32 (m, IH), 2.07-2.19 (m, 2H), 1.96-2.03 (m, IH), 1.68-1.83 (m, 3H), 1.47-1.54 (m, IH), 1.20
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(ddd, J = 1 3, 7 8, 12 6 Hz, IH) " c NMR (CDCU, 75 MHz) δ 200 1, 156 7, 148 9, 127 8, 106 9, 41 6, 40 9,
36 0,35 6, 35 5,34 9, 26 4,24 5 HRMS (ESI*) calcd for CiaH^O [M+H]* 189 1279, found 189 1268
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Chapter 4
Synthesis and Antibiotic Activity of
Platencin Derivatives

ô - Λ -=- ΦCHO
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OH
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λ ^J

H02C
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OH

(S)-(-)-penllaldehyde

In this chapter the concise enantiopure synthesis of (-)-dehydrohomoplatencin is described.
This platencin derivative displayed potent antibiotic activity against a variety of bacterial
strains, including MRSA and VREF. The core structure of (-)-dehydrohomoplatencin was
accessed in two exceedingly simple steps from commercially available starting materials. The
efficient coupling of a suitable linker to the core structure proved challenging and several
approaches were explored. Furthermore, a number of platencin derivatives, incorporating
modified linkers, were synthesized and their antibiotic properties evaluated.
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4.1

Introduction

Platensimycin (1) and platencin (2) both suffer from poor pharmacokinetic properties which
precludes their use as drugs. Instead, as with many natural products, derivatives will have to be
synthesized with improved pharmacokinetic properties and synthetic accessibility. Whereas for
platensimycin (1) several close analogues and a small library of simple analogues have been
1
developed, it is quite surprising that for platencin (2) only two analogues have been reported.
In 2009 Snider et al. published the synthesis of nor-platencin (3), a close analogue of platencin
which only lacks the exo-methylene group (Figure I). 2
O H

H 0

2

OH

o

C - " ^ N
OH

o

HOjC
OH

Me
platensimycin (1)

platencin (2)

0H_
N - ^ :

H0 2 C

Ks*

HOjC

OH

OH
Me
iso-platencm (4)

nor-platencin (3)
Figure 1 Structures of platencin and nor-platencin.

The researchers reasoned that the exo-methylene group of platencin (2) might be superfluous
and is only present simply because it is a structural feature of the terpenoid precursor. Since
nor-platencin (3] lacks chirality at the quaternary carbon center indicated by the asterix, (Figure
1] the synthesis would be simplified while the absence of the exo-methylene group might also
have a positive effect on the metabolic stability of the compound. The synthesis of nor-platencin
(3) commenced with an asymmetric Diels-Alder reaction of diene 5 and acrolein, catalyzed by
MacMillan's imidazolidinone catalyst (6) to give aldehydes 7 and 8 in moderate yield (Scheme
I). 3 The product was then elaborated infivestraightforward steps to ketoaldehyde 9, which was
subsequently reacted in an intramolecular aldol reaction providing enone 10 in 32% yield over
six steps.
5 steps

^ C H O

CHO

\

OBn

OBn
7: 32%

Me
CHO

. Ξ

EtOH

9
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5 steps

NaOH

Scheme 1 Synthesis of nor-platencin by Snider et al.

8:4%

10 32% from 7
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Finally, incorporation of the linker and coupling of the aromatic fragment in five steps afforded
nor-platencin (3). In contrast to their expectations, nor-platencin (3) displayed a 4-16 fold lower
activity than platencin (2) indicating that the exo-methylene group contributes significantly to
the activity of platencin. A second derivative, iso-platencin (4), was very recently reported by
Mulzer et al. who elaborated an intermediate of their synthesis of platencin, discussed in
Chapter 1, to iso-platencin (4) (Figure 1). The activity of iso-platencin (4) was comparable to that
of platencin (2), but strikingly, for some bacteria, such as the key pathogen Enterococcus faecalis,
all activity was lost.
Noteworthy analogues of platensimycin (1) include adamantaplatensimycinla (11) and
carbaplatensimycin16 (12), which were both reported in 2007 by Nicolaou and co-workers.
Although the MIC is approximately threefold lower for these derivatives as compared to
platensimycin (1), they are still potent antibiotics. However, the synthesis of carbaplatensimycin
(12) is considerably longer than for platensimycin (1), while in the case of
adamantaplatensimycin (11) a resolution of an advanced intermediate with (-)-menthol was
required to obtain the final derivative in enantiomerically pure form. These analogues are
therefore no viable alternatives to platensimycin (1), albeit that they do provide valuable
information about the SAR. Apparently, some modifications on the ketolide portion of platencin
are tolerated and do not necessarily lead to an unacceptable loss of activity.

carbaplatensimycin ( 1 2 ) M e

adamantaplatensimycin (11)

Figure Ζ Structures of adamantaplatensimycin (11) and carbaplatensimycin (12).

This hypothesis is further supported by studies of Nicolaou et al. on a library of relatively simple
analogues of platensimycin (l). l c In this study, derivatives with a modified cage part of the
ketolide portion still showed reasonable activity. Additionally, it was shown that the aromatic
part of platensimycin (1) was less amenable to modifications and that deletion of any of the
functional groups led to a complete loss of activity.
lf

Researchers from Merck investigated modification of the cyclohexenone moiety itself. They
reasoned that the poor pharmacokinetic properties might be caused by covalent protein binding
to the unsaturated ketone. Several modifications to the enone part of platensimycin (1) were
made, including cyclopropanation and Grignard 1,4-addition to the double bond.

- Ç v ^ ^ ^ ; "^«^ϋ
13

Me

1 4

Me

15:R = H
16: R = Me

Me

Figure 3 Structures of platensimycin derivatives 13-16

Most of the modifications caused a significant drop in activity, and only compounds 13 and 14
still possessed good antibiotic properties, albeit not as potent as the parent compound. It is
interesting to note that substitution of a carbon atom for a heteroatom at one of the alpha
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positions of the ketone resulted in a complete loss of activity as reported by several groups.Ie' le-f
Recently, Lee et al. reported the synthesis of derivatives 15 and 16 (Figure 3), which represent
the first more potent analogues of platensimycin (I).11 Altogether, these results indicate that the
binding pocket of FabF is quite rigid and does not allow significant structural modifications. Only
substitution at the ß-position of the unsaturated enone seems to be tolerated to a certain extent
However, if the results for the platensimycin derivatives can be directly translated to analogues
of platencin remains unclear due to the lack of SAR studies for the latter compound.

4.2

Prins reaction

One of the steps in the total synthesis of platencin developed in our group (see Chapter 3)
involved protection of ketone 17 as the corresponding dioxolane.4 In the first attempt, ketone 17
was reacted with TsOH and ethylene glycol in refluxing benzene. Surprisingly, besides the
desired dioxolane 18, a considerable amount of byproduct was isolated. Although the structure
could not be elucidated via standard spectroscopic analyses, detailed 2D-NMR studies eventually
revealed the intriguing structure 19.
o
JJ
u

[

[
^JL

||
U

p',

TsOH
ethylene glycol
»

benzene, reflux

M e y k / J II

16 h

17
Scheme 2 Dioxolane protection of ketone 17.

The formation of byproduct 19 can be rationalized starting with an acid-catalyzed double bond
isomerization of the isopropenyl group of ketone 17 to an isopropylidene group (21), followed
by 1,4-addition of the isomerized double bond onto the unsaturated ketone (Figure 4).5 The
resulting tertiary cation then undergoes elimination to regenerate the isopropenyl group, after
which dioxolane protection of ketone 23 affords dioxolane 19.

Figure 4 Proposed mechanism for the formation of byproduct 19.

In an attempt to reproduce this reaction with aldehyde 24, yet another unexpected product was
formed. Treatment of aldehyde 24 with TsOH in benzene at 80 °C yielded diene 25 in moderate
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yield (Scheme 3). The unique structure of diene 25 was unambiguously confirmed by X-ray
crystallographic analysis.

||
Me

'CHO

TsOH
benzene, 80 °C
48%

Y
24

Scheme 3 Cydizaüon of aldehyde 24 and ORTEP plot of diene 25 derived from X-ray crystallographic analysis (nonhydrogen atoms are shown with ellipsoids at 50% probability.

Most likely, the formation of diene 25 proceeded via an acid-mediated Prins cyclization (Figure
5).6 The proposed reaction pathway starts with protonation of aldehyde 24, followed by
nudeophilic attack of the isopropenyl moiety. The intermediate tertiary cation 27 can eliminate
in two ways, leading to either the allylic or homoallylic alcohol. However, molecular modelling
(MM2) clearly indicated that allylic alcohol 28 is the thermodynamic product In the next step,
protonation and elimination of alcohol 28 resulted in the formation of an allylic cation which can
undergo elimination to give diene 25. Although seven-membered ring formation via
intramolecular cyclization of alkenes with aldehydes is well known, these reactions generally
proceed via a Lewis acid-catalyzed carbonyl ene reaction.7 While in the case of aldehyde 24 a
carbonyl ene8 pathway would also be possible, this seems less likely since in the high-pressure
Diels-Alder reaction leading to aldehyde 24 no carbonyl ene products were observed.4 Attempts
to isolate the presumed intermediate alcohol were unsuccessful and only an inseparable mixture
of relatively polar products could be retrieved from the reaction. It is interesting to note that
examples of seven-membered ring formation via a Prins cyclization are rather rare and to the
best of our knowledge no examples exist that yielded a seven-membered ring diene.

28
29
Figure 5 Proposed mechanism for the Prins cyclization of diene 25.

25

Clearly, diene 25 bears strong resemblance to the core structure of platencin (30). An overlap of
both structures showed that the increased ring size of diene 25 does not alter the overall shape
of the molecule compared to core structure 30 and only affects the orientation of the exo-cyclic
double bond (Figure 6).
67

O

25

Ρ"
30

Figure 6 Overlay of the core structure of platencin (30} and diene ZS. Energies of conformations and overlap were
minimized (MM2).

The strong similarity of core structures 25 and 30, and the exceptionally short synthesis of diene
25 sparked our interest in the antibiotic properties of a platencin analogue incorporating the
latter compound.

4.3

Optimization studies

The Prins reaction is catalyzed by a variety of Brönsted and Lewis acids such as H2SO4, TsOH, BF3
and AlMe2CI offering numerous possibilities for optimization.6 In a preliminary screening of
H2SO4, BF3-OEt2 and TsOH as catalysts in the Prins reaction of aldehyde 24, the latter catalyst
clearly showed the best result according to TLC analysis and was selected for further
optimization (Table 1). By shortening the reaction time to 30 min, the yield of diene 24 was
increased to 67% (entry 1). Interestingly, the reaction with TsOH gave rise to a familiar side
reaction, namely isomerization of the isopropenyl group leading to ketone 31. The product
originating from intramolecular Michael addition of ketone 31, as was observed for compound
17 (Figure 4), was not isolated.
Table 1 Prins cyclization of aldehyde 24.
O
catalyst

Me

Τ

CHO

benzene, 80 °C

24

Entry

Catalyst

Equiv

T( 0 C)

Additive

Yield 25

Yield 31

1

TsOH

0.5

80

-

67

11

TsOH

0.5

80

MgS04

n.r.

n.r."

3

TsOH

0.1

Dean Stark

-

54

12

4

TsOH

0.5

80

hydroquinone

44

7

5

CSA

0.5

80

-

44

8

TfOH

1.5

0 "C to RT

-

65

11

e

Isolated yield.b n.r. = no reaction.c Reaction performed in THF.
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Most likely, the reaction does take place, but with no ethylene glycol present to trap the addition
product, the equilibrium of the reaction will probably favor ketone 31. In theory, trapping the
eliminated water in the Prins reaction should drive the equilibrium to diene 25 and to this end
the reaction was also performed in the presence of MgSCU (entry 2) and under Dean Stark
conditions (entry 3). Surprisingly, the addition of MgSCU inhibited the reaction and only little
conversion was achieved upon prolonged heating. Under Dean Stark conditions, the reaction
proceeded smoothly, however, without leading to a higher overall yield. Furthermore, the
addition of hydroquinone to the reaction (entry 4) to suppress possible radical polymerization
of diene 25 or changing the catalyst to the milder acid CSA (entry 5) only decreased the yield. On
the other hand, reaction of aldehyde 24 with the stronger acid TfOH in THF at RT (entry 6)
afforded the product in essentially the same yield as for entry 1, and thus represents a viable
alternative to the thermal TsOH conditions.

4.4

Incorporation of the propionic acid linker

4.4.1 Cross-metathesis strategy

In the second part of the synthesis the propionic acid linker needed to be installed. In the
synthesis of platensimycin (1) this non-trivial challenge was first solved by Nicolaou et al.9 Their
strategy, which involved a cross-metathesis reaction with vinylboronic acid pinacol ester as the
key step, was later also applied in their synthesis of platencin (2).10 Because of the structural
similarity of diene 25 and the core structure of platencin (30) we decided to adopt the same
strategy for the incorporation of the linker. The first step in this approach was a-alkylation of
diene 25 with methyl iodide (Scheme 4). Although the reaction proceeded in good yield, the
presence of a small amount of diastereoisomer (7:1) was somewhat unexpected. No
diastereoisomer formation was reported for this step in the syntheses of platensimycin and
platencin by Nicolaou et al. In the second step, ketone 32 was alkylated with allyl iodide to give
alkene 33 in 76% as an inseparable mixture of diastereoisomers (dr 10:3). With allyl bromide as
the electrophile, also O-alkylation occurred to give enol ether 34 in 27% yield. Interestingly,
upon GC analysis of the latter product, the thermal conditions efficiently promoted a Claisen
rearrangement to give alkene 33 in the same dr of 10:3.

KHMDS,
Mel, HMPA

KHMDS. HMPA

35
Grubbs I

THF, -78 °C

THF, -78 °C

benzene
reflux

93%
dr7 1

25

X = Br 53%(dr10 3)
X = l 76%(dr10 3)

M e ^ P - B · '* ^ - - s J / \

MeA^Ó
S

J~J
36

MejNO

OHC

2-methyl-2-butene
NaCI02. NaH2P04

THF reflux

f-BuOH, H20

35%
2 steps

91%

'

27%
0%

H02C

Scheme 4 neon>oration of the propioni
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The diastereomeric mixture of alkene 33 was reacted in the next step in a cross-metathesis
reaction with vinylboronic acid pinacol ester (35). Unsure about the effect of the diene moiety
on the reaction, we were pleased to find that the cross-metathesis proceeded well according to
TLC analysis. However, after workup NMR analyses revealed a complex mixture of products.
This can, at least in part, be attributed to the diastereomeric mixture used in the reaction and the
formation of E- and Z-isomers. Since the products were inseparable by flash chromatography,
the mixture was reacted further in the oxidation of the vinylic borane with MesNO to give
aldehyde 37 in 35% yield over two steps (corrected for the dr of 10:3 for alkene 33). Aldehyde
37 was the only diastereoisomer isolated and was subsequently reacted in a Pinnick oxidation to
give carboxylic acid 38 in 91% yield.
Carboxylic acid 38 was subjected to 2D-NMR analyses to resolve the relative stereochemistry.
COSY and HSQC analyses were used to assign the signals in the iH-NMR to the corresponding
protons of carboxylic acid 38 and this information was translated to the NOESY-spectrum as

ο
PP"1

250

200

Figure 7 NOESY-spectrum of carboxylic acid 38 Boxed areas are of special interest for the assignment of the
stereochemistry at the α-position of the ketone.

displayed in Figure 7. The NOE of H3 with H5 and H8, compared to the (virtually) absent NOE of
H2 with H5 and H8, and H3 with H4 indicated that carboxylic acid 38 had the desired
stereochemistry at the α-position. That the NOE of H2 with H4 is very weak and only visible with
high amplification might seem in contradiction with the proposed stereochemistry. However,
molecular modelling (MM2) showed that the protons H2 and H2' preferably point away from H4
(Figure 8) thus explaining the weak NOE interaction. The preferred anti-conformation of the
linker was nicely reflected by the vicinal coupling constants for H2 and H2' of J = 5.1 and 11.3 Hz
which indicated average dihedral angles of roughly 50° and 160°.
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Figure 8 Energetically favored conformation of carboxylic acid 38 as derived from molecular modelling (MM2).

4.4.2 Michael addition strategy
In 2008, Corey et al. reported a straightforward approach for the introduction of the propionic
ld
acid linker involving Michael addition of an enolate to methyl acrylate. While we had
considered this strategy before, it was initially discarded because of the inherent problem of
double Michael addition. As exemplified for cyclohexenone (39) in Figure 9, after the first
Michael addition, the intermediate enolate 41 can react in an intramolecular Michael addition to
give the bicyclo[2.2.2]octane skeleton 42.
Θ

R0
base

\

re

6-

RO'^l

39
40
Figure 9 Formation of the bicydo[2.2.2]octane skeleton.

^
Ο

^

The solution of Corey et al. was to use KOt-Bu in combination with t-BuOH in THF to create
reversible deprotonation conditions. KOt-Bu is sufficiently basic to form, at least in part, the
enolate of ketone 43. This enolate can undergo 1,4-addition with methyl acrylate generating the
intermediate enolate. However, the newly formed and more basic enolate can now be
protonated again by t-BuOH before the second 1,4-addition can take place. This strategy did not
only work for the platensimycin derivative of Corey et al., but also for platensimycin (1) and
platencin (2) as later shown by the groups of Nicolaou11 and Mulzer12 (Scheme 5).

ο

R 0

KOf-Bu,

2

C ^

^
THF or ether
f-BuOH
Mulzer et al.
Nicolaou et al.

R = Me:65%. d r 4 : 1
R = f-Bu 92% dr 2 : 1

Scheme 5 Incorporation of the C-3 linker in the synthesis of platencin (2) by Mulzer and Nicolaou et al.

Encouraged by these reports, we applied the same conditions to ketone 32. Unfortunately, this
did not give the desired product (Table 2, Entry 1-3), but instead afforded the double Michael
addition product 46 as a mixture of diastereoisomers. Only with the conditions of Mulzer et al.
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(Entry 2) ester 38 could be isolated in low yield as an inseparable mixture of diastereoisomers.
The yield of mono-Michael addition product 38 could be significantly increased to 37% (dr
1:2.5) by lowering the temperature to -78°C. However, in the latter case the reaction proceeded
0
much slower and required 2.5 h instead of 30 min at 0 C. In an attempt to explore lower
temperatures without decelerating the deprotonation step too much, a new protocol was used.
First the enolate of ketone 32 was formed with KHMDS in THF at -78°C and subsequently,
0
methyl acrylate in a 1:1 mixture of THF and t-BuOH was added at -116 C (Entry 5). At this low
temperature virtually no reaction was observed and the reaction was warmed to -78 "C. This
greatly accelerated the reaction and in 30 min the reaction was complete affording ester 38 in
an improved yield of 46% (dr 1:1).
Table 2 Michael addition reaction with enone 32.

R02C

KOf-Bu,

·-

f-BuOH
co-solvent
Entry

Co-solvent"

T(°C)

Yield 38 (%)

d.r. (38)

Yield 4 6 (%)

1

Me

THF (7:1)

0

0

-

65

2

Me

ether (1:1)

0

19

1:2.5

49

3

t-Bu

THF (15:1)

RT

0

-

78

4

Me

THF (8:1)

-78

37

1:1

n.d.

S"

Me

THF (8:1)

-116 to--78

46

1:1

36

»v/v Ratio t-BuOH/co-solvent is given in parentheses.b Deprotonation with KHMDS at -78 °C in THF, then addition
of methyl acrylate in THF/t-BuOH at -116 °C and warm to -780C.
The different behavior of ketone 32 in the Michael addition reaction as compared to the
syntheses of platensimycin (1) and platencin (2) is not easily explained. When the minimized
energies (MM2) of the various products are compared, it seemed that although the monoaddition products are almost equal in energy, the double Michael addition product 46 is
considerably lower in energy than compound 47. However, the reaction is expected to be under
kinetic control and the difference in energy between double Michael addition products 46 and
47 is only shown to underline the inherent difference of the two structures. Under the
conditions used the reaction is most likely irreversible and the difference in activation energy
for ester enolate protonation and the second Michael addition reaction will eventually
determine the product distribution.
,0,C02Me

le^ ^ Ρ^ΟΟ,Μβ
V
Me02C^^/,

Ψ

47
36
53 4 kcal/mol
42 2 kcal/mol
42 3 kcal/mol
Figure 10 Minimized energies (MM2) of the mono and double Michael addition products of core structure 32 and 43
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4.4.3 Tamao-Fleming oxidation strategy
Of the reported strategies for the introduction of the C-3 linker, the Fleming-Tamao oxidation of
a vinylsilane intermediate as reported by Rawal and co-workers in their synthesis of platencin
13
(2), has received little attention. As detailed in Scheme 6 for the synthesis of platencin (2) by
Rawal et al., the approach is based on the alkylation of ketone 43 with iodide 48 followed by
oxidation of the vinylsilane to aldehyde 50. In the oxidation step with hydrogen peroxide,
epoxidation of the cyclohexenone moiety could be prevented by addition of a stoichiometric
amount of iodosobenzene to the reaction mixture. What the exact role of the iodosobenzene is
remained unclear. Although this procedure required only two steps to aldehyde 50, the scarce
experimental information that is provided for the oxidation step (missing NMR spectra and
small scale), the low yielding synthesis of iodide 48 and the lack of application by other research
groups had so far discouraged investigation of this pathway. However, with only moderate
success for the cross-metathesis and Michael addition strategy we now decided to explore this
option in more detail.

Ο
M

e

Β η ,

l / S

5

, ^ ,

KHMDS. HMPA

V5^

THF-78°C

43

73%

Ο
Β η ^ ^ ^ "

/

TBAF.PhIO

^ λ

H 2 0 2 , KHC0 3

V5^

. \
^

^

^

THF. 0,0 40-c'

^

50

87%

4 9

S

^

Scheme 6 Introduction of the C-3 linker by Rawal et al.

The requisite iodide 48 can be synthesized in two steps from propargyl alcohol. The first step is
a rhodium-catalyzed hydrosilylation14 of propargyl alcohol with tribenzylsilane. Rawal et al.
reported a yield of 23% for this step, however, in our hands the reaction afforded only 2% of
vinylsilane 52 together with almost quantitative recovery of unreacted silane. Although no
literature precedent exists for hydrosilylation reactions with tribenzylsilane apart from that of
Rawal et al., we hoped that changing the catalyst to PtCh/XPhos,15 which was reported to react
with a variety of silanes, would give a more productive reaction. Again no reaction was observed
and only unreacted starting material was recovered. We therefore turned our attention to other
silanes and were pleased to find that hydrosilylation of propargyl alcohol with
benzyldimethylsilane16 and triethylsilane16 proceeded smoothly and in good yield (Scheme 7).
We decided to continue the synthesis with silane 53, since the oxidation of vinyhc
benzyldimethylsilanes is also described in literature.17

—
5 1

\,u
OH

R3S1H
RWCODKBF^, PPh,,
'
*•
acetone. RT

PPhj, l 2
imidazole
X ^ ^ ^ O H
^

χ

=

^

2 %

53:X = BnMe2Si 7 7 %
54:X = El3Si
quant ^

•
CH 2 CI 2 ,0-C

BnMe2Si^i^-l
5 5

„
" ^

Scheme 7 Synthesis of iodide 55. M Conversion based on GC-analysis.

In the next step, the iodide was introduced under standard conditions yielding vinylsilane 55 in
88%. The product appeared unstable and had to be used immediately in the next step.
Subsequent alkylation of ketone 32 with iodide 55 afforded product 56 in good yield albeit in a
1:3 ratio of diastereoisomers (Scheme 8). Finally, the stage was set for the crucial oxidation of
the vinylsilane moiety. Oxidation of silane 56 under identical conditions as reported by Rawal
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and co-workers, led to a mixture of products. Notably, the starting material was already
consumed within two hours, whereas the reported reaction time for tribenzylsilane 49 was 8 h.
After isolation of the main reaction product, ^-NMR analysis indicated loss of the
cyclohexenone double bond and substitution alpha to the aldehyde, as derived from a doublet at
1
13
9.80 ppm [ƒ = 0.5 Hz). Furthermore, H-and C-NMR spectra excluded epoxidation of the double
bond. Altogether these observations indicated that aldehyde 57 was the main product of the
reaction.
BrViSl^s^^l

KHMDS, HMPA

—

^

N

TBAF, PhIO

^

PXHO

HJOJ, KHCO3

* •

* •

THF -78 0C

THF, 0 to 40 °C

32

72%
56
dr1 3
Scheme β α-Alkylation and Tamao-Fleming oxidation of ketone 56

30%

One could speculate about the structure of the intermediate that undergoes the 1,4-addition
reaction. Most likely, the vinylsilane undergoes oxidation to the corresponding silyl enol ether or
the enolate, which are both capable of 1,4-addition to the unsaturated ketone.
4.4.4

Curtius rearrangement strategy

Unsatisfied with the yield and diastereoselectivity obtained so far, we continued the search for
more efficient methods to install the C-3 linker. To this end we investigated a new strategy
which relied on a Curtius rearrangement as the key step (Figure 11). In theory, aldehyde 37 can
be synthesized from carboxylic acid 60 via a one-pot procedure. The starting aldehyde 37 is
revealed through hydrolysis of unsaturated isocyanate intermediate 58, which is the Curtius
O
Curtius
• ft rearrangement

OHC

"

"

Ο

^
59

58

Me02C^^^I

+

61
Figure 11 Curtius rearrangement approach to aldehyde 37

rearrangement product of acyl azide 59. The latter compound can be accessed by activation of
carboxylic acid 60 and subsequent substitution with azide. Carboxylic acid 60, in turn, can be
traced back to ketone 32 via hydrolysis of the methyl ester and a-alkylation with iodide 61.
Interestingly, a literature survey showed little precedent for the conversion of unsaturated acids
to aldehydes via a Curtius rearrangement.18
In the forward synthesis, first allylic iodide 61 was prepared by a Finkelstein reaction of methyl
4-bromocrotonate with sodium iodide.19 The crude iodide 61 required no further purification
and proved stable upon storage at 4 "C for at least several days. In theory, several products can
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be formed in the alkylation of dienolates with 4-halocrotonates. Plausible reaction pathways
include a-alkylation, γ-alkylation, 1,4-addition followed by cyclopropane formation and double
20
1,4-addition. However, upon subjection of ketone 32 to the standard alkylation conditions as
shown in Scheme 9 yet another unexpected reaction occurred. First of all, the product was less
polar than the starting material according to TLC. Additionally, iH-NMR analysis showed no
coupling of the methyl group indicating substitution at the α-position, while the rest of the
spectrum was virtually unchanged. Based on these observations the product was most likely
iodide 62, which can be formed by attack of the enolate onto the iodide instead of the adjacent
carbon atom.
I ^ ^ ^ C 0 2 M e 61
KHMDS, HMPA
THF, - 7 8 "C
32

53%
dr1 4

62

Scheme 9 Unexpected chemoselectivity in the alkylation of 32 with iodide 61.

Unfortunately, no further analyses could be performed since the product degraded in the NMR
tube overnight to give a deep purple solution. The surprising chemoselectivity probably arises
from the combination of a hindered enolate and the extensive delocalization of the allylic anion
in the case of nucleophilic attack on the iodide. When LDA was used instead of KHMDS the
reaction was very slow and only afforded a mixture of products together with a large amount of
unreacted starting material. To investigate whether the reaction can still be used for the
synthesis of derivatives lacking the methyl group at the α-position, the reaction was also
performed with ketone 25 (Scheme 10). To our delight, the reaction proceeded smoothly with
LDA and DMPU to afford ester 63 in 83% yield. Initial attempts to hydrolyze the methyl ester by
treatment with aqueous NaOH or LiOH in MeOH led to a mixture of products. After screening
several conditions we found that aqueous LiOH in acetone gave a clean conversion to the
carboxylic acid 64 in 93% yield.

61

LDA, DMPU

»·

^

/'

Me02C ^ ^ „

THF, - 7 8 'C
83%

^-—^

63

o
LiOH(1M)

ΗΟ,Ο^^':

^
toluene
RT to 80 °C

acetone, RT

93%

HCl (6 M)

DPPA, EtjN

OHC^'„

CHCI3, RT
33%
Scheme 10 Curtius rearrangement approach.

Although various reagents can be used for the conversion of a carboxylic acid to the acyl azide,
DPPA was the reagent of choice since no purification is required of the intermediate azide before
the Curtius rearrangement21 Thus, carboxylic acid 64 was treated with DPPA at RT to give a
clean conversion into acyl azide 65 according to TLC. Subsequent heating to 80 0C then induced
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the Curtius rearrangement. Some deposition of polymer-like flakes occurred in the reaction
mixture indicating that polymerization might occur. The formed isocyanide was also more stable
to basic and acidic hydrolysis than expected and even survived purification by flash
chromatography. Eventually, a two-phase system of HCl (6 M) and chloroform was used to effect
hydrolysis yielding aldehyde 67 in 33% yield.
Although the developed pathway to aldehyde 67 is convenient and practical, the modest yield
for the Curtius rearrangement and the incompatibility of this methodology with ketone 32
eventually discouraged further investigation of this strategy. After having pursued various
strategies for the incorporation of the linker, we decided to settle for the moderate yield of
carboxylic acid 38, obtained with Nicolaou's cross-metathesis approach.

4.5

Completion and antibiotic activity of (-)-dehydrohomoplatencin

The synthesis of dehydrohomoplatencin 70 was completed using the methodology developed by
Giannis and co-workers22 and Nicolaou et al.10 Thus, aniline 68 was synthesized and
subsequently coupled to carboxylic acid 38 with HATU and Etiti in DMF to yield amide 69 in
70% (Scheme 11).
NH 2
HATU, EtaN

H0 2 C

XX

CO2TMSE

DMF

TMSEOjC

70%
68

38

TASF
DMF, 40 °C

H0

2C

57%
(-)-dehydrohomoplatencin (70)
Scheme 1 1 Completion of platencin derivative 7 0 .

In the last step the TMSE ester was deprotected by treatment with the fluoride donor TASF
providing the completed derivative (-)-dehydrohomoplatencin (70) in 57% yield.23 With
derivative 70 finally in hand, we determined its antibiotic profile and compared the results to
the reported values of platensimycin (I) 24 and platencin (2).25 Much to our delight (-)dehydrohomoplatencin (70) proved to be virtually equipotent to natural products 1 and 2 and
only for S. pneumoniae a striking loss of activity was observed (Table 3). Interestingly, 5.
pneumonia is the only strain that needs to be cultured in the presence of whole blood. The
inactivity of dehydrohomoplatencin against 5. pneumonia might well originate from the
abundance of fatty acids present in whole blood, giving the bacteria the opportunity to bypass
their compromized fatty acid synthesis by absorbing fatty acids from their host, as discussed in
Chapter 1.
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Table 3 MIC-values of (-)-dehydrohomoplatencin.

a

Entry

Organism

Resistance

Dehydrohomo
-platencin
(70)

Platencin
(2)

Platensimycln
(1)

1

5. aureus

MSSA

1

-

-

2

S. aureus

MRSA

1

1

0,5

3

S. aureus

er. R,a cl. Sb

1

-

-

4

S. aureus

MSSA

0,5

0,5

0,5

5

S. aureus

macrolid R

1

1

0,5

6

E.faecalis

-

2

2

1

7

E.faecalis

VRE

2

-

-

8

E.faecium

-

0,12

-

-

9

E.faecium

VRE

0,12

<0,06

0,1

10

CNS

-

0,25

-

-

11

CNS

MRSE

0,12

-

-

12

S. pneumoniae

-

>16

4

1

13

S. pneumoniae

macrolid R

>16

-

-

14

5. pneumoniae

penicillin R

>16

-

-

b

er. R. = erythromycin R. cl. S. = clindamycin S

4.6

Synthesis of a carbamate-linked platencin derivative

Because of the moderate yield for the introduction of the C-3 linker in derivative 70, we became
interested in analogues incorporating linkers that are synthetically more readily accessible. In
Scheme 12, the carbamate-linked derivative 71 is shown which should in theory greatly
facilitate the introduction of the linker. Moreover, replacement of the amide for a more electronrich carbamate should also render the molecule more stable to hydrolysis. Retrosynthetically,
derivative 71 can be traced to aniline 68 and alcohol 72 via protection of the carboxylic acid as
the TMSE ester and cleavage of the carbamate group.
OH
HO2C

TMSE0 2 C' "y
"NH2
OH
6B

Scheme 12 Retrosynthesis of derivative 71.

Alcohol 72 was envisioned to be accessible by simple alkylation of the previously synthesized
intermediate with formaldehyde. In the forward synthesis, treatment of ketone 32 with LDA and
formaldehyde yielded alcohol 72 in 50% yield as an easily separable mixture of
diastereoisomers and 24% of recovered starting material (Scheme 13). The relative
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configuration of both alcohols was readily assigned with NOESY. Especially the strong NOE of
the axial proton (2] with either the methylene protons of the alcohol linker (1) in alcohol 72a, or
the methyl group (3) in alcohol 72b was decisive in the assignment of the relative
configurations.

(67% b r s m )
Scheme 13 Synthesis and relevant NOESY correlations of alcohols 72a and 72b.
In the next step, the challenging intermolecular coupling of the hindered aniline 68 with alcohol
72a was first explored with a model system (Table 4). Pent-4-en-l-ol (74) was coupled to 2aminophenol (73) using either a two-step protocol with 4-nitrophenyl chloroformate (entry 1)
or a one-pot procedure with carbonyldiimidazole (GDI) (entry 2). Both methods provided
carbamate 75 in reasonable yield and since the coupling with CDI is a one-pot procedure this
method was preferred. As expected, when these conditions were applied to the more hindered
aniline 68 the reaction proceeded in lower, but still acceptable, yield (entry 3).
Table 4Synthesis of carbamates 75 and 76
R-NH2

+

74

68,73

Entry
1

conditions

^

R

75-76

Conditions" Product Yield (%)
73

A

75

58

73

Β

75

52

76

37

Ι .Γ

OH
OH

^

68

COjTMSE

' Conditions: (A) i) alcohol 74, 4-nitrophenyl chloroformate, pyridine, CH2CI2, RT. ii) aniline 73, EtsN, HOBt, THF, RT.
(B) anilines 68 or 73, CDI, DMAP, DMF 0 "C to RT then alcohol 74,50 °C.
Alcohol 72a was then coupled to aniline 68 in similar yield and afforded the TMSE-protected
derivative 77 (Scheme 14). Separation of the product from the unreacted alcohol 72a was
difficult, and the product, contaminated with the starting alcohol 72a, was therefore reacted as a
mixture in the next step. Deprotection was effected with TASF to give pure carbamate derivative
71 in 47% yield. Although the overall yield over three steps is low, sufficient material was
obtained to determine the antibiotic profile of derivative 71. In contrast to our expectations.
78

Synthesis and Antibiotic Activity ofPlatencin Derivatives

compound 71 did not show any antibiotic activity against MRSA or VREF and therefore no
optimization of the synthetic pathway was performed. Possible causes for the lack of activity are
discussed at the end of the next section.

»t

NH2
HCk / L ^OH

GDI, DMAP
Jk-A
A
«- T M S E 0 2 C ^ y ^ N O
H
DMF, 50 "C
OH

KfY
li^L

TASF

^

^^X02TMSE

33%
72a
Scheme 14 Synthesis of carbamate derivative 71.

4.7

Ξ

DMF, 40 °C

77

47%

Synthesis of a triazole-linked platencin derivative

Another derivative that was synthesized concurrently with derivative 71 is triazole 78 (Figure
12). In this analogue the amide is substituted for a triazole and the methyl group at the aposition of the ketone is absent Again, these modifications were synthetically driven and aimed
to considerably simplify the synthesis. We also realized that even though triazoles are
bioisosteres of amides, the hydrogen bond donor interaction that the amide group in platencin
has with the enzyme cannot be mimicked by the triazole, which might decrease the activity of
the triazole derivative. As shown in Figure 12, triazole 78 can be assembled in two steps via a
1,3-dipolar cycloaddition of azide 79 with alkyne 80 and subsequent TASF deprotection. The
latter compound can be traced back to diene 25 in one step via a-alkylation with propargyl
bromide. A considerable advantage of the absence of the methyl group in alkyne 80 is that, in the
case of diastereoisomer formation in the alkylation step, epimerization to the thermodynamic
product should now be possible.
OH

OMOM

>=<
N^N
H02C
OH

MeOjC

OMOM
79

78
Figure 12 Retrosynthesis of triazole derivative 78.

The synthesis of azide 79 commenced with nitration of resorcinol, as developed by Giannis et al.
(Scheme 15).22 Treatment of resorcinol 81 with nitric acid and acetic anhydride in acetic acid

k / ^ O H
^^X02Me

HNOj.A^O

HO^XxiH

AcOH. RT

81
N0 2
MOMO-^L^OMOM
\^C02Me

H O ^ ^ O I

^^N;02Me
82
35%

MeOH, EtOAc. RT
86%

85

2· P d / C

84

02N^^X02Me

NH
MOMO^ / L ^OMOM

Yy'

H

DIPEA.. MOMCI

^^ΟΟ,Μβ

83
23%

85%

TfN3
CuSO„, EtaN
C H

CH2CI2, RT

2

C I

2·

MOMO

OMOM

M e O H

18%

C02Me
79

Scheme 15 Synthesis of azide 79.
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yielded nitroresorcinol 82 in 35% together with 23% of regioisomer 83. Subsequent MOM
protection of both phenol groups and reduction of the nitro group with H2 and Pd/C afforded
aniline 85 in good yield. The scalability and speed of this approach easily outweighs the low
yield of the first step and made this the preferred synthetic pathway to aniline 85 for most
research groups. In the last step, the azide was introduced via diazotransfer with triflyl azide to
give azide 79 in low yield. No optimization was carried out since enough material was obtained
to complete the synthesis of the derivative.
The synthesis of the second cycloaddition partner, alkyne 80, was realized by alkylation of
ketone 25 with 3-bromo-l-(trimethylsilyl)-l-propyne (86), which, after deprotection with
K2CO3, yielded alkyne 80 in 74% yield (b.r.s.m.) over two steps (Scheme 16). Notably, the
product was obtained as a single diastereoisomer and no additional epimerization step was
required. According to the large coupling constant of J = 12.8 Hz for the α-proton, the propargyl
group must be in the equatorial position. In the final stage of the synthesis, alkyne 80 was
reacted with azide 79 in a copper-catalyzed 1,3-dipolar cycloaddition reaction. Simple copper
wire, routinely used for this reaction in our group,26 failed to give any reaction and the addition
of copper iodide was required for the reaction to proceed. In the next step, hydrolysis of the
methyl ester, followed by deprotection of both MOM ethers afforded derivative 78. The low yield
was mainly caused by repetitive chromatography which was required to remove all impurities.
It seemed that derivative 78, and also the other platencin derivatives synthesized in this project,
partially decomposed on silica gel as indicated by the color change of the silica gel after
chromatography. The fact that researchers from Merck lost all the isolated platensimycin upon
drying the extract with MgS04 instead of Na2S04, further supports the hypothesis that derivative
78 may bind strongly to, or decompose on, polar surfaces.27
TMS—=—^

Br 86
1) LDA, DMPU
THF, - 7 8 °C
2) KJCOJ, MeOH, RT
52%
74% b r s m

- ^

/-TV Λ

^ - ^
β 0

79

. Cu-wire, Cui

MeCN, H2O, RT
4 9 %
or
80% b r s m

OMOM
) LiOH, THF, 45 °C
Me02C

Θ

OMOM
87

Scheme 16 Synthesis of triazole denvative 78.

Disappointingly, derivative 78 also showed no antibiotic activity toward MRSA and VREF. The
lack of activity of derivatives 71 and 78 might be explained by considering the three
dimensional structure of platencin (2) in the active site of FabF (Figure 13) in £ co/;'.28 From this
figure it becomes clear that the linker is twisted 63° out of the plane of the amide, something
which is unfavorable in the case of the carbamate linker due to the hindered rotation around the
oxygen-carbon bond. For triazole derivative 78, this twisted conformation is structurally simply
impossible. Consequently, the aliphatic and aromatic parts of derivative 71 and 78 have a
completely different orientation and cannot bind in the same way as platencin (2) in the active
site of the enzyme.
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Figure 13 Conformation of platencin (2) in the active site of FabF in £. coli.

4.8

Conclusions

In conclusion, we have developed a short enantiopure synthesis of dehydrohomoplatencin
featuring an unprecedented Prins cyclization reaction. The novel ketolide portion of
dehydrohomoplatencin was accessed in only two steps with high atom efficiency using only high
pressure and acid catalysis. By this exceedingly simple protocol we were able to routinely
synthesize the ketolide structure on multigram-scale. The introduction of the propionic acid
linker to the ketolide structure was particularly challenging and, despite extensive efforts, could
only be performed in moderate overall yield. The completed derivative, dehydrohomoplatencin,
proved to be virtually equipotent to platencin and only lacked activity against 5. pneumoniae.
Substitution of the amide functionality in the linker of dehydrohomoplatencin by a carbamate or
triazole group resulted in a complete loss of activity. These fìndings can be rationalized by
inherent conformational restrictions for the new linkers as compared to the amide linker in
platencin.
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4.10 Experimental
For general remarks see section 2.8.
(15,3aR,4S,7aÄ)-l-(Prop-l-en-2-yl)-3a-vinyloctahydrosplro[l,4-methanolndene-6,2'[l,3]dloxolane] (19)
^ 0 Me^
To a solution of ketone 17* (3.00 g, 13.87 mmol), and ethylene glycol (8.61 g, 138.7
mmol) in benzene (150 mL) was added TsOH (0.597 g, 3.47 mmol) and the mixture was
heated to reflux in a Dean-Stark setup for 16 h. Note: Due to the small volume of the
receiving flask in the Dean-Stark setup the removal of water was inefficient for thefirstfew
hours of the reaction. The reaction was quenched with solid Na2C03 (2.5 g) and stirred for
1 h. Aqueous saturated NaHCOs (100 mL) was added and the layers were separated. The aqueous layer
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was extracted with CH2CI2 (2 χ SO mL) and the combined organic layers were washed with water (2 χ 50
mL) and bnne (50 mL), dned over Na2S04, filtered and the solvent evaporated The crude product was
4
purified by flash chromatography (silica gel, EtOAc heptane 1 10 to 1 4) to give dioxolanes 18 (2 45 g,
20
68%) and 19 (0 77 g, 21%) as colorless oils 19 [α]ο = +66,1 (c 1 01 CH2CI2) W NMR (CDCMOO MHz) δ
6 15 {da, J = 11 0, 17 7 Hz, IH), 5 18 (dd,/ = 1 8 , 1 1 0 Hz, IH), 5 08 (dd,7 = 18, 17 7 Hz, IH), 4 8 6 (qd,y =
1 4, 2 1 Hz, IH), 4 75-4 76 (m, IH), 3 87-3 96 (m, 2H), 3 72-3 79 (m, 2H), 2 42 (ddd, / = 1 5, 3 1, 12 6 Hz,
IH), 2 00 (dd,7 = 1 6,13 8 Hz, IH), 1 99 (dd, ƒ = 4 7,15 1 Hz, IH), 1 92 (td, ƒ = 2 1,15 4 Hz, IH), 1 88-1 93
(m, IH), 1 81-1 85 (m, IH), 1 76 (dd, ƒ = 0 8,14 Hz, 3H), 1 58-1 72 (m, 3H), 1 50-1 56 (m, IH), 142 (ddd,/
13
= 0 9, 8 2,12 5 Hz, IH), 1 33 (m, IH) C NMR (CDCb, 100 MHz) δ 147 7, 140 6,114 8, 110 1,107 5, 63 7,
62 8, 55 1, 50 9, 49 0, 42 3, 39 0, 38 5, 34 2, 33 9, 32 4, 20 5 HRMS (EI*) calcd for C17H24O2 [M]* 260 1776,
found 260 1776
(4aS,8S,9aS)-7-Methylene-7,8,9,9a-tetrahydro-4a,8-ethanobenzo[7]annulen-2(lH)-one(25)
4

To a solution of aldehyde 2 4 (2 00 g, 9 16 mmol) in benzene (70 mL) under argon
atmosphere was added TsOH (0 789 g, 4 58 mmol) in one portion The reaction flask was
placed in a preheated oil bath at 80 "C and stirred for 30 mm At that time TLC analysis
showed complete consumption of aldehyde 24 and the reaction mixture was cooled to RT
using a water bath The reaction mixture was diluted with ether (40 mL) and washed with water (80 mL)
The aqueous layer was extracted with ether (2 χ 40 mL) and the combined organic layers were washed
with saturated aqueous NaHCOs (40 mL) and brine (40 mL), dried over NazSCU and the solvent evaporated
in vacuo The crude product was purified by flash chromatography (silica gel, EtOAc heptane 1 20 to 1 5)
to give diene 25 (1 22 g, 67%) as a pale yellow oil, which solidified upon storage in the freezer, and alkene
3 1 (0 221 g, 11%) as a yellow oil A sample for X-ray crystallographic analysis of diene 25 was obtained by
dissolving the product in heptane and subsequent slow evaporation of most of the solvent The remaining
mother liquor was removed by pipette and the process was repeated again to give diene 25 as colorless
rodlike crystals 25 [α]ο 20 = -42 4 (c 1 07 CH2CI2) »H NMR (CDCb, 400 MHz) δ 6 67 (d, ƒ = 1 0 1 Hz, IH),
6 14 (dd, J = 16,10 8 Hz, IH), 5 91 (dd,ƒ = 1 0,10 1 Hz, IH), 5 73 (d,y = 10 8 Hz, IH), 4 82 (m, IH), 4 77 (m,
IH), 2,60-2 65 (m, IH), 2 48-2 57 (m, IH), 2 39 (ddd,/ = 0 8, 5 1,16 2 Hz, IH), 2 30 (dd,/ = 13 7,16 2 Hz,
IH), 2 1 2 (tdd,/= 2 4,9 4, 13 9 Hz, IH), 1 76-194 (m, 4H), 143 (ddd, ƒ = 44, 7 3, 13 7 Hz, IH) " C NMR
(CDCb, 75 MHz) δ 199 6,157 4,153 2,139 0,132 8,126 6,112 8, 43 1,40 0, 39 3, 38 6, 35 6, 28 4, 26 4 IR
(neat) ν 3076, 3018, 2930, 2858, 1679, 1635, 1620, 1592 cm > HRMS (EI*) calcd for GtHieO [M]*
2001201, found 200 1204 3 1 [α]ο 20 = +166 1 (c 1 00 CH2CI2) IR (neat) ν 2916, 2858, 2358,1721,1678,
1447, 1380 cm-i Ή NMR (CDCb, 400 MHz) δ 9 62 (s, IH), 6 61 (d,/ = 10 2 Hz, IH), 6 14 (d,/ = 10 2 Hz,
IH), 2 62-2 70 (m, IH), 2 4 5 (d,ƒ = 4 9 Hz, IH), 2 41 ( d , / = 9 0 Hz, IH), 2 20-2 38 (m, 4H), 2 09-216 (m,
IH), 198-2 05 (m, IH), 1 65-1 72 (m, 6H) 13 C NMR (CDCb, 75 MHz) δ 200 5, 197 9, 147 2, 130 6, 125 5,
124 8, 52 8, 39 6, 35 3, 314, 30 7, 25 4, 19 6, 19 5 HRMS (El*) calcd for CitHiaOz [M]* 2181307, found
2181307
^

.,

(15,4a5,85,9a5)-l-Methyl-7-methylene-7,8,9,9a-tetrahydro-4a,8-ethanobenzo[7]annulen-2(lH)one (32a) and (l«,4aS,8S,9aS)-l-methyl-7-methylene-7,8,9,9a-tetrahydro-4a,8ethanobenzo[7]annulen-2(l/f)-one (32b)
According to a procedure by Nicolaou et al, 9 diene 25 (2 36 g, 11 8 mmol) was
dissolved in THF (95 mL) and KHMDS (35 4 mL, 0 5 M in toluene, 17 7 mmol)
was dropwise added at -78 °C After stirring for 45 min, HMPA (23 6 mL) and
methyl iodide (13 4 g, 94 3 mmol) were added and the mixture was reacted for
32a
3 2 b
1 h The reaction was quenched with saturated aqueous NaHCOs (200 mL) and
extracted with ether (3 χ 100 mL) The combined organic layers were washed with water (2 χ 100 mL)
and brine (70 mL), and dried with NazSCU Purification by flash chromatography (silica gel EtOAc heptane
0 1 to 1 5) yielded a 7 1 mixture of ketones 32a and 32b (2 37 g, 93%) respectively 32a [α]ο20 = -73 4 (c
0 99 CH2CI2) IR (neat) ν 3075, 3016, 2969, 2931, 2903, 2857,1680,1629,1592 cm ί m NMR (CDCMOO
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MHz) δ 6 56 (d,J = 10 1 Hz, IH), 6 11-6 14 (m, IH), 5 92 (d, ƒ = 10 1 Hz), 5 70 ( d d j = 0 6,10 8Hz, IH) 4 824 83 (m, IH), 4 76-4 77 (m, IH), 2 64-2 69 (m, IH), 2 24 (qd, ƒ = 6 3,12 4 Hz, IH), 2 18-2 28 (m, 2H), 1 731 94 (m, 4H), 1 51-1 60 (m, IH), 112 (d, I = 6 4 Hz, 3H) " C NMR (CDCU, 75 MHz) δ 201 2, 155 4, 153 2,
139 2,132 6, 126 1,112 7, 46 2, 45 0, 40 5, 38 6, 35 4, 28 4, 26 3,11 5 HRMS (EI*) calcd for CisHieO [M]*
214 1358, found 214 1351 32b Ή NMR (CDCb, 400 MHz) δ 6 61 (d, / = 10 2 Hz, IH), 6 09-6 12 (m, IH),
5 87 ( d d j = 0 8,10 2 Hz, IH), 5 69 (d, ƒ = 10 8 Hz, IH), 4 84 (m, IH), 4 78 m, IH), 2 70-2 75 (m, IH), 2 61
13
( d t j = 5 4, 9 3 Hz, IH), 2 38 (dq,/ = 5 5, 7 5 Hz, IH), 1 77-1 93 (m, 6H), 1 21 (d,/ = 7 5 Hz, 3H) C NMR
(CDCb, 75 MHz) δ 204 4, 155 4, 152 9, 140 5, 132 2, 124 5, 113 0, 45 4, 40 7, 39 5, 38 9, 30 3, 29 7, 26 0,
13 7
(4a5,85,9aÄ)-l-Allyl-l-methyl-7 niethylene-7,8,9,9a-tetrahydro-4a,8-ethanobenzo[7]annulen2(lH)-one (33)
9

Ο
According to a procedure by Nicolaou et al , Ketone 32 (70 0 mg, 0 327 mmol) was
^ ^ i ^ N
dissolved in THF (3 5 mL) and KHMDS (261 μι, 0 5 M in toluene, 1 31 mmol) was then
S-V^A
dropwise added at -78 °C After stirring for 45 min, HMPA (654 μΐ) and allyl iodide (0 439
•^^^^^
g, 2 61 mmol) were added and the mixture was reacted for 30 mm The reaction was
quenched with saturated aqueous NaHCCh (15 mL) and extracted with ether (3 « 15 mL) The combined
organic layers were washed with water (15 mL) and brine (15 mL), dried with MgSO* and the solvent
evaporated Purification by flash chromatography (silica gel, EtOAc heptane 1 40) yielded alkene 33 (62 9
mg, 76%) as an inseparable mixture of diastereoisomers in a 10 3 ratio respectively together with a small
amount of an unidentified impurity ( 4 % according to GC analysis) In the spectroscopic analyses only the
reasonances for the major isomer could be reliably assigned [α] Β 2 0 = -88 7 (c 0 94 CH2CI2) IR (film) ν
3074,3016, 2937, 2863,1733,1678,1637 cm-1, Ή NMR (CDCU, 400 MHz) δ 6 53 ( d j = 10 2 Hz, IH), 6 09
( d j =10 7 Hz, IH), 5 89 (d,7 = 10 2 Hz, IH), 5 68 (d,7 = 10 8 Hz, IH), 4 99-5 05 (m, IH), 4 95-4 98 (m, IH),
4 82 (m, IH), 4 76 (m, IH), 2 70-2 75 (m, IH), 2 66 (tdd, I = 1 7, 4 9, 14 0 Hz, IH), 2 46 (t, ƒ = 9 1 Hz, IH),
1 74-1 94 (m, 7H), 1 1 4 (s, 3H) 13 C NMR (CDCI3, 75 MHz) δ 203 8,154 4,153 1,140 9,134 9,132 0,125 0,
117 2, 112 7, 48 0, 417, 39 7, 39 4, 39 0, 29 8, 27 3, 26 0, 2 1 3 HRMS (EI*) calcd for CieH220 [M]*
254 1671, found 2541662 In the case of allyl bromide as the electrophile, also enol ether 34 was isolated
in 27% yield 34 [O]D 20 = -119 6 (c 1 09 CH2CI2) IR (film) ν 3075, 3014, 2930, 2854,1668, 1634 cm-i W
NMR (CDC13,400 MHz) δ 6 07 (dd,/ = 0 7, 10 7 Hz, IH), 4 3 2 (tdd,/ = 5 5, 10 7, 17 2 Hz, IH), 5 87 (d,/ =
10 7 Hz, IH), 5 70 (d, ƒ = 1 0 0 Hz, IH), 5 41 ( d j = 1 0 0 Hz, IH), 5 31 (qd, ƒ = 1 6,17 2 Hz, IH), 5 18 ( q d j =
1 3,10 4 Hz, IH), 4 79 (m, IH), 4 75 (m, IH), 4 21 (tdd, ƒ = 1 3, 5 6,12 8 Hz, IH), 4 14 (tdd, ƒ = 1 3, 5 6,12 8
Hz, IH), 2 83 (t, J = 9 3 Hz, IH), 2 62-2 65 (m, IH), 1 99 (ddd, ƒ = 2 2, 3 8, 9 1 Hz, IH), 1 8 8 (td,y = 9 3,13 1
Hz, IH), 1 67-1 76 (m, 2H), 1 63 ( d j = 1 4 Hz, 3H), 1 53-1 59 (m, IH), 1 4 1 ( d d j = 9 5, 13 1 Hz, IH) " C
NMR (CDCU, 75 MHz) δ 153 7,143 7,143 2,135 1,134 5,130 8,119 6,117 5,116 9, 111 9, 70 8,45 0,40 0,
38 7,30 9,28 8,25 4,20 0

3-((lS,4a5,a$,9aÄ)-l-Methyl-7-methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8-ethanobenzo[7]annulen-l-yl)propanal (37)
Q
According to a modified procedure by Nicolaou et al , 10 Grubbs II catalyst (0 420 g,
OHC ^/
iXv.
0 49!> mmol) was dissolved in benzene (6 5 mL) and then added to a solution of alkene
/ \ V 5 \ 33 (1 26 g, 4 95 mmol), and vinyl pinacol borane (1 53 g, 9 93 mmol) in benzene (165
^ - ^ d
mL) at 80 0C After 50 min a second portion of Grubbs II catalyst (0 070 g, 0 082 mmol)
was added and the reaction was continued for 10 mm The reaction was cooled to RT
and dryloaded on silica gel The crude product was purified by flash chromatography (silica gel,
EtOAc heptane 1 40 to 1 10) to give 1 28 g of a yellow oil (Rf = 0 45, EtOAc heptane 1 3) The product (1 28
g) was dissolved in THF (90 mL) and tnmethylamine W-oxide (1 26 g, 16 8 mmol) was added at RT and
subsequently warmed to 70 "C for 1 5 h The reaction was cooled to RT and partitioned between brine (70
mL) and ether (100 mL) The aqueous layer was extracted with ether (2 χ 50 mL) and the combined
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organic layers were washed with brine (70 mL), dried with Na2S04 and the solvent evaporated The crude
product was purified by flash chromatography (silica gel, ether pentane 1 10 to 1 5) to give aldehyde 37
20
(0 343 g, 3 5 % based on 7 3 % purity of alkene 33) as a colorless oil [α]ο = -77 1 (c 0 35 CH2CI2) IR (film)
ν 3077, 3016, 2927, 2862, 2719,1720,1674,1634,1627 cm 1 Ή NMR (CDCl3,400 MHz) δ 9 75 (t,/ = 1 5
Hz, IH), 6 53 (d,y = 10 2 Hz, IH), 6 09-6 12 (m, IH), 5 89 ( d j = 10 2 Hz, IH), 5 69 (d,J = 10 8 Hz, IH), 4 844 85 (m, IH), 4 79 (m, IH), 2 71-2 76 (m, IH), 2 24-2 45 (m, 3H), 2 09 (ddd,/ = 4 8,10 8,14 3 Hz, IH), 1 72
1 96 (m, 6H), 1 54 (ddd, J = 5 2, 10 9,14 2 Hz, IH), 1 1 8 (s, 3H) " C NMR (CDCI3, 75 MHz) 5 203 8, 202 1,
1541,152 4,140 7,132 2,125 0,113 3, 48 0, 42 0, 39 8, 39 2, 38 8, 29 5, 27 8, 26 4, 25 8, 21 7 HRMS (EI*)
calcd for C18H22O2 [M]* 270 1620, found 2701611
3-((15,4a5,aS,9aÄ)-l-Methyl-7-methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8-ethanobenzo[7]annulen-l-yl)propanolc add (38)
9
Ο
According to a procedure by Nicolaou et al , aldehyde 37 (95 0 mg, 0 351 mmol) and
Ηθ2θ^/
lAv^
2-methyl-2-butene (0 271 g, 3 87 mmol) were dissolved in t-BuOH (4 mL) and
fCvM
NaH2P04 (0 243 g, 1 76 mmol) in water (2 mL) and NaCIOz (95 5 mg, 1 06 mmol) in
•^ ^
water (2 mL) were added sequentially at RT under vigorous stirring After 15 mm,
brine (15 mL) was added and the reaction mixture was extracted with ether (3 χ 10 mL) The combined
organic layers were dried over NajSCU and the solvent evaporated Purification by flash chromatography
(silica gel, EtOAc heptane 1 10 + 0 5% AcOH to 1 5 + 0 5% AcOH) yielded carboxyhc acid 38 (91 2 mg,
91%) as a colorless oil [α]ο 20 = -57 1 (c 0 53 acetone) IR (neat) ν 3076-3667, 3018, 2927, 2863, 2617,
1705,1674,1592 cm * 'H NMR (CDC13,400 MHz) δ 6 52 ( d j = 10 2 Hz, IH), 6 10 (dd, ƒ = 1 3,10 8 Hz, IH),
5 89 (d, ƒ = 10 2 Hz, IH), 5 69 (d, ƒ = 10 8 Hz, IH), 4 84 (m, IH), 4 78-4 79 (m, IH), 2 71-2 76 (m, IH), 2 39
(t, ƒ = 9 6 Hz, IH), 2 19-2 34 (m, 2H), 2 10 (ddd,/ = 5 0,11 2,14 1 Hz IH), 1 74-198 (m, 6H), 159 (ddd,/ =
5 3, 11 3, 14 0 Hz, IH), 117 (s, 3H) " C NMR (CDCb, 75 MHz) δ 203 9, 178 5, 154 1, 152 4, 140 7, 132 2,
125 0, 113 3, 48 1, 41 9, 39 8, 38 8, 29 5, 29 0, 29 0, 27 8, 25 8, 21 6 HRMS (EI*) calcd for CieH2203 [M]*
286 1569, found 2861576
(E)-3-(Benzyldlmethylsilyl)prop-2-en-l-ol(52)
According to a procedure by Robichaud et a l 1 6
fcis(l,5-cyclooctadien)B n M e Sl
\=\
rhodium(I)tetrafluoroborate (63 5 mg, 0 156 mmol) and tnphenylphosphine (82 0
0 H
mg, 0 313 mmol) were loaded in a Schlenk flask (250 mL) and placed under an argon
atmosphere by three vacuum-argon cycles Then acetone (100 mL, degassed by purging with argon under
vigorous stirring for 30 mm) was added via a cannula. After stirring for 5 mm propargyl alcohol (1 97 g,
35 1 mmol) and benzyldimethylsilane (4 70 g, 31 3 mmol) were added via syringe resulting in a slight
exotherm The reaction was cooled with a waterbath of 10 "C for 15 mm and subsequently stirred for 3 5 h
at RT At this time TLC and GC analysis showed virtually complete consumption of the s m and a small
amount of Celite was added to the reaction mixture The suspension was filtered over Celite and the
solvent evaporated The crude product was punfied by flash chromatography (silica gel, ether pentane,
0 1 to 1 2) to give alcohol 52 (4 97 g, 77%) as a colorless oil IR (film) ν 3301, 3058, 3022, 2987, 2953,
2891,1619,1599,1492, 829, 697 cm l m NMR (CDCb, 400 MHz) δ 7 18 7 23 (m, 2H), 7 05-7 09 (m, IH),
7 00-7 01 (m, 2H), 6 17 (td,/ = 4 4,18 8 Hz, IH), 5 89 (td,/ = 18,18 9 Hz, IH), 4 17 (ddd,/= 1 8,4 3, 6 1 Hz,
2H), 2 14 (s, 2H), 1 39 (br t,/ = 6 1 Hz, IH), 0 06 (s, 6H) 13 C NMR (CDC13, 75 MHz) δ 146 0, 139 8, 128 2,
128 1,127 4,124 0,65 5, 25 9, -3 4 HRMS (ΕΙ*) calcd for dzHieOSi [M]* 206 1127, found 2061124
(£}-Benzyl(3-lodoprop-l-en-l-yl}dlmethylsllane(55)
BnMejSi
lodine (2 21 g, 8 73 mmol) was slowly added to a solution of alcohol 52 (1 50 g, 7 27
^=v\
mmol), tnphenylphosphine (1 91 g, 7 27 mmol) and imidazole (148 g, 21 8 mmol) in
CH2CI2 (30 mL) at 0 "C The reaction was protected from light and stirred for 20 mm at
0 eC The brown mixture was then diluted with CH2CI2 (40 mL) and washed with aqueous Na2S03 (0 5 M,
30 mL) until colorless The organic layer was separated and washed with water (50 mL) and brine (50
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mL), dried with Na2S04, filtered and the solvent evaporated. The crude product was purified by flash
chromatography (silica gel, etherpentane, 0:1 to 1:10) to give iodide 55 (2.03 g, 88%) as a pale orange
liquid. Ή NMR (COCU, 400 MHz) δ 7.19-7.24 (m, 2Η), 7.04-7.12 (m, IH), 6.98-7.00 (m, 2H), 6.14 (td, J =
7.4, 18.2 Hz, IH), 5.81 (td, ƒ = 1.0,18.2 Hz, IH), 3.88 (dd,7 = 1.0, 7.4 Hz, IH), 2.13 (s, 2H), 0.05 (s, 6H). " C
NMR (COCU, 75 MHz) δ 143.3,139.5,128.3,128.2,128.2,124.1,25.6,8.4, -3.6.
(15 / 4aS,8S,9aÄ)-l-((£l-3-(Benzyldlmethylsllyl)allyl)-l-methyl-7-niethylene-7,8,9 ( 9a-tetrahydro4a,8-ethanobenzo[7]annulen-2(l/i)-one (56b)
,_ iVi
BnMeaSi^^^l^^

KHMDS (1.21 mL, 0.5 M in toluene, 0.607 mmol) was added dropwise to a
solution of ketone 32 (0.100 g, 0.467 mmol) in THF (4.5 mL) at -78 °C. After 1 h
H M p A ( 0 93 m L j a n d i o d i d e s s d i s s o l v e d i n T H F ( 0 7 ^
were added The

l^^zJ

reaction was continued for 45 min and was then quenched with saturated
aqueous NaHCOs (15 mL). Ether (20 mL) was added and the layers were
separated. The aqueous layer was extracted with ether (2 χ 10 mL) and the combined organic layers were
washed with water (2 χ 10 mL) and brine (10 mL), dried with NazSCU, filtered and the solvent evaporated.
Purification by flash chromatography (silica gel, EtOAc:heptane, 1:40) afforded vinyl silanes 56a (31.2 mg,
2Ι>
17%) and 56b (103 mg, 55%) as colorless oils. S6b: [σ] 0 = -141.8 (c 1.04 CH2CI2), IR (film) ν 3077, 3020,
2934, 2862,1677,1612, 829, 698 cm-i. W NMR (CDCI3,400 MHz) δ 7.15-7.19 (m, 2H), 7.02-7.06 (m, IH),
6.93-6.95 (m, 2H), 6.54 (d, ƒ = 10.2 Hz, IH), 6.09 (dd,/ = 1.4, 10.7 Hz, IH), 5.92 (d, ƒ = 10.2 Hz, IH), 5.85
(ddd, ƒ = 4.1, 9.5,18.6 Hz, IH), 5.69 (d,y = 11.0 Hz, IH), 5.61 (dd,/ = 1.6,18.6 Hz, IH), 4.83 (m, IH), 4.754.76 (m, IH), 2.77 (ddd,/ = 1.8, 4.1,13.8 Hz, IH), 2.70-2.74 (m, IH), 2.38 (t,/ = 9.5 Hz, IH), 2.04 (s, 2H),
1.71-1.95 (m, 7H), 1.12 (s, 3H), -0.05 (s, 3H), -0.06 (s, 3H). 13 C NMR (CDCI3,75 MHz) δ 203.8,154.3,152.8,
144.2,140.7,140.1, 132.0, 131.2,128.1,128.0, 125.1, 123.8,112.8, 48.8, 42.7, 42.2, 39.8, 38.9, 29.6, 27.2,
26.1,25.9, 21.3, -3.4. HRMS (EI*) calcd. for C27H34OSÌ [M]* 402.2379, found 402.2385.
(4ai,aS,9aÄ)-l-Methyl-7-methylene-13-oxo-l,2,3,4,7,8,9,9a-octahydro-l,4:4a,8-dlethanobenzo[7]annulene-3-carbaldehyde (57)
According to the procedure by Rawal et al.13 vinyl silane 56 (30.0 mg, 0.075 mmol) was
dissolved in THF (1.5 mL) and treated with TBAF (0.373 mL, 1 M in THF, 0.373 mmol) at
0 0C. After 30 min iodosobenzene (19.7 mg, 0.089 mmol), hydrogen peroxide (6.4 mg,
30% in H2O, 0.186 mmol) and KHCOa (37.3 mg, 0.373 mmol) were added and the
reaction was heated to 40 "C for 2 h. Water (8 mL) was added and the reaction mixture
was extracted with ether ( 3 x 5 mL). The combined organic layers were washed with aqueous Na2S03 (0.5
M, 8 mL) and brine (8 mL), dried with Na2S04, filtered and the solvent evaporated. Purification by flash
chromatography (silica gel, EtOAcheptane 1:20 to 1:10) yielded aldehyde 57 (6.0 mg, 30%) as a colorless
oil. Ή NMR (CDCI3, 400 MHz) δ 9.80 (d,/ = 0.5 Hz, IH), 6.22 (d,/ = 6.2 Hz, IH), 6.00 (d, ƒ = 10.4 Hz, IH),
4.89 (m, IH), 4.85 (m, IH), 3.05 (tdd,/ = 1.6, 8.4, 9.9 Hz, IH), 2.60-2.64 (m, IH), 1.95-2.08 (m, 3H), 1.591.76 (m, 5H), 1.22-1.36 (m, 4H), 0.93 (s, 3H). 13 C NMR (CDCI3,75 MHz) δ 215.1, 202.3,152.4,140.9,134.1,
114.4,53.1,46.6,46.4,40.7, 38.7,38.4,37.2,31.1,28.1,25.5, 24.9,16.4.
(£>Methyl-4-((15,4aS,8S,9a5)-7-methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8-ethanobenzo[7]annulen-l-yl)-but-2-enoate(63)
Ο
n-Butyllithium (2.40 mL, 1.6 M in hexanes, 3.85 mmol) was added dropwise to a
MeO c ' ^ / ' ' ' - ^ Λ
solution of diisopropylamine (0.389 g, 0.385 mmol) in THF (25 mL) at -78 °C and
f C D p ^ the reaction was stirred for 30 min. Then diene 25 (0.700 g, 3.50 mmol) in THF (7
jr-^
mL) was added dropwise to the reaction mixture. After 1 h DMPU (0.493 g, 0.385
mmol) and methyl 4-iodocrotonate 19 (1.97 g, 8.74 mmol) were added sequentially.
The reaction was kept at -78 "C for 10 min and was then warmed to -50 "C. After 1 h TLC analysis showed
complete consumption of the starting material and the reaction was quenched with saturated aqueous
NH4CI (50 mL) and then warmed to RT. The reaction mixture was extracted with ether (3 χ 30 mL) and
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the combined organic layers were washed with water (40mL) and brine (40 mL), dried with MgSO* and
the solvent evaporated. The crude product was purified by flash chromatography (silica gel,
EtOAciheptane 1:20 to 1:5) to give ester 63 (0.868 g, 83%) as a colorless oil. [a]D20 = -151.9 (c 1.09,
CH2CI2). IR (film) ν 3016, 2934, 2859,1720,1679 cm->. W NMR (CDCMOO MHz) δ 6.89 ( d d d j = 6.3, 8.3,
15.0 Hz, IH), 6.58 ( d j = 10.1 Hz, IH), 6.11 ( d j = 10.8 Hz, IH), 5.94 (d,/ = 10.1 Hz, IH), 5.87 ( d j = 15.7 Hz,
IH), 5.68 ( d j = 10.8 Hz, IH), 4.83 (s, IH), 4.77 (m, IH), 3.71 (s, 3H), 2.79-2.86 (m, IH), 2.65-2.70 (m, IH),
2.38-2.49 (m, 2H), 2.28 (td, ƒ = 8.4, 12.7 Hz, IH), 2.08-2.15 (m, IH), 1.73-1.94 (m, 4H). 1.53 (ddd,/= 4.0,
8.0,12.6 Hz, IH). " C NMR (CDCb, 75 MHz) δ 198.9,166.8,156.0,152.8,146.6,138.7,132.9,126.2,122.9,
113.1, 51.4, 49.2, 42.8, 40.4, 38.5, 34.7, 28.5, 28.4, 26.2. HRMS (ESI*) calcd. for d ^ z O s N a [M+Na]*
321.1467, found 321.1460.
(£)-4-((lS,4aS,8S,9aS>7-Methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8-ethanobenzo[7]annulen-lyl)but-2-enolc add (64)
Q

Aqueous LiOH (3.35 mL, 1 M, 3.35 mmol) was added to a cooled (0 "C) solution of

urv.p^^''· / ^
ester 6 3 (0.100 g, 0.335 mmol) in acetone (5 mL) and the reaction was warmed to
| C _ v | ^ RT. After 2 h the reaction was complete and water (10 mL) was added. Most of the
^
acetone was evaporated on the rotary evaporator and the remaining aqueous
solution was washed with ether (10 mL), acidified to pH 1 with aqueous HCl (2 M) and then extracted with
ether (3 χ 10 mL). The combined organic layers were washed with brine (10 mL), dried with NazSCU and
the solvent evaporated to give carboxylic acid 64 (0.089 g, 93%) as a pale yellow sticky oil which required
no further purification. [α]ο 20 = -124.0 (c 1.00 CH2CI2). IR (film) ν 2267-3684 3122, 2929, 2857, 1678,
1651,1593 cm-1. lH NMR (CDCl3,400 MHz) δ 7.00 (ddd,/ = 6.5,8.3,15.3 Hz, IH), 6.59 (d,; = 10.1 Hz, IH),
6.12 ( d j = 10.8 Hz, IH) 5.94 ( d j = 10.1 Hz, IH), 5.87 (d, ƒ = 15.6 Hz, IH), 5.68 (d, J = 10.7 Hz, IH), 4.83 (s,
IH), 4.77 (s, IH), 2.78-2.86 (m, IH), 2.64-2.69 (m, IH), 2.39-2.53 (m, 2H), 2.27 (td,/ = 8.5, 12.8 Hz, IH),
2.08-2.15 (m, IH), 1.76-1.94 (m, 4H), 1.53 (ddd,/ = 3.9,8.1,12.8 Hz, IH). " C NMR (CDCI3, 75 MHz) δ 198.9,
171.3, 156.0, 152.7, 149.4, 138.6, 132.9, 126.1, 122.5, 113.2, 49.2, 42.9, 40.5, 38.4, 34.7, 28.7, 28.4, 26.2.
HRMS (ESI*) calcd. for CiefaiOa [M+H]* 285.1491, found 285.1476.
3-((15,4a5,85,9a5)-7-Methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8-ethanobeiizo[7]annulen-lyl)propanal (67)
Ο
Etiti (0.147 mL, 1.06 mmol) and diphenyl phosphoryl azide (0.194 g, 0.703 mmol)
^ ^ ' ' · /'•*vs
were added to a cloudy mixture of carboxylic acid 64 (0.100 g, 0.352 mmol) in toluene
| C _ v ^ (3.5 mL) at RT. After 100 min the clear solution was heated to 80 °C and the progress of
<^ ^
the reaction was monitored by TLC. After 4 h the solvent was evaporated and the crude
product was redissolved in CHCI3 (6 mL). Aqueous HCl (6 M, 2 mL) was then added and the two-phase
system was stirred vigorously for 16 h at RT. The organic layer was then separated and the aqueous layer
was extracted with CH2CIZ ( 2 x 8 mL). The combined organic layers were washed with saturated aqueous
NaHCOa (10 mL) and brine (10 mL), dried with MgSCU, filtered and the solvent evaporated. Purification of
the crude product by flash chromatography (silica gel, EtOAciheptane 1:40 to 1:10) afforded aldehyde 67
(30.1 mg, 33%) as a colorless oil. [α]ο 20 = -67.4 (c 1.00 CH2CI2). IR (film) ν 3016, 2930, 2858, 2718,1721,
1677,1593 cm-i. >H NMR (CDCMOO MHz) δ 9.78 (t,/= 1.3 Hz, IH), 6.55 (d,/ = 10.1 Hz, IH), 6.11-6.14 (m,
IH), 5.90 (d, ƒ = 10.1 Hz, IH), 5.69 (d,/ = 10.8 Hz, IH), 4.82-4.84 (m, IH), 4.77 (m, IH), 2.65-2.70 (m, IH),
2.53-2.57 (m, 2H), 2.22-2.34 (m, 2H), 2.10-2.18 (m, 2H), 1.72-1.94 (m, 5H), 1.62 (ddd,/= 3.9, 7.8,13.3 Hz,
IH), " c NMR (CDCI3, 75 MHz) δ 202.3, 200.5, 155.6, 152.9, 138.9, 132.8, 126.3, 113.03, 48.6, 43.1, 41.0,
40.5,38.4,34.8,28.3,26.1,18.0. HRMS (EI*) calcd. for C17H20O2 [M]* 256.1463, found 256.1462.
0 H C
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2-(Trimethylsilyl)ethyl-2,4-dihydroxy-3-(3-{(15,4a5,8S,9aÄ)-l-raethyl-7-methylene-2-oxol,2,7,8,9,9a-hexahydro-4a,8-ethanobenzo[7]annulen-l-yl)propanainldo)benzoate (69)
OH
According to a procedure by Nicolaou et a l 1 0 Etiti (17 7 mg, 0 1 7 5
M
• ft mmol) a n d HATU (53 2 mg, 0 1 4 0 mmol) were added to a stirred
TMSE0 2 C' ~y " N " ^ ^ " y - r v ^ y solution of acid 3 8 (10 0 mg, 0 035 mmol) and aniline 6 8 1 0 (37 7 mg,
0H

^L!^^

0140 m m o 1

)

m DMF (120

v-1) at RT After 22 h the reactl0n was

i

• ^~~~'^
diluted with CHCU (1 5 mL) a n d washed with brine (0 2 mL) The
aqueous layer was extracted with CHCU ( 6 x 1 5 mL) and the combined organic layers were dried with
Na2S04 After evaporation of the solvent the crude product was purified by flash chromatography (silica
20
gel, EtOAc heptane 1 20 to 1 3) to give amide 6 9 (13 2 mg, 70%) as a colorless oil [α]ο = - 9 4 1 (c 0 56
1
CHCb) IR (film) ν 2952, 2895, 2864, 1655, 1596, 1534 cm- Ή NMR (COCU, 400 MHz) δ 11 80 (s, IH),
11 09 (s, IH), 8 22 (s, IH), 7 55 (d,/= 8 9 Hz, IH), 6 56 (d,/= 10 2 Hz, IH), 6 49 (d,y = 8 9 Hz, IH), 6 11 (dd,
ƒ = 1 3,10 8 Hz, IH), 5 94 (d, ƒ = 10 2 Hz, IH), 5 69 (d, ƒ = 10 8 Hz, IH), 4 86 (m, IH), 4 78 (m, IH), 4 39-4 43
(m, 2H), 2 73-2 78 (m, IH), 2 32-2 46 (m, 3H), 2 15 (ddd, ƒ = 4 9,10 6,14 1 Hz, IH), 1 7 5 - 1 9 8 (m, 7H), 1 2 1
(s, 3H), 1 1 0 - 1 1 5 (m, 2H), 0 08 (s, 9H) " C NMR (CDCI3, 75 MHz) δ 204 3,174 2,170 4 , 1 5 4 6,154 3,153 9,
152 2, 140 5, 132 3, 127 3, 125 0, 114 4, 113 6, 111 0, 104 4, 63 7, 48 6, 42 0, 39 9, 38 7, 32 4, 30 6, 29 4,
27 8,25 7, 21 5,17 3, - 1 5 HRMS (ESI*) calcd for C30H40NO6S1 [M+H]* 538 2625, found 538 2614
Dehydrohomoplatencln ( 7 0 )
OH
According to a procedure by Nicolaou et a l 1 0 TASF (13 3 mg, 0 048 mmol)
li 11
lÏL
was added to a stirred solution of TMSE ester 69 (13 0 mg, 0 024 mmol) in
H02cr ^f
N^^~^/-7v^\ D M F ( 2 0 0 l ^ ) a t R T T h e reaction was warmed to 40 0C and after 1 h brine
OH
I ^ - 1 ^ / ""* (0 2 mL) was added The aqueous layer was extrarted with CHCU ( 6 x 1 5
mL) and the combined organic layers were dried with NazSCU After
evaporation of the solvent t h e crude product w a s purified by flash chromatography (silica gel,
EtOAc h e p t a n e l 3 + 0 5 % AcOH) to give dehydrohomoplatencin (70) (6 0 mg, 57%) as a white powder
[α]ο 2 0 = -117,4 (c 0 12 CDCI3) IR (film) ν 3315, 3018, 2931, 2 8 6 0 , 2 5 9 2 , 1 6 5 4 , 1 5 9 4 , 1 5 3 3 , 1 4 5 6 , 1 3 7 7 cm
1
Ή NMR (CDCI3,400 MHz) δ 11 59 (br s, IH), 11 28 (br s, IH), 8 30 (s, IH), 7 61 (d, ƒ = 9 0 Hz, IH), 6 62
(d,/= 10 2 Hz, IH), 6 51 (d,7 = 9 0 Hz, IH), 6 12 ( d d , / = 1 1 , 1 0 9 Hz, IH), 5 98 (d,/= 10 2 Hz, IH), 5 69 (d,/
= 10 8 Hz, IH), 4 87 (s, IH), 4 80 (m, IH), 2 75-2 80 (m, IH), 2 34-2 53 (m, 3H), 2 11-2 18 (m, IH), 1 791 98 (m, 7H) " C NMR (CDCb, 75 MHz) δ 205 7, 174 2, 172 7, 155 5, 155 5, 154 5, 152 1, 140 2, 132 5,
128 2,124 8,114 4,113 8, 111 3,103 2,48 6,41 7,40 0,38 7, 32 3, 30 7, 29 4,27 8, 25 7, 21 8 HRMS (ESI»)
calcd for CzsHzyNOeNa [M+Na]* 460 1736, found 460 1728

^&k

(lB,4a5,85,9aÄ)-l-(Hydroxymethyl)-l-methyl-7-methylene-7,8,9,9a-tetrahydro-4a,8ethanobenzo[7]annulen-2(lH)-one (72a) and (15,4a5,85,9ait)-l-(hydroxymethyl)-l-methyl-7methylene-7,8,9,9a-tetrahydro-4a,8-ethanobenzo[7]annulen-2(lH)-one (72b)
n-Butylhthium (0 4 3 8 mL, 1 6 M in hexanes, 0 7 0 1 mmol) w a s added
dropwise to a solution of dusopropylamine (76 0 mg, 0 747 mmol) in THF (5
mL) at - 7 8 0C After 30 mm ketone 32 (0 100 g, 0 467 mmol) in THF (1 5 mL)
was added After another 30 mm DMPU (1 mL) was added to the pale yellow
72b
solution and a stream of argon a n d formaldehyde (generated by heating
paraformaldehyde at 135 "C in an oilbath while passing argon through the flask), dried over CaCk, was
bubbled through the solution via an inlet tube The diameter of the inlet tube should be sufficiently large
to prevent clogging of the tube by polymerization of gaseous formaldehyde (> 3 mm) Immediately upon
addition of the formaldehyde t h e solution becomes very viscous After 10 minutes t h e reaction w a s
quenched with NH4CI (30 mL) and extracted with ether (3 χ 30 mL) The combined organic layers w e r e
washed with water (30 mL) and brine (30 mL), dried over MgSCU and the solvent evaporated Purification
by flash column chromatography (silica gel, EtOAc heptane 1 3 to 1 2) afforded alcohols 7 2 a (30 0 mg,
26%) and 7 2 b (27 0 mg 24%), as a colorless oil and a white solid respectively together with recovered
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ketone 32 (24.0 mg, 24%). 72a: [α]ο = -65.0 (e 1.01 CH2CI2). IR (neat) ν 3456, 3074, 3016, 2936, 2864,
1
1670 c m . Ή NMR (CDCI3, 400 MHz) δ 6.58 ( d j = 10.2 Hz, IH), 6.11 ( d d j = 1.5,10.7 Hz, IH), 5.90 (d, ƒ =
10.2 Hz, IH), 5.69 (d, ƒ = 10.7 Hz, IH), 4.84 (m, IH), 4.78 (m, IH), 3.69 (dd,/ = 7.0,11.6 Hz, IH), 3.45 (dd, ƒ
= 6.9, 11.6 Hz, IH), 2.71-2.76 (m, IH), 2.64 (t, J = 9.6 Hz, IH), 2.64 (t, ƒ = 7.0 Hz, IH), 1.75-1.95 (m, 6H),
13
1.14 (s, 3H). C NMR (CDCI3, 75 MHz) δ 203.7, 154.7, 152.4, 140.4, 132.2, 125.0, 113.3, 65.5, 51.4, 47.1,
40.0, 38.7, 30.2, 28.2, 25.7, 17.1. HRMS (ESI*) calcd. for C16H21O2 [M+H]* 245.1542, found 245.1529. 72b:
20
1
[α]ο = -47.2 (e 0.99 CH2CI2). IR (neat) ν 3460, 3082, 2944, 2924, 1779, 1677 cm" . »Η NMR (CDCI3, 400
MHz) δ 6.60 (d, ƒ = 10.2 Hz, IH), 6.08-6.11 (m, IH), 5.95 ( d j = 10.2 Hz, IH), 5.68-5.70 (m, IH), 4.84-4.85
(m, IH), 4.79 (m, IH), 3.93 ( d j = 10.6 Hz, IH), 3.80 ( d j = 10.6 Hz, IH), 2.70-2.74 (m, IH), 2.40 ( t j = 9.7
I3
Hz, IH) 1.73-1.97 (m, 6H), 1.16 (s, 3H). C NMR (CDCU, 75 MHz) δ 206.8,155.3,152.5,140.2,132.3,124.7,
113.3, 65.3, 49.9,40.9, 39.8, 38.8, 29.8, 27.7, 25.9,16.2. HRMS (ESI*) calcd. for C16H21O2 [M+H]* 245.1541,
found 245.1532.
2,4-Dlhydroxy-3-(((((lil,4aS,85,9aJl)-l-methyl-7-methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8ethanobenzo[7]annulen-l-yl)methoxy)carbonyl)ainlno)benzoic acid (71)
GDI (45.7 mg, 0.282 mmol)) was added to a solution of alcohol 72a (53.0
e
mg, 0.217 mmol) in DMF (0.5 mL) at 0 C. The reaction mixture was
HO2C' ^ j ^ Ν "Ο ^ J ^ ^
allowed to warm to RT and stirred for 6.5 h. Then a solution of aniline 68
(58.5 mg, 0.217 mmol) and DMAP (26.5 mg, 0.217 mmol) in DMF (0.5 mL)
was added and the reaction was stirred for 4.5 days at 50 °C. The reaction
was diluted with water (5 mL) and extracted with heptane/EtOAc (1:1, 3 * 5 mL). The combined organic
layers were washed with brine (5 mL) and dried over NazSO-t. Repetative purification of the crude product
by flash chromatgrography (silica gel, EtOAc:heptane 1:40 to 1:10) yielded a 1:1 mixture of carbamate 77
(39 mg, 33%) and alcohol 72a (18 mg, 34%) as determined by 'H-NMR. In the next step, TASF (57.0 mg,
0.207 mmol) was added to a solution of carbamate 77 (39.0 mg, 0.072 mmol, contaminated with alcohol
72a) in DMF (0.95 mL) at RT. After 40 min the reaction was not complete and another portion of TASF
(19.8 mg, 0.072 mmol) was added. After stirring for 1 h, the reaction mixture was cooled to RT and brine
was added (1 mL). The mixture was extracted with chloroform (10 χ 5 mL) and the combined organic
layers were dried over Na2S04. Repetative purification by flash chromatography (silica gel,
EtOAc:heptane:AcOH 20:60:0.5) yielded carbamate 7 1 (15.0 mg, 47%) as a white solid. [O]D 20 = -158 (c
0.28 CH2CI2). IR (neat) ν 2926, 2862,1676,1595,1535 c m 1 . W-NMR (pyridine-ds, 400 MHz) δ = 8.14 ( d j
= 8.8 Hz, IH), 6.86 ( d j = 8.8 Hz, IH), 6.46 ( d j = 10.1 Hz, IH), 6.09 ( d j = 10.6 Hz, IH), 5.94 ( d j = 10.1 Hz,
IH), 5.57 ( d j = 10.8 Hz, IH), 4.86 (m, IH), 4.82-4.83 (m, IH), 4.77 ( d j = 10.8 Hz, IH), 4.29 ( d j = 10.8 Hz,
IH), 2.52 ( t j = 9.2 Hz, IH), 2.59 (br s, IH), 1.92-2.00 (m, IH), 1.67-1.77 (m, 5H), 1.01 (s, 3H). 13 C NMR
(pyridine-ds, 75 MHz) δ 201.5, 175.0, 161.4, 161.2, 157.0, 155.3,153.5, 141.6, 132.6, 130.4,125.1, 114.6,
113.5, 108.9, 107.5, 66.0, 49.2, 40.7, 40.2, 39.5, 30.5, 28.1, 26.5, 17.2. HRMS (ESI*) calcd. for C24H26N07
[M+H]* 440.1709, found 440.1716.
Methyl 3-azldo-2,4-bls(methoxymethoxy)benzoate (79)
N
3
Triflyl azide was prepared by the following procedure. 2 9 Sodium azide (1.75 g, 26.9
: )
:
0 Μ 0 Μ
MOMO
vΝ ρ γ
mmol) was dissolved in water (4 mL) and CH2CI2 (1.5 mL) was added. To the
^é^Qo
Me vigorously stirred suspension Tf02 (1.70 gr, 6.03 mmol) was added dropwise at 0
°C and the reaction was continued for 2 h at the same temperature. The organic
phase was separated and the aqueous layer was extracted with CH2CI2 (2 mL). Finally, the combined
organic layers were washed with saturated aqueous NaHCOs (5 mL). The triflyl azide solution was then
added to a stirred solution of aniline 85 2 2 (0.538 g, 2.00 mmol), CUSO4 (12.0 mg, 0.075 mmol) dissolved in
water (0.25 mL) and EtsN (836 μΐ, 6.00 mmol), in CH2CI2 (1 mL) at RT. MeOH (2 mL) was added to achieve
a homogeneous solution and the mixture was stirred at RT for 1.5 h. Then a saturated aqueous NaHCOs
(15 mL) was added and the aqueous layer was extracted with CH2CI2 (3 χ 15 mL). The combined organic
layers were washed with brine (40 mL), dried over MgSCU and the solvent evaporated. Purification by
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flash chromatography (silica gel, EtOAc heptane 1 10 t o l 3) afforded azide 79 (0105 g, 18%) as a yellow
1
oil IR (neat) 3001, 2954, 2920, 2850, 2128, 2113,1723,1039 cm- W NMR (CDCU, 400 MHz) δ 7 62 (d, ƒ
13
= 8 9 Hz, IH), 6 94 (d, / = 8 9 Hz, IH), 5 28 (s, 2H), 5 13 (s, 2H), 3 87 (s, 3H), 3 63 (s, 3H) 3 52 (s, 3H) C
NMR (CDCU, 75 MHz) δ 165 5,154 5, 150 7,128 3,123 6,119 1,110 1,100 9, 94 9, 58 0, 56 7, 52 1 HRMS
(ESI*) calcd for CuHisNsOéNa [M+Na]* 320 0858, found 320 0856
(lî,4aS,85,9a5)-7-Methylene-l-(3-(trlmethylsilyl)prop-2-yn-l-yL}-7,8 f 9,9a-tetrahydro-4a,8ethanobenzo[7]annulen-2(lH)-one (88)
n-Butyllithium (0 156 mL, 1 6 M in hexanes, 0 299 mmol) was added dropwise to a
solution of dnsopropylamine (30 3 mg, 0 299 mmol) in THF ( 1 8 mL) at -78 "C After
TMS^
i ^ A ^ i stirring for 30 min, diene 25 (50 0 mg, 0 250 mmol) in THF (0 7 mL) was added The
pale yellow solution was stirred for another 45 mm and then DMPU (37 0 mg, 0 287
mmol) and 3-bromo-l-(trimethylsilyl)-l-propyne (0 239 g, 1 25 mmol) were added
at -78 0C After 30 mm the reaction was warmed to -20 "C and stored in the freezer at -20 "C for 16 h At
that time the reaction was not complete and the reaction was stirred at RT for 4 h The reaction developed
a greenish color, but GC and TLC showed no change in product distribution Aqueous saturated NH4CI (10
mL) was added and the reaction mixture was extracted with ether (3 χ 10 mL) The combined organic
layers were washed with water (10 mL) and brine (10 mL), dried with Na2S04, filtered and the solvent
evaporated Purification by flash chromatography (silica gel, EtOAc heptane 0 1 to 1 20) yielded alkyne 88
(40 2 mg, 52% or 74% b r s m ) as a pale yellow oil together with unreacted diene 25 (15 0 mg, 30%)
[α]ο 20 = -261 5 (c 0 74 CH2CI2) W NMR (CDCla,400 MHz) 6 6 60 (d, ƒ = 10 1 Hz, IH), 6 15 (dd,7 = 1 5,10 8
Hz, IH), 5 96 (d,y = 10 1 Hz, IH), 5 71 [d,J = 10 8 Hz, IH), 4 84 (m, IH), 4 78 (d,ƒ = 1 9 Hz, IH), 2 87 (dd, ƒ =
3 4 , 1 7 1 Hz, IH), 2 65-2 70 (m, IH), 2 59 ( t d j = 8 7,12 8 Hz, IH), 2 49 (dd,/ = 5 2,17 1 Hz, IH), 2 32 (ddd,
y = 3 4, 5 2,12 8 Hz, IH), 2 20-2 26 (m, IH), 1 74-1 94 (m, IH), 1 58 (ddd, ƒ = 3 9, 8 3,13 2 Hz, IH) " C NMR
(CDCU, 75 MHz) δ 198 0,155 9, 153 0, 138 9,132 7, 126 2, 112 9, 104 3, 86 0, 48 7, 42 8, 40 4, 38 5, 34 5,
28 8, 26 3,16 7,0 0 HRMS (El*) calcd for C20H26OS1 [M]* 3101753, found 310 1752
(15,4a5,85,9a5)-7-Methylene-l-(prop-2-yn-l-yl)-7,8,9,9a-tetrahydro-4a,8-ethanobenzo[7]annulen2(lH)-one (80)
Ο
A solution of alkyne 88 (18 0 mg, 0 058 mmol) in MeOH (1 mL) was treated with K2CO3
(16 0 mg, 0 116 mmol) for 5 h The solvent was evaporated on the rotary evaporator and
ether (8 mL) and water (8 mL) were added The organic layer was separated and the
aqueous layer extracted with ether ( 2 x 8 mL) The combined organic layers were washed
with brine (5 mL), dried over Na2S04 and the solvent evaporated to give alkyne 80 (13 8 mg, quant) as a
colorless oil IR (neat) ν 3296, 3067, 3010, 2930, 2855, 2359, 2327, 2107, 1680,1623,1422, 1393, 1200,
637 cm 1 Ή NMR (CDCU, 400 MHz) δ 6 61 (d, ƒ = 10 1 Hz, IH), 6 15 (dd, ƒ = 1 2 , 1 0 8 Hz, IH), 5 97 (d, ƒ =
1 0 1 Hz, IH), 5 72 (d, ƒ = 10 8 Hz, IH), 4 84 (m, IH), 4 78-4 79 (m, IH), 2 90 (td, ƒ = 2 9,16 7 Hz, IH), 2 662 7 1 (m, IH), 2 62 (td,J = SS, 12 7 Hz, IH), 2 4 1 ( d d d j = 26, 5 0 , 1 6 8 Hz, IH), 2 3 3 (ddd,/ = 3 3, 5 0,12 8
Hz, IH), 2 20-2 26 (m, IH), 1 75-1 95 (m, 5H), 1 56 (ddd,/ = 4 0, 8 3,12 7 Hz, IH) " c NMR (CDCI3,75 MHz)
δ 198 1, 156 1, 152 9, 138 8, 132 8, 126 1, 113 0, 81 3, 69 5, 48 6, 42 3, 40 3, 38 5, 34 6, 28 7, 26 3, 15 3
HRMS (ESI*) calcd for CiyHieONa [M+Na]* 2611255, found 2611257
Methyl 2,4-bls(methoxymethoxy)-3-(4-(((15,4a5,85,9a5)-7-methylene-2-oxo-l,2,7,8,9,9ahexahydro-4a,8-ethanobenzo[7]annulen-l-yl)methyl)-lH-l,2,3-trIazoI-l-yl)benzoate (87)
OMOM
o
Copper wire was treated with neat EtsN for 1 h and was then added to a
rf~\_
' % / ' / ^ N stirred solution of azide 79 (67 3 mg, 0 230 mmol) and alkyne 80 (65 0
\=\
N^N £ j D p \ m & 0 270 mmol) in CH3CN/H2O (5 1, 6 mL) After 8 h Cul was added to the
Me02C
OMOM ^—==^
reaction mixture, and stirring was continued for 24 h at RT The solvent
was evaporated and the residue was purified by flash chromatography
(silica gel, EtOAc heptane 1 10 to 1 3) to yield tnazole 87 (72 mg, 80% b r s m ) as a yellow oil together

89

Chapter 4

20

with recovered azide 79 (17.3 mg). [a]D = -144 (c 0.70 CH2CI2). IR (neat) 2926, 2854, 2359, 2339,1720,
1674,1600, 1435, 1391,1258,1156,1028, 894 cm-K m NMR (CDCI3, 400 MHz) 8 8.00 ( d j = 9.0 Hz, IH),
7.47 (s, IH), 7.05 (d, ƒ = 9.1 Hz, IH), 6.55 (d, J = 10.1 Hz, IH), 6.05 (d, ƒ = 10.8 Hz, IH), 5.91 (d, ƒ = 10.1 Hz,
IH), 5.60 (d, ƒ = 10.7 Hz, IH), 5.12 (d,J = 6.8, IH), 5.08 ( d j = 6.8, IH), 4.87 (d,7 = 5.8 Hz, IH), 4.84 (d,y =
5.8 Hz, IH), 4.81 (s, IH), 4.71 (s, IH), 3.88 (s, 3H), 3.43 (dd, J = 2.6,14.8 Hz, IH), 3.33 (s, 3H), 3.09 (dd, ƒ =
5.8,14.7 Hz, IH), 2.96 (s, 3H), 2.64-2.69 (m, 2H), 2.40-2.46 (m, IH), 2.18 (td,7= 8.7,12.9 Hz, IH), 1.68-1.97
13
(m, 5H). C NMR (CDCI3, 75 MHz) δ 199.4, 164.6, 156.2, 155.6, 154.0, 152.3, 143.8, 138.2, 133.8, 132.4,
126.2,125.7,122.3,117.7,112.7,109.8,101.0, 94.1, 56.7, 56.2, 51.8,49.7, 41.9,40.0, 38.0, 34.2, 28.0, 25.8,
21.2. HRMS (ESI*) calcd. for C29H34N3O7 [M+H]* 536.2397, found 536.2404.
2,4-Dihydroxy-3-(4-(((lS,4aS,8S,9a5)-7-methylene-2-oxo-l,2,7,8,9,9a-hexahydro-4a,8ethanobenzo[7]annulen-l-yl)methyl)-lH-l,2,3-triazol-l-yl)benzoicacid (78)
OH
Ο
To a solution of triazole 87 (60.0 mg, 0.110 mmol) in THF (1.5 mL) was
rf~\_
/"ÜS^"· / Χ
added aqueous LiOH (1.65 mL, 2 M, 3.30 mmol). Most of the THF was
}=(
'N^N |£ \ y \
removed by a gentle nitrogen flow over the solution and the resulting
1
HO2C
OH
^i^-^zz
mixture was stirred at 45 "C for 16 h. The reaction mixture was diluted with
THF (7.5 mL) and aqueous HCl (2 M, 3.3 mL, 6.6 mmol) was added. The
resulting mixture was stirred at 45 °C for 48 h and was subsequently cooled to RT. After extraction with
CHCls (4 χ 10 mL), the combined organic phases were dried with Na2S04, concentrated in vacuo and the
crude product purified by flash chromatography (silica gel, Et0Ac:hexane:MeOH:H2O:AcOH,
80:20:0.5:0.5:0.5) to yield derivative 78 (12.0 mg, 23%) as a white solid. Ή NMR (Pyridine-ds, 400 MHz) δ
8.25 (d, ƒ = 8.8 Hz, IH), 8.22 (s, IH), 6.81 (d, ƒ = 8.8 Hz, IH), 6.44 (d,y = 10.1 Hz, IH), 6.02 (dd, ƒ = 1.4,10.8
Hz, IH), 5.98 (d,ƒ = 10.1 Hz, IH), 5.53 (d,ƒ = 10.8 Hz, IH), 4.76 (m, IH), 4.68-.4.69 (m, IH), 3.46 ( d d j = 2.8,
14.8 Hz, IH), 3.27 (dd,/ = 6.1, 14.8 Hz, IH), 2.72 (ddd,/ = 2.8, 6.0, 12.2 Hz, IH), 2.51-2.55 (m, IH), 2.402.49 (m, 2H), 1.70-1.80 (m, 2H), 1.60-1.69 (m, 3H). 13C NMR (Pyridine-ds, 75 MHz) δ 200.0, 174.9, 161.0,
160.7, 159.4, 154.0, 145.7, 140.1, 133.5, 133.1, 127.5, 126.8, 115.2, 113.2, 108.1, 51.2, 43.7, 41.2, 39.3,
35.4, 29.1,27.0,23.0. HRMS (ESI*) calcd. for € 2 4 ^ 4 ^ 0 5 [M+H]* 434.1716, found 434.1708.

4.11 References
(1)

(2)
(3)
(4)
(5)
(6)

90

(a) K. C. Nicolaou, T. Lister, R. M. Denton, A. Monterò, D. J. Edmonds, Angew. Chem. Int Ed. 2007,
46,4712-4714. (b) K. C. Nicolaou, Y. Tang, J. Wang, A. F. Stepan, A. Li, A. Monterò,/ Am. Chem. Soc.
2007,129,14850-14851. (c) K. C. Nicolaou, A. F. Stepan, T. Lister, A. Li, A. Monterò, G. S. Tria, C. I.
Turner, Y. Tang, J. Wang, R. M. Denton, D. J. Edmonds,/. Am. Chem. Soc. 2008,130, 13110-13119.
(d) Y.-Y. Yeung, E. J. Corey, Org. Lett. 2008,10, 3877-3878. (e) J. Wang, V. Lee, H. 0. Sintim, Chem.
Eur.J. 2009,15, 2747-2750. (f) H. C. Shen, F.-X. Ding, S. B. Singh, C. Parthasarathy, S. M. Soisson, S.
N. Ha, X. Chen, S. Kodali, J. Wang, K. Dorso, J. R. Tata, M. L. Hammond, M. MacCoss, S. L. Colletti,
Bioorg. Med. Chem. Lett. 2009, 19, 1623-1627. (g) M. Patra, G. Casser, A. Pinto, K. Merz, I. Ott,
Julia E. Bandow, Ν. Metzler-Nolte, ChemMedChem 2009, 4,1930-1938. (h) K. P. Jang, C. H. Kim, S.
W. Na, H. Kim, H. Kang, E. Lee, Bioorg. Med. Chem. Lett. 2009, 19, 4601-4602. (i) K. P. Jang, C. H.
Kim, S. W. Na, D. S. ang, H. Kim, H. Kang, E. Lee, Bioorg. Med. Chem. Lett. 2010,20,2156-2158.
0. V. Barykina, K. L. Rossi, M. J. Rybak, Β. Β. Snider, Org. Lett. 2009,11,5334-5337.
Κ. A. Ahrendt, C. J. Borths, D. W. C. MacMillan,/. Am. Chem. Soc. 2000,122,4243-4244.
D. C. J. Waalboer, M. C. Schaapman, F. L. van Delft, F. P. J. T. Rutjes, Angew. Chem Int. Ed. 2008,
47, 6576-6578.
(a) B. B. Snider, D. J. Rodini, J. Van Straten,/. Am. Chem. Soc. 1980,102, 5872-5880. (b) M. T. Hsieh,
H. H. Chou, H. J. Liu, H. M. Wu, T. W. Ly, Y. K. Wu, K. S. Shia, Org. Lett 2009,11,1673-1675.
For reviews on the Prins çyclization, see: a) E. Arundale, L. A. Mikeska, Chem. Rev. 1952, 51, 505555. b) D. R. Adams, S. P. Bhatnagar, Synthesis 1977, 661-672. c) Snider, B. B. In The Prins Reaction

Synthesis and Antibiotic Activity ofPlatencm Denvatives

(71

(81

(91
(101
(11}
(12}
(13}
(14}
(15}
(16}
(17}
(18}

(19}
(20)
(21}
(22}
(23}
(24}

(25)

(26)
(27)

(28)
(29)

and Carbonyl Ene Reactions, Vol 2 (Eds Β M Trost, I Fleming, C H Heathcock}, Pergamon Press,
New York, 1991, pp 527-561 dl L E Overman, L D Pennington, y Org Chem. 2003, 68, 71437157 el Ι M Pastor, M Yus, Curr Org Chem 2007,11, 925-957
(al G Mehta, A Thomas, Synth Commun 1992,22,1831-1838 (bl W G Dauben, R Τ Hendricks,
Tetrahedron Lett 1992, 33, 603-606 (c} Β Β Snider, Ν H Vo, S V O'Neil, Β M Foxman, J Am
Chem Soc 1996,118, 7644-7645 (dl A Snkrishna, C Dinesh, K. Anebouselvy, Tetrahedron Lett.
1999,40,1031-1034
For reviews on the carbonyl ene reaction, see a) K Mikami, M Shimizu, Chem Rev 1992, 92,10211050 bl D J Bernsford, C KcAm.Angew Chem InL Ed 1995, 34,1717-1719 c) M L Clarke, Μ Β
France, Tetrahedron 2008,64,9003-9031
Κ C Nicolaou, A Li, D J Edmonds, Angew Chem ìnt Ed 2006,45,7086-7090
K- C Nicolaou, G S Tria, D J Edmonds, Angew Chem InL· Ed 2008,47,1780-1783
K. C Nicolaou, G S Tria, D J Edmonds, M Kar,/ Am Chem Soc 2009,131,15909-15917
Κ. Tiefenbacher, J Mulzer, J Org Chem. 2009, 74,2937-2941
) Hayashida, Viresh Η Rawal, Angew Chem Int Ed 2008,47,4373-4376
R. Takeuchi, S Nitta, D Watanabe, ƒ Org Chem 1995, 60, 3045-3051
A Hamze, Ο Provot, J D Βποη, M Alami,/ Organomet Chem 2008, 693,2789-2797
J Robichaud, F Tremblay, Org Lett 2006,8, 597-600
S E Denmark, S Fujimori,/ Am Chem Soc 2005,127,8971-8973
Ρ Κ. Chakravarty, Τ L Shih, S L Colletti, M Β Ayer, C Snedden, H Kuo, S Tyagarajan, L Gregory,
M Zakson-Aiken, W L Shoop, D M Schmatz, M Wyvratt, M H Fisher, Ρ Τ Meinke, ßioorg Med
Chem Lett. 2003,13,147-150
D Β Guthrie, D Ρ Curran, Org Lett. 2008,11, 249-251
D S Came, M A Paige, Synlett 1999,1391-1394
(a} Τ Shioin, K. Ninomiya, S Yamada, / Am Chem Soc 1972, 94, 6203-6205 (b} K. Ninomiya, Τ
Shioin, S Yamada, Tetrahedron 1974,30, 2151-2157
Ρ Heretsch, A Gianms, Synthesis 2007,2614-2616
D C J Waalboer, S H A M Leenders, Τ Schulm-Casonato, F L van Delft, F Ρ J Τ Rutjes, Chem
Eur I 2010,16,11233-11236
J Wang, S M Soisson, Κ Young, W Shoop, S Kodali, A Galgoci, R Painter, G Parthasarathy, Y S
Tang, R. Cummings, S Ha, K. Dorso, M Motyl, H Jayasunya, J Ondeyka, K. Herath, C Zhang, L
Hernandez, ) Allocco, Ä Basilio, J R Tormo, O GeniUoud, F Vicente, F Pelaez, L Colwell, S H Lee,
Β Michael, Τ Felcetto, C Gill, L L Silver, J D Hermes, K Bartizal, J Barrett, D Schmatz, J W
Becker, D Cully.S Β Singh, Nature 2006,441,358-361
J Wang, S Kodali, S H Lee, A Galgoci, R. Painter, K. Dorso, F Racine, M Motyl, L Hernandez, E
Tinney, S L Colletti, K Herath, R Cummings, Ο Salazar, I Gonzalez, A Basilio, F Vicente, Ο
Genilloud, F Pelaez, H Jayasunya, K. Young, D F Cully, S Β Singh, Proc Natl Acad Sa USA 2007,
104,7612-7616
A M Jawalekar, Ν Meeuwenoord, J G 0 Cremers, H S Overkleeft, G A van der Marel, F Ρ J Τ
Rutjes, F L van Delft, ƒ Org Chem 2007, 73, 287-290
See supporting information of J Wang, S M Soisson, K. Young, W Shoop, S Kodali, A Galgoci, R
Painter, G Parthasarathy, Y S Tang, R Cummings, S Ha, K. Dorso, M Motyl, H Jayasunya, J
Ondeyka, K. Herath, C Zhang, L Hernandez, J Allocco, A Basilio, J R Tormo, O Genilloud, F
Vicente, F Pelaez, L Colwell, S H Lee, Β Michael, Τ Felcetto, C Gill, L L Silver, J D Hermes, K.
Bartizal, J Barrett, D Schmatz, J W Becker, D Cully, S Β Singh, Nature 2006,441, 358-361
For the crystal structure of E coli FabF(C163A) in complex with platencm, see PDBflle 3H02
C J Cavender.V J Shiner,/ Org Chem 1972,37,3567-3569

91

Chapter 4

92

Chapter 5
Synthetic Studies toward
Lycojapodine A

This chapter describes synthetic studies toward the natural product lycojapodine A (1) using
high-pressure chemistry as a key step. First the challenging Diels-Alder reaction of various
thiophenes with cyclohex-2-enone under high-pressure was investigated. Whereas most
thiophenes proved unreactive, 2,4-dimethoxythiophene only afforded the Michael addition
product Revision of the strategy led to the development of a high-pressure Diels-Alder reaction
of 2,5-disubstituted cyclohex-2-enones with a modified Danishefsky diene. Subsequent
ozonolysis of the Diels-Alder product proved particularly challenging and thwarted further
exploration toward lycojapodine A (1).
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5.1

Introduction

Since the 1980's high pressure is commonly used to accelerate reactions with a negative volume
1
of activation (AV*). These reactions include electrophilic aromatic substitutions, cycloaddition
reactions, and reactions with a dipolar transition state. In particular the high-pressure DielsAlder reaction has been extensively studied. High-pressure activation of the Diels-Alder reaction
offers several advantages over the traditional Lewis acid or thermal activation. The reaction
conditions are relatively mild, yet strongly activating so that e.g. Lewis acid or thermal labile
reactants can be used. In addition, the selectivity of the high-pressure Diels-Alder reaction is
frequently different from the Lewis acid-catalyzed reaction thus potentially enabling access to
diastereoisomers that are difficult to access by other means. Because of these advantages, high
pressure is nowadays considered as a valuable complementary tool for the activation of the
Diels-Alder reaction.
Although much research has been performed on high-pressure mediated reactions, its
application in natural product synthesis is somewhat limited. Notable examples include the
synthesis of (-)-hirsutene (5) by the group of Banwell (Scheme I). 2 In this case, diol 2, obtained
by microbial oxidation of toluene,3 was reacted in a Diels-Alder reaction with cyclopentenone
(3) at 19 kbar. Preferential syn-addition was observed and product 4 was isolated in 70% yield.
Interestingly, when diol 2 was protected as the acetonide, the selectivity of the Diels-Alder
reaction reversed and 73% of the anti-addition product was isolated.4

Me H
(-)-hirsutene (5)
70%
Scheme 1 Synthesis of (-)-hirsutene (5] by Banwell et al.

An excellent example of the complementary nature of high-pressure activation can be found in
the total synthesis of (-)-kainic acid (10) by Poisson et al. (Scheme 2).5 In this pathway,
intermediate 7 was efficiently prepared from readily available trans-4-hydroxy-L-proline (6). In
the subsequent Diels-Alder reaction, activation of the unreactive alkene 7, while preserving the
easily racemizable chiral center, posed a serious problem for the researchers. Alkene 7 proved
unreactive toward Danishefsky's diene (8) and heating both reactants at 115 "C for 82 h
afforded the Diels-Alder product in only 22% yield and 24% ee. Although reaction with the more
reactive Rawal's diene6 proceeded considerably faster, the yield only increased to 40%, and the
subsequent hydrolysis to ketone 9 was troublesome since the ee dropped to 6%.
TMSO

HO,

Me02C

(ΛοΟ,Η -=- t W
Η

„

\
β
^^-OMe

Η

,|,

CI RT

"'"- -

2) KHS04, THF, H20, RT

6
7
80%
Scheme 2 Synthesis of (-)-kainic acid (10) by Poisson et al.
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As expected, Lewis-acid activation was also unsuccessful and therefore the researchers explored
the last option, high pressure. The mild and yet forcing nature of high-pressure activation was
nicely reflected by the smooth reaction of alkene 7 with Danishefsky's diene (8) at 15 kbar to
give, after hydrolysis, enone 9 in 80% yield and 90% ee.
7

In a synthesis of phenazinomycin (13) Kitahare et al. utilized high-pressure activation for a
completely different reaction (Scheme 3). Having unsuccessfully pursued several strategies for
the N-alkylation of phenazine 11 with bromide 12 the researchers eventually resorted to highpressure conditions. To their delight, performing the reaction at 12 kbar afforded, after reaction
of the resulting ammonium salt with TASF, the natural product phenazinomycin (13) in 20%
yield.

o
Br

OTES

j)

+

I' -1 JL Λ

Me'
8

Me

Me 1)12 kbar, CH2CI2.RT

jT

J

2) TASF, CH2Cl2, RT

|]
M

11

12

2 0 %

e

phenazinomycin (13)

Me Me
M
^

^

^

^

^

Scheme 3 Synthesis of phenazinomycin (13) by Kitahare et al.

After completion of a formal total synthesis of platencin as described in Chapter 3, we initially
chose to exploit the developed high-pressure Diels-Alder reaction of (5)-(-)-perillaldehyde and
Danishefsky's diene (8) for the synthesis of other challenging natural products. While this
proved difficult, a literature search did provide a natural product which might be synthesized via
a similar high-pressure Diels-Alder reaction. This natural product, lycojapodine A (1), was
reported in 2009 by Zhao et al. and incorporates an unprecedented tetracylic core structure
(Figure 1). θ Its structure bears close resemblance to fawcettimine (14) which itself has been a
popular target for total synthesis. 9 Not surprisingly, it is proposed that the biogenetic pathway to
lycojapodine A (1) can be traced back to fawcettimine (14). The biological activity of
lycojapodine A (1) is not fully explored yet, however, testing for inhibition of
acetylcholinesterase and anti-HIV-1 activity showed only moderate activity. Nevertheless, the
unprecedented structure of lycojapodine A (1) and its resemblance to fawcettimine (14)
encouraged us to explore synthetic pathways to this intriguing natural product.

M e ^ ^ H

lycojapodine A (1 )
fawcettimine (14)
Figure 1 Structures of lycojapodine A (1) and fawcettimine (14].

5.2

Synthetic plan

The envisioned strategy to lycojapodine A (1) is most easily explained by discussing the
synthesis in a forward manner. As outlined in Figure 2, we hoped to provide access to
lycojapodine A (1) using a risky, but if successful a highly rewarding, strategy. Starting from
95
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cyclohexenone 15, a Diels-Alder reaction with 2,4-dimethoxythiophene (16) would afford enol
ether 17. The two major concerns about this step were the reported unreactivity of thiophenes
in Diels-Alder reactions in general10 and the stability of the product From Diels-Alder product
17 ozonolysis followed by a Wittig reaction would afford sulfate 18. It was expected that this
sulfate would very easily eliminate sulfur dioxide due to the donor and acceptor properties of
the neighboring methoxy and ester substituents. Ideally, this process would require thermal
activation allowing the sulfate to serve as a protecting group in the Wittig reaction.
Straightforward functional group manipulation of the hydrolyzed product 19 to the Cbzprotected amine 20 then sets up the molecule for a key ring-closing metathesis reaction. Finally,
hydrogenolysis of the Cbz-group and concomitant hydrogénation of the double bond of spiro
product 21, followed by ester hydrolysis would then allow for the formation of the W,0-acetal
leading to the lycojapodine A (1).

MeO.

OMe
'Me

MeO

15

18

16

Me02C

19

C02Me
20

21

lycojapodine A (1 )

Figure 2 Proposed synthetic pathway to lycojapodine A [1].

We realized that this approach had potential pitfalls, amongst which the inherent unreactivity of
thiophenes in the Diels-Alder reaction was most prominent. Although there are examples of
successful Diels-Alder reactions of thiophenes, these require either a highly reactive dienophile
such as dicyanoacetylene,11 or high temperature which usually leads to extrusion of sulfur from
the Diels-Alder product.12 A recent report by Kotsuki et al. however, showed that high pressure
can dramatically accelerate the Diels-Alder reaction of thiophene while at the same time
preventing elimination of sulfur. Here, the researchers reacted thiophene (22) with maleic
anhydride (23) at 8 kbar and 100 "C for two days to give Diels-Alder product 24 in 93% yield
(Scheme 4). It was critical that the reaction was performed neat, since the use of solvent
invariably led to significantly lower yields. Although Kotsuki et al. were unable to extend this
methodology to dienophiles other than maleimides, we reasoned that in contrast to thiophene
(22), the electronically more activated 2,4-dimethoxythiophene (16) might be capable of
reacting with less reactive dienophiles such as cyclohexenones.

X

22

0

0

100 "C, 48 h
24

23
93%

Scheme 4 High-pressure Diels-Alder reaction of thiophene (22) and maleic anhydride (23] by Kotsuki et al.
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5.3

High-pressure Diels-Alder reaction of thiophenes

We decided to first explore the high-pressure Diels-Alder reaction of thiophenes with
cyclohexenone (25) as a model system. Instead of 2,4-dimethoxythiophene (16), the readily
available but presumably less reactive thiophenes 26 and 27 were used (Scheme 5). Because of
practical limitations of the high-pressure apparatus, the reaction could not be conducted at 100
0
C so that instead the reaction was performed at 50 0C at an increased pressure of 15 kbar.
Disappointingly, after 48 h no product formation was observed. Most likely this can be
attributed to the intrinsic unreactivity of the starting materials, however, other causes such as
freezing of the reaction mixture cannot be excluded.
1

O

R

:m
s»'

R
15 kbar, neat
50 "C, 48 h

25

2

1

2

26 R' = OMe, R = H
28 R = OMe R = H
1
2
1
2
27 R = H, R = OMe
29 R = H, R = OMe
Scheme 5 Unsuccessful high-pressure Diels-Alder reaction of cyclohex-2-enone (25) with thiophenes 26 and 27.

The anticipated higher reactivity of thiophene 16 in the Diels-Alder reaction still warranted
further research to its reaction with cyclohex-2-enone (25). Therefore, thiophene 16 was
synthesized in five steps from 3-hydroxythiophene-2-carboxylic acid (30) according to a
literature procedure by Corral et al.13 and subsequently reacted with cyclohexenone (25) at 15
kbar and 50 0C for 34 h (Scheme 6). After TLC analysis of the reaction mixture showed
substantial product formation, spectroscopic analyses of the purified product were particularly
sobering. Instead of the anticipated Diels-Alder product 31, thiophene 32 turned out to be the
sole product of this reaction.

•OH
η Λ
X

C 0

S
30

ι*!«]
five steps
2H

OMe
M e O ^'/
- gw
/
16

25

o

Ô

S ? MΗe .0

ΐ ί Ί

—kbar —
15
neat
50 °C, 34 h

τM e 0

Â
'

H

31
32
0%
48%
Scheme 6 Synthesis and reaction of 2,4-diniethoxythiophene (16] with cyclohex-2-enone (25).

SOMe

Although formation of thiophene 32 via ring-opening of Diels-Alder product 31 cannot be
excluded, it is most likely that product 32 was formed via a direct Michael addition reaction. This
altered chemoselectivity has been observed before in high-pressure reactions of furans14 and in
thermally promoted reactions of thiophenes.12 Conversely, these reactions generally required
Lewis- or Br0nsted-acid catalysis, or a polar solvent such as water. As shown by Jenner et al. for
2-methylfuran, the chemoselectivity in high-pressure reactions can be influenced by including
appropriate solvents, such as fluorinated solvents, in the reaction. However, even if successful,
this method should eventually be applied to cyclohexenone 15 (Figure 2) which suffers from
increased steric bulk at the α-position. Since this is likely to only enhance the preference for the
undesired Michael addition pathway, this strategy was not pursued any further.
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The first approach was readily modified to a more viable strategy by substituting thiophene 16
for a Danishefsky-type diene. As shown in Figure 3, a Diels-Alder reaction of cyclohexenone 15
with diene 33 would provide silyl enol ether 34. Subsequent ozonolysis followed by a Wittig
reaction should then afford intermediate 35, which bears great resemblance to Wittig product
19 of the initial strategy. Elaboration to lycojapodine A (1) was then envisioned via a similar
route as displayed in Figure 2.
OBz

OBz

0

OBn
Diels-Alder

BnO / O

BnO / 0

Oj/Wittig
ia/Wittig

-^

* •

TBSO
'Me

_ Çl"H C
Me^^VX

'Me

TBSO

C02H
35

15
33
34
Figure 3 Modified strategy toward lycojapodine A (1).

lycojapodine A (1 )

Since the Diels-Alder reaction of cyclohexenone 15 and diene 33 resembled the successful
reaction of Danishefsky's diene (8) with carvone that was discussed in Chapter 3, no studies on
model systems were performed and initial efforts focused on the synthesis of Diels-Alder
precursors 15 and 33.

5.4

Synthesis of 2-substituted 5-methylcyclohex-2-enones

A powerful method for the reductive coupling of haloalkenes with terminal alkenes is the
Suzuki-Miyaura reaction. As shown in the synthesis of fawcettimine (14) by Toste et al.,9e this
reaction can also efficiently grant access to 2-substituted 5-methylcyclohex-2-enones and it was
therefore selected for the synthesis of the cyclohexenone precursor. The required iodide 37 was
synthesized by iodination of 5-methylcyclohex-2-enone (36)15 in CHzCh/pyridine and
subsequently reacted in the Suzuki-Miyaura reaction.

38 or 39
9-BBN, Cs 2 C0 3
PdCydppf), AsPha
Me

36

^

CH2CI2. pyridine
0 °C to RT, 40 h

78%

Me
37

DMF. THF, H 2 0
RT
40 R = H
59%
41 R = Boc 60%

Scheme 7 Synthesis of enones 40-41.

Allylic carbamates 38 and 39 were used as the coupling partner since this obviates the need for
introduction of the nitrogen atom at a later stage. The reaction reproducibly afforded the desired
products 40 and 41 in 59% and 60% yield, respectively. Efforts to increase the yield, e.g. by
extending the reaction time for the hydroboration step, were unsuccessful. Because the
synthesis of the starting material, cyclohexenone 36, was only moderately yielding, the overall
efficiency of this approach was inadequate for providing multigram quantities of cyclohexenone
40 or 41. Therefore an alternative approach was developed which commenced with an aldol
condensation of the readily available acetates 42 and 43 with δ-valerolactone (44).16 The ß98
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ketoester product 45 is in equilibrium with its ring-closed hemi-acetal 46 and was reacted
further in the subsequent protection reaction. Gratifyingly, the primary alcohol could be
selectively trapped with either benzoyl chloride or acetic anhydride to give esters 47-49 in 7584% yield.
44
O
if
Me

o

Λ-0
LDA, Q
0 R

H C

THF, -78 -C

S

0

^ C 0

2

R

(

^

D M A P

OH
-0-p^C02R

?Rl

BzClorAcaO

^

J

CH^tpy*™

U

0

U

^

"

2

0 0 C to RT
:

S 5"«

BU

4 S

*

4T:R' = ACR»-I-Bu 83%

48: R 1 = Bz. R2 = (-Bu 84%
49: R 1 = Bz, R 2 = Et 75%

*»•"-"

Scheme 8 Synthesis of ß-ketoester 47-49.

Koo et al. showed that a variety of substituted cyclohexenones can be synthesized by reacting ßketoesters with unsaturated aldehydes or ketones in t-BuOH in the presence of KOt-Bu.1Sa When
these conditions were used in the reaction of ethyl ester 49 with crotonaldehyde (50), the
desired product 15 was isolated in only 22% yield together with the non-decarboxylated
cydohexenone 51 as the major byproduct. Fortunately, this problem was readily solved by
performing the reaction with tert-butyl ester 48 followed by an acid-promoted decarboxylation
of the crude tert-butyl ester 52 to afford the desired cydohexenone 15 in 60% yield. Using this
protocol, cydohexenone 15 could now be accessed on multigram scale from readily available
tert-butyl acetate (42).
OBz

CXxC02E,
so

OBz

+

^

'Me
51

Q

Q

KOi-Bu
U K

48: R = f-Bu
49: R = OEt

42%
f-BuOH
0 °C to 90 'C

D

_, \

^

22%

OBz

LX-ccv-iBu
Me
52

TsOH
toluene, 80 °C
60%

Scheme 9 Synthesis of cydohexenone 15.

5.5 High-pressure Diels-Alder reaction of Z-(3-benzoyloxypropyl)-5methyl-cydohex-Z-enone
To determine to what extent the methyl group of cydohexenone 15 would be able to direct the
diastereoselectivity of the Diels-Alder reaction, we first explored this reaction with
Danishefsky's diene (8). Thus, cydohexenone 15 was reacted with Danishefsky's diene (8) in a
small amount of MeCN at 60 0C and 15 kbar for 22 h. Pleasingly, after acidic workup, enone 54
was obtained in 71% yield and in a 5:1 (cis:trans) diastereomeric ratio.
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TMSO

Ξ·

8

»
15kbar, 60 °C
MeCN. 22 h

TMSO'

H
71%
(5 1 cis trans)

Me

54

Scheme 10 High-pressure Diels-Alder reaction of cyclohexenone 15 with Danishefsky's diene (8).

The relative configuration of the major diastereoisomer was reliably assigned by X-ray
crystallographic analysis to be cis (Figure 4). The endo/exo ratio of the intermediate silyl enol
ether S3 was not determined.

Figure 4 ORTEP plot of cis-54 derived from X-ray crystallographic analysis.

These results encouraged us to extend this reaction to the modified Danishefsky diene 33. This
diene was prepared in two steps starting with a transetherification reaction of (Ε)-4methoxybut-3-en-2-one (55) with benzyl alcohol. Under acidic conditions, the repetitive
evaporation of toluene to remove the liberated methanol from the reaction mixture, allowed
isolation of benzyl ether 56 in 66% yield. Subsequent formation of the TBS ether by treatment of
ketone 56 with KHMDS and quenching of the enolate with TBSC1 afforded diene 33. Fortunately,
the boiling point of the latter compound was sufficiently low to allow for purification by vacuum
distillation to give diene 33 in essentially quantitative yield.
PPTS
BnOH

Me
OMe
55

TBSCI
KHMDS

Me

toluene
66%

OBn
56

THF
-78 to -45 °C

OTBS

OBn
33

quant

Scheme 11 Synthesis of diene 33.

With diene 33 in hand we could explore its reactivity in the Diels-Alder reaction with
cyclohexenone 15. The reaction was conducted neat at 60 "C and 15 kbar for 50 h to afford silyl
enol ether 34 as an inseparable mixture of diastereoisomers in a 5:2 ratio. Interestingly, only
two out of the four possible diastereoisomers were formed. In light of the observed 5:1
100
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diastereomeric ratio of enone 54 in the reaction of cyclohexenone 15 with Danishefsky's diene
(8) it is plausible that this reaction is completely endo or exo selective and that the
diastereomeric mixture is directly related to the facial selectivity of this reaction. To our
surprise, in the next reaction ozonolysis of the purified diastereomeric silyl enol ether 34 at -78
0
"C afforded a complex mixture. Lowering the temperature to -114 C or addition of pyridine to
the reaction mixture did not result in any improvement

TBSO

Ξ

33
OBn

15kbar, 60 °C
50 h

TBSO

82%
dr5 2

H

34

Scheme 12 Synthesis of silyl enol ether 34 and subsequent ozonolysis.

We questioned if the presence of the benzyl ether in silyl enol ether 34 was causative to the
formation of the complex mixture, especially since there are virtually no reports on the oxidative
cleavage of silyl enol ethers incorporating an alkoxy group at the allylic position. To verily this
hypothesis, we performed the Diels-Alder reaction of 15 with 2-trimethylsiloxybutadiene (58)
which lacks the benzyloxy-group. Et2AlCl was used as a catalyst for this reaction and since silyl
enol ether 59 is not stable toward silica gel chromatography, the crude product was used
without further purification in the subsequent ozonolysis reaction. Disappointingly, the same
complex mixture was formed upon treatment of silyl enol ether 59 with ozone.
OBz
TMSO 58

IE

EtjAICI

Ο

Ο, then DMS
*

toluene, RT
24 h

CH 2 CI 2 , MeOH
- 7 8 °C

•

OHC

Me
Η
59
Scheme 13 Diels-Alder reaction of cyclohexenone 15 with diene 58 and subsequent ozonolysis attempt
TMSO

With no time left for further experiments we can only speculate about the cause for the
problematic ozonolysis reaction. Cyclization of the pendent carboxylic acid group or aldehyde on
the ketone is one of the few conceivable side reactions for product 57. These presumed side
reactions cannot be easily prevented since the delicate nature of silyl enol ether 59 does not
allow for e.g. protection of the ketone or conversion of the TBS enol ether into the methyl enol
ether. Stirring the crude ozonolysis product in THF/water in the presence of catalytic HCl did
not lead to convergence of the multiple products product spots on TLC.

5.6

Conclusions

The high-pressure Diels-Alder reaction of thiophenes with cyclohex-2-enone was explored as a
potential entry into the natural product lycojapodine A (1). While most thiophenes proved
unreactive, 2,4-dimethoxythiophene only afforded the undesired Michael addition product. In an
alternative approach, a novel route to 2-(3-benzyloxypropyl)-5-methylcyclohex-2-enone was
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devised starting from tert-butyl acetate. This cyclohexenone was successfully reacted with
several dienes in a high-pressure Diels-Alder reaction giving access to a key intermediate in the
synthesis toward lycojapodine A (1). The subsequent ozonolysis reaction proved problematic
and thwarted further research to the synthesis of lycojapodine A (1). Deletion of the benzyloxygroup from the starting material did not improve the reaction outcome and can therefore be
ruled out as a causative. Evidently, more research on the ozonolysis reaction is required if the
synthesis of lycojapodine A (1) is to be pursued using this strategy. However, given the results it
is advisable to consider alternative approaches to lycojapodine A (1).
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5.8

Experimental

For general remarks see section 2.8
General procedure A: Aldol reaction
n-Butyllithium (1.6 M in hexanes, 1.05 equiv) was added to a solution of diisopropylamine (1.05 equiv) in
THF (1.5 M) at -78 °C. After 1 h a solution of the ester (1 equiv) in THF (1.7 M) was added dropwise to the
LDA solution and the reaction was continued for 1 h at -78 "C. Subsequently, a solution of δ-valerolactone
(44) (1 equiv) in THF (2 M) was added dropwise to the reaction mixture. The progress of the reaction was
monitored by TLC and once full conversion was achieved (approximately 2 h) the reaction was quenched
with saturated aqueous NH4CI. The organic phase was diluted with ether and separated and the aqueous
layer was extracted with ether (χ3). The combined organic layers were washed with water (χ2) and brine,
dried with Na2S04, filtered and the solvent evaporated. The crude product was reacted in the next step
without further purification.
General procedure B: Suzukl-Mlyaura coupling
To a solution of alkene (1.5 equiv) in THF (0.5 M) was added 9-BBN (0.5 M in THF, 2.0 equiv) at RT. After
stirring for 4 h, water (0.4 mL per mmol of alkene) was added and the mixture was transferred by cannula
to a suspension of CS2CO3 (1.5 equiv), triphenylarsine (0.05 equiv), 2-iodo-5-methylcyclohex-2-enone (1
equiv) and PdCUfdppf) (0.05 equiv) in DMF (0.1 M). The reaction was stirred for 2 h and was
subsequently quenched with saturated aqueous NH4CI and extracted with heptane/EtOAc (1:2, «3). The
combined organic layers were washed with water (χ3) and brine, dried with NazSCU, filtered and the
solvent evaporated. Purification of the crude product was performed as indicated.
2-(3-Benzoyloxypropyl)-5-methylcyclohex-2-enone (15)
OBz
KOt-Bu (88.0 mg, 0.784 mmol) was added to a solution of crotonaldehyde (1.09 g, 15.6
mmol) and ketoester 4 8 (5.00 g, 15.6 mmol) in t-BuOH (15 ml) at 0 "C. The partially
solidified mixture was stirred for 30 min at the same temperature after which a second
portion of KOt-Bu (350 mg, 3.12 mmol) was added. The reaction was allowed to warm to RT
and then heated to 80 "C. After 16 h the reaction was cooled to RT, quenched with aqueous
HCl (1 M, 10 mL) and diluted with ether (80 mL). The organic layer was washed with brine (40 mL), dried
with Na2S04, filtered and the solvent evaporated. The crude product (6.20 g) was dissolved in toluene (35
mL) and reacted with TsOH (0.654 g, 3.44 mmol) at 80 0C for 1 h. After cooling to RT the reaction was
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diluted with EtOAc (45 mL), washed with saturated aqueous NaHCOa (10 mL), aqueous HCl (1 M, 15 mL)
and brine (10 mL), filtered and dried with MgS04 Purification of the crude product by flash
chromatography (silica gel, EtOAc heptane 1 20 to 1 10) afforded enone 15 (2 56 g, 60 %) as a pale yellow
1
oil IR (neat) ν 2953, 2922, 2871, 2823,1715,1670,1272 cm W NMR (CDCU, 400 MHz) δ 8 03-8 05 (m,
2H), 7 52-7 57 (m, IH), 7 41-7 45 (m, 2H), 670-673 (m, IH), 4 30 ( t , / = 6 5 Hz, 2H), 2 47-2 52 (m, IH),
2 33-2 43 (m, 3H), 2 13-2 22 (m, IH), 198-2 10 (m, 2H), 185-1 96 (m, 2H), 1 03 (d, / = 6 3 Hz, 3H) " C
NMR (CDCI3, 75 MHz) δ 199 5, 166 6, 145 0, 138 3, 132 8, 130 4,129 5, 128 3, 64 4, 46 6, 34 3, 30 6, 27 4,
26 2, 21 2 HRMS (ESI*) calcd for CiyHzoNaOa [M+Na]* 295 1310, found 295 1294 When the reaction was
performed with ethyl ester 4 9 (1 00 g, 3 42 mmol), ketoester 51 (0 495 g, 42%) was isolated together
with ester 15 (0 201 g, 22%) 5 1 Ή NMR (CDCb, 400 MHz) δ 8 02-8 06 (m, 2H), 7 53-7 57 (m, IH), 7 417 45 (m, 2H), 6 73-6 75 (m, IH), 4 30 (t, ƒ = 6 4 Hz, 2H), 4 25 (t, / = 7 2 Hz, 2H), 3 08 (d, J = 11 8 Hz, IH),
2 44-2 59 (m, 2H), 2 36 (t, ƒ = 7 5 Hz, 2H), 2 06-2 13 (m, IH), 1 86-1 93 (m, 2H), 1 29 (t, ƒ = 7 1 Hz, 3H), 1 05
(d, J = 6 4 Hz, 3H) " C NMR (CDCb, 75 MHz) δ 194 5,170 1,166 5,144 9,137 7,132 8,130 3,129 5,128 3,
64 3,61 9, 61 0,33 1,33 0, 27 3,26 4,19 8,14 2
3-(3,5-Dlmethoxythlophen-2-yl)cyclohexanone{32)
ρ
Thiophene 16 (0 100 g, 0 694 mmol) and cyclohex 2-enone (0 400 g, 4 1 6 mmol) were
j-^s
loaded
in a high pressure vial and reacted for 34 h at 50 °C and 15 kbar Most of the
0 M e
K^J^Â
remaining starting material was distilled off using a rotary evaporator and the crude
product was purified by flash chromatography (silica gel, EtOAc heptane 1 20 + 0 5%
s $
OMe EtsN to 1 10 + 0 5% EtaN) to give thiophene 32 (80 0 mg, 48%) as a colorless oil IR
(neat) ν 3103, 3002, 2933,2851,1707,1579,1514,1201,1143 cm * 'H NMR (CDCb, 400
MHz) δ 5 99 (s, IH), 3 83 (s, 3H), 3 73 (s, 3H), 3 26-3 34 (m, IH), 2 60 (tdd, ] = 2 0, 4 1 , 1 4 1 Hz, IH), 2 43
(dd, / = 1 0, 12 4 Hz, IH), 2 26-2 35 (m, IH), 2 04-2 13 (m, 2H), 1 68-1 79 " C NMR (CDCb, 75 MHz) δ
210 3,161 6,148 8,110 4,95 5, 59 8, 58 8,49 0,41 0, 35 9,32 8, 25 2
(£)-((4-(Benzyloxy)buta-l,3-dlen-2-yl)oxy)tert-butyldlmethylsilane(33)
OTBS
To a cooled (-78 °C) solution of ketone 56 (2 00 g, 114 mmol) in THF (25 mL) was added
KHMDS (23 8 mL, 0 5 M in toluene, 11 9 mmol) dissolved in THF (25 mL) After 30 mm the
mixture
was allowed to warm to -45 °C over a 2 h period Subsequently, tert\
butylchlorodimethylsilane (1 88 g, 12 5 mmol) in THF (10 mL) was added and the cooling
bath was removed When the reaction mixture reached RT, ether (100 mL) and a small amount of Celite
were added and the resulting suspension was filtered over Celite The solvent was evaporated and the
crude product was purified by distillation to give diene 33 (3 32 g, quant) as a colorless oil IR (neat) ν
3064,3032, 2954, 2928, 2883, 2856,1651,1586,1317,1172,1023 cm 1 lH NMR (CDCb 400 MHz) δ 7 327 39 (m, 5H), 6 93 (d, J = 12 3 Hz, IH), 5 50 (d, ƒ = 12 3 Hz, IH), 4 79 (s, 2H), 4 1 0 (s, IH), 4 08 (s, IH), 0 95
(s, 9H), 0 18 (s, 6H) " C NMR (CDCb, 75 MHz) δ 154 0,149 1,136 6,128 6,128 1,127 7,105 0, 91 3, 71 9,
25 8, -4 7 HRMS (CI*) calcd for C17H27O2S1 [M+H]*, 2911780 found 2911779
3-(5-(Benzyloxy)-7-((tert-butyldimethylsilyl)oxy}-2-methyl-4-oxo-l,2,3,4,4a,5,8,8aoctahydronaphthalen-4a-yl)propyl benzoate (34)
OBz
Enone 15 (0 200 g, 0 734 mmol) and diene 33 (0 427 g, 1 47 mmol) were loaded in
a high pressure vial and reacted for 50 h at 60 °C The crude product was purified
OBn
by flash chromatography (silica gel, EtOAc hepUne 1 40 + 0 5% EtsN to 1 20 +
0 5% EtsN) yielding 34 (0 340 g, 82%) as an inseparable mixture of
diastereoisomers in a 2 5 ratio IR (neat) ν 2951, 2926, 2856, 1717, 1667, 1272,
TRsn
837, 711 cm-i lH NMR (CDCb, 400 MHz) δ 8 02-8 06 (m, 2H), 7 52-7 56 (m, IH),
7 41-7 44 (m, 2H), 7 23-7 35 (m, 5H), 5 02 ( d d j = 14, 5 1 Hz, IH, mi), 4 99 (dd,7 = 1 3, 5 2 Hz, IH ma), 4 50
(d,/ = 1 1 4 Hz, IH, mi), 4 4 6 (d,y = 11 5 Hz, IH, ma), 4 33 (d,7 = 11 4, IH, ma), 4 27 (d, ƒ = 11 3 Hz, IH, mi),
422-4 30 (m, 2H), 3 81 (d, ƒ = 5 2 Hz, IH, ma), 3 67 (d,/ = 5 1 Hz, IH, mi), 1 97-2 57 (m, 6H), 1 31-1 95 (m,
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6H), 1.00 (d, J = 6.8 Hz, 3H, ma), 0.92 (s, 9H, mi), 0.91 (s, 3H, ma), 0.89 (d, ƒ = 6.5 Hz, 3H, mi), 0.15 (s, 3H,
mi), 0.14 (s, 3H, ma), 0.11 (s, 3H, mi), 0.10 (s, 3H, ma). HRMS (EI*) calcd. for C j ^ O s S i [M]* 562.3115,
found 562.3124.
\,JV-Bls(tert-butoxycarbonyl)allylaiiilne(39)
^^
To a solution of di-tert-butyl iminodicarbonate (3.00 g, 13.8 mmol) and KzCOs (5.73 g, 41.4
B0C2N
^ ^
mmol) in DMF (10 mL) was added allyl bromide (2.51 g, 20.7 mmol) at RT. After 2 h water
(100 ml) and heptane/EtOAc (1:1, 70 mL) were added and the organic layer was separated. The aqueous
layer was extracted with heptane/EtOAc (1:1, 2 χ 40 mL) and the combined organic layers were washed
with water (3 χ 70 mL) and brine (70 mL). The organic layer was dried with MgSCU, filtered and the
solvent evaporated. Purification of the crude product by flash chromatography (silica gel, EtOAc:heptane
0:1 to 1:2) aflForded carbamate 39 (3.32 g, 93%) as a colorless solid. >H NMR (CDCI3,400 MHz) δ 5.84 (tdd,
/ = 5.5,10.4,17.2 Hz, IH), 5.16 (qd,/ = 1.5,17.2 Hz, IH), 5.12 (qd,/ = 1.4,10.3 Hz, IH), 4.17 (td,7 = 1.5, 5.5
13
Hz, IH), 1.49 (s, 18H). C NMR (CDC13,75 MHz) δ 152.3,133.8,116.2, 82.3,48.5,28.1.
tert-Butyl(3-(4-methyl-6-oxocyclohex-l-en-l-yl)propyl)carbamate(40)
NHBoc
According to general procedure B, alkene 38 (0.245 g, 1.56 mmol) was reacted in the
Suzuki-Miyaura reaction with the exception that the 2 h reaction time was extended to 18 h.
The crude product was purified by flash chromatography (silica gel, EtOAciheptane 0:1 to
1:3) to give cydohexenone 40 (0.100 g, 59%) as a colorless oil. IR (neat) ν 3344,2954,2925,
2869, 2823, 1669, 1691, 1248, 1168 c m 1 . 'H NMR (CDCb, 400 MHz) δ 6.66-6.67 (m, IH),
4.75 (s, IH), 3.04 (d,/= 6.4 Hz, IH), 3.01 (d,/ = 6.4 Hz, IH), 2.41-2.46 (m, IH), 2.32-2.39 (m, IH), 2.13-2.17
(m, 2H), 2.01-2.12 (m, 2H), 1.95-1.99 (m, IH), 1.49-1.56 (m, 2H), 1.38 (s, 9H), 0.99 (d,/ = 6.3 Hz, 3H). 13 C
NMR (COCU, 75 MHz) δ 199.8,156.0,145.2,138.6, 79.0, 46.6, 39.9, 34.4, 30.6, 29.0, 28.4, 26.5, 21.2. HRMS
(ESI*) calcd. for CisHzsNNaOs [M+Na]* 290.1732, found 290.1724.
2-(3-(Di-tert-butoxycarbonylamlno)propyl)-5-methylcyclohex-2-enone (41)
According to general procedure Β, alkene 39 (0.245 g, 0.952 mmol) was reacted in the
Suzuki-Miyaura reaction. The crude product was purified by flash chromatography (silica
gel, EtOAcheptane 0:1 + 0.5% Et3N to 1:20 + 0.5% Etiti) to give cydohexenone 4 1 (0.139 g,
60%) as a colorless oil. IR (neat) ν 2976, 2932, 2871, 2822, 1787, 1742, 1694,1674, 1366,
1136, 1118 cm-1, m NMR (CDCb, 400 MHz) δ 6.65-6.68 (m, IH), 3.49-3.53 (m, 2H), 2.45
(ddd,y = 1.7, 3.2,15.4 Hz, IH), 2.34-2.41 (m, IH), 2.11-2.19 (m, 3H), 2.02-2.09 (m, IH), 1.96-2.03 (m, IH),
1.61-1.68 (m, 2H), 1.47 (s, 18H), 1.01 (d,/ = 6.3 Hz, 3H). 13 C NMR (CDCI3, 75 MHz) δ 199.3, 152.4,144.2,
138.5, 81.9, 46.5, 46.11, 34.2, 30.5, 28.0, 27.6, 26.6, 21.1. HRMS (ESI*) calcd. for C2oH33NNa05 [M+Na]*
390.2256, found 390.2257.
tert-Butyl 7-acetoxy-3-oxoheptanoate (47)
OAc
tert-Butyl acetate (2.73 g, 23.5 mmol) was reacted with δ-valerolactone (44) as
indicated in general procedure A. The crude product was dissolved in C^CU/pyridine
(10 : 1, 250 mL), cooled to 0 "C and DMAP (0.200 g, 1.64 mmol) and acetic anhydride
(7.19 g, 70.5 mmol) were added. After 5 min the reaction mixture was warmed to RT
and stirred for 2 h. The reaction was quenched by the careful addition of saturated aqueous NaHCOs (150
mL) under vigorous stirring. When effervescence had ceased, the reaction mixture was transferred to a
separatory funnel and the organic layer was separated. The aqueous layer was extracted with CH2CI2 (3 χ
100 mL) and the combined organic layers were washed with water (200 mL) and brine (150 mL). The
organic layer was dried with Na^SCU, filtered and the solvent evaporated. Purification of the crude product
by flash chromatography (silica gel, EtOAcheptane 0:1 to 1:5) afforded ketoester 47 (5.05 g, 83%) as a
colorless oil. IR (neat) ν 2975, 2936, 2874,1734,1713,1643,1239 cm-1, m NMR (CDCI3,400 MHz) δ 4.044.07 (m, 2Η), 3.33 (s, 2H), 2.57 (t,/ = 6.9 Hz, 2H), 2.03 (s, 3H), 1.60-1.70 (m, 4H), 1.46 (s, 9H). 13 C NMR
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(CDCI3, 75 MHz) δ 202.3,170.6, 166.0, 81.5, 63.5, 50.2, 41.7, 27.5, 27.4, 20.5,19.4. HRMS (ESI*) calcd. for
CnHzzNaOs [M+Na]* 281.1365, found 281.1359.
7-(tert-Butoxy)-5,7-dloxoheptyl benzoate (48)
tert-Butyl acetate (0.536 g, 4.61 mmol) was reacted with δ-valerolactone (44) as
0 B z
indicated in general procedure A. The crude product was dissolved in CH2CI2 (50 mL),
0
cooled to 0 C and pyridine, (1.10 g, 13.9 mmol), DMAP (50.0 mg, 1.64 mmol) and
benzoyl chloride (0.85 g, 6.01 mmol) were sequentially added. After 5 min the reaction
mixture was warmed to RT and stirred for 18 h. The reaction was poured into saturated aqueous NH4CI
(80 mL) and the layers were separated. The aqueous layer was extracted with CH2CI2 (2 χ 30 mL) and the
combined organic layers were washed with water (80 mL) and brine (80 mL). The organic layer was dried
with MgSCU, filtered and the solvent evaporated. Purification of the crude product by flash
chromatography (silica gel, EtOAc:heptane 1:20 to 1:10) afforded ketoester 48 (1.25 g, 84%) as a colorless
oil. IR (neat) ν 3001, 2975, 2935, 2874,1713,1643,1272 cnr'. Ή NMR (CDCI3, 400 MHz) δ 8.02-8.05 (m,
2Η), 7.55 (tdd,/ = 1.3, 6.8, 8.1 Hz, IH), 7.41-7.46 (m, 2H), 4.31-4.34 (m, 2H), 3.35 (s, 2H), 2.60-2.64 (m,
2H), 1.72-1.82 (m, 4H), 1.46 (s, 9H). " C NMR (CDCI3, 75 MHz) δ 202.7, 166.5, 166.4, 132.9, 130.3, 129.5,
128.3, 82.0, 50.6, 42.2, 28.1, 27.9, 19.9. HRMS (ESI*) calcd. for C18H24Na05 [M+Na]* 343.1521, found
343.1510.
7-Ethoxy-5,7-dloxoheptyl benzoate (49)
OBz
Ethyl acetate (3.00 g, 34.0 mmol) was reacted with δ-valerolactone (44) as indicated in
f Ο Ο
general procedure A. The crude product was dissolved in CH2CI2 (250 mL), cooled to 0 0C
l^A^X
and pyridine, (6.93 g, 88.0 mmol), DMAP (0.318 g, 2.60 mmol) and benzoyl chloride (4.93
g, 35.1 mmol) were sequentially added. After 5 min the reaction mixture was warmed to
RT and stirred for 18 h. The reaction was poured into saturated aqueous NH4CI (150 mL) and the layers
were separated. The aqueous layer was extracted with CH2CI2 (2 χ 80 mL) and the combined organic
layers were washed with water (150 mL) and brine (150 mL). The organic layer was dried with MgSCU,
filtered and the solvent evaporated. Purification of the crude product by flash chromatography (silica gel,
EtOAcheptane 1:20 to 1:8) afforded ketoester 4 9 (7.46 g, 75%) as a colorless oil. IR (neat) ν 3061, 2978,
2956, 2904, 2873,1740,1713,1601,1272, 712 cm-1. Ή NMR (CDCI3,400 MHz) δ 8.01-8.04 (m, 2Η), 7.527.57 (m, IH), 7.41-7.45 (m, 2H), 4.30-4.34 (m, 2H), 4.18 ( q j = 7.1 Hz, 2H), 3.43 (s, 2H), 2.61-2.66 (m, 2H),
1.72-1.84 (m, 4H), 1.26 (t, ƒ = 7.1 Hz, 3H). 13 C NMR (CDCI3, 75 MHz) δ 202.2, 167.1, 166.5, 132.9, 130.3,
129.5,128.3, 64.4, 61.4, 49.3, 42.3, 28.0,19.9,14.1. HRMS (ESI*) calcd. for CieHzoNaOs [M+Na]* 315.1208,
found 315.1209.
(±)-3-((2«,4afi,8aif)-2-Methyl-4,7-dloxo-l,2,3,4,4a,7,8,8a-octahydronaphthalen-4a-yl)propyl
benzoate
(54a)
and
(±)-3-((2R,4a5,8a5)-2-methyI-4,7-dloxo-l,2,3,4,4a,7,8,8aoctahydronaphthalen-4a-yl)propyl benzoate (54b)
BzO^
BzO^
Enone 15 (0.106 g, 0.389 mmol) and Danishefsky's diene (0.194
g, 1.01 mmol) in MeCN (0.45 mL) were loaded in a high pressure
vial and reacted at 15 kbar and 60 "C for 22 h. The reaction
mixture was dissolved in THF/water (6:1, 3.5 mL) and aqueous
ή ~ ' M e HCl (2 M, 15 μι) was added. After 2.5 h TLC indicated full
54b
conversion and the reaction was diluted with ether (10 mL) and
quenched with saturated aqueous NaHCOs. (10 mL). The organic
layer was separated and the aqueous layer was extracted with ether (2 χ 10 mL). The combined organic
layers were washed with brine (10 mL), dried with Na2S04, filtered and the solvent evaporated.
Purification by flash chromatography (silica gel, EtOAc:heptane 1:10 to 1:5) afforded 54a (16.0 mg, 12%),
54b (77.6 mg, 59%) and recovered starting material (13.3 mg, 10%) as colorless oils. Enone 54a: IR
(neat) ν 2958, 2931, 2918, 2901, 2873,2846,1710,1682,1600,1274, 719 cm-1. lH NMR (CDCI3,400 MHz)
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δ 8.02-8.05 (m, 2H), 7.56 (tdd, ƒ = 1.3, 6.9, 8.0 Hz, IH), 7.42-7.46 (m, 2H), 6.43 (dd, ƒ = 2.1, 10.2 Hz, IH),
6.07 (dd,/ = 0.6, 10.2 Hz, IH), 4.30-4.39 (m, 2H), 2.77 (dd,/ = 5.2, 17.2 Hz, IH), 2.50-2.56 (m, IH), 2.43
(ddd, ƒ = 2.2, 3.7, 14.1 Hz, IH), 2.35 (ddd,/ = 0.7, 2.0, 17.1 Hz, IH), 2.15-2.24 (m, IH), 2.04-2.10 (m, IH),
13
1.83-1.95 (m, 2H), 1.70-1.80 (m, 3H), 1.53 (q,/= 12.8 Hz, IH), 1.00, (d,/= 6.4 Hz, 3H). C NMR (COCU, 75
MHz) δ 210.2,197.1,166.6,149.4,133.0,130.2,129.5,129.2,128.4, 64.9, 53.6,48.2,40.5, 38.8, 36.7, 31.9,
30.6, 24.8, 22.1. HRMS (ESI*) calcd. for CzifaiNaOi [M+Na]* 363.1572, found 363.1554. enone 54b: IR
1
(neat) ν 2974, 2950, 2898, 2880, 2871,1702,1683,1599,1272,714 719 c m . 'Η NMR (CDCb, 400 MHz) δ
8.00-8.03 (m, 2Η), 7.55-7.59 (m, IH), 7.43-7.46 (m, 2H), 6.85 (d,/ = 10.3 Hz, IH), 6.11 (d,/ = 10.3 Hz, IH),
4.29-4.38 (m, 2H), 2.62 (qd, ƒ = 4.4,12.7 Hz, IH), 2.27-2.42 (m, 4H), 2.10-2.22 (m, IH), 2.05 (ddd,/ = 3.7,
12.6,13.4 Hz, IH), 1.86-1.96 (m, 3H), 1.58-1.69 (m, 2H), 1.05 (d, ƒ = 6.4 Hz, 3H), " C NMR (CDCI3, 75 MHz) δ
212.2, 198.4, 166.4, 151.7, 133.1, 129.9, 129.5, 129.5, 128.4, 64.2, 54.1, 46.5, 40.8, 39.2, 34.5, 32.5, 29.4,
23.4,21.9. HRMS (ESI*) calcd. for CziHz+NaOi [M+Na]* 363.1572, found 363.1554.
(£>4-(Benzyloxy)but-3-en-2-one(56)
O

PPTS (75.0 mg, 0.300 mmol) was added to a solution of tronj-4-methoxy-3-buten-2-one
(3.00 g, 30.0 mmol) in toluene (50 mL) and the solvent was slowly evaporated on the
rotary evaporator. This proces was repeated three times with each evaporation taking
approximately 30 min. Once the last evaporation step was completed, the dark brown
residue was directly charged onto silica and purified by flash chromatography (silica gel, EtOAc:heptane
0:1 to 2:5) to give ketone 56 (3.50 g, 66%) as a colorless liquid. Ή NMR (CDCMOO MHz) δ 7.62 (d, ƒ =
12.8 Hz, IH), 7.33-7.42 (m, 5H), 5.71 (d,/ = 12.8 Hz, IH), 4.92 (s, 3H). 13 C NMR (CDCI3, 75 MHz) δ 197.2,
162.0, 135.1, 128.8, 128.6, 127.7, 108.0, 73.0, 27.9. HRMS (EI*) calcd. for C n H i ^ [M]*, 176.0837 found
176.0836.
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Chapter 6
Total Synthesis and Absolute
Stereochemistry of (+)-Integric Acid
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Application of the previously developed hydroxyiodination strategy of α,β,γ,δ-unsaturated
decalones as a key step toward the total synthesis of (+)-integric acid was investigated. While
the reaction conditions proved incompatible with a dioxolane protected intermediate, an
alternative strategy eventually allowed for an efficient total synthesis of (+)-integnc acid. Key
steps involve a one-step orthogonal deprotection/protection strategy of a thioacetal/aldehyde
and the selective oxidative cleavage of a prenyl group in the presence of two other unsaturated
moieties. The synthesis of both C4' diastereoisomers of integric acid delivered unambiguous
evidence for (S)-stereochemistry at the C4' position.
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6.1

Introduction

Human immunodeficiency virus type 1 (HIV-1) relies on three essential viral enzymes for its
1
replication; reverse-transcriptase, integrase and protease. As shown in Figure 1, reverse
transcriptase transcribes single stranded RNA to double stranded DNA. The viral-DNA is then
passed on to the second key enzyme integrase, which integrates the viral-DNA into the
chromosomal-DNA in two steps. First, integrase cleaves off two nucleotides from the viral-DNA
to introduce reactive 3' hydroxyl ends in a step called 3' processing. Then the activated 3'
hydroxyl ends are integrated into the chromosomal-DNA in a strand transfer reaction catalyzed
by integrase. The reverse process, called "disintegration", where the enzyme excises viral-DNA
and joins adjacent target oligonucleotide ends, is also observed in vitro but its role in vivo
remains unclear. Transcription of the inserted viral-DNA to viral-RNA and subsequent
translation affords a long viral-protein chain which includes several individual proteins that
need to be cut from the polypeptide chain to become functional. This task is performed by the
third essential viral enzyme protease. Today's treatment of HIV-1 infection mainly relies on
different combinations of reverse transcriptase and protease inhibitors called highly active
antiretroviral therapy (HAART). However, the high mutation rate of the virus causes increasing
resistance to these inhibitors and hence, the interest for integrase as a potential drug target has
steadily increased over the past few years. Attempts to elucidate the structure of integrase has
frustrated researchers for years and only recently (2010) the crystal structure of a related
integrase has been resolved.2 Despite these difficulties, efforts in this field have recently been
rewarded with FDA approval of the first HIV-1 integrase inhibitor Raltegravir (2007).3'4
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Figure 1 Viral replication of HIV-1.

Integric acid (1) was isolated in 1999 from the fermentation broth of Xylaria sp.s It inhibits 3'
processing, strand transfer and disintegration reactions catalyzed by HIV-1 integrase with IC50
values of 3-10 μΜ. The eremophilane sesquiterpenoid structure of integric acid (1) is also
encountered in natural products such as the NPY receptor inhibitors xylarenals A (S) and Β (6),6
the cytotoxic 07H239-A (3)7 and the antimicrobial eremoxylarins A (4) and Β (2) (Figure I). 8
Except for xylarenal A (5),9 no total syntheses have been developed to access this valuable
compound class. The absolute configuration of the integric acid core was determined by the
synthesis of the corresponding PGME amides, however, the stereochemistry of the chiral center
at C4' in the side chain could not be assigned. Basic hydrolysis of the ester of integric acid (1)
afforded (f)-2,4-dimethyloct-2-enoic acid (7) with an optical rotation of [α]ο22 = +9.5 (c 0.42
MeOH) which is only indicative of (5)-stereochemistry at C4'.10
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n-CgHTg'
CHO

CHO

H02C
xylarenal A (5)
xylarenal Β 9,10-epoxy (6)

R=

Me'
Me Me
H integric acid (1 )
Me eremoxylann Β (2)

R1 = Η 07H239-A (3)
Me eremoxylann A (4)

Figure 2 Structures of integric acid (1), eremoxylarins A (4) and Β (2], 07H239-A (3) and xylarenals A (5) and Β (6).

Preliminary structure-activity relationship (SAR) studies through chemical modification of the
natural product itself have been reported, but these efforts were severely hampered by the
instability of the α,β-unsaturated aldehyde.11 Clearly, a total synthesis of integric acid which
allows for the incorporation of the unsaturated aldehyde moiety at a late stage would give access
to more relevant derivatives of integric acid (1) for biological studies.

6.2

Retrosynthesis

We reasoned that the previously developed hydroxyiodination reaction of α,β,γ,δ-unsaturated
decalones (see Chapter 2) might be an efficient tool for the introduction of the requisite alcohol
functionality at the γ-position of integric acid (1). As shown in Figure 3, cleavage of both the
ester chain and the unsaturated aldehyde of integric acid (1), iodide removal and masking of the
carboxylic acid as the dioxolane revealed acid 7 and iodohydrin 10. Acid 7 was envisioned to
arise from ester hydrolysis and a Wittig reaction of aldehyde 8. Both enantiomers of aldehyde 8
had to be synthesized and elaborated to integric acid (1) and its C4' epimer to unambiguously
assign the stereochemistry at C'T. Aldehyde 8 could be traced back to hexanal (9) involving a
chiral auxiliary-mediated diastereoselective alkylation. For the synthesis of subtarget 10, we
intended to make use of the earlier developed hydroxyiodination reaction (Chapter 2) as one of
the key steps in the synthesis. This required diene 11 as a precursor which we envisioned to
access from the Wieland-Miescher ketone (12).
n-Bu^ XHO
n-Bu

Νοϊ*· 'f
Wieland-Miescher
ketone (12)
Figure 3 Retrosynthesis of integric acid (1).
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6.3

Asymmetric synthesis of (£)-2,4-dimethyloct-2-enoic acid
12

The asymmetric five step synthesis of acid (5)-7 commenced with the condensation of (/?)-(+)13
l-amino-2-(methoxymethyl)pyrrolidine (RAMP] with hexanal (Scheme I). The resulting
hydrazone was diastereoselectively alkylated with iodomethane at -115 "C to prevent
concomitant self-condensation of the intermediate aza-enolate, giving hydrazone 13 in 75%
yield. Cleavage of the chiral auxiliary with ozone and treatment of the crude aldehyde with ylide
14 in refluxing CH2CI2 provided ethyl ester (53-15 in 60% yield and 98% ee. In the final step,
ethyl ester 15 was hydrolyzed with NaOH in MeOH/water at 50 °C affording acid (5)-7 in
excellent yield. Using the same protocol, (fi)-7 was synthesized starting from the corresponding
SAMP-hydrazone in similar yields and equal selectivity.
1) RAMP. CH 2 CI 2
4 A MS, 0 °C to RT
π-Βικ

XHO

2) LDA, Mel, THF
-115°Cto-20°C

hexanal (9)

MeO

1) O3, CH 2 CI 2
-78 °C to RT

Ν
n-Bu^^ „
H
Τ
Me 13

»
'J

n-Bu

Me Me

Ph3P=<

Me 14
CH 2 CI 2 , reflux

75%

C0 2 Et

(S)-15

60%, (ee 98%)
NaOH

n-Bu

MeOH, H 2 0 , 50 "C

C02H
Me

Me

(S)-7

94%

Scheme 1 Asymmetric synthesis of (£)-2,4-dimethyloct-2-enoic acid (7).

6.4

lodohydrin strategy

The synthesis of the core structure of integric acid commenced from the commercially available
Wieland-Miescher ketone (12). According to a procedure of Paquette et al. ketone 12 was
selectively protected with ethane-l,2-dithiol and then reacted in a Wittig reaction which, after
hydrolysis, afforded aldehyde 17 in excellent overall yield (Scheme 2).14 In the next step,
deprotection of the dithioacetal with HgfClOJz was initially carried out in a mixture of methanol
and chloroform.

g.-,
)
~S

TsOH, (CH 2 SH) 2
AcOH, RT

Me
Wieland-Miescher
ketone (12)

92%

QCr 0

Hg(CI0 4 ) 2 · χ H 2 0

^

ethylene glycol
CHCIj, (4 3)
45 mm, RT

i Me
y\

0

67%
Scheme 2 Synthesis of diene 11.
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then HCl (aq), MeOH
•
THF. -30 °C to RT

5
OHC

93%

16
TsOH
chloranil
~~~
toluene, f-BuOH
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It soon turned out that, while the deprotection proceeded smoothly, the aldehyde partially
formed the corresponding dimethyl acetal. Fortunately, we could use this side reaction to our
advantage by replacing methanol for ethylene glycol. In this way, the dithioacetal was
deprotected with simultaneous dioxolane protection of the aldehyde to give ketone 18 in a
single step in 67% yield. Subsequent oxidation with chloranil under acidic conditions proceeded
smoothly and provided diene 11 in 75% yield. Much to our surprise, subjecting diene 11 to the
previously developed hydroxyiodination conditions afforded a complex mixture (Table 5, entry
1). At RT only starting material was retrieved (entry 2), while reaction at 70 "C afforded a
1
complex mixture including hydrolyzed starting material as determined by mass analysis and HNMR (entry 3). After reaction in THF/water also gave a complex mixture (entry 4) other halogen
donors were investigated.
Table 5 Hydroxyhalogenation of diene 11.

03

Entry

Reagent

conditions

Temperature ("C)

Solvent/HzO

Result

1

NIS

50

MeCN

complex mixture

2

NIS

RT

MeCN

n.r.

3

NIS

70

MeCN

hydrolyzed s.m.

4

NIS

SO

THF

complex mixture

5

h

50

MeCN

complex mixture

6

AgOAc, h

RT

AcOH*

n.r.

Br

NBS

50

MeCN
74%

a

CH2CI2 used as co-solvent instead of H2O.

Reacting diene 1 with iodine at 50 "G did not improve the reaction outcome and also afforded a
complex mixture (entry 5). Conversely, iodine in combination with silver acetate in acetic
acid/dichloromethane failed to give any reaction. 15 Remarkably, with NBS as the electrophile
(entry 7), a single product was formed which, in contrast to our expectations, proved to be
bromoalkene 19. The most notable differences between diene 11 and the dienes described in
Chapter 2, which did successfully reacted in the hydroxyiodination reaction, is the absence of a
methyl group at the α-position and the presence of the dioxolane moiety. Two model studies
(not discussed in Chapter 2) shed some light on the possible cause for the altered reactivity of
diene 11 in the hydroxyiodination reaction. As detailed in Scheme 3, ester 20, which also lacks
the methyl group at the α-position, reacted selectively with the γ,δ-double bond in the
hydroxyiodination reaction with NIS to give iodohydrin 22 in 60% yield together with epoxide
24 (28%). Hypothetically, the observed selectivity for the γ,δ-double bond could arise from a
functional group participation of the pendent methyl ester of diene 20 in the hydroxyiodination
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reaction. This hypothesis is negated by the selective reaction of diene 21, which lacks the methyl
ester group, to give iodohydrin 23 in almost quantitative yield.
OH

rrV
i

1

MeCN, HjO

22 R' = H,

Me, R2 = Me

R1

Vr0

0-

+

R2

R2 = C H 2 C 0 2 M e

H,

n

0

'"rVr

NIS

R2

20 R
21 R

R1

ι

R2 = CH 2 C0 2 Me (60%)

R2

24 R 1 = H,

23 R' = Me, R2 = Me (99%)

R2 = CH 2 C0 2 Me (28%)

25 R 1 = Me, R2 = Me (0%)

Scheme 3 Model studies on the hydroxyiodination reaction.

Based on these observations, the dioxolane moiety remained as a potential causative factor.
Since the position and stereochemistry of the dioxolane moiety are not expected to have
significant influence on the hydroxyiodination reaction, it seems most likely that inherent
instability of the dioxolane toward electrophilic iodine caused the formation of the complex
mixture. The bias for the formation of bromoalkene 19 in the reaction of diene 11 with NBS,
however, still remains puzzling.

6.5

Completion of the synthesis of (+)-integric acid

Another approach for the introduction of an alcohol at the γ-position of enones is oxidation and
subsequent hydrolysis of the corresponding dienyl acetate, an established strategy in steroid
chemistry.' Generally, the requisite dienyl acetate for the oxidation step is formed under
thermodynamic conditions using either acid or base catalysis and acetic anhydride as acylating
agent In the case of pyridine as a catalyst, dienyl actetate 26 was obtained in only moderate
yield and workup was particularly challenging. Conversely, reacting enone 18 with TMSC1, Nal
and acetic anhydride at 0 0C for 45 min provided the desired dienyl acetate 26 in quantitative
yield.16 Hydrolysis of the dioxolane was not observed as long as the reaction was quenched with
pyridine before workup. Oxidation of dienyl acetate 26 with m-CPBA then afforded alcohols 27
and 28 in 76% yield (4.4:1 cis:trans).

,

^^-^,ΟΑο

Ac 2 0
, TMSCI, Nal

GS

RT

(XT

•

I

Ο

then
Nam-CPBA,
HC03Na2S
03

Me

quant

I

0

7 /ο

26

OH
/\t?^0

. ŒJ + (XT

EtOH, H2O,0-C

Ο

OH
A^v^O

°

M e

0

I

Ο
27 (4 41 )

M e

Ο
28

Scheme 4 Synthesis of alcohol 27.

The preferential formation of the cis-isomer is in agreement with previously reported closely
related systems.17 Key NOE interactions of alcohols 27 and 28 are displayed in Figure 4.

23

OH
Me |
Hr

L^-H'

27
Figure 4 NOESY correlations of alcohols 27 and 28.
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For the introduction of the unsaturated aldehyde motif of integric acid, we chose to utilize the
strategy of Bonjoch et al. 9 which relies on oxidative cleavage of an allyl group with OsCU and
NaI04 followed by reaction of the resulting aldehyde with Eschenmoser's salt. Because the
delicate nature of the aldehyde requires these operations to be performed at the final stage of
the synthesis, the oxidative cleavage must be performed in the presence of the unsaturated side
chain. Unsure about the selectivity of this reaction, the decision was made to explore the next
part of the synthesis with racemic alcohol 27 first. Protection of alcohol 27 with TBSC1 afforded
silyl ether 29 in 96% yield and subsequently the allyl group was introduced via an a-alkylation
reaction with allyl bromide (Scheme 5). Low temperature proved critical to suppress overalkylation of enone 29 and under optimized conditions enone 30 was isolated in 82% yield. The
TBS ether was deprotected with TBAF and the resulting alcohol was then coupled to achiral 2methyloct-2-enoic acid (31) which lacks the CA' methyl group, thus circumventing the formation
of diastereoisomers.
OTBS

OTBS

Θ

TBSCI
imidazole

allyl bromide
LDA, DMPU

DMF, RT

»>

^

THF
-78 °Cto- 2 0 °C

2) 2-methyloct-2-enoic
acid (31), DIG
DMAP, CH 2 CI 2
toluene, 72 h

96%

1) TBAF, THF, RT

82%

1) HCl, THF, H 2 0
40 'C, 5 h

OR
0

Os0 4 , N a l 0 4
X

2) NaCI0 2 , NaHjPCX,
2-methyl-2-biitene
THF, f-BuOH, RT

HO2C

Me
33

51%

OR

Ο3ΟΓ

k

R =

•

H02C

Me

CHO

n-Bu<r

Me

34

49%

Scheme 5 Synthesis and oxidative cleavage of model system 33.

Conversion of the dioxolane to the carboxylic acid was achieved by hydrolysis of enone 32 with
aqueous HCl in THF followed by a Pinnick oxidation of the deprotected aldehyde to give acid 33
in 49% yield over two steps. As feared, the subsequent critical ozonolysis reaction proceeded
with little selectivity and a mixture of products was obtained upon treatment of enone 33 with
ozone in CHjCh/MeOH at -78 "C. Initially, only one product was formed, but as the reaction
progressed side product formation became prominent and ultimately precluded the formation of
significant amounts of product according to TLC analysis. The alternative oxidative cleavage
with osmium tetroxide and sodium periodate, or AD-mix-ß appeared completely unselective
yielding a statistical mixture of oxidized products according to mass and TLC-analysis. Although
ultimately insufficient, the initial selectivity in the ozonolysis reaction encouraged us to optimize
the substrate for this reaction. Because of the electronegative character of ozone, the LUMO of
ozone will react with the HOMO of the alkene. Consequently, we anticipated that replacing the
allyl group for a more electron-rich prenyl group would accelerate the reaction with ozone and
hence make it more selective. To this end enantiopure silyl ether 29 was alkylated with prenyl
bromide to afford enone 35 in 83% yield and after deprotection with TBAF the resulting alcohol
was coupled to both enantiomers of acid 7 in good overall yield. Deprotection of dioxolanes 36
and 37 followed by a Pinnick oxidation to acids 38 and 39 proceeded in somewhat better yield
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than for model system 32. To our delight, in the crucial ozonolysis reaction treatment of acids
38 and 39 with ozone in the presence of pyridine yielded, after reductive workup with
triphenylphosphine, aldehydes 40 and 41 in acceptable yields of 42 and 60% (50 and 72%
brsm), respectively. Finally, reaction of aldehydes 40 and 41 with Eschenmoser's salt under
basic conditions afforded both C4' diastereoisomers la and b of integric acid.
OTBS

Θ

THF
-7e°Cto-20'C
83%

irr
OR

ί Me
H02C • -

1) TBAF.THF, RT

1) HCI.THF. H 2 0
40 "C

2) (S)- or (R)-7. DIC
DMAP.CHjCfe
toluene, RT

2) NaCIOj, NaH2P04
2-methyl-2-butene
THF, /-BuOH, RT

to

36 ( S H ^ ' 72%
37: (R)-C4· 74%

to

MeOH, CH2CI2
^ y Me ""lyâ'-C to RT'

Me
38 (SH*' 59%
39 (RyCA'Se'A

Φ:

EtsN
CH2=N(Me)2* !"

O3, pyridine
then PPhj

H02C

""

CH0

CH2Cl2 R T

'

40· (SJ-C* 60% (72% brsm)
41 (RK*' 42% (50% brsm)

OR

H02C

Me

f

Me Me

CHO
1a (S)-C4· 73% [(I]D20 = +31.4 (CO62MeOH)
1b· (RHX 65% [ab 21 = - 3 6 (cOSOMeOH)

Scheme 6 Completion of both C4' diastereoisomers of integric acid.

Comparison of the reported optical rotation of [α]ο25 = +38.3 (c 0.63 MeOH) for integric acid (1)
to the experimental values of acids la and lb, indicated (5)-stereochemistry at C4'. To more
reliably assign the stereochemistry at C4', acids la and lb were mixed and the recorded Ή-ΝΜΚ
Mixture A

Mixture A + authentic integric acid (1 )(2 equiv)

S S S

l a : (S)-C4'(1 equiv)
1b:(ft)-C4'(l equiv)

1

1

Figures H-NMR resonances of the methyl group at C4Of a mixture of acids l a and l b (left) and H-NMR resonances
after addition of authentic integric acid (1) (right).

spectrum was compared to the iH-NMR spectrum obtained after addition of authentic integric
acid to the same mixture (Figure 5). This experiment unequivocally showed that acid la, which
has (5)-stereochemistry at the C4'-position, is identical to authentic integric acid and that acid
l b is the C4'-epimer of integric acid.18
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6.6

Conclusions

In conclusion, we have developed an efficient total synthesis of integric acid and its C4'
diastereoisomer. In several steps, including a novel one-pot deprotection and protection
reaction, the Wieland-Miescher ketone was setup for a crucial hydroxyiodination reaction. The
reaction conditions, however, proved incompatible with the dioxolane motif and as an
alternative, oxidation of the corresponding dienyl acetate was used to introduce the alcohol.
Exploration of the next part of the synthesis with an advanced model system showed, as feared,
poor selectivity in the ozonolysis reaction. This problem could be solved by substituting the allyl
group for the more electron-rich prenyl group, which afforded the oxidized product in moderate
,
to good yields. Using this approach both C4 -diastereoisomers of integric acid were synthesized,
after which NMR studies, using authentic integric acid as a reference, unambiguously assigned
,
(5)-stereochemistry to the C4 -position of this natural product The newly developed pathway in
principle also allows for the synthesis of related compounds by variation of the ester
substituent, such as the eremoxylarins, 07H239-A and other derivatives.
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6.8

Experimental

For general remarks see section 2.8. Wieland-Miescher ketone (12) was purchased from Chiralix B. V.
General procedure A: Hydroxyiodination reaction
To a solution of diene (1 equiv) in MeCN/water (0.1 M, 2:1) was added NIS (1.05 equiv) and the reaction
was warmed in a preheated oil bath at 50 °C. When TLC-analysis indicated full conversion (typically 0.5-2
h) the reaction was cooled to RT and quenched with aqueous Na2S03. Ether was added and the layers
were separated. The aqueous layer was extracted with ether (χ2) and the combined organic layers were
washed with brine, dried with NazSCU, filtered and the solvent evaporated. Purification of the crude
product was performed as indicated.
(fl,E)-/V-Hexylidene-2-(methoxyniethyl)pyrrolidin-l-ainlne(13)
/**^\
To a mixture of flame dried molecular sieves (0.5 g) and RAMP (0.978 g, 7.51 mmol) in
,N~/ CH2CI2 (2.7 mL) at 0 "C was added hexanal (0.835 g, 8.34 mmol). After 5 min the reaction
11
was warmed to RT and stirred for 24 h. The Taction mixture was filtered over Celite and
H
purified by Kugelrohr distillation yielding hydrazone (R)-13 as a colorless oil (1.59 g,
quant) [a]D2° = +129.2 (c 1.00 CH2CI2). For hydrazone (5)-13: [α] 0 2 0 = -138.0 (c 1.00 CH2CI2). IR (neat) ν
2958, 2920, 2868, 2855,1601,1459,1338,1199,1117 cm 1 . 'H NMR (CDCI3, 300 MHz) δ 6.66 ( t j = 5.6 Hz,
IH), 3.55 (dd, ƒ = 3.3,8.5 Hz, IH), 3.37-3.42 (m, IH), 3.32-3.38 (m, 2H), 3.37 (s, 3H), 2.70 (q, J = 8.4 Hz, IH),
2.16-2.21 (m, 2H), 1.83-1.97 (m, 3H), 1.72-1.79 (m, IH), 1.41-1.49 (m, 2H), 1.26-1.33 (m, 4H), 0.87 (t, ƒ =
7.1 Hz, 3H). " c NMR (CDCI3, 75 MHz) δ 139.7, 74.9, 63.5, 59.2, 50.6, 33.1, 31.4, 27.5, 26.6, 22.5, 22.2,14.0.
HRMS (ESI*) calcd. for C12H2SN2O [M+H]* 213.1967, found 213.1969.
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(«^)-2-(Methoxymethyl)-yV-((y)-2 inethylhexylidene)pyrrolldln-l-ainine(13b)
, ^,

,

To a stirred solution of diisopropylamine (3 52 mL, 24 9 mmol) in dry THF (150 mL) was
added n-butyllithium (14 9 mL, 1 6 M in hexanes, 23 8 mmol) at -78 "C After 1 h a
Ν
η-Bu Ä
solution of hydrazone (Ä)-13 (4 59 g, 21 6 mmol) in THF (20 mL) was added After 1 5 h
H
0
Τ
the reaction mixture was slowly warmed to -40 "C and 30 mm later to -20 C After 30
Me
mm the reaction was warmed to 0 °C and kept at this temperature for 1 5 h The reaction
mixture was subsequently cooled to -115 °C and lodomethane (2 02 mL, 32 5 mmol) was added After 45
mm the reaction was quenched with saturated aqueous NaHCOa (15 mL) and allowed to warm to RT
Water (100 mL) and ether (50 mL) were added and and the organic layer was separated The aqueous
layer was extracted with ether (2 χ 100 mL) and the combined organic layers were washed with brine (50
mL), dried with MgSCU, filtered and the solvent evaporated The crude product was purified by flash
chromatography (silica gel, EtOAc heptane 1 20 to 1 3) to give hydrazone [R£)-13b (3 74 g, 76%) as a
20
20
pale yellow oil [α]ο = +143 3 (c 1 00 CH2CI2), For hydrazone (5,fi)-13b [α]ο = -149 0 (c 1 00 CH2CI2) IR
(neat) ν 2954, 2924, 2872, 1601, 1459,1195,1117, 970 cm ' Ή NMR (CDCI3, 300 MHz) δ 6 48 ( d j = 6 5
Hz, IH), 3 56 (dd,; = 3 6, 9 0 Hz, IH), 3 41 (dd,/ = 6 8, 9 0 Hz, IH), 3 29-3 38 (m, 5H), 2 70 (q, ƒ = 8 3 Hz,
IH), 2 23-2 33 (m, IH), 1 83-1 97 (m, 3H), 1 73-1 81 (m, IH), 1 37-145 (m, IH), 1 25-1 36 (m, 5H), 1 02 (d,
13
ƒ = 6 8 Hz, 3H), 0 87 (t, ƒ = 7 0 Hz, 3H) C NMR (CDCI3, 75 MHz) δ 144 7, 74 7, 63 5, 59 2, 50 4, 37 0, 35 3,
29 3,26 5, 22 8,22 0,19 1,14 0 HRMS (ESI*) calcd for C13H27N2O [M+H]* 227 2123, found 227 2127
(5,£)-EthyI 2,4-dlmethyloct-2-enoate (15)
CO Et O z o n e w a s bubbled through a stirred solution of hydrazone (fl,5)-13b (3 72 g, 16 4
I
I
mmol) in CH2CI2 (150 mL) at -78 "C until no starting material remained according to
Me Me
TLC Argon was then bubbled through the solution for 30 mm and subsequently the
reaction mixture was allowed to warm to RT Water (100 mL) was added and the reaction mixture was
extracted with CH2CI2 (2 » 70 mL) The combined organic layers were washed with aqueous HCl (0 1 M, 50
mL) and brine (50 mL) The organic layer was dried with MgSOt, filtered and concentrated (150 mL) at
RT (Carbethoxyethylidene)-triphenylphosphorane (9 53 g, 26 3 mmol) was added and the reaction
mixture was refluxed for 16 h under argon atmosphere The solution was cooled and concentrated and the
crude product was dissolved in CH2CI2 (20 mL) and filtered over a plug of silica with ether (200 mL) The
solvent was evaporated and the residue was purified by flash chromatography (silica gel, EtOAc heptane
1 40 to 1 8) to afford ester (5)-15 (1 95g, 60%) as a pale yellow oil [ a ] D 2 0 = +31 7 (c 1 00 CH2CI2) For
ester (Λ)-15 [α]ο 2 0 = -30 6 (c 1 00 CH2CI2) IR (neat) ν 2954, 2928, 2872, 2854,1709,1649,1459, 1256,
1096, 750 cm-1 iH NMR (CDCI3, 400 MHz) δ 6 53 ( d q j = 1 4 , 1 0 1 Hz, IH), 4 19 (q, ƒ = 7 1 Hz, 2H), 2 422 53 (m, IH), 1 83 ( d j = 1 5 Hz, 3H), 1 34-142 (m, IH), 117-1 33 (m, 5H), 1 30 ( t j = 7 1 Hz, 3H) 0 99 ( d j
= 67 Hz, 3H), 0 88 ( t j = 7 1 Hz, 3H) 13 C NMR δ 168 5,148 2,126 2, 60 4, 36 6, 33 2, 29 7, 22 8, 20 0,14 3,
14 0,12 5 HRMS (El*) calcd for C12H22O2 [M]* 198 1620, found 198 1610
n-Bu

(5,£)-2,4-Dlmethyloct-2-enolc add (7)
η B u ^ ^ \ . C 0 2 H To a stirred solution of ester (5)-15 (1 62 g, 8 17 mmol) in MeOH (115 mL) was added
Χ X
NaOH (49 mL, 2 0 M, 98 mmol) The reaction mixture was warmed to 50 "C for 1 h
Me Me
\.
·
·
1
after which the solution was allowed to cool to RT and then concentrated The residue
was dissolved in aqueous NaOH (0 1 M, 80 mL) and washed with CH2CI2 (100 mL) The aqueous layer was
subsequently acified to pH 1 with aqueous HCl (2 M) and extracted with EtOAc (3 * 100 mL) The
combined organic layers were washed with brine (50 mL), dried with MgSCU, filtered and the solvent
evaporated to afford acid (5)-7 (1 31 g, 94%) as a colorless oil [α]ο 20 = +35 0 (c 0 45 MeOH) For acid (Λ)7 [α]ο 20 = -35 4 (c 0 46, MeOH) IR (neat) ν 2954, 2920, 2850, 2665, 2535,1684,1645,1420,1273 cm-i
Ή NMR (CDCI3, 400 MHz) δ 6 61 ( d j = 1 0 1 Hz, IH), 2 47-2 55 (m, IH), 1 8 4 (s, 3H), 1 34-144 (m, IH),
117-1 35 (m, 5H), 1 00 ( d j = 6 7 Hz, 3H), 0 88 ( t j = 7 1 Hz, 3H) " C NMR (CDCI3, 75 MHz) δ 174 0,151 0,
125 5, 36 5, 33 5, 29 7, 22 8, 19 9, 14 0, 12 2 HRMS (El*) calcd for C1oHi802 [M]* 1701307, found
1701308
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(i)-4a'-Methyl-4',4a ,7 ,8-tetrahydro-3 H-splro[[l,3]dlthlolane-2,2'-naphthalen]-5'(6'W)-one(16)
To a s t i r r e d solution of k e t o n e 1 2 ( 1 5 0 g, 8 4 2 m m o l ) in glacial acetic acid ( 3 5 mL) w a s
a d d e d d r o p w i s e a solution of 1,2-ethanedithiol (8 72 g, 9 2 6 m m o l ) a n d TsOH (7 5 1 g,
3 9 5 m m o l ) T h e r e a c t i o n m i x t u r e w a s s t i r r e d for 6 5 h a n d t h e n p o u r e d into w a t e r T h e
O

w h i t e p r e c i p i t a t e w a s filtered off, w a s h e d w i t h w a t e r , s a t u r a t e d a q u e o u s NaHC03 a n d

again with w a t e r T h e c r u d e p r o d u c t w a s purified by flash c h r o m a t o g r a p h y (silica gel, EtOAc h e p t a n e 0 1
to 1 5) t o afford thioketal 1 6 ( 1 9 7 g, 9 2 % ) as a w h i t e solid Analytical d a t a w e r e in c o m p l e t e a g r e e m e n t
with t h o s e r e p o r t e d in l i t e r a t u r e " IR (film) ν 2 9 3 8 , 2 8 6 3 , 1 7 0 8 , 1 6 4 2 cm-i iH NMR (COCU, 4 0 0 MHz) δ
5 64 (s, I H ) , 3 18-3 3 6 (m, 4H), 2 6 0 ( d d d , 7 = 6 3, 1 3 5, 1 5 1 Hz, I H ) , 2 5 0 (ddt, ƒ = 1 8, 4 9, 1 3 9 Hz, I H ) ,
2 34 ( d d d d , ƒ = 1 8, 2 8 , 4 7 , 1 5 1 Hz, I H ) , 2 08-2 2 3 (m, 4H), 1 95-2 0 3 (m, I H ) , 1 67-1 7 8 (m, I H ) , 1 58 (tq,/
= 4 6 , 1 3 3 Hz, I H ) , 1 2 7 (s, 3H)

13

C NMR (CDCI3, 7 5 MHz) δ 2 1 2 8 , 1 4 1 2 , 1 2 8 1, 6 4 8 , 4 9 4 , 4 0 1, 3 9 6, 3 7 9,

37 6, 30 8, 3 0 7, 2 4 7 , 2 4 6 HRMS (ESI*) calcd for C13H19OS2 [M+H]* 2 5 5 0 8 7 7 , found 2 5 5 0 8 7 4
(4a'«,5'S)-4a'-Methyl-4',4a',5',6',7',8'-hexahydro-37/-splro[[l,3]dithlolane-2,2-naphthaleneJ-Scarbaldehyde (17)

OHC

Mc

S-~\

To a s t i r r e d solution of ( m e t h o x y m e t h y l ) t r i p h e n y l p h o s p h o n i u m chloride ( 3 7 3 g, 0 1 0 9

V

mol) in THF ( 3 7 0 mL) at - 3 0 0 C w a s a d d e d KHMDS ( 1 8 1 mL, 0 5 M in t o l u e n e , 9 0 6
m m o l ) a n d t h e resulting r e d solution w a s s t i r r e d at 0 °C for 1 5 min Thioketal 1 6 (9 22 g,
3 6 2 m m o l ) in THF (90 mL) w a s t h e n a d d e d a n d t h e r e a c t i o n m i x t u r e w a s s t i r r e d at

r o o m t e m p e r a t u r e for 24 h A m i x t u r e of MeOH a n d THF ( 1 0 0 mL, 1 1 ) a n d a q u e o u s HCl ( 1 0 0 mL, 4 M)
w a s a d d e d t o t h e r e a c t i o n at 0 °C T h e resulting solution w a s a l l o w e d t o stir at RT for 3 6 h W a t e r ( 5 0 0
mL) w a s a d d e d a n d t h e r e a c t i o n m i x t u r e w a s e x t r a c t e d w i t h e t h e r ( 4 χ 2 5 0 mL) T h e c o m b i n e d organic
layers w e r e w a s h e d w i t h b r i n e ( 2 0 0 mL), d r i e d w i t h MgSCU, a n d t h e solvent e v a p o r a t e d T h e c r u d e
p r o d u c t w a s flushed over a plug of silica w i t h e t h e r t o r e m o v e m o s t of t h e t n p h e n y l p h o s p h i n e oxide a n d
w a s s u b s e q u e n t l y purified by flash c h r o m a t o g r a p h y (silica gel, EtOAc h e p t a n e 1 20 t o 1 2) to afford
aldehyde 1 7 (9 10 g, 9 3 % ) as a w h i t e solid Analytical d a t a w e r e in c o m p l e t e a g r e e m e n t w i t h t h o s e
r e p o r t e d in l i t e r a t u r e » [ α ] ο 2 0 = + 2 4 4 0 (c 1 0 0 CHzCU), »H NMR (CDCI3, 4 0 0 MHz) δ 9 8 2 (d, / = 2 0 Hz,
IH), 5,58 (s, I H ) , 3 35-3 4 1 (m, 3H), 3 22-3 2 8 (m, 1H),2 12-2 2 3 (m, 4H), 1,99-2,07 (m, 3H), 1 8 5 1 9 2 (m,
IH), 1 67-1 77 (m, 2H), 1 28-1 3 9 (m, I H ) , 1 1 4 (s, 3H) " C NMR (CDCI3, 7 5 MHz) δ 204,4, 143,3, 125,9,
65,1,60,6,40,1, 39,6,37,3,37,2, 36,8,31,7, 25,9, 22,1,19,6

(4afi,5S)-5-(l,3-Dloxolan-2-yl)-4a-methyl-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one(18)
Q To a stirred solution of mercury(II) Perchlorate hydrate (34 78 g, 87 1 mmol) in ethylene
[ [ J
glycol (200 mL) was added a solution of thioketal 17 (9 35 g, 34 8 mmol) in CHCI3 (115
[fji^
mL) After 45 mm ether (100 mL) was added and the reaction mixture was stirred
Q-^O
vigorously The ether layer was collected by décantation over a plug of cotton wool and
\—I
this process was repeated until all product was extracted from the ethylene glycol layer
according to TLC (approximately ten times) The combined ether layers were washed with water (500
mL), brine (100 mL), dried with MgSCU, filtered and the solvent evaporated Purification of the crude
product by flash chromatography (silica gel, EtOAc heptane 1 10 to 1 2) afforded dioxolane 18 (5 51 g,
67%) as a white solid [ α ] 0 2 0 = +194 0 (c 110 CH2CI2) IR (film) ν 2943, 2879,1668,1614,1126,1039 cm 1
iH NMR (CDCla, 400 MHz) δ 5 72-5 73 (m, IH), 4 94 (d, / = 2 6 Hz, IH), 3 89-3 96 (m, 2H), 3 78-3 87 (m,
2H), 2 48 (ddd, IH,] = 5 0,14 2,17 0 Hz, IH) 2 31-2 39 (m, 2H), 2 20-2 27 (m, 2H), 1 85-1 96 (m, 2H) 1 77
183 (m, IH) 1 55-1 68 (m, 2H), 1 33-1 44 (m, IH), 1 26 (s, 3H) " C NMR (CDCI3, 75 MHz) δ 199 2, 170 3,
124 3,103 4, 65 2, 64 5, 51 4,38 1,36 0,33 7,33 5, 25 7, 21 2,18 3 HRMS (ESI*) calcd for C14H21O3 [M+H]*
237 1491, found 237 1474
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(±)-((4aÄ,5y)-5-(l,3-Dloxolan-2-yl)-4a-methyl-4,4a,5,6-tetrahydronaphthalen-2(3H)-one(ll)
^ \ ^ v ^ 0
Γ I" [
ΊΓΜΘ
Ο Ο

Chloranil (95 mg, 0.38 mmol) and TsOH (7.3 mg, 0.038 mmol) were added to a solution of
enone 18 (45 mg, 0.19 mmol) in toluene/terf-butanol (7 mL, 3:7) and the reaction mixture
was refluxed for 16 h. The solvent was evaporated and the residue was suspended in
CHzClz and subsequently filtered over cotton wool. Next, aqueous NaOH (10 mL, 0.1 M)
was added and the layers were separated. The aqueous layer was extracted with CH2CI2 (3
χ 10 mL) and the combined organic layers were washed with NaOH (10 mL, 0.1 M), brine (10 mL), dried
with Na2S04, filtered and the solvent evaporated. Purification of the crude product by flash
chromatography (silica gel, EtOAcheptane 0:1 to 1:2) afforded dienone 11 (33 mg, 75%) as a colorless
1
solid. IR (film) ν 2941, 2920, 2859,1658,1614 c m . 'H NMR (CDCI3,400 MHz) δ 6.25-6.30 (m, IH), 6.116.16 (m, IH), 5.68 (s, IH), 5.02 ( d j = 3.4 Hz, IH), 3.92-4.00 (m, 2H), 3.81-3.89 (m, 2H), 2.56-2.65 (m, IH),
2.37-2.49 (m, 3H), 2.24 ( d d d j = 2.2, 5.4,13.3 Hz, IH), 1.88-1.97 (m, 2H), 1.22 (s, 3H). " C NMR (CDCI3, 75
MHz) δ 199.3, 137.7, 127.6, 123.5, 103.0, 65.2, 64.5, 46.5, 34.3, 33.9, 23.2, 18.5, 17.6, 11.1. HRMS (ESI*)
calcd. for CuH^Oa [M+H]* 235.1334, found 235.1328.
(±)-(4afl,55)-l-Bromo-S-(l,3-dloxolan-2-yl)-4a-methyl-4,4a,5,6-tetrahydronaphthalen-2(3H)-one
(19)
yV-bromosuccinimide (10.3 mg, 0.043 mmol) was added to a solution of diene 11 (10 mg,
0
0,043 mmol) in MeCN/H20 (0.4 mL, 2:1) at 50 C. After 15 min, the solution was extracted
with ether ( 3 x 1 mL) and the combined organic layers were washed with brine dried with
NazSCU, and the solvent evaporated. Purification by flash chromatography (silica gel,
EtOAcheptane 1:40 to 1:5) yielded bromide 19 (18 mg, 74%). lH NMR (CDCla, 400 MHz) δ
6.75-6.77 (m, IH), 6.40 (ddd,ƒ = 2.9, 5.5, 9.9 Hz, IH), 5.02 ( d j = 3.4 Hz, IH), 3.92-4.00 (m,
2H), 3.81-3.89 (m, 2H), 2.73-2.82 (m, 2H), 2.43 ( d t j = 1.3, 5.4 Hz, IH), 2.39 ( t d j = 2.8,10.7 Hz, IH), 2.192.26 (m, IH), 1.93-2.01 (m, 2H), 1.24 (s, 3H). LRMS [M+H]* 313, 315.
Methyl 2-((lS,2S,4aÄ)-l-hydroxy-2-iodo-7-oxo-l,2,3,4,4a,5,6,7-octahydronaphthalen-4a-yl}acetate
(22)
OH
According to general p r o c e d u r e A, diene 2 0 (54 mg, 0.25 mmol) w a s reacted with NIS.
0
Purification of the crude product by flash chromatography (silica gel, EtOAc:heptane
1:10 to 1:4) afforded iodohydrin 22 (54 mg, 60%) and epoxide 24 (16 mg, 28%).
iodohydrin 22: IR (film) ν 3382, 2946, 2928, 2915, 1732, 1668, 1199 cm-K ^H NMR
MeO,C
(CDCI3, 400 MHz) δ 6.00 (s, IH), 4.59-4.62 (m, IH), 4.57 (br s, IH), 3.85 ( d j = 0.9 Hz,
IH), 3.69 (s, 3H), 3.08 ( d j = 13.6 Hz, IH), 2.66 ( d j = 13.6 Hz, IH), 2.41-2.444 (m, 2H), 2.33-2.38 (m, IH),
2.10 ( t d j = 4.4,13.9 Hz, IH), 1.99-2.05 (m, IH), 1.89-1.97 (m, IH), 1.76-1.85 (m, 2H). " C NMR (CDCI3, 75
MHz) δ 198.7,173.4,158.3,131.5, 78.2, 52.3, 42.6, 37.2, 37.0, 35.6, 34.2, 33.3, 25.2. HRMS (ESI*) calcd. for
Ci3HieI04 [M+H]* 365.0250, found 365.0264. epoxide 24: IR (film) ν 2941, 2921, 2855,1727,1676, 1196
cm-1. ltì NMR (CDCI3,400 MHz) δ 6.19 (s, IH), 3.68 (s, 3H), 3.59-3.61 (m, IH), 3,46 ( d j = 3.9 Hz, IH), 3.06
( d j = 14.5 Hz, IH), 2.65 ( d d d j = 5.0 14.8,19.4 Hz, IH), 2.50 ( d j = 14,5 Hz, IH), 2.41-2.46 (m, IH), 2.202.28 (m, IH), 2.10-2.14 (m, IH), 1.97-2.06 (m, 2H), 1.72-1.80 (m, IH), 1.34-1.42 (m, 1H). 13 C NMR (CDCI3,
75 MHz) δ 198.0,171.1,161.1,129.5, 56.6, 55.4, 51.6, 38.0, 36.4, 34.1, 34.0, 33.0, 21.0. HRMS (ESI*) calcd.
for Ci3Hi704 [M+H]* 237.1127, found 237.1132.
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(4ai?,7i,ay)-8-Hydroxy-7-iodo-l,4a-dlmethyl-4,4a,5,6,7,8-hexahydronaphthalen-2(3/i)-one(23)
OH Me
According to general procedure A, diene 2 1 (30.0 mg, 0.170 mmol) was reacted with NIS
to give iodohydrin 23 (54.0 mg, 99%) as a white solid which required no further
purification, lodihydrin 23 can be recrystalized from heptane to to give the product as
1 l
Me"
colorless needles. IR (film) ν 3452, 2926, 2855, 1650, 1606 cm- . H NMR (CDCU, 400
MHz) δ 5.17 (t, ƒ = 2.7 Hz, IH), 4.60-4.63 (m, IH), 2.64 (ddd, ƒ = 4.8, 14.9,17.6 Hz, IH),
2.48 (ddd,/ = 2.6,4.4,17.6 Hz, IH), 2.28 (tdd, ƒ = 3.3,13.2,18.7 Hz, IH), 2.08-2.10 (m, IH), 2.00 (dt,/ = 4.7,
13.4 Hz, IH), 1.92 ( d t j = 3.6,13.4 Hz, IH), 1.85 ( d j = 0.5 Hz, 3H), 1.74-1.81 (m, IH), 1.71 (ddd,/ =2.2,4.9,
13.1 Hz, IH), 1.54-1.59 (m, IH), 1.40 (s, 3H). " C NMR (CDCU, 75 MHz) δ 199.0, 154.8, 133.7, 71.7, 38.5,
37.3, 34.6,34.6, 33.6,24.8, 24.1, 9.9. HRMS (EI*) calcd. for CulinOil [M]* 320.0274, found 320.0276.
(4afl,5S)-5-(l,3-Dloxolaa-2-yl)-4a-methyl-3,4,4a,5,6,7-hexahydronaphthalen-2-yl acetate (26)
^ ^ ^ , O A c Trimethylsilyl chloride (7.57 g, 69.7 mmol) was added dropwise in 5 min to a stirred
I
1^ I
solution of enone 18 (4.12 g, 17.4 mmol) and sodium iodide (0.200 g, 1.33 mmol) in
0
Τ Me
acetic anhydride (61 mL) at 0 C. After 45 min, pyridine (10 mL) was added and the
Ο ρ
resulting suspension was evaporated to dryness on the rotary evaporator. The residue
was suspended in ether (250 mL), washed with water (2 χ 100 mL) and brine (100 mL),
dried with NazSCU and the solvent evaporated giving dienyl acetate 26 (4.90 g, quant.) which required no
20
1
further purification. [α]ο = -147.6 (c 1.00 CH2CI2). IR (film) ν 2941, 2881,1744, 1662,1212, 1113 cm- .
ΪΗ NMR (CDC13, 400 MHz) δ 5.70 (d, ƒ = 2.2 Hz, IH), 5.43-5.45 (m, IH), 4.93 (d, ƒ = 3.2 Hz, IH), 3.94-3.98
(m, 2H), 3.82-3.86 (m, 2H), 2.44-2.53 (m, IH), 2.08-2.25 (m, 4H), 2.13 (s, 3H), 1.78-1.84 (m, IH), 1.60-1.73
(m, 2H), 1.44 (ddd,/ = 4.5, 7.2, 12.9 Hz, IH), 1.08 (s, 3H). 13 C NMR (CDCb, 75 MHz) δ 169.3,147.0,138.9,
124.8,116.7,104.5, 64.9, 64.6,47.1, 34.4, 34.2, 25.4, 24.7, 21.1,18.7,18.3.
4aÄ,5S,8Ä)-5-(l,3-Dloxolan-2-yl)-8-hydroxy-4a niethyl-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)one
(27)
and
(4aÄ,55,85)-5-(l,3-dioxolan-2-yl)-8-hydroxy-4a-methyl-4,4a,5,6,7,8hexahydronaphthalen-2(3/0-one (28)
Dienyl acetate 26 (2.12 g, 7.60 mmol) was dissolved in ethanol (30 mL)
and added dropwise to a solution of m-CPBA (1.97 g,, 70 wt%, 11.4 mmol)
in ethanol (24 mL) at 0 "C. After stirring for 5 h at the same temperature, a
solution of Na2S03 (8.5 g) and NaHCOa (6.0 g) in water (minimal amount,
just to dissolve salts) were added. After stirring for 2 h, cold water (100
mL) was added and the mixture was extracted with CH2CI2 (4 χ 40 mL).
The combined organic layers were washed with brine (50 mL), dried with
NaiSOl· filtered and the solvent evaporated. Purification by flash chromatography (silica gel,
EtOAc:heptane 1:10 to 1:2) yielded alcohols 27 (1.19 g, 62%) and 28 (0.343 g, 14%) as colorless oils
which both solidified upon storage in the freezer. 27: [α]ο 20 = +74.0 (c 0.57 CH2CI2). IR (film) ν 3402, 2943,
2879,1675, 1657,1616 cm-1. lH NMR (CDCU, 400 MHz) δ 5.83 (s, IH), 4.95 (d,/ = 3.5 Hz, IH), 4.32-4.34
(m, IH), 3.92-3.98 (m, 2H), 3.80-3.90 (m, 2H), 2.53-2.62 (ddd,/= 5.0,14.9,17.4 Hz, IH), 2.40 (ddd,/= 1.0,
2.8, 4.5,17.4 Hz, IH), 2.32 (ddd,/ = 2.8, 4.9,13.4 Hz, IH), 1.99-2.10 (m, 2H), 1.88 (dt,/ = 4.3,14.1 Hz, IH),
1.65-1.72 (m, 3H), 1.61 (dt,/ = 3.3, 12.4 Hz, IH), 1.46 (s, 3H). " C NMR (CDCU, 75 MHz) δ 200.1, 167.6,
126.8,103.7, 73.1, 65.0, 64.6, 51.4, 37.6, 37.5, 34.0, 32.1, 20.2,16.0. HRMS (ESI) calcd. for C14H21O4 [M+H]*
253.1440, found 253.1433. 28: [ α ] 0 2 0 = +151 (c 3.00 CH2CI2) IR (film) ν 3396, 2944, 2882,1658,1616 cnr
1. ίΗ NMR (400 MHz) δ 6.19 (dd,/ = 0.8,1.9 Hz, IH), 4.94 (d,/ = 2.3 Hz, IH), 4.31 (dtd,/ = 1.9, 5.7,11.9 Hz,
IH), 3.90-3.97 (m, 2H), 3.80-3.88 (m, 2H), 2.47 (ddd,/ = 5.0,13.6,16.9 Hz, IH), 2.38 (dtd,/ = 0.8, 4.8,16.9
Hz, IH), 2.21-2.29 (m, 2H), 1.97 (dt,/ = 4.8,13.6 Hz, IH), 1.84-1.92 (m, IH), 1.79 (d,/= 6.0 Hz, IH), 1.681.74 (m, 2H), 1.36-1.46 (m, IH), 1.27 (s, 3H). " C NMR (CDCI3, 75 MHz) δ 199.4, 170.7,120.2,103.1, 69.0,
65.2, 64.5, 50.9, 38.6, 36.4, 35.1, 33.5, 19.5, 19.2. HRMS (El*) calcd. for CHH20O4 [M]* 252.1362, found
252.1364.
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(4a«,55,8«)-8-((iert-Butyldimethylsilyl)oxy)-5-(l,3-dioxolan-2-yl)-4a
hexahydronaphtha-len-2(3//)-one(29)

niethyl-4,4a,5,6,7,8-

To a solution of alcohol 27 (0 172 g, 0 68 mmol) and imidazole (0 232 g, 3 41 mmol) in
DMF (1 mL), tert-butyldimethylsilyl chloride (0 232 g, 3 41 mmol) was added The solution
was stirred at 40 "C for 7 h and then at RT for 16 h Next, the reaction mixture was
quenched with water (10 mL) and extracted with ether ( 3 x 1 0 mL) The combined organic
layers were washed with saturated aqueous NH4CI (10 mL), brine (10 mL) and dried with
NazSCU, filtered and the solvent evaporated Purification of the crude product by flash
chromatography (silica gel, EtOAc heptane 1 40 to 1 1 0 ) afforded TBS ether 29 (0 240 g, 96%) as a
colorless oil [a.]D™ = +58 7 (c 1 00 CH2CI2) IR (film) ν 2950, 2937, 2881, 2859,1679 cm ' 'H NMR (400
MHz) δ 5 74 (s, IH), 4 93 (d, / = 3 6, IH), 4 23-4 24 (m, IH), 3 92-3 99 (m, 2H), 3 80-3 88 (m, 2H), 2 56
(ddd,/ = 4 9,14 9,17 2 Hz, IH), 2 33-2 40 (m, IH), 2 26-2 32 (m, IH), 1 99-2 10 (m, IH), 1 83-193 (m, 2H),
1 52-1 68 (m, 3H), 1 4 1 (s, 3H), 0 88 (s, 9H), 0 06 (s, 3H), 0 01 (s, 3H) " C NMR (COCU, 75 MHz) δ 200 4,
167 6, 126 0, 103 8, 73 7, 65 0, 64 6, 51 7, 37 9, 37 8, 3 4 1 , 33 7, 29 7, 25 7, 20 2, 16 1, -4 7, -5 0 HRMS
(ESI*) calcd for C20H35O4S1 [M+H]* 367 2305, found 367 2330
OTBS

(±)-(3R,4a«,5S,8/ï)-3-Allyl-8-((iert-butyldimethylsilyl)oxy)-5-(l,3-dioxolan-2-yl)-4a-methyl4,4a,5,6,7,8-hexahydronaphthalen-2(3W)-one(30)
OTBS

To a solution of diisopropyl amine (679 \xL, 4 80 mmol) in THF (30 mL) at -78 "C was
added dropwise n-butyllithium (3 00 mL, 1 6 M in hexanes, 4 80 mmol) After 30 min,
enone 29 (1 60 g, 4 36 mmol), dissolved in THF (IS mL), was added dropwise and the
reaction mixture was stirred for 30 mm Then, DMPU (0 486 g, 4 80 mmol) and allyl
bromide (0 755 mL, 8 73 mmol) were added The reaction was warmed to -50 °C, stirred
for 5 h and then stored in the freezer at -20 "C for 16 h The reaction mixture was
quenched with saturated aqueous NH4CI and extracted with ether (3 χ 50 mL) The combined organic
layers were washed with brine (50 mL), dried with Na2S04 filtered and the solvent evaporated The crude
product was purified by flash chromatography (silica gel, EtOAc heptane 1 40 to 1 10) to give enone 30
(145 g, 82%) as a colorless oil IR (film) ν 2946, 2933, 2885, 2850,1684 cm-1 >H NMR (CDCI3,400 MHz) δ
5 75-5 84 (m, IH), 5 73 (s, IH), 5 02-5 09 (m, 2H), 4 95 ( d j = 2 8 Hz, IH), 4 23 (tƒ = 2 4 Hz, IH), 3 91-3 99
(m, 2H), 3 79-3 89 (m, 2H), 2 69 (dddt, / = 1 4, 4 1 , 6 5, 10 6 Hz, IH), 2 56 (tdd, J = 4 3, 8 4, 14 2 Hz, IH),
2 27 ( d d j = 4 5,13 3 Hz, IH), 1 97-2 11 (m, 2H), 1 87-1 91 (m, IH), 1 50-1 63 (m, 4H), 1 43 (s, 3H), 0 87 (s,
9H), 0 06 (s, 3H), 0 00 (s, 3H) 13 C NMR (CDCh, 75 MHz) δ 201 2, 166 6, 136 2, 125 8, 116 6,103 5, 73 3,
65 2, 64 5, 52 0, 43 6, 418, 38 5, 33 8, 33 4, 25 7, 204, 18 0, 15 6, -4 6, -5 0 HRMS (ESI*) calcd for
C23H39O4S1 [M+H]* 407 2618, found 407 2636
(±)-(3«,4aÄ,55,8«)-3-Allyl-5-(l,3-dloxolan-2-yl)-8-hydroxy-4a-methyl-4,4a,5,6,7,8hexahydronaphthalen-2(3/i)-one(30b)
To a stirred solution of TBS ether 30 (1 34 g, 3 31 mmol) in THF (67 mL) was added
TBAF (6 68 mL, 1 M in THF, 6 68 mmol) After 18 h, water (200 mL) was added and the
mixture was extracted with ether (3 χ 100 mL) The combined organic layers were
washed with water (100 mL) and brine (100 mL), dried with Na2S04, filtered and the
solvent evaporated Purification by flash chromatography (silica gel, EtOAc heptane 1 1 0
to 1 2) afforded alcohol 30b (0 759 g, 79%) as a colorless oil IR (film) ν 3413, 2939,
2879,1668,1039,913 cm » m NMR (CDCI3,400 MHz) δ 5 72-5 83 (m, IH), 5 81 (s, IH), 5 02-5 09 (m, 2H),
4 96 (d, 7 = 2 9 Hz, IH), 4 32 (q, J = 2 5 Hz, IH), 3 80-3 98 (m, 4H), 2 65-2 72 (m, IH), 2 53-2 60 (m, IH),
2 29 (dd, 7 = 4 5, 13 3 Hz, IH), 1 98-2 13 (m, 3H), 1 72-1 73 (m, 1H),1 54-1 68 (m, 4H), 146 (s, 3H) " C
NMR (CDCI3, 75 MHz) δ 200 9, 166 5, 136 0, 126 7, 116 8, 103 4, 72 8, 65 2, 64 6, 51 7, 43 3, 41 9, 38 2,
33 4,32 2, 20 5,15 5 HRMS (ESI*) calcd for C17H25O4 [M+H]* 293 1753, found 293 1758
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(£)-Ethyl 2-inethyloct-2-enoate (30c)
η-Bu ^ - \ ΟΟ,ΕΙ Tnethyl 2-phosphonopropionate (2 00 g, 8 37 mmol) and DBU (112 g, 7 34 mmol)
J,
were added to a suspension of flame dried LiCl (0 355 g, 7 34 mmol) in MeCN (60 mL)
Me

Subsequently, hexanal (0 700 g, 6 99 mmol) in MeCN (60 mL) was added and the
reaction mixture was stirred at RT for 16 h The reaction was quenched with water (100 mL) and
extracted with ether (3 « 20 mL) The combined organic layers were washed with brine (50 mL), dned
over Na2S04, filtered and the solvent evaporated Purification by flash chromatography (silica gel,
EtOAc heptane 1 30) yielded ester 30c (1 06 g, 83%) as a colorless oil IR (neat) ν 2954, 2924, 2855,1705,
1649,1463,1364,1256,1143,1096,1027, 811 c n r ' m NMR (CDCla, 400 MHz) δ 6 67 (dt, ƒ = 14, 7 5 Hz,
IH), 4 1 9 (dq,y = 0 5, 7 1 Hz, 2H), 2 16 (dq, ƒ = 0 9, 7 5 Hz, 2H), 1 8 3 (td, ƒ = 0 9,1 5 Hz, 3H), 1 39-1 47 (m,
2H), 1 27-1 33 (m, 7H), 0 87-0 92 (m, 3H) " C NMR (CDCI3, 75 MHz) 6 167 9,142 0,127 2, 59 9, 3 1 1 , 28 2,
27 8, 22 0,13 8,13 5,11 8 HRMS (El*) calcd for CnHaoCh [M]* 184 1463, found 184 1472
(f)-2-Methyloct-2-enolc add (31)
η-Bu

CO H

E s t e r 3 0 c

1 0 6

5 7 3

C
&
mmol) was dissolved in THF/MeOH (50 mL, 1 1) and aqueous
LiOH (40 mL, 1 M, 40 mmol) was added The mixture was stirred for 6 h at RT and was
Me
then washed with ether (2 χ 50 mL) The aqueous layer was acidified with aqueous
HCl (1 M) to pH 1 and subsequently extracted with ether (2 χ 50 mL) The combined organic layers were
washed with brine, dried with NaiSCU, filtered and the solvent evaporated to give acid 3 1 (0 864 g, 97%)
as a colorless oil which required no further purification IR (neat) ν 3036, 2956, 2928, 2859, 2660, 2548,
1684,1642,1420, 1285 cm" 1 Ή NMR (CDCb, 400 MHz) δ 6 92 (t, ƒ = 7 4 Hz, IH), 2 20 (t, ƒ = 7 4 Hz, 2H),
184 (s, 3H), 1 44-149 (m, 2H), 1 26-1 35 (m, 4H), 0 90 ( t j = 6 6 Hz, 3H) 13 C NMR (CDCb, 75 MHz) δ 173 5,
154 49, 126 9, 315, 28 9, 2 8 1 , 22 5, 13 9, 119 HRMS (EI*) calcd for C9H16O2 [M]* 1561150, found
1561158
(±)-(£]-(lR,45,4aÄ,6Ä)-6-Allyl-4-(l,3-dIoxolan-2-yl)-4a-methyl-7-oxo-l,2,3,4,4a,5,6,7octahydronaphthalen-l-yl 2-methyloct-2-enoate (32)
To a stirred solution of alcohol 30b (0 100 g, 0 340 mmol), acid 3 1 (0 107 g,
0
n-Bu^^^A
0 680 mmol) and DMAP (8 mg, 0 07 mmol) in C^Cla/toluene (2 0 mL, 1 1 )
w a s addecl
Me J L / ^ ^ O
dusopropyl carbodumide (0 173 g, 1 37 mmol) at RT After 72 h
Γ J
J
water (5 mL) was added and the aqueous layer was extracted with CH2CI2 (3
j^J^^ 1
« 15 mL) and the combined organic layers were washed with brine (20 mL),
O^o
dried with Na2S04, filtered and the solvent evaporated Purification by flash
^—'
chromatography (silica gel, EtOAc heptane 0 1 to 1 10) yielded ester 32
(97 0 mg, 65%) as a pale yellow oil IR (film) ν 2954, 2915, 2868,1705,1679,1640 cm 1 m NMR (CDCb,
400 MHz) δ 6 76 (qt, J = 14,75 Hz, IH), 5 97 (s, IH), 5 77 (dddd, ƒ = 6 5, 7 6,10 2,16 8 Hz, IH), 5 45 ( t j =
2 2 Hz, IH), 5 02-5 09 (m, 2H), 4 99 (d, ƒ = 2 7 Hz, IH), 3 81-3 99 (m, 4H), 2 65-2 72 (m, IH), 2 52-2 60 (m,
IH), 2 31 (dd,y = 4 5, 13 3 Hz, IH), 2 04-2 19 (m, 4H), 1 88-199 (m, IH), 182 (s, 3H), 1 62-1 75 (m, 4H),
141-147 (m, 2H), 140 (s, 3H), 1 29-1 33, (m, 4H), 0 89 (t, J = 6 9 Hz, 3H) 13 C NMR (CDCb, 75 MHz) δ
200 5, 166 8, 161 0, 143 4, 136 0, 129 0, 127 5, 116 8, 103 1, 73 8, 65 3, 64 5, 514, 43 3, 41 8, 38 2, 33 3,
31 5, 30 3, 28 7, 28 2, 22 4, 19 7, 16 1, 14 0,12 4 HRMS (ESI) calcd for C26H3905 [M+H]* 431 2798, found
431 2793
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(±)-(£)-(l«,4S,4aÄ,6R)-6-Allyl-4-formyl-4a-methyl-7-oxo-l,2,3,4,4a,5,6,7-octahydronaphthalen-lyl Z-methyl-oct-Z-enoate (32b)
O
HCl (1 mL, 5% in water) was added to a stirred solution of acetal 32 (25 mg,
n-Bu^^A
0,06 mmol) in THF (1 mL). The reaction was stirred for 5 h at 40 "C, cooled
t0
Me JL / \ ^ 0
^ a n t ' extracted with ether ( 3 x 5 mL). The combined organic layers
Γ Τ
J
were washed with brine (5 mL), dried with Na2S04, filtered and the solvent
ΙΜΙ^
I
evaporated. Purification by flash chromatography (silica gel, EtOAcheptane
OHC
k^ 0 : 1 1 0 1 : 1 0 j yjeUed aldehyde 32b (17 mg, 76%) as a yellowish oil. IR (film)
1

ν 2958, 2924,1718,1679,1640,1247 cm- . iH NMR (CDCb, 400 MHz) δ 9.89 (d,/ = 1.7 Hz, IH), 6.76 ( q t j
= 1.4, 7.5 Hz, IH), 6.02 (s, IH), 5.76 (dddd, J = 6.5, 7.6,10.2,16.8 Hz, IH), 5.49 (t, ƒ = 2.3 Hz, IH), 5.04-5.09
(m, 2H), 2.65-2.72 (m, IH), 2.55-2.63 (m, IH), 2.31 (dd,/ = 4.4,13.2 Hz, IH), 2.28 (ddd,7 = 1.7,3.2,13.4 Hz,
IH), 2.09-2.27 (m, 5H), 1.85-1.92 (m, 2H), 1.82 (s, 3H), 1.61-1.75 (m, IH), 1.40-1.47 (m, 2H), 1.45 (s, 3H),
1.19-1.35 (m, 4H), 0.89 (t, ƒ = 7.0 Hz, 3H). " C NMR (CDCb, 75 MHz) δ 202.5, 199.7, 166.6, 158.7, 143.8,
135.5, 129.4, 127.3, 117.2, 72.7, 59.8, 43.3, 41.7, 38.4, 33.2, 31.5, 29.7, 28.7, 28.2, 22.4, 19.8, 17.2, 14.0,
12.4. HRMS (ESI*) calcd. for C24H35O4 [M+H]* 387.2535, found 387.2512.
(±)-(15,4R,7R,8aÄ)-7-Allyl-8a-methyl-4-(((f)-2-methyloct-2-enoyl)oxy)-6-oxo-l,2,3,4,6,7,8,8aoctahydronaphthalene-l-carboxylic acid (33)
O
NaHzPCU'fcO (16.0 mg, 0.116 mmol) was added to a solution of aldehyde
n-Bu^^JL
32b (15.0 mg, 0.039 mmol) in t-BuOH/water (2 mL, 3:1). After all the salts
were
Me J L / ^ / O
dissolved, 2-methylbut-2-ene (14.0 μι, 85 wt%, 0,116 mmol) and
Γ Τ
J
NaCIOz (11.0 mg, 0.116 mmol) were added. The reaction was completed
Y J J j ^ ''1
after 1 h and the mixture was extracted with CH2CI2 (3 χ 5 mL). The
HO2C
^
c o r n b i n e d organic layers were washed with brine (5 mL), dried with Na2S04
and the solvent evaporated. Purification by flash chromatography (silica gel, EtOAcheptane 1:20 to 1:3)
afforded acid 33 (10.0 mg, 64%) as a colorless oil. IR (film) ν 3213, 2953, 2927, 2858,17.34,1706,1682,
1644,1247 cm-1. iH NMR (CDCb, 400 MHz) δ 6.78 (qt,; = 1.3, 7.5 Hz, IH), 6.03 (s, IH), 5.73-5.83 (m, IH),
5.50 (t,y = 2.7 Hz, IH), 5.02-5.10 (m, 2H), 2.64-2.70 (m, IH), 2.52-2.60 (m, IH), 2.40 (dd, ƒ = 2.7, 13.0 Hz,
IH), 2.30 (dq, J = 3.1,13.4 Hz, IH), 2.09-2.23 (m, 5H), 1.82-1.87 (m, 2H) 1.83 (s, 3H), 1.71 (tt, ƒ = 3.3,14.0
Hz, IH), 1.47 (s, 3H), 1.41-1.47 (m, 2H), 1.28-1.34 (m, 4H), 0.90 ( t j = 7.0 Hz, 3H). 13 C NMR (CDCb, 75 MHz)
δ 200.1,177.4,166.7,158.8, 143.8,135.7,129.7,127.3, 116.9, 72.8, 53.6, 43.4, 42.1, 38.1, 33.2, 31.5, 29.9,
28.7,28.2,22.5, 20.2,19.7,14.0,12.1. HRMS (ESI') calcd. for C24H3505 [M+H]* 403.2485, found 403.2487.

(3ß,4ai?,5S,8if)-8-((ieri-Butyldlmethylsllyl)oxy)-5-(l,3-dioxolan-2-yl)-4a-methyl-3-(3-methylbut2-en-l-yl)-4,4a,5,6,7,8-hexahydronaphthalen-2(3H)-one(35)
QTBS
To a stirred solution of diisopropylamine (0.388 g, 3.84 mmol) in THF (15 mL) at 78 "C was added n-butyllithium (2.40 mL, 1.6 M in hexanes, 3.84 mmol). After 45
min a solution of enone 29 (1.28 g, 3.49 mmol) in THF (10 mL) was added dropwise
and the reaction was kept at -78 °C for 45 min. Then DMPU (0.492 g, 3.84 mmol) and
3,3-dimethylallyl bromide (3.12 g, 20.9 mmol) were added sequentially. The reaction
mixture was stirred for 5 h at -50 "C and was then stored in the freezer without
stirring at -20 °C for 16 h. The reaction was quenched with saturated aqueous NH4CI (100 mL) and
extracted with ether (3 χ 100 mL). The combined organic layers were washed with brine (100 mL), dried
with MgSCU, filtered and the solvent evaporated. The crude product was purified by flash chromatography
(silica gel, EtOAcheptane 1:40 + 0.5% EtsN to 1:20 + 0.5% EtsN) to afford enone 35 (1.26 g, 83%) as a
colorless oil. [ct]D20 = +43.2 (c 1.00 CH2CI2). IR (neat) 2952, 2927, 2881, 2855,1676 cm-i. 'H NMR (CDCb,
400 MHz) δ 5.72 (s, IH), 5.09 (m, IH), 4.96 ( d j = 2.8 Hz, IH), 4.22-4.23 (m, IH), 3.80-3.99 (m, 4H), 2.542.61 (m, IH), 2.51 (tdd,y = 4.4,8.5,14.1 Hz, IH), 2.25 (dd,/= 4.5,13.2 Hz, IH), 1.97-2.09 (m, 2H), 1.86-1.91
(m, IH), 1.70 (d,7 = 1.0 Hz, 3H), 1.61 (s, 3H), 1.50-1.61 (m, 4H), 1.42 (s, 3H), 0.87 (s, 9H), 0.05 (s, 3H), 0.00
(s, 3H). " C NMR (CDCb, 75 MHz) δ 201.9, 166.4, 133.3, 125.9, 121.7, 103.5, 73.4, 65.3, 64.5, 52.0, 43.8,
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42 7, 38 5, 33 8, 27 5, 25 9, 25 7, 20 4, 18 0, 17 9, 15 6, 4 6, - 5 0 HRMS (EI*) calcd for C25H42O4S1 [M]*
434 2852, found 434 2853
(3Ä,4aÄ,55,8fl)-5-(l,3-Dioxolan-2-yl)-8-hydroxy-4a-methyl-3-(3-methylbut-2-en-l-yl)-4,4a,5,6,7,8hexahydronaphthalen-2(3W)- on e{35b)
To a stirred solution of TBS ether 35 (1 73 g, 3 99 mmol) in THF (60 mL) was added
TBAF (8 0 mL, 1 0 M in THF, 8 0 mmol) at RT After 18 h, water (60 mL) was added
and the aqueous layer was extracted with ether (3 χ 60 mL) The combined organic
layers were washed with brine (30 mL), dried with MgSCU, filtered and the solvent
evaporated Purification by flash chromatography (silica gel, EtOAc heptane 1 10 to
20
1 2) afforded alcohol 35b (1 05 g, 82%) as a colorless oil [α]ο = +111 3 (c 0 12
l
CH2CI2) IR (film) 3418, 2960, 2919, 2880, 1669 cm W NMR (CDCI3, 400 MHz) δ 5 80 (s, IH), 5 06-5 10
(m, IH), 4 96 (d,/ = 2 8 Hz, IH), 4 32 (s, IH), 3 80-3 98 (m, 4H), 2 47-2 62 (m, 2H), 2 26 (dd,y = 4 3,13 2 Hz,
IH), 198-2 10 (m, 3H), 1 70 (s, 3H), 1 53-1 67 (m, 5H), 1 61 (s, 3H), 1 4 5 (s, 3H) " C NMR (CDCI3, 75 MHz)
δ 201 5,166 4,133 5,126 8,121 5,103 4, 72 8, 65 2, 64 5, 51 7,43 4,42 8, 38 2, 32 2, 27 6, 25 9, 20 5,17 9,
15 5 HRMS (ESI*) calcd for C19H29O4 [M+H]* 321 2066, found 321 2060
(S,f)-(lß,45,4aÄ,6«)-4-(l,3-Dloxolan-2-yl)-4a-raethyl-6-(3-methylbut-2-en-l-yl)-7-oxol,2,3,4,4a,5,6,7-octahydronaphthalen-l-yl2,4-dimethyloct-2-enoate(36)
Ο
To a stirred solution of alcohol 35b (0 651 g, 2 03 mmol), acid (5)-7
ηB u γ ^ ^ ο
(0 774 g, 4 55 mmol) and DMAP (0 198 g, 1 62 mmol) in CH2CI2 (12 mL)
Me MeX^^^JO
was added W,W-diisopropylcarbodiimide ( 1 0 3 g, 8 12 mmol) at RT
L 1
J
After 28 h the reaction was complete and water (35 mL) was added The
J Me
I
layers were separated and the aqueous layer was extracted with CH2CI2
,Me
0 0
γ,
(3 χ 25 mL) The combined organic layers were washed with brine (25
mL), dried with MgSCU, filtered and the solvent evaporated The crude
product was purified by flash chromatography (silica gel, EtOAc heptane 1 20 to 1 10) to give ester 36
(0 848 g, 88%) as a colorless oil [α] Β 2 0 = +62 5 (c 0 28 CH2CI2) IR (film) ν 2956, 2925, 2873, 2857,1714,
1682 cm 1 'H NMR (CDCb 400 MHz) δ 6 53 (dd, ƒ = 1 4 , 1 0 0 Hz, IH), 5 95 (s, IH), 5 45 (t,/ = 2 4 Hz, IH),
5 06-5 10 (m, IH), 4 98 (d,7 = 2 8 Hz, IH), 3 81-3 99 (m, 4H), 2 43-2 59 (m, 3H), 2 28 (dd,/ = 4 3, 13 3 Hz,
IH), 2 1 3 (dq, ƒ = 2 7,144 Hz, IH), 2 04 ( d t j = 7 2,14 7 Hz, IH) 1 85-1 98 (m, IH), 1 82 ( d j = 1 4 Hz, 3H),
1 70-1 76 (m, IH), 1 70 (d, ƒ = 1 0 Hz, 3H), 1 63-1 68 (m, 2H) 1 61 (s, 3H), 1 38 (s, 3H), 1 33-1 38 (m, IH),
115-1 31 (m, 6H), 0 98 ( d j = 6 7 Hz, 3H), 0 86 (t,y = 7 1 Hz, 3H) 13 C NMR (CDCb, 75 MHz) 6 2011,167 0,
160 8,149 1,133 5 , 1 2 9 1 , 1 2 6 1 , 1 2 1 5,103 2, 73 8, 65 3, 64 5, 5 1 4 , 4 3 5, 42 7, 3 8 1 , 36 5, 33 2, 30 3, 29 6,
27 4, 25 9, 22 7, 19 9,19 7, 17 9,16 2, 14 0, 12 6 HRMS (ESI*) calcd for C29H45OS [M+H]* 473 3267, found
473 3272
(Ä,£l-(l«,4S,4aÄ,6Ä)-4-(l,3-Dloxolan-2-yl)-4a-methyl-6-(3-methylbut-2-en-l-yl)-7-oxol,2,3,4,4a,5,6,7-octahydronaphthalen-l-yl-2,4-dlmethyloct-2-enoate(37)
According to the procedure for ester 36, reacting alcohol 35b (0 770 g,
0
n-Bu^^X
2 40
mmol)
with
DMAP (0 235
g,
192
mmol), Ν,Ν'Me Me JL / \

Ο

dnsopropylcarbodiimide (1 21 g, 9 59 mmol) and acid (Λ)-7 (0 857 g,

5 0 3 mmoï
L JT J
) f o r 4 8 h a t R T a f f o r d e t l e s t e r 3 7 C1 02 g, 90%) as a colorless
γ Τ ^ 'ι
oil [alo 2 0 = +26 3 (c 1 00 CH2CI2) Ή NMR (CDCb 400 MHz) δ 6 53 (dd, ƒ
M e
O-^O
^y
= 14, 10 0 Hz, IH), 5 95 (s, IH), 5 45 ft ƒ = 2 4 Hz, IH), 5 06-5 10 (m,
v
—'
Me
IH), 4 98 (d, ƒ = 2 8 Hz, IH), 3 81-3 99 (m, 4H), 2 43-2 59 (m, 3H), 2 28
(dd,y = 4 3, 13 3 Hz, IH), 2 13 (dq, ƒ = 2 7, 14 4 Hz, IH), 2 04 ( d t j = 7 2, 14 7 Hz, IH) 1 85-1 98 (m, IH),
182 (d,/ = 1 4 Hz, 3H), 1 70-1 76 (m, IH), 1 70 (d,/ = 1 0 Hz, 3H), 1 63-1 68 (m, 2H) 1 61 (s, 3H), 1 38 (s,
3H), 133-1 38 (m, IH), 115-1 31 (m, 6H), 0 99 (d,/ = 6 7 Hz, 3H), 0 86 (t, ƒ = 7 1 Hz, 3H) " C NMR (CDCI3,
75 MHz) 6 2011, 167 1, 160 8, 149 2, 133 5, 129 1, 126 0, 121 5, 103 2, 73 9, 65 3, 64 5, 514, 43 5, 42 7,
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38 2, 36 5, 33 2, 30 3, 29 6, 27 4, 25 9, 22 7,19 9,19 7,17 9, 16 2, 14 0,12 6 IR (film) ν 2957, 2925, 2872,
1739,1709,1679 cm ι HRMS (ESI*) calcd for C29H45O5 [M+H]* 473 3267, found 473 3277
(S,E)-(lRASArt,6Ry4-Foimyl-4a-methy\-6-(3-meihy\but-2-en-l-y\y7-oxo-l,2,3,4,4a,S,6,7octahydronaphthalen-l-yl-2,4-dlmethyloct-2-enoate(36b)
0

η Bu / \ J L
M Me Χ
Γ

To a stirred solution of dioxolane 36 (49 0 mg, 0 104 mmol) in THF (3
L ) was added HCl (1 mL, 5% in water) and the resulting mixture was
heated to 60 eC for 6 h The reaction was cooled to RT, water (10 mL)

m

Ο

ΊΤ l"
η^πΓ— ι

w a s

a

e

an

d d d d the reaction mixture was extracted with ether (3 χ 10
mL) The combined organic layers were washed with brine (10 mL),

' M6

OHC

^ ^ M e dried with MgSCU, filtered and the solvent evaporated The crude
Me
product w a s purified by flash chromatography (silica gel, EtOAc heptane
20
1 20 to 1 10) to give aldehyde 36b (29 6 mg, 67%) as a colorless oil [α]ο = +84 5 (c 1 21 CH2CI2) IR
1
(film) ν 2956, 2926, 2857,1711,1679,1647 cm- Ή NMR (CDCb 400 MHz) δ 9 89 ( d j = 1 7 Hz, IH), 6 53
(dd, J = 1 3, 10 1 Hz, IH), 6 02 (s, IH), 5 50 (t, J = 2 4 Hz, IH), 5 05-5 09 (m, IH), 2 44-2 62 (m, 3H), 2 262 30 (m, 2H), 2 04-2 23 (m, 3H), 1 80-1 93 (m, 2H), 1 8 3 (d, ƒ = 1 1 Hz, 3H), 166-1 75 (m, IH), 1 70 (s, 3H),
1 61 (s, 3H), 144 (s, 3H), 1 35-140 (m, IH), 117-1 34 (m, 5H), 0 99 (d, ƒ = 6 6 Hz, 3H), 0 87 (t, ƒ = 7 1 Hz,
3H) " C NMR (CDCI3, 75 MHz) δ 202 6, 200 3, 166 8, 158 5, 149 5, 134 0, 129 6, 125 9, 121 0, 72 7, 59 9,
43 S, 42 7, 38 4, 36 5, 33 3, 29 7, 29 6, 27 3, 25 8, 22 7,19 9,19 8,17 9,17 3,14 0,12 6 HRMS (ESI*) calcd
for C27H4o04Na [M+Na]* 451 2824, found 451 2839
(Ä / £)-(lÄ,4S,4all,6ll}-4-Forniyl-4a-methyl-6-(3-methylbut-2-en-l-yl)-7-oxo-l,2,3,4,4a,5,6,7octahydronaphthalen-l-yl-2,4-dlmethyloct-2-enoate (37b)
ο
According to the procedure for dioxolane 36b, hydrolysis of dioxolane
ηB u ^ ^ w A
37 (54 0 mg, 0 1 1 4 mmol) yielded aldehyde 37b (33 5 mg, 68%) as a
colorless oil [α]ο 2 0 = +58 0 (c 1 71 CH2CI2) IR (film) ν 2956, 2927, 2869,
2857,1713,1680,1647 cm-1 Ή NMR (CDCI3 400 MHz) δ 9 89 (d,/ = 1 7
Hz, IH), 6 53 (dd, / = 1 3, 10 1 Hz, IH), 6 02 (s, IH), 5 50 (t, / = 2 4 Hz,
k y Me 1 H j 5 0 5 _ 5 0 9 (m 1 Η ί 2 4 4 _ 2 6 2 ( m 3 H j 2 2 6 _ 2 3 0 ( m 2 H j 2 0 4 . 2 2 3

Me Me J k ^ - v ^ O
fjTj
Yj}^
ι

OHC

Me
(m, 3H), 1 80-1 93 (m, 2H), 1 8 3 (d, / = 1 1 Hz, 3H), 1 66-1 75 (m, IH),
1 70 (s, 3H), 1 61 (s, 3H), 1 44 (s, 3H), 1 35-1 40 (m, IH), 117-1 34 (m, 5H), 0 99 (d/ = 6 6 Hz, 3H), 0 87 (t, ƒ
= 7 1 Hz, 3H) 13 C NMR (CDCI3, 75 MHz) δ 202 6, 200 3,166 8,158 5,149 5,133 9,129 5,125 8,121 0, 72 8,
59 8, 43 4, 42 6, 38 4, 36 4, 33 2, 29 7, 29 6, 27 3, 25 8, 22 7,19 9,19 8, 17 9,17 2, 14 0,12 6 HRMS (ESI*)
calcd for C27H4i04 [M+H]* 429 3005, found 429 2996
(lS,4Ä,7«,8aÄ)-4-(((S^)-2,4-DlmethyIoct-2-enoyl)oxy)-8a-methyl-7-(3-methylbut-2-en-l-yl)-6oxo-1,2,3,4,6,7,8,8a-octahydronaphthalene-l-carboxylic acid (38)
Ο
To a stirred solution of aldehyde 36b (0 347 g, 0 810 mmol) and 2n Bu Y ^ ^ A Q
methyl-2-butene (0 568 g, 8 10 mmol) in THF/t-BuOH (55 mL, 3 2) was
Me Me J L / ^ ^ O
Γ ΊΓ J
l^j^"^ 1
HO2C
»ΐ^, e

added dropwise a solution of NaH2P04 H2O 0 335 g, 2 43 mmol) and
NaClCh (0 220 g, 2 43 mmol) in water (7 5 mL) at RT under vigorous
stirring (Note If the solution turns cloudy after the addition more THF
(g fa added until the reaction mixture remains clear) After 25 mm
nee(js

Me
CH2CI2 (30 mL) and water (30 mL) were added and the layers were
separated The aqueous layer was extracted with CH2CI2 (2 χ 30 mL) and the combined organic layers
were washed with brine (20 mL), dried with Na2S04, filtered and the solvent evaporated The crude
product was purified by flash chromatography (silica gel, EtOAc heptane 1 3 0 + 0 5% AcOH to 1 10 + 0 5%
AcOH) to give acid 38 (0 317 g, 88%) as a colorless oil [ α ] 0 2 0 = +76 9 (c 0 84 CH2CI2) IR (film) ν 27003300, 2957, 2926, 2870, 2857, 1708,1681,1650 cm 1 Ή N M R (CDCI3, 400 MHz) δ 6 54 (ddj = 14, 10 1
Hz, IH), 6 02 (s, IH), 5 49-5 50 (m, IH), 5 07-5 11 (m, IH), 2 39-2 58 (m, 4H), 2 30 (dq,7 = 2 9, 13 3
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IH), 2.18 (dd,/= 4.4,13.5 Hz, IH) 2.04-2.17 (m, 2H), 1.77-1.85 (m, 2H), 1.83 (d,/= 1.3 Hz, 3H), 1.66-1.75
(m, IH), 1.69 (s, 3H), 1.61 (s, 3H), 1.45 (s, 3H), 1.34-1.42 (m, IH), 1.15-1.31 (m, 5H), 0.99 (d, ƒ = 6.7 Hz,
3H), 0.87 (t,/ = 7.1 Hz, 3H). " C NMR (CDCI3, 75 MHz) δ 200.7, 178.0, 166.9, 158.5, 149.5, 133.8, 129.9,
125.9,121.2, 72.8, 53.6, 43.6, 43.0, 38.1, 36.5, 33.3, 29.9, 29.6, 27.3, 25.8, 22.7, 20.2,19.9,19.6,17.9, 14.0,
12.6. HRMS (ESI*) calcd. for C27H41OS [M+H]* 445.2954, found 445.2954.
(lJ,4fi,7«,8aÄ)-4-(((«,£l-2,4-Dlmethyloct-2-enoyl)oxy)-8a-methyl-7-(3-raethylbut-2-en-l-yl)-6oxo-1,2,3,4,6,7,8,8a-octahydronaphthalene-l-carboxyllc acid (39)
Q
n-Bu^/\X

ale Me Ji

According to Che procedure for aldehyde 38, oxidation of aldehyde 37b
(0.614 g, 1.43 mmol) afforded acid 39 (0.546 g, 86%) as a colorless oil.

ο

["I" 20 = + 4 2 · 5 ( c 10β

i u-IR

CH a

( m m ) v 2700-3300, 2657, 2925, 2869,

2857,1706,1680 cm-i. m NMR (CDCI3.4OO MHz) δ 6.54 (m, IH), 6.01 (s,
'ι
IH), 5.49-5.50 (m, IH), 5.07-5.11 (m, IH), 2.39-2.58 (m, 4H), 2.28 (dq, J
L ^ M e = 2.9, 13.3 Hz, IH), 2.18 (dd, ƒ = 4.4, 13.8 Hz, IH), 2.04-2.20 (m, 2H),
Me
1.77-1.85 (m, 2H), 1.83 (d, ƒ = 1.3 Hz, 3H), 1.66-1.75 (m, IH), 1.68 (s,
3H), 1.60 (s, 3H), 1.44 (s, 3H), 1.34-1.42 (m, IH), 1.15-1.31 (m, 5H), 0.99 (d,/ = 6.7 Hz, 3H), 0.86 (t, ƒ = 7.1
Hz, 3H). " C NMR (CDCI3,75 MHz) δ 200.7,178.1,166.9,158.6,149.5,133.7,129.8,125.8,121.1, 72.9, 53.6,
43.5, 43.0, 38.1, 36.4, 33.2, 29.8, 29.6, 27.3, 25.8, 22.7, 20.1,19.9,19.6,17.8,14.0,12.6. HRMS (ESI*) calcd.
for C27H41O5 [M+H]* 445.2954, found 445.2949.
[

^ Ύ
γ Τ ^
e
H02C

(lS,4fl,75,8afl)-4-(((5^)-2,4-Dlniethyloct-2-enoyl)oxy)-8a-methyl-6-oxo-7-(2-oxoethyl)l,2,3,4,6,7,8,8a-octahydronaphthalene-l-carboxyllc acid (40)
Q
Ozone was purged through a solution of alkene 38 (99.0 mg, 0.223 mmol)
n-Bu^^^X
and pyridine (70.5 mg, 0.892 mmol) in C^CU/MeOH (20 mL, 1:1) at -78 0C
anc
Me Me JL
o
' ' h 6 r e a c t : ' o n w a s monitored by TLC analysis. When the reaction was
Γ Τ
I
almost complete, the solution was purged with nitrogen for 30 min. Then
j ^ I ^ ^ 'Ί
triphenylphosphine (0.117 g, 0.446 mmol) was added and the reaction was
HO2C
CHO a [ i o w e ( j t 0 warm to RT. After 2 h, the solvent was evaporated and the crude
product was purified by flash chromatography (silica gel, EtOAc:heptane 1:10 + 0.5% AcOH to 1:3 + 0.5%
AcOH) to give aldehyde 40 (56.3 mg, 60%) as white powder and recovered 38 (15.8 mg, 16%). [α]ο 20 =
+37.4 (e 0.85 CH2CI2). IR (film) ν 2700-3300, 2956, 2927, 2871, 2856, 1708, 1681, 1651 cm-1. W NMR
(CDCMOO MHz) δ 9.83 (s, IH), 9.12 (br s, IH), 6.55 ( d d j = 1.4,10.1 Hz, IH), 6.06 (s, IH), 5.50 (t, ƒ = 2.4
Hz, IH), 3.19 (ddt,/ = 5.8, 10.4, 14.3 Hz, IH), 3.03 ( d d d j = 0.9, 5.8, 18.0 Hz, IH), 2.46-2.54 (m, IH), 2.41
(dd,y = 6.1,18.0 Hz, IH), 2.39 ( d d j = 2.7,12.9 Hz, IH) 2.29 (dq,/ = 2.9,13.2 Hz, IH), 2.19 (dd, J = 4.4,13.3
Hz, IH), 2.14-2.18 (m, IH), 1.92 (t, ƒ = 13.9 Hz, IH), 1.83-1.87 (m, IH), 1.83 (d, J = 1.4 Hz, 3H), 1.71 (tt, J =
3.4.13.8 Hz, IH), 1.52 (s, 3H), 1.34-1.43 (m, IH), 1.17-1.32 (m, 5H), 1.00 (d,/ = 6.7 Hz, 3H), 0.87 ( t j = 7.1
Hz, 3H). " C NMR (CDCI3, 75 MHz) δ 200.3,199.1,178.0,166.8,159.3,149.7,129.0,125.8, 72.7, 53.5, 44.1,
43.4, 38.3, 38.0, 36.5, 33.3, 29.8, 29.6, 22.7, 20.1,19.9,19.5,14.0,12.6. HRMS (ESI*) calcd. for C24H3406Na
[M+Na]* 441.2253, found 441.2269.

(lS,4fi,7S,8aÄ)-4-(((R^)-2,4-Dimethyloct-2-enoyl)oxy)-8a-methyl-6-oxo-7-(2-oxoethyl)l,2,3,4,6,7,8,8a-octahydronaphthalene-l-carboxylIc add (41)
O
According to the procedure for alkene 40, ozonolysis of alkene 39 (0.143 g,
n-Bu^^^JI^
0.322 mmol) yielded aldehyde 41 (57.6 mg, 43%) as a white powder and
lile MeJ^^^JO

C JL X

recovered starting material 39 (21.0 mg, 15%). [α]ο 2 0 = +0.8 (e 0.74

CH2CI2). IR (film) ν 2700-3300, 2956, 2918, 2870, 2850, 1707, 1681, 1651

T ^ J ^ "1
c m 1 . Ή NMR (CDCMOO MHz) δ 9.83 (s, IH), 8.80 (br s, IH), 6.55 (dd,/ =
H02C
CHO 1 A l a l H z 1 H j 6 0 6 k 1 H j g 4 g ^j = 2 4 H z 1 H j 3 l g ( d d t y = 5 8 1 0 4
14.3 Hz, IH), 3.03 (dd,/ = 5.8,18.0 Hz, IH), 2.46-2.54 (m, IH), 2.41 (dd,/= 6.5,18.4 Hz, IH), 2.39 (dd,/ =
2.7.12.9 Hz, IH) 2.29 (dq,/ = 3.0,13.3 Hz, IH), 2.19 (dd,/ = 4.4,13.3 Hz, IH), 2.14-2.18 (m, IH), 1.91 (t,/ =
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13.9 Hz, IH), 1.83-1.87 (m, IH), 1.84 ( d j = 1.3 Hz, 3H), 1.71 ( t t j = 3.4,13.8 Hz, IH), 1.53 (s, 3H), 1.34-1.43
13
(m, IH), 1.17-1.32 (m, 5H), 0.99 (d, ƒ = 6.6 Hz, 3H), 0.87 (t,y = 7.1 Hz, 3H). C NMR (COCU, 75 MHz) δ
200.3,199.1,178.0,166.9,159.4,149.7 129.0,125.7, 72.8, 53.5,44.1,43.4, 38.3, 38.0,36.4,33.3, 29.8,29.6,
22.7,20.1,19.9,19.5,14.0,12.6. HRMS (ESI*) calcd. for C z ^ O e N a [M+Na]* 441.2253, found 441.2242.
Integric acid ( l a )
Ο
" - B U ^ ^ X Q

Eschenmoser's sait (33.1 mg, 0.179 mmol) was added to a solution of
aldehyde 40 (15.0 mg, 0.036 mmol) and triethylamine (0.181 g, 1.79

Me Me J L ^ / \ ^ 0
Γ Τ Τ CH0
> Me
Ι]

mmol) in CH2CI2 (3 mL) at RT. After 22 h, the reaction was quenched
with water (15 mL) and acidified to pH 1 with HCl (2 M). The reaction
mixture was extracted with CH2CI2 (3 χ 15 mL) and the combined
2
organic layers were washed with brine (15 mL), dried over NazSCU and
the solvent evaporated. The crude product was purified by flash chromatography (silica gel,
EtOAc:heptane 1:10 + 0.5% AcOH to 1:3 + 0.5% AcOH) to give integric acid ( l a ) (11.3 mg, 73%) as a white
20
powder. [α]ο = +31.4 (c 0.62 MeOH). IR (neat) 2700-3300, 2954, 2926, 2867,1719,1687, 1642 cm-i. Ή
NMR (CDCMOO MHz) δ 9.53 (s, IH), 6.55 (dd, ƒ = 1.4,10.1 Hz, IH), 6.36 (s, IH), 6.24 (s, IH), 6.09 (s, IH),
5.52 (t,y= 2.7 Hz, IH), 3.73 (dd,; = 4.3,14.4 Hz, IH), 2.47-2.54 (m, IH), 2.44 (dd,/ = 3.0,12.8 Hz, IH), 2.242.35 (m, IH), 2.27 (t, ƒ = 13.7 Hz, IH), 2.14-2.18 (m, IH), 2.13 ( d d j = 4.1, 13.1 Hz, IH) 1.82-1.86 (m, IH),
1.84 (d,/ = 1.3 Hz, 3H), 1.73 (tt, ƒ = 3.5, 14.1 Hz, IH), 1.51, (s, 3H), 1.34-1.46 (m, IH), 1.13-1.34 (m, 5H),
1.00 (d, ƒ = 6.7 Hz, 3H), 0.87 (t,; = 7.1 Hz, 3H). 13 C NMR (CDCb, 75 MHz) δ 196.9,193.2,177.8,166.8,159.0,
149.7, 147.7, 136.4, 129.6, 125.8, 72.6, 53.4, 43.2, 43.0, 38.2, 36.5, 33.3, 29.8, 29.6, 22.7, 20.1, 19.9, 19.5,
14.0,12.6. HRMS (ESI*) calcd. for CzsHstOeNa [M+Na]* 453.2253, found 453.2250.
EpZ-integric add l b
Ο
"-BU^/^-^Q
iole Me J L ^ ^ ^ O
Γ Ί Γ Τ
οπό
TÎÎte
if

According to the procedure for integric acid ( l a ) , reaction of aldehyde
4 1 (15.0 mg, 0.036 mmol) with Eschenmoser's salt yielded epi'-integric
acid ( l b ) (10.1 mg, 65%) as a white powder. [α]ο 20 = -3,6 (c 0.50 MeOH).
1H N M R
(CDCMOO MHz) δ 9.54 (s, IH), 6.56 ( d j = 10.1 Hz, IH), 6.36 (s,
IH), 6.24 (s, IH), 6.09 (s, IH), 5.52 (t,/ = 2.5 Hz, IH), 3.74 (dd,/ = 4.3,
H02C
14.4 Hz, IH), 2.47-2.54 (m, IH), 2.44 ( d d j = 3.0,13.0 Hz, IH), 2.24-2.35
(m, IH), 2.27 ( t j = 13.7 Hz, IH), 2.14-2.18 (m, IH), 2.13 (dd, ƒ = 4.1,13.1 Hz, IH) 1.82-1.86 (m, IH), 1.84
(s, 3H), 1.73 (tt, ƒ = 3.5,14.1 Hz, IH), 1.52, (s, 3H), 1.34-1.46 (m, IH), 1.13-1.34 (m, 5H), 0.99 ( d j = 6.6 Hz,
3H), 0.88 ( t j = 7.1 Hz, 3H). "C NMR (CDCI3, 75 MHz) δ 196.9, 193.2, 176.9, 166.9, 159.1, 149.7, 147.7,
136.4, 129.5, 125.8, 72.7, 53.3, 43.2, 43.1, 38.2, 36.4, 33.3, 29.8, 29.6, 22.8, 20.2, 19.9, 19.5, 14.0, 12.6. IR
(neat) ν 2700-3300, 2954,2926, 2867,1719,1687,1642 c m 1 ; HRMS (ESI*) calcd. for C2sH3406Na [M+Na]*
453.2253, found 453.2241.
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Summary
The discovery of penicillin by Alexander Fleming in 1928, marked the start of three productive
decades in antibiotic drug discovery. By the 1960s, many different classes of antibiotics had
entered the market and the problem of infectious diseases seemed solved. At that time, few
would have expected that within a couple of decades bacteria would have developed resistance
to virtually all of these antibiotics and the problem of infectious diseases was here to stay.
Since the 1960s combatting antibacterial resistance has mainly relied on the modification of
existing antibiotics. However, it has become increasingly more difficult to come up with
modifications that evade resistance without sacrificing activity. This, in combination with the
difficulty in identifying new classes of antibiotics, caused a strong decrease in the number of new
antibiotics that have entered the market the past 50 years. In this respect, the recent discovery
of two new potent antibiotics, (-)-platensimycin (2006) and (-)-platencin (2007), represented a
potential breakthrough in antibiotic research.

(-)-plalensimycin(l)

M e

(-)-platencin (2)

Both compounds show broad-spectrum Gram-positive antibacterial activity and act on the type
II bacterial fatty acid synthesis. Because this pathway is currently not targeted in clinic, no
resistance was observed, not even for notorious superbugs such as MRSA and VREF. However,
the poor pharmacokinetic properties of both natural products preclude their use as antibiotic
drugs. To investigate whether (-)-platensimycin and (-)-platencin can be turned into successful
drugs, the development of synthetic routes to these structurally challenging compounds is a
pivotal first step.
This thesis describes studies directed toward the synthesis of (-)-platensimycin and (-)platencin and application of the developed methodology to the synthesis of derivatives and
other natural products.
Chapter 1 discusses (i) the challenges faced in antibiotic drug discovery, (ii) the type II bacterial
fatty acid synthesis as an antibacterial target, and (iii) concludes with a comprehensive overview
of the reported total syntheses of (-)-platencin.
Chapter 2 describes synthetic studies on the total synthesis of (-)-platensimycin. Starting from
cyclohexanone derivative 3, an enantioselective route was developed to a variety of
functionalized α,β,γ,δ-unsaturated ketones (4-6) using an asymmetric Michael addition reaction
as the key step. Pleasingly, methyl ester 5 could be selectively reacted in a challenging
iodolactonization reaction delivering key intermediate 7 in 54% yield. Alternatively, reaction of
ketones 4-6 with NIS in MeCN/H20 at 50 0C afforded the iodohydrin product in excellent yield
and diastereoselectivity. The subsequent elimination reaction of iodolactone 7 was
unfortunately thwarted by in situ rearrangement of the product to the thermodynamically more
130
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stable diene 8. Ultimately, the strategic decision was made to shift the focus of our research to
the synthesis of the equally challenging structure of (-)-platencin.
R = C02Me
1) NaOH
MeOH, RT
2) Kl. I 2
NaHCOj
HjO, RT

3-4 steps

4 R = Me
5 R = C02Me
6 R= \ =
TIPS

0

54%

O

86%

9 R = Me
99%
10 R = C02Me
80%
11 R = - f - = — TIPS 80%

NIS

MeCN, H 2 0
50 °C

Chapter 3 highlights a formal total synthesis of (-)-platencin. The synthesis commenced with an
unprecedented diastereoselective high-pressure Diels-Alder reaction of (5)-perillaldehyde (12)
and Danishefsky's diene (13) yielding, after acidic workup, aldehyde 14 in 81% yield. In three
straightforward steps, aldehyde 14 was elaborated to ketoaldehyde 15 which was then reacted
in the second key step, a Smh-mediated pinacol cyclization. This reaction proceeded smoothly
and efficiently constructed the bicyclo[2.2.2]octane structure of platencin.
CHO

M e ^

1)Sml2, MeOH
THF, RT, 10 mm

13, MeCN, 15kbar
RTto50°C, 16 h
then HCl, H 2 0
THFRT,2h

(S)-(-)-penllaldehyde(12) 81%

'CHO

Me

Τ

''CHO

2)TsOH CH2CI2
H2O, RT, 30 mm
85%

14

3 steps

^

13

17

After cleavage of the labile dioxolane group, diol 16 was obtained in 85% yield which could be
readily converted to core structure 17 in three steps. This synthesis represents a nine-step
formal total synthesis of (-)-platencin in 16% overall yield and still ranks as one of the shortest
and most efficient entries into (-)-platencin.
Chapter 4 details the development of an equipotent platencin derivative. By serendipity it was
discovered that treatment of Diels-Alder product 14 with TsOH at elevated temperatures
induced an unprecedented Prins-type cyclization to afford diene 18 in 67% yield. The strong
similarity of diene 18 to the core structure of (-)-platencin sparked interest in the antibiotic
properties of a platencin derivative based on structure 18. Incorporation of the propanoic acid
linker turned out far from trivial and several approaches to this challenge were investigated.
Ultimately, a procedure developed by the group of Nicolaou appeared most successful and
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afforded carboxylic acid 19 in moderate yield. The completed derivative (-)dehydrohomoplatencin (20) proved equipotent to (-)-platencin and only lacked activity against
5. pneumonia.
only 2 steps from
(SM-)-perillaldehydei

M

several
. ^
strategies explored H 0 2 C ^ / ' , J ^ v .

TsOH

HO2C

' J§^

benzene
80 °C
67%

18

dehydrohomoplatencin (20)

19

To exploit the short enantiopure access to core structure 18 to its full potential, it was
investigated whether alternative, synthetically more readily accessible, linkers could be used.
Therefore derivatives 21 and 22 were synthesized and tested for antibiotic activity.
Unfortunately, no activity was observed for both derivatives, something which could later be
explained by the impaired rotational freedom in the new linkers as compared to that of the
amide linker.
-amide replaced for Inazole
-methyl group deleted

H0 2 C'

22

Chapter 5 describes efforts to access the natural product lycojapodine A (27) using the highpressure Diels-Alder reaction of cyclohexenes, as was successfully applied in the synthesis of ()-platencin. First, the challenging Diels-Alder reaction of methoxy-substituted thiophenes with
cyclohex-2-enone (24) was investigated. While most thiophenes did not give any reaction, 2,4dimethoxythiophene (23) afforded exclusively the Michael addition product 26.

OMe

"Ò
15 kbar, neat
50 "C, 34 h

MeO
23

OMe
Η O

MeO'

H
25

OMe

0%

The initial plan was readily modified to a more viable strategy by replacing thiophene for a
Danishefsky-type diene (37). First, a novel approach to the requisite fiinctionalized
cyclohexenone 36 was developed starting with the aldol reaction of tert-butyl or ethyl acetate
(28-29) with δ-valerolactone (30). Subsequent protection of the product with acetic anhydride
or benzoyl chloride delivered ß-ketoesters 32-34. Finally, in a two-step sequence, ß-ketoester
33 was converted to cyclohexenone 36 in 60% yield. Although the Diels-Alder reaction of enone
36 with diene 37 proceeded in good yield and acceptable diastereomeric ratio, the following,
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seemingly trivial, ozonolysis reaction of Diels-Alder product 38 proved problematic and
eventually frustrated further research to lycojapodine A.
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Chapter 6 describes the total synthesis (+)-integric acid and assignment of the absolute
stereochemistry at C4'. Starting from the Wieland-Miescher ketone (40), we initially intended to
exploit the previously developed hydroxyiodination reaction, described in Chapter 2, for the
introduction of the requisite alcohol functionality at the γ-position of the ketone. Since the
dioxolane moiety of diene 42 did not appear stable toward these conditions, a different, more
conventional, pathway was pursued which afforded alcohol 44 in two steps from enone 41. In
four steps, the racemic model system 45 was prepared to explore the following challenging
selective oxidative cleavage of the pendent alkene group. No selectivity was observed under a
variety of conditions, which led us to substitute the allyl group for the more electron-rich prenyl
group. The enantiopure advanced intermediates 46-47 fortunately showed significantly
improved selectivity in the oxidative cleavage with ozone which allowed for completion of the
total synthesis of (+)-integric acid (48) and epi-integric acid (49) in four steps. The absolute
stereochemistry of (+)-integric acid at C4' was assigned by comparison of the analytical data of
48-49 to that of an authentic sample of (+)-integric acid.
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. Me
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48: R = (S)-Me

integnc add

49: R 1 = (R)-Me
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47 R 1 = (R)-Me R 2 = Me
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De ontdekking van penicilline door Alexander Fleming in 1928, markeerde het begin van drie
decennia vruchtbaar antibioticumonderzoek. Rond 1960 waren verschillende klassen
antibiotica op de markt gebracht en het probleem van infectieziekten scheen opgelost. Weinigen
zullen toen voorzien hebben dat binnen enkele decennia bacteriën resistentie tegen bijna al deze
antibiotica ontwikkeld hebben en dat het probleem van infectieziekten blijvend is.
Sinds de zestiger jaren is antibioticaresistentie voornamelijk bestreden door middel van
modificaties van reeds bestaande antibiotica. Het is echter steeds moeilijker gebleken om
gemodificeerde antbiotica te ontwikkelen die resistentie tegen gaan zonder aan activiteit in te
boeten. Dit, in combinatie met de de grote moeite om nieuwe klassen antibiotica te ontdekken,
heeft er voor gezorgd dat er de afgelopen 50 jaar een sterke afname is geweest in het aantal
nieuwe antibiotica dat op de markt is gebracht In dit opzicht vertegenwoordigt de recente
ontdekking van twee nieuwe krachtige antibiotica, (-)-platensimycin (2006) en (-)-platencin
(2007) een mogelijke doorbraak in antibiotica onderzoek.

(-)-platensimycin(l)

Me

(-)-platencin (2)

Beide verbindingen vertonen breedspectrum Gram-positieve antibacteriële activiteit en werken
op de type II bacteriële vetzuursynthese. Aangezien dit een nieuw werkingsmechanisme betreft,
werd er ook geen resistentie waargenomen, zelfs niet voor notoire bacteriestammen zoals
methicilline resistente Staphylococcus aureus en vancomycine resistente Enterococci faecium.
Echter, de slechte farmacokinetische eigenschappen van beide natuurproducten verhindert hun
gebruik als antibiotica. Om te onderzoeken of aanpassingen aan de structuur van (-)platensimycin en (-)-platencin hier verbetering in kunnen brengen, is de ontwikkeling van
syntheseroutes naar deze uitdagende structuren een onmisbare eerste stap.
Dit proefschrift beschrijft onderzoek naar de synthese van (-)-platensimycin en (-)-platencin
evenals toepassing van de ontwikkelde methodologie voor de synthese van derivaten en andere
natuurproducten.
In Hoofdstuk 1 worden achtereenvolgens de volgende onderwerpen besproken, (i) de
uitdagingen in antibioticaonderzoek, (ii) de type II bacteriële vetzuursynthese als target voor
antibiotica, en (iii) een uitgebreid overzicht van de gepubliceerde totaalsyntheses van (-)platencin.
Hoofdstuk 2 beschrijft studies naar de totaalsynthese van (-)-platensimycin. Beginnend met
cyclohexanonderivaat 3 werd een enantioselectieve route ontwikkeld naar een reeks
gefunctionaliseerde α,β,γ,δ-onverzadigde ketonen 4-6, met als voornaamste stap een
asymmetrische Michael additiereactie. Middels een uitdagende joodlactonisatie werd
methylester S selectief omgezet in sleutelintermediair 7. Reactie van dienen 4-6 met NIS in
MeCN/HzO bij 50 0C leverde het overeenkomstige joodhydrin op in uitstekende opbrengst en
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diastereoselectiviteit. De hierop volgende eliminatiereactie van joodlacton 7 werd helaas
verhinderd door een in situ omlegging van het gewenste eUminatieproduct naar het
thermodynamisch stabielere diëen 8. Uiteindelijk werd de beslissing genomen om de focus van
het onderzoek te verschuiven naar de synthese het minstens zo uitdagende (-)-platencin.
R = C02Me
1) NaOH
MeOH, KT

DBU

3-4
stappen

4 R = Me
5 R = C02Me
6 R= | ~
TIPS

E

THF, 70 °C

2) Kl, I2
NaHCOj
H 2 0, KT

ογ

β
86%

9 R = Me
99%
10. R = C02Me
80%
11-R = - i - = — TIPS 80%

NIS
MeCN, H20
50 °C

Hoofdstuk 3 belicht een formele totaalsynthese van (-)-platencin. De synthese startte met een
unieke diastereoselectieve Diels-Alder reactie van (5)-perillaldehyde (12) met Danishefsk/s
diëen (13) wat, na opwerking met zuur, aldehyde 14 in 81% opbrengst opleverde. In drie
eenvoudige stappen werd aldehyde 14 omgezet naar ketoaldehyde 15 welke daarna gereageerd
werd in de volgende sleutelstap; een Smlz-geïnduceerde pinacolcyclisatie. Deze reactie verliep
probleemloos en vormde op efficient wijze de bicyclo[2.2.2]octaanstructuur van (-)-platencin.
CHO
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OMe
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Na afsplitsing van de labiele dioxolaangroep werd diol 16 verkregen in 85% opbrengst, waarna
deze in drie stappen eenvoudig omgezet kon worden in kernstructuur 17. Deze synthese
vertegenwoordigt hiermee een negen-staps formele totaalsynthese van (-)-platencin met een
totaalopbrengst van 16%. Tot op heden is dit een van de kortste en meest efficiënte
syntheseroutes van de kernstructuur van (-)-platencin.
Hoofdstuk 4 beschrijft de ontwikkeling van een platencinderivaat dat vrijwel dezelfde activiteit
vertoont als platencin zelf. Per toeval werd ontdekt dat behandeling van Diels-Alder product 14
met TsOH bij verhoogde temperatuur een unieke Prins-type cyclisatie induceerde, die diëen 18
in 67% opbrengst gaf. De sterke overeenkomst van diëen 18 met de kernstructuur van (-)135
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platencin wekte onze belangstelling om de antibiotische eigenschappen van een
platencinderivaat gebasseerd op structuur 18 te onderzoeken. Het invoeren van de
propaanzuurlinker bleek verre van triviaal en werd met verschillende benaderingen onderzocht
Uiteindelijk bleek een procedure van de Nicolaou groep het meest succesvol, leidend tot
carbonzuur 19 in redelijke opbrengst. Het voltooide derivaat (-)-dehydrohomoplatencin (20)
bleek even actief als (-)-platencin en vertoonde alleen geen activiteit tegen S. pneumonia.
slechts 2 stappen vanaf
(SM-)-penllaldehyde'i

03

verschillende
strategieën verkend H02C

TsOH

H02C

benzeen
80 °C
18

67%

dehydrohomoplatenan (20)

19

Om maximaal te profiteren van de korte enantiozuivere route naar kernstructuur 18 is er ook
onderzocht of alternatieve, synthetisch eenvoudiger toegankelijke, linkers gebruikt konden
worden.
- amide vervangen door tnazool
- methylgroep weggelaten

- amide vervangen
door carbamaat

HO2C
H02C
22

In dit kader werden derivaten 21 en 22 gesynthetiseerd en eveneens getest op antibiotische
activiteit Helaas werd voor beide verbindingen geen activiteit waargenomen, iets wat later
verklaard kon worden door de conformationele restricties in de nieuwe linkers vergeleken met
de amide linker.
Hoofdstuk 5 beschrijft onderzoek naar de synthese van lycojapodine A (27). Hierbij werd
uitgegaan van een hogedruk Diels-Alder reactie van een cyclohexeenderivaat, zoals eerder
succesvol toegepast in de synthese van (-)-platencin. Allereerst werd de uitdagende Diels-Alder
reactie van methoxy-gesubstitueerde thiofenen met cyclohex-2-enon (24) onderzocht. Waar de
meeste thiofenen geen reactie gaven, leverde reactie met 2,4-dimethoxythiofeen (23) uitsluitend
het Michael additieproduct (26) op.
24 o
OMe
MeO

'/ \
S
23
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15kbar
50 0C. 34 h

OMe
H .0
MeO'

H
25
0%

OMe

Li
lycojapodine A (27)

Het originele plan werd eenvoudig aangepast naar een realistischere strategie door thiofeen te
vervangen door het Danishefsky-type diëen 37. Het vereiste gefunctionaliseerde cydohexenon
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36 werd gesynthetiseerd uitgaande van een aldol reactie van tert-butyl- of ethylacetaat (28-29)
met δ-valerolacton (30).
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Vervolgens leidde bescherming van het product met azijnzuuranhydride of benzoylchloride tot
ß-ketoesters 32-34. Tenslotte werd in twee stappen ß-ketoester 33 omgezet in cyclohexenon 36
in 60% opbrengst. Hoewel de hogedrukreactie van enon 36 met dieen 37 in goede opbrengst en
acceptabele diastereoselectiviteit verliep, leverde de daaropvolgende - schijnbaar triviale ozonolyse problemen op, wat uiteindelijk verder onderzoek naar de synthese van lycojapodine A
verhinderde.
Tenslotte beschrijft Hoofdstuk 6 de totaalsynthese van (+)-integric acid en opheldering van de
absolute stereochemie op het C4' atoom. Het idee was om de eerder ontwikkelde
joodhydrinvorming, beschreven in Hoofdstuk 2, te benutten voor de introductie van de vereiste
alcoholgroep op de γ-positie van het keton. Aangezien de dioxolaangroep in verbinding 42 niet
stabiel bleek tegen deze condities, werd een andere, meer conventionele benadering nagestreefd
die, vanaf enon 41, in twee stappen alcohol 44 opleverde.
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In zes stappen werd het racemische modelsysteem 45 gesynthetiseerd om de daaropvolgende
uitdagende selectieve oxidative van de allylgroep te verkennen. De selectiviteit in deze reactie
was echter slecht en, na zonder succes een verscheidenheid aan condities geprobeerd te hebben,
werd besloten de allylgroep te vervangen door een electronenrijkere prenylgroep. De
gesynthetiseerde enantiomeerzuivere intermediairen 46-47 vertoonden gelukkig een sterk
verbeterde selectiviteit in de ozonolyse, waarna de totaalsynthese van (+)-integric acid (48) en
epi'-integric acid (49) in twee stappen afgerond kon worden. De absolute stereochemie van (+)integric acid op C4' werd toegekend via vergelijking van de analytische data van
eindverbindingen 48-49 met die van een authentiek monster van (+)-integric acid.
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Ik ben er nu letterlijk en Figuurlijk klaar mee,., nou bijna dan. Uiteraard wil ik graag nog de vele
mensen bedanken die op verschillende manieren aan de totstandkoming van dit boekje hebben
bijgedragen.
Allereerst mijn promotor Floris Rutjes. Floris, je hebt mij alle ruimte gegeven om mezelf te
ontplooien en ik heb zeker veel van je geleerd de afgelopen jaren. Ik ben je in het bijzonder
dankbaar voor het corrigeren van dit proefschrift en de vele inspanningen die je vaak in je "vrije
tijd" hebt geleverd om mij ook na het promotietraject verder te helpen. Floris van Delft, ook al
hebben we buiten de werkbesprekingen om weinig samengewerkt, je was wel degene die het
platensimycin project - en daarmee mijn hele promotieonderzoek - opstartte, waarvoor dank!
Vele handen maken licht werk, zo ook in dit promotieonderzoek. Een vereiste is wel dat dit
rechterhanden zijn en gelukkig was dit zeker het geval bij de - naar ik meen allemaal
linkshandige - studenten die ik heb mogen begeleiden. Henri, als mijn eerste student was je er al
bijna vanaf de start van het onderzoek bij. Ondanks een pittig begin van je stage is je
enthousiasme voor de chemie gelukkig alleen maar gegroeid. Het hoogtepunt van jouw
enthousiasme bereikte je mijns inziens trouwens aan het begin van je promotie toen je
herhaaldelijk verbindingen aan het synthetiseren was die gewoon in het magazijn stonden. Als
begeleider - en later als collega promovendus - heb ik er veel plezier en profijt van gehad om
met je op het lab te staan en ik ben dan ook blij dat je mijn paranimf wilt zijn. Mark, gelukkig heb
ik ook jou kunnen strikken voor een stageplaats, twee keer zelfs! Met jouw handigheid en
creativiteit heb je menig probleem waar een promovendus op zou kunnen stuk lopen,
zelfstandig opgelost Opvallend daarbij vond ik je nimmer aflatende opgewektheid en
onverstoorbaarheid waarmee je deze uitdagingen te lijf ging, zelfs als een begeleider je kwam
vertellen dat hij zich een koolstofje vergist had in jouw - reeds in vier stappen gesynthetiseerde
- product. Stefan, voor jouw ministage had ik een behoorlijk ambitieus project voor je
klaarliggen. In plaats van een beetje opwarmen met het synthetiseren van uitgangsmateriaal kon
je meteen aan de slag met de synthese van een platencinderivaat Ondanks de nodige
uitdagingen heb je de verbinding toch maar mooi in elkaar gedraaid. Hetzelfde geldt eigenlijk
voor jou Geert, het heeft wel het nodige glaswerk gekost, maar ook jij hebt een mooi
platencinderivaat afgeleverd, waarvoor dank!
Verantwoordelijken voor een sfeervol en zeker ook goed georganiseerd lab 03.230 waren onder
andere Koen, Sander, Stan, Brian, Jasper, Valeria, Jörgen, en Marjoke. Uiteraard ook Sjef (beep,
beep,..@#!,....Dennis, heb je fftjes alsjeblief?!) die ik in het bijzonder wil bedanken voor de leuke
tijd buiten het lab en het willen zijn van mijn paranimf! Een groot aantal studenten hebben het
lab (soms letterlijk) kleur gegeven. Laat ik er een noemen, Bas van der Lee, ik heb veel plezier
beleefd aan de tijd met jou op het lab, en zeker ook aan de smakelijke etentjes samen met Sander
bij jou thuis! Uiteraard wil ik ook de afdeling in zijn geheel bedanken, hierbij denk ik o.a. aan Bas
R (SF-trip was top!), de sociale regelaarsters Roseri, Lieke, Mariëlle, Rinske en Angélique,
Marloes, Jorge, Perdi, de altijd behulpzame Jan, Bas B, Susan, Anup, Waqar, Dani, Martijn, Candice
en Roy. Heel veel succes gewenst in jullie verdere loopbaan!
Ex-koffiezetter Rene Aben verdient een eervolle vermelding voor zijn inzet om steeds maar weer
het hogedrukapparaat (na twee opgeblazen pistons, een weggeschoten afsluiter en een aantal
kapotte vaten) onder het genot van een heerlijke portie cynisme in no-time te repareren.
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Jacky Versteeg en Desiree van der Wey wil ik bedanken voor het altijd met een glimlach helpen
met allerlei administratieve zaken, en logistieke duizendpoot Peter van Dijk en Chris Kroon voor
een niet aflatende stroom chemicaliën en labbenodigdheden Jan Smits ben ik zeer erkentelijk
voor het meten van een flink aantal kristalstructuren en Peter van Galen en Helene AmatdjaisGroenen zijn onmisbaar geweest bij het bepalen van de massa's Dr Tanja Schulin-Casonato wil
ik bedanken voor het bepalen van de MIC-waarden van de verschillende derivaten
Een steun en toeverlaat buiten het lab was en is mijn oud-HLO practicum begeleider Wim Jouw
hersenspinsel zullen wel nooit gaan vervelen en ik hoop dat we onze vriendschap nog lang
mogen voortzetten Je zult wel iets verder moeten rijden voor het volgende etentje Voor de
broodnodige afleiding m de sportschool (en AA,.] wil ik zeker ook Armand bedanken. Jouw totaal
tegenovergestelde persoonlijkheid was altijd bijzonder verfrissend en leerzaam, onze
beulsessies ga ik absoluut missen1 Veel succes en plezier met je nieuwe start in het noorden en
de nieuwe aanwinst
Uiteraard wil ik mijn lieve ouders en zus, Chantal, bedanken voor hun steun niet alleen tijdens
mijn promotie, maar ook daarvoor en erna Ook op mijn schoonouders heb ik altijd kunnen
reken, chaufferen, verhuizen of een kamer afstaan zodat ik in alle rust aan dit proefschrift kon
werken, niks was te gek, waarvoor oprecht dank. Trouwe volgers van mijn promotieonderzoek
waren zeker ook Jacco, Ene en Liesbeth, Marjo en Willem, en Marleen en Rutger Bedankt voor
jullie interesse al die jaren en de gezellige bezoekjes'
Eline, al ging menig wenkbrauw de lucht in toen ik vertelde dat ik op mijn 22ste al getrouwd
was, ik heb er nooit spijt van gehad. Behalve het feit dat we intens van elkaar houden zorgt jouw
onovertroffen zachtaardige en verdraagzame karakter ervoor dat we het samen altijd leuk
hebben Bedankt voor al je steun en geduld de afgelopen jaren (en zeker de laatste maanden), als
ik het boekje aan iemand opdraag, dan is het wel aan jou
Dan is het nu dan toch tijd om dit proefschrift afte sluiten
Het is mooi geweest
Dennis
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De auteur van dit proefschrift werd geboren op 25 juni 1981 te Nijkerk. Na het behalen van zijn
HAVO diploma in 1999 volgde hij de opleiding Chemie aan de Hogeschool Utrecht. Hij behaalde
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