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Abstract

We describe a complete account of our total syigreesd biological evaluation of (—)-berkelic acitdaanalogs. We delineate a synthetic
strategy inspired by a potentially biomimetic uniogtween the natural products spicifernin and ifatic acid. After defining optimal
parameters, we executed a one-pot silver-mediatedsiiu dehydration of an isochroman lactol to mktipylvillorate, the
cycloisomerization of a spicifernin-like alkynol the corresponding exocyclic enol ether, and aeqent cycloaddition to deliver the
tetracyclic core of berkelic acid. Our studies @nfthat the original assigned berkelic acid stupetis not stable and equilibrates into a
mixture of 4 diastereomers, fully characterized>yay crystallography. In addition to berkelic acid22epiberkelic acid, andor-
berkelic acids, we synthesized C26-oxoberkelic aidlogs that were evaluated against human camtelines. In contrast to data

reported for natural berkelic acid, our synthetatenial and analogs were found to be devoid of/éyti

1. Introduction

In 2006 Stierlest al. disclosed the tetracyclic chroman/isochroman/&eital natural product (-)-berkelic acid (Figureidglated from
the fermentation broth of an extremophiftenicillium fungus encountered in the Berkeley Pit Lake int&u¥lontand. The Berkeley Pit
Lake, which formed by groundwater seepage intolemdoned copper pit mine, is currently the Uniteates’ largest superfund cleanup
site containing approximately 30 billion gallonstaghly acidic (pH 2.5), heavy metal-contaminatedsénic, copper, cadmium, cobalt,
iron, manganese, and zinc) wateBerkelic acid was found to be a moderate inhibitbMMP-3 (1.87uM) and the cysteine protease
caspase-1 (98M), and, in testing against the NCI 60 cell linenpk was reported to possess selective activitinagéhe human ovarian
cancer cell line OVCAR-3 (G 91 nM). However, a subsequent analysis of fullytsgtic (—)-berkelic acid from the Snider groupthe
NCI 60 cell line panel indicated no activity agaiasy of the cell lines (up to 3@M) including OVCAR-3?

The initially assigned structure of (-)-berkelidda¢l) was determined by NMR experiments, but did natress the configuration of
the C22-quaternary stereocenter or the overalllatesconfiguration. Subsequent work of the Fursgreup led to a revised structure of
berkelic acid 2) through an elegant synthetic, NMR, and crystalipic study culminating initially in the synthesiEboth C22-epimers
of the corresponding methyl esterseot2,* and subsequently (—)-berkelic ack).{ These efforts established the absolute configpmaif
five stereocenters and a revision of the configomaat C18 and C19 in the original assigned stmectln fact, Furstner noticed that an
advanced tetracyclic intermediate with configunatieminiscent of the original structure could netgrepared as a single diastereomer.
An unfavorable eclipsing interaction interactionviieen C16 and C25 instead provided a driving fdozeequilibration into a nearly
statistical mixture of four diasteromers epimeti€a5, C17, and C18’ Unfortunately, insufficient spectroscopic diffeces between two
synthetic methyl berkelates epimeric at C22, lackroauthentic sample, and the inability to seletyi saponify the C1-methyl benzoate
prevented an unambiguous assignment of the C228cstemter. Later, Snider and coworkers reporteditsietotal synthesis of berkelic
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acid, confirming Fiirstner’s structural revision gndatively assigning the quaternary stereocerst€@22S*® As the C22 stereocenter was
introducedvia a non-selective Kiyooka aldol reactidthe stereochemical assignment relied upon coiwalaf the resultant diastereomers
to a model compound. Our subsequent synthesistbf®22-epimers of berkelic acid fully corroboratle Snider assignmettFinally, a

gram-scale total synthesis was reported in 201Bdfianas and Rodriguez that centered on a silvalyzatl addition/cyclization cascade

of appropriately substituted alkyne and aldehydeprsors to set four new chiral centers in a 2astdreomeric ratit.****

original structure revised structure
of berkelic acid (1) 1 Me Of berkelic acid (2) Me
(Stierle) (Furstner, Snider, De Brabander)

Figure 1. Original and revised structures of berkelic acid.

Constitutionally, the originally proposed structwfe(—)-berkelic acid ) emerges as an amalgamation of two other natuoalugts,
namely pulvilloric acid 4)** and spicifernin ). The co-isolation of berkelic acid with spicife® A (), which previously had been
isolated alongside spiciferni)(from a Cochliobolusfungus:” is indeed suggestive of a proposal that berkadid aould be the end-
product of such a biosynthetic merger (Scheme ibsyBithetic studies utilizing’C- and”H-labeling have specified that both spicifernin
(3) and spiciferone A5) are generated from a common hexaketide prectit$bfhus, the presence of spiciferone 3) i{n the berkelic
acid culture medium suggests that the BerkeleyLBke Penicillium sp. might also possess the biosynthetic machitergroduce
spicifernin @). To account for the stereochemical discrepandwden natural spicifernir8f and (-)-berkelic acid2j, which display an
epimeric relationship at C18 and C19 (berkelic acidnbering), Snider proposed that spicifern® ¢r an immediate biosynthetic
precursor could undergo a double epimerization (@h8 C19) followed by a reduction to provide a eotly configured bispk

deoxyspicifernin §) for addition to pulvilloric acid 4).>*’

We proposed an alternative hypothesis where spigif 3) would be unified
with pulvilloric acid @) first, perhaps via its dehydrated enollact@rie a formal cycloaddition with the ortho-quinonetimide tautomer of

pulvilloric acid, followed by a double epimerizatigat C18 and C19) and final reductitiri?

Given berkelic acid’s unique structural featurdsrenchemical questions, biological activity, arateptial biosynthetic origin from
combination of two other natural products, we erkbdron a synthetic program that culminated in thal tsynthesis of (—)-berkelic acid
(2) communicated several years dfélere, we present a full account of our extensasearch program including the development of a
novel silver-catalyzed dehydration/cycloisomeriaattycloaddition cascade to forge the tetracyclimoman/isochroman/spiroketal
structure embedded within berkelic acid, the sysithand full characterization of diastereomershefdriginally proposed structure, C22-
geminal dimethyl substituted analogs, and C26-oxkabates to explore the proposed biosynthesis,bémldgical evaluation of synthetic

berkelic acid and analogs.
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Scheme 1Biosynthetic proposal for the synthesis of (—)Ketic acid @) from the natural products spicifernig) @nd pulvilloric acid 4).
2. Results and discussion

Initially, we became interested in a synthetic caigp toward berkelic acid due to a unique congtetieof structural features that we
perceived as a fruitful platform to implement metbtngy developed in our group. In our initial déoidy non-biomimetic analysis, we
thus perceived linear polyhydroxy alkyBes a suitable direct precursor to berkelic a2jdf(conditions could be identified to forge a one-
pot cycloisomerization / dehydrative cycloethedtion as depicted in Scheme 2. The dividend pawoflild be even higher if thus
identified reaction conditions could operate on@tgcting group free substrate with all final fupoglity at the correct oxidation state (i.e.
substrate9). Based on studies from our group, we had corsiiderconfidence in executing such a strategy. ldhdag shown in the box in
Scheme 2, we developed methodology to exploit fidlealkynes as a potential nucleus for metal-catyremolding of linear substrates
to cyclic/polycyclic structures. In 2006, we remaiton the metal-catalyzed cycloisomerization ofydibxy-alkynes to form spiroketals
under mild conditions (relevant to path1), - 11)?° followed by propargylic cycloetherification in 28@relevant to transformatiotd —
12)** and a tandem combination that would yigRidirectly from10 (via 12; propargylic substitution preceding cycloisomeriaa)’? En
route to berkelic acid, we envisioned polyhydroX¥yyae precurso® to be available from the addition of terminal alkyi4 to aldehyde
15 (C15-C16 bond formation). However, if we were riqplement a protecting group free synthesis, thdelaldel5 would entirely exist
as the corresponding non-electrophilic lacdt6| leading us to contemplate the natural productifpadic acid @, the dehydration product
of 16) as a viable electrophilic coupling partner insteld is at this point that our synthetic analysistamorphosed to one that appeared

more reminiscent of the biosynthetic pathway pregos Scheme 1 and contemplated that a metal-catly-exo-dig hydroalkoxylation
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of alkynol 14 should deliver enal7,%° a material that would combine with tbetho-quinone methide tautomer of pulvilloric acid) {/ia a
formal cycloaddition to deliver directly the chromissochroman/spiroketal tetracycle of berkelic ggie. bypassing proposed precurSpr
Ideally, a one-pot operation would be identifiedttanables (1) the dehydration of lactélto pulvilloric acid4, (2) the cycloisomerization
of 1410 17, and (3) the final cycloaddition betweérmnd17 to deliver berkelic acid?j.
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Scheme 2Retrosynthetic analysis and strategy.

Our synthetic studies began with the developmerat obncise route to a lactol similar 16 as a precursor to pulvilloric acid)( As
shown in Scheme 3, selective triflation of commeigiavailable methyl 2,4,6-trihydroxybenzodt8 provided triflate19, which readily
underwent Suzuki-Miyaura cross coupling with knog@y-1-heptenylboronic acid2()* to yield styrene derivative1 in 83% vyield from
commercial182® Installation of the homobenzylic alcohol was bastomplished via a three-step sequence fednincluding MOM
protection of the free phenols, styrene epoxidatiith m-CPBA, and benzylic hydrogenolysis providing alcoBalin 76% overall yield
from 21.%° Methanolysis of the MOM protecting groups and rgktster delivered alcohd3 in 97% vyield and was followed by a
condensation with triethyl orthoformatéa a procedure adapted from the synthesis of pufidllacid®® to deliver the ethanol adduct of

methyl pulvillorate24 in excellent yield.

With a viable racemic route established, we neplaned the possibility to intercept racemic homabgic alcohol22 for a late-stage
enzymatic resolution. We subjectex)-@2 to a set of 21 different lipases for acetylatiéth® homobenzylic alcohol with vinyl acetate and
identified three enzymes that provided the desireetate?5 at a synthetically practical rate. Of these, ghjbzed formulation of lipase
from Alcaligenessp. exhibited high selectivity and scalabilityloaling for the preparation ofR}-25 and §-22 in 95% and 93% ee,
respectively’’” As it was ultimately discovered that berkelic awids of the C9R) configuration®> a Mitsunobu esterification of the
enantioenriched homobenzylic alcoh§)-22 (93% ee) with acetic acid provided additiond)-25 in 78% yield, for an overall yield of
85% of R)-25 from (*)-22. Global deprotection ofR)-25 with acidic MeOH gave(R)-23 in quantitative yield. Treatment with

triethylorthoformate as described above affordBj24. Expecting potential difficulties with a selectivate-stage methyl benzoate
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saponification based on precedent by Fiirstner anide&® we briefly explored alternative benzoate esterthist stage. For example,
transesterification of21 using catalytic BySnO afforded 2-(trimethylsilyl)ethyl (TMSE) benzea26 in good yield (Scheme 5.
Elaborationvia the method described f@8 supplied racemi27 for enzymatic resolution. However, screening @f same set of 21 lipases
as above did not identify a single lipase to aftbit transformation. Literature suggests thisufailis likely due to the occupation of the
lipase active site by the TMSE ester, preventinggesterificatioA’ At this point, we decided to move on with methghkoate R)-24 and

force ourselves to find a solution for its seleetremoval at a later stage.

CO,Me CO,Me CO,Me COzMe COzMe
HO OH b 91% HO OH c-e MOMO. OMOM
B(OH), 76% 97% 99%
OR % 20 -
a|: 18:R=H "CsHy "CsHu "CsHu "CsHn "CsHyy
19: R = OTf 21 22 23 24
91% (R)-24
86%‘ h m
g | 99%
COZTMSE COZTMSE CO,Me CO,Me COo,Me
MOMO OMOM MOMO OMOM HO OH
70% 99%
51% 46% HO
93% ee 95% ee
"CsHyy "Can "CsHy "CsHy "CsHyy
n 78%
27 26 (5)-22 (R)-25 (R)-23

Scheme 3Synthesis of lacta?4, a precursor to pulvilloric acidd). Reagents and conditions: (a)df lutidine, CHCl,, 0 °C, 16 h (91%); (b20, Pd(dppf)Ci (5
mol%), K:COs, THF/H,O (10:1), reflux, 2.5 h (91%); (c) MOMGLPLNEt, CHCly, 0 °C— 1t, 18 h; (d) m-CPBA, CHCl,, rt, 5 h (84%, 2 steps); (e) Pd/Cas 6,
(1 atm), MeOH, rt, 20 h (90%); (f) 10-CSA, MeOH, 1td (97%); (g) (EtQLCH, TFA, rt, 18 h (99%); (h) BSnO (1 mol%), TMSE-OH, PhMe, 100 °C, 16 h (86%);
(i) MOMCI, i-PrNEt, CHCly, 0 °C— rt, 24 h; (j) mCPBA, CHCL,, rt, 4 h; (k) Pd/CaC®(cat.), H (1 atm), MeOH, rt, 24 h; (I) HCl/MeOH, rt, 16 hQ%, four
steps); (mAlcaligenessp. lipases (10 weight%), vinyl acetate, MTBE, Mi&, rt, 7 d; (n) DEAD, PP AcOH, PhMe (0.1 M), 0 °G-r1t (78%); (0) HCI/MeOH, rt,
16 h (99%).

At the time we started our synthetic studies ilye2007, the stereochemistry at the quaternaryecgi@22) was not assigned. In light
of that, and our desire to explore a rather bofst@gch as outlined in Scheme 2, we decided to parémur exploratory chemistry toward a
gem-dimethyl substituted berkelic acid analog fier-berkelic acid). The synthesis of the required atékygoupling partner analogous to
14 (Scheme 2) is depicted in Scheme 4. To this emthdtion of the corresponding phosphonium bromidenfcommercially available-
bromo ketone29,*° followed by ylide formation and Wittig olefinatiomith known 2-(4-methoxybenzyloxy)acetaldehy@@){* gavea,p-
unsaturated keton81 in 58% vyield over three steps. Alternatively, arenfficient one-step titanium-mediated dehydratatdol
condensation between commercially available mekiegbne 28 and aldehyde30 yielded enone31 in one step (69% yield). Next, a
conjugate addition of the enamine derived in giturf propanal and diethylamine to en@ieafforded aldehyd82in acceptable yielthut
poor diastereoselectivitf5%, dr = 2:1}>** Theanti/synratio further eroded to unity during the ensuimyf®rth-Gilbert homologation of
aldehyde32 with the Ohira-Bestmann reagéAtNMR analysis of the chromatographically homogemsematerial obtained following
oxidative deprotection with DDQ indicated that fhr@duct exists as a mixture of open-chain alkyrsyi$33 andanti-33 (1:1) and33
lactol isomers (verified by gHMBCY. Samples oB3 enriched in each diastereoman(-33:syn33 - 14:1;anti-33:syn33 - 1:3.8) were

obtained by repeated flash chromatography withtramyi division of material and served to confiamti-33 as the less polar diastereomer.
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Scheme 4Synthesis of gem-dimethyl substituted alkyB8IReagents and conditions: @9, PPh, THF, reflux, 1 h (71%); (b) NaOH, MeOH, rt, 2¢) 80, PhMe,
reflux, 4 h (81%, 2 steps); (@B, TiCl,, THF, 0 °C, 30 min; BN, =78 °C, 45 min30 (1.2 eq), —78 °G> rt, 2.5 h (69%); (e) EtCHO, EtNH, dioxane, rt, 21 h (75%,
dr = 2:1); (f) Ohira-Bestmann reagent;GO;, MeOH, 0 °C, 30 min, rt, 17 h (78%, dr = 1:1); @PQ, CHCIl,:H,O (10:1), rt, 3.5 h (90%, dr = 1:1); (h) preform
cuprate with34, CuBr-DMS, THF, —78 °C, 1 h; then add3h THF, —78 °C, 2 h; (i) KCOs, MeOH, rt, 4 h; (j) DDQ, CkCly, H;0, rt, 2.5 h (73%, three steps); (k)
37, Ti(Oi-Pr)y, i-PrMgCl, EtO, —45 °C, 2 h; theB1, —45 °C, 15 min- —20 °C, 3 h (54%).

The above enamine-based route was designed wittpribgpect to eventually control diastereo- andalaskelectivity using an
enantioselective organocatalytic variant. Howeube ease of epimerization of the aldehyalstereocenter during the subsequent
alkynylation forced us to consider an alternatippraach. Conceptually, 1,4-addition of a metalategpargyl/allenyl species to eno8#
should deliver aro-methyl substituted alkyne straightforwardly. Althgh initial exploration of reagents more commonged for the
propargylation of aldehydes (Marshall chemidfrgllenylstannane¥, allenylboronic acid® allenylzinc specie¥, and allenyl/propargyl
lithiatesf°® proved frustrating (no Michael addition produ@s or 36), traction was gained when moving to cuprate ckemiAfter
substantial experimentation, we found that additibd equivalents of a cuprate generated fromdi#84 and CuBr-DMS to enongl in
THF at —78 °C yielded racemic TMS-alky88 with the desirecanti-isomer dominating in a ratio of ~8-10*1%? In contemplating an
enantioselective route, the synthesis of configomatly defined and stable allenyl/propargyl cuprapecies from propargyllithium species
34 appeared dauntirf§.Ultimately, we encountered a manuscript disclosgdsato and coworkers describing the conjugatetiaddof
configurationally stable homochiral allenyltitanitspecies to alkylidenemalonatédJsing their conditions, we found that treatmen8af
with allenyltitanium reager8, derived from37 (>98% ee}? provided §9-35 in moderate yield and enantiomeric excess (54% ye=d;
= 59%]° but excellent diastereoselectivitgrti:syn> 20:1)*’ Although 31 was completely consumed, a mixture of byproduntiuding
the 1,2-addition product (~20%) was formed, leadimghe diminished yield with respect to copper-rag=tl conjugate propargylation.
Treatment of the crude racemic alkye$-85 with methanolic base to remove the TMS 86) was followed by oxidative PMB-removal to
yield the final alkyne %)-anti-33 in 73% vyield from enon&1 (dr = 10:1). EnantioenrichedS§)-35 on the other hand provided
enantioenrichedS)-anti-33in 92% vyield (2 steps; 59% ee; dr >20:1).

As noted above, our initial approach to berkelic @ntailed the addition of a spicifernin-like afig/to an electrophilic pulvilloric acid-
like synthon, followed by a final cyclopropargytati' cycloisomerization of the thus formed linedwyak coupled intermediate (Scheme 2,
path a). As a prelude to explore this coupling tiea¢ we attempted to protect the free alcohol odei alkynol33 (anti:syn = 1:1) as a
methyl ether39 (or acetal40) with Ag,0O and Mel (Scheme 5AY.Instead, we obtained a crude mixture containingpmmds consistent
with structure4l (diastereomers) and some endocyclic enol e#t&(crude NMR, not isolated, assignment tentativeé)was this
observation that led us to explore the possibflitya 1-pot metal-mediated cascade entailing: {tJoisomerization of an alkynol, (2)

dearomatization of a lacttd a quinone methide, and (3) in situ cycloadditomleliver the berkelic acid scaffold (Scheme&hpb). After



a brief survey of transition metal souré@sye found that AgShfstroke an ideal balance in effecting both the rdiyycloisomerization
and the quinone methide formation from lactol andtal precursors, respectively (vide infra). Aswhdn Scheme 5A, in situ NMR
monitoring ofa solution of33 (anti:syn= 1.1:1) and AgShf~1.4 eq) in &-Et,O showed 100% conversion to a mixture of compounds
featuring resonances consistent with enol efewithin 5 min (no signals indicative @2). When using sub-stoichiometric AgSh@®.3
eq) a far more complex mixture was observed aftenib that simplified over time<@.5 h) to a mixture similar to that observed with
supra-stoichiometric AgSibut significant accumulation of endocyclic endiet42. Although it has been reported that the carboxylic
acid corresponding t84 will yield the quinone methide pulvilloric acid)(upon removal of ethanol under ultra high vacutfmve opted

to explore the possibility of generating quinonethite 43 in situ via a Lewis acid catalyzed dearomatizatforatifyingly, through
titration experiments in CTl, monitored by'H NMR, we found that the alkynophilic AgShFeffective for the cycloisomerization of
alkynol 33, enjoyed sufficient hard Lewis acidity to prometeoncentration-dependent equilibrium betwegr2d and quinone methide
43 (Scheme 5B).

AgSbFg (1.4 eq), dio-Et,0, rt, 5 min

A o OR MeO,C, MeO,C,
MeO,C Z
AgSbFg (0.3 eq),
Me Me Me dyo-Et;0, rt, 5 min complex
33:R=H antizsyn mixture
39: R=Me ~1:1
MeO O CO,Me COzMe 2Me
MeOZCW HO OH
AngFB
Me Me Me B EtO
40
O CD20|2
(£)-24  CgHy, CsHyy 043 CsHyy P43
C
o ~OH CO,Me MeOzC>‘//{) COZMe MeO,C coz
MeO,C i Z HO OH Mol N
AgSbFg, Et,0, rt, 3 h
Me Me Me EtO 9 > 72
i +
(4)-anti-33 o (via 41 +43) ‘
H
(+)-24 1CgHyq (+)-44 CsHyq 45a- CsHyy
Entry Ratio Eq. 33 Eq. AgSbFg Ratio 44:45a-d Isolated yield
o OH/ anti-33:syn-33  (vs. 24) (vs. 24) (NMR yield) (of 44)
MeO,C Z 1 1.85:1 1.54 2.5 6:4 (>95%) 60%
Me Me Me 2 14:1 1.1 15 6:4 (>95%) 60%
3 1:3.8 1.1 1.5 ND (~25%) -
(£)-syn-33 4 1:3.8 1.3 2.0 (premix 6:4 (80%) -

with 33 for 30 min)

Scheme 50ne-pot Ag-catalyzed synthesisnafr-berkelic acid methyl esterd4/45) from alkynol(£)-33 and lacto(%)-24.

With the above defined parameters in hand, we wene than pleased to observe that stirring an egthaolution of racemic alkynol
33 (anti:syn= 1.85:1) and racemic lacta¥ in the presence of AgSPE2.5 eq.) at room temperature cleanly converteal nuxture of five
methyl berkelated4 (~60% of total) and5a-d (~40% of total, 2.5:1.0:1.5:1.2 ratio) compris#@s% of the aromatic containing products
(Scheme 5C, entry £}:°* The same results were obtained with an equimoistune of diastereomerically enrichel){anti-33 (anti:syn=
14:1) and £)-24 (Scheme 5C, entry 2). Repeated semi-preparativieCHtelded pure samples o)-44 (60% isolated) and the four
individual diastereomergd5a-d the structures of which were unambiguously assighy X-ray crystallography44 and 45a-9 and

multidimensional NMR studies4bd, Figure 2). Diastereomed4 corresponds to the revised structure of berkelkid, whereas



diastereomergl5a-d correspond to the equilibrating diastereomerstified by Firstner when attempting to synthesize ¢miginally
assigned structure of berkelic aéftiin agreement, when individual diastereomba (originally assigned berkelate stereochemistryy wa
stirred at room temperature with HCI/MeOH, an dfuilm was established yielding a mixture of diesteners45a-d in the same
2.5:1.0:1.5:1.2 ratio as observed by NMR of thederpeaction mixture obtained according to Schemé&®5kbese and other published
data®® thus establish that the C15, C17 and C18 steréersenan epimerize under the reaction conditions, taerefore, theoretically
eitheranti- or syn33 could provide access to the correctly configuredt@reomenr4. To investigate this idea, a mixture da)-{4 (1.0
eq), AgSbk (1.5 eq), and#)-syn33 (1.1 eq,synanti = 3.8:1) in EfO was stirred at room temperature, which led tompex mixture
comprised of ~25% berkelates in addition to presipuwnobserved, non-berkelate byproducts (crude NgBheme 5C, entry 3).
However, pre-mixing an ethereal solutionsgft33 (dr = 3.8:1, 1.3 eq) and AgShE2.0 eq) for 30 min prior to the introduction af){24
(1.0 eq) generated a mixture similar (~6:4, ~80%nofture, crude NMR) to that observed previouslyhwalkynol anti-33 (Scheme 5C,
entry 4). These results are consistent with ex&dig hydroalkoxylation in which alkyno&nti-33 undergoes cyclization at a rate
competitive with berkelate formation, whiggn33 does not. This is likely to the result of a buiig-of an unfavorable eclipsing interaction
during the cycloisomerization alyn33 versusanti-33. Pre-incubatingyn33 with AgSbFk; for 30 min enables a more advanced conversion

toin situformed cyclic enol ethe41 prior to the addition of acetay.

Co,Me CO,Me

rac-44 CsHyy 45a CsHyp 45b CsHyy

Figure 2. Representations of X-ray crystal structured4fnd45a-cand NMR structure of5d (diagnostic nOe correlations are indicated withetdrrows).

In an attempt to render the reaction catalyticweee surprised to find that stirring alkynaf){33 (anti:syn= 2.7:1; 1.2 eq.) and acetal
(3)-24 in the presence of a substoichiometric amount g8 (0.4 eq.) generated an inseparable mixture ofsgduetracyclic ring
products (60% yieldf from which the majoendoisomer46 was crystalized by slow evaporation from a EtO&gAnes/dichloromethane
solution. X-ray crystallographic analysis unambigsly determined the structure to be the one showBtheme 60f the two conceivable
pathways, interception of the quinone meti@alerived from acet24 with either a silver enola$7 derived frompB-keto esteB3 or the
endocyclic enol ethe48 derived from a silver-mediated dehydrationlaxtol-33, we prefer the silver enolate pathway (4i3. Indeed,
under otherwise identical conditions, suprastoietg@tyic AgSbk provided spirocyclic structuregl4/45) via 33-derived exocyclic enol
ether41 (Scheme 5C), but the hydroxymethylene requiredtli@® cycloisomerization3@ - 41) would already be sequestered if the
reaction proceeds through endocyclic e#®?° Moreover, given the bidentate natureBefeto esters it is not unreasonable to envision tha
33 would sequester the first equivalent of Ag(l) be tilver enolatel7, leading to fused products (e4f) in reaction with quinone

methide43. In agreement with our in situ NMR-studies (Schebdg further cycloisomerization of thehydroxy alkynol in47 to an



exocyclic enol ether is slow with substoichiomet#igSbF; possible due to a decreased alkynophilicity okbtdte-sequestered Ag (cf.
47). Longer incubation times or suprastoichiometrigShF (Scheme 5A) are thus required to complete theo@smierization to

exocyclic enol ethe41 en route to the spirocyclic berkelate produt&l5 (Scheme 5CJ°

I,Ago /OH/
Z
MeO X
_OH Me Me Me
o / 47
MeO,C =
AgSbFg (0.4 eq.), Et,O, 1t, 13 h
Me Me Me
anti-33 COzMe
HO OH
anti:syn =
271 EtO
o CsHn
HO O— 46
MeO,C i =z ®)-24  neoy
s5H11 .
+ 2 other diastereomers
Me Me

Me
lactol-33 MeOC, O\ _
MEW X-ray structure of 46
Me
ag Me

Scheme 6Reaction of alkynof+)-33 and lacto(+)-24 with catalytic AgSbkproduces fused instead of spirocyclic products.

As noted in the introduction, attempts by Firstaed coworkers to selectively hydrolyze the phenoiithyl ester of berkelic acid
methyl ester were unsuccessful. They, and latedeBr@nd coworkers, solved this issue by resortingrthogonal ester protecting groups
(phenolic benzyl and allyl ester, respectivél§)We decided to reexamine the issue of selective etleytation and after some
experimentation found that heating a solutiomaoi-berkelic acid methyl estei4 with excess (Bsn)O in toluene provided a mixture of
the desirechor-berkelic acid49 (42% isolated) and a decarboxylated byprodic{34% isolated) in a ratio of ~1.5:1 (based on crude

NMR, Scheme 7Y’ Byproduct50 arises from double methyl ester cleavage and spenus decarboxylation at the C28 terminus.

Meozc>rz<o CO,Me MeOzC>V//z
Me™ o N B Me
(Bu3Sn),0, PhMe,
115C,8h
49

+)-44

® ) (42% isolated)
~1.5:1 ratio

(crude NMR)

50 o
(34% isolated) H CsHyy X-ray structure of nor-berkelic acid 49

Scheme 7Synthesis ohor-berkelic acid49 via chemoselective methyl ester cleavage.

With a convergent streamlined synthetic strategghdished, we set out to tackle the total synthe$iberkelic acid containing the
quaternary C22-stereocenter. To that end, we déddeexploit the asymmetric enamine alkylation moettdeveloped by Koga and
coworkers to install the C22-quaternary stereoeéfitdccordingly, valine-derived enamirs2 was prepared by Lewis acid-catalyzed
condensation of commercially available 2-ethyl-®outanoateq1) and ()-t-butyl valinate in 82% yield (Scheme &equential lithiation

of a toluene solution 062 with LDA in the presence of lithium-coordinatinddF (2.6 eq), followed by alkylation with methyl iinkd
9



provided la-quaternary substituted imine derivatb@ (88%, dr > 15:1). Hydrolysis of this material gasredep-keto esteb4, which was
converted to bromine-containing cyclic hydrazdste (40% yield) for single crystal X-ray analysis, shaonfirming the $-absolute
configuration in agreement with the Koga model$tereoinductiori® Continuing with the synthesis, titanium-mediatedhytirative aldol
condensation of-keto ester54 with aldehyde30 yielded enoné6 in 42% overall yield from enaming? (three steps, no intermediate
purifications)>® Conjugate propargylation d86 using the homochiral allenyl titanat®)¢38 as described in Scheme 4 afforded an
inseparable mixture d7a,bin a ratio of 2:1 &nti:syn> 20:1) and 52% yiel@ Sequential TMS-removal and oxidative PMB-depraoect
delivered alkynol$8a,bin 91% yield (2:1 ratio, inseparable, in equilibri with corresponding hemiketals). Stirring an etaémixture of
alkynols58a,b(2 eq) and enantiopure lact®l)(24 (1 eq) in the presence of AgSRB eq) provided a mixture of methyl berkelab@qfrom
588 and60a-d (from 58b). Unlike the correspondingor-berkelatesi4 / 45a-d, individual diastereomers could not be obtaineadnfthis
inseparable mixture. Crude NMR-analysis indicate@t& of berkelic acid methyl este®9) versus four other diastereomé&@a-d in a
ratio of 3:2, similar to that observed foor-berkelatest4 / 45a-d®* Treatment of the crude mixture 68 / 60a-d with (Bu;Sn)O in
toluene provided pure (-)-berkelic aci2) (n 47% isolated yield over the two steps fromtda¢R)-24. The reaction was interrupted at
partial conversion to prevent saponification andssguent decarboxylation at the C28 terminus asolasrved fonor-berkelic acid49
(Scheme 7). The recycled material was subjectashdther round of (ByBn)0 treatment to yield additional (—)-berkelic ac) for a total
isolated yield of 59% from lactoRj-24 based on 1 recycle. Given that at the outset ofpoogram, the absolute configuration at the
quaternary C22-stereocenter remained in doubt, la@ prepared the corresponding G3#berkelic acid61 from the enantiomeric
alkynolsent58a,b (53%, 70% after 1 recycle fronR)-24).%? Only the C22S diastereome® displayed spectral data fully congruent with
natural (-)-berkelic acid2j,' thus unambiguously establishing the complete stévemical configuration of the natural product. The
spectral data and optical rotation of this synthét)-berkelic acid?) is in full agreement with the data reported forunakt and synthetic (—

‘sL3,5,ll

)-berkelic acid from the Snider, Firstner, and RaSagroups.™ " The spectral data for Capi-berkelic acid §1) matched those reported

for the same material synthesized by Snides &idstner®

)COz‘Bu )co;Bu Br
(¢] HN “ipy Nl "ipr (0] Q
MeO,C MeO,C.__~ MeO,C MeO,C _
2 \ﬁLMe a 2 \ﬁ\Me b 7 7/LMe c 2 %Me e oN N
- . 7, 3 - . ", - . 2 \

Me 82% Ve dr>15:1 Me —Me Me —Me 40% 07y T Me
51 52 88% 53 54  crude 55 Me “—Me
Ti 42% d ”l
(from 52)
H., ™S
1 1 b
I6) _/OR R2 o OR R2 38 o}
= = Me
MeO,C = MeO,C 4 MeO,C =
Md —Me e + M —Me e f-h 50% md “—Me  Opme
anti:syn = 20:1
57a (R = PMB, R2 = TMS) 57b 56 X-ray structure of 55

58a (R = R2 = H) 58b
inseparable (ratio 2:1)

COzMe
MeOzC>_"<

: (R)-24 ratio 59 60

"CsHyy

inseparable
mixture

H\\ H\“ H\\
CsHiy CsHiy CsHiy
59: R = Me (from 58a) 60a-d (from 58b) 61: C22-epi-berkelic acid
2: R = H; berkelic acid
47% (from 24; 59% after 1 recycle)
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Scheme 8Synthesis of{)-berkelic acid 2). Reagents and conditions: (aj-Bu-valinate (0.99 eq), BFOE® (5 mol%), PhH, 80 °C, 14 h; (b) LDA, PhMe, —78 °C,
1 h; then THF (2.6 eq), 1 h; then Mel, 16 h (88¢6);HCI/H,O, THF, rt, 1 h; (d) TiG} E&N, 4A MS, THF, 78 °C, 1.5 h; aldehy8@ (1.2 eq) —78 °G~rt, 3 h
(48% over two steps); (e) (4-bromo-2-nitrophenytjfazine hydrochloride, EtOH, reflux, 2 d (40%); (R)-38 (1.2 eq), THF, —40 °G> -20 °C, 3 h (52%); (9)
K,CQOs, MeOH, rt, 4 h; (h) DDQ, CkKCl,, H,0, rt, 2.5 h (91%, two steps); 6Ba,b(dr 2:1, 2.0 eq.),R)-24 (1.0 eq), AgSb§(3.0 eq), BO, rt, 4 h; (j) (BYSn)O,
PhMe, 115 °C, 8 h (47% over two steps; 59% aftercycle of recoveref9/60).

As noted in the introduction, berkelic aci®) @ppears to be comprised of two other natural yets namely spicifernin3] and the
quinone methide pulvilloric acidl), with the caveat that the C18 and C19 stereore(berkelic acid numbering, see Fig. 1) of spiciie
(3) are of opposite configuration to those found énkielic acid ) and a lower oxidation state at C26. Snider hap@sed the possibility
of a biosynthetic transformation of spicifernis) to bisepideoxyspicifernin §, Scheme 1), followed by incorporation into berkedtcid
(2). We offered the possibility of incorporating sfecnin (3) first into bisepioxoberkelic acid §), followed by epimerization (C18 and
C19) and reduction at C26 (Scheme 1). We, and othad already demonstrated that C15, C17, and l18llaepimerizable within the
context of the berkelic acid tetracyclic scaffofd The higher oxidation state at C26 (oxo) is thuseeted to enable the required additional
epimerization at C19 to complete the berkelic at@teochemical constellation. To test this hypathese embarked on the synthesis of
C26-oxoberkelate analogs with C22-gem dimethyl-stuied quaternary carbo®3 Scheme 9) using the silver mediated cycloaddition
strategy employed for berkelic acid synthesis (Sw&s5C and 8).

O
o " o Q
: Z
MeO,C =z a-c MeO,C CO,Me
- .
e HO OH
2

Me Me Me 60% Me Me

(#)-33 6 EtO

anti:syn = 10:1

o

#)-24  "CgHy

63c CsHyy
f e
~1:1
/;% em
H“‘ H“‘
63f CsHy 64 CsHur

Scheme 9Synthesis of oxoberkelat&3a-f. Reagents and conditions: (a) DMP, &, rt, 1 h; (b) NabHPQ,- H,0, NaHCIQ- H,0O, 2-methyl-2-buteng;BuOH,
H,0, 0 °C— rt, 1 h (90%, two steps); (c) NaAuCly- 2H0 (5 mol%), MeCN, HO, rt, 2.5 h (67%); (df+)-24 (1.0 eq)(%)-62 (1.2 eq), AgSbE(1.4 eq), BO, 11, 3 h
(50%63a-9; (e) HCI, EtO, CHCl,, rt, 24 h (67%); (f) AgShiH(1 eq), CRCl,, rt, 3 h (40%63f). The structure dd3b could not be determined unambiguously.

The requisite spicifernin-likg-lactone62 was prepared fromor-berkelic acid precurs@3 (racemic) in 60% overall yield by double
oxidation (Dess-Martin and Lindgréff* and gold-catalyzed cycloisomerizatidriTreatment of racemic lactor® (1.2 eq) with racemic
lactol 24 (1 eq) in the presence of AgSb@.4 eq) at room temperature in ether for 3 hguoxluced a mixture containing at least six
oxoberkelate diastereome88a-fin 61% yield after flash chromatography. Normahgh semi-preparative HPLC purification with two
different eluents yielded pure diastereom@Ba (4% isolated)63b (4% isolated)63c (13% isolated)63d (9% isolated), an®3e (2%

11



isolated)’® Diastereome63ehas the same relative configuration as berkelit. ZcOf all the other diastereomers, oBigcwas obtained in
quantities sufficient enough for equilibration sesl Unfortunately, attempts to equilibrate thiastéreomer t&3e (with berkelic acid
configuration) have thus far been unsuccessful.éxample, treatment &3c with Bronsted acid (HCI, CkCl,) — conditions that were
effective for the equilibration of berkelad®a into the 4 berkelate diastereomdia-d (Scheme 4) — resulted in isochroman ring-opening
to yield elimination produdd4, whereas treatment with AgSbyielded a 1:1 equilibrium mixture &3c (configuration similar tet5d) and

63f (configuration similar tal5¢) from which63f could be isolated in 40% yield. No equilibratioia epimerization at C17, C18, or C19
could be detected. While these initial results dodisprove our biosynthetic hypothesis involvingberkelic acid intermediates en route
to berkelic acid, our inability to identify suitabkepimerization conditions appears to bolster tlopgsal by Snider that epimerization at

C18 and C19 occurs before incorporation of spinifeinto berkelic acid.

During the course of our synthetic campaign tow@)eberkelic acid Z) described herein, we prepared a number of stralcamalogs —
notablynor-berkelic acid 49), a decarboxylatedor-berkelic acid analo®0, nor-berkelic acid methyl ested4) and four diastereomers
45a-d C22epiberkelic acid6l, and six diastereomeric oxoberkelic acid methyersanalogss3a-f. In the original isolation paper,
berkelic acid 2) was shown to be a selective inhibitor of the hnmearian cancer cell line OVCAR-3 with a4gbf 91 nM! Later, Snider
reported that synthetic (-)-berkelic ac®) &nd C22epi-berkelic acid §1) failed to register any antiproliferative activitshen tested at a10
UM single concentration in the NCI human diseaserted 60-cell line panel, which includes the OVCBRell line® Recently Rodriguez
et al. reported similarly that their synthetic gerkelic acid 2) and corresponding methyl est&® were devoid of activity against the
OVCAR-3 cell line®® We therefore decided to test our synthetic (—kéler acid @), C22epiberkelic acid §1), nor-berkelic acid 49),
decarboxylatedhor-berkelic acid §0), nor-berkelic acid methyl esterdq) and diastereome45a and oxoberkelic acid methyl ester
diastereome63c against the HelLa (cervical cancer), A549 (adersdcamic human alveolar basal epithelial cells), @VMdCAR-3 cancer
cell lines. Unfortunately, none of these compoudesionstrated any activity when measured up fdMl@oncentrations. These results in
combination with previous literature observationdicate that the original sample of natural (-)kkéc acid @) was either contaminated

with a minor potent metabolite, or that there waseghodological problem with the asSay.

3. Conclusion

In conclusion, we have developed a scalable, highhwergent synthesis of berkelic acid and anatag®d on a key silver-mediated
cascade involving the cycloisomerization of an atiyto an exocyclic enol ether, quinone methidenfation from an aromatic isochroman
lactol, and subsequent cycloaddition to providéékr acid methyl ester in a one-pot operation sThighly efficient approach, inspired by
the notion that berkelic acid constitutionally appl as a combination of two other natural prodspisifernin and pulvilloric acid,
enabled the total synthesis of (-)-berkelic a@dif 10 steps overall longest linear sequence (L1Stotal steps) and 10% overall yield.
This compares favorable to the total synthesisriest by Fiirstner (19 steps LLS, 26 total steps.osrall yield)® Snider (13 steps LLS,
20 total steps, 2% overall yield)and Fafianas (10 steps LLS, 18 total steps, 12%albugeld)* Furthermore, we observed that
substoichiometric amounts of AgSpFduring the key-step led to fused tetracyclic padu instead of the tetracyclic
spiroketal/chroman/isochroman ring system preseterkelic acid. In addition to berkelic acid atsl C22-epimer, we also synthesized
several analogs includingor-berkelic acid, a decarboxylatedor-berkelic acid analognor-berkelic acid methyl ester and four
diastereomers, and six diastereomeric oxoberkelit @alogs. The latter were prepared to exploral@nnative to Snider’s biosynthetic
proposal to reconcile the opposite C18/C19 conéitian of spicifernin to that found in berkelic aditf Our studies witmor-berkelic acid
analogs (quaternary gem-dimethyl at C22, versusequary Me, Et) enabled us to obtain X-ray quatitystal structures of naturally
configurednor-berkelic acid and several diasteromeric methygrsstor the first time. These unambiguously confiha observations by

Furstnet and Snidet that the originally assigned configuration of it acid is not a thermodynamically stable entity and rigadi
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equilibrates into a more or less statistical migtof four diastereomers. Finally, we tested beckatiid, C22epi-berkelic acid and several
analogs for activity against several human caneblitines, and found that in agreement with presiobservations, synthetic berkelic acid
and the various analogs were inactive. This indhat the natural sample of berkelic acid corthia minor potent contaminant, or a

methodological problem with the bioassay.
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“! Poor regioselectivity (1,4 vs. 1,2) was obtained using Cul (2.5:1), CuBr (2.5:1) and CuCN (5.0:1), while use of

CuBr-DMS afforded a >20:1 ratio of regioisomers as determined by "H NMR of the crude reaction product.

*2 For examples of 1,2-additions to aldehydes with similarly prepared cuprates, see: Alouane, N.; Vrancken, E.;

Mangeney, P. Synthesis 2007, 1261-1264.

3 To the best of our knowledge, there are no reported examples of enantioselective additions with allenyl/propargyl

cuprates (1,2- or 1,4). Our lab is currently exploring the use of chiral ligands for copper.
*Song, Y.; Okamoto, S.; Sato, F. Org. Lett. 2001, 3, 3543-3545.

s Phosphonate 37 (>98% ee) was prepared from (S)-4-(trimethylsilyl)-3-butyn-2-ol in one step according to Song et
al.,* and is known to occur without erosion of enantiopurity. Chirality transfer of phosphonate 37 to allenyltitanium 38
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“ Using reagents 37/38 Sato reports yields of 82-96% and ee’s >92% in Michael additions to alkyl- and aryl-substituted

alkylidenemalonates.**

" As noted in the main text, we have had no success with other allenyl organometallic species (Sn, B, Zn, In) commonly

used for the propargylic addition to aldehydes.***

“8 paquette, L. A.; Hu, Y.; Luxenburger, A.; bishop, R. L. J. Org. Chem. 2007, 72, 209-222.
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ot Monitoring the reaction by NMR (d3,-Et,0) indicated the initial formation (< 5 min) of a major diastereomer different
than 44 and 45a-d, which disappeared at full conversion. This indicates that at least part of the reaction funnels

through a kinetic cycloaddition product that differs from the final observed diastereomers.

°2 owering the reaction temperature resulted in poorer conversion and increased by-product formation. A brief survey of

solvents indicated that only benzene produced results comparable to Et,0O.

%3 Eiirstner observed a slightly different 1.1: 1.0:1.3:1.6 ratio of diastereomers at equilibrium. His stereochemical

assignments relied on NMR studies.*®

**The crude "H NMR spectra show only minor variations suggesting that the three products are simply stereoisomers.
The ratio of the compounds varies in CDCl; at room temperature, ultimately reaching a presumed thermodynamic
mixture (ratio 1.4:1.1:1.0).

*® |t is hard to envision a pathway from endocyclic enol ether 48 to exocyclic enol ether 41, merely by increasing the

amount of AgSbFs.

*® Increasing amounts of AgSbFs would also shift the equilibrium from 33-lactol (via open chain isomer 33) to silver
enolate 47, thereby increasing the concentration of primary alcohol required for cycloisomerization to exocyclic enol
ether 41.
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% Due to volatility, 54 was not isolated but used as a crude concentrated THF solution.

% This 2:1 ratio of 57a:57b indicates a mismatch with the chiral quaternary center given that the same reaction with the

achiral gem-dimethyl substituted substrate 31 delivered anti-35 with 59% ee (a 4:1 ratio of enantiomers, Scheme 4).

17



Reaction of 56 with the achiral allenyl cuprate (as in Scheme 4) delivered a 1:1 ratio of 57a:57b but with a lower

anti:syn selectivity (5:1).

®L Full structural assignment of diastereomers 60a-d was impossible due to our inability to separate them. However, we
presume that their relative stereochemistry represents that of the four nor-berkelate diastereomers 45a-d by
comparison of the 'H NMR spectrum of the crude mixture of 59 / 60a-d to the 'H NMR spectra of pure 44 and 45a-d.

Specifically, correlation to the diagnostic phenolic and C15 *H resonances was used.

®2 Alkynols ent-58a,b were prepared in a manner similar to 58a,b, but starting from D-valine derived enamine ent-52.

Full experimental details can be found in the supporting information to reference 10.
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% A sixth diastereomer (63f) was observable in the 'H NMR spectrum of the crude mixture but could not be isolated in
pure form. Its identity was confirmed by comparison with the NMR spectrum of pure 63f obtained from the

equilibration of diastereomer 63c.

® The structure of oxoberkelates 63a,c-f was assigned via a combination of *H, *C, *H-"H gCOSY, 'H-"*C gHSQC, *H-
B¢ gHMBC NMR experiments and correlation to spectra obtained for the nor-berkelic acid methyl ester diastereomers
44 and 45a-d. The structure of oxoberkelate diastereomer 62b could not be assigned unambiguously beyond the

relative C9-C15 cis-stereochemistry of the isochroman ring system.
% Arto, T.; Saenz de Santa-Maria, I.; Chiara, M.-D.; Fafanas, F. J.; Rodriguez, F. Eur. J. Org. Chem. 2016, 5876-5880.

® The original isolation paper mentions the testing of natural berkelic acid in the NCI 60-cell line panel with selective
activity for the OVCAR-3 cell line. However, no actual data or description of the assay are included in the manuscript

or associated supporting information file.!
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