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Abstract

The first asymmetric total synthesis of both er@n@rs of the natural products colletorin A and
colletochlorin A is presented. The proposed methalois based on the coupling reaction between
highly substituted aromatic Gilman cuprates andcafly active allyl bromides, in turn obtained by
Sharpless asymmetric dihydroxylation. The lattesueed a high degree of regio- and stereocontrol
in the enantioselective step of the synthesis. Sdme synthetic strategy has been also applied for
the preparation of differently halogenated synthesnalogues of colletochlorin A in high
enantiomeric purity. The enantioselective synthesisolletorin A and colletochlorin A allows to
reliably assign their absolute configuration. Rnghary assessment of their herbicidal and
insecticidal properties evidence the possibilityniodulate the bioactivity of these compounds,

highlighting its dependence on both the absoligsesthemistry and the halogen nature.

Keywords. colletochlorin A, colletorin A, bioactive fungal rnabolites, asymmetric

dihydroxylation, coupling reactions, asymmetric tbygsis.



I ntroduction

Fungi, being able to produce a large number of dife@a secondary metabolites, represent an
excellent source of pharmaceuticals, antifungall &erbicidal compounds.Colletorins and
colletochlorins are two groups of interesting bioaec metabolites isolated fror@olletotrichum
nicotianae a fungus causing anthracnose disease of tobdaotsp These compounds share as
common structural feature a multi-substituted pb&mlic ring joined to a prenyl or diprenyl side
chain. Some of them have this terpene moiety pasiigdized at the terminal double bond,
displaying one or two hydroxylated stereogenic eentThis is the case of colletorin Aaj and
colletochlorin A (b) (Figure 1), which possess a chiral diol moieBhytotoxinlb has been also
recently isolated fromColletotrichum higginsianufnand Colletotrichum gloeosporioides The
structurally-related colletochlorin B2l§) (Figure 1) displays promising pharmaceutical \aisti
being able to readily induce the differentiationhoiman promyelocytic cells (HL-66)associated
with the onset of diseases such as acute promyedoleukemia and neutrophilic leukopenia.
Compound2b also shows inhibitory activity toward the enzynaegtylcholinesterase (AChE) and
B-glucuronidase, as well as some toxicity toward anrung fibroblastd.Moreover, a recent study
has also revealed the phytotoxic activity 4§ againstAmbrosia artemisiifoli@ allowing to
envisage its possible use as natural herbicidabiocontrol of this weed responsible for serious
allergies in humans. In this latter study, tH®) @bsolute configuration at the hydroxylated
stereocenter of naturally occurring (#)-has been also determined by application of theifiedd
Mosher’s method, while the absolute configuration @& is still unknown. However, due to the
scarce availability of these compounds from nats@lrces (indeed fungi can produce these
metabolites in small amounts), only a few studievehbeen undertaken to investigate their
biological properties. These reasons prompted usattempt the development of a new

stereoselective synthesis of both enantiomerdeofand 1b, as well as their brominated and



fluorinated analoguesc and1d, with the aim to carry out a structure activitjyat®nship study to
define the role of both absolute stereochemisty lzalogen nature on the biological properties of
this class of phytotoxinsIndeed, the role of the absolute configuratiort@bioactive properties,
well known for the majority of chiral compoundsias been clearly recognized also in fungal
metabolites? and the influence of the presence and naturelofjea atoms on the same properties
is well established tod'*

Few approaches for the synthetic preparatioriaofand 1b are reported in the literature, none
providing them in an optically active form. To tbest of our knowledge, a single synthesis of
racemiclb is described? which employs, as a key step, a lithium-mediatealk®lation of 1,5-
dimethoxy-3-methyl-1,4-cyclohexadiene with the dilgxylated side chain, in turn obtained from
geranyl acetate. However, this strategy providedddsired compound in a very low yield and was
not applicable neither to the synthesislafnor to the preparation of the halogenated ana®fjcie
andld.

OH
X = =

OH

CHO CHO

2a X=H Colletorin B

1a Colletorin A 1b Colletochlorin A 2b X=Cl| Colletochlorin B

Fig. 1. Structure of colletorin A and BL& and2a), colletochlorin A and Bib and2b), and their

synthetic analoguek: andid.



We herein describe the first asymmetric synthekisoth enantiomers dfa and1b as well as that
of the brominated and fluorinated unnatural anaésde and1d. A preliminary investigation of the

phytotoxic and insecticidal properties of the prepacompounds is also described.

Results and Discussion

The synthetic approach described herein is baseithelisconnection of the structureslafld

into an aromatic synthon and an optically activéeschain (Scheme 1), having both all the
functional groups protected (Scheme 1) and whereatbmatic formyl group is replaced by a less
reactive carbomethoxy precursor. A similar approaels been reported for the preparation of
unsaturated analogues colletorin Z)(and colletochlorin B2b) (Figure 1), by alkylation of an
aromatic mixed cuprate precursor with geranyl boemi In our case, we envisaged the possibility
to obtain the chiral side chain in optically actifiegm by a regio- and stereoselective Sharpless
asymmetric dihydroxylation of geranyl acet&t&o avoid oxidizing conditions to the polyphenolic
aromatic precursor, the diol moiety was introducedthe side chain before the cross-coupling

reaction between the two moieties.
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Scheme 1. Retrosynthetic approach

In Scheme 2 the synthetic steps for the preparaifothe aromatic precursors are summarized.

Cyclohexenon@, prepared by Robinson annulatiGnwas brominated and aromatized with either 2
4



or 3 equivalents of bromine to achieve benzodteand4c, respectively. Then, the unsubstituted
position of4a was smoothly chlorinated by reaction with a sylfwhloride solution. Purdb was
obtained in quantitative yields after solvent remownder controlled pressure and temperature to
prevent product sublimation. Conversely, the inacitbn of fluorine on the aromatic ring was
rather difficult. Various unsuccessful attemptdifferent experimental conditions were made, by
employing reagents already known for electrophificorination of phenols, such asl-
fluoropyridinium triflatg® and N-chloromethyIN’-fluorotriethylendiammonium-bis
(tetrafluoborate) (SelectfluBy.>” No conversion was obtained with the pyridiniunt saken at high
temperature and long reaction time. Finally, a nmaie50% conversion afa in 4d was obtained
by reaction with SelectfluSrin methanol at 50°C. Higher temperatures and miffesolvents led to
lower conversions and/or to the formation of unwdntjuinones-type by-products. Through this
synthetic sequence we then obtained all the aronpaticursorgta-d with all substituents in the

correct position.

OH
Cl Br
SO,Cl,
>
Et,O OH
o 0 OH CO,Me
M_come H Br 4b (100%)
NaOMe Br, (2 eq)
i g OH  AcOH OH
OMe MeOH, reflux c OH
X CO;Me CO,Me . .
o 3 (50%) 4a (40%) Selectfluor
MeOH, 50°C
OH
CO,Me
o 4d (40%)
Br,(3eq)  Br Br °
AcOH
¢ OH
COQMe
4c (68%)

Scheme 2. Preparation of functionalized aromatic moietlasd.



OH OPG

X B pg=SEMClorMEM-CI X Br 5a PG=SEM, X=H (100%)

- 5b PG= SEM. X= Cl (100%)

OH DIPEA, CH,Cl, opG  5d PG=SEM X=F (95%)

6a PG=MEM, X=H (82%)

CO,Me CO;Me 6c PG= MEM, X= Br (80%)
4a-d

Scheme 3. Protection of the phenolic moieties.

Finally, to compare the effect of protecting groupsthe following synthetic steps, the phenolic
groups of compoundda-d were protected as either SEM- or MEM-ethBrand 6, respectively
(Scheme 3). The SEM-derivativés, 5b, and5d were obtained in quantitative yield, while the
protection with the cheaper MEM-chloride providewgucts6a and6c in a lower yield (80%).
Both enantiomers of the side chain were preparedhigh enantiomeric purity by Sharpless
asymmetric dihydroxylation starting from geranyetate (Scheme 4). This procedure allows the
formation of both enantiomers of the required doh high yield, high stereoselectivity (94-98%
ee, see below), and full regioselectiVifyin this reaction, the temperature control is extlm
important because at T < 0°C a very low conversiccurs, whereas at T > 4°C oxidation of both
double bonds is observed. The absolute configuratibthe obtained diols was preliminarily
assignetf®on the basis of the predictions provided by the igngb Sharpless rul&® Accordingly,
the oxidation reaction was expected to provide @R)}l7 when carried out with the ADmX
reagent and diol§)-7 when ADmixx is employed. DiolsR)- and §)-7 were then transformed into
ketals R)-8 and ©)-8, respectively, and the ester groups were hydrdlyaegive alcoholsK)- and
(9-9. Notably, all steps of the synthetic sequencetistafrom geranyl acetate, provided very high

yields £90%).
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Scheme 4. Asymmetric synthesis of the side chain

Although the empirical Sharpless rfleis commonly employed to predict the absolute
configuration of the diols obtained by alkene difoyd/lation with osmium tetraoxide as oxidant
and either dihydroquinine or dihydroquinidine detives as chiral ligands, some cases have been
described in which such a rule fails to predict¢therect assignment. Therefore, for a more sound
configurational assignment, we turned out to the af Electronic Circular Dichroism (ECD)
spectroscopy. In particular, we employed flexibiphlenyl chiroptical probes for this purpose,
following an approach described by our group whpobved to be very straightforward and reliable
for the absolute configuration assignment to chitials?° acids?* and amine$? Following this
approach, to assign the absolute configuration tchigal diol it must be transformed in the
corresponding biphenyl dioxolane and the ECD spettof the latter analyzed. A positive Cotton
effect at 250 nm (A band) in the ECD spectrum rev@aR) absolute configuration of the diol
while a negative band is allied to a§ configuration. Therefore, (=J; obtained from ADmix,
was transformed to the corresponding biphenyl dame° 13 (Scheme 5) and ECD spectrum of
the latter was recorded. The appearance of a okegative Cotton effect at 250 nm in the ECD
spectrum (Figure 2) allows us to assi@) &bsolute configuration to the diol (#)-then reliably

and independently confirming the tentative assigmnbased on the empirical Sharpless rule. This



also allowed to establish the absolute configuratibcompound$-10 derived from7. Therefore,
the ®)/(-), (9/(+) relationship was established for the ketdland 9, while the instability of
bromidel0 did not allow measurement of its optical rotatibtareover, this result allows to correct

the optical rotation sign oR}-9 erroneously reported in the literatire.
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Scheme 5. Synthesis of théiphenyl dioxolane derivativé3
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Fig. 2. ECD and UV spectra of biphenyldioxolati&in THF.

To determine the enantiomeric excess of alc8hw} chiral HPLC analysis, both enantiomers were
transformed into the corresponding benzoates apdraed on Chiralcel OD chiral stationary
phase, providing 98% ee foR)(9 and 94% ee for theS(-9 enantiomer. AlcoholsR)-9 and §-9
were then transformed, by treatment with 0.5 edaiteof PBg at —7°C in anhydrous diethyl ether,
into the corresponding bromidda’){10 and §)-10, respectively. After work-up, pure bromidég

and ©)-10 were isolated in 90% yield, as confirmed by tHeINMR spectra. Bromide$0 were
8



used within 3-4 days of their preparation becabsy turned out to be very light sensitive slowly
transforming, even if stored in the dark at low pemature and under inert atmosphere, into a
diastereoisomeric mixture of tetrahydrofurh (Scheme 4?2 The same behavior was shown by
the triflates of alcoholsR)- and §-9. In fact, by treating the alcohoSwith triflic anhydride at
—78°C, the corresponding triflate was obtained imyo43% yield and a significant amount of
tetrahydrofuraril was isolated.

The coupling between 3-bromo-benzoaseand 6 and the optically active bromidd® was first
attempted by Suzuki-Miyaura cross-coupling. Inijialvarious attempts were carried out to
transform5 and 6 or even the unprotected analogdesd into the boronic esters required for the
Suzuki-Miyaura coupling, but these reactions faileabably as a consequence of the high steric
hindrance at the halogenated position on the afomabieties. Therefore, we turned to employ
mixed cuprate chemistry for the coupling. Accordin@SEM-protected benzoat@&swere lithiated

at C-3 withn-butyllithium at —=78°C in THF and treated at thensatemperature with a freshly
prepared solution of (3-methyl-3-methoxy-1-butyogphper in THF and HMPA to provide the
mixed cupraté’ Then, R)- or (S-bromide10 in THF was added to this solution and the mixture
was slowly warmed at room temperature stirring8+20 h (Scheme 6). After quenching with a
pH 8 solution of ammonia/ammonium chloride the erugroduct was purified by column
chromatography affording benzoatiekin 40-72% vyield (Scheme 6). The same procedureiged
benzoate5 starting from the MEM-protected bromoestér&s shown in Table 1, the reactions do
not appear to be influenced by the nature of tlweepting group on the aromatic ring, since the
SEM-benzoat®&a and its MEM-analoguéa gave the coupling productgda and15a, respectively,

in comparable yields (entry 1 vs 2). By workinganslight excess of bromidd® the yield is
increased. In fact, in this case the coupling medithe 5-haloestedbc and14b in 70% vyield,
starting from6c and5b, respectively (entries 3 and 4). No significarfltuence by the nature of the
halogen atom on the aromatic ring was found. Adagmount of electrophile did not improve the

yield but made the cross-coupling side reactionveen the butynyl copper and bromitié@ more
9



significant. Notably, in these reaction conditiote metalation of 3,5-dibromobenzodie is
completely regioselective, since no trace of présluesulting from either lithiation at C-5 position
of the substrate or from a double coupling reactvas detected. Conversely, a lower scale seems to
have negative effects on yield, because the sabstratebb provided the product4b in only 40%
yield when the reaction was carried out on 0.3 msadlition (entry 5). From the coupling of 5-
chlorobenzoat®&b with both bromidesR)- and §-10, both enantiomers of the precurddib of
colletochlorin A (b) were prepared, while the fluorinated analogue alas obtained in moderate

yield (entry 6) from 5-fluorobenzoa&el.

OPG OPG OPG

X Br  n-BuLi,-78°C _ N x
o X Cu Me (R)- or (S)-10
-

Li"‘ —_—

OPG MeO-)>—==-=Cu OPG THF
CO,Me CO,Me CO,Me
5a,b,d 14a PG=SEM, X=H
6a,c 14b PG= SEM, X=ClI

14d PG=SEM X=F
156a PG= MEM, X=H
16¢ PG= MEM, X=Br

Scheme 6. Cross-coupling reaction. See Table 1 for reactietdy.

Table 1. Coupling reactionssynthesis of benzoatéd-15

Entry® Substrate X PG 10 (eq.) Product Yield® (%)
1 5a H SEM (9-10 (1.0) ©-14a 42
2 6a H MEM  (R)-10(1.0) (R)-15a 40
3 6C Br MEM  (R)-10(1.2) (R)-15¢ 70
4 5b Cl SEM 9-10(1.2) (9-14b 72
5 5b Cl SEM (R)-10 (1.2) (R)-14b 40
6 5d F SEM R)-10(1.2) (R)-14d 46

a) All reactions were carried out using 0.5 mmosuaibstrate. b) Isolated yield. ¢) Performed withimol of5Sb.
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The ester moiety of all compoundd and 15 was then transformed into the aldehyde in high
overall yields by means of a LiAlHeduction followed by oxidation of the resultingathol with

pyridinium chlorochromate (PCC) (Scheme 7).

OPG

OPG

1) LiAH, E,0 X

o) 0
07L 2) PCC, CH,Cl, 07L
CO,Me _ CHO
overall yield > 90%
14a,b,d 16a PG= SEM, X=H
18a,c 16b PG= SEM, X= Cl

16d PG=SEM X=F
17a PG= MEM, X=H
17¢ PG= MEM, X= Br

Scheme7.

The final step of the total synthesis involves tleprotection of the phenolic and diol moieties
(Scheme 8). The procedure reported in the litegatiniicleave SEM and MEM protecting groups by
P.l4 in dichloromethane which, thanks to the mild ctiodis employed, is claimed to be the best for
resorcinols, was instead unsuccessful in our gasejding no reaction at room temperature and a
mixture of unidentified products by treatment aghar temperature or for longer reaction time.
Instead, reaction of6a with TBAF in THF/HMPA provided the removal of bo®BEM groups,
giving ketal18a (Scheme 8). The latter was then hydrolized wit$@&/H,O providing colletorin

A (9-1ain 49% overall yield (Table 2, entry 1, method A} regards to the deprotection of MEM
ethers we discarded the use of the most commoreméggnamely Lewis acids such as zinc or
magnesium bromide, as it is known that acidic coows induce ring closing and chroman or
chromene formation and are not applicable to hidhlyctionalized phenol ethers liki7.232%
Therefore, we decided to test the same procedwee alsove to cleave the SEM groupsen if
only a single example reported its use to removeMMEWe however observed that TBAF was
usuitable to remove both MEM ethers, providing onlthe 4-monoprotected 2-
hydroxybenzaldehyde. After several attempts, it Weamd that treatment of the solution of MEM

11



ethersl7a,c in THF with 6M HCI provides the simultaneous depobion of both the phenol and
diol moieties, giving colletorinR)-1a as well as the brominated analog&®-1c in moderate to
good yields (Table 2, entries 2-3, method B). Famparison, the two enantiomeric benzaldehydes
(9-16b and R)-16b were deprotected according to the method A ande&pactively, to provide
both enantiomers of colletochlorin A)f1b and R)-1b, (entries 4-5). Although the procedure with
HCI (method B) was simpler and shorter, while pdowj the simultaneous cleavage of both SEM
protecting group and ketal moiety, a better oveyiglld was achieved using the two-step sequence
based on the selective deprotection of phenolic diadmoieties (method A). This protocol was
also used as final step in the total synthesishef ftuorinated analogueR)-1d (entry 6). The
enantioselective synthesis b&-d allows to establish to all these compounds thé({R)(S)/(-)
relationship between the absolute configuration #rel optical rotation sign, then providing a
reliable absolute configuration assignment to tregumally occurring colletorin A 1) and
colletochlorin A (b). In the latter case such assignment agrees hathctarried out by application

of the Mosher’s methodl.

OPG
X TBAF
: 0 THFHMPA
O7L a) PG = SEM
CHO Method A (S)_18a b
(R)-16a,b,d Sr18a
(R)-17a,c (R)-
[(S)-163,b] Hzo, HQSO4
THF-CH,ClI,
HCI 6M
THF .
b) PG = MEM
Method B
(R)-1a,b.c.d
[(S)-1a,b]
X=H,Br,ClF

Scheme 8. Final steps of total synthesis. See Table 2 fartrea yields.
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Table 2: Deprotection of phenol and diol moieties.

Entry Substrate X PG Method Product Total Yield (%)
1 (9-16a H SEM A (9-1a 49
2 (R)-17a H MEM B (R-1a 30
3 R-17c Br MEM B (R-1c 55
4 (9-16b Cl SEM A (9-1b 46
5 (R)-16b Cl SEM B (R)-1b 37
6 (R)-16d F SEM A (R-1d 30

Finally, the synthesized compounds were subjectdaioactivity assays in order to investigate their
biological properties. In particular, we wanted dgaluate their phytotoxicity and insecticidal
activity. The phytotoxic activity was assayed Ambrosia artemisifolisandSonchus arvensiswo
weedy plants, on which the toxicity of the natyraticcurring 1b was recently reported with
comparable resuls’ by using a leaf puncture assay. Droplets of smhsti(10 pl) containing the
metabolites (20 pg) were added to detached learmsopsly wounded with a needle, kept in
moistened chambers, thus observing the eventuadaagpce of necrotic lesions. The effect on
chlorophyll content was tested on an aquatic mptit,Lemna minoy by adding the test solutions
to wells containing fronds of the plant, and thextedmining by spectrophotometer the eventual
reduction of the chlorophyll content in comparisanth an untreated control. The results,
summarized in Table 3, indicate that both enantrsnoélb exhibit the strongest phytotoxicity on
S. arvensisand, among thm, the natural enantioni®rib shows a slightly higher toxicity than its
enantiomer orA. artemisifoliaplants. Conversely, the other tested compoundslyarboth R)-
and §-1a and the halogenated unnatural analog#®sl¢ and R)-1d cause only weak effects.
Moreover on thed.. minor assay, all the tested molecules cause a reductionlorophyll content,
even though to a different extent, with-(la being the most active compound and the fluorinated

analogue R)-1d the least. In conclusion, the presence of a aoatom seems to impart to these

13



componds higher phytotoxicity against weeds, ipeesto the other halogens. The same enhanced
phytotoxicity is observed with the naturally oceng (R) absolute configuration at the
hydroxylated stereocenter. Conversely, halogenamupounds displayed lower phytotoxicity
againstLemna minor These results highlight the relevant effects thah the halogen nature and

the absolute configuration have on the bioactigityhese fungal metabolites.

Table 3. Phytotoxic activity assays

Compound Sonchus Ambrosia Lemna
arvensié artemisiifolia minor®
(R-1a ++ + 62.7
(9-1a + + 71.6
(R-1b +++ ++++ 59.1
(9-1b +++ +++ 43.5
(R-1c ++ + 59.5
(R)-1d ++ + 16.0
®Necrotic symptoms expressed as diameter of theosiscin the leaf puncture
assay, by using a visual scale from “-* = no symmppto “++++" = necrosis

around 1 cm diametetReduction of chlorophyll content expressed as peace
in comparison with the untreated control.

Insecticidal activity of both enantiomers @ and the brominated analogu®)-{lc was examined
via topical application and injection gkedes aegyptihe yellow fever mosquito, which is a vector
for transmitting several tropical feve¥sThe results (Table 4) show that all three compsund
exhibit negligible insecticidal activity againstetiadult mosquitos in both test methods. Except for
(R)-1b at 2ug/mosquito dose (3.8 3.3% mortality), none of the compounds shows aoytality

via topical application. MoreoverR}-1b shows greater mortality in the injection assay#£1833%),

but this value is not statistically significant cpaned to controls. A pre-treatment with piperonyl
butoxide (PBO) slightly increases toxicity of dlr¢e tested compounds, but again the effect is not
statistically significant in a t-test compared tompound injected alone. Thus, mixed-function
oxidases do not seem to be a major route of mesabah the tested compoundsAn aegypti and

the result suggests that the observed low toxisitiue to limited intrinsic insecticidal potency.

Table 4. Insecticidal activity assayseades aegypti
14



Topical application Injection

Compd dose knock-down mortality dose knock-down mortality

(Mglinsect) (% * SE} (% + SE} (Mg/insect) (% + SE) (% + SE)
(R-1b 2 0.0+0.0 3.3+3.3 0.1 6.7+ 3.3 13.3+3.3
1 0.0+0.0 0.0+0.0 0.1 + PB® 20.0+5.8 33.3+8.8

(9-1b 2 0.0+0.0 0.0+0.0 0.1 10.0+5.8 6.7+ 3.3
1 0.0+0.0 0.0+0.0 0.1+ PBO 16.7 £ 8.8 30.0 £10.0
(R-1c 2 0.0+0.0 0.0+0.0 0.1 6.7+3.3 10.0+5.8
1 0.0+0.0 0.0+0.0 0.1+ PBO 13.3+3.3 23.3+3.3
control 0.0+0.0 0.0+0.0 without PBO 10.0+5.8 10.0+5.8
with PBO 6.7+ 3.3 10.0+5.8

%knock-down effect was recorded at 1h post-treatpaert 24h for mortality.
®For assay with a mono-oxygenase synergist, mosgpiik@re pre-treated with piperonyl butoxide (PBQ).5
ug/insect)via a topical application, and left for 4 hr.

Conclusions

Herein we have shown an efficient method for tighlyi enantioselective synthesis of colletorin A
(1a) and colletochlorin A1b) and their brominatedL€) and fluorinated d) synthetic analogues.
This protocol allows to carry out the most critisééps of the whole synthetic pathway, namely the
coupling and deprotection reactions, in mediumdodyyields. Indeed it was possible to obtain the
precursors of such compounds in 40-72% yields lpliog reactions between highly substituted
aromatic mixed cuprates and optically active atlydromides. Moreover, two different procedures
for the deprotection of both phenolic and ketal @ties have been tested, depending on the nature
of the phenolic protecting group. Finally, a higigio- and stereocontrol is also guaranteed by the
Sharpless asymmetric dihydroxylation of geranyltaee which constitutes the enantioselective
step of the total synthesis. We believe that thistesgy could be successfully applied also to other
highly functionalized phenolic compounds bearingpé@oid side chains. The enantioselective

synthesis ofla-d allows to reliably assign the absolute configumatio the natural compoundka
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and 1b. The preliminary tests of biological activity agrhicides and insecticides carried out
highlight the potential bioactivity of these compds and allow sorting out the dependence on the

absolute stereochemistry and on the halogen natutee compound bioactivity.

Experimental Section

General Information

'H (500 or 400 MHz) an$®C (125 or 100 MHz) NMR spectra were recorded in G a Varian
INOVA 500 or a Varian INOVA 400 spectrometer, usitegramethylsilane (TMS) as an internal
standard.'®F (376 MHz) NMR spectra were recorded in CP®nh a Varian INOVA 400
spectrometer, using CFRCas an internal standar@C—MS spectra were recorded on a Hewlett
Packard 6890 gas chromatograph, equipped with a apestrometric detector HP-5973 type and a
capillary column HP-5MS 30 m x 0.25 mm. Opticalatains were measured on a JASCO DIP-370
polarimeter, witha values expressed in deg-tgr-dmi'* and concentratior in g-(100 mL).
HPLC analyses were performed on a JASCO PU-15&0ligent HPLC pump equipped with a
Varian 2550 UV detector and a CHIRALCEL OD colurmalytical thin layer chromatography
(TLC) was performed using silica gel 60 Machereyg®lasheets and visualized by ultraviolet
radiation and/or spraying the plates with a potassipermanganate solution; column
chromatography separations were carried out udlita gel 60 (70-230 mesh). £ and THF
were freshly distilled before their use on sodiuemzpphenone ketyl under nitrogen atmosphere.
N,N-diisopropylethylamine (DIPEA), trimethylamine, a@H,Cl, were dried by distillation over
calcium hydride and stored under a nitrogen atmasphCommercially available-butyllithium
(Aldrich) was a 1.6 M solution in hexane. The othealytical grade solvents and commercially
available reagents were wused without further mmaitfon. 3-Hydroxy-4-carbomethoxy-5-
methylcyclohexenon& was prepared starting from methyl crotonate andhyhedcetoacetate as

described?® The ketall2 was prepared as describ2dnd (3-methyl-3-methoxy-1-butynyl)copper
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was obtained starting from the commercially avadgildrich) cuprous acetylide (2-methylbut-3-

yn-2-ol) as already described elsew&re.

Synthesis of the aromatic precursota-(l)

Methyl 3-bromo-2,4-dihydroxy-6-methylbenzoai) (

To a solution of cyclohexenord(1.0 g, 5.4 mmol) in acetic acid (10 mL) 2 equérdk of bromine
(0.56 mL, 10.8 mmol) were added. The mixture west Btirred at room temperature for 30 min and
then heated at 100 °C for further 30 min. Afterloapto rt, the mixture was poured into water/ice
and extracted with ethyl acetate. The organic lay@s washed with a saturated sodium
metabisulphite solution and brine. The crude prodves purified by column chromatography on
silica gel (hexane:diethyl ether 7:3) (772 mg, 5%FNMR (500 MHz, CDC}) & (ppm): 2.49 (s,
3H); 3.96 (s, 3H); 6.00 (bs 1H); 6.47 (s, 1H); B2(S, 1H).X*C-NMR (125 MHz, CDCJ) & (ppm):
24.2; 52.3; 96.6; 106.2; 110.7; 142.6; 156.8; 16172.0. MS (EI): m/z 262 (K} 30); 260 (M,

30); 230 (98): 228 (100); 149 (20).

Methyl 3,5-dibromo-2,4-dihydroxy-6-methylbenzodts (

To a solution of cyclohexenord(1.0 g, 5.4 mmol) in acetic acid (10 mL) 3 equérdk of bromine
(0.84 mL, 16.2 mmol) were added. The mixture west Btirred at room temperature for 30 min and
then heated at 100°C for further 30 min. After aoplto rt, the mixture was poured into water/ice
and extracted with ethyl acetate. The organic lay@s washed with a saturated sodium
metabisulphite solution and brine. The crude prodves purified by crystallization from hexane
(826 mg, 45%)'H-NMR (400 MHz, CDC}) 5 (ppm): 2.66 (s, 3H); 3.98 (s, 3H); 6.48 (s 1H); 12
(s, 1H).**C-NMR (100 MHz, CDGJ) & (ppm): 23.3; 52.8; 96.3; 105.5; 107.7; 140.5; 85359.4;

171.2. MS (EI): m/z 342 (¥ 12); 340 (M, 24): 338 (M, 12); 310 (50); 308 (100); 306 (50).
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Methyl 3-bromo-5-chloro-2,4-dihydroxy-6-methylbesizo@b)

To a solution of the monobromidi& (0.524 g, 2.0 mmol) in diethyl ether (4 mL) a dmo of
sulfuryl chloride (1 M in dichloromethane, 4 mL) svadded and the mixture was stirred at room
temperature for 3 h. By solvent removal under redupressure (300-400 mbar, 40°C) the pure
product was obtained (560.5 mg, 95%J-NMR (400 MHz, CDCJ) & (ppm): 2.61 (s, 3H); 3.98 (s,
3H); 6.46 (bs 1H); 12.23 (s, 1H*C-NMR (100 MHz, CDCJ) & (ppm): 19.8; 52.7; 96.6; 107.3;
113.8; 138.7; 153.3; 159.0; 171.3. MS (El): m/z 288, 6); 296 (M, 24); 294 (M, 18); 266 (26);

364 (100); 262 (78).

Methyl 3-bromo-2,4-dihydroxy-5-fluoro-6-methylbeatzo@d)

To a solution of the monobromidia (0.930 g, 3.58 mmol) in methanol (25 mL) Seleatfu(1.65

g, 1.3 eq.) was added and the mixture was heatB@°®© for 24 h. The reaction was monitored by
GC-MS analysis and quenched, when no further cemweroccurred (about 50%), by cooling at
room temperature and removing the solvent (300 nfC). Then the residue was treated with
water and extracted with diethyl ether. The pumdpct was obtained by column chromatography
on silica gel (dichloromethane) in 45% yield (448)mH-NMR (500 MHz, CDC}) & (ppm): 2.68

(s, 3H); 3.98 (s, 3H); 6.48 (s 1H); 12.19 (s, 1¥E-NMR (100 MHz, CDG) & (ppm): 13.6 (d,) =

7.5 Hz); 52.5; 96.8 (d] = 2.2 Hz); 104.9; 126.7 (d, = 14.4 Hz); 143.2 (dJ = 231.4 Hz); 147.0 (d,

J =21.7 Hz); 157.0 (dJ = 2.3 Hz); 171.6 (dJ = 3.0 Hz).**F (376 MHz, CDGJ)  (ppm): -145.4.

MS (EI): m/z 280 (M, 26); 278 (M, 27); 248 (98); 246 (100).

General procedure for the protection of phenoliogps
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2,4-dihydroxybenzoateda-d (1.0 mmol) were dissolved in 4 mL of dry dichlorethane and
DIPEA (5.0 mmol, 1.04 mL) was added, followed bg 8tow addition of the SEM-CI or MEM-CI
(4.0 mmol). The mixture was stirred at room tempemfor 2-4 h and then poured into water/ice
and extracted with diethyl ether. The crude proslwetre purified by column chromatography on

silica gel (hexane:diethyl ether 7:3 for SEM-ethams 1:1 for MEM-protected compounds).

Methyl 2,4-bis[2-(trimethylsilyl)ethoxymethoxy]-8amno-6-methylbenzoatéd)

Following the general procedure the product wasaied in quantitative yield (521 mg) as a
colorless oil*H-NMR (500 MHz, CDC}) & (ppm): 0.01 (s, 9H); 0.04 (s, 9H); 0.96 Jt= 8.5 Hz,
2H); 1.01 (t,J = 8.5 Hz, 2H); 2.29 (s, 3H); 3.79 (1,= 8.5 Hz, 2H); 3.85 (tJ = 8.5 Hz, 2H); 3.90

(s, 3H); 5.15 (s, 2H); 5.30 (s, 2H); 6.83 (s 1H).

Methyl 2,4-bis[2-(trimethylsilyl)ethoxymethoxy]-8amo-5-chloro-6-methylbenzoatgh)
Following the general procedure the product wasaied in quantitative yield (556 mg) as a
colorless oil*H-NMR (500 MHz, CDC}) & (ppm): 0.04 (s, 18H); 1.01 (m, 4H); 2.30 (s, 3BIB3

(t, J =8.5, Hz, 2H); 3.92 (s, 3H); 4.00 &= 8.5 Hz, 2H); 5.14 (s, 2H); 5.21 (s, 2H).

Methyl 2,4-bis[2-(trimethylsilyl)ethoxymethoxy]-8ano-5-fluoro-6-methylbenzoatsd)

Following the general procedure the product wakied in 95% vyield (512 mg) as a colorless oil.
'H-NMR (500 MHz, CDC}) & (ppm): 0.04 (s, 18H); 1.19 (m, 4H); 2.34 (s, 3BB5 (t,J = 8.5

Hz, 2H); 3.92 (s, 3H); 4.02 (8, = 8.5 Hz, 2H); 5.15 (s, 2H); 5.21 (s, 2H).

Methyl 2,4-bis[(2-methoxyethoxy)methoxy]-3-brommé&thylbenzoates§)
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Following the general procedure the product wakied in 82% yield (357 mg) as colorless oil.
'H-NMR (500 MHz, CDC}) & (ppm): 2.34 (s, 3H); 3.37 (s, 3H); 3.40 (s, 372 (m, 4H); 3.79

(m, 2H); 3.85 (m, 2H); 3.89 (s, 3H); 5.24 (s, 2B)333 (s, 2H); 6.93 (s, 1H).

Methyl 2,4-bis[(2-methoxyethoxy)methoxy]-3,5-diboeBamethylbenzoat&c)
Following the general procedure the product wakied in 80% yield (413 mg) as colorless oil.
'H-NMR (400 MHz, CDC}) & (ppm): 2.32 (s, 3H); 3.38 (s, 3H); 3.39 (s, 3H)58 (m, 4H); 3.70

(m, 2H); 3.91 (s, 3H); 4.09 (m, 2H); 5.18 (s, 2624 (s, 2H).

Asymmetric synthesis of the side chain

(R,E)-6,7-Dihydroxy-3,7-dimethyloct-2-en-1-yl acetgR)7)

AD-mix-B (14 g, 10 mmol) and methanesulfonamide (951 mgmbdol) were added to a 1:1
mixture oft-BuOH:H,O (100 mL) and vigorously stirred for 15 min at modemperature. After
cooling to 0 °C, geranyl acetate (2.13 mL, 10 mnmva#)s added, the mixture was stirred at that
temperature for 24 h, then quenched with solid .smdmetabisulfite (13.5 g). The mixture was
extracted several times with dichloromethane aredctimbined organic layers were washed with a
10% ag. NaOH solution and brine. The crude progas purified by column chromatography on
silica gel (hexane:ethyl acetate 7:3) to afforddie (R)-7 in 96% vyield (2.20 g) as a colorless oil.
[a]p®® = +26.1 (c = 0.7, CHG), lit.”® [a]p® = +26.8 (c = 1.0, CHG). Following the same
procedure with AD-mixa, the enantiomeric diolgj-7 was isolated in 90% vyield (2.07 gh]p® =
-23.9 (c = 0.9, CHG), lit.* [a]p*® = -25.1 (c = 0.7, EtOH}H-NMR (500 MHz, CDC}) 5 (ppm):
1.17 (s, 3H); 1.22 (s, 3H); 1.45 (m, 1H); 1.62 (@H); 1.73 (s, 3H); 1.91 (br s, 2H); 2.06 (s, 3H);
2.12 (m, 1H); 2.32 (m, 1H); 3.45 (ddi= 10.5, 2.0 Hz, 1H) 4.59 (d,= 7.0 Hz, 2H); 5.40 (br t) =

7.0 Hz, 1H)."*C-NMR (100 MHz, CDCJ) & (ppm): 16.4; 21.01; 23.2; 26.5; 29.4; 35.6; 673.0;
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78.0; 118.7; 142.0; 171.1. MS (El): m/z 170°(MACOH, 1); 152 (3); 111 (18); 94 (32); 81 (27); 68

(72); 59 (100); 43 (73).

(R,E)-3-Methyl-5-(2,2,5,5-tetramethyl-1,3-dioxckyl)pent-2-en-1-yl acetate ((R)-

To a solution of the diolR)-7 (2.06 g, 9 mmol) in methanol (5 mL) dimethoxypropg15 mL) and
p-toluensulfonic acid monohydrate (10 mg) were satjaly added and the mixture was stirred at
room temperature for 3 h. The mixture was quenchigial pyridine (0.051 mL) and concentrated
under reduced pressure. The residue was dissalvetthyl acetate and filtered on a silica gel pad to
give the pure ketal in 93% yield (2.26 gh]$*®> = -2.0 (c = 1, CHG). Following the same
procedure, the ketaB)-8 was isolated in 90% yield (2.19 gh]p® = +2.0 (c = 1, CHG). H-
NMR (500 MHz, CDCJ) & (ppm): 1.10 (s, 3H); 1.24 (s, 3H); 1.33 (s, 3H}2L(s, 3H); 1.50 (m,
1H); 1.65 (m, 1H); 1.73 (s, 3H); 2.06 (s, 3H); 2(b, 1H); 2.29 (m, 1H); 3.65 (dd,= 9.5, 3.0 Hz,
1H) 4.59 (dJ = 7.5 Hz, 2H); 5.39 (dt) = 7.0, 1.5 Hz, 1H)**C-NMR (125 MHz, CDCJ) & (ppm):
16.4; 20.9; 22.7; 25.8; 26.7; 27.1; 28.3; 36.41679.9; 82.5; 106.4; 118.6; 141.3; 170.8. MS (EI):

m/z 255 (M - 15, 52); 153 (54): 135 (60); 85 (50); 81 (65);(84); 43 (100).

(R,E)-3-Methyl-5-(2,2,5,5-tetramethyl-1,3-dioxoldsH) pent-2-en-1-ol (RY)

To a solution of the ketaR}-8 (2.16 g, 8 mmol) in methanol (27 mL) potassiumboaate (510
mg) was added and the mixture was stirred at roempérature. After 24 h the mixture was
guenched with 2 mL of a saturated aq. solution ldf@l and methanol was removed under reduced
pressure. The residue was dissolved in ethyl acatad the organic phase was washed with brine.
The pure alcoholR)-9 was isolated by evaporation of the solvent in 92&ddy(1.68 g) as a
colorless oil. fi]p?®> = -2.8 (c = 1, CHG) . Following the same procedure, the alcol®}q was
obtained in 92% yield (1.68 gla]o> = +3.1 (c = 1, CHG). Both alcohol€ were stored at - 20 °C

under argon atmospher#-NMR (500 MHz, CDC}) & (ppm): 1.10 (s, 3H); 1.25 (s, 3H); 1.33 (s,
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3H); 1.42 (s, 3H); 1.52 (m, 1H); 1.64 (m, 1H); 1.(&) 3H); 2.04 (s, 1H); 2.07 (m, 1H); 2.27 (m,
1H); 3.65 (dd,J = 9.2, 3.2 Hz, 1H) 4.17 (d} = 7.0 Hz, 2H); 5.46 (br t) = 7.0 Hz, 1H).*C-NMR
(100 MHz, CDC}) & (ppm): 16.3; 22.9; 26.0; 26.9; 27.5; 28.6; 36%;3580.1; 82.9; 106.6; 123.6;
139.1. MS (El): m/z 213 (f+ 15, 46); 142 (48); 109 (22); 81 (100); 71 (92;(60); 43 (88).

In order to determine the enantiomeric excesseshil HPLC analysis, a small portion of both
alcohols9 was transformed into the corresponding benzoat®lksvs: anhydrous triethylamine
(21 pL, 0.15 mmol) and benzoyl chloride (12, 0.1 mmol) were sequentially added to a solution
of the alcohol (23 mg, 0.1 mmol) in anhydrous dyedther at 0°C. The mixture was then stirred at
room temperature for 16 h, poured into icy wated axtracted with ethyl acetate to give the
benzoate in 80% vyield (25.8 mg{-NMR (500 MHz, CDC}) & (ppm): 1.12 (s, 3H); 1.25 (s, 3H);
1.33 (s, 3H); 1.43 (s, 3H); 1.55 (m, 1H); 1.68 (thl); 1.81 (s, 3H); 2.14 (m, 1H); 2.33 (m, 1H);
3.68 (dd,J = 9.5, 3.5 Hz, 1H) 4.87 (d} = 7.5 Hz, 2H); 5.54 (br tJ = 7.5 Hz, 1H); 7.44 () = 8.0
Hz, 2H); 7.56 (tJ = 8.0 Hz, 1H); 8.06 (dJ = 8.0 Hz, 2H). The enantiomers were separated by
HPLC on Chiralcel-OD column, hexane:2-propanol 924 nm: (S = 9.6 min, §(R) = 11.7

min. The alcoholR)-9 was found to possess 98% ee, while its enanti¢8)&r gave 94% ee.

(R,E)-5-(5-bromo-3-methylpent-3-en-1-yl)-2,2,4 gamethyl-1,3-dioxolane ((R)©)

To a solution of the alcohoR}-9 (230 mg, 1.0 mmol) in anhydrous diethyl ether P8 L, 0.51
mmol) was slowly added at —7°C. After 20 min thexture was diluted with diethyl ether and
poured into a cooled 10% aq. NaHE6blution. The separated organic phase was wasited w
NaHCQ; and brine and the solvent removed under reduceskpre to give the pure bromid®-10

in 90% vyield (262 mg). Bromide5|-10 was obtained by the same procedure, starting &loohol
(9-9, in the same 90% vyield (262 mg). These compoumnessiable for about one week only if

stored at —20 °C under argon atmosph&teNMR (500 MHz, CDC}) & (ppm): 1.10 (s, 3H); 1.25
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(s, 3H); 1.33 (s, 3H); 1.42 (s, 3H); 1.50 (m, 1HB3 (m, 1H); 1.75 (s, 3H); 2.12 (m, 1H); 2.31 (m,

1H); 3.66 (dd,J = 9.5, 2.5 Hz, 1H) 4.03 (d, = 8.3 Hz, 2H); 5.59 (br tJ = 8.3 Hz, 1H).

(E)-5-(4',4'-dimethyl-5,7-dihydrospiro[dibenzo[aJe]lannulene-6,2’-[1,3]dioxolan]-5"-yl)-3-
methylpent-2-en-1-yl acetat&3)

To a solution of the ketdl2 (91.6 mg, 0.36 mmoln anhydrous CHGI(3 mL) the diol §-7 (83
mg, 0.36mmoland traces ob-toluenesulfonic acid mono-hydrate were added énpttesence of 4-
A molecular sieves. After 8 h of stirring at rooemiperature, the reaction mixture was filtered and
the solvent removed under reduced pressure. Thdecproduct was purified by column
chromatography on silica gel (diethyl ether:petnateether 1:3) giving the biphenyl dioxolafh2
as a yellow oil (43.8 mg, 29% vyield)a]p?®> = =70.0 (c = 1.75, CHG); *H-NMR (500 MHz,
CDCl3) & (ppm): 1.22 (s, 3H); 1.28 (s, 3H); 1.59 (m, 1HBA (m, 1H); 1.75 (s, 3H); 2.06 (s, 3H);
2.18 (m, 1H); 2.32 (m, 1H); 2.65 (m, 1H); 2.72 @#); 2.86 (m, 1H); 3.75 (br s, 1H); 4.64 (br s,
2H); 5.46 (br s, 1H); 7.24 (8,= 7 Hz, 1H); 7.30 (m, 3H); 7.36 {,= 7 Hz, 2H); 7.44 (d) = 7.0 Hz,
2H); *C-NMR (125 MHz, CDGJ) & (ppm): 10.9; 20.0; 21.1; 26.8; 35.9; 36.6; 43.0;45 61.4;

80.3; 82.5; 116.2; 119.2; 126.9; 127.3; 128.1; 82836.1; 140.2; 145.7; 171.1.

General procedure for coupling reactions: synthegibenzoate$4 and15

A solution of 3-methoxy-3-methyl-1-butyne (57 mgsD mmol) in THF (0.5 mL) was treated with
n-BuLi (1.6 M in hexane, 35@L, 0.57 mmol) at 0°C, stirred for 5 min and addedtsuspension
of copper iodide (109 mg, 0.57 mmol) in THF (0.5 )nprecooled to 0°C, giving a red-orange
solution which was stirred at that temperature3@min. Then HMPA (17%L) was added and the
resulting solution of the cuprous acetylide wasigfarred to a solution of the desired lithium-aryl
reagent previously prepared as follows: the beres&afor 6) (0.5 mmol) were dissolved in THF (3

mL), the solution was cooled at —78°C, treated wHBuULi (0.57mmol) and, after 15 min, with the
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solution of cuprous acetylide. The resulting clealution was stirred at —78°C for 30 min and the
optically active bromidd0 (0.57 mmol) solution in THF (0.7 mL) was addedtieT mixture was
slowly warmed to room temperature and stirred 1620 h. The mixture was poured in a pH 8
agueous ammonia/ saturated ammonium chloride eal@nd extracted with diethyl ether. The
organic phase was filtered on Celite and the crydeducts were purified by column

chromatography on silica gel.

(S,E)-methyl 6-methyl-3-(3-methyl-5-(2,2,5,5-tetettmgl- 1,3-dioxolan-4-yl)pent-2-en-1-yl)-2,4 -
bis((2-(trimethylsilyl)ethoxy)methoxy)benzoate {{4))

The product was isolated by column chromatographgilica gel (hexane:diethyl ether 3:1) in 42%
yield (137 mg)*H-NMR (400 MHz, CDC}) & (ppm): 0.00 (s, 9H); 0.02 (s, 9H); 0.97 (m, 4HpE.
(s, 3H); 1.21(s, 3H); 1.25 (m, 1H); 1.27 (s, 3HB (s, 3H); 1.58 (m, 1H); 1.77 (s, 3H); 1.98 (m,
1H); 2.18 (m, 1H); 2.28 (s, 3H); 3.37 @= 6.8 Hz, 2H); 3.61 (dd,) = 9.4, 3.4 Hz, 1H); 3.75 (m,
4H); 3.88 (s, 3H); 4.99 (s, 2H); 5.20 (brd, = 7.0 Hz, 1H); 5.22 (s, 2H); 6.75 (s, 1HJC-NMR
(100 MHz, CDC}) & (ppm): -1.4; 16.3; 18.0;18.1; 19.9; 22.9; 23.2;02@6.7; 27.7; 28.5; 36.7;
52.0; 66.3; 67.5; 80.0; 82.9; 92.6; 99.0; 106.41.81122.0; 123.2; 134.3; 135.2; 153.6; 157.0;

168.7.

(R,E)-methyl 2,4-bis((2-methoxyethoxy)methoxy)-thyh&-(3-methyl-5-(2,2,5,5tetramethyl- 1,3-
dioxolan-4-yl)pent-2-en-1-yl)benzoate ((E5a)

The product was purified by column chromatographyitica gel (hexane:ethyl acetate 1:1). In this
case a further chromatographic purification wasessary (silica gel, chloroform) affording the
pure product in 40% yield (114 mgH-NMR (500 MHz, CDCY) & (ppm): 1.08 (s, 3H); 1.21(s,
3H); 1.27 (s, 3H); 1.30 (m, 1H); 1.40 (s, 3H); 14, 1H); 1.58 (m, 1H); 1.77 (s, 3H); 2.00 (m,

1H); 2.18 (s, 3H); 3.32 (d] = 7.0 Hz, 2H); 3.37 (s, 3H); 3.39 (s, 3H); 3.55 @hi); 3.62 (dd,] =

24



9.5, 3.0 Hz, 1H); 3.72 (m, 2H); 3.79 (m, 2H); 3(883H); 4.83 (s, 2H); 5.03 (brd,= 6.8 Hz, 1H);
5.22 (s, 2H); 6.84 (s, 1H}’C-NMR (100 MHz, CDCJ) d (ppm): 16.2; 16.5; 22.9; 24.9; 26.0; 26.7;
27.6; 28.5; 36.6; 52.1; 59.0; 67.4; 67.7; 71.457¥1.7; 80.0; 82.8; 92.3; 93.5; 94.0; 100.1; 106.4

122.7; 123.4; 134.2; 135.2; 152.7; 156.1; 169.1.

(R,E)-methyl 3-bromo-4,6-bis((2-methoxyethoxy)metha-methyl-5-(3-methyl-5-(2,2,5,5-
tetramethyl-1,3-dioxolan-4-yl)pent-2-en-1-yl)benzo@R)15c)

The product was isolated in 70% vyield (226 mg) jusmn chromatography on silica gel
(hexane:diethyl ether 1:1H-NMR (500 MHz, CDC}) & (ppm): 1.07 (s, 3H); 1.21(s, 3H); 1.27 (s,
3H); 1.39 (s, 3H); 1.43 (m, 1H); 1.57 (m, 1H); 1(843H); 1.99 (m, 1H); 2.18 (di,= 10.0, 4.5 Hz,
1H); 2.32 (s, 3H); 3.38 (s, 3H); 3.39 (s, 3H); 3(d8J = 6.0 Hz, 2H); 3.58 (m, 4H); 3.60 (ddi=

10, 3.2 Hz, 1H); 3.83 (m, 2H); 3.90 (s, 3H); 3.9, RH); 5.04 (s, 2H); 5.14 (s, 2H); 5.22 (bdt=
6.4 Hz, 1H).**C-NMR (125 MHz, CDGJ) & (ppm): 16.4; 20.8; 22.9; 24.6; 26.0; 26.7; 27.8:52
36.5; 52.4; 59.1; 66.7; 69.3; 69.6; 71.6; 71.7,08@2.7; 95.6; 98.7; 99.7; 106.4; 122.7; 127.1,

129.2; 134.5; 135.1; 152.3; 154.6; 167.9.

(S,E)-methyl  3-chloro-2-methyl-5-(3-methyl-5-(2,2;t&etramethyl-1,3-dioxolan-4-yl)pent-2-en-1-
yl)-4,6-bis((2-(trimethylsilyl)ethoxy)methoxy)beatm ((S)14b)

The product was isolated in 72% vyield (247 mg) bumn chromatography on silica gel (hexane:
diethyl ether 3:1). By the same procedure, starftiagh 0.3 mmol of substrate, the enantioni® (
14b was obtained in 40% vyield (82 mgH-NMR (500 MHz, CDC4) & (ppm): 0.02 (s, 9H); 0.03 (s,
9H); 0.98 (M, 4H); 1.06 (s, 3H); 1.21 (s, 3H); 1(873H); 1.39 (s, 3H); 1.43 (m, 1H); 1.58 (m, 1H);
1.77 (s, 3H); 2.00 (m, 1H); 2.19 (df,= 10.5, 4.5 Hz, 1H); 2.29 (s, 3H); 3.37 {ds 6.8 Hz, 2H);
3.61 (dd, J = 9.5, 3.5 Hz, 1H); 3.76 (m, 2H); 3.89 (m, 2HPB (s, 3H); 4.99 (s, 2H); 5.09 (s, 2H);

5.25 (br t, J = 6.0 Hz, 1H)."*C-NMR (100 MHz, CDGJ) & (ppm): -1.4; 16.5; 17.6; 18.1; 22.9;
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24.4: 26.0; 26.7; 27.7; 28.5; 36.6; 52.4: 67.6:86B0.0; 82.8: 97.8; 99.1: 106.4; 122.8; 124.9;

126.9; 129.2; 132.7; 135.0; 151.6; 153.6; 168.0.

(R,E)-methyl 3-fluoro-2-methyl-5-(3-methyl-5-(2,8;%etramethyl-1,3-dioxolan-4-yl)pent-2-en -1-
yl)-4,6-bis((2-(trimethylsilyl)ethoxy)methoxy)beat® ((R)14d)

The product was isolated in 46% vyield (154 mg) mjumn chromatography on silica gel
(hexane:diethyl ether 3:1) followed by further aolu chromatography on silica gel
(dichloromethane):H-NMR (500 MHz, CDC}) & (ppm): 0.03 (s, 9H); 0.04 (s, 9H); 0.99 (m, 4H);
1.08 (s, 3H); 1.22 (s, 3H); 1.29 (s, 3H); 1.413(d); 1.43 (m, 1H); 1.61 (m, 1H); 1.78 (s, 3H); 2.02
(m, 1H); 2.20 (s, 3H); 2.21 (m, 1H); 3.44 (= 6.0 Hz, 2H); 3.63 (br dJ = 9.5 Hz, 1H); 3.78 (

= 8.5 Hz, 2H); 3.85 () = 9.0 Hz, 2H); 3.91 (s, 3H); 4.98 (s, 2H); 5.182H); 5.24 (m, 1H)**C-
NMR (125 MHz, CDC}) & (ppm): —1.4; 18.0; 18.1; 22.9 (d,= 12.5 Hz); 24.0; 26.0 (= 11.5
Hz); 26.7 (d,J = 9.5 Hz); 27.7; 28.5 (dl = 7.6 Hz); 30.9; 31.0; 36.6; 52.3 (@= 20.0 Hz); 67.5;
67.6; 80.0; 82.9 (d] = 19.0 Hz); 97.3 (d) = 7.6 Hz); 99.2; 106.4; 121.9 (@~ 19.5 Hz); 122.8 (d,

J=24.0 Hz); 125.0; 128.4; 134.9; 149.2Jd&; 119.3 Hz); 151.6; 167.5; 206.9.

General procedure for the synthesis of aldehyideand 17

To a suspension of LIAIH(18 mg, 0.47 mmol) in diethyl ether (4 mL) a s@uatof benzoateg4

(or 15, 0.2 mmol) in diethyl ether (5 mL) was added af @nd the mixture was stirred at room

temperature for 2 h. Then it was diluted with dyétether (15-20 mL), treated with an aqueous
saturated solutioof sodium sulfate (167L), filtered and the solvent removed under reduced
pressure. The crude alcohol was dissolved in diomethane (7 mL), treated with PCC (2 eq.) and
stirred at room temperature for 1h. Then, 2 mongwedents of PCC were added and the mixture

was stirred for further 2-3 hours, when a complaiaversion to aldehyde was detected by TLC
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analysis. The mixture was diluted with diethyl etHfétered on celite and subsequently on a silica
gel pad, eluting with diethyl ether. By removinge tbolvent at reduced pressure all pure aldehydes

were recovered in about 90% overall yield.

(S,E)-(6-methyl-3-(3-methyl-5-(2,2,5,5-tetramethyd-dioxolan-4-yl)pent-2-en-1-yl)-2,4-bis  ((2-
(trimethylsilyl)ethoxy)methoxy)benzaldehytiéal

(111 mg, 89%)H-NMR (500 MHz, CDC4) & (ppm): —0.03 (s, 9H); 0.02 (s, 9H); 0.97 (m, 4H);
1.07 (s, 3H); 1.20(s, 3H); 1.24 (m, 1H); 1.27 (d);31.39 (s, 3H); 1.59 (m, 1H); 1.79 (s, 3H); 2.01
(m, 1H); 2.21 (m, 1H); 2.59 (s, 3H); 3.39 M= 6.5 Hz, 2H); 3.63 (dd] = 9.5, 4.0 Hz, 1H); 3.76
(m, 2H); 3.84 (m, 2H); 5.06 (s, 2H); 5.22 (bdt= 6.8 Hz, 1H); 5.30 (s, 2H); 6.78 (s, 1H); 10.36 (s,

1H).

(R,E)-(2,4-bis((2-methoxyethoxy)methoxy)-6-meth{@-Bethyl-5-(2,2,5,5-tetramethyl-1,3-
dioxolan-4-yl)pent-2-en-1-yl)benzaldehyd&d)

(112.5 mg, 88%)'H-NMR (500 MHz, CDC}) & (ppm): 1.07 (s, 3H); 1.20 (s, 3H); 1.25 (s, 3H);
1.39 (s, 3H); 1.45 (m,1H); 1.58 (m, 1H); 1.78 (8)32.01 (m, 1H); 2.18 (dt] = 10.0, 4.5 Hz, 1H);
2.53 (s, 3H); 3.36 (d] = 7.0 Hz, 2H); 3.38 (s, 3H); 3.39 (s, 3H); 3.57, @éhl); 3.61 (ddJ = 9.0,
3.5 Hz, 1H); 3.79 (m, 2H); 3.84 (m, 2H); 4.83 (51)25.02 (br t,J = 6.8 Hz, 1H); 5.33 (s, 2H); 6.85

(s, 1H); 10.54 (s, 1H).

(R,E)-(3-bromo-4,6-bis((2-methoxyethoxy)methoxg)ehyl-5-(3-methyl-5-(2,2,5,5-tetra
methyl-1,3-dioxolan-4-yl)pent-2-en-1-yl)benzaldeh (i c)

(111 mg, 90%)'H-NMR (400 MHz, CDC}) 5 (ppm): 1.07 (s, 3H); 1.21 (s, 3H); 1.27 (s, 3HBAL
(s, 3H); 1.44 (m,1H); 1.59 (m, 1H); 1.77 (s, 3HPR (m, 1H); 2.18 (m, 1H); 2.67 (s, 3H); 3.37 (s,

3H): 3.39 (s, 3H): 3.48 (d = 6.0 Hz, 2H); 3.55 (m, 2H): 3.60 (m, 2H): 3.68d(J = 10.0, 3.6 Hz,
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1H); 3.86 (m, 2H); 3.98 (m, 2H); 5.09 (s, 2H); 5.@&1 2H); 5.23 (br tJ = 6.5 Hz, 1H); 10.34 (s,

1H).

(S,E)-(3-chloro-2-methyl-5-(3-methyl-5-(2,2,5,5-4aetethyl-1,3-dioxolan-4-yl)pent-2-en-1-yl)-4,6-
bis((2-(trimethylsilyl)ethoxy)methoxy)benzaldehgttb)

(121 mg, 92%)*H-NMR (500 MHz, CDC}) & (ppm): 0.03 (s, 18H); 0.99 (m, 4H); 1.07 (s, 3H);
1.21(s, 3H); 1.27 (s, 3H); 1.40 (s, 3H); 1.44 (iH):11.59 (m, 1H); 1.79 (s, 3H); 2.02 (m, 1H); 2.21
(m, 1H); 2.63 (s, 3H); 3.47 (d,= 6.5 Hz, 2H); 3.63 (dd] = 9.2, 3.2 Hz, 1H); 3.81 (m, 2H); 3.91

(m, 2H); 5.02 (s, 2H); 5.18 (s, 2H); 5.26 (bdt= 7.0 Hz, 1H); 10.36 (s, 1H).

(R,E)-(3-fluoro-2-methyl-5-(3-methyl-5-(2,2,5,5rtahethyl-1,3-dioxolan-4-yl)pent-2-en-1-yl)-4,6-
bis((2-(trimethylsilyl)ethoxy)methoxy)benzaldehgtsl)

(113 mg, 88%)H-NMR (500 MHz, CDCJ) & (ppm): 0.07 (s, 18H); 0.97 (m, 4H); 1.07 (s, 3H);
1.20 (s, 3H); 1.26 (s, 3H); 1.39 (s, 3H); 1.43 {H); 1.60 (m, 1H); 1.79 (s, 3H); 2.02 (m, 1H); 2.20
(m, 1H); 2.47 (s, 3H); 3.43 (d,= 5.5 Hz, 2H); 3.62 (dd] = 9.5, 3.5 Hz, 1H); 3.81 (m, 4H); 5.01 (s,

2H); 5.23 (br tJ = 6.0 Hz, 1H); 5.26 (s, 2H); 10.34 (s, 1H).

Deprotection reactions: synthesis of colletorincalletochlorin A and analogues

Method A: step 1 (general procedure)

To a solution of SEM-protected 2,4-dihydroxybenealgblesl6 (0.16 mmol) in HMPA (1,6 mL) a
TBAF solution (1M in THF, 10 eq., 1.6 mL) was addsdroom temperature. Then the reaction
mixture was warmed up to 70°C and stirred for 4-SAfier removal of THF, the residue was

poured in a mixture of ethyl acetate and brine. 3dlation was extracted with ethyl acetate and the
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solvent was evaporated under reduced pressure.ciude product was purified by column

chromatography on silica gel (hexane: ethyl ac&dltaffording the corresponding keta&

(R,E)-2,4-dihydroxy-6-methyl-3-(3-methyl-5-(2,2;&e&amethyl-1,3-dioxolan-4-yl)pent-2-en-1-
yl)benzaldehyde ((S)8a)

Following the general procedure the product wakied in 70% vyield (70.8 mg) as a pale yellow
oil. 'H-NMR (500 MHz, CDC}) & (ppm): 1.08 (s, 3H); 1.22 (s, 3H); 1.28 (s, 3HRIL(s, 3H); 1.50
(m,1H); 1.63 (m, 1H); 1.84 (s, 3H); 2.11 (m, 1H)2@ (m, 1H); 2.49 (s, 3H); 3.40 (d,= 7.0 Hz,
2H); 3.63 (dd, = 10.0, 3.5 Hz, 1H); 5.30 (brd,= 7.0 Hz, 1H); 6.05 (br s, 1H); 6.21 (s, 1H); 10.08

(s, 1H); 12.74 (s, 1H).

(S,E)-3-chloro-4,6-dihydroxy-2-methyl-5-(3-methy|252,5,5-tetramethyl-1,3-dioxolan-4-yl) pent-
2-en-1-yl)benzaldehyde (($3b)

Following the general procedure the product wakaised in 70% yield (44.5 mg) as a pale yellow
oil. *H-NMR (400 MHz, CDC}) & (ppm): 1.07 (s, 3H); 1.19 (s, 3H); 1.23 (s, 3HRA(s, 3H); 1.47
(m,1H); 1.61 (m, 1H); 1.80 (s, 3H); 2.03 (m, 1H)12 (dt,J = 12.5, 5.5 Hz, 1H); 2.60 (s, 3H); 3.40
(d,J = 9.0 Hz, 2H); 3.61 (dd] = 11.5, 4.5 Hz, 1H); 5.26 (br §,= 9.0 Hz, 1H); 6.40 (br s, 1H);

10.13 (s, 1H); 12.69 (s, 1H).

(R,E)-3-fluoro-4,6-dihydroxy-2-methyl-5-(3-methy(5H2,5,5-tetramethyl-1,3-dioxolan-4-yl) pent-
2-en-1-y)benzaldehyde ((R$d)

Following the general procedure the product wakaied in 70% yield (42.6 mg) as pale yellow oil.
'H-NMR (500 MHz, CDC}) & (ppm): 1.06 (s, 3H); 1.20 (s, 3H); 1.25 (s, 3HB8L(s, 3H); 1.44

(m,1H); 1.60 (m, 1H); 1.79 (s, 3H); 2.01 (m, 1H)I® (dt,J = 10.0, 3.5 Hz, 1H); 2.40 (s, 3H); 3.35
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(d,J =7.0 Hz, 2H); 3.62 (dd] = 10.5, 3.0 Hz, 1H); 4.16 (br s, 1H); 5.28 (bd & 7.0 Hz, 1H);

9.91 (s, 1H); 12.61 (s, 1H).

Method A: step 2 (general procedure)

To a solution of ketal$8 (0,11 mmol) in THF: dichloromethane 1:1 mixturen(B) were added in
sequence O (123 puL) and conc. HSO, (84 puL). The reaction mixture was stirred at room
temperature for 30 min. and then was quenched gdttopwise saturated agueous NaH@P to

pH = 7. The resulting mixture was extracted withyktacetate and the organic layer was washed
with brine. The solvent was evaporated under redlyp@ssure and the obtained residue was
purified by column chromatography on silica gelx@ee:ethyl acetate 1:1) affording the desired

products §-1a, (9-1b and R)-1d.

(S)-Colletorin A ((S)ta)

Following the general procedure, starting frd918a, the product was isolated in 70% vyield (24.8
mg) as a white foamy solida]o® = -8.7 (c 0.3; CHG). 'H-NMR (400 MHz, CDC}) & (ppm):
1.15 (s, 3H); 1.19 (s, 3H); 1.43 (m,1H); 1.69 (rhi):11.82 (s, 3H); 2.04 (bs, 2H); 2.14 (m, 1H);
2.28 (m, 1H); 2.49 (s, 3H); 3.34 (d= 10.0 Hz, 1H); 3.39 (d] = 6.8 Hz, 2H); 5.30 (br ) = 6.8
Hz, 1H); 6.21 (s, 1H); 10.07 (s, 1H); 12.74 (s, 1HL-NMR (100 MHz, CDG)) & (ppm): 16.1;
18.0; 21.1; 23.2; 26.4;, 29.3; 36.9; 73.2; 78.3; .641011.9; 113.2; 121.9; 138.3; 141.9; 162.2;
163.6; 192.9. Elemental analysis: found: C, 67H58.06; O, 24.79. Calc. for,gH»¢0s: C, 67.06;

H, 8.13; O 24.81%.

(S)-Colletochlorin A ((S}o)
Following the general procedure, starting frdg18b, the product was isolated in 65% yield (25.5

mg) as a white foamy solida]p?°> = —18.6 (c 0.5; CHG). *H-NMR (400 MHz, CDC}) & (ppm):
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1.13 (s, 3H); 1.17 (s, 3H); 1.41 (m,1H); 1.58 (rAl):11.79 (s, 3H); 2.02 (bs, 2H); 2.07 (m, 1H);
2.22 (m, 1H); 2.59 (s, 3H); 3.32 (d#i= 12.0, 1.6 Hz, 1H); 3.39 (d,= 6.7 Hz, 2H); 5.27 (br t] =

6.7 Hz, 1H); 10.12 (s, 1H); 12.68 (s, 1H}C-NMR (100 MHz, CDGJ) & (ppm): 14.4; 16.0; 22.0;
23.2; 26.3; 29.5; 36.9; 73.0; 78.3; 113.2; 11314.2; 121.6; 136.4; 137.7; 156.4; 162.1; 193.2.
Elemental analysis: found: C, 60.50; H, 7.09; G879 O, 22.54. Calc. for gH2sClOs: C, 60.59; H,

7.06; Cl, 9.94; O, 22.42%.

(R)-Colletofluorin ((R)1d)

Following the general procedure, starting frdR-18d, the product was isolated in 43% yield (16.1
mg) as a white foamy solida]p?® = +14.5 (c 0.4; CHG). *H-NMR (500 MHz, CDC}) & (ppm):
1.14 (s, 3H); 1.18 (s, 3H); 1.43 (m,1H); 1.59 (rAf):11.80 (s, 3H); 2.05 (bs, 2H); 2.10 (m, 1H);
2.21 (m, 1H); 2.45 (s, 3H); 3.34 (@= 10.5 Hz, 1H); 3.37 (d] = 6.5 Hz, 2H); 5.29 (br t) = 6.5
Hz, 1H); 10.02 (s, 1H); 12.53 (s, 1HJC-NMR (100 MHz, CDCJ) & (ppm): 16.0; 21.4 (dJ = 1.5
Hz); 23.2; 26.3; 29.4; 29.7; 36.9; 73.0; 78.3; 211.14.4; 121.8; 124.2 (d, = 14.4 Hz); 136.5;
143.2 (d,J = 227.6 Hz); 150.5 (d) = 16.7 Hz); 159.8; 192.7°F (376 MHz, CDCJ) & (ppm):
-152.3. Elemental analysis: found: C, 63.48; H57 8, 5.85; O, 23.22. Calc. fori§,sFOs: C,

63.51; H, 7.40; F, 5.58; O, 23.50%.

Method B (general procedure)

6M HCI (24,4 eq., 4074L) was slowly added to a stirred solutionlgh, 17c or 16b (0,10 mmol) in
THF (500 uL) at room temperature. After 16-18 h, the reactieas quenched adding dropwise
saturated aqueous NaHgQp to pH = 7. Then the solution was diluted withyé acetate and the
organic layer was washed with brine. Concentratbrhe solvent in vacuo afforded a residue,
which was purified by column chromatography oncsilgel (hexane:ethyl acetate 1:1) giving the

pure compound<R)-1a, (R)-1b and R)-1c.
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(R)-Colletorin A ((R)ta)

Following the general procedure, starting frdRy-{7a, the product was isolated in 30% vyield (9.7
mg) as a white foamy solida]o*° = +9.8 (c 0.4; CHG). 'H- and**C-NMR spectra were identical
to those of §-1a. Elemental analysis: found: C, 67.02; H, 8.15;2@,83. Calc. for gH20s: C,

67.06; H, 8.13; O, 24.81%.

(R)-Colletochlorin A ((R)tb)

Following the general procedure, starting frd-16b, the product was isolated in 37% yield (13.2
mg) as a white foamy solicda]p?® = +13.0 (¢ 0.4; CHG), lit.**[a]p> = +11.6 (c 10; MeOH) H-
and *C-NMR spectra were identical to those &-1b. Elemental analysis: found: C, 60.62; H,

7.01; ClI, 9.97; O, 22.40. Calc. forgBi»sClOs: C, 60.59; H, 7.06; Cl, 9.94; O, 22.42%.

(R)-Colletobromin ((R)c)

Following the general procedure, starting frdr{7c, the product was isolated in 55% yield (22.0
mg) as a pale yellow foamy solidi]p*® = +10.9 (c 0.5; CHG). *H-NMR (400 MHz, CDC}) &
(ppm): 1.14 (s, 3H); 1.18 (s, 3H); 1.42 (m,1H);9 (B, 1H); 1.81 (s, 3H); 2.05 (bs, 2H); 2.09 (m,
1H); 2.24 (m, 1H); 2.65 (s, 3H); 3.36 (brd= 10.0 Hz, 1H); 3.43 (d] = 7.2 Hz, 2H); 5.28 (br ]

= 7.0 Hz, 1H); 6.42 (bs, 1H); 10.16 (s, 1H); 12.731(d). *C-NMR (100 MHz, CDG)) 3 (ppm):
16.1; 17.6; 22.2; 23.3; 26.3; 29.5; 36.9; 72.937806.1; 114.2; 114.3; 121.6; 136.6; 139.7; 156.9;
162.7; 193.5. Elemental analysis: found: C, 53.B3;6.32; Br, 19.89; O, 19.96. Calc. for

Ci1gH2sFOs: C, 53.87; H, 6.28; Br, 19.91; O, 19.93%.

Plant biological assays
Leaf puncture assayThe metabolites were tested at 2 pg/ul concemtrabn Ambrosia

artemisiifolia and Sonchus arvensigfamily: Asteraceae). Droplets (20 upL) of the smnt
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containing the compound were applied to detachaeeke previously punctured with a needle. Five
replications were used for each plant species dedteaves were kept in a moistened chamber
under continuous fluorescent lights at 25°C. Thenawal appearance of symptoms, consisting in
circular necrosis, was observed three days aftglelr application. Control treatments were carried
out by applying droplets of a methanol solution Qe 1%). Effects were expressed on a visual
scale from “-“ = no symptoms, to “++++” = necrosiund 1 cm diameter.

Lemna minor assayure compounds were tested agdirshna minomt 2 pg/pl concentration, by
adapting a protocol already describ@d®riefly, the wells of sterile, polystyrene 96-wallicrotiter
plates were filled with a 100L aliquot of solutions containing the metabolitesbe tested at 2
png/ul concentration. One frond of an actively gnogvaxenicL. minor plant was placed into each
well. Control wells were included in each plate.uFaeplications were prepared for each
compound. The plates were incubated in a growtimblea with 12/24 h fluorescent lights and
observed daily up to 7 days. One day after theiegdmn of the test solution, 1Qd_ of distilled
H,O was added to each well. The chlorophyll contefthie fronds were determined by extracting
the fronds from each well with 95% ethanol. A 2.Datiquot of ethanol was added to the test tube
containing the fronds, and incubated in the darl6fb. This aliquot was removed, and a second 1.5
ml aliquot was added and incubated in the darkroght. The ethanol extracts were combined and
the chlorophyll content in each sample was detegthspectrophotometrically from the absorbance

at 649 and 665 nm by using the equation by Maat. &t

Mosquitos biological assays

Topical and injection bioassays were performed reidly as described? Adult females were
reared fromAedes aegyptiarvae provided by the United States DepartmentAgficulture,
Agricultural Research Service (USDA, ARS, GaindsyiFL, USA). After emergence, adult female
mosquitoes were maintained at’@8under a 12 h light/dark cycle, and fed a diel@% sucrose

solution. Compounds were dissolved in ethanol. Midsgs (2-7 days old) were briefly
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anaesthetized on ice, and 200 nL of the treatmelotisn applied to the dorsal thorax with a
microdispenser. Control treatments were vehiotmel Mosquitoes were then held for 24 h in
paper cups with 10% sucrose solution for sustendfaretoxicity by injection, each compound was
dissolved in ethanol and diluted into mosquitoreal{5% ethanol final concentration). After cold
anesthesia, mosquitoes were placed on their satielsa 0.2 pL aliquot was injected into the thorax
with a glass capillary needle attached to a migringe. After treatment, the mosquitoes were held
in paper cups and fed sugar water, with mortaltyorded at 24 h (n = 10/dose, replicated three
times) in all cases. For synergism against monoenxgge metabolism, 500 ng of PBO dissolved in
ethanol was applied topically to the mosquitoes efore topical or injected treatment with test

material.
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