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A unified enantioselective synthesis and the biological evalua-
tion of all rugulovasine stereoisomers are reported. The
syntheses are centered on the divergent and stereochemical
modular combination of each enantiomer of 4-amino Uhle’s
ketone and a methacrylate derivative to build the unsaturated
oxaspirolactone moiety by the Dreiding-Schmidt reaction,
followed by Fukuyama alkylation to afford the required N-
methyl secondary amine in excellent yield. The modularity of
this divergent approach, the diastereoselectivities of the

Introduction

Clavine alkaloids are a group of indole derivatives biosyntheti-
cally obtained from L-tryptophan. They are the simplest group
of ergot alkaloids produced by several families of fungi in the
early steps or as side products of the ergot alkaloid biosynthetic
pathway, which ultimately produces lysergic acid and amide
derivatives. Only limited analytical, biological, and toxicological
studies have been performed on naturally occurring clavine
alkaloids, likely due to insufficient material from synthetic
efforts.”! Therefore, the efficient chemical synthesis of natural
clavines would provide an exciting platform to conduct
fundamental research in organic and medicinal chemistry.®!
Clavine alkaloids can be roughly classified into three subclasses
based on their structures and biosynthetic origins: tetracyclic,
tricyclic, or rearranged."” The latter subclass is more variable
with a different connectivity compared to the classic tricyclic
and tetracyclic structures, for example, the tricyclic clavicipitic
acid azepinoindole,” the fused pentacyclic clavine alkaloids
including a cyclopropane ring, called cycloclavines,” and the
tetracyclic clavine alkaloids containing a spirocyclic butyrolac-
tone such as diastereomeric rugulovasine A and B."”
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reactions, and the late-stage site-selective methylation permit
the rapid asymmetric syntheses of all rugulovasine stereo-
isomers, including the first total syntheses of optically pure (+)-
and (—)-rugulovasine B and their trideuteromethylated deriva-
tives. All enantiopure stereoisomers of rugulovasine were tested
for their binding affinities to dopamine, serotonin, and
adrenergic neuroreceptors, revealing their preferred selectivity
for the serotonin 1 A receptor.

While the precise biosynthetic mechanism for the formation
of rugulovasines A (1a) and B (1b)"” as well as their biological
activities are largely understudied,” they have drawn significant
attention by synthetic chemists since the 19805 because they
possess the following characteristics: a) a 3,4-annulated indole
structure decorated with a unique, among the ergot alkaloids,
unsaturated lactone moiety in a spirocyclic subunit; b) two
vicinal stereocenters that can exist as pairs of enantiomers and
diastereomers (two enantiomers of rugulovasine A and two
enantiomers of rugulovasine B, Figure 1); c) asymmetry, but
different from most natural products, including clavines and
ergot alkaloids that are commonly isolated as single enantiom-
ers, rugulovasines A and B have been isolated as pairs of
naturally occurring diastereomers in a racemic form; and d)
aptitude for racemization and interconversion upon heating in

(+)-rugulovasine A

. . /
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Figure 1. Configurational diversity of rugulovasines.
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polar solvents via an unusual intramolecular reverse-vinylogous
Mannich reaction through a transiently formed achiral
intermediate.® It has even been speculated that racemization
and/or the presence of one of the two diastereomers could be
an artefact of the isolation procedure.”™ All of these structurally
and stereochemically intriguing features has prompted research
efforts directed toward their innovative total synthesis, culmi-
nating in ingenious solutions, both in terms of synthetic
methodology and synthetic strategy, for the preparation of
racemic®<¥ as well as optically pure rugulovasine A"
However, their therapeutic potential remains unexplored.

Results and Discussion

Our group has had a standing interest in the divergent
synthesis'"” of tryptophan-based derivatives of natural products
utilizing serine as a starting material."" Serine is of particular
interest to us because of its availability in either enantiomeric
form and its highly modifiable functional groups, which allow
for rapid elaboration. The syntheses disclosed herein are
complementary to previous approaches to rugulovasines.
Specifically, we began with a cyclic “chiral pool” compound
(obtained from the elaboration of L-serine or D-serine), which
obviated the need for an enantiomeric®™<® or diastereomeric
resolution,*™ thus presenting a unique opportunity for diver-
gence that culminated in the synthesis of both enantiomers of
rugulovasine B in contrast to the products that had been
previously achieved. Now, we report the realization of this
strategy for the total synthesis of all four stereoisomers of
rugulovasine and their preliminary biological evaluation on
several key central nervous system (CNS) receptors.

The retrosynthetic analysis of all stereoisomers of rugulova-
sine is shown in Scheme 1. We envisioned that rugulovasines
(1a,b and ent-1a,b) could be accessed via mono-N-methylation
of compounds 4a,b and ent-4a,b either by reduction or by
methylation of the N-Boc (or surrogates)-protected amino
group. Regardless of the methodology, both the corresponding

COZMe
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o l;lHMe o
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N-methylation

(+)-rugulovasine B (1b)

NH,

D-serine

Scheme 1. Retrosynthetic analysis of all four rugulovasine stereoisomers.
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N-methylated and N-trideuteromethylated amine derivatives
would be of considerable value, given the importance and
applications of stable isotopically labeled compounds in the life
sciences."? We sought a diastereoselective (confidently low),
albeit highly enantioretentive, Dreiding-Schmidt reaction"
between enantiopure a-amino ketone derivative 2 or ent-2 and
methyl 2-(bromomethyl)acrylate to introduce the remaining
four carbons to the crucial oxaspirolactone ring. The fundamen-
tal homochiral N-Boc tricyclic Uhle’s ketones"* 2 and ent-2 are
accessible through a known four-step sequence from inex-
pensive and commercially available L- and D-serine, respec-
tively, as reported by us recently.!"?

The synthesis commenced with the Dreiding-Schmidt
reaction of ketone 2, derived from D-serine (Scheme 2)."'¥
Upon the treatment of ketone 2 with the metallozinc reagent
derived from methyl 2-(bromomethyl)acrylate and zinc metal,
the Dreiding-Schmidt reaction proceeded smoothly to give the
desired product 3ab in 80% vyield with a 2:1 cis:trans
diastereoselectivity (ideally 1:1 in this case) at the spirocyclic
center; the two diastereomers were separated by silica gel
chromatography. The preferred cis diastereomer obtained was
not unexpected. In fact, the stereochemistry of the spirocyclic
carbon center is controlled by the vicinal stereogenic center,
with the nucleophile attacking the carbonyl group preferentially
from the side of the smallest substituent (hydrogen), to produce
the dominant cis isomer 3 a with the carboxylate group oriented
on the same face as NHBoc, as opposed to the favored
equatorial/axial approach of the nucleophile. The same major
cis product was also obtained with ketone ent-2 (see Scheme S1
in Supporting Information). However, the conclusive proof of
the stereochemistry had to await comparison with natural
substances® or with reported data for synthetic samples.’®
There are no stereochemical tasks here, since the cis heter-
oatoms in the methylene lactone 3a lead to rugulovasine A,
while the trans heteroatoms in 3b lead to rugulovasine B. Of
note, the low basicity and high nucleophilicity features of the
allylic zinc reagent were needed to perform the Dreiding-
Schmidt reaction in the presence of two relatively acidic NH

NHBoc

(S)-4-amino
Uhle’s ketone (ent-2)

(o}

HO OH
NH,
L-serine
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Scheme 2. Synthesis of (—)-rugulovasine A and (+)-rugulovasine B.

groups. Having installed the methylene oxaspirolactone, the
next step was to isomerize the exo-methylene double bond into
the thermodynamically more stable internal alkene (4a,b),
without loss of the optically purity. We found that a catalytic
amount of Ru,;(CO),, was able to carry out this transformation.”
Similarly, the syntheses of ent-4a,b were accomplished from
ent-3a,b (see Scheme S1 in Supporting Information). To com-
plete the asymmetric total synthesis, we needed to find an
appropriate direct or indirect methylation approach, which
proved challenging. First, we explored the conditions recently
reported by Rueping and coworkers for the selective magne-
sium-catalyzed hydroboration of secondary carbamates, includ-
ing N-Boc-protected amines, to obtain N-methyl (and N-
trideuteromethyl) amines."™ With substrate 4a and 3.5 equiv-
alents of HBpin in the presence of 10 mol% MgBu, under neat
reaction conditions, only a trace amount of product was
observed. The major product was due to the selective and
possible C—N bond cleavage, i.e., deprotection of the N-Boc
group. The same results also were observed using BH; in the
presence or in the absence of the Lewis acid B(C4F;); in THF at
room temperature or reflux."® Another classical route to
secondary N-methylamine employs methylation of the
carbamate-protected amino group with methyl iodide and NaH
in THF or DMF and selective deprotection, since the overall
yields of the final products are, in general, higher than those
reported by other methods (for example through the N-formyl
derivative)."®"! However, when we used these conditions or
slight variations, for example with Ag,0/CHsl in DMF, the indole
nitrogen of 4a underwent methylation as well. Having realized
that the selective N-methylation of 4a was difficult to
achieve,"™ we turned our attention to the development of an
efficient alternative strategy for the synthesis of either enan-
tiomer of diastereomeric rugulovasine A and B. Thus, we
investigated other amine protection/activation groups that are
reactive toward site-selective = N-methylation and N-
trideuteromethylation while still using mild and reliable
formation and cleavage conditions. The 2-nitrobenzenesulfona-
mide (Ns) is known to generate a nucleophilic anion that can
undergo smooth alkylation by conventional methods to give N-
alkylated sulfonamides, which are selectively deprotected (via
Meisenheimer complexes) upon treatment with thiolates under
mild reaction conditions, giving secondary amines in near
quantitative yields, i.e., Fukuyama amine synthesis."® These
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reports led us to test the reactivity and selectivity of the Ns
group in the site-selective mono-N-methylation of primary
amine 5a, which was obtained quantitatively by simple treat-
ment of 4a with HCl in dioxane. The preparation of sulfonamide
6a was achieved in a 86% total yield by reacting 5a with NsCl
in DCM. Methylation of 6a proceeded efficiently and selectively
upon treatment with methyl iodide in DMF. Following purifica-
tion of 7a by flash chromatography, cleavage of the Ns group
was achieved by treatment with 4-methylthiophenol in DMF
and cesium carbonate. No rearrangement to the more stable
six-membered lactam was induced thanks to the mild basic
conditions employed in a very short time (30 min).*” The total
synthesis of 1b was successfully completed by following the
established route described above. In terms of the overall
efficiency from 2, compounds 1a and 1b were obtained in
overall yields of 35% and 16 %, respectively. In addition, starting
from ent-2, compounds ent-1a and ent-1b were obtained in
overall yields of 30% and 14 %, respectively (See Scheme S1 in
Supporting Information for details).

Importantly, all '"H and *C NMR data of both rugulovasines
A and B were in excellent agreement with those reported by
Martin and co-workers.”¥ High-resolution mass spectrometry of
these analytes yielded an m/z of 269.1289, indicating a
molecular formula of C,4H;(N,O, (calculated m/z of 269.1285).
The compounds fragmented in a manner typical of the stereo-
isomeric ergot alkaloids rugulovasines A and B (See Figures S1-
S4 in Supporting Information).”" The optical rotations were also
consistent with the reported values for synthetic (—)-rugulova-
sine A (1a) (observed [a],®=—128 (c=0.30, MeOH); Lit.
[a]p®® = —142 (c= 1, MeOH)) and for (++)-rugulovasine A (ent-1a)
(observed [0]p®° = + 153 (c=0.12, MeOH); Lit. [0];°= + 142 (c=
1, MeOH).®™?

In light of the recent potential of CD;-containing molecules
as pharmaceuticals as well as their use in analytical profiling
and mechanistic studies,”” we sought to prepare N-
trideuteromethylated derivatives using our highly versatile
route (Scheme 3). Thus, by applying commercially available CD;l
as the methylating agent and the same Fukuyama alkylation
procedure above, N-CD;-substituted rugulovasines A and B (N-
CD;-1a,b) could be isolated, after Ns deprotection, in good
yield (32% and 16% overall yield, respectively) and with
quantitative D-incorporation (see HRMS spectra, Figures S5-56
in Supporting Information).

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Scheme 3. Synthesis of N-trideuteromethylated rugulovasines A and B.

The literature on the biological profiles of natural rugulova-
sines A and B pales in comparison to that of the natural lysergic
acid amide class ergot alkaloids or substituted tryptamines.
Intriguingly, a recent analysis has indicated that ~84% of
approved drugs for CNS diseases are natural products or natural
product-inspired molecules, including drugs for Alzheimer’s
disease.” In addition, it is well known that lysergic acid
derivatives show distinct and remarkable stereospecificity to
brain membrane receptors, wherein D-lysergic acid diethyla-
mide (D-LSD) is more potent than L-LSD, which possesses only
0.1% of the activity of the first.® Having expanded the
asymmetric synthetic access to all rugulovasine stereoisomers,
we were therefore interested in determining the receptor
profiles of these compounds and comparing them to reported
data for D-LSD.”' For an initial survey, we selected seven
pertinent CNS receptors (5-HT,,, 5-HT,,, 5-HT,, alpha 2, D,, D,,,
and D;) and profiled all optically pure stereoisomers at 10 uM
and 1 uM (Table 1, entries 1-7). As a group, the rugulovasines
were more selective than D-LSD in this receptor panel.

None of the rugulovasine stereoisomers showed significant
activity on the dopamine D,, D,,, and D; monoamine receptor
family (Table 1, entries 5-7). In addition, they did not have a
meaningful effect on the a2 adrenergic receptor (Table 1,
entry 4), despite natural racemic rugulovasines A and B having
been reported to have centrally mediated hypotensive activity
in anesthetized cats.® Analogous to D-LSD, all rugulovasine
stereoisomers maintained a strong affinity to the serotonin
receptors, particularly for the serotonin 1 A (5-HT,,) receptor
(Table 1, entry 1). In general, low diastereospecificity differences
between rugulovasines A and B were revealed in this receptor
panel, whereas a distinct enantiospecificity was observed
between (+)- and (—)-rugulovasine B on the serotonin
receptors. (4+)-Rugulovasine B had very potent binding proper-
ties at both 10 uM and 1 pM, whereas (—)-rugulovasine B was
less potent at 1 uM and was particularly notable for 5-HT,c
(Table 1, entry 3). Possibly, the results for the 5-HT,c receptor
versus the 5-HT,, receptor correlate with the mental effects of
psychedelics in humans.”? For those compounds showing a
percentage of inhibition >75% at 1 uM, we next assessed their
dose-dependent activity on the serotonin receptors.

The purpose of our second-generation functional assays
was to determine the effective half-maximal inhibitory concen-
trations (IC;,) for all stereoisomers of rugulovasine on the
human 5-HT,, receptor, which is the most widespread of all of
the 5-HT receptors and is implicated in the pathogenesis and
treatment of anxiety and depressive disorders.”” As suggested
by the preliminary assays, (-+)-rugulovasine B was considerably
more potent at the 5-HT,, receptor than (—)-rugulovasine B and
either enantiomer of rugulovasine A, with an 1C;y <2 nM (similar
to D-LSD) (Table 2).

Given the significant enantiospecificity as well as the high
potency of (+)-rugulovasine B on the human 5-HT,, receptor,
we explored its activity against other subtypes of serotonin

Table 1. Effects of Rugulovasines and D-LSD Expressed as Percent Inhibition (% Inh.) of Specific Binding of a Radioligand Standard to Selected CNS

Receptors.?!

Entry Receptor (—)-Rugulovasine A (+)-Rugulovasine A (+)-Rugulovasine B (—)-Rugulovasine B p-LSD™
(10 uM] (1 um] [10 uM] (1 um] [10 uM] 1 um] (10 uM] [1 uM] (10 uM]

1 Serotonin 5-HT,, 98 92 100 96 100 98 29 74 100

2 Serotonin 5-HT,, 920 50 94 57 29 92 82 40 93

3 Serotonin 5-HT,¢ 77 22 75 19 95 78 56 9 100

4 a2 35 7 35 0 65 36 7 12 89\

5 Dopamine D, 0 <0 16 <0 52 9 1 2 93

6 Dopamine D, 37 16 4 22 77 34 22 9 85

7 Dopamine D; 14 <0 5 <0 56 2 2 <0 78

[a] Biochemical assays were performed using human receptors at Eurofins Cerep France, and the results are presented as a % inhibition of the binding of a
radioactively labeled ligand specific for each target. [b] Data from ref. 25. [c] Average of three values: alpha,, (101%), alpha,g (80%), and alpha,c (86 %).

Table 2. Effects of Rugulovasines and b-LSD on the Serotonin 1 A Receptor (5-HT,,).>"’

Entry Receptor (—)-Rugulovasine (+)-Rugulovasine (+)-Rugulovasine (—)-Rugulovasine p-LSDM
A [nM] A [nM] B [nM] B [nM] [nM]
1 Serotonin 5-HT,, 37 47 <2 116 3

[a] Biochemical assays were performed using human receptors at Eurofins Cerep France, and the results are based on a 5-point concentration-response
curve. [b] Activation potency ICs, values are shown, unless otherwise specified. [c] Inhibition constant, Ki; data from ref. [24c].
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receptors; to determine the selectivity, the reported activities of
D-LSD on the serotonin receptors are also listed (Table 3).

(4)-Rugulovasine B showed a low affinity to 5-HT;, (Table 3,
entry 5), whereas it had a moderate potency against 5-HT,,, 5-
HT,; 5-HT,., and 5-HT, (Table 3, entries 2-4 and 7). On the
contrary, (+)-rugulovasine B had a good binding affinity to 5-
HTs (IC5o=10 nM), which is one of the most recently cloned
serotonin receptors that, similar to 5-HT,,, plays an important
role in depression as well as learning and memory disorders.”®
In particular, (+)-rugulovasine B was highly to moderately
selective for 5-HT,, over the other serotonin receptor subtypes
tested, except for the 5-HT; receptor (< 10-fold). Overall, the 5-
HT profile of (+)-rugulovasine B was substantially different from
that of D-LSD (Table 3, entries 2-5); thus, we believe that this
compound class warrants future investigations due to its
selectivity and therapeutic potential.

Conclusion

In summary, we have accomplished the divergent, asymmetric
total synthesis of all stereoisomers of rugulovasine utilizing a
combination of enantiopure 4-substituted tryptophan deriva-
tives and methacrylate to provide the necessary skeletal
features of rugulovasines A and B, with the stereochemical
details emerging from the selectivities of the reactions involved.
These syntheses proceeded in excellent yields and in a
maximum of six steps from known compound 2, requiring the
Dreiding-Schmidt reaction/isomerization to ensure the unsatu-
rated oxaspirolactone moiety of these target molecules and a
Fukuyama alkylation procedure to afford the N-methyl and N-
trideuteromethyl secondary amines. Preliminary biological eval-
uation demonstrated their selectivity for serotonin receptors
over dopamine and adrenergic receptors (compared to LSD),
excellent affinity for the 5-HT,, receptor, and stereospecificity,
with (4)-rugulovasine B being the most interesting isomer in
terms of its effective concentration and serotonin receptor
selectivity. This strategy shows an increased efficiency with
which these rearranged clavines can be synthesized compared
to previous methods, opening the door to further exploration
of this scaffold. Importantly, this approach may be more
amenable to analogue generation relative to prior methods.

Table 3. Effects of (+)-Rugulovasine B and D-LSD on 5-HT Receptors.?*!

Entry Receptor (4)-Rugulovasine B [nM] D-LSD™ [nM]
1 Serotonin 5-HT,, <2 39

2 Serotonin 5-HT,, 46 261

3 Serotonin 5-HT,g 58 12000

4 Serotonin 5-HT,c 339 154

5 Serotonin 5-HTs, 13700 gldel

6 Serotonin 5-HTj 10 6.91%¢

7 Serotonin 5-HT, 34 6.6

[a] Biochemical assays were performed using human receptors at Eurofins
Cerep France, and the results are based on a 5-point concentration-
response curve. [b] ICs, values against activation are shown, unless
otherwise specified. [c] Data from ref. [24c], unless otherwise specified. [d]
Inhibition constant, K. [e] Data from ref. [24d].
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