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ABSTRACT: Lycibarbarines A-C are spirocyclic alkaloids with a unique tetracyclic frame-
work, consisting of tetrahydroquinoline and spiro-fused oxazine-sugar spiroketal subunits. The
first total syntheses of lycibarbarines A-C are reported, achieved over 10 steps (longest linear
sequence) each. Through this work, it was discovered that the spiroketal unit of lycibarbarines 0 ﬁ ‘i)

A-C exhibits unusually high resistance to acid-mediated isomerisation and epimerisation, likely . o HO "oH "o
due to the basic nitrogen atom. As such, the lycibarbarines present an interesting case study of

lycibarbarine A lycibarbarine B lycibarbarine C

preventing the interconversion of spiroketal isomers, which may prove instructive in efforts to

obtain non-thermodynamic

spiroketal

10-step non-interconvertible
syntheses spiroketal isomers

frameworks.

Lycibarbarines A-C (1-3) are spiroketal alkaloids isolated in
2021 by Chen et al from the fruits of Lycium barbarum, also
known as goji berries (Scheme 1).! Goji berries have been
used in traditional Chinese medicine for over 2000 years for
the treatment of age-related conditions, including improved
eyesight, improved liver and kidney functions, as well as anti-
oxidant, immunomodulating, and antitumor activity.? Lycibar-
barines A (1) and C (3) demonstrated neuroprotective activity
by reduction of apoptosis in corticosterone-injured PC12 cells,
and were found to reduce the expression levels of cleaved
caspase-3 and caspase-9.! Lycibarbarines A-C (1-3) possess a
unique tetracyclic structure, consisting of tetrahydroquinoline
and spiro-fused oxazine-sugar spiroketal subunits. The oxa-
zine-sugar spiroketal moiety is similar to the pyrrolomorpho-
line spiroketal compound class,®* all of which demonstrate
inhibition of high-glucose induced reactive oxygen species
production in mesangial cells.®®

Our group has had a longstanding interest in spiroketal-
containing natural products, due to their attractive bioactivi-
ties, 36" and the privileged nature®° of the spiroketal scaffold.
We have accomplished the total synthesis of several spiro-
ketal-containing natural products,* including acortatarin A
and pollenopyrroside A,'” which share structural similarities
with 1-3.

We were intrigued by the lycibarbarines because they ap-
peared to represent kinetic [5,6]- and thermodynamic [6,6]-
spiroketal products derived from the same oxocarbenium pre-
cursor 4 (Scheme 1). This suggested 1-3 would likely inter-
convert under acidic conditions, or at least that the kinetic
products (1 and 2) could potentially be isomerised to the ther-
modynamically-favored lycibarbarine C (3). This would be in
line with the known tendency of spiroketals to epimerise or
isomerise under mildly acidic conditions,'®?* to the thermody-
namically favored isomer, stabilised by the anomeric effect,
minimisation of steric interactions, and intramolecular hydro-
gen bonding effects.”? Whilst various synthetic strategies

have been developed to access non-thermodynamic spiroketal
frameworks,?*?® such scaffolds remain labile to isomerisation
under acidic conditions.

Scheme 1. Lycibarbarines A-C (1-3) and access from the
same oxocarbenium precursor 4.
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We noted, however, that the basic aniline moiety of 1-3 would
be protonated under acidic conditions, therefore requiring a
dicationic species (4) along the epimerisation/isomerisation
pathway (Scheme 1). Formation of such a dication generally
requires highly forcing conditions, due to the destabilising
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effect of the two positive charges in close proximity.#? |t
therefore seemed plausible that interconversion of the spiro-
ketal core may effectively be prevented by the presence of the
basic nitrogen atom, protecting the overall integrity of the
spirocentre. Since the goji berry possesses an acidic environ-
ment (pH ~ 5.3),% an unusual spiroketal acid-stability of 1-3
may be important to enabling distinct roles of each isomer in
the biochemistry of L. barbarum.”8

Motivated by these questions, we undertook the total synthesis
of the lycibarbarines (1-3) to investigate the properties of their
spiroketal core and gain synthetic access to their unique struc-
tures for the first time.

Scheme 2. Retrosynthetic analysis of lycibarbarines A-C (1-
3).
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Our retrosynthetic strategy (Scheme 2) was targeted towards
hemiketal 5, an oxocarbenium precursor which could be used
to access each lycibarbarine (1-3) by controlled acid-mediated

tetrahydroquinoline 6 with epoxide 7, followed by oxidation.
Tetrahydroquinoline 6 could be prepared by the reduction of
the commercially available 5-bromo-8-hydroxyquinoline (8).
Epoxide 7 would be accessed from 2-deoxy-D-ribose,*®?" as
this chiral pool material possesses the correct stereochemistry
required for 1-3.

Synthetic studies began with the construction of epoxide 7 —
as developed for our synthesis of acortatarin A>— from 2-
deoxy-D-ribose via sequential Wittig methylenation,? protec-
tion, and epoxidation. This protocol proceeded in good overall
yield on a multi-gram scale (see Supporting Information for
full details).

Tetrahydroquinoline 6 was accessed in one step from 5-
bromo-8-hydroxyquinoline (8) via boric acid-catalysed reduc-
tion using the mild organic hydride donor Hantzsch ester (9)
(Scheme 3).% Alternative hydride sources such as NaBH,,
NaBH;CN, HBpin, and Bpin, proved unreactive towards sub-
strate 8.

Aminolysis of epoxide 7 with tetrahydroquinoline 6 afforded
alcohol 10 in good yield. However, the proposed oxidation
and cyclisation of 10 to hemiketal 5 proved challenging (see
Supporting Information for full details). This was likely due to
sensitivity of the tetrahydroquinoline moiety to oxidative con-
ditions, in addition to significant degradation of hemiketal 5
taking place during purification.

To circumvent the need for oxidation after N-alkylation, epox-

ide 7 was converted to a-bromoketone 11, which would serve
as an alternative electrophile for the key C-N coupling. Con-

spiroketalisation followed by late-stage formylation. We en- version of epoxide 7 to a-bromoketone 11 was
visaged 5 could be accessed via an N-alkylation of
Scheme 3. Total synthesis of lycibarbarine A (1) and B (2).
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effected in excellent yield by bromide addition followed by
DMP oxidation. N-Alkylation of 6 with bromoketone 11 af-
forded hemiketal 6, initially in 46% isolated yield post-
purification (see Sl). Gratifyingly, degradation of 5 during
purification could be avoided by using crude material in the
subsequent acid-mediated spiroketalisation step, to give a mix-
ture of the desired spiroketals 12a and 12b in an improved
52% yield over two steps. Epimers 12a and 12b were separa-
ble, and an X-ray structure of the major product 12a was ob-
tained. This structure unambiguously confirmed that spiroketal
12a possessed the desired S stereochemistry at the spirocentre
as in lycibarbarine A (1).

Bromides 12a and 12b were then advanced to lycibarbarine A
(1) and B (2) separately, completing their first total syntheses
and enabling confirmation of their structural assignments.
Individual late-stage formylation of bromides 12a and 12b
proceeded smoothly via the respective aryl lithium species.
Subsequent silyl deprotection then afforded 1 and 2. Pleasing-
ly, the *H and 3C NMR spectra, and optical rotation data were
in agreement with those reported for the natural products
lycibarbarine A (1) and B (2) respectively (Supporting Infor-
mation).? Importantly, no epimerisation of the spiroketal cen-
tre was observed by NMR analysis during the final two steps,
and it was concluded that the assigned S stereochemistry of the
spirocentre in bromospiroketal 12a was retained in lycibar-
barine A (1) and similarly the R stereochemistry for lycibar-
barine B (2), thus confirming the assigned absolute stereo-
chemistry of these natural products.

With lycibarbarines A (1) and B (2) in hand, we next investi-
gated their isomerisation to lycibarbarine C (3) and their inter-
conversion by epimerisation. Treatment of 1 or 2 with an ex-
cess of either PPTS or PTSA (see Supporting Information) led
to no detectable epimerisation or isomerisation to give 3, until
eventual degradation of 1 and 2 took place using more forcing
conditions (see Sl for details). This is in direct contrast to
analogous carbohydrate 6,5-spiroketal structures, which un-
dergo facile rearrangement to the 6,6-spiroketal isomer in
acidic conditions.?* These results provided the initial evidence
that the lycibarbarines were not interconvertible, and that ei-
ther the dication 4 does not form under the examined condi-
tions, or it devolves to a decomposition pathway due to its
unstable nature.

Attention was initially directed to silyl deprotection of 5, fol-
lowed by acid mediated spiroketalisation of 13, to enable ac-
cess to the 6,6-spiroketal scaffold of 3 (Scheme 4). While the
deprotection of 5 using TBAF proceeded smoothly, subse-
quent treatment of 13 with a variety of Brgnsted and Lewis
acidic conditions failed to provide access to the desired 6,6-
spiroketal 14 (Scheme 4 and Supporting Information). In
many cases the substrate 13 was returned with partial degrada-
tion, but use of camphorsulfonic acid effected tandem ace-
tonide deprotection/spiroketalisation, to afford 15 (d.r. 1.2:1)
in up to 68% yield over two steps. Given that the acetonide
moiety of 13 is labile under acidic conditions, and a clear ki-
netic preference for 6,5-spiroketal 15 was observed, we decid-
ed to change the protecting group strategy to prevent for-
mation of the 5,6-spiroketal and selectively obtain the 6,6-
spiroketal product.

Scheme 4. Selective formation of the 6,5-spiroketal 15 from
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We proceeded to focus on the synthesis of the desired 6,6-
spiroketal lycibarbarine C (3) via a modified protecting group
strategy. To this end, alkene 16 was prepared in 2 steps from
2-deoxy-D-ribose (see Supporting Information for details).?’
We then installed the acid-stable O-TIPS protecting group at
the key C-2 hydroxyl group, and subsequent epoxidation gave
17 in good yield (Scheme 5). Epoxide 17 was then advanced
to bromoketone 18 in two steps. Subsequent N-alkylation of
bromoketone 18 with tetrahydroquinoline 6 proceeded
smoothly, and subsequent acid-mediated spiroketalisation
afforded the desired 6,6-spiroketal 19. This result marked the
first synthetic access to the 6,6-spiroketal framework of
lycibarbarine C (3).

The two epimers of the lycibarbarine C (3) scaffold, major
product 19a and minor product 19b, were separable. The ste-
reochemistry of the spiroketal core was determined using key
nOe correlations observed for the minor isomer 19b. The con-
formation of the tetrahydropyran ring was determined by nOe
correlations between axial H-3 and H-5; the nOe correlation
between H-10" and Hax-6 established an S configuration of the
spirocentre. This result confirmed that the major product 19a
possessed the same R stereochemistry of the spirocentre as the
natural product 3. Spiroketal 19a was hence taken forward to
complete the synthesis.

Elaboration of 19a to the natural product 3 was achieved by
late-stage formylation of the aryl bromide, followed by depro-
tection of the silyl ether (Scheme 5). Importantly, no isomeri-
sation of 3 to 1 or 2 was observed upon deprotection of the
silyl ether. The spectroscopic and optical rotation data were in
agreement with those previously reported.? The stereochemis-
try of the spirocentre was confirmed from key nOe correla-
tions for lycibarbarine C (3), which were consistent with those
observed by Chen and co-workers in the isolation report.! The
strong nOe correlation between axial H-15 and Ha-17 con-
firmed the configuration of the tetrahydropyran ring, whilst
weaker correlations between H-7 and both H-15 and Ha-17
confirmed retention of the R stereochemistry of the spirocentre
of 3.



Scheme 5. Synthesis of lycibarbarine C (3).

E. 6, DIPEA
C. LiBr, AcOH Br F. CSA, 35%
A. TIPSOTf, quant. D. DMP, 72% over two steps
B. m-CPBA, 77% over two steps Ph d.r. 3.5:1
o
TIPSO
16
17 18
Br
nOe
f\' OHC i H nOe
IO N G. n-BuLi, DMF, 40% N *\\J
5 Y /
HTS oTIPS o (R.’»\‘ H. TBAF, 60% o) (R.»)‘\\\ ()o {'H
N" (51 HOle Heq o N R
O Hy Q 17 r \/%/15 OH
“ y 17
J =~ oH OH Hea OH
10" H OTIPS OH
Br
19b (minor) 19a (major) lycibarbarine C (3)

Reagents and conditions: A) TIPSOTTf, 2,6-lutidine, CH.Cl,, 0

°C to rt, 30 min, quant.; B) m-CPBA, CH,Cl;, 0

°Ctort, 16 h,

77%; C) LiBr, AcOH, THF, 0 °C to rt, 16 h; D) Dess-Martin periodinane, CH,Cly, rt, 10 min, 72% over two steps; E) 6, DIPEA,
CH.Cly, rt, 16 h; F) CSA, toluene/MeOH (1:1), rt, 48 h, 35% over two steps (d.r. 3.5:1); G) n-BuLi, THF, -78 °C, 30 min, then

DMF, 2.5 h, 40%; H) TBAF, THF, 0 °C, 30 min, 60%.

With access to lycibarbarine C (3) established, we were able to
probe the stability of the spiroketal motif towards epimerisa-
tion and isomerisation. It was found that treatment of 3 with an
excess of PTSA did not lead to any discernible epimerisation
of the spirocentre, nor the formation of lycibarbarine A (1) or
B (2), although partial degradation was observed under reflux
conditions in methanol (see Sl for details). This result con-
firmed our hypothesis that indeed, the spiroketal units of 1-3
are unusually stable, likely due to a protective effect of the
basic aniline nitrogen. When compared with the tendency of
the related, but significantly less basic,?® pyrrolomorpholine
spiroketal alkaloids to undergo acid-catalysed epimerisation at
the spirocentre via oxocarbenium ion 20 (see Sl for details),
the influence of scaffold alteration is highlighted.17192°

Scheme 6. Comparison of spiroketal stability between formyl
pyrrole scaffold and tetrahydroquinoline scaffold.
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spiroketal unit, preventing epimerisation or isomerisation

In the broader context of spiroketals as privileged bioactive
scaffolds, the lycibarbarines provide an interesting case study
in preventing isomerisation of the spirocentre. In doing so, the
lycibarbarines resist convergence to the thermodynamic iso-
mer of the scaffold, allowing three distinct isomers to exist
and exhibit unique bioactivity profiles. This lesson may hold
value in the future design of synthetic bioactive spiroketals, to
enable greater exploration of isomeric pockets of spiroketal
chemical space. These insights were enabled by the develop-
ment of a 10 step (longest linear sequence) synthesis of
lycibarbarines A-C (1-3), which provided practical access to
these unusual scaffolds for the first time.
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