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ABSTRACT: Here we interrogate the structurally dense (1.63 mcbits/A%) GABA4 receptor antagonist bilobalide, intermediates en
route to its synthesis and related mechanistic questions. "*C isotope labeling identifies an unexpected bromine migration en route to
an a-selective, catalytic asymmetric Reformatsky reaction, ruling out an asymmetric allylation pathway. Experiment and computa-
tion converge on the driving forces behind two surprising observations. First, an oxetane acetal persists in concentrated mineral acid
(1.5 M DCI in THF-ds/D,0); its longevity is correlated to destabilizing steric clash between substituents upon ring-opening. Sec-
ond, a regioselective oxidation of des-hydroxybilobalide is found to rely on lactone acidification through lone-pair delocalization,
which leads to extremely rapid intermolecular enolate equilibration. We also establish equivalent effects of (—)-bilobalide and the
nonconvulsive sesquiterpene (—)-jiadifenolide on action potential-independent inhibitory currents at GABAergic synapses, using
(+)-bilobalide as a negative control. The high information density of bilobalide distinguishes it from other scaffolds, and may char-
acterize natural product (NP) space more generally. Therefore, we also include a Python script to quickly (ca. 132,000 molecules/
minute) calculate information content (Béttcher scores), which may prove helpful to identify important features of NP space.

Introduction. Herbal supplements and remedies constitute a a.bilobalide (BB, 1)  ginkgolide B picrotoxinin (PXN)  dieldrin
large and controversial market.' Not regulated as conventional
foods or drugs by the FDA,? plant extracts can nevertheless

contain orally bioavailable small molecules with profound

. (o]} V.
effects on human biology. Successful sales, however, do not cl
rely on the same demonstrations of efficacy and safety as ap- cl
proved pharmaceuticals. For instance, leaf extracts of Ginkgo Mo X
biloba are widely marketed today as nootropic supplements, ICgo = 4.6 UM ICgp = 2.4 UM ICsp = 92 uM
but the ability of these extracts to improve cognition is ques- LDsg = 300 mg/kg ICs0 =7.22uM LDso = 15mg/kg  LDso = 38 mg/kg

. 3 . .. . e (p.0. mouse) PAF IC5p = 8.2 uM (p.o. mouse) (p.o. mouse)
tionable.” Despite the ambiguity, approximately 1.6 million LDy = NO reports (increased LDy, = 0.357 mglkg LDy, = 65 mglkg

adults reported using G. biloba extracts in the US in a 2012 (human) bleed time) (human) (human)
survey.** Even with clear target annotation for several constit- 11-O-debenzoy! b. a1B3y2L GABAAR * PXN c. views of TMD pore
uents, as well as proven brain penetration,® any benefits of tashironin ' g ; E‘ (
Ginkgo extracts remain largely unsubstantiated. Additionally, ’ 7
a two-year study by the National Toxicology Program (NTP) !
concluded that one commercially available G. Biloba extract
increased rates of liver and thyroid cancers in mice and rats.”
Adverse events have been long attributed to ingestion of ‘
Gingko extracts, especially increased bleed time (see below). jiadifenolide (J) out,

Even so, individual components of the crude extract may o OH '
find useful application if isolated from the off-target activity 7
of congeners. For example, pure bilobalide (-)-1 exhibited
normalization of cognitive impairment in models of Down S
syndrome, Ts65Dn mice, which exhibit excess inhibitory sig- T
naling.® Four-week administration of bilobalide led to im-

proved cognitive performance, which correlated to enhanced
long-term potentiation (LTP, strengthening of synapses) by a
related compound (pentyltetrazole, PTZ) even months after
drug regimen had ended. Bilobalide also displayed protection
against NMDA-induced excitotoxicity in rat hippocampus.’

Figure 1. a. Hyperexcitatory compounds that antagonize
GABA\ receptors; b. cryogenic electron microscopy structure
of the human al1B3y2L GABA, receptors; ¢. channel binding
site of picrotoxinin, which exhibits allosteric coupling to the
extracellular region (b/c, Ref. 10).
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In addition to human applications,!! ginkgolides and bilob-
alide exhibit insect deterrent or insecticidal activity against the
fall webworm (H. Cunea, 0.31-1.25 mg/mL),'** codling moth
(C. pomonella, 0.1 mg/mL),"?® brown rice planthopper (N.
lugens, 0.17-0.26 ng/female) and others.'? Ginkgo leaves have
long been used as bookmarks to protect against page-eating
insects like silverfish and booklice.'®® The insecticidal activity
of Ginkgo biloba leaves, roots and stems may have provided
advantage against predation to preserve the lineage of the ear-
ly Paleocene species G. adiantoides.'* Benign effects of bilob-
alide in humans—in contrast to ginkgolides'*—commend it as
a potentially safe insecticide. The seemingly disparate applica-
tions of bilobalide in mammals and in insects derive from ac-
tivity at homologous ion channels: RDL (resistance to diel-
drin) receptors in insects and GABAa (gamma-amino butyric
acid A) receptors in mammals (Figure 1b).

Bilobalide exhibits insecticidal activity through antagonism
of RDL receptors: heteropentameric ion channels gated by
GABA. These ionotropic receptors mediate fast synaptic
transmission in insect nervous systems. As in mature mamma-
lian systems, the current tends to be inhibitory.!> Antagonism
of these inhibitory channels, therefore, causes increase in
spontaneous firing and can prove lethal. As a consequence,
RDL receptors are common targets of insect-control agents,
such as their namesake, dieldrin, a member of the cyclodiene
class. An Ala—Ser mutation within the channel'® reduces sen-
sitivity to GABA receptor antagonists, including picrotoxinin
(PXN, the more active component of the mixed substance
picrotoxin, PTX), a plant metabolite of similar formula and
topography to bilobalide.'”

Dieldrin, PXN and bilobalide also antagonize homologous
human GABA-gated ion channels or GABA, receptors
(GABA4Rs). Point mutation of channel residues'” identified a
likely binding site for bilobalide near the same location as
dieldrin and PXN'®: a wide cavity between 2” and 6’ residues
on the M2 helix in the transmembrane domain (Figure 1¢)." (-
)-1 and PXN also display similar potency against a major sub-
type of GABA receptor in the human brain (ICso = 1.2 pM vs.
4.9 uM, a2y @ ECso GABA), although they respond dif-
ferently to diverse positive allosteric modulators.*

Both PXN and dieldrin, however, exhibit marked neurotoxi-
city in mammals. The latter compound, a polychlorinated pen-
tacycle, persists in the environment, transits along the food-
chain and causes multiple disorders in humans.?! In contrast,
bilobalide is well-tolerated in mammals at low to moderate
doses and breaks down easily near neutral pH (see below). As
a result, there is significant interest in the development of bi-
lobalide as an insecticide.'” Crude or semi-purified G. biloba
extracts unfortunately contain ginkgolides A-J, which inhibit
RDL receptors but also antagonize human platelet aggregating
factor (PAF) and are stable to water.

We became interested in 1 due to its similarity to the //lici-
um sesquiterpenes,’? which hyperexcite mammalian neurons®*
but display potentially therapeutic phenotypes in mice, such as
normalization of amphetamine-induced hyperlocomotion, an
antipsychotic effect.”> We also recognized the opportunity to
investigate broader strategies in polyoxygenated carbocycle
synthesis gleaned from work on jiadifenolide?*® and O-
debenzoyltashironin,”® namely the merger of highly oxidized
but sterically congested fragments to accelerate synthesis.?*

Here we describe our efforts to devise a concise synthesis of
bilobalide (1), a challenge due to its two hallmark features: 1)
congestion, both steric and stereogenic, and 2) polyoxygena-
tion. Together, these features give 1 a very high information
density (Figure 2, 1.63 mcbits/ A%), a measure we introduce
here that accounts for the volume occupied by chemical in-
formation present in a molecule. In contrast to information
content (mcbits),?> which mostly reflects heavy atom count
and stereocenters, information density (mcbits/ A3) reflects
how that information is packaged. When high levels of stereo-
chemical information are incorporated into small molecular
volumes (i.e. contiguous stereocenters), new interactions and
modes of reactivity result. In other words, molecules with high
information density can have unexpected emergent properties
that alter their stability and reactivity.?® The efficient conver-
sion of low information-density building blocks into high in-
formation-density targets is a fundamental aim of total synthe-
sis. This exercise is particularly important in channel-binding
ligands of ionotropic receptors, especially terpenoids typified
by 1, where atoms must be restricted to a small volume: 1 is
only 260 A3. In comparison, the steroid-derived anxiolytic
minaxolone,”” which binds the extracellular region of GABA4
receptors occupies 498 A3 and the insecticidal macrolide
ivermectin, which binds the outer transmembrane region, oc-
cupies 835 A3, Compared to similarly-sized natural products
pleuromutilin, himbacine and artemisinin, bilobalide possesses
the highest information density, primarily due to its oxygen
content, stereocenters and small volume. Stereocenters play a
major role in the information density of 1: an achiral constitu-
tional isomer contains only half the information density (0.94
vs. 1.63 mcbits/ A?).

o I\geO;C co,Me

pleuromutilin himbacine artemisinin bilobalide (1)  bilobalide isomer
356 A3 333 A3 239 A3 260A3 270A3
1.14 mcbit/ A® 1.19 mcbit/ A* 1.5 mcbit/ A 1.63 mcbit/ A>  0.94 mcbit/ A’

Figure 2. Representative secondary metabolites, volumes and
information densities.

Two overarching strategies differentiate this work from the
prior?®2? syntheses: incorporation of targeted carbon oxidation
states in starting materials and formation of hindered C-C
bonds between these building blocks. The result, realized ret-
rospectively, is a generally positive increase in average infor-
mation content;*° each step productively approaches the target
complexity.

The execution of the synthesis relied on recursive feedback
between several discoveries that we analyze here in detail.
First, we provide a full account of the development of a cata-
lytic, enantioselective Zn*>-Reformatsky aldol that overcomes
the thermodynamic instability of the first key building block.
Second, experimental observations and mechanistic hypothe-
ses rationalize the development of a stereoselective Mukaiya-
ma hydration reaction, a considerable challenge associated
with selective diradical (Ce + O) collapse. Third, computa-
tional analysis describes the driving forces behind the unex-
pected formation of an oxetane acetal. Fourth, details behind a
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final, deep oxidation of C10 are provided, including analysis
of selectivity using computed pKa.

Results and Discussion. Foundational work by Corey®® and
Crimmins® established successful strategies to complete bi-
lobalide and informed our own orthogonal approach.’! These
prior routes established the contiguous, fully substituted cen-
ters of bilobalide early in the synthesis via open-shell interme-
diates. For example, Corey’s synthesis installed every carbon
atom of bilobalide in the very first step using a base-mediated
annulation (Figure 3), proposed to proceed by single electron
transfer followed by diradical collapse. Six of the resulting
carbon atoms underwent redox manipulation during elabora-
tion to BB. Of the 21 steps required to elaborate this interme-
diate to the target, 11 were redox manipulations. Similarly,
Crimmins’ synthesis established all four contiguous, fully
substituted carbons early, at step 8 of 17, via a photochemical
enone-olefin [2+2] cycloaddition. Bond formation via the
enone triplet excited state (m—m*), radical cyclization and
subsequent 1,4-diradical®? collapse reflects some mechanistic
similarity to ynoate annulation. The resulting cyclobutane
contains 5 carbons at the incorrect oxidation state, requiring a
total of 8 redox manipulations to reach BB.

o]
COMe CO,Ph MeO,C
Corey LDA, HMPA
1987 + | |
1988 CO,Me (72%)
t-Bu MeO,C Vg,
22 steps (racemic) SET contains all

24 steps (asymmetric) Michael / Claisen carbons

Crimmins hv (350 nm)
1992
1993 . . (50%)
TMSO HO
17 steps (racemic) photochemical contains all
[2+2] quaternary carbons

oxidation state change required correct oxidation state

H OH :’_coz
L@ S4COH
< ......
-2H,0 HO = TCHO
\
t-Bu CO,H
dihydrate 3
1: 7 oxidized carbons des-hydroxybilobalide (2): c-0
3 oxidation states thermodynamic sink? c-C

Bu \
OMe COH

actual intermediate 5

3-carbon  symmetric

unit dilactone conceptual intermediate 4

Figure 3. Previous syntheses of 1 relied on early carbon
framework synthesis, followed by oxidation state changes.
The work here uses mostly preoxidized building blocks.

In both cases, successful construction of the congested
BB core can be attributed to the early transition states of radi-
cal reactions that minimize steric repulsion. A more concise
synthesis might be achieved if radical reactivity were retained
but oxidation patterns of BB were incorporated from the out-
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set. The pseudosymmetry of the bilobalide bis-lactone sug-
gested a symmetric 1,5-diester starting material that could
incorporate many oxidation states and might undergo radical
annulation by a 3-carbon fragment with a pendant fert-butyl
group (see Figure 3 and 4). The C10 hydroxyl of BB, howev-
er, proved hard to incorporate into starting material or early
intermediates (Figure 4). Therefore, our strategy also hinged
on installation of the single hydroxyl late in the synthesis. This
late stage oxidation, while simplifying overall, presented an
inherent risk due to the topolography of the BB ring system.

(o}
(o]
0 J{
COZR [0]
-- CO;R
CH(OR),
: OR CH(OR),
t-Bu CO,R
CO;R t-Bu :
OSmlz

alkylation é Michael/ Giese

and | addition deprotection

o [o}

t-Bu)%O)]\( X

.-
v

RO,CT X CO,R

RO OR

each prepared in one step
Figure 4. An early approach using a pseudosymmetric build-
ing block and radical cyclization.

bilobalide 4 steps LLS (theoretical, not realized)

The concave core of BB prevents easy access to either
hydrogen of lactone D (the ‘inner’ lactone) in the presence of
lactone A (the ‘outer’ lactone) (Figure 5). Instead, Hy is buried
deep within the ‘bowl]’ shape of bilobalide and H; is occluded
by the bulky #-Bu group. While retrosynthetically simplifying,
this ‘deep’ oxidation strategy pushed a tremendous amount of
risk to the endgame. If the route, however, were accomplished
in the projected eight step sequence, a robust supply of des-
hydroxybilobalide (2) would be available for experimentation,
mitigating some risk.

‘outer lactone’
des-hydroxy-bilobalide (.
OH
we Ve L0 7 c10
[0]

c1
C 05 \ o\ [O]
'inner lactone'

buried surface

bilobalide (BB, 1)

buried hydroxyl

Figure S. Structural analysis of BB and identification of the
topological problem with late stage oxidation.

We also hypothesized that des-hydroxybilobalide (2)
might form spontaneously from its dihydrate—an aldehyde
triacid—and could be a useful thermodynamic sink to target
(Figure 3).3% Dihydrate 3 could then arise from hydration,
alkylation and subsequent global condensation of cyclopen-
tene 4. The hindered tertiary alcohol of 3, flanked by two qua-
ternary carbons, would be generated from the corresponding
alkene using a Mukaiyama hydration. We previously pro-
posed®** that this base-metal catalyzed radical hydration pro-
ceeds via an outer-sphere, metal-hydride atom transfer
(MHAT) elementary step, and reasoned that this mechanism

3
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would tolerate the extreme steric hindrance of 4 (Figure 3),
whereas an inner-sphere coordinative mechanism would fail.
Simplified cyclopentene 4 turned out to be merely conceptual,
the actual intermediate (5) ended up very different.

Initial attempts to forge the key C—C bond between symmet-
ric anion of diester 6 and 7 via aldol reaction were met with
failure (Table 1). No product was observed upon addition of 7
to alkali enolates of 6 at cryogenic temperatures. Trace prod-
uct was observed under equilibrating, basic conditions (entry
3)¥, but attempts to trap the product alcohol through alkyla-
tion, acylation or silylation were unsuccessful. These data
indicated that the reaction equilibrium lay in favor of 6, an
observation that was subsequently corroborated by the facile
retro-aldol reaction of 8 under basic conditions to give 6 and 7

(entry 5).

€O,Bn Br OH_ CH(OMe),
cHo aldol I H
. | — e : A _COzBn
Z " CH(OMe), ~ tBu
t-Bu

Br retro-aldol

CO,Bn CO,Bn
6 7 8 (not observed)
entry conditions result

1 LDA, THF -78 °C 6 recovered

2 Li, Na, or KHMDS, THF -78 °C 6 recovered
3 Cs,COg3 6 recovered
4 MgCl,, NEtz, TBSCI trace 8

5 treatment of 8 with Et;N 6

Table 1. Reversible and irreversible enolization conditions
favor starting materials over product.

Instead, we anticipated that vinyl anion addition to the
aldehyde would be irreversible (Figure 6) from adduct iso-8.
To test this hypothesis we sought vinyl bromide iso-9. Surpris-
ingly, Wittig reaction between bromo ylide 10 and p-ketoester
11 resulted in formation of allylic bromide 9, through what
first seemed to be olefin isomerization (Figure 6). The sym-
metry of the diester, however, prevented differentiation of H
versus Br migration, so a 1*C-labelled analogue of 11 (3C-11)
was synthesized. Following olefination, the '*C labelled posi-
tion bore the bromide (3C-9), indicating migration of the
bromide from the ylide to the B-ketoester (*C-11—"2C-12),
followed by olefination. The unexpected a-bromoester might
be used in a cryogenic Reformatsky reaction that could pro-
mote stabilization of the aldol intermediate through metal che-
lation between a strongly-bound Zn"? or Sm* alkoxide and the
neighboring benzyl ester.’®*” Low temperature acidic quench
could then prevent retro-aldol.

Page 4 of 21

OH irreversible
H Br CO,Bn
COBn addition? CHO | z
— |+
t-Bu CH(OMe), CH(OMe),
Br retro-aldol ~ *Bu Br COzBn
CO,Bn not possible
iso-8 7 iso-9
actual expected
o Wittig Br. CO,Bn Br. CO,Bn
Br\n/coan olefination |
+ E—
PPh, CH(OMe), and Z “CH(OMe), CH(OMe),
CO,Bn isomerization? CO,Bn CO,Bn
10 1 9 iso-9
proton migration or bromide migration?
e="3C
Br.__CO,Bn H_ _CO3Bn
o) rvia: o #Br COzBn
PPh; Br PPh;
CH(OMe), CH(OMe)z [ < oe) Z “CH(OMe),
CO,Bn CO,Bn CO,Bn
13¢c11 13c-12 13c.9
bromide migration E/Z mixture

Figure 6. '*C isotope labeling identifies bromide migration as
operating in preference to proton migration.

Initial attempts at a Reformatsky reaction with Zn° or In’
led only to the recovery of starting material or proto-
dehalogenation. After extensive screening, Sml, proved to be
the ideal reductant,***” affording aldol product 8 in a 15:1 ratio
over diastereomer 13 (Figure 7, entry 1 and top HPLC trace).
The reaction was reliably scaled to 51 mmol in a single pass
using 1 L of a 0.1 M THF solution of Sml, (MilliporeSigma).
This Sml,-mediated Reformatsky reaction was utilized for
early scale-up campaigns and route scouting, however an
asymmetric synthesis of (—)-BB necessitated the development
of an enantioselective Reformatsky reaction.

Early trials focused on induction of asymmetry through
the use of chiral ligands with Sml. Although the work of
Proctor3 led us to test chiral diamines, amino alcohols and
cinchona alkaloids, addition of these ligands shut down Sml,
reactivity or led to unproductive protodehalogenation of 9.
Chiral auxiliaries were unsuccessful due to poor stability of
intermediates.
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®="¢ reactive at @ , Reformatsky-like

Br OH CH(OMe),
Br, CO2Bn : H

CO,Bn
4 BN 02
BnO,C CH(OMe), CO,Bn
1309 Et,Zn (3.0 equiv) 13c.8
—_—
—)-A (0.1 equiv
Br  CHO ¢ )THF( 1) Br  OH_ CH(OMe),
=/ g CO,Bn
¢Bu A A 2
t-Bu 7 H
CO,Bn
Reformatsky or allyl zinc reactivity? 13C.13
Entry Deviation dr(8:13) % ee of 8
1 Smly, no ligand 15.0:1.0 —
2 Smly, sparteine 15.0:1.0 0
3 none 23:1.0 94
4 no ligand no reaction —
5 -40 °C 15:1.0 70
6 -40 °C, no ligand 1.0:1.0 —
7 -100 °C 25:1.0 85
8 quinine, not (—)-A 1.1:1.0 <10
9 sparteine, not (—)-A 1.0:1.2 13
10 nicotine, not (-)-A 1.0:1.0 <5
1" proline, not (-)-A no reaction —_
12 C, not (-)-A 1.0:25 53
13 B:R=H,R;=Bn 20:1.0 54
14 D:R=Ph, Ry =Ph 1.0:7.0 58
15 D:R=H,R{=Bn 1.0:3.0 13
16 Et,O 13:1.0 70
17 toluene 1.0:1.0 83
18 MTBE 1.3:1.0 82
19 DCM 1.3:1.0 77
20 1.0 equiv (-)-A 23:1.0 94
21* (+)>-A 23:1.0 94
* opposite enantiomer of ligand gives opposite enantiomer of products
Ligands:
8 % ~N ‘é (j)(>
sparteine quinine nicotine

R ﬁ,%j)—f” \O\r \) R Q)\/j\r w

AU
ent-8

entry 1: Smly, THF, -78°C
15:1 dr, racemic

\k Am

entry 3: Et,Zn, 0.1 equiv. (—)-

BN

e ———

THF, -78°C
2.3:1dr,97:3 er ent- 13 ent-8
BN kA AT

1
0 min 3

Figure 7. Development of a catalytic asyrnmetrlc Reformatsky
reaction. *C isotope labeling identifies alpha-attack operating
in preference to gamma-attack.

Use of alternative metals to effect the Reformatsky reac-
tion initially fell flat; Zn® and In® failed to generate product,
whereas Cr™ or Cr'?/Ni*? salts led to messy reactions that were
poorly diastereoselective. Diethylzinc (Et,Zn), however, re-
sulted in clean reactions when run at -40 °C, yielding an
equimolar mixture of syn- and anti-aldol diastereomers, 8 and
13 (entry 5). The undesired anti diastereomer could not be
carried forward to BB due to formation of unproductive dia-
stereomers in subsequent steps. Precedent for the successful

Journal of the American Chemical Society

use of chiral ligands** with Zn" and Zn*? provided a founda-
tion*' for experimentation,*>**** however an extensive litera-
ture search indicated a paucity of cases in which Reformatsky
reactions with aldehydes are rendered both enantio- and dia-
stereoselective® using Et;Zn*® Most relevant methods involved
primary a-haloesters,*”* resulting in the formation of single
stereocenters. > This methodological gap provided an oppor-
tunity to discover new reactivity.

To this end, a number of easily accessible chiral ligands
were screened in combination with Et,Zn in search of a reac-
tion manifold that would allow for construction of two stereo-
centers in a single step, and in an enantio- and diastereoselec-
tive manner. Optimization data is provided in Figure 7. Unfor-
tunately, many X-type ligands that are commonly employed in
Et,Zn-mediated Reformatsky reactions were unsuccessful in
our system, giving either protodehalogenated starting material
or complex product mixtures. The first positive results came
from the use of L-type ligands including nicotine, and sparte-
ine, and some cinchona alkaloids which generated product,
albeit in low dr and ee (entries 8-10). Fortunately, combination
of Et,Zn with BOX or PyBOX ligands led to product cleanly
and in high conversion. Each ligand resulted in varying dia-
stereomeric ratios, but often in moderate to excellent enanti-
oselectivities. Notably, temperature significantly influenced
background, racemic reaction rate: at -78 °C in the absence of
ligand, reaction mediated by Et,Zn alone was sluggish. The
racemic reaction did not compete with the ligand-catalyzed
pathway until temperatures reached -40 °C. Use of indabox
ligand (—)-A at -78 °C gave the best results with a dr of 2.3:1
in favor of 8, and an excellent ee of 94% in favor of the enan-
tiomer corresponding to nat-1. Other ligands favored the un-
desired diastereomer 13 but with comparable enantioselectivi-
ty. The reaction utilizing indabox ligand (—)-A could be ren-
dered catalytic (10 mol%) and was scalable to 51 mmol with
careful control of temperature.

From the pseudosymmetric enolate of 9, two modes of
reactivity could feasibly produce alcohols 8 and 13: 1) for-
mation of an allyl zinc reagent followed by aldehyde addition
via allyl-metal reactivity, or 2) via the anticipated Refor-
matsky-type zinc-enolate addition. '*C-labelled bromide *C-9
differentiated these pathways in its reaction with diethylzinc
and aldehyde 7, leading to formation of secondary alcohol *C-
8 and *C-13 (2.3:1.0 dr) as single regioisomers, a result of
enolate—not allyl zinc—addition. Despite the low dr, success-
ful formation of this key carbon-carbon bond provided evi-
dence that such an enantioselective, diastereoselective Refor-
matsky aldol could be rendered catalytic in ligand.

Further studies are underway to understand if a vinylogous
diester is necessary for diastereoselectivity and high levels of
ee or if simpler secondary o-bromo esters can be used in this
general reaction manifold. To the best of our knowledge, this
represents the first example of a diastereo- and enantioselec-
tive Reformatsky reaction between a zinc enolate and an alde-
hyde.

Access to 8 set the stage for a 5-exo-trig Giese addition via
an sp>-hybridized radical, which we anticipated to be kinetical-
ly more reactive than the lower-energy ketyl radical (see Fig-
ure 4). Whereas ambient temperature cyclizations proved un-
successful, elevated temperatures employing standard condi-
tions (1.5 equiv BusSnH, 0.1 equiv AIBN, 85 °C) afforded the
cyclopentene as a single diastereomer. The reaction likely
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proceeds through the transition state of intermediate 15 (Fig-
ure 8) to minimize A'? strain of the B,B-disubstituted enoate
and alleviate A'? strain (see 16) between the dimethyl acetal
and the benzyl ester. Attempts to install C10 oxidation at this
stage were also unsuccessful;*! instead, radical chain propaga-
tion by Sn-H atom transfer proved efficient. As an aid to bulk
preparation, the desired product could be crystallized from the
crude reaction mixture with hot pentanes, obviating the need
for large-scale chromatography. One representative run pro-
duced 8.1 grams of high purity 14 (>99% ee according to chi-
ral SFC analysis).

HO .
Hs COZBN 14 x-ray "Yf;

see i .

—_—

Table & YCH(OMe),

+Bu 0,8n
8 14 f
entry conditions N result
1 (BusSn),, hv t-Bu group loss

(Me3Sn),, AIBN, A
(Me3Sn),, EtzB, O,

2 retro-aldol (6 + 7)
3

4 Bu3SnH, AIBN, O,

5

6

7

retro-aldol (6 + 7)
decomposition
Smly, THF, -78 °C to rt
Bu3SnH, AIBN, PhMe, 65 °C
Bu3SnH, AIBN, PhMe, 85 °C

enoate reduction
no reaction
60% (>20:1 dr)

HO

BnO,C MeO %
HO_ /2= ,—CO;Bn e\ OMe Hmm +CO2EN

/ H anOZC_ H
vs. - e
H O J \ CH(OMe),
OMe
Me0” 1y H H CO.Bn tBu 7 c0,Bn
15 16 1
combination of Giese with C10 oxygen could [o] < H-SnBu;

Reformatsky not successful not be installed here

Figure 8. Diastereoselective Giese addition.

Formation of the triad of adjacent fully substituted carbon
atoms at C3 (¢-butyl), C8 and C9 entailed Markovnikov hydra-
tion of 14 (Figure 9). In a prior synthesis of BB, this transfor-
mation proved challenging and required a multi-step sequence
including olefin dihydroxylation (OsOs, pyridine) and selec-
tive mono-deoxygenation (1. methyl oxalyl chloride, i-Pr,NEt;
2. AIBN, n-Bu3SnH). Notably, osmium tetroxide dihydroxyla-
tion tolerates extreme steric hindrance due to its ‘outer-
sphere’ [3+2] cycloaddition mechanism,*® whereas coordina-
tive ‘inner-sphere’ reactions of hindered alkenes can suffer
very slow rates.** Inspired by the steric tolerance of outer-
sphere elementary steps, we explored hydration under Drago—
Mukaiyama conditions.**5 These base-metal catalyzed reac-
tions have garnered significant attention due to their ‘mild’
conditions, Markovnikov selectivity and ability to tolerate
sterically demanding systems. Their extensive use across
unique, challenging chemotypes embodies what we call high
‘chemofidelity’: reliable reactivity, independent of molecular
context.>® Success here relies on the ‘outer-sphere’ nature of
the MHAT mechanism, since the most hindered carbon center
does not require a bonding interaction in the transition state,
but instead is converted directly to a carbon centered radical.

Unfortunately, the use of standard Mukaiyama hydration
conditions produced a near equal mixture of diastereomers and
unexpected byproduct 19, which lacked the tert-butyl group
(Figure 9). The low diastereoselectivity reflected capture of
the open-shell carbon with 30,, and the byproduct resulted

from either Wieland (radical) or Criegee (cationic) fragmenta-
tion.’” Either way, we expected that a decrease in the concen-
tration of intermediate peroxide would minimize 19. A semi-
nal mechanistic study by Nishinaga et al. on the mechanism of
Drago’s cobalt salen-catalyzed hydration reported rate accel-
eration by the addition of triphenylphosphine (10-fold relative
to cobalt), which was interpreted to result from the reduction
of an intermediate cobalt-peroxide.*® The hydration of 14 cata-
lyzed by Co(acac),, however, did not benefit from the addition
of triphenylphosphine (PPhs). Instead, no hydration occurred
until all PPh; had been oxidized to triphenylphosphine oxide,
at which point the same poor reaction mixture resulted! As a
result, a series of cobalt, manganese and iron catalysts—
shown by Mukaiyama to catalyze

This work
H
-==  metal-mediated Markovnikov
H o ni HO H
H hydrogen atom selectivity H
t-Bu transfer (MHAT) t-Bu t-Bu
21 equiv. Bu3SnH
0s0y, Py . AIBN
Et,0 ) - MeO OB . (38%)
MeO,CCOCI " 3steps)
—» 0 [¢)
i-ProNEt HO
Corey ey t-Bu
HO HO,
Hme_ +CO2BnN 10 mol% Mn(dpm)s, O, Hmge_ CO2BN
Ph(i-PrO)SiH,, PPhj,
14 ] > N 17
< “CH(OMe), methylcycl%hexane HO < CH(OMe),
50 ° \
-Bi |
tBY Yco,Bn +BU Ye0,8n
Entry Deviation 18:19
1 none 75:25
2 t-BuOMe 35:65
3 THF 40:60
HO, LO;Bn
4 1,2-DCE 52:48 S
H CH(OMe),
5 CH,Cl, 53:47 18
6 EtOH 54:46 t-Bu 0 <
7 EtOAc 57 :43 0o
8 PhMe 60 : 40
9 cyclohexane 66 : 34
10 PhCF3 67 :33
1" hexanes 69 : 31 HO
12 i-PrOH/PhSiH, 50 : 50 Hmge_+C02BN
13 PhSiHg not PhSi(0i-Pr)H, NR ) 19
& TCH(OM
14 Co(acac), not Mn(dpm)s 25125150 (OMe),
15 Fe(acac)z no Mn(dpm); NR COzBn
16 20 °C <15% conv
HO, HO
H— “,\0023“ H = +C0O2Bn °
- Co*0 } - t-Bu
) . 19
0 \ CH(OMe), 0~ “CH(OMe),
L,Co—O ¢,
n©07% tBU Yoo,Bn t-Bu” “co,Bn

Figure 9. Effect of solvent, metal center and phosphine on
Mukaiyama hydration probed using Ph(i-PrO)SiH,.

the hydrofunctionalization of alkenes—were screened for per-
formance in the presence of PPhs. Mn(dpm); proved optimal
but sensitive: PPh; allowed catalysis and completely sup-
pressed the formation of 19, yet its omission led to 19 exclu-

6
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sively. The equivalent reaction rate 14 in the presence of ab-
sence of PPhs suggested that it did not react with any kinetical-
ly relevant species in the Mn-catalyzed reaction. In contrast,
PPh; shut down the productive reaction pathway of cobalt.
Additionally, a variety of Mn, Fe and Co fB-diketonate com-
plexes showed no variation in diastereoselectivity, reflecting
the outer-sphere MHAT mechanism and capture of dioxygen
by a carbon radical.

This discouraging selectivity exposed the inherent limitation
of MHAT reactions: substrate dependent stereoselectivity in
almost all cases.” Solvent screens were possible using cobalt
catalysis,” but Mn and Fe catalysts typically required an alco-
holic solvent to function. Our lab found that these catalysts
required alcohol because the standard reductant, PhSiH3, per-
formed poorly compared to its mono-alcoholysis product, iso-
propoxy(phenyl)silane, a highly efficient reductant that func-
tions in numerous solvents.®' This reductant allowed an exten-
sive solvent and temperature screen, which to date, had not
been reported. It was not clear, however, that solvent choice
would increase the stereoselectivity of carbon radical capture
by 0,.

To our surprise, solvent played a significant role in stereose-
lectivity and correlated roughly to Lewis basicity. Ethereal
solvent favored the undesired diastercomer 18, which lac-
tonized due to proximity of the southern benzyl ester. As sol-
vent polarity decreased, the reaction increasingly favored dia-
stereomer 17. Methylcyclohexane proved to be the optimal
solvent and afforded 17 as the major diastereomer, isolable in
67% yield. These data contrast a recent paper from the Woer-
pel group that demonstrated small effects of solvent on dr
(85:15—97:3), the benefits of which were mitigated by de-
creases in yield (60—29%). In this case, stereoselectivity was
explained by a chair versus twist boat, Fiirst-Plattner-like
model and required a six-membered ring (Figure 10). Solvent-
based stereochemical reversal of five-membered ring hydra-
tion (14—17), however, is hard to explain with this model.
Instead, stereoselectivity might be explained by an internal
hydrogen bond between the C6 secondary alcohol and the C5
ester (Figure 10) that is strengthened in conformation 20. Non-
polar solvents like methylcyclohexane could increasingly fa-
vor this interaction, whereas hydrogen bond acceptors like

ethers could disrupt it.%
Woerpel [2018]

%0.
(o} F ©
twist Me
0 . N,
i-Bu N boat BuCry /P chair o-PL-o
e NN e —— Yodo 2, ,-.Bu%
H H Me ¥Me Me Ve Ng
o .. ,O Me
le) Me
302
This work 20 21
MeO
MeoH " MeO, H W
17— —— MeO s\Y —» 18
BnO—/5 © 5
,0 BnO OH
O--H

Figure 10. Stereoselectivity via proposed chair versus twist-
boat transition state conformations, compared with intercon-
verting envelopes.

These effects highlight the inherent substrate dependent dia-
stereoselectivity in the Mukaiyama hydration, and emphasize
how solvent effects can perturb the conformational equilibria
of pyramidalized radicals. This represents the first example of
a solvent dependence dictating the stereoselectivity of the

Journal of the American Chemical Society

Mukaiyama hydration, made possible by iso-propoxy-
(phenyl)silane.

Only a single substitution of the cyclopentane now remained
to reach subtarget 3 (Figure 3): stereoselective formation of
the C5-C1 bond to form the butyrolactone. Although acylation
of the C6 secondary alcohol was achieved with EDCI/ bromo-
acetic acid, cyclization of 22 to 24 under basic conditions was
completely outcompeted by EicB elimination to 23. Attempts
to choreograph lactone formation earlier, prior to Mukaiyama
hydration, also proved unsuccessful and 25 yielded elimina-
tion product 26, instead of 27. A number of attempts were
made at direct alkylation of 14 by a two-carbon unit via Fra-
ter—Seebach alkylation®** with methyl bromoacetate. Howev-
er, treatment of the alkoxy ester 14 with two equivalents of
strong base still led to elimination, leaving the question of
stereoselectivity open-ended.

Actual Expected
[e] Br o
>— CO,Bn Q//g
H K .CO,Bn DBU H S
THE 22°¢ T \ CH(OMe), o[ TcoBn
HO="7 N CH(OMe), (84%) t-Bu c0,Bn HO \ CH(OMe),
.| t-Bu
+Bu Y0,8n CO,Bn
22 23 24
LHMDS o
RO BrCH,CO,Me
Hs_ ~COBn  THF-78°C COBn )
X (81%) u S
; _— CO,Bn
= N CH(OMe), or N CH(OMe), \ ?
tBu \ DBU, THF, t-Bu CO.Bn < YCH(OMe),
CO,Bn 22°C 2 tBu \
(84%) CO,Bn
14:R=H 26 27

25: R = C(O)CH,Br only E4cB elimination observed

Br

(¢} BusSnH o &

o
“,COZBn Mn(OAc); R
- Cu(OAc), CO,Bn AIBN CO,Bn
RS <
HO="7NCH(OMe),  OEt A
tBu \ < HO=)"¢ S CH(OMe), HO=y" N CH(OMe),

CO,Bn \ tBu \

CO,Bn tBu .o Bn
28 not observed 2
TMS-EBX, l THF 30 NO, »
TBAF | -78t00°C
O2N COzH
2 2l O,N
32
NO,
1. NaBH,, EtOH

31 — > 33
2. EDC, DMAP, 32
59% (2 steps)

Figure 11. Attempts to install final two-carbon unit at C5.

To prevent E;cB elimination and probe substrate control
over the stereoselectivity of C—C bond formation, alcohol 14
was oxidized to B-ketoester 28 (IBX in DMSO). A variety of
electrophiles proved incapable of reacting with the extremely
hindered carbon C5. O-acylation occurred to deliver enol
bromoacetate 29, but radical cyclization to 30 did not. As a
result of the congested steric environment, we explored sp-
hybridized electrophiles, including Waser’s reagent (TMS-
EBX). % This isolable alkyne electrophile desilylates with
TBAF to deliver the highly reactive parent compound ethynyl
benziodoxolone (EBX), which has been isolated recently as its
acetonitrile complex.®® Together, its electrophilicity and small
size allowed bond formation at C5 where many other reagents

7

ACS Paragon Plus Environment



oNOYTULT D WN =

ocouuuuuuuuuudhDdDDDBDDADMDMDAEDAEDNWWWWWWWWWWNNNNNNNNNDN=S =2 @O aQaaa0
covwvwoOoONOUMMNWN-—_OVONOOULLDdMNWN OOV OONOUPDMMNWN—_,rODVVONOOCOULLDdMNWN-_,ODOVUOONOOUED WN = O

Journal of the American Chemical Society

failed. To our frustration, however, the (R)-configuration 31
predominated from cyclopentanone 28.%

To reverse this stereoselectivity, we pursued formation of
the BB bis-lactone earlier than planned (17—34—35, Figure
12), which we thought might direct the delivery of EBX to the
correct Re-face, at that point a convex surface, of the BB par-
tial ring system. To our surprise, attempted global deprotection
of the bis-ester acetal 17 with para-toluenesulfonic acid deliv-
ered an extremely unreactive oxetane acetal as a 1:3 mixture
of diastereomers 36 and 37, both resistant to epimerization.

HO, HO, O H
-, .CO,Bn -2 [Me] .CO,H .COzH
H H o
-2 [Bn] [0]
HO="5 ~CH(OMe), HO—="¥ “cHo HO—"¥" ~cHo
-Bu \ Bu \ -Bu \
X t-Bu coH t-Bu CO.H

dehydration | -2 H,0

36: R'=0Me,R2 = H ‘exo-oxetane’
37:R'=H, R2 = OMe 37 (x-ray)

decay (
P O )
t-Bu t-Bu” «—» t-Bu

t-Bu pyranose oxetane
SiO; unstable
t-Bug-T ‘corset effect’
S

HO
CsHqq C4H,COH
TXA,
‘endo-oxetane’ t/,=32s
36 36 (x-ray) @pH74,37°C

Figure 12. Unexpected frans-acetalization to an acid-stable
oxetane acetal driven by Maier’s hypothetical ‘corset’ effect,
where bulky groups destabilize the bond-lengthening decom-
position.

The oxetane acetal motif is rare and represented by only a
handful of examples in the literature. For example, the human
derived platelet aggregation factor thromboxane A2 (TXA,)%®
contains a cyclic oxetane acetal, but degrades with a half-life
of 32 s at 37 °C in pH 7.4 Krebs media. Its instability compli-
cates isolation and requires storage in basic methanol or as the
alkali metal salt; the free acid decomposes within hours via
oxetane ring opening. This instability is not surprising given
the strain energy of oxetanes (Esyain ~ 25 kcal/mol),*’ similar to
epoxides (27),% cyclobutanes (26) and cyclopropanes (28), but
substantially less stable than tetrahydrofurans (6 kcal/mol).
The oxetane acetals of both TXA, and dehydrated rhamnopy-
ranoses’’ are formed under basic conditions as a result of acid
lability. In addition to TXA,, two other naturally-occurring
oxetane acetals have been isolated: oxetanocin A (a hemi-
aminal)’' and maoecrystal I;> however neither compound ap-

pears to possess a facile path to decomposition via oxetane
ring-opening.

In contrast, oxetanes 36 and 37, we thought, could easily
open via formation of a methyl oxocarbenium ion, which
could then either hydrolyze or demethylate. Its stability, how-
ever, might reflect a general feature of the bilobalide scaffold.
A similar, albeit internal, acetal was reported recently as an
intermediate in an approach towards the synthesis of bilobal-
ide and survived a strongly acidic, oxidizing step (CrOs,
H>S04, acetone).” Our attempts to deprotect or epimerize the
oxetane acetals 36 and 37 led to recovery of starting material,
and caused us to investigate their unusual persistence.

Steric congestion imparted by the multiple quaternary car-
bons and fert-butyl substituent could be considered the defin-
ing idiosyncrasy of the bilobalide ring system, and one which
might reasonably play a role in oxetane persistence. Such an
effect is well precedented in the synthesis and study of tetra-
hedranes, including tetra-tert-butyl tetrahedrane (#-BusT),
which despite its strain energy (Esrain ~ 130 kcal/mol) melts at
135 °C.”™ This requirement of steric congestion was attributed
to the ‘corset effect” whereby bond scission increases repul-
sive steric interaction in the transition state, leading to a high
energy barrier. It was not clear whether the unusual stability of
36 and 37, however, derived from substrate stabilization, tran-

sition state destabilization or product destabilization.
HO

HO
<COzMe 2G % COMe
..... - + H0 ————= . + MeOH
D R1002Me 20 — A ~co,me
R\, R CHO
R? OH

364c: R' = OMe, R2=H

370 R' = H, R2 = OMe 39a-d
DMSO THF H,0
R3 36caic  37calc 36calc  37calc 36caic  37calc
a: t-Bu +2.2 +2.1 +2.0 +2.1 +5.6 +5.2
b: i-Pr -0.2 -0.1 -0.5 -0.2 +1.1 +3.3
c: Me -2.0 2.4 -2.3 -2.4 +1.2 +1.0
d:H 9.4 9.1 9.5 9.0 -5.5 -6.1

Figure 13. Calculated reaction free energies (kcal/mol) for the
hydrolysis of oxetane acetals at the ®B97X-D/6-311++G(d,p),
SMD//0vB97X-D/6-31+G(d,p) level of theory.

Density functional theory (DFT) calculations probed wheth-
er the unusual stability of the oxetane acetal was kinetic or
thermodynamic in origin. Whereas a significant barrier to pro-
tolytic ring-opening could not be found, hydrolysis was calcu-
lated to be thermodynamically uphill for 36 and 37 in DMSO,
THF and water (Figure 13), despite the expected release of
considerable ring strain. Replacement of the ferz-butyl group
with progressively smaller alkyl substituents revealed its key
role in tipping the thermodynamic balance against the hydro-
lyzed free aldehyde 39a—d. With an isopropyl substituent, the
proximal ester group was free to assume a conformation that
avoided clash with the distal ester group. In contrast, a tert-
butyl substituent in the same position forced the two ester
moieties into close proximity with each other, creating repul-
sion that destabilized ring-opened form 39a (Figure 13).

These effects were analogous to Maier’s corset ef-
fect: strain-release through small ring-opening was offset by
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Figure 14. Calculated structures of aldehydes 39a and 39b at
the ®B97X-D/6-31+G(d,p) level of theory.

destabilizing repulsion between substituents. An alternative
hypothesis suggested by calculated Intrinsic Reaction Coordi-
nates (IRCs) involved formation of stable oxocarbenium in-
termediates 40 or 41, which might persist in acidic media but
revert to oxetane on basic work-up. This hypothesis was
probed by monitoring 36 in situ. In fact, the oxetane acetals
themselves were remarkably persistent, even in concentrated,
strong acid. As shown in Figure 15, both 36 and later interme-
diate 48 were stored in 1.5 M DCI (1:1 THF-dg¢/ D,0O) for over
24 h with no change in their '"H NMR spectra. The lack of
epimerization, oxocarbenium formation or hydrolysis indicat-
ed either a high kinetic stability or rapid internal return of a
thermodynamically less stable oxocarbenium 40 or 41.

a. Alternative hypothesis: stable oxocarbenium and return to oxetane

HO
), HO
%% % cOBn

HO o,
{ MeO @
36°H* 40 4
b. Pathway suggested by calculated Intrinsic Reaction Coordinates (IRCs)

NaeS

c. Exclusion of persistant oxocarbenium by in situ monitoring

‘ 1.5 M DCI (aq.) |
bR comn ) N aved L
% \""co,Bn ‘\“ 1.5M DCI (aq) ‘
o ) EE
\ o | \ ‘ ‘

| 1.5MDCl (aq.) ‘
o’[k | | 2an22°c ‘

|
) |

—J\ - 20 WYAVN VY VN /_/“W_
=C0,Bn \
8 o < \
PN CO4Bn i 1.5 M DCl (aq.)
t-Bu® Il 0h,22°C ‘ ‘
o OMe |

AN DS N TPy

HO
% JCOBn Ho, .C0,Bn

..... ~ P L
36°H* . CO,Bn ~~ Nco,Bn 40
t-Bu or t-Bu* =~
®1° OMe K4 >> k4 o OMe
/
H H
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Figure 15. The alternative hypothesis of an intermediate oxo-
carbenium that persists in acidic media, but reverts to oxetane
in basic media, was excluded.

o
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CO,Bn  TBAF
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H THF,
tBu" ot 780 -20°C
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w/ DMP [O])

38: from 'exo’ oxetane

42: not observed

43: not expected!

.CO,Bn
IBX ’

—_ .. 4
DMSO, 22 °C By OMe
o
36 44
0, o,
|———1TMsS 'TMS-EBX'lTHF,
. ) TBAF | -78 °C to -20°C
target cyclopentane TMS-EBX
wo |l
: i _CO,Bn ol
CO,Bn mia
...... s -
B OMe THF/H,0, 0 °C
BU 0% (60%,3 steps)
H
5 45

NaBH,, MeOH
(52%, 2 steps)

« fully substituted
cyclopentane
(BB core)

« 7 steps

- stereoselective

DMAP

DNBA, EDCI,
84% yield

O.N

47 (x-ray)
Figure 16. endo-Oxetane 36 allows stereoselective alkynyla-
tion whereas exo-oxetane 37 rearranges. Hydride reductants
deliver the wrong stereoisomer but Sml, accesses the fully
substituted cyclopentane 48, a total of 7 steps from commer-
cial materials.

The oxetane acetal motif proved more than an idiosyncrasy:
its deformation of the bilobalide ring system ultimately al-
lowed for completion of the synthesis, with one caveat. Only
endo-methoxy oxetane 36, the minor isomer (20% isolated,
using TsOH+H,0), could be advanced to bilobalide.

We had hoped that the oxetane would effectively shield the
enolate Si-face from attack to produce alkyne 42. Unfortunate-
ly, treatment of exo-methoxy oxetane 37 with IBX followed
by Waser’s reagent only afforded rearrangement product 43,
possibly derived from the desired, albeit unstable isomer 42.
Minor isomer 36, on the other hand, could be oxidized to 44

9
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and alkynylated to 45 in good yield (>61%) and as a single
diastereomer.

After IBX-mediated oxidation and TMS-EBX-mediated al-
kynylation, the synthesis required return to the alcohol oxida-
tion state. This task was complicated by the instability of -
ketoester 45, which decomposed on silica or prolonged stand-
ing, and the tendency of the ketone to undergo reduction to 46
from the Si-face of C6 by hydridic reagents, as confirmed by
X-ray crystallography (47 X-ray). Inspired by a proposed di-
rected reduction in Evans’ synthesis of cytovaricin,” we ex-
plored Sml,, which had been proposed to favor stereoisomers
that could accommodate a chelated organosamarium(IIl) in-
termediate. In this case, chelation to the Lewis basic oxetane
acetal might direct the reduction. In accordance with Evans’
model, stereoisomer 5 was formed with high (>20:1) selectivi-
ty (see 5, X-ray). This key sub-target (see Figure 3) contained
all the carbon-carbon bonds of 1 and required seemingly sim-
ple hydration/dehydration chemistry to complete the target, yet
derived from the minor diastereomer (36) of oxetane.

Attempts to reverse the stereoselectivity of oxetane acetal
formation (17—36/37) were initially unsuccessful. Neither
solvents, simple Brensted acids or Lewis acids led to an ex-
cess of 36. However, we observed that certain chiral phos-
phoric acids afforded a modest dr of 1.7 : 1.0 in favor of 36.
Given the cost of these catalysts and the low selectivity, such a
solution seemed impractical. However, when working with
racemic material (i.e. rac-17), we observed by chiral super-
critical fluid chromatography (SFC) that each diasterecomer
was enriched in opposing enantiomers: chiral phosphoric acid
(-)-A in a mixture of THF and H,O led to exo-oxetane 37 in
69:31 er and endo-oxetane 36 in 39:61 er. In other words, each
enantiomer of rac-17 reacted with catalyst (—)-A to give op-
posing diastereomeric ratios (see Figure 17): (—)-17 favored
exo-isomer 37 (29:21) and (+)-17 favored endo-isomer 36
(39:11).

These observations suggested that a parallel kinetic resolu-
tion had occurred during oxetane acetal formation.’® This ef-
fect is consistent with enantio-differentiation of prochiral ace-
tals by chiral phosphoric acids reported by the List group.”’
The same report noted that a partial parallel kinetic resolution
occurred with a substrate bearing a tertiary alcohol.

In collaboration with the Scripps Automated Synthesis Fa-
cility, we developed a two-dimensional (2D) liquid chroma-
tography (LC) / chiral SFC separation to directly probe effects
of solvent, temperature and catalyst structure on the efficiency
of PKR (Figure 17). Consequently, crude racemic reaction
mixtures divulged their selectivity profile (dr, er) without puri-
fication.” Pure, internal ‘slices’ of each 1% dimension (LC)
peak were internally directed to a chiral SFC system that sepa-
rated the enantiomers of each diastereomer, quickly providing
the user with ratios of all four stereoisomers of interest. A
similar 2D method was developed during optimization of the
Reformatsky reaction.

Multiplication of dr by er of each diastereomer derived from
rac-17 delivered the ratio of endo and exo diastereomers for
each enantiomer of 17. Reactions of enantiopure (+)-17 pro-
duced diastereoselectivities that corresponded well to those
derived from 2D analysis and deconvolution. This method
allowed us to work in parallel: we optimized the diastereose-
lectivity for 17—36 while the enantioselective Reformatsky

(9—8) was under development and (+)-17 was not readily

available.
a Workflow to determine dr imparted by acid on each enantiomer of a rac-17
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C Diastereoselectivity imparted by Brgnsted acids using pure (+)-17

36:37
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5 (R)-A, DCM, 23 °C 26:1.0 R
6 (S)-B, CgHyp, 23 °C 0.0:1.0 A: R =9-phenanthryl
7 (S)-C, CgHyp, 23 °C 0.0:1.0 B: R =2,4,6-(CgHyp)3Ph
8 (R)-C, THF/H,0,50°C  2.8:1.0 C: R=24,6-(i-Pr)sPh
9 (S)-D, CgHyp, 23 °C 10:7.3 D: R=H
10 (S)-E, CgHyp, 23 °C 1.0:35 E: R=3,5-(CF3),Ph

Figure 17. Optimization of acetalization dr via parallel kinetic
resolution (PKR): workflow and data analysis (SI122).

The data in Figure 17 indicated that lower temperature, non-
aqueous solvent (cyclohexane) and phenanthryl substituents
on the chiral acid provided the highest selectivity (5.3 : 1.0)
for endo-isomer (+)-36 from (+)-17, whereas the exo-isomer (-
—)-37 was produced from (—)-17 with 1.0 : 3.2 selectivity. Dia-
stereoselectivity combined with product enantioenrichment
allowed prediction of dr using a one enantiomer of 17. This
singular antipode was available from the catalytic enantiose-
lective Reformatsky discovered in step two of the synthesis,
combined with purification by crystallization, which enriched
enantiomeric excess to >99% ee. In the event, (+)-17 was con-
verted with 5.3 : 1.0 selectivity to (+)-36 under optimal condi-
tions.

The alkyne subunit had been installed as a surrogate for an
acetate appendage, however its hydration and oxidation
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proved non-trivial. We planned to oxidize the alkyne using
standard conditions (Figure 18).” Unfortunately, only hydrob-
oration (BH3;*THF) and iterative oxidation (1. Na;B,Os; 2.
TEMPO, PIDA) successfully generated the target lactone 48,
and this only in 23% yield. The yields severely diminished
when the reaction was run on scales larger than 0.1 mmol. An
alternative solution was inspired by a report by Julia that al-
kyne oxidation could be carried out directly using LiOOz-
Bw/LiHMDS by way of an intermediate lithium ynolate.®® Ap-
plication of these conditions led to recovered starting material
and a trace amount of the TMS-protected alkyne, which impli-
cated at least partial deprotonation of 5. We hypothesized that
the alkynyl lithium could not efficiently coordinate LiOO?Bu,
whereas a more Lewis acidic substrate might. Ultimately, we
found that the alkynyl lithium intermediate reacted efficiently
with trimethylborate, B(OMe); to generate a transient alkynyl-
borate anion. Only m-CPBA effected oxidation to the lactone,
presumably by protonation of one methoxide ligand and cap-
ture of the trivalent boron by the peroxybenzoate,*' as suggest-
ed by early work on alkoxyboronates by Brown.®* Migration
of the alkyne into the adjacent O—O ¢* orbital would generate
an intermediate boron ynolate, which could cyclize to lactone
48 via several pathways. Protonation with benzoic acid or
perbenzoic acid could generate a ketene or, if captured, a
mixed anhydride. Alternatively, the boron ynolate might be
stable until addition of aqueous NH4Cl. No byproducts were
isolated that provided insight into mechanistic details, but an
upcoming report from the Ohtawa lab seeks to shed light on
this question.®®

LiHMDS; B(OMe)3;
m-CPBA
—>
THF, -78 t0 22 °C
(55%)

5
Entry Variations Product
1 LiHMDS, LiOOtBu N.R.
2 CpRuCl(bpy); PIDA <5%
3 PPh3sAuNTf, m-CPBA decomposition
4 Cy,BH; Na,B,0g <10% conversion
5 BHj; THF; Na,B,0g; TEMPO, PIDA 23%

HO  _-COH

3H,0 H £.CO,H
<o D:
HO=~"T~CHO

tBi  ~COMH

48: synthetic
equivalent sink? tgt

2: thermodynamic 3: retrosythetic
Figure 18. Alkyne to lactone conversion via sp-
borylation/oxidation versus other tactics. The resulting syn-
thetic equivalent to 2 did not obviously resemble the retrosyn-
thetic target.

The question of whether the bilobalide ring system repre-
sented a thermodynamic sink and whether the unusually stable
oxetane would deprotect under suitable conditions now lay
before us. Impatience to answer this question and attempt the
final, deep oxidation (‘inner’ versus ‘outer,” lactone D versus

Journal of the American Chemical Society

A) led to a mechanistic morass that would consume over nine-
months of research.

Because oxetane 48 proved stable to Brensted acid, a
dealkylating Lewis acid, BBr3; (>10 equivalents), was added to
48 to decompose both the methoxy acetal and the benzyl es-
ters. To our surprise, des-hydroxybilobalide was produced on
the first attempt, albeit in apparent low (ca. 30%) yield. This
result dispelled the uncertainty of whether the bilobalide di-
lactone acetal would serve as a thermodynamic sink to which
the acyclic carboxylates might funnel. Flush with success, the
single milligram of crude 2 was subjected to conditions that
might hydroxylate either lactone, with the hope that luck was
now on our side. Treatment of crude 2 with NaHMDS,
P(OEt);, and O, delivered a new product by TLC (with pro-
longed heating for visualization, see below) and 'H NMR of
material recovered after workup showed unambiguous peaks
of bilobalide as the major product (see Figure 19a).%*

a. enolate hydroxylation using crude 2 yielded bilobalide (1), but only once

} Hg Hf |t-Bu

natural BB

I |
|
M lL - ok LJJLJJL«J_WJ MU',M

crude synthetic BB

b. enolate hydroxylation using pure 2 yields a bilobalide isomer (49) reproducibly

1: bilobalide
(not observed)

49: neo-bilobalide
(exclusive product)

(pure material)

then 3M HCI
Figure 19a. BBr; deprotection/ O, oxidation of crude material
delivered bilobalide (1) on the first attempt and b. never again.

This result was extraordinary given the apparent inaccessi-
bility of the C10 protons. Our delight was fleeting: the reac-
tion has never been reproduced even to this day.

Repeated attempts to effect the oxidation of 2 to 1 under the
original conditions by the same or different personnel either
returned starting material or produced the undesired (but ex-
pected) isomer, designated neo-bilobalide (49, Figure 19b), a
result of oxidizing the more accessible ‘outer’ lactone. Alt-
hough the adage ‘garbage-in, garbage-out’ proved partly true,
a reproducible procedure for the final oxidation may never
have been discovered without this crucial reconnaissance. The
process of invention now became archaeology: what had hap-
pened the first time?
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a. isomerization at cryogenic temperatures observed by "H NMR
KHMDS
THF, -78°C
7 . * H
1 equiv. HCI S
-78C

~_ coc, B
22°C L -
R = OH (51)
2 iso-2 R =H (52)

b. isomerization appears to change inner lactone accessibility
A

A"
)

-
inner lactone protons (H;, H,) inaccessible
-
> "0

iso-2 inner lactone protons (H;, Hy) more accessible
Figure 20. Does rearrangement to the iso-bilobalide skeleton
allow access to the inner lactone protons H; and Hi? a. isomer-
ization can be effected with strong base at low temperature or
weak base at room temperature (quantitative in 10 min.); b.
isomerization changes proton accessibility on 180° trajectories
of approach.

The base lability of bilobalide provided the first evidence
for a complex mechanism of oxidation. Its instability has led
to many optimizations of extraction and purification from G.
biloba leaves.®> At pH 3, the trilactone fraction (ginkgolides
and bilobalide) appears stable, but at pH 6.5 mono-lactone
saponification of ginkgolide B occurs. Strongly basic (pH
10.4) aqueous washes of crude G. biloba extract removes BB
and ginkgolide C from the organic phase. However, acidifica-
tion of the aqueous phase with IN HCI, followed by re-
extraction with EtOAc only leads to the recovery of gink-
golide C whereas BB decomposes and cannot be recovered.®*
BB has been found to irreversibly decompose at pH values
above 7,% likely through irreversible lactone opening.®” To
date, these decomposition byproducts have not been character-
ized and the pathway for irreversible BB decomposition re-
mains unknown. This information is important for both isola-
tion and pharmacokinetics: BB degrades in rat heparinized
plasma (k = 0.5465 h') and even in pH 7.4 buffer (k= 0.1868
h_l).xx

The base instability of bilobalide might derive from its rapid
rearrangement to iso-bilobalide. A similar rearrangement had
been observed by Weinges and co-workers upon treatment of
bilobalide with acetic anhydride and pyridine, which delivered
diacetoxy-iso-bilobalide.?* However, we found rearrangement
occurred simply upon treatment with base (Figure 20a). The
C8 tertiary alcohol is positioned within the Burgi—Dunitz an-
gle of lactone A, which is rendered more electrophilic by lone
pair hyperconjugation, and its translactonization pulls the tert-
butyl away from C10. For example, addition of 1 equivalent
of the weak base DBU to a CDClI; solution of 1 or 2 effects

quantitative conversion to translactonized products 51 or 52.
Similarly, we found that treatment of 2 at -78 °C with 1 equiv-
alent of the strong base KHMDS—the same base used for
attempted lactone hydroxylation—followed by 1 equivalent of
IM methanolic HCI quantitatively forms iso-2, which is un-
stable in acid, difficult to isolate and slowly reverts to 2. Since
rearrangement to the iso-bilobalide skeleton (iso-2) occurred
first, it clearly played a role in the irreproducible deep oxida-

tion.
a. Pd catalyzed hydrogenolysis is superior to BBr3 dealkylation

o)

?’1{ Hy—N;  H
Had & 3MHCI
CO,Bn ey

oy .~ CO2BN MeOH 80°C HO

OMe 22°C| (90%)

48

persistent in 3M HCI reactive in 3M HCI

b. Boron Lewis acids do not affect oxidation regioselectivity, but a silicon group helps

B(OMe);
EtB(OH), | ©
etc.

- 1: bilobalide
(not observed)

CH,Cl, | TBSOTf, 2,6-lutidine
22°C ¢ (100%)

KHMDS
THF, -78°C

o

“NSO,Ph
50

then 3M HCI

49: neo-bilobalide
: 16

Figure 21a. Replacement of BBr; in a global deprotection
increases yield but removes the boron impurities that may
have facilitated C10 hydroxylation; b. boron Lewis acids are
ineffectual, but an isomerized silyl ether provides a trace of 1.

The original, successful oxidation (2 to 1) must have oc-
curred via the base-induced iso-bilobalide rearrangement, giv-
en its facility in the presence of base. This hypothesis benefit-
ed from molecular models that indicated the iso-bilobalide
skeleton increased access to C10 of the ‘inner’ lactone (see
Figure 20b). However, if rearrangement alone were necessary,
any successful oxidation should deliver 1. In reality, any con-
ditions for a-hydroxylation including KHMDS/ Davis’ oxa-
ziridine (50) yielded exclusively the Cl-oxidized isomer 49
via oxidation of the outer lactone.

Recall that global deprotection of 48 was carried out using
BBrs. This procedure reliably provided low yields of 2, but
when oxidation to 1 failed repeatedly (with crude or purified
material), we took the opportunity to improve the deprotec-
tion. To our surprise, 48 was completely stable to 3 M HCI at
80 °C for over 12 h, reflecting the remarkable ‘corset’ fortifi-
cation of the oxetane acetal (see Figure 15). However, hydro-
genolysis of the benzyl esters (Figure 21) significantly en-
hanced the reactivity of the oxetane: now 3 M HCI over 12 h
produced 2 cleanly, which supports the equilibrium ‘corset’
effect proposed above.

1: bilobalide
1
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Perhaps a boron impurity led to formation of 1 by capturing
the opened isomer as 54, the borate of ise-2. Unfortunately,
addition of boron Lewis acids—BBr;, B(OMe),, EtB(OH),,
etc—either prevented reaction or had no effect. However,
attempts to mimic the borylated iso-bilobalide intermediate
using a tert-butyl-dimethylsilyl (TBS) group (55) met with
modest success: for the first time in nine months, bilobalide
was observed in the crude '"H NMR, albeit as the minor isomer
(1:16) versus neo-bilobalide.

HG 0
<o R
H
t-Bu
54 56 ©
H
| o I o*
H H H- H
O$\°/|/ 05'\0/|/
n oL eX m o) R
B
nv n\ﬂ/
X o
strong 1-0* hyperconjugation?
(o}

Ph Ho ¢
o&o KHMDS ;
= —_—
= © 50

H THF, -78°C Hoo-
t-Bu o then 3M HCI
) (73% brsm by NMR) o
2 56 1: bilobalide

short C,—0, long Cg—O long Cp—0, short Cg—O
y-alkoxy lactones (avg.) y-acyloxy lactones (avg.)
H H H

= I 1y

1.350 A 1.460 A 1.360 A 1.433 A 1.361A 1422A
(X-ray avg.) (X-ray) (X-ray avg.)
Figure 22a—c. Did hyperconjugation from an intermediate
borate ester acidify the inner lactone? A stable benzoate ester

causes selective oxidation of C10 to generate bilobalide (1).

A major difference between silicon and boron is the effect
of valence bonding on electron delocalization. In this case, a
trivalent boron (e.g. 54) might acidify the a-protons (i.e. stabi-
lize the corresponding enolate) via B-O nt-bonding®® and delo-
calization of the lactone m-system into an adjacent C-O o*
orbital, more so than the corresponding Si—O substituent (e.g.
55). Analogous delocalization is common in glycosides and
reflected by changes in bond lengths to the anomeric carbon.’!
In the case of chloro-glycosides, the axial conformer has a
0.62 A shorter C-O bond and a 0.105 A longer C—Cl bond
than its equatorial isomer (see Supporting Information), as a
result of oxygen lone-pair delocalization into the antiperipla-
nar antibonding orbital of the adjacent carbon halogen bond..”
In the case of an o-hydroxy lactone, this lone pair delocaliza-
tion into the anomeric antibonding orbital could decrease the
lone pair donation into the adjacent carbonyl, making it more
electron deficient.” In turn, this deficiency should make the

56 (inner lactone)

Journal of the American Chemical Society

carbonyl more ketone-like and result in acidification of the a-
protons.

We were unable to isolate a boric acid or boric ester deriva-
tive of des-hydroxy-isobilobalide iso-2, consistent with the
absence of borylated y-hydroxy lactones in the literature, so
we turned to an electronically equivalent group. Whereas si-
lylated y-hydroxy lactone 55 would not benefit from the same
acidification of a borylated y-hydroxy lactone (cf. TBSOH
pKa = 15.36 versus B(OH); pKa = 9.24),°* a benzoyl group
(BzOH pKa = 4.20) might prove suitable. This derivative (56)
was synthesized from 2 with DMAP, EDCI and benzoic acid
(see Figure 22a/b). Drawing analogy to haloglycosides (see
above), we compared the bond lengths at the anomeric carbon
of 56 to other substituted y-hydroxy lactones (see Supporting
Information S38) and observed a similar trend. Electron with-
drawing groups adjacent to the ethereal oxygen of y-hydroxy
lactones cause a shortening of the anomeric C—O bond and a
lengthening of the lactone C—O bond (see Figure 22c). These
data derived from crystal structures, and DFT calculations
found similar trends (Figure 22d). Compared to 4-hydroxy-y-
lactone (pKa = 22) and its fert-butyldimethylsilyl ether (21.8),
the borate (18.6), acetate (17.3) and benzoate (17.8) were sig-
nificantly more acidic and exhibited bond length changes con-
sistent with O lone pair delocalization into the o* orbital of the
substituent; overall this decrease in the C—O & character might
acidify the C-10 a-protons.

R a b AGgepr  pKa ApKa
H H 1.35 144 275 22 0
H 0oTBS 136 144 272 21.8 0.2

a0l oBOH), 136 143 232 186 34
OCOMe 1.36 1.41 21.6 17.3 4.7
OCOPh 137 141 222 178 42
Figure 22d. Calculated bond lengths (angstrdms) and free
energies of deprotonation (kcal/mol) by acetate anion at the
®B97X-D/6-311++G(d,p),SMD(THF)//@B97X-D/6-
31+G(d,p) level of theory.

In the event, subjection of benzoylated intermediate 56 to
KHMDS and Davis oxaziridine yielded, to our immense relief,
bilobalide (1) in 91:9 preference to its isomer, neo-bilobalide
(49). This acidification of a-protons through the anomeric
effect appeared to be unique and warranted further investiga-
tion. Acidification of the a-protons might open two pathways
to C10 oxidation: 1) direct deprotonation of the C10 position
(56°Kp, Figure 23) or 2) indirect deprotonation via proton
exchange with the enolate of the more accessible outer lactone
A (56°K.,).

Experiment effectively differentiated these pathways. First,
we found that deprotonation occurred very quickly: incubation
of 56 with base for 60, 30 or 10 minutes did not change con-
version to 1. Second, based on recent reports that Davis’ oxa-
ziridine (50) does not react with KHMDS at cryogenic tem-
peratures,” we probed the possibility of enolate-lactone proton
exchange by addition of KHMDS to a mixture of 50 and 56.
The result was a 60:40 mixture of 1:49 (bilobalide : neo-
bilobalide), revealing that deprotonation occurs at C1 (lactone
A, 56°K.,) followed by an enolate equilibration to C10 in the
anomerically-stabilized lactone D (56°Kp). Whether this equi-
libration occurred by intermolecular or intramolecular proton

13

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

transfer was determined by varying the concentration of 56 at
a constant concentration of 50. A positive correlation between
1:49 and [56] revealed an intermolecular exchange: as the rate
of productive collisions between substrates increased, the con-
centration of inner enolate increased.
OYPh
_0

Lo

0.75:1

5 10 15 20

[56] (mM)
K=N(TMS), equilibration from conclusion
direct kinetic enolate (C1): intermolecular equilibration

deprotonation inter- or intramolecular  kinetic vs. thermodynamic acidity

Figure 23. Addition of 56 (varying concentrations) to a solu-
tion of KHMDS and 50 (constant concentration) indicates
intermolecular proton transfer and equilibration to a thermo-
dynamic, inner enolate from the kinetic, outer enolate.

Consistent with this data, deprotonation at C10 (inner lac-
tone) was calculated to be 4.3 kcal/mol more favorable than
deprotonation at C1 (outer lactone), meaning that the inner
lactone is about 3 pKa units more acidic. This acidification is
primarily due to the anomeric and inductive effects of the pen-
dant ester moiety, which is absent in the outer lactone ring.’®
We suspect that the original, irreproducible oxidation occurred
from an iso-bilobalide borate (54, Figure 21a, 22a) similar to
56.

11.7 16.0 ©

Figure 24. Calculated free energies (kcal/mol) of deprotona-
tion by acetate anion at the ®B97X-D/6-311++G(d,p),
SMD(THF)//0B97X-D/6-31+G(d,p) level of theory.

All the data taken together indicates that the inner lactone is
inaccessible to base for direct deprotonation. Even in the un-
folded iso-bilobalide analogs (55) and (56), deprotonation
occurs initially from the outer lactone. Fortunately, acidifica-
tion by the benzoate allows the conjugate base of the outer
lactone—the kinetic acid—to intermolecularly deprotonate the
inner lactone—the thermodynamic acid. This funneling of
reactivity from an outer to an inner site allows deep oxidation
and completion of the target.

Effects on spontaneous GABA, receptor-mediated synap-
tic transmission. Our interest in the synthesis of bilobalide (1)
stemmed from our hypothesis that the so-called ‘neurotropic’
sesquiterpenes shared the functional properties of 1 and other
prototypical GABA, receptor antagonists,” and therefore may
hold similar therapeutic potential. We recently showed that (—

)-jiadifenolide and (—)-11-O-debenzoyltashironin caused hy-
perexcitation of neurons,?® consistent with a model of excita-
tory neurite outgrowth. This hypothesis was formulated based
on structural overlap between jiadifenolide (J, 239 A% and
picrotoxinin (PXN, 229 A%),°7 an overlap shared by bilobalide
(BB, 260 A% (see Figure 1).!* We have begun to annotate
similarities and differences between these small, dense ses-

quiterpenes.
Control mIPSCs  + Jiadifenolide (1uM)+ Bicuculline (30uM) Control.__

™ R
| WH [ [ “ 1 ) ) m Jiadifenolide

20sec

20pA|
Control mIPSCs + (-)-Bilobalide (1uM) + Bicuculline (30uM) Control.__ 26ms
LR M m
‘ ‘ ‘ W—“’- % (-)-Bilobalide
20pA)
Control mIPSCs  + (+)-Bilobalide (1uM) + Bicuculline (30uM)  CA, 26ms
AL LA (+)-Bilobalide
100pA
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C Jiadifenolide (-)-Bilobalide (+)-Bilobalide
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Figure 25. Effects on spontaneous GABAA receptor mediated
neurotransmission in acute brain slices. a. representative min-
iature inhibitory postsynaptic current (mIPSC) recordings in
central nucleus of the amygdala (CeA) neurons from naive rats
during control (left panel), during superfusion of either jia-
difenolide, (—)-bilobalide, or (+)-bilobalide (middle panel; all
at 1 uM), and in continued presence of either jiadifenolide, (-)-
bilobalide, or (+)-bilobalide, in presence of bicuculline
(30uM) confirming the GABAergic nature of the mIPSC are
depicted; b. scaled mIPSC averages from the traces depicted
in panel A before (black trace) and in presence of the indicated
compound (red trace) are shown; ¢. cumulative frequency
distributions for CeA neurons before (black) and in the pres-
ence of the indicated drug are shown; d. bars represent means
+ S.E.M. from 8-9 individual CeA neurons summarizing the
effects of jiadifenolide, (—)-bilobalide, and (+)-bilobalide on
mIPSC frequencies, amplitudes, rise and decay times. Differ-
ences to baseline control conditions (indicated as dashed line)
were calculated using one-sample t-tests (*/** = P <
0.05/0.01).

PXN and BB exhibited strong antagonism in functional
and binding assays, whereas J reduced GABA-evoked currents
about 300X more weakly than PXN and did not displace
channel ligand [*H]-BOB; molecular dynamics suggested a
binding site for J closer to the intracellular pore.”* Neverthe-
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less, J caused robust hyperexcitation of neurons at 30 pM.??®
Whereas PXN and BB shared similar potencies, only PXN
was a strong convulsant (CF-1 mice; 3 mg/kg SC). BB was
only convulsant at high dose (100-300 mg/kg PO) and J was
nonconvulsive (up to 150 mg/kg IP).* Nevertheless, intraperi-
toneally-dosed J reached total brain concentrations of 26 pM
(13 uM unbound) and attenuated amphetamine-induced hyper-
locomotion, similar to picrotoxin at nonconvulsive dose.”

Given the in vitro effects on GABAA receptor-mediated
currents by BB and J, we aimed to explore whether BB and J
would also affect GABA, receptor mediated synaptic trans-
mission in ex vivo brain slice preparations. The central nucleus
of the amygdala (CeA) is highly GABAergic,”*'% thus we
compared BB and J directly in acute CeA brain slices from
male Wister rats at low concentrations to study their effects on
pharmacologically isolated miniature inhibitory postsynaptic
current (mIPSC). The brevity of our synthesis also enabled
easy access to ent-BB (i.e. (+)-bilobalide), which served as a
negative control and also allowed us to exclude the possibility
that achiral metabolites of BB cause excitatory effects. Re-
markably, despite profound differences in potency at recombi-
nant GABA, receptors, BB and J exhibited very similar ef-
fects at 1 uM to reduce mIPSC frequencies and amplitudes
(Figures 25a-c, summarized in 25d).

Importantly, these data underline a direct interaction of (—
)-jiadifenolide and (—)-bilobalide with native GABAA recep-
tors and GABA, receptor-mediated synaptic transmission,
further supported by lack of activity of the enantiomer (+)-
bilobalide. To the best of our knowledge, these are the first
studies to show the effects of bilobalide on action-potential
independent mIPSCs. The activity of safe GABAAR antago-
nists (—)-jiadifenolide and (—)-bilobalide may indicate transla-
tion potential, given the importance of GABAergic transmis-
sion in the CeA in fear processing, anxiety, negative emotions
and addictive disorders such as alcohol use disorder.”®!0!-102
The most surprising finding here may be the large difference
in relative potencies of (—)-jiadifenolide and (—)-bilobalide
between recombinant GABA4 receptors (o.-sPsy2) (where jia-
difenolide is about 50X lower in potency than bilobalide) and
GABA\ receptors in native brain tissue (where jiadifenolide is
equipotent to bilobalide). Such a discrepancy may indicate
either subtype-selective antagonism or potential mechanistic
differences in antagonism at submaximal GABA concentra-
tions (recombinant expression system) versus millimolar
GABA concentrations in the synaptic cleft required for mIP-
SCs. Furthermore, this discrepancy could also arise from using
isolated systems (HEK cells) versus brain slices representing a
more physiological preparation. In fact, in acute brain slices,
the neurons express a variety of different GABA, receptor
subunits and maintain their physiological intracellular signal-
ing and in part their connectivity.

Conclusion. Chemical synthesis can be viewed as the encod-
ing of information content in a molecular structure. Secondary
metabolites tend to encode information differently than other
types of complex structures (dendrimers, dyes, drugs) and
include a greater fraction of sp® hybridized atoms (Fsp?),'®
high chiral atom content, high heteroatom content and low
aromaticity. Total synthesis encodes this complexity by join-
ing together low information content reactants, but aims for
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greater-than-additive products. Our group (R.M.D, M.A.B,
M.O., R.AS)) is interested in objectively measuring this pro-
cess and has turned to Béttcher’s complexity index (Cw)® to
formalize intrinsic information content.'®* Béttcher scores as-
sign information content (mcbits) to each non-hydrogen atom,
which are added to measure molecular complexity, a compara-
tive index given as Cy. Representative Bottcher indices corre-
spond, in part, to the results of Bertz’s graph theory-based
C(n,e) complexity index,'®® yet can be done with pencil and
paper, albeit slowly. The Supporting Information for this paper
includes a Python script'® (written by S. F.) that annotates
molecules with Béttcher scores using a SMILES string input
at a rate of ca. 132,000 compounds per minute, simplifying
use of this metric. Cy, does not include any aspect of synthetic
difficulty, a changing and subjective measure.'”’ Its ease and
objectivity make C, an appealing measurement of complexity.

In Figure 26, we view the three syntheses of bilobalide
through the lens of C, changes. Each intermediate was as-
signed a Cy, value and scores were averaged per atom to miti-
gate the effect of protecting groups, which can carry high in-
formation content without contributing to core complexity.
After normalizing the C,, scores, all three syntheses started
from similar complexity scores, but advanced to the target at
different rates and different sacrifices in complexity, reflecting
different step counts.

We had qualitatively rationalized our choices in synthesis
design as efficient through minimization of redox reactions
and sought a Bottcher analysis to quantitatively interrogate
this idea. Summation of the raw scores of carbons that have an
oxygen atom in bilobalide (C2, 4, 6, 8, 10, 11, 12) revealed
three trends: 1) our work began from a higher total score,
largely due to initial incorporation of bislactone oxygens in
their final oxidation state, and therefore minimized the total
oxidative distance to product, significantly lowering necessary
operations; 2) the percentage of steps in a synthesis that result
in an overall decrease in complexity at the carbons of interest
was generally consistent across all three syntheses regardless
of step count: this work: 25%, Crimmins: 35%, Corey: 27%,
therefore future strategies might try to minimize these sacrifi-
cial maneuvers; 3) a direct correlation existed between step
count and complexity score changes at carbons bearing a het-
eroatom in a particular synthesis: this work = 10 (83% of 12
total steps), Crimmins = 16 (94% of 17 total steps, racemic),
and Corey = 20 (83% of 24 total steps, asymmetric). The most
telling metric of synthetic efficiency here is the total number
of times these oxidized carbon atoms change complexity
scores throughout the synthesis. Ideally, a carbon atom is in-
troduced in the synthesis at its final value (oxidation state,
hybridization, stereochemistry) or undergoes minimal trans-
formations to reach the target score.

Information content is easy to buy; information density is
not. The dense packaging of information in natural product
space is not unique to bilobalide; in fact, high information
density may describe much of natural product space. Bilobal-
ide uniquely fills a biologically-privileged and poorly-
explored region of chemical space characterized by unusually
information-dense structures. Our synthesis addresses the
challenge of encoding dense content through several features:
1) embedding oxygenation, largely of the correct oxidation
state, in starting materials; 2) development of a catalytic,
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asymmetric Reformatsky reaction to merge these starting ma-
terials with high enantioselectivity; 3) use of radical reactions
that benefit from early transition states to establish sterically
congested centers, including 4) a solvent-controlled stereose-
lective Mukaiyama hydration that tolerates steric bulk via an
outer-sphere MHAT elementary step; 5) use of extreme steric
repulsion to leverage an unusually stable oxetane acetal in
stereoselective C—C bond formation via 6) the sterically small,
but highly electrophilic Waser’s reagent (TMS-EBX). Finally,
the hypothesis that the bilobalide scaffold represented a ther-
modynamic sink allowed a late-stage, global deprotection to
reach penultimate intermediate des-hydroxy-bilobalide (2).
Crucial reconnaissance revealed the potential to effect selec-
tive oxidation of the hindered, inner lactone, which was repro-
ducibly executed after significant interrogation and mecha-
nism-based experimentation.

3001
steps

°
o P [\
] o es e »
v
~ 2504
S [ 4 17 omima,
g ) steps .:‘ -
s w.o‘\ v °
£ o
g 2004 / 11
> . ° steps
%
° ° o e o
a 4
S L7
150 = r VA
.
v
oo o

100

T T T
0 25 50 75 100
percent through synthesis (normalized steps)

2
c2 g:ls
2
—
C44 2
0

1
C6 2
3
g
2
2

D This work D Ref. 29 D Ref. 28

C8

position

C104

:'—_Is
c114 2
0
3
c124 1
1

120

total q

116

10

o4

o

T
10

T

15

changes at oxyg

bearing carbons

20

Figure 26. Different uses of Béttcher scores to annotate
changes in complexity over the course of synthesis. a. Over-
shooting complexity is correlated to longer syntheses; b. num-
ber of complexity changes at each oxidized carbon is directly
related to number of total steps.

Information dense (high mcbits/ A%) natural products can be
efficiently ‘encoded’ by incorporation of heteroatoms and
oxidation states into starting materials. In principle and in
practice,?* this approach allows a simple, combinatorial route
to dense, polyoxygenated libraries. When paired with a mac-
romolecular target, we imagine that oxygenation patterns of
bioactive natural products can be altered to uncover simpler
paths to oxygenated starting materials yet maintain target af-

finity.'%%1% Both strategies require close collaboration between
chemistry, computation and biology, and for the fields to un-
derstand one another with clarity. The push to develop retro-
synthetic software superior to original iterations'' requires a
clear-eyed understanding of how synthesis is actually con-
ceived and executed. Here we have delineated in granular de-
tail the recursive feedback of experimental results into synthet-
ic design. In addition to the provision of 1) tools for GABAAR
biology, 2) code for molecular complexity, 3) methods for
catalytic enantioselective synthesis and 4) combined computa-
tional/ experimental insight, we hope this work provides a
clear illustration of the interplay between synthesis, mecha-
nism and computation in the current era.
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