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The Ginkgo biloba metabolite bilobalide is widely ingested by humans but its effect on the
mammalian central nervous system is not fully understood234. Antagonism of gamma-
aminobutyric acid A receptors (GABAARS) by bilobalide has been tied to rescue of
cognitive deficits in mouse models of Down syndrome®. A lack of convulsant activity
coupled with these neuroprotective effects have led some to postulate an alternative,
unidentified target.# However, steric congestion and the instability of 11:26 have prevented
pulldown of biological targets other than the GABAARS. A concise and flexible synthesis of
1 would provide a platform to generate probes for identification of potential new targets;
analogs with differential selectivity between insect and human GABAARS; and stabilized
analogs with enhanced serum half-life’. Here we exploit the unusual reactivity of bilobalide
to affect a late-stage oxidation that symmetrizes the molecular core and allows oxidation
states to be embedded in the starting material. The same overall strategy disclosed here may
be applicable to G. biloba congeners including the ginkgolides, some of which are glycine
receptor (GlyR)-selective antagonists®. The therapeutic potential of bilobalide and its
incompletely understood effects can now be interrogated through chemical synthesis.
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The leaves of Ginkgo biloba have been used historically as insecticides and
helminthicides®10, activity attributed to its constituent terpene trilactones, including
bilobalide (1, Fig. 1)11.12. Ginkgo extracts have seen use in traditional Chinese medicine to
treat senility, a practice that has penetrated the Western world, albeit controversially, due to
opposing claims of efficacy® and serious adverse effects associated with Ginkgo toxin (4-O-
methylpyridoxine)? or inhibition of platelet aggregating factor (PAF)13 by ginkgolides.
Animal models demonstrate some credible effects on impaired cognition: Down syndrome
model mice (Ts65DN), which show deficits in declarative learning and memory, exhibit
normalized novel object recognition after treatment by pure bilobalide®. Rescue of learning
and memory is proposed to arise through neuronal excitation by antagonism of GABAARS.
Unlike the plant metabolite picrotoxinin (2, Figure 1), bilobalide is not acutely toxic, and
unlike the gingkolides, bilobalide does not affect PAF. Despite their disparate toxicity,
bilobalide and picrotoxinin exhibit similar inhibitory potencies at recombinant GABAARS
(IC50 = 4.6 puM vs. 2.0 uM, respectively; a1Boy2L, Xenopus laevis oocytes), but
differentially inhibit the actions of GABAAR positive modulators4,

In addition to incomplete approaches!5-16. 17 two prior syntheses of bilobalide have been
completed [24 steps enantioselective;18:1917 steps racemic9], both of which established the
cyclopentane core with efficiency but required 8-11 subsequent redox steps to reach the
target. Guided by these challenges, we realized that a single oxidation transform might
reduce synthetic complexity by unmasking a pseudosymmetric fused dilactone, ultimately
leading to a symmetric starting material (see Figure 1). However, late-stage installation of
the deep C10 hydroxyl (Figure 1, highlighted in red) presented a problem. Neither hydrogen
of its precursor inner-lactone (shown in green) seemed accessible, whereas a hydrogen of the
outer-lactone (shown in blue) resided at the surface of bilobalide’s bowl-like scaffold. Here,
we utilize unexpected properties of the bilobalide scaffold in a concise synthesis of (-)-des-
hydroxybilobalide (>99% ee, 5, Figure 1), which relies on stereocontrol transmitted from an
unusual oxetane acetal. A late-stage oxidation is rendered regioselective using skeletal
rearrangement and acidification, completing the synthesis of (-)-bilobalide in a single
additional step.

The synthesis commenced with a methodological challenge: an asymmetric Reformatsky
reaction between 6a and 6b (available in two and one steps respectively, see Sl section 3).
Reformatsky conditions proved necessary due to the tendency of 7 to undergo retro-aldol
cleavage under basic conditions, whereas zinc, chromium and samarium alkoxides were
stable at =78 °C. There have been no examples of catalytic enantio- and diastereoselective
zinc Reformatsky reactions22, nor use of simple, chiral L-type bisoxazoline (BOX) ligands.
Wolf has demonstrated the use of related, electron-rich hemiaminals to control single
stereocenters?2, and the simplicity of these conditions provided a foundation to explore.
After a ligand screen, we found that a combination of diethylzinc and indabox (10 mol% A)
were effective to provide secondary alcohol 7 in 97:3 erin favor of syn-diastereomer 7
(2.3:1). The combined yield of both diastereomers was determined to be 64% by NMR
(purification by chromatography on silica led to material loss via retro-aldol), and the crude
reaction mixture could be carried forward efficiently. The doubly-activated bromide 6a may
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uniquely enable the use of simple BOX ligands, which have eluded use for enantioselective
Reformatsky reactions??.

A Giese-type 5-exo-trig cyclization of 7 occurred with high regio- and diastereoselectivity
(20:1 dr; 6-endo-trig n.d.) to form the quaternary carbon of cyclopentene 8. Recrystallization
purified the material to >99% enantiomeric excess and provided the product in 21% yield
over two steps; the relative and absolute stereochemistry were confirmed by x-ray
crystallography (see Sl section 5).

Prior syntheses of 1 installed the extremely hindered fert-alkyl, bis-neo-pentyl C8 hydroxyl
either by late-stage dihydroxylation with stoichiometric osmium tetroxide (23 °C, 12 hr)18:
or by early-stage nitrile anion addition to a fert-butyl ketone, which rendered the synthesis
racemicZC. More recently, the Drago-Mukaiyama hydration has emerged as an effective
method to chemoselectively hydrate hindered alkenes through an outer-sphere, metal-
hydride hydrogen atom transfer (MHAT) mechanism23. In this case, application of standard
conditions delivered a low-yield of 9 with no diastereoselectivity (Figure 2b, entry 4). We
recently discovered that the kinetically-relevant reductant in many Mukaiyama reactions is
an alkoxysilane (e.g. Ph(/-PrO)SiH,) formed /n situ by silane alcoholysis24. This custom,
commercially available silane allowed us to screen a diverse range of solvents, and we
identified a correlation between solvent polarity and diastereoselectivity, possibly due to
internal hydrogen bonding (see Figure 2b). Ligands on the metal catalyst had no effect on dr.
Tert-butylmethyl ether favored the wrong (5)-C8 diastereomer of the alcohol (which
cyclized to a lactone), whereas methylcyclohexane reversed this stereoselectivity to favor
(R)-C8 diastereomer 9 in a 3:1 ratio.

Formation of the fourth contiguous, fully-substituted carbon atom by alkylation was
frustrated by dehydration of 9 under basic conditions or preference for the wrong C5
stereoisomer. Surprisingly, treatment of 9 with strong acid led to unexpectedly stable
oxetane acetals 10 (endo-OMe) and 11 (exo-OMe), possibly driven by a ‘corset effect’ that
increases the barrier to ring-opening of strained molecules like tetrahedranes?®. Only the
minor endo-isomer 10 could be carried forward: the major exo-OMe diastereomer 11
dehydrated under basic conditions and its epimerization to 10 was unsuccessful. However,
analysis by chiral chromatography indicated that a moderate parallel kinetic resolution of
(rac)-9 had occurred: each diastereomer possessed opposite enantiomeric excess [39:61 er
versus 69:31 er]. Accordingly, a single enantiomer of 9, if matched with the correct
enantiomer of chiral acid, would favor formation of the desired endo-10. Indeed, whereas
(-)-9 reacted with (-)-B to favor (1.4:1) exo-acetal 11, (+)-9 reacted to favor (4.5:1) endo-
acetal 10, isolated in 71% yield as a single enantiomer. £ndo-acetal 10 proved crucial to
control formation of the final quaternary carbon.

Due to steric hindrance in substrate 10, the final C—C bond could only be established using
an alkyne electrophile. A 3-step sequence was run in quick succession due to intermediate
instability; only alkyne 12 could be purified. First, 2-iodoxybenzoic acid (IBX) oxidation
delivered an unstable B-keto ester that could undergo a-alkylation. Second, this mixture of
keto-enol tautomers was treated with Waser’s reagent (TMS-EBX) and tetra-/+
butylammonium fluoride (TBAF)26. The endo-methoxy oxetane effectively shielded one
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trajectory of electrophile approach and provided the product as a single diastereomer. In
contrast, the exo-methoxy oxetane, if carried forward to this step, eliminated the fert-alkyl
ether and did not undergo alkynylation. Alkynylation prior to oxetane formation delivered
exclusively the incorrect diastereomer. The unstable alkynylation product was reduced with
high stereoselectivity using Sml, in a mixture of tetrahydrofuran/water to provide the stable
alcohol 12 in 60% yield over 3 steps.2” Traditional hydride reductants produced the opposite
diastereomer. Anti-Markovnikov hydration of the alkyne to directly incorporate the northern
lactone motif could not be accomplished under a variety of standard conditions including
oxidation by lithium fert-butylperoxide?8, so an alternative procedure was developed.
Deprotonation of the terminal alkyne with lithium bis(trimethylsilyl)amide (LHMDS)
followed by treatment with trimethylborate led to the formation of an alkynylborate
intermediate. Addition of meta-chloroperbenzoic acid (mCPBA) to the reaction mixture
likely formed an intermediate ketene and/or mixed anhydride that was captured by the
adjacent alcohol. To the best of our knowledge, this procedure for alkyne oxidation has not
been reported. Hydrogenolysis of the benzyl esters followed by /n situ acidic hydrolysis
caused skeletal rearrangement to (-)-5 in excellent yield.

Introduction of the final, deep C10 oxygen proved challenging. The steric hindrance and
‘bow!” shape of 5, in addition to its base-lability, derailed many potential solutions. 5
contains three acidic sites—the hydroxyl, the inner-lactone and the outer-lactone—but
addition of 3 equivalents of strong base, followed by acidic quench at —78 °C caused
significant decomposition and poor mass recovery. We found that treatment with one
equivalent of potassium bis(trimethylsilyl)amide (KHMDS) followed by addition of aqueous
1M HCI caused full mass recovery, but cleanly delivered the iso-bilobalide scaffold (e.g.
16a, Figure 3), a result of intramolecular translactonization2®. Similarly, we found
translactonization to occur at room temperature with 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) (bilobalide to /so-bilobalide, see Sl section 3). This facile rearrangement is probably
driven both by the proximity of the C8 hydroxyl to C4 at the Biirgi-Dunitz angle, as well as
delocalization of the lactone rt-system into the adjacent C-O o* orbital. Molecular models
revealed that the /so-bilobalide rearrangement partially folds the skeletal cavity ‘inside-out’
(see Figure 3) to render the inner lactone protons more accessible to reagents. However,
neither the alkoxide of 1 nor its fert-butyldimethylsilyl (TBS) ether (16b) provided
substantial bilobalide upon treatment with oxidant (Davis’ oxaziridine, (£)-17). Despite the
unfolding of the bilobalide cavity and C10-proton exposure (highlighted in green), base still
favored deprotonation of the outer lactone and therefore oxidation provided the isomeric
neo-bilobalide 15. We wondered if inner lactone deprotonation required both increased
exposure (rearrangement) and increased acidification. Induction through sigma bonds or
delocalization of the lactone r-system into an adjacent, withdrawn C-O o™ orbital might
acidify the a-protons, i.e. stabilize the corresponding enolate3C. Conversion of 5 to the
isomeric benzoate followed by deprotonation and oxidation at low temperature yielded (-)-1
with only a trace of 15. Combination of benzoylation and oxidation into one step proved
successful, scalable and selective; neo-bilobalide (11) could not be detected.

The sequence in Figure 2 has been completed in seven days by one person to produce 0.35 g
of (-)-5. The same overall strategy disclosed here may be applicable to G. biloba congeners
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including the ginkgolides, some of which are glycine receptor (GlyR)-selective

an

tagonists3L. These studies have laid a foundation for new, enabling chemistry and a

platform for functional modification of bilobalide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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steps steps C Previous syntheses
Corey et al. 24 total steps Crimmins et al. 17 total steps (racemic)
t-B
RO,C ! 11 redox 8 redox
steps steps
-)- OPV 3 rac-1
[Ref. 19] [Ref. 20]
RO.C g
7-carbon symmetric
fragment diester R = (+)-menthyl

Figure 1. Congeners and design considerations.

a. Plant metabolites active in the human nervous system; b. late-stage excision of a buried C-

H bond in bilobalide (bilobalide) allows oxygens to be placed in a symmetric starting
material; c. prior work iteratively changed oxidation states.
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a 1. 3 equiv. Et;Zn
10 mol% (-)-A
I_Bu\lé\CHO HO
a COzBn
CH(OMe), L o Br (:)HH CH(OMe), 2. BusSnH, AIBN H €02
BnO,C X _-CO2Bn - > B A _-COsBNn P
Bu ]
Me Me 20:1 dr & YCH(OMe),
Br i) 0O, CO2Bn 60% (single isomer) +-B
Sl Y cosBn
ANN
(+)-6a (one step) (-)-7(97:3 er) (-)-8 (99% ee after
(-)-A crystallization, 80% recovery)
64%, 2.3:1 dr (-)-B
(44% ()-7) Ar 3. Mn(dpm)g, 3:1 dr, 67%
Ph(i-PrO)SiH, | (single
0. ,OH C;Hq4, O2 isomer)
PS
(eXae}
o |l s "
= 1 6. TMS-EBX Hme_ .CO2Bn
Hm 5 C02Bn 7. Sml, CO,Bn Ar
/COsBn o 4.10 mol% (-)-B
o - 20:1 dr By 0% R!
tBu" \) A=OMe 60% (3 steps) 9 451 dr
z R 71% (single isomer)
H Oy_0
(412 |l ———TMS (+)-10: R' = OMe, R? =H Ar = 9-phenanthryl
(+)-11: R =H, R?> = OMe
TMS-EBX
8. LHMDS m-CPBA
B(OMe)s; 55% H Ph
o)
“NSO.Ph
(x)-C
H 9. Hp, Pd/C; 10. Bz,0, DMAP;
D —————————— _—
3M HCl, 70 °C KHMDS,
W 90% Davis reagent (+)-C;
+-Bu 3 M HCI, 49%
(75% based on
recovered (-)-5)
(-)-1 (22% after HPLC)
b c
) HO, HO, COB HO
He OO 10 mol% Min(dpmls,  Hame s CO28 Him 028N He w0 B
Ph(i-PrO)SiH mol% (=)
. _Phi-PrOJSIH, ) N QCH(OMe)g 0 10411
$ TCH(OMe), O PPhg, HO=Y'S “CHOMe):  rgu? % HO™"3 SCH(OMe), THF/H,0, 50 °C
tBu \ C7H14,50 °C tBu ) O{ t8u\
CO2Bn CO2Bn Y CO,Bn
(-)-8 (+)-9 (+)-14 9
Entry Variations 9:14 Entry Variations 10: 11
1 none 75:25 (2)-(9) PTSA, THF/H,0 (1:1) 25:75
2 t-BuOMe, not C7H142 36: 64 - (+)-(9) (=)-B, THF/H,0, 50 °C 63:372
3 PhSiH3 not Ph(i-PrO)SiH, NR (-)-(9) (-)-B, THF/H,0, 50 °C 4258
4 i-PrOH / PhSiHg not C;Hy4/ Ph(i-PrO)SiH, 50 : 50 (+)-(9) (=)-B, THF/H,0, 22 °C 82:18

Figure 2. Synthesis of (-)-bilobalide.

a. Reagents and conditions: (1) 6a, 6b (1.2 equiv.), A (10 mol%), Et,Zn (3.0 equiv.), THF,
-78 °C; (2) BugnH (1.5 equiv.), AIBN (0.1 equiv.), PhMe, 85 °C (3) Mn(dpm)3 (10 mol%),
Ph(/~PrO)SiH> (3.0 equiv.), PPh3 (1.5 equiv.), methylcyclohexane, O, (1 atm), 50 °C; (4)
(-)-B4 (10 mol%), THF/H,0 (2:1), 23 °C; (5) IBX (3.0 equiv.), DMSO, 23 °C; (6) TMS-
EBX (3.0 equiv.), TBAF (3.0 equiv.), THF, =78 °C to —20 °C; (7) Sml, (8.4 equiv.),
THF/H,0 (5:1), 0 °C; (8) LIHMDS (3.0 equiv.), THF, =78 °C; B(OMe)3 (5.0 equiv.), 23 °C;

MCPBA (5.0 equiv.), 0 °C; (9) Hy, Pd/C (10 wt%), MeOH, 23 °C; 3M HClI (ag.), 80 °C; (10)

Bz,0 (1.5 equiv.), DMAP (1.5 equiv.), THF, 23 °C; KHMDS (3.0 equiv.), =78 °C, (¥)-C (3
equiv.), =78 °C; 3M HCI (aq.), 80 °C; b. Solvent screen (enabled by Ph(iPrOSiH,); C7H14
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= methylcyclohexane; c. Acid-catalyzed oxetane acetal formation; 210: 39:61 er, 11: 69:31
er.
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see
conditions

KHMDS

entry 1 KHMDS, (+)-C
THF, -78 °C; 0% 100%

2M HCI, 60 °C

entry 2 1. TBSOT(, 2,6-lut;
2. KHMDS, (z)-C 6% 94%
THF, -78 °C
2M HCI, 60 °C

entry 3 1. EDCI, BzOH, DMAP
2. KHMDS, ()-C 91% 9%
THF, -78 °C
2M HCI, 60 °C

OBz

16a: R=K o
16b: R = TBS
16c: R =Bz

'inside-out'
—>
unfolding

5 16¢
(Bz removed for clarity)

Figure 3. Late-stage, regio and stereo-selective oxidation of C10 over C1.
Reagents and conditions for entry 3: 1. EDCI (3 equiv.), BzOH (3 equiv.), DMAP (0.1

equiv.), THF; 2. KHMDS (1.5 equiv), (£)-C (1.5 equiv); 2M HCI, 60 °C 2 Based on
conversion.
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