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In this article, application of the masked o-benzoquinone in-
tramolecular Diels—Alder reaction in the total synthesis of
platencin (2), a recently reported Fab inhibitory antibiotic, is
described. Through intelligence gathering, the evolving stra-
tegies ultimately culminated in three syntheses of the tricy-
clic core structure 11 of platencin (2). The influence of the
remote stereocenter(s) in the diastereoselectivity of the intra-
molecular Diels—Alder reaction was investigated, together

with a remarkable additive effect in drastically improving the
diastereoselectivity of the intramolecular Diels-Alder reac-
tion of the dienone 17. The synthetic technology developed
was further applied to the preparation of rationally designed
analogues, based on the hypothesized FabF/FabH selectivity
model. Antibacterial studies of platencin (2) and of the syn-
thesized analogues 3-9 against a panel of normal and resist-
ant strains are also reported.

Introduction

The combat against infectious diseases continue to as-
sume a high priority on the global health agenda.l!l In par-
ticular, escalating reports of multidrug resistance (MDR)
threaten the eventually obsolence of existing therapies.!”
This crisis, according to experts, could take us back to the
so-called “dark age” of the pre-antibiotic era. Several fac-
tors may contribute to the development of MDR, but it is
commonly the consequence of over-exposure to antibiotic
agents and evolutionary natural selection on the bacterial
life cycle. Over-prescribing of antibiotics, incorrect prescrip-
tion of antibiotics for viral infections, and increasing usage
of agricultural antibiotics are all sources of over-exposure.
Furthermore, patients immunocompromised through pro-
longed chemotherapy are also more susceptible to new bac-
terial infections. As such, efforts in the discovery and devel-
opment of antibiotics with novel mechanisms of action
must continue in order to combat this unmet and recurring
medical emergency.l’]

Fatty acid biosynthesis (Fab) is an essential metabolic
process for all living organisms.! Indeed, inhibitors tar-
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geting the various stages of the fatty acid biosynthetic path-
way have been investigated as novel antibacterial agents.!
Recently, the discovery of platensimycin (1, Figure 1) and
platencin (2, Figure 1) by the Merck team beautifully illus-
trated the state-of-the-art technology in the identification
of novel Fab inhibitors.[®”! In a combination of classical
high-throughput screening (HTS) of natural product ex-
tracts and the application of the RNA silencing technology
(RNAI), platensimycin (1) and platencin (2) were identified
as potent and selective inhibitor and dual inhibitor of the
fatty-acid condensing enzymes FabF and FabF/FabH,
respectively.[®>72] It has been suggested that the o-hy-
droxybenzoic acid moiety of platensimycin and platencin
mimics and competes with the natural B-ketoacyl (acyl-car-
rier protein) substrate, thereby terminating the elongation-
condensing step in the Fab pathway.[®®74 Furthermore, mo-
lecular docking studies have suggested the relevance of the
ether oxygen (Figure 1, 1, O'®) in platensimycin and the
exocyclic methylene (Figure 1, 2, C'>-C'9) in platencin for
the observed FabF/FabH selectivity.”® Because these en-
zymes are highly conserved among the clinically relevant
pathogens, platensimycin (1) and platencin (2) display
broad-spectrum antibiotic activities, including activities
against the resistant strains MRSA (methicillin-resistant
S. aureus) and VRE (vancomycin-resistant enterococ-
ci).[0+7a However, in vivo efficacy of platensimycin (1)
could only be achieved by continuous parenteral infusion
at high dose.[° The clinical utility of platensimycin (1) and
platencin (2) is therefore yet to be demonstrated with
greatly improved pharmacokinetic profile, and one such
way of achieving this is through the preparation of ration-
ally designed analogues.
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Figure 1. Structures of platensimycin (1), platencin (2), and the
platencin analogues 3-9.

The promising therapeutic potentials and intriguing mo-
lecular architectures of platensimycin (1) and platencin (2)
have attracted significant interest from both the biology and
the chemistry communities, with a number of elegant syn-
theses!®°! and rationally designed analogues!'’! reported.
Here we report the evolution of our synthetic strategy that
ultimately culminated in three syntheses of platencin (2). In
conjunction with our interest in the chemical/biology in-
vestigations of platencin (2), rationally designed analogues
based on the hypothesized FabH/FabF selectivity model
were synthesized, and their antibiotic activities against se-
lected bacterial strains are reported.

Results and Discussion

Retrosynthetic Analysis

While the chemical structure of platencin (2) has inspired
a plethora of innovative and contrasting approaches from
the synthetic community,! detachment of the aromatic do-
main (10) at the amide bond linkage, as shown in Scheme 1,
has been widely accepted as the opening retrosynthetic ma-
neuver. Further retrosynthetic disassembly of platencin (2)
was achieved through the recognition of the inherent facial
bias exhibited by its rigid cage structure, in which the se-
quential introduction of the two side chains (C!” methyl

184 WWW.Eurjoc.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and C'-C? propanoic acid) would be expected to take place
stereoselectively, leading to the tricyclic enone 11 as a suit-
able precursor. Indeed, this stereoselective double alkylation
was first demonstrated by Nicolaou’s group in their total
synthesis of (+)-platencin (2).1
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Scheme 1. Retrosynthetic analysis of platencin (2) leading to the
alkenyl diphenols 18, 19 and 20. TMSE = trimethylsilylethyl, TBS
= tert-butyldimethylsilyl, IMDA = intramolecular Diels-Alder.

With tricyclic enone 11 in mind, an intramolecular
Diels-Alder reaction'!! was conceived for its construction.
Inspired by the work of Liao and co-workers in the intra-
molecular cycloaddition reactions of masked o-benzo-
quinones,['?l 6,6-dimethoxycyclohexa-2,4-dienone bearing
pendent terminal alkenes, as represented by the structures
15, 16 and 17, originating from oxidative dearomatization
of desilylated versions of the aromatic phenols 18, 19 and
20, respectively, were proposed as suitable intramolecular
Diels—Alder precursors. In order to access the targeted tri-
cycle 11 stereoselectively through the proposed intramolec-
ular Diels—Alder reaction, we envisaged the application of
remote stereocontrol, in which the stereochemical infor-
mation residing in the acyclic alkenyl side chain (Cs in 15,
Cs,C;in 16 and C; in 17) would be expected to translate to
the cycloaddition adduct through a well-ordered transition
state (15, 16 or 17). Through intelligence gathering, this
generalized synthetic plan ultimately culminated in three
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syntheses of the tricyclic enone 11, as discussed in the fol-
lowing sections and illustrated in Schemes 2, 3, 4, 5 and 6,
below.

First-Generation Synthesis of the Tricyclic Enone 11

We began our investigation into the intramolecular
Diels—Alder reaction of substrate 15 and the stereochemical
outcome of this process, influenced by its Cs hydroxy sub-
stituent (platencin numbering), as shown in Scheme 2. The
preparation of the intramolecular Diels—Alder precursor 15
commenced with a two-carbon homologation of the alde-
hyde 21131 [(MeO),P(O)CH,CO,Me], followed by catalytic
hydrogenation (H,, cat. Pd-C) and Dibal-H reduction of
the resulting methyl ester 23 to afford the aldehyde 24 in
60% overall yield for the three steps. Treatment of the alde-
hyde 24 with allylmagnesium bromide with subsequent desi-
lylation (TBAF) provided the phenol 26 (70% overall yield
from 24), ready for oxidative dearomatization and the pro-
posed intramolecular Diels—Alder reaction. In this instance,
oxidative dearomatization of the phenol 26 through the ac-
tion of PhI(OAc), in MeOH, by the protocol developed by
Liao and co-workers,['?l smoothly delivered the dimethoxy
cyclohexadienone 15 as a single detectable product. This
species proved stable to aqueous workup and was subjected
to thermal conditions after solvent exchange (MeOH to tol-
uene), to furnish the intramolecular Diels—Alder products
12a and 12b as a separable mixture of two diastereoisomers
(dr = 1:2.5 by 'H NMR analysis) in 64% combined yield.
The diastereoisomeric relationship between 12a and 12b
was corroborated through oxidation of its secondary hy-
droxy group, either as a diastereoisomeric mixture or iso-
merically pure material, to deliver a single diketone (12c,
87% yield, see the Supporting Information). Furthermore,
the structure of the Diels—Alder product 12b (and therefore
of 12a) was indirectly validated through X-ray crystallo-
graphic analysis of a later intermediate (29a, Figure 3). The
preferential formation of the Diels—Alder product 12b over
12a could be interpreted on the basis of chair-like transition
state models as illustrated in Figure 2, in which the transi-
tion state I would be energetically disfavoured due to its
axially positioned C° hydroxy group exhibiting steric and
electrostatic repulsion with the dimethyl acetal moiety. The
conformation of the newly formed six-membered ring bear-
ing the Cs hydroxy group, as depicted in the X-ray crystal-
lographic structure of 29a (Figure 3) derived from the
major Diels—Alder product 12b, also supports the hypothe-
sized transition state II. The modest level of diastereoselec-
tivity in favour of 12b is probably due to the C> hydroxy
directing group being positioned four carbons away from
the dimethoxy acetal moiety, the steric and electrostatic re-
pulsion therefore not being severe enough to induce a
greater energetic bias between I and II.

Although the stereochemical outcome of this intramolec-
ular Diels—Alder reaction proved inconsequential in the ra-
cemic synthesis of the enone 11, it has an important impli-
cation in the asymmetric setting. In this context, if enantio-
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Scheme 2. First-generation synthesis of the enone 11. Reagents and
conditions:  a) trimethylphosphonoacetate (1.2 equiv.), LiBr
(4.0 equiv.), Et;N (2.0 equiv.), THE, 23°C, 5h, 70%; b)Pd-C
(0.25 equiv.), H,, MeOH, 23 °C, 30 min, 90%; c) Dibal-H (1.0 M in
toluene, 1.0 equiv.), CH,Cl,, -78 °C, 1 h, 96%; d) allylmagnesium
bromide (1.0m in THEF, 1.2equiv.), THE -78°C, 2h, 81%;
e) TBAF (1.0M in THF, 1.1equiv.), THE, 23°C, 2h, 87%;
f) PhI(OAc), (1.1 equiv.), KHCOj; (2.0 equiv.), MeOH, 0 — 23 °C,
30 min; then toluene, reflux, 4 h, 64% (ca. 2.5:1 mixture of dia-
stereoisomers by 'H NMR); g) Pd-C (0.25 equiv.), H,, MeOH,
23°C, 30 min, 89%; h) Sml, (0.1 M in THE, 4.0 equiv.), THF/
MeOH (20:1), 23 °C, 30 min, 95%; i) MeMgBr (1.0m in THE,
2.2 equiv.), THE, -78 °C, 2 h, 86% (ca. 1:1 mixture of diastereoiso-
mers by 'H NMR); j) DMP (1.0 equiv.), NaHCO; (1.2 equiv.),
CH,Cl,, 23 °C, 2 h, 85%; k) TMSI (2.0 equiv.), HMDS (3.0 equiv.),
CH,Cl,, 0 — 23°C, 6h; then Pd(OAc), (1.0equiv.), CH;CN,
23°C, 5h, 32: 64%, 31: 35%; 1) TBAF (1.0 M in THF, 1.1 equiv.),
THEF, 23 °C, 2 h, 98%; m) Martin’s sulfurane (2.0 equiv.), CH,Cl,,
23°C, 2 h, 90%. Dibal-H = diisobutylaluminium hydride, TBAF
= tetra-n-butylammonium fluoride, DMP = Dess—Martin
periodinane, TMS = trimethylsilyl, HMDS = hexamethyldisilazane.

merically enriched alcohol 15 were employed, the poor dia-
stereoselection associated with the intramolecular Diels—Al-
der process would lead to significant reduction in the op-
tical purity of the ensuing intermediates upon removal of
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Figure 2. Proposed transition state structures I and II leading to the Diels—Alder products 12a and 12b, respectively.

Figure 3. X-ray-derived ORTEP diagram of the diol 29a with ther-
mal ellipsoids shown at the 50% probability level.'4]

the Cs hydroxy chiral centre. At this point, we arbitrarily
chose the tricyclic compound 12b, and its advancement to
the targeted enone 11 was pursued in earnest. Hydrogena-
tion of the alkene 12b (H,, Pd-C) and removal of the di-
methyl acetal (SmI,)!'! in compound 27 afforded the hy-
droxy ketone 28 in 85% yield over the two steps. Grignard
addition of a methyl group at ketone 28 resulted in the diol
29, inconsequentially as an epimeric mixture at the C'5 car-
binol centre [86 % yield, ca. 1:1 by 'H NMR spectroscopy].
X-ray analysis of the isomer 29a [m.p. 164-167 °C (EtOAc)]
confirmed its structure (Figure 3).' Compound 29 was
subjected to DMP conditions to give the keto carbinol 30
in 85% yield.

The final steps leading to the targeted tricycle 11 re-
quired the introduction of the enone moiety (C°~C7), and
dehydration of the tertiary alcohol (C'°) to generate the
exocyclic olefin (C'>—C!®). The former of these two trans-
formations was accomplished under Saegusa’s condi-
tions,['% with subjection of a nearly 1:1.8 regioisomeric mix-
ture of TMS silyl enol ethers derived from ketone 30
(TMSI, HMDS) to Pd(OAc), to give a separable mixture
of the two regioisomeric enones 31 and 32 in 99% com-
bined yield (31/32 ca. 1:1.8). Removal of the TMS ether
from the major enone (32, TBAF, 98% yield), followed by
Martin’s sulfurane-mediated dehydration!!”! (90% yield)
completed the synthesis of the racemic tricycle 11, the spec-
troscopic data (‘H and '*C NMR) of which identically
matched those reported in the literature.”!

Second-Generation Synthesis of the Tricyclic Enone 11

Although our first-generation strategy served to deliver
the targeted tricyclic enone 11, there were two major draw-
backs. Firstly, as alluded to earlier, the poor diastereoselec-
tion in the intramolecular Diels—Alder reaction with the
substrate 15 implied that this first-generation strategy
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would not be readily amenable in an asymmetric setting.
Secondly, the late-stage introduction of the enone function-
ality by the Saegusa protocol'® (30 to 31 and 32) also suf-
fered from poor regioselectivity in the initial TMS enol
ether formation from ketone 30. With these shortcomings
in mind, a second-generation strategy was conceived and
successfully executed as shown in Scheme 3. Firstly, to im-
prove the stereoselectivity of the intramolecular Diels—
Alder reaction, we hypothesized that relocation of the
stereocentre to closer proximity in the intramolecular
Diels—Alder transition state should provide greater ener-
getic difference between the competing diastereoisomeric
reaction pathways. Furthermore, the presence of methyl
(C%) and hydroxy (C7) substituents on the alkenyl side chain
should serve as handles for the late-stage, regioselective in-
troduction of the C°~C’ enone moiety.

The synthesis of the intramolecular Diels—Alder precur-
sor 16, bearing two neighbouring stereocentres, thus began
with an L-proline-mediated aldol!'® reaction between the
aromatic aldehyde 21 and propionaldehyde to give the B-
hydroxy aldehyde 34 as a single diastereoisomer in 83%
yield and >90% ee (determined by 'H NMR analysis of a
Mosher ester derivative of 34; see the Supporting Infor-
mation). Two-carbon homologation of the aldehyde 34
[(MeO),P(O)CH,CO,Me, 35], followed by silylation
(TBSOTY), afforded the enoate 36 in 84 % yield over the two
steps. Dibal-H reduction of the enoate 36 afforded the al-
lylic alcohol 37 (86% yield), which was subjected to cata-
lytic hydrogenation in the presence of PtO, (99% yield) to
give the primary alcohol 38. Dehydration of 38 through its
selenide derivativel'”! (0-NO,C¢H,SeCN, nBusP; then
mCPBA, 97% yield) took place with concomitant removal
of the phenolic TBS ether, and subsequent desilylation of
the resulting TBS ether 19 furnished the hydroxy phenol 39
ready for the intramolecular Diels—Alder reaction. Under
the previously established conditions for oxidative dearo-
matization [PhI(OAc),, MeOH], the phenol 39 was
smoothly converted into the dienone 16 and subsequently
subjected under thermal conditions (toluene, reflux) to af-
ford a separable mixture of the intramolecular Diels—Alder
products 13a and 13b in 69 % yield over the two steps (13a/
13b = 1:3). The diastereoisomeric relationship between 13a
and 13b was corroborated by hydrogenation, followed by
dehydrative elimination of the C; secondary hydroxy group,
to deliver the enantiomeric keto olefins 41 and ent-41 (see
the Supporting Information). Furthermore, the structure of
the Diels—Alder product 13b (and therefore that of 13a) was
indirectly validated through X-ray crystallographic analysis
of a later intermediate (40, see Figure 5). Analogously with
the transition state models proposed for the formation of
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Scheme 3. Second-generation synthesis of the enone 33. Reagents
and conditions: a)L-proline (0.1 equiv.), propionaldehyde
(5.0 equiv.), DMEF, 4 °C, 48 h, 83%; b) trimethylphosphonoacetate
(1.2 equiv.), LiBr (3.8 equiv.), Et3;N (2.0 equiv.), THF, 23 °C, 1h,
99%; ¢) 2,6-lutidine (2.0 equiv.), TBSOTT (1.5 equiv.), CH,Cl,, -78
to 23°C, 4h, 85%; d)Dibal-H (1.0M in toluene, 3.0equiv.),
CH,Cl,, -78°C, 2.5h, 86%; e)PtO, (0.2 equiv.), H, (1 atm),
EtOAc, 23 °C, 20 h, 99%; f) 0-NO,CsgH4SeCN (1.4 equiv.), nBusP
(2.0 equiv.), THEF, 23°C, 30min; then mCPBA (2.0equiv.),
CH,Cl,, 0 °C, 1 h; then DBU (2.0 equiv.), toluene, 80 °C, 19 h, 97%
for the three steps; g) HCI (6.0 M aq., 2.0 equiv.), MeOH, 23 °C,
1.5 h, 80%; h) PhI(OAc), (1.0 equiv.), KHCO; (2.0 equiv.), MeOH,
23 °C, 1 h; then toluene, reflux, 6 h, 69% (ca. 3:1 mixture of dia-
stereoisomers by 'H NMR); i) Pd-C (0.25 equiv.), H, (1 atm),
MeOH, 23 °C, 1 h, 91%; j) Burgess reagent (2.0 equiv.), toluene,
reflux, 19 h, 67%; k) Sml, (0.1 M in THE, 8.0 equiv.), THF/MeOH
(20:1), 23 °C, 30 min, 89%; 1) MeMgBr (1.0 M in THF, 3.0 equiv.),
THF, 0°C, 17 h, 73% (ca. 1:1 mixture of diastereoisomers by 'H
NMR); m)O0sO; (2.5wt.-% in tBuOH, 0.1equiv.), NMO
(2.5 equiv.), tBuOH/acetone/H,O (1:1:1), 23°C, 14h; then
NalO, (1.5equiv.), 23°C, 6h; n) NaOH (6.0 equiv.), EtOH,
23 °C, 2 h, 80% over the two steps. NMO = N-methylmorpholine
N-oxide.
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12a and 12b [I and II, respectively], the sterically and elec-
tronically preferred transition state IV (conformation sup-
ported by X-ray structure of 40; Figure 5, below) over III
could also be conceived for the predominant formation of
the Diels—Alder product 13b (Figure 4). In contrast with the
transition states I and I, in this instance, although the ster-
ic and electrostatic pressure is more severe in III because
the C7 hydroxy group is brought into closer proximity to
the dimethyl acetal moiety, the steric repulsion between the
C? methyl group and C” hydroxy group experienced in both
IIT and TV might, however, have contributed to the modest
level of diastereoselectivity observed for the Diels—Alder re-
action of 16. Although the modest diastereoselectivity in
this second-generation intramolecular Diels—-Alder reaction
had once again proved disappointing, we opted to continue
the elaboration of the intramolecular Diels—Alder product
13b (arbitrarily chosen) as outlined in Scheme 3. Catalytic
hydrogenation of the alkenyl ketone 13b gave the hydroxy
ketone 40 (Pd-C, H,, 91% yield), which was dehydrated in
the presence of Burgess’ reagent!?® to afford the alkene 41
in 67% yield. The structural identity of the hydroxy ketone
40 [m.p. 98-100 °C (hexane/EtOAc)] was confirmed by X-
ray crystallographic analysis as shown in Figure 5.2!
Reductive removal of the dimethoxy substituents of 41
(SmI,)") furnished the ketone 42 (89% yield), which was
treated with methyl Grignard reagent to afford the alkenyl
carbinol 43, inconsequentially as a mixture (C'3: dr = 1:1),
in 73% yield. In contrast to the first-generation approach,
the regioselective introduction of the enone moiety (C°~C7)
was carried out through a dihydroxylation cleavage/aldol
condensation sequence, thereby converting the alkene 43
into the enone 33, through the intermediacy of the keto
aldehyde 44, in 80% yield over the two steps. The spectro-
scopic data ("H and '*C NMR) for enone 33 matched those
obtained in the first-generation synthesis identically,
thereby constituting a formal synthesis of the platencin core
structure 11 by interception of this late-stage intermediate.

Third-Generation Synthesis of the Tricyclic Enone 11

Our second-generation synthesis of tricyclic enone 11
had addressed the regioselective introduction of the C6—C’
enone moiety, but the diastereoselectivity of the intramolec-
ular Diels—-Alder reaction unfortunately remained unsatis-
factory. At this juncture we turned to the intramolecular
Diels—Alder reaction of the dimethoxy-cyclohexadienone
17 (Scheme 5, a), a substrate that had previously been ex-
amined by Liao and co-workers and found to exhibit high
levels of diastereoselectivity in the intramolecular Diels—Al-
der reaction.['?l Furthermore, with an asymmetric synthesis
of the tricyclic enone 11 in mind, we envisaged that a chiral
reduction of the ketone 46 (or 47), followed by desilylation,
should deliver the alcohol 51 (precursor to the dienone 17)
in its optically active form, as shown in Schemes 4 and 5
and Table 1. The ketone 46 was thus prepared from the al-
dehyde 211131 through the action of the Grignard reagent 45
and PCC oxidation of the intermediate alcohol 20, in 78 %
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Figure 5. X-ray-derived ORTEP diagram of the hydroxy ketone 40,
with thermal ellipsoids shown at the 50% probability level.2!]

overall yield. Alternatively, the TBDPS version of ketone
46 was directly accessible from the methyl ether 48(%
through ortho lithiation and treatment of the resulting aryl-
lithium species with the Weinreb amide 4923 (47, 51%

yield).
PCC
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Scheme 4. Synthesis of the racemic alcohol 20 and the ketones 46
and 47. Reagents and conditions: a) 45 (2.2 equiv.), Et,0, 10 °C,
1 h, 82%; b) PCC (1.6 equiv.), CH,Cl,, 23 °C, 16 h, 95%; c) sBuLi
(1.4M in cyclohexane, 1.2 equiv.), TMEDA (1.5equiv.), THF,
~78 °C, 45 min; then 49 (1.0 equiv.), -78 °C, 2 h, 51% (90% based
on 57% conversion). TBDPS = tert-butyldiphenylsilyl, PCC = pyr-
idinium chlorochromate, TMEDA = N,N,N’N’-tetramethylethyl-
enediamine.

Table 1. Asymmetric reduction of ketones 46 and 47.

Asymmetric reduction of the ketone 46 (and 47) under
the CBS conditions®* was examined next, and the results
are shown in Table 1. After extensive experimentation, opti-

b) Phi(OAG), \ .
7 MeOH
OH O
RO OMe o
MeO Me Me
(R)-20: R = TBS )
50: R = TBDPS
51:R=H<_—| a) TBAF :
! e 7/-OH
o™ o
O MeO ¢ o gof
Me/ Me
14 [ca. 15:1 dr] (V1)
b.
= e) Phl(OAc),,
MeOH 7
Bn
OR? OBn OMeO
R'C  OMe 0 Meo OMe O MeO
20:R'=TBS,R?>=H 54 55
c) BhTCA
52: R'=TBS, R?=Bn (single diastereoisomer)

53:R'=H, RZ—Bn-—_ld 1BAr

Scheme 5. Synthesis of the alkenyl ketones 14 and 55 through intra-
molecular Diels-Alder reactions. Reagents and conditions:
a) TBAF (1.0 m in THE, 1.1 equiv.), THE, 0 °C, 2 h, 99% [from (R)-
20], 92% (from 50); b) PhI(OAc) (1.1 equiv.), KHCO; (2.0 equiv.),
MeOH, 0 — 23 °C, 30 min; then toluene, reflux, 4 h, 80% (ca. 15:1
mixture of diastereoisomers by 'H NMR); ¢) benzyl trichloroacet-
imidate (1.5 equiv.), TMSOTT (0.2 equiv.), CH,Cly/hexane (1:3), 0
— 23°C, 4 h, 76%; d) TBAF (1.0 m in THF, 3.0 equiv.), THF, 0 °C,
0.5 h, 51%; e) PhI(OAc), (1.1 equiv.), KHCO; (2.0 equiv.), MeOH,
0 — 23°C, 30 min; then toluene, reflux, 16 h, 73%. OTf = tri-
fluoromethanesulfonate, BATCA = benzyl trichloroacetimidate.

Entryldl Solvent Temperature [°C] Time [h] Yield [Yo]t Recovered [Yo]le! eel® [%]
1 THF 0 2 50: 31 47: 54 67
2 THF 0 2 50: 55 47: 45 90
3 THF 0 1 50: 60 47: 40 90
4l THF 0 0.25 50: 41 47: 59 90
5 THF 23 1 50: 50 - 90
6 toluene -78 8 50: 57 - 45
7 toluene 0 1 50: 58 47: 23 69
8 toluene 0 3 (R)-20: 58 - 89
9glelid] toluene 0 0.25 (R)-20: 99 - 90

[a] The ketone 47 was used for Entries 1-7 and the ketone 46 was used for Entries 8 and 9; BH;*SMe, was used for Entry 1 and catechol
borane was used for Entries 2-9. [b] The ee value was determined by '"H NMR analysis of the Mosher ester derivative. [c] Alternating/
reverse addition protocol (see the Supporting Information), and reaction mixture was stirred for an additional 15 min upon completion
of addition. [d] Reaction was performed on a 15 mmol scale. [¢] Yields refer to chromatographically and spectroscopically homogeneous

materials.

188 WWW.eurjoc.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Org. Chem. 2011, 183-196



Total Synthesis and Biological Evaluation of Platencin

Eur

mal conversion and enantiomeric excess were achieved
through a reverse-addition protocol (see the Supporting In-
formation), and the reaction was ultimately performed on
a multigram scale with excellent yield [(R)-20, 99% yield]
and optical purity (90% ee by 'H NMR analysis of the
Mosher ester derivative, Table 1, Entry 9).

With the alcohols (R)-20 and 50 in hand, their conver-
sion into the intramolecular Diels—Alder product 14 began
with the removal of the silyl ether [TBAF, 99% yield from
(R)-20 and 92 % from 50], followed by PhI(OAc),-mediated
oxidative dearomatization, to afford the intramolecular
Diels—Alder precursor 17 (Scheme 5, a). As anticipated, the
intramolecular Diels—Alder reaction of 17 proceeded with
high levels of conversion (80% yield) and diastereoselectiv-
ity (ca. 15:1 by '"H NMR analysis), presumably through the
conformationally preferred chair-like transition state VI
(over V). In contrast to the proposed transition states lead-
ing to the formation of 12a/b and 13a/b (I/II and III/IV),
the energetic difference between V and VI is quite large,
thus leading to the high observed level of diastereoselectiv-
ity. Having validated the influence of the C7 (platencin num-
bering) hydroxy substituent on the diastereoselectivity as re-
ported by Liao and co-workers,!'?l we hypothesized that in-
creasing the steric bulk about this hydroxy centre should
lead to a higher level of stereoinduction. This hypothesis
was validated by the intramolecular Diels—Alder reaction of
the benzyl ether 54, a substrate prepared by benzylation of
the alcohol 20 (benzyl trichloroacetimidate, TMSOTT cat.,
76% vyield) followed by silyl deprotection (TBAF, 51%
yield) and oxidative dearomatization [PhI(OAc),], as shown
in part b of Scheme 5. Indeed, heating of a toluene solution
of the intramolecular Diels—Alder precursor 54 smoothly
delivered the tricycle 55 as a single diastereoisomer (by 'H
NMR analysis) in 73 % yield.

Although the introduction of a sterically bulky substitu-
ent (e.g., Bn) at the 7-OH group served to improve the dia-
stereoselectivity of the intramolecular Diels—Alder reaction,
the installation and later removal of this protecting group
was less attractive in terms of the overall synthetic effi-
ciency. We thus became interested in the in situ generation
of a species with a temporarily increased steric environment
around 7-OH, which might serve a role similar to that of
a covalently attached protecting group. Along this line of
thoughts, we hypothesized that in the presence of an oxo-
philic additive, a transient species derived from coordina-
tion with the 7-OH group might suffice for this purpose.
The results of our studies are shown in Table 2. Of the addi-
tives examined, alkyl borate reagents consistently produced
high level of diastereoselectivity (Table 2, Entries 6-16).
Generation of an alkoxy anion upon deprotonation of the
alcohol 17 with NaH was intended to form a more tightly
bound substrate/borate complex, but the beneficial effect
was modest (Table 2, Entries 7-11). Overall, use of a small
borate reagent [(MeO);B] gave higher levels of stereoinduc-
tion and use of five equivalents of (MeO);B provided the
highest level of diastereoselectivity (>50:1 by 'H NMR
analysis), despite a slight compromise in terms of the yield
of the reaction (60 %, Table 2, Entry 14).
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Table 2. Additive effects in the intramolecular Diels—Alder reaction
of dienone 17.

Entry  Additive [equiv.] Solvent Yield [%]®! gl
1 none toluene NDl! 15:1
2 Ph;P (1.0) toluene NDII 14:1
3 TBAI/NaH (1.0) toluene NDI! 14:1
4 (MeO);B/NaH (1.0) toluene NDI 25:1
5 Ti(iPrO), (1.0) toluene NDI 20:1
6 (MeO);B (1.0) toluene NDII 20:1
7 (MeO);B/NaH (1.0) toluene 23 33:1
8 (MeO);B/NaH (3.0) toluene 47 >50:1
9 (iPrO);B/NaH (1.0) toluene 65 17:1
10 (EtO);B/NaH (1.0) toluene 64 20:1
11 (MeO);B/NaH (3.0) toluene/THF (1:1) 62 42:1
12 (MeO);B (1.0) toluene 84 31:1
13 (MeO);B (3.0) toluene 85 31:1
14 (MeO);B (5.0) toluene 60 >50:1
15 (iPrO);B (1.0) toluene 63 26:1
16 (EtO);B (1.0) toluene 96 23:1

[a] PhI(OAc), (1.1 equiv.), KHCOj3 (2.0 equiv.), MeOH, 0 — 23 °C,
30 min; then toluene, reflux. [b] Yields refer to chromatographically
and spectroscopically homogeneous materials. [c] The dr value was
determined by '"H NMR analysis. [d] Not determined; TBAI =
tetra-n-butylammonium iodide.

The intramolecular Diels—Alder product 14 having been
secured in high diastereoisomeric and enantiomeric purity,
its further elaboration to the tricyclic enone (+)-11 was pur-
sued next, as outlined in Scheme 6. Hydrogenation of the
olefin moiety (C'>~C"3) in the tricycle 14 (H,, Pd-C) af-
forded the hydroxy ketone 56 in quantitative yield. Direct
elimination of the C; hydroxy group in 56 proved unsuc-
cessful under a variety of reaction conditions, and so a
three-step procedure involving oxidation to the ketone
(PCC, 57), enol triflate formation (PhNTf,, KHMDS, 58)
and reduction [Pd(PPhs),, HCO,H] was employed to de-
liver the alkenyl ketone 59 in 80% yield over the three steps.
The structural and stereochemical integrity of the tricyclic
structure was also unambiguously confirmed through an X-
ray analysis of the diketone 57 (m.p. 65-66 °C, hexane; Fig-
ure 6).12°1 Furthermore, the crystallinity of the diketone 57
enabled further enantiomeric enrichment through
recrystallization.

Reductive cleavage of the dimethoxy substituents (C'4)
in 59 was accomplished through the action of Sml, (99%
yield),['] followed by methyl Grignard addition to the re-
sulting ketone 60 to afford the tertiary alcohol 61, inconse-
quentially as a mixture of diastereoisomers (87 % yield, C'>:
dr = 1:1 ). Allylic oxidation of the olefin 61 through the
action of Mn(OAc); and BuOOH?® smoothly furnished
the enone 33 (80% yield) and, finally, dehydration of the
tertiary alcohol 33 (Martin’s sulfurane,'”! 90% yield) com-
pleted the third-generation synthesis of the tricyclic enone
core of platencin. 'H and '*C NMR analysis of the tricyclic
enone (+)-11, together with optical rotation measurements,
confirmed the diastereoisomeric and enantiomeric purity of
the synthetic material .’}

Completion of the total synthesis of (-)-platencin [(—)-2]
from the tricyclic enone (+)-11 was accomplished in accord-
ance with the protocols developed by Nicolaou and co-
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12 13 a) Pd-C cat.
H, , _byPCC
o ome ™ ome
O Meo ~V® 0 Meo ~V® O Meo
14 56 57
)'( ¢) PhNTf,, KHMDS
d) Pd(PPh3),Cly,
\ e) Sml, “ \ nBuzN, HCO,H
o 0 meo OMe
60 59
f) MeMgBr
o o
\ g) Mn(OAc)3, Oy, \ h) Martin's \
tBuOOH sulfurane
15,
MeOH Me OH
61 [Cq5ca. 1:1dr 33 (+)-11

Scheme 6. Completion of the third-generation synthesis of enone
(+)-11. Reagents and conditions: a) Pd-C (0.25 equiv.), H,, MeOH,
23 °C, 30 min, 100%; b) PCC (1.6 equiv.), CH,Cl,, 23°C, 16 h,
97%; ¢) PhNTf, (1.4equiv.), KHMDS (0.5M in toluene,
2.3equiv.), THF, -78 — 0°C, 30min; d)Pd(PPhs),Cl,
(0.36 equiv.), nBusN (2.7 equiv.), HCO,H (1.8 equiv.), DMEF, 70 °C,
16 h, 82% for the two steps; e¢) Sml, (0.1 M in THE, 4.0 equiv.),
THF/MeOH (20:1), 23 °C, 15min, 99%; f) MeMgBr (1.0 M in
THE, 2.0 equiv.), THE, 0 — 23 °C, 30 min, 87% (ca. 1:1 mixture
of diastereoisomers by 'H NMR); g) Mn(OAc); (0.35 equiv.),
tBuOOH (5.0 M in decane, 4.8 equiv.), O,, EtOAc, 23 °C, 16 h,
80%; h) Martin’s sulfurane (2.0 equiv.), CH,Cl,, 23 °C, 2 h, 90%.
Tf = trifluoromethanesulfonyl, KHMDS = potassium hexameth-
ylsiliazide, DMF = N,N’-dimethylformamide.

Figure 6. X-ray derived ORTEP diagram of the diketone 57 with
thermal ellipsoids shown at the 50% probability level.**!

workers (Scheme 7).1°4%°1 Sequential alkylation of the enone
(+)-11 with Mel and allyl iodide afforded the terminal al-
kene 63 (41% yield for the two steps), which was further
elaborated to the acid 64, and coupling of this with aniline
108592991 (HATU,27 52% yield), followed by final depro-
tection (TASE,28 90% yield), afforded (-)-platencin [(-)-2].
Alternatively, the acid 64 could be accessed through a 1,4-
addition of the enone (+)-11 to tert-butyl acrylate (KO¢Bu,
dr = 4:1),°%°1 followed by chromatographic separation of
the two diastereoisomers (66 and 67) and saponification
(LiOH) of the major isomer 67. It is interesting to note that
the choice of tert-butyl acrylate and a tBuOH solution of
KOtBu were extremely crucial for the success of the 1,4-
addition reaction.
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me
a) KHMDs, Me., N
\ - Mel \\ b KHMDS
o~
1 62

¢) KOtBu, 2 >CO,tBu

66 [66:67 ca. 1:4] 67

OH
b *
RO,C H e, e) HATU OH
OH

TMSEO,C NH,

OH

10

R = TMSE (65)
DSk [' R = H; (-)-platencin (2)

Scheme 7. Completion of the total synthesis of (—)-platencin [(-)-
2]. Reagents and conditions: a) KHMDS (0.5M in toluene,
1.1 equiv.), Mel (8.0 equiv.), THF/HMPA (4:1), =78 — 0°C, 2 h,
61%; b) KHMDS (0.5m in toluene, 4.0equiv.), allyl iodide
(8.0 equiv.), THF/HMPA (4:1), -78 — 0 °C, 3 h, 68%; c) tert-butyl
acrylate (2.0 equiv.), tBuOK (1.0 M in /BuOH, 2.0 equiv.), THEF,
23 °C, 20 min, 74% (ca. 4:1 mixture of diastereoisomers by 'H
NMR); d) LiOH (1.0 M aq., 10 equiv.), MeOH, 50 °C, 5Sh; e) 10
(3.2 equiv.), HATU (3.2 equiv.), Et;N (4.2 equiv.), DMF, 23 °C,
14 h, 52% for the two steps; f) TASF (2.0 equiv.), DME, 40 °C,
40 min, 90%. HMPA = hexamethylphosphoramide, HATU = O-
(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluoro-
phosphate, TASF = tris(dimethylamino)sulfonium difluorotrimeth-
ylsilicate.

Synthesis of Platencin Analogues

The utility of the intramolecular Diels—Alder reaction in
the stereoselective construction of the highly functionalized
tricyclic compound 14 having been demonstrated
(Scheme 95), its application in the synthesis of analogues for
chemical biology investigations was pursued next. As al-
luded to in the Introduction, our design of analogues was
based on the molecular docking model put forward to ex-
plain the observed FabF/FabH selectivity between platensi-
mycin (1) and platencin (2).1”?! Therefore, in addition to the
total synthesis of (—)-platencin [(-)-2], the analogues 3 and
4 with hydrogen-bond donor (C! hydroxy) and acceptor
(C'3 ketone) substituents were synthesized as shown in
Scheme 8 and Scheme 9, respectively. The synthesis of the
hydroxy analogue 3 began with a NaBH, reduction of the
ketone 60 to afford a ca. 1:1 mixture of the diastereoiso-
meric alcohols 68 in 95% yield. Silyl protection of the
alcohols 68 (TBSCI), followed by allylic oxidation
[Mn(OAc);, tBuOOH],?®! afforded the enones 70 in 57%
yield over the two steps. Sequential alkylation of the enones
70 with Mel and allyl iodide proceeded with exclusive dia-
stereoselectivity to give the terminal olefins 72 (37% yield
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over the two steps), which were subjected to olefin cross
metathesis with the vinyl boronate 73%! in the presence of
the Hoveyda—Grubbs (I1) catalyst!®*”] to afford the vinyl bo-
ronates 74 in 57% yield. Oxidation of the vinyl boronates
74 with MesN*O~ (70% yield),?! followed by further oxi-
dation of the resulting aldehydes 75 (NaClO,), afforded the
acids 76, ready for amide bond formation to attach the aro-
matic domain. In accordance with the conditions employed
in the synthesis of (—)-platencin [(-)-2], HATU-mediated!*”!
peptide coupling between the acids 76 and the aniline
108%-92.901 (549%, from 75), and subsequent removal of the
silyl protecting groups from the amides 77 (TASE,?®! 64%
yield) completed the synthesis of the hydroxy analogue 3 as
a mixture of C'® epimers (ca. 1:1).

c) Mn(OAc)3
NaBH4 tBuOOH
0" TBSO
68: R=H [Cys: dr=1:1)
TBSCI[: 69: R=TBS
d) KHMDS, Mel\
Me o. A Me.,.
Meig;? ~ ) KHMDS, \
O L, 2
Me Me !
7 TBSO 1, T8SO
\f) Hoveyda—Grubbs (I1) cat.,
g) MesN*O~
TBSO
75:R=CHO
MINaCIO2 | 76 R = co,H
+
i) HATU OH
TMSEO,C” ; :NHZ
HO OH
77: R' = TBS, R2 = TMSE 10

j) TBAF

3:R'=H,R2=H[Cys5 dr=1:1]

Scheme 8. Synthesis of the hydroxy platencin analogue 3. Reagents
and conditions: a) NaBH, (1.2 equiv.), MeOH, 0 — 23°C, 1h,
95% (ca. 1:1 mixture of diastereoisomers by '"H NMR); b) TBSCI
(1.5 equiv.), imidazole (4.0 equiv.), 4-DMAP (0.1 equiv.), CH,Cl,,
0 — 23 °C, 16 h, 87%; c) Mn(OAc); (0.35 equiv.), zBuOOH (5.0 m
in decane, 4.8 equiv.), O,, EtOAc, 23 °C, 16 h, 65%; d) KHMDS
(0.5 ™ in toluene, 1.3 equiv.), Mel (8.0 equiv.), THF/HMPA (4:1),
-78 — 0°C, 2 h, 61%; e) KHMDS (0.5 M in toluene, 1.3 equiv.),
allyl iodide (8.0 equiv.), THF/HMPA (4:1), =78 — 0 °C, 4 h, 61%;
) 73 (5.0 equiv.), Hoveyda—Grubbs II cat. (0.1 equiv.), benzoqui-
none (0.1 equiv.), benzene, 70°C, 1h, 57%; g)MesNTO~
(5.0 equiv.), THF, 70°C, 3h, 70%; h)NaClO, (4.0equiv.),
NaH,PO, (7.0 equiv.), 2-methylbut-2-ene (16 equiv.), tBuOH/H,O
(1:1), 23°C, 90 min; i) 10 (3.0 equiv.), HATU (3.0 equiv.), Et;N
(5.7 equiv.), DMF, 23 °C, 14 h, 54% for the two steps; j) TBAF
(1.0 M in THF, 9.0 equiv.), THF, 23 °C, 1 h, 64%. 4DMAP = N,N'-
dimethylaminopyridine.
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a) KOtBu, TBAF
X CO2BU  BuO,C tBuO,C
15

TBSO TBSO |
71[Cqs5: dr=1:1] 78 [C4: dr=2.5:1]
) DMP
Me_eo
" :
tBuO,C
o]
(separated) 80
g
OH OHy
o) HATU Ji;[ i
TMSEO,C NH, RO,C N
OH OH
10 83: R TMSE
TASF
f) TAS D =H

Scheme 9. Synthesis of the keto platencin analogue 4. Reagents and
conditions: a) tert-butyl acrylate (2.0 equiv.), tBuOK (1.0 M in
tBuOH, 2.0 equiv.), THF, 23 °C, 20 min (ca. 2.5:1 mixture of dia-
stereoisomers by 'H NMR); b) TBAF (1.0 M in THF, 1.0 equiv.),
THE, 23°C, 2h; ¢)DMP (1.0equiv.), NaHCO; (1.2equiv.),
CH,Cl,, 23 °C, 2 h, 51% for the three steps; d) LIOH (1.0 m aq.,
13 equiv.), MeOH, 50 °C, 5 h; e) 10 (2.0 equiv.), HATU (2.3 equiv.),
Et;N (3.5equiv.), DMF, 23°C, 14h, 44% for the two steps;
f) TASF (2.0 equiv.), DMF, 40 °C, 80 min, 92 %.

The synthesis of the analogue 4 containing a C'> keto
moiety commenced with a 1,4-addition of the enones 71
(C'3: dr = 1:1) to tert-butyl acrylate, giving the terz-butyl
esters 78 as a ca. 2.5:1 mixture of C* epimers (Scheme 9).
Desilylation of the TBS ethers 78 (TBAF), followed by oxi-
dation of the resulting secondary alcohols 79 (DMP), af-
forded a chromatographically separable mixture of the dia-
stereoisomeric ketones 80 and 81 in 51% overall yield from
the enones 71. With stereoisomerically pure fert-butyl ester
81 to hand, the final steps leading to the keto analogue
4 involved an ester hydrolysis (LiOH), followed by amide
coupling of the resulting carboxylic acid 82 with the aniline
108%-92.951 (HATU)I?7! and silyl deprotection (TASF)2® to
furnish the keto analogue 4 in 40% yield over the three
steps.

Upon revisiting our synthetic sequence leading towards
the tricyclic enone 11, we also became interested in com-
pounds bearing the C'* dimethoxy substituents for further
structural diversity. In an analogous fashion, compounds
bearing hydroxy, ketone and methylene functionalities at
the C'3 position, as represented by compounds 5, 6 and 7
(Figure 1), were also synthesized, as shown in Schemes 10,
11 and 12, below, respectively.

Synthesis of hydroxy analogues such as 5 commenced
with a NaBH, reduction of the ketone 59 to afford a chro-
matographically separable mixture of secondary alcohols
(dr = 2.5:1), the major isomer of which [C!3 stereochemistry
established by X-ray crystallographic analysis of a later in-
termediate (86)] was subsequently silylated (TBSOTY) to
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give the TBS ether 85 in 73% yield over the two steps
(Scheme 10). Allylic oxidation of the alkene 85 [Mn(OAc)s,
tBuOOH, ¥ 53%, yield] afforded the enone 86 {[m.p. 86—
88 °C (hexane)], the structure was confirmed by X-ray crys-
tallographic analysis, see Figure 7},3% and conversion of
this compound into the terminal olefin 88 was by the pre-
viously described, sequential stereoselective alkylation with
Mel and allyl iodide in the presence of KHMDS and
HMPA (38% yield for the two steps). The terminal alkene
88 was further homologated to the vinyl boronate 89 in a
fashion analogous to that described earlier for the conver-

R
\ &) NaBH, \ b) TBSOTf
oM e oM < M
O Meo ~V° HO MeO ~ "¢ TBSO meo OMe
59 84 ¢) Mn(OAc)3 02’:85R H,H
[C1s: dr=2.5:1] {BUOOH 6:R=0
separated
d) KHMDS, Mel
Me o. A
Mei%?’ = e) KHMDS,
o + -
Me Me Al 3
TBSO MeO oM
73 88 [C4: dr=4:1] 87 [Cy: dr=5.5:1]
separated not separated

f) Hoveyda—Grubbs (I1) cat.,

g) Me3N*O~
TBSO MeO OME
90: R = CHO
h) NaCIO
) 2L~ 91: R = CO,H
+
i) HATU OH
\ TMSEO,C” ; :NHZ
R'O meo OMe OH
92: R! = TBS, R? = TMSE 10
TBAF\——»s R'=H,R?=H

Scheme 10. Synthesis of the dimethoxy hydroxy platencin analogue
5. Reagents and conditions: a) NaBH, (1.6 equiv.), MeOH, 0 °C,
1h, 82% (ca. 2.5:1 mixture of diastereoisomers by 'H NMR);
b) TBSOTT (1.6 equiv.), 2,6-lutidine (2.0 equiv.), CH,Cl,, 78 °C,
2 h, 89%; ¢) Mn(OAc); (0.35 equiv.), tBuOOH (5.0 M in decane,
4.8 equiv.), O,, EtOAc, 23 °C, 15 h, 53%; d) KHMDS (0.5 M in tol-
uene, 1.2 equiv.), Mel (8.0 equiv.), THF/HMPA (4:1), -78 — 0 °C,
2h, 80% (ca. 5.5:1 mixture of diastereoisomers by 'H NMR);
e) KHMDS (0.5 ™ in toluene, 1.2 equiv.), allyl iodide (8.0 equiv.),
THE/HMPA (4:1), =78 — 0°C, 4 h, 48% (ca. 4:1 mixture of dia-
stereoisomers by '"H NMR); 1) 73 (5.0 equiv.), Hoveyda—Grubbs II
cat. (0.1 equiv.), benzoquinone (0.1 equiv.), benzene, 70 °C, 1h,
35%; g) MesN*O ™ (5.0 equiv.), THF, 70 °C, 18 h, 100%; h) NaClO,
(3.0 equiv.), NaH,PO, (5.0 equiv.), 2-methylbut-2-ene (11 equiv.),
tBuOH/H,O (1:1), 23°C, 90min; i)10 (3.0 equiv.), HATU
(3.0 equiv.), Et3N (4.0 equiv.), DMF, 23 °C, 14 h, 44% for the two
steps; j) TBAF (1.0 m in THE, 8.0 equiv.), THF, 23 °C, 1 h, 88%.
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sion from 72 to 74 (Scheme 8). Oxidation of the vinyl bor-
onate 89 with Me;N*O~ (100% yield)*!! and further oxi-
dation of the resulting aldehyde (90) with NaClO, delivered
the acid 91, which was coupled with the aniline 108%-92.9b]
(HATU)P"! and desilylated (TASF)?®! to complete the di-
methoxy hydroxy analogue 5 (39 % yield from aldehyde 90).

=

v

Figure 7. X-ray derived ORTEP diagram of the diketone 86 with
thermal ellipsoids shown at the 50% probability level.3?!

As shown in Scheme 11, the synthesis of the dimethoxy
ketone analogue 6 took advantage of the dimethoxy ketone
59, and its conversion into the enone 93 was carried out by

a) Mn(OAc)3
@ fBUOOH §$ b) KHMDS, Mel @
O MeO O MeO O MeO
¢) KHMDS,
!
Meo Meo

d) Hoveyda—Grubbs (Il) cat.,, X4

Me o. A .
MeJS(c'B) ~ \ \
Me
i /\Bl,;)f
(0]

Me
J MeO OMe

Me' Me 95 [Cy: dr=4:1]

96 73

e) Me3N*O~

) HATU,

TMSEOzc’ ; :NH2 RO,C” ;
M oH

OMo 0 me0 ©

97: R = CHO 99: R = TMSE
98, R = COH < 71 NaCI0, h) TASFL_ 6 R 2 H Gy dr=4:1]

Scheme 11. Synthesis of the dimethoxy ketone platencin analogue
6. Reagents and conditions: a) Mn(OAc); (0.35 equiv.), tBuOOH
(5.0M in decane, 4.8 equiv.), O,, EtOAc, 23°C, 16h, 73%;
b) KHMDS (0.5 M in toluene, 1.2 equiv.), Mel (8.0 equiv.), THF/
HMPA (4:1), =78 — 0 °C, 2 h, 72%; ¢) KHMDS (0.5 ™ in toluene,
1.2 equiv.), allyl iodide (8.0 equiv.), THF/HMPA (4:1), -78 — 0 °C,
4 h, 56% (ca. 4:1 mixture of diastereoisomers by 'H NMR); d) 73
(5.0 equiv.), Hoveyda—Grubbs II cat. (0.1 equiv.), benzoquinone
(0.1 equiv.), benzene, 70 °C, 1 h, 35%; e) Me;N*O~ (5.0 equiv.),
THF, 70°C, 3h, 74%; f)NaClO, (3.0equiv.), NaH,PO,
(5.0 equiv.), 2-methylbut-2-ene (11 equiv.), BuOH/H,O (1:1),
23°C, 90min; g)10 (3.0equiv.), HATU (3.0equiv.), Et;N
(4.0 equiv.), DMF, 23 °C, 14 h, 60% for the two steps; h) TASF
(2.0 equiv.), DMF, 40 °C, 80 min, 81 %.
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the Mn(OAc);/tBuOOH protocol?® in 73 % yield. Sequen-
tial alkylation of the enone 93 with Mel and allyl iodide led
to an inseparable pair of diastereoisomers epimeric at C*
(95, dr = 4:1 ), which were further elaborated to the acid 98
through the cross-metathesis and double oxidation se-
quence. Amide bond coupling between the acid 98 and the
aniline 1082951 (HATU)?1 and final deprotection
(TASF)?®! then completed the dimethoxy ketone analogue
6 in 49% yield from 97 (dr = 4:1).

The synthesis of the dimethoxy methylene analogue 7 be-
gan with a Wittig olefination of the ketone 59 (Ph;P=CH,,
100), followed Dby allylic oxidation [Mn(OAc)s,
tBuOOH],?% to afford the enone 101 in 64 % yield over the
two steps (Scheme 12). The double alkylation product 103
was obtained as a single diastereoisomer under the pre-
viously described conditions (46 % yield over the two steps
from the enone 101). Olefin cross-metathesis (73,1*! Hov-
eyda—Grubbs II catalyst)l*] and subsequent oxidations

] 0
b) Mn(OAC)s, O Me:.
n(OAC), Oz,
\ BUOOH \\ ) kHMDS, Mel \
R Meo OMe Mo OMe Vew OMe
59:R=0 = 101 102
100: R = CH, -1 &) PhaP=CH;
d) KHMDS,
A~

104

\ f) MegN*0~

OH
h) HATU,
TMSEO,C NH, RO,C N

10 OH OH

105: R = CHO
106: R = GO,H -] 9 NaCi0:

i) TASF[_107:R = TWSE

Scheme 12. Synthesis of the dimethoxy methylene platencin ana-
logue 7. Reagents and conditions: a) (bromomethyl)triphenylphos-
phonium bromide (8.0 equiv.), tBuONa (8.0 equiv.), Et,0, 45 °C,
2'h, 80%; b) Mn(OAc); (0.35 equiv.), /BuOOH (5.0 M in decane,
4.8 equiv.), O,, EtOAc, 23 °C, 15 h, 80%; ¢) KHMDS (0.5 M in tol-
uene, 1.2 equiv.), Mel (8.0 equiv.), THF/HMPA (4:1), -78 — 0 °C,
2h, 76%; d) KHMDS (0.5M in toluene, 1.2 equiv.), allyl iodide
(8.0 equiv.), THF/HMPA (4:1), -78 — 0°C, 4h, 60%; ¢)73
(5.0 equiv.), Hoveyda—Grubbs II cat. (0.1 equiv.), benzoquinone
(0.1 equiv.), benzene, 70 °C, 1h, 65%; f) Me;N*O~ (5.0 equiv.),
THE, 70°C, 3h, 60%; g)NaClO, (3.8equiv.), NaH,PO,
(7.0 equiv.), 2-methylbut-2-ene (15 equiv.), BuOH/H,O (1:1),
23°C, 90min; h)10 (3.0equiv.), HATU (3.0 equiv.), Et;N
(5.0 equiv.), DMF, 23 °C, 14 h, 63% for the two steps; i) TASF
(2.0 equiv.), DMF, 40 °C, 80 min, 47 %.
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(MesN*O~ then NaClO,)B! of the intermediate vinyl bor-
onate 104 proceeded uneventfully to deliver the acid 106,
amide coupling of which (HATU)?7! with the aniline 10
and final deprotection (TASF)P?8] gave the dimethoxy meth-
ylene analogue 7 in 30% yield from the aldehyde 105.

As the final additions to our collection of platencin ana-
logues, the reverse alkylation analogue 8 [C*-epi-platencin,
C*epi-(-)-2] and the a,B-unsaturated amide 9 were also
synthesized, as shown in Scheme 13. Hydrolysis (LiOH) of
the previously described diastereoisomeric fert-butyl ester
66 (Scheme 7), followed by amide coupling with the aniline
108592901 (HATU)P7 and desilylation (TASF),*®! furnished
C*-epi-platencin (8) in 48% yield over the three steps
(Scheme 13, a).

OH
RO,C” : /

N
R = H
g LIOH[_ So.R =12y OH
' b) HATU
" —
OH 109: R = TMSE
c) TASF Aol
TMSEO,C NH,
OH 10
b.
OH OH |,
TMSEO,C NH, d) EDAC,HOBt  1MmsEO,C N\n/\
X
\C[ HO O
OH N OoH
10 o 110
+
OH H e) Hoveyda— MeO
ROzC\C[N\n/\/ Grubbs (Il) cat., Xy~
\ 2 il A
0
OH
) TASF l:111:R=TMSE 63

9:R=H

Scheme 13. Syntheses of the reverse-alkylation platencin analogue
8 and the o,B-unsaturated amide analogue 9. Reagents and condi-
tions: a) LIOH (1.0 M aq., 10equiv.), MeOH, 50 °C, 5Sh; b) 10
(2.2 equiv.), HATU (2.2 equiv.), Et;N (3.2 equiv.), DME, 23 °C,
14 h, 57% for the two steps; c¢) TASF (1.4 equiv.), 40 °C, 80 min,
85%; d)acrylic acid (1.0equiv.), Et;N (1.3 equiv.), HOBt
(1.0 equiv.), EDAC (1.0 equiv.), DMF, 23°C, 16 h, 94%; e) 110
(1.3 equiv.), Hoveyda—Grubbs II cat. (0.05 equiv.), CH,Cl,, 50 °C,
12 h, 42%; f) TASF (2.0 equiv.), DMF, 40 °C, 80 min, 95%. HOBt
= N-hydroxybenzotriazole, EDAC = I1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide.

Olefin cross-metathesis with the terminal alkene 63 and
the acrylamide 110 in the presence of the Hoveyda—
Grubbs II catalyst®® smoothly delivered the a,B-unsatu-
rated amide 111 as a single geometric isomer, which was
desilylated (TASF)?% to give the analogue 9 in 40% overall
yield for the two steps (Scheme 13, b).
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Table 3. Antibacterial studies of (—)-platencin [(-)-2] and its analogues 3-9.

Entry MICE! [pug/mL]

S. aureus COL S. aureus MuS0  S. aureus B. subtilis S. aureus E. coli P, aeruginosa

(MRSA) (VISA) ATCC43300 (MRSA) 168 SG511 W3110 PAO1
1 (-)-2 0.1 0.25 0.25 0.5 0.25 >128 >128
2 3 >128 >128 >128 >128 >128 >128 >128
3 4 >128 >128 >128 >128 >128 >128 >128
4 5 16 32 64 >128 >128 >128 >128
5 6 8 16 16 >128 8 >128 >128
6 7 4 8 8 >128 32 >128 >128
7 8 8 1 1 2 1 >128 >128
8 9 >128 >128 >128 >128 >128 >128 >128

[a] Minimal inhibitory concentrations (MICs) were determined by a standard microtitre plate assay. Compound stock solutions
(10 mgmL') were prepared in DMSO. Serial dilutions of compounds in Luria Bertani (LB) broth were inoculated with 5 X 103 cellsmL!

and incubated for 18 h at 37 °C.

Antibacterial Studies of (-)-Platencin [(-)-2] and the
Platencin Analogues 3-9

The synthesized compounds were tested against a panel
of bacterial strains, including S. aureus COL (MRSA),
S. aureus Mu50 (VISA), S. aureus ATCC43300 (MRSA),
B. subtilis 168, S. aureus SG511, E. coli W3110 and P. aeru-
ginosa PAO1 with synthetic (-)-platencin [(—)-2] as positive
control, and the results are summarized in Table 3. The hy-
droxy analogue 3 (Table 3, Entry 2) and the ketone ana-
logue 4 (Table 3, Entry 3) of platencin showed complete loss
of antibacterial activities against both normal and resistant
strains. The dimethoxy analogues 5-7 (Table 3, Entries 4-6)
also showed significant reduction in antibacterial activities,
but these compounds seem to show selectivity toward the
resistant strains S. aureus COL (MRSA), S. aureus Mu50
(VISA), S. aureus ATCC43300 (MRSA) and S. aureus
SGS511. Much to our surprise, the reverse alkylation ana-
logue 8 also showed modest levels of antibiotic activity,
whereas the o,B-unsaturated amide 9 showed complete loss
of antibacterial activities. Clearly, further studies are needed
in order to seek structural simplification and diversification
in parallel with improvement of platencin’s antibiotic prop-
erty. Work in this area, together with the FabF/FabH selec-
tivity of analogues 3-9, is currently underway and the re-
sults will be reported in due course.

Conclusions

In summary, the total synthesis of the recently disclosed,
broad-spectrum fatty-acid synthase inhibitory antibiotic
(-)-platencin [(—)-2] has been accomplished. The synthetic
strategy featured the application of the masked o-benzoqui-
nones intramolecular Diels—Alder reaction, and highlighted
the directing effect of remote stereocentres in the alkenyl
side chain, as illustrated in substrates 15, 16, and 17, in the
observed diastereoselectivity of the intramolecular Diels—
Alder reaction. Furthermore, the use of borate reagent as
an additive led to dramatic improvements in the diastereo-
selectivity of the Diels—Alder reaction of substrate 17. The
developed synthetic strategy, together with the readily ac-
cessible and highly functionalized tricyclic system 14, facili-
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tated the preparation of rationally designed analogues in-
corporating hydrogen bond donating, accepting and lipo-
philic substituents at C'3, as demonstrated in the synthesis
of the platencin analogues 3-9. The highly flexible synthetic
technology, together with preliminary SAR insights, should
enable further chemical biology investigations of this fasci-
nating class of compounds.

Supporting Information (see also the footnote on the first page of
this article): General information for the Experimental Section, ex-
perimental procedures and compound characterization, materials
and methods for antibacterial assays, and 'H and '3C NMR spectra
for all compounds.
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