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Abstract

Lysergic Acid Diethylamide (LSD), a semi-synthetic ergoline alkaloid analogue and hallucinogen,
is a potent psychoplastogen with promising therapeutic potential. While a variety of synthetic
strategies for accessing ergoline alkaloids have emerged, the complexity of the tetracyclic ring
system results in distinct challenges in preparing analogues with novel substitution patterns.
Methods of modulating the hallucinogenic activity of LSD by functionalization at previously
inaccessible positions are of continued interest, and efficient syntheses of the ergoline scaffold are
integral towards this purpose. Here, we report novel C-C bond forming strategies for preparing
the ergoline tetracyclic core, focused on the relatively unexplored strategy of bridging the B-

and D-ring systems last. Following cross-coupling to first join the A- and D-rings, we explored

a variety of methods for establishing the C-ring including intramolecular a-arylation, borrowing
hydrogen alkylation, and rhodium-catalyzed C—H insertion. Our results led to a 7-step formal
synthesis of LSD and the first methods for readily introducing substitution on the C-ring. These
strategies are efficient for forming ergoline-like tetracyclic compounds and analogues, though
they each face unique challenges associated with elaboration to ergoline natural products. Taken
together, these studies provide important insights that will guide future synthetic strategies towards
ergolines.
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3 new strategies for constructing the C-ring of ergolines

INTRODUCTION

Lysergic acid diethylamide (LSD) (Figure 1A) is a semi-synthetic ergoline alkaloid that

has shown promise for the treatment of a variety of neuropsychiatric disorders such as
addiction and anxiety., 12 Neuronal atrophy in the cortex is a key pathological feature of a
variety of neuropsychiatric disorders,34:> and LSD is a potent psychoplastogen,® possessing
the remarkable ability to rapidly promote cortical neuron growth and increase dendritic
spine density.”-8 However, LSD is also among the most potent hallucinogenic compounds
discovered to date,® and this characteristic has hindered its development as a therapeutic.
The advent of nonhallucinogenic psychoplastogens has established that in principle, it might
be possible to reduce the hallucinogenic properties of LSD while maintaining its beneficial
effects on cortical neuron growth.10.11.12

As a class, ergolines have demonstrated a wide-range of exceptional biological properties,
and their structural complexity has inspired a variety of synthetic strategies, including

many methods for the preparation of lysergic acid, the direct precursor to LSD.13:14.15
While certain structural modifications are possible via semisynthesis from naturally sourced
lysergic acid, the efficient preparation of unnatural LSD analogues that may modulate
hallucinogenic potential and psychoplastogenicity remains a significant challenge using
existing total synthesis strategies.

Lysergic acid diethylamide (LSD) is typically prepared via semisynthesis from lysergic acid,
which itself is derived from ergotamine and other lysergamides present in ergot. However,
due to biosynthesis of lysergic acid from tryptophan, analogues of LSD substituted at

ring A are not readily available.18 The biological activities of simpler tryptamine-based
compounds can be dramatically altered by A-ring substitution,1” however such analogues
of LSD have not materialized. Since the first total synthesis of lysergic acid over 60

years ago, dozens of ergoline alkaloid synthetic strategies have emerged,1# yet only two
examples of A-ring substituted analogues have been reported—a C13-fluorinated analogue
of lysergol, and a recently reported C12-chlorinated lysergic acid derivative.18.1 Moreover,
no methods published to date have enabled the reliable introduction of substituents on the
C-ring. The limited study of unnatural ergoline analogues, including those with A- and
C-ring substitution, is unsurprising given the synthetic complexity of the ergoline scaffold.
To facilitate structure-activity relationship (SAR) studies, novel approaches for constructing
the tetracyclic ergoline core will be necessary.
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Structurally, LSD and related ergolines are comprised of an indole (ring AB) and a
tetrahydropyridine (ring D) bridged by a central C-ring (Figure 1A). Many strategies

have emerged for synthesizing this tetracyclic ring system, with the majority of modern
syntheses joining rings A and D via sp?-sp? coupling in the final stage.20:21:22.23 [nitial
efforts employing this strategy were relatively inefficient, though several recent useful
improvements have streamlined this approach and should be considered for future efforts
towards LSD analogues.2419 In sharp contrast, strategies that join rings A and D prior to the
closure of ring C have received relatively little attention. Only a single example has been
reported using this strategy, and subsequent evidence questioned whether lysergic acid could
be produced using this synthetic route (Figure 1B). Hendrickson first reported the synthesis
of key intermediate 1 by Suzuki coupling. Base-mediated cyclization was purported to form
tetracyclic alcohol 2 (Figure 1B), which led to the completed synthesis of lysergic acid

in a few short steps thereafter.2> However, later attempts to replicate this methodology

were unsuccessful. A full study by Nichols suggested that these results may have been
misinterpreted, and that the treatment of 1 with NaOMe actually led to the formation of 3
(Figure 1B).26 This intermediate could not be further converted to the final ergoline scaffold
under the conditions originally reported by Hendrickson.

Regardless of these issues, the formation of an ergoline-like tetracycle retaining the indole
and pyridine prior to a late-stage reduction appeared promising as a highly efficient synthetic
strategy towards LSD. Moreover, Vollhardt had reported that tetracycle 4 could be formed
following a challenging cobalt-mediated cyclization, which could be further converted

to LSD by pyridine A-methylation and reduction (Figure 1C).27 Given this result, we
hypothesized that the source of instability in 2 was related to the additional oxidation of

the C ring and that structures lacking a leaving group on the C ring, such as 4 or a related
derivative, would be viable for further conversion to LSD. Accessing such an intermediate
could potentially provide a new route to the ergoline scaffold with increased efficiency and
versatility.

RESULTS AND DISCUSSION

We envisioned intercepting 4 en route to LSD following the decarboxylation of an ester
substituted tetracycle (Figure 2A). We anticipated that the requisite tetracyclic compound
could be formed by Suzuki coupling to join rings A and D, followed by intramolecular
a-arylation of a pyridylacetate with a halogenated indole. As indole halogenation and
decarboxylation of pyridylacetates?8 are typically facile, we suspected that the key to this
retrosynthetic approach would be accessing a uniquely substituted pyridylacetate

Our synthesis commenced with the conversion of commercially available carboxylic acid

5 to its fert-butyl ester 6 using Boc,O and catalytic DMAP.2% Subsequently, we found that

6 underwent SNAr displacement of the chloride with diethyl malonate in near quantitative
yields. Prior to this discovery, we explored similar SyAr reactivity with a diethyl amide
derivative of 5. However, minimal product was observed when the amide was employed,
presumably due to the subtle decrease in electron withdrawing strength of the amide relative
to the ester. After forming the pyridylmalonate, the fert-butyl group was readily deprotected
using methanesulfonic acid in MeCN to produce 7, which was used without further
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purification. The resulting carboxylic acid was converted to the diethylamide 8 following
treatment with carbonyldiimidazole (CDI) and EtoNH. The 3-step procedure transforming 6
to 8 proceeded in excellent yield (79%). The malonate substituent was readily hydrolyzed
by aqueous NaOH in methanol to form the monocarboxylate salt, which was isolated as

its respective acid following pH adjustment during extraction. This unpurified material was
subjected to esterification with TMSCI in MeOH to afford pyridylacetate intermediate 9
(Figure 2B).30

After extraction, 9 was used directly in a Suzuki coupling with indole-4-Bpin to form

10 in 90% vyield over 3-steps. lodination of the indole with N-iodosuccinimide proceeded
rapidly, and subsequent indole A~Boc protection produced 11 in 84% yield over both steps.
To achieve the key a-arylation cyclization, we first employed standard Pd(0)-catalyzed
conditions for enolate arylation, but these reaction conditions did not yield any product.
Fortunately, we discovered that conditions utilizing Cu(l) catalysis, originally developed for
the coupling of malonates with aryl halides,3! proved effective for forging the key C-C
bond. Formation of a 6-membered bidentate copper enolate complex has been proposed to
be instrumental for the coupling of malonates with aryl halides,32-33 and we suspect that

an analogous bidentate copper enolate complex is responsible for the high reactivity of 11
in this reaction. While C-C bond formation proceeded smoothly with clean conversion by
LC-MS analysis, we unfortunately discovered that 12 was highly unstable and could not be
isolated. Upon exposure to air, LC-MS analysis revealed that the mass of an oxygen atom
had been added to compound 12. Given that C4 was benzylic and adjacent to two carbonyl
derivatives, we hypothesize that initial a-oxidation may precede further decomposition.
Similar a-hydroxylations in air are known to occur with malonates.34

While it was challenging to isolate the decomposition products of 12, we reasoned that we
could test this hypothesis by eliminating the proposed decomposition pathway entirely by
establishing a quaternary center at C4 between rings B and C (Figure 2C). Returning to
malonate intermediate 8, we performed an analogous Suzuki coupling, indole C3-iodination,
and indole protection to afford the pre-cyclization intermediate 14 in excellent yield

(87% over 3 steps). The same Cu(l)-catalyzed a-arylation conditions yielded tetracycle
15 in 92% yield, which was readily isolable with no observed stability issues, supporting
our hypothesis about the decomposition of 12. However, in this case, hydrolysis and
decarboxylation with aqueous LiOH in MeOH followed by acidification only resulted in
monodecarboxylation. Concerningly, A-Boc groups are typically cleaved from aromatic
systems such as indole under these conditions, but we observed no deprotection either. A
series of NMR and LC-MS experiments confirmed that the product obtained was 16, not
unlike the aromatic tricyclic structure 3 previously observed by Nichols.26

Among ideas to solve this rearrangement issue, we felt the most viable was to reduce indole
15 to the indoline prior to decarboxylation, leaving the system unable to rearrange (Figure
2D). However, no reactivity was observed under various reduction conditions that typically
reduce N-Boc indoles including Pd/C in alcoholic solvents or polymethylhydrosiloxane and
Pd(OH),,3% even at pressures up to 100 bar or extensive heating. Next, we deprotected the
indole to form 17 in the hopes that we could reduce a more electron-rich indole using
standard conditions such as NaCNBH3 with AcOH or TFA with Et3SiH.36:37 Unfortunately,
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17 was unreactive under these conditions. While the presence of the quaternary center in 15
prevented unfavorable rearrangements, it also hindered our attempts to convert 15 to LSD
or related analogues. Thus, we ultimately concluded that our a.-arylation strategy was not a
viable option for accessing ergolines, despite the ease of tetracycle formation.

Next, we revised our strategy to focus on directly accessing 4 without proceeding through
an intermediate possessing C-ring substitution. An attractive option was to prepare a
2-(hydroxymethyl)pyridyl substituted indole via Suzuki coupling as before, and perform

the final cyclization using borrowing hydrogen indole alkylation methodology38 (Figure
3A). We hoped that by avoiding C-ring ester substituents we would also circumvent

the need for decarboxylation, thus mitigating the potential for undesired rearrangements
like we had observed previously. To access this intermediate, we performed an SNyAr
reaction with commercially available methyl 5-bromo-6-chloronicotinate (18) and diethyl
malonate. Global hydrolysis and decarboxylation afforded 19 in 85% yield over two steps,
with purification being easily accomplished via direct precipitation and filtration from the
reaction mixture. Activation of the carboxylic acid with CDI and displacement of the

acyl imidazole with Et,NH yielded the unpurified diethylamide, which was oxidized with
mCPBA to form A-oxide 20 in 91% over two steps. Boekelheide rearrangement mediated by
trifluoroacetic anhydride (TFAA) and subsequent hydrolysis of the resulting trifluoroacetate
during workup provided the key 2-(hydroxymethyl)pyridine 21 in 86% yield.3° Suzuki
coupling to indole-4-Bpin afforded 22 without issue (Figure 3B).

Next, we subjected 22 to borrowing hydrogen indole alkylation conditions. Typically, these
types of reactions require a large excess of one component, but an intramolecular process
necessitates an equal ratio of alcohol and indole components. Thus, we elected to utilize

the highly effective cyclometalated iridium(l11) complex 23, which has been reported to
catalyze these reactions without requiring an excess of either component.4? Reactivity was
high under these conditions, although we found that two isomeric products of the same mass
were formed in approximately equal amounts. These products were identified as 4 and 24 on
the basis of NMR experiments and were formed in moderate yields (64% combined yield).
It appears that 4 is the product of kinetic reduction, as it is the only product formed initially.
However, 24 is calculated to be ~0.02 kcal/mol more stable,*! and over the course of the
reaction, the concentration of 24 increases over time until the ratios of 4 and 24 are stable,
suggesting that the initially formed 4 may be rapidly converted into a thermodynamic ratio
of 4 and 24 (Figure 3B).

The spectral data of 4 matched that reported by Vollhardt, completing a 7-step formal
synthesis of LSD.27 Despite the efficiency of this overall route, we found that the reported
intermediate 4 is unstable, albeit less so than intermediate 12. Fortunately, 4 and 24

are separable by chromatography on either silica or alumina, but after isolation and
concentration, impurities form quickly. Many related compounds in the initial report by
Vollhardt and co-workers were reported to be unstable. However, in depth information about
the stability of 4 was not disclosed. Additionally, attempts to re-purify the intermediates
resulted in partial decomposition and loss of material, and regardless of conditions, traces

of 24 and other impurities appear in the spectra of 4. Due to the late-stage Suzuki coupling,
it is plausible that this strategy would allow for versatile differentiation of ring A by
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using substituted indole-4-Bpin compounds, but the practical challenges associated with
compound stability and lack of selectivity following C-ring closure dissuaded us from
pursuing this path further. Given that 24 is slightly more stable than 4, we assume that any
tetracyclic structure of this class containing both an indole and pyridine would likely suffer
from isomerization to the benzoquinoline tautomer.

Despite the ease and efficiency of preparing various advanced intermediates using

the intramolecular a-arylation and borrowing hydrogen indole alkylation strategies, we
ultimately determined that stability issues associated with pyridine- and indole-containing
tetracycles would limit the usefulness of these strategies. To circumvent this issue, we
elected to reduce the pyridine prior to the C-C bond-forming reaction that would bridge the
B- and D-rings. We envisioned that Suzuki coupling of an A-protected tetrahydropyridine
would join the A- and D-rings as before, but subsequent direct allylic C-H insertion of an
indole-3-carbaldehyde derived carbene would complete the ergoline core scaffold (Figure
4A). The insertion of donor/acceptor carbenes into C—H bonds adjacent to nitrogen centers
is well precedented with pioneering work by Davies and co-workers.#243 However, we
hoped that a donor carbene would exhibit similar reactivity.

Starting from readily available 5-bromonicotinic acid (25), we synthesized the diethylamide
by treating the acid with oxalyl chloride under DMF catalysis followed by quenching

with EtoNH. The unpurified mixture was methylated using Mel in EtOAc, from which

the resulting pyridinium salt 26 readily precipitated over the course of the reaction. This
compound was then reduced with NaCNBHj3 in acidic methanol to afford tetrahydropyridine
27. The A-methyl group was exchanged for an A~carbamoyl group to attenuate the
nucleophilicity of the nitrogen atom. Derivative 28 was obtained following treatment of

27 with ethyl chloroformate and loss of chloromethane.** Suzuki coupling with indole-4-
Bpin generated 29 in excellent yield (84%). From here, we prepared indole-3-carbaldehyde
derivative 30 by Vilsmeier-Haack formylation, which was then protected as the fert-butyl
carbamate 31. Condensation with hydrazine readily afforded 32 (Figure 4B).

We initially attempted to use MnO5 as the oxidant and RhoOAc, as the catalyst for
achieving a one-pot oxidation and C—H insertion transformation as has been reported
previously.*> Many examples exist for performing this reaction using donor/acceptor or
donor/donor carbenes, but there are a limited number of examples that employ electron-rich
donor carbenes like our substrate, presumably due to the fact that electron-rich donor
carbenes exhibit diminished stability relative to carbenes derived from donor/acceptor diazo
compounds.#647 We confirmed that MnO, was capable of oxidizing hydrazone 32 to the
corresponding diazo compound, as subsequent treatment with benzoic acid yielded the
corresponding benzoate ester in 46% yield (see Sl for details). Similarly, we found that
Swern oxidation also efficiently converted 32 to its corresponding diazo compound.*8
However, the addition of a Rh(Il) catalyst (e.g., Rho(OAC)4, Rha(esp),, Rho(R-PTAD),)
never produced the desired C-H insertion product 33, and instead yielded only aldehyde 31.

Given that prior work demonstrated facile insertion of donor/acceptor rhodium carbenoids
into related tetrahydropyridine systems, we opted to assess the reactivity of a donor/
acceptor carbenoid as well. We used 29 to prepare methyl indole-3-glyoxylate derivative

J Org Chem. Author manuscript; available in PMC 2024 October 06.
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34 by acylation with oxalyl chloride and subsequent addition of methanol. This material
was protected, as before, to afford 35 in 89% yield over two steps. Condensation with
hydrazine*® proceeded cleanly, and subsequent C-H insertion using MnO, as the oxidant
in the presence of Rhy,OAc, generated the desired ergoline compound 36 in 60% yield
over both steps as a single diastereomer. Based on these results, it appears that the success
of this intramolecular C—H insertion reaction is highly dependent on the metal-carbenoid
electrophilicity, which is increased with donor-acceptor substitution. Relative configuration
of 36 was tentatively assigned based on a combination of COSY and NOESY NMR
experiments (Figure S1, see Supporting Information for details).

While this C-H insertion methodology was ultimately successful in forming the core
ergoline scaffold, several challenges must be overcome to prepare LSD or related
derivatives. First, due to the required presence of the ester group for insertion to proceed,

a challenging decarboxylation still must be developed, followed by further deprotection
and methylation. Additionally, the C-H insertion route is lengthy, which is problematic for
planned derivatives, particularly because the indole is installed in the early stages. Despite
these disadvantages, the prospect of imparting enantioselectivity via chiral Rh(Il) catalysis
is promising.3 However, the fact that we only observed a single diastereomer suggests that
a chiral catalyst would have to overcome the inherent diastereoselectivity that is dictated
by the relative stereochemistry of the amide substituent and associated conformation of the
tetrahydropyridine, otherwise only diastereomer Kinetic resolution is viable. Alternatively,
asymmetric reduction of 26 to produce an enantiopure tetrahydropyridine would allow for
diastereoselective C—H insertion without a chiral catalyst. However, this may also prove
challenging as C8 will likely be epimerized by base during the Suzuki coupling or other
intermediary steps prior to C—H insertion.>0 If epimerization proves problematic, then
replacement of the diethyl amide with a chiral auxiliary to induce thermodynamic preference
of one epimer at C8 could similarly solve this issue, and these factors should be considered
in subsequent C-H insertion methods for forming ergolines.

For future synthetic efforts towards LSD and related ergolines, we caution others from
pursuing routes in which the aromaticity of the pyridine and indole rings both remain

intact prior to formation of the tetracyclic core. Regardless of substitution or lack thereof,
our work and previous reports in the literature suggest that these types of structures are
prone to oxidation, rearrangement, and decomposition. The further development of C-H
insertion methodology for ergoline synthesis could be advantageous and streamline efforts to
develop indole-substituted ergoline analogues, especially if enantioselective methods could
be developed utilizing donor carbenes. Despite the many challenges encountered in this
work, we report several efficient strategies for constructing the tetracyclic core common to
ergoline natural products and related analogues like LSD. As the ergoline core is capable of
displaying a wide-range of important biological activities, we hope that our work will prove
useful for the development of novel ergoline analogues with medicinal value.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Ergoline Retrosynthesis

ergoline 7 examples 1 examples’
B. Contested Synthesis of Lysergic Acid
(x)-Lysergic Acid
0]
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A\ MeOH N\
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C. Vollhardt’s Total Synthesis of LSD

l Et,N Et,N
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N CONEt,
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Figure 1. Bridging the B- and D-rings is an uncommon strategy for the synthesis of ergolines.
(A) Ergoline numbering and retrosynthetic disconnections for the de novo construction of

lysergic acid and LSD. The methylene unit bridging the B- and D-rings B is highlighted

in blue. The bond bridging the A- and D-rings is highlighted in orange. *Hendrickson’s
synthesis of lysergic acid has been disputed. (B) Reported synthesis of lysergic acid by
Hendrickson (top). Subsequently, Nichols attempted to replicate this synthesis and instead
observed a rearrangement of 1 to 3. Nichols was unable to convert 3 into lysergic acid using
a number of conditions, including those reported by Hendrickson (bottom). (C) Vollhardt’s

short synthesis of (+)-LSD via cobalt-mediated cyclization and late-stage reduction.
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A. Retrosynthesis for an a-Arylation Stategy
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C. Synthesis of 13: a Stable Ergoline-Like Tetracycle
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Figure 2. Intramolecular a-arylation for the construction of ergoline-like tetracycles.

o
EtN
I COEt
CO,E
15
A\
N
Boc
LiOH, H,0
THF, MeOH
o
82%
EtLN” NN ’
s _coH
16

(A) Retrosynthetic analysis for preparing LSD via an a.-arylation strategy. (B) Synthesis of
12, an unstable ergoline-like tetracycle. (C) Synthesis of tetracyclic compound 15. (D) 15
and its deprotected counterpart 17 are indefinitely stable to a variety of indole reduction

conditions.
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—_ A Borrowing Hydrogen Retrosynthesis — B. Formal Synthesis of LSD.
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Figure 3. Intramolecular borrowing hydrogen indole alkylation for the construction of ergoline-
like tetracycles.

(A) Retrosynthetic analysis for the preparation of 4. (B) Formal synthesis of LSD by
preparation of 4 by a Suzuki coupling and borrowing hydrogen indole alkylation strategy.
NMR yield determined using an internal standard.
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A. Retrosynthesis for a C-H Insertion Strategy
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B. Synthesis of Ergoline Tetracycle 36 through C-H Insertion
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Figure 4. Intramolecular C-H insertion for the construction of ergoline-like tetracycles.
(A) Retrosynthetic analysis of LSD synthesis via C—H insertion. (B) While C-H insertion

from an aldehyde-derived carbene was unsuccessful, it was possible to achieve this
transformation using a donor-acceptor stabilized carbene.
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