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ABSTRACT: This article describes a concise synthesis of lysergic acid from
simple aromatic precursors. The successful strategy relies on the coupling,
dearomatization, and cyclization of a halopyridine with a 4-haloindole derivative
in 6 total synthetic steps from commercial starting materials. In addition to
highlighting the advantages of employing dearomative retrosynthetic analysis,
the design is practical and anticipated to enable the synthesis of novel
neuroactive compounds as exemplified by the synthesis of a novel natural
product derivative, 12-chlorolysergic acid.

B INTRODUCTION

Since Hofmann’s discovery of lysergic acid diethylamide (LSD,
1) in 1938, the medicinal wonders of this natural product
derivative have proven both intriguing and controversial."* For
instance, Sandoz Laboratories heralded LSD as “a cure for
everything” in the 1940s, while the US congress, in partial
response to the “counterculture” of the 1960s, made its
possession and use illegal in 1968. Despite this ongoing
debate, some ergoline derivatives such as pergolide (4)" and
lisuride (5)° have found their way to the clinic for the
treatment of Parkinson’s disease and migraines. These
ergolines, in addition to the psychedelics ibogaine (3) and
2,5-dimethoxy-4-iodoamphetamine (6) are ligands for the S-
HT,, GPCR, a key receptor responsible for many downstream
neuropharmacological phenotypes.® Because of LSD’s ther-
apeutic potential, several X-ray crystallographic structures have
recently been obtained that enable the design of 5-HT,,
ligands capable of novel neuropharmacology.7_9 Thus, we
maintained that a practical synthesis of diverse LSD (1)
derivatives would aid this burgeoning realm of biomedical
research.' "'

Recently, Olson and coworkers identified that 7, bearing a
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discovery, coupled with another study on dimethyltryptamine
analogs,” spurred our curiosity regarding similar benzenoid
substituent effects on the ergoline scaffold, which have been
largely unexplored in the neuropharmacology of LSD.'*'
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Figure 1. (A) S-HT,, ligands, (B) psychoplastogenic tryptamines,
and (C) ergoline scaffold amenable for chemical modifications.

Many ergoline derivatives have been accessed from natural
isolates (e.g, 4, 5) via functionalization at chemically
“available” sites.

As shown in Figure 1C, we reasoned that benzenoid
substitution would require a short and modular synthesis in
order to understand the potentially phenotypically beneficial
substituent effects observed in other psychedelics.
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Like many before us, targeting lysergic acid (2) was a
starting point toward synthesizing and validating any psycho-
active LSD derivatives.'™>° Prior to our studies, the most
concise approach was the controversial synthesis of 2 reported
by Hendrickson™ which was later disputed by both Nichols®®
and Boger.”” Overall, we considered two retrosynthetic
strategies to allow quick access to lysergic acid (2). In the
first strategy (Figure 2), it was envisioned that the natural

Retrosynthetic Analysis of Lysergic Acid
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Figure 2. Lysergic acid retrosynthetic analyses.

product would arise from a late-stage Pd-catalyzed annulation
of vinyl bromide 8 via C—H vinylation of the C4 position of
the pendant indole heterocycle.”” Intermediate 8 would be the
product of a Fischer indolization reaction with phenyl-
hydrazine (10) and a tetrahydropyridine (not shown)
synthesized from a dearomatization and reduction sequence
between pyridine 9 and Grignard reagent 11.° If the first
strategy was inoperable (vide infra), it was also hypothesized
that a Heck reaction, inspired by previous work from
Fukuyama and Jia, could forge the scaffold of lysergic acid
(2) from bromoindole 12 (Figure 2).2*7° This tetrahydropyr-
idine would be ultimately derived from pyridinium reduction
following the coupling of iodide 13 and aldehyde 14a, both of
which are commercially available. While both approaches
included attractive modularity and brevity, strategy 1 was
pursued first.

B RESULTS AND DISCUSSION

Scheme 1 depicts efforts toward 2 implementing strategy 1.
Starting from bromopyridine 9, methylation of the pyridine
nitrogen with MeOTf generated an intermediate N-methyl-
pyridinium that was trapped with Grignard reagent 11 to
produce dihydropyridine 15 as the major regioisomer in a
2.6:1 C6/C4 ratio and in 82% overall yield (59% of 15). From
our previous studies on the regiochemistry of pyridinium
dearomatizations, we predicted the combined directing effect
of the ester and bromide substituents would increase addition
at C6.”’

Next, the reduction of the vinylogous carbamate in 15 with
LiAlH, proceeded in 65% yield to deliver a 1:1 mixture of
diastereomers of acetal 16. This mixture was deemed
inconsequential for the synthesis of 2, as the alpha center to
the ester is thermodynamically resolvable upon construction of
the ergoline framework.””* Acetal 16 was then treated with
phenylhydrazine (10) and a 4% H,SO,/EtOH mixture at
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Scheme 1. First-Generation Approach to Lysergic Acid
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elevated temperature to afford indole 8 in 59% yield (1.8:1 dr).
Notably, this Fischer indolization reaction was attempted with
a variety of other phenylhydrazine derivatives that gave no
observable indole products. This unexpected result impeded
abilities to generate modified intermediates (e.g., 18) in route
to 2.

With 8 in hand, our efforts focused on the C—H annulation
to close the last six-membered ring found in lysergic acid (2).
Initially, following prior precedent for this kind of trans-
formation,”® the only observable product was annulation at the
C2 position of the indole heterocycle (not shown). Attempts
to sterically deter this undesired cyclization were thwarted by
the inability to properly functionalize or protect the indole
nitrogen under basic conditions. Presumably, this was due to
the base sensitivity of the tetrahydropyridine ring found in 8,
where attempts to deprotonate the indole nitrogen resulted in
nonproductive decomposition pathways.”” Further efforts to
effect annulation of the vinyl bromide using Ni-catalysis or
radical propagation®”*' (e.g, PET, Bu,SnH, and AIBN) also
largely resulted in hydrodebromination of 8. Additionally,
while a reductive coupling tactic might have been possible
through an intermediate such as 18, the Fischer indolization of
16 was only operable with phenylhydrazine (10), disallowing
access to benzenoid-functionalized indole congeners of 8. With
an unproductive annulation tactic and a limited Fischer
indolization reaction, the second strategy outlined in Figure
1 became more attractive for the synthesis of 2. As the same
final ring-closing strategy would be needed, a tactical change in
the placement of the halogen would likely allow for a more
competent and reliable annulation.

Scheme 2 outlines the forward implementation of the
second retrosynthetic strategy toward lysergic acid (2).
Startin% from iodopyridine 13, magnesium—halogen ex-
change™* generated a heterocyclic nucleophile that was
trapped with commercial aldehyde 14a to afford an
intermediate alcohol (not shown) in 85% yield. Exposure of
this intermediate to Et;SiH and TFA cleaved the Boc
protecting group and reduced benzylic alcohol to generate
indole 19 in good yield on the gram scale. The next step in the
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Scheme 2. Second-Generation Approach to Lysergic Acid
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synthesis involved the key reductive dearomatization of the
pyridine to a tetrahydropyridine. In the event, Boc protection
of 19 followed by in situ methylation of the pyridine nitrogen
resulted in an intermediate pyridinium salt. This nonisolated
intermediate was treated with NaBH, to smoothly generate
dihydropyridine 20 in 56% yield. Isomerization of the enoate
with LiTMP gave a 1:1.6 diastereomeric mixture of 12a and
12b, among which the latter was poised for the key Heck
annulation.””*® Conveniently, 12a can be converted to 12b
upon its re-exposure to the isomerization conditions with a
similar diastereomeric outcome. Treatment of 12b with a
catalytic amount of Fu’s Pd° complex** (generated in situ)
allowed for facile generation of 21 in excellent yield along with
22a and 22b, two diastereomeric alkene isomers, in a 5.8:1:1
ratio, respectively.

While similar transformations have been reported,”>*>*° low
yields and/or stoichiometric amounts of Pd have been required
to affect this annulation, attesting to its challenging
implementation. Simultaneous with our investigation, Wipf
also reported a similar strategic implementation of this
cyclization.” The stereochemistry of the center alpha to the
ester in 12b was crucial to the success of this reaction, allowing
for syn-beta-hydride elimination to proceed following the
migratory insertion of the putative arylpalladium(1I) inter-
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mediate. Finally, saponification and isomerization of the
mixture of 21, 22a, and 22b was executed as previously
reported to generate lysergic acid (2) in 50% yield.”

The successful generation of 2 encouraged the application of
this synthetic platform toward the generation of new lysergic
acid derivatives with novel benzenoid substitution. As a proof
of principle, we adapted our synthesis to the generation of 12-
chlorolysergic acid, which could potentially serve as a
divergence point for exploring various C12 substituents
(Scheme 3). Starting from iodopyridine 13, magnesium-
halogen exchange followed by the addition to aldehyde 14b
(see the Supporting Information for synthesis) resulted in an
intermediate benzylic alcohol that was reduced to give biaryl
23 in the modest yield over 2 steps. Methylation and reduction
of the intermediate was followed by the Boc protection of
indole in 81% yield (over 2 steps) to afford 24. This
intermediate was subjected to base-mediated isomerization to
give a 1:14 ratio of 25a/25b in 83% yield. The minor
undesired isomer (25a) could again be recycled to afford
higher quantities of 25b, which proceeded through the Heck
cyclization to generate enoate 26 in 71% yield. Hydrolysis of
this mixture gave 12-chlorolysergic acid (27) in good yield.
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B CONCLUSIONS

In conclusion, a concise synthesis of lysergic acid (2) has been
accomplished in 6 steps and 12% overall yield from
commercially available materials (13 and 14). Central to the
efficiency of this approach was the strategic and redox-
economic utilization of heteroaromatic starting materials as
functionalized precursors to the ergoline core. While our initial
approach was initially thwarted by tactical limitations, the
inversion of polar synthons enabled the construction of the
final tetracyclic core. Furthermore, the synthesis of 12-
chlorolysergic acid (27) was accomplished through the
adaptation of the successful second-generation approach,
demonstrating entry into novel molecular space unlocked by
this synthetic blueprint. We contend that this synthetic
advance holds great promise for the increased utilization of
psychedelics and their derivatives as new neuropharmaco-
logical treatments.

B EXPERIMENTAL SECTION

General. All reactions were performed using flame-dried round-
bottom flasks or reaction vessels unless otherwise stated. Reactions
were carried out under an inert atmosphere of nitrogen with dry
solvents, unless otherwise stated. Dichloromethane (CH,Cl,), diethyl
ether (Et,0), 1,4-dioxane, methanol (MeOH), and tetrahydrofuran
(THF) were obtained by passing the previously degassed solvents
through activated alumina columns. Methyltriflate, 2,2,6,6-tetrame-
thylpiperidine, and triethylsilane were purified via distillation prior to
use. Yields refer to chromatographically and spectroscopically (‘H
NMR) homogeneous materials, unless otherwise stated. Reactions
were monitored by thin-layer chromatography carried out on Merck
silica gel plates (glass-backed, 60G, F-254). Basic silica plates were
prepared by treating commercial silica gel plates with 50:1 hexane—
triethylamine followed by evaporation under reduced pressure. Thin
layer chromatography (TLC) plates were visualized using ultraviolet
light and an appropriate developing agent. NMR spectra were
recorded on a Bruker Avance III 400, 500, 600, or 700 MHz NMR
spectrometer and were calibrated using a residual solvent as an
internal reference (CDCl;: '"H NMR § = 7.26, *C{H} NMR § =
77.16; CD,Cl,: '"H NMR & = 5.32; Pyr-ds: '"H NMR § = 8.74, 7.58,
7.22, BC{H} NMR & = 150.35, 135.91, 123.87.) The following
abbreviations were used to explain the multiplicities: s = singlet, d =
doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet
of triplets, dq = doublet of quartets, dtt = doublet of triplets of triplets,
m = multiplet, br = broad, app.d = apparent doublet, and app.t =
apparent triplet. Flash column chromatography was performed using
VWR silica gel (irregular, 60 A, 40—60 um). Basic silica gel was
prepared by treating commercial silica gel with 50:1 hexane—
triethylamine followed by evaporation under reduced pressure.
Preparatory TLC was performed on Merck silica gel plates (glass-
backed, 60G, F-254) and basic silica plates. High-resolution mass
spectroscopy (HRMS) spectra were recorded on an Agilent 6230
TOF-MS spectrometer (DART) or a liquid chromatography—mass
spectroscopy (LC—MS) spectrometer (ESI).

Methyl-6-(2-(1,3-dioxan-2-yl)ethyl)-5-bromo-1-methyl-1,6-
dihydropyridine-3-carboxylate (15). This compound was pre-
pared following the reported ];)rocedure:39 in a 30 mL test tube,
pyridine 9 (AA Blocks) (0.216 g, 1.00 mmol) was suspended in Et,0
(1.00 mL) and the mixture was placed under a N, atmosphere. The
reaction vessel was placed in a water bath, and the mixture was stirred
lightly. MeOTf (0.110 mL, 1.00 mmol) was added dropwise to the
mixture, and the reaction was stirred for 1 h. After the disappearance
of the starting material as determined by TLC, the thick, white
mixture was concentrated under reduced pressure and redissolved in
THF (4.00 mL) before being cooled to —78 °C. Grignard reagent 11
(0.219 mL, 1.00 M, 0.219 mmol) was added dropwise to the reaction,
and the resulting yellow mixture was subjected to continuous stirring
for 2 h. The reaction was then quenched with the addition of a sat.
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aqueous NaHCO; solution (4 mL), and the mixture was allowed to
warm to rt. The product was extracted with EtOAc (3 X 10 mL). The
combined organic layer was washed with brine (15 mL), dried with
MgSO,, and concentrated under reduced pressure. The crude mixture
was purified by flash column chromatography (gradient 4:1 — 7:3 —
3:2 — 1:1 hexanes:EtOALg, silica) to afford 203.9 mg (59% yield) of
15. "TH NMR (400 MHz, CD,Cl,): § 7.26 (s, 1H), 6.71 (d, J = 1.1 Hz,
1H), 4.54—4.47 (m, 1H), 4.38 (t, ] = 3.8 Hz, 1H), 4.05—4.00 (m,
2H), 3.75-3.67 (m, 2H), 3.60 (s, 3H), 2.96 (s, 3H), 2.02—1.94 (m,
1H), 1.85—1.65 (m, 3H), 1.65—1.55 (m, 1H), 1.29 (dtt, ] = 13.4, 2.7,
1.4 Hz, 1H) ppm.
Methyl-6-(2-(1,3-dioxan-2-yl)ethyl)-5-bromo-1-methyl-
1,2,3,6-tetrahydropyridine-3-carboxylate (16a,b). To a stirring
suspension of acetal 15 (1.00 g, 2.89 mmol) in THF (15.00 mL) at 0
°C was added a suspension of LiAlH, (84.4 mg, 2.22 mmol) in THF
(15.00 mL) over S min. The reaction mixture was stirred for 40 min.
Upon completion of TLC, the mixture was cooled to —78 °C, and
EtOAc (7 mL) was added in one portion. The mixture was then
stirred at —78 °C for § min, warmed to 0 °C, and stirred for S min. A
sat. solution of Rochelle salt (7 mL) was then added, and the mixture
was stirred for 10 min. The mixture was diluted with water (20 mL),
and the product was extracted with EtOAc (3 X 20 mL). The
combined organic layer was washed with brine (20 mL), dried with
MgSO,, and concentrated under reduced pressure. The crude mixture
was purified by flash column chromatography (1:1 hexane—EtOAc
eluent, silica) to afford 654 mg (65% yield) of tetrahydropyridine 16
as a yellow oil and a 1.2:1 mixture of diastereomers. Ry = 0.43 (1:1
hexane—EtOAc eluent, silica). "H NMR (16a) (500 MHz, CDCl,): §
621 (dt, J = 32, 1.0 Hz, 1H), 4.56—4.52 (m, 1H), 4.11-4.05 (m,
2H), 3.77-3.71 (m, 2H), 3.69(s, 3H), 3.42—3.36 (m, 1H), 3.19—3.09
(m, 1H), 2.90—-2.78 (m, 2H), 2.44 (s, 3H), 2.12-1.99 (m, 1H),
1.99—1.84 (m, 1H), 1.82—1.72 (m, 1H), 1.71—-1.53 (m, 2H), 1.35—
1.28 (m, 1H) ppm. (16b) (500 MHz, CDCL;): 6 6.31 (q, ] = 1.5 Hz,
1H), 4.56—4.52 (m, 1H), 4.11—4.05 (m, 2H), 3.77—3.71 (m, 2H),
3.70 (s, 3H), 3.19—3.09 (m, 2H), 2.96—2.91 (m, 1H), 2.90—2.78 (m,
1H), 2.37 (s, 3H), 2.12—1.99 (m, 1H), 1.99—1.84 (m, 1H), 1.82—
1.72 (m, 1H), 1.71-1.53 (m, 2H), 1.35—1.28 (m, 1H). BC{H} NMR
(16a and 16b) (126 MHz, CDCl,): (2S of 26 peaks observed) 5 172.4,
172.1, 128.0, 126.9, 126.1, 124.6, 102.4, 102.4, 67.0, 67.0, 66.4, 66.2,
52.3,52.3, 50.1, 46.5, 43.1, 42.5, 42.3, 39.8, 32.0, 30.2, 26.0, 25.9, 24.7
ppm. HRMS (DART-TOF) m/z: [M + H]" Caled for
C,,H,,BrNO,H 348.0805; found 348.0804.
Methyl-6-((1H-indol-3-yl)methyl)-5-bromo-1-methyl-
1,2,3,6-tetrahydropyridine-3-carboxylate (8a,b). To a scintilla-
tion vial containing tetrahydropyridines 16a and 16b (155 mg, 0.444
mmol) and phenylhydrazine (131 L, 1.33 mmol) was added a
solution mixture of 22:1 MeOH/conc. H,SO, (3.00 mL). Initially, a
white solid and red solution formed. The vial was flushed with N, and
sealed with a Teflon cap. The suspension was heated in an oil bath
and stirred at 100 °C. After solubilizing, the reaction mixture turned
deep red in color and stirred at 100 °C for additional 3 h. After this
time, the reaction mixture was cooled to rt. and poured over a 1:1
mixture of a sat. aqueous Na,COj solution and ice (6 mL). The
product was extracted with EtOAc (3 X 20 mL). The combined
organic layers were washed with brine (20 mL), dried with MgSO,,
and concentrated under reduced pressure. The crude mixture was
purified by flash column chromatography (13:7 hexanes/EtOAc
eluent, silica) to afford 94.7 mg (59% yield) of indoles 8a and 8b as a
yellow oil and a mixture of diastereomers (1.8:1 dr). R; = 0.39 (13:7
hexanes:EtOAc eluent, silica). "H NMR (8a) (600 MHz, CDCL,): §
8.10 (s, 1H), 7.70 (app. d, ] = 7.7 Hz, 1H), 7.33 (app. d, ] = 8.0 Hz,
1H), 7.18 (app. t, ] = 7.5 Hz, 1H), 7.15—7.09 (m, 2H), 6.33 (s, 1H),
3.69 (s, 3H), 3.54—3.44 (m, 1H), 3.41-3.25 (m, 3H), 3.09-2.80 (m,
2H), 2.45 (s, 3H) ppm. (8b) (600 MHz, CDCL,): & 8.14 (s, 1H), 7.70
(app. d, ] = 7.7 Hz, 1H), 7.33 (app. d, ] = 8.0 Hz, 1H), 7.18 (app. t, ]
= 7.5 Hz, 1H), 7.15-7.09 (m, 2H), 6.39 (s, 1H), 3.71 (s, 3H), 3.54—
344 (m, 1H), 3.41-3.25 (m, 3H), 3.09—2.8 (m, 2H), 2.45 (s, 3H)
ppm. (8a and 8b) *C{H} NMR (151 MHz, CDCL,): (27 of 34 peaks
observed) § 1722, 1362, 136.2, 127.7, 125.8, 125.0, 122.9, 122.0,
121.9, 119.4, 1194, 119.2, 119.1, 111.3, 111.2, 67.3, 67.3, 52.5, 52.3,
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48.7, 45.9, 43.3, 42.3, 41.7, 39.5, 27.5, 26.8 ppm. HRMS (DART-
TOF) m/z: [M-H]* caled for C;,H;yBrN,0,H 361.0546; found
361.051S.

Methyl-6-((1H-indol-3-yl)methyl)nicotinate (19). To a sol-
ution of pyridyl iodide 13 (AA Blocks) (1.32 g, 5.00 mmol) in THF
(5.00 mL) cooled in a CHCl,/dry ice bath (=61 °C) was added a
solution of i-PrMgCI-LiCl (5.00 mL, 1.00 M, 5.00 mmol) over 2 min.
The mixture was stirred in the cooling bath for 1 h. Upon
consumption of 13 as determined by TLC, a solution of indole 14a
(1.78 g, 5.50 mmol) in THF (3.00 mL) was added dropwise over 2
min. The resulting solution was stirred in the cooling bath for 1 h.
After this time, the bath was removed, and the reaction mixture was
slowly warmed to rt. The reaction mixture turned dark green upon
warming and then amber after approximately 1 h at rt. The mixture
was quenched with a sat. aqueous solution of NH,Cl (10 mL), diluted
with water (10 mL), and extracted with EtOAc (3 X 30 mL). The
combined organic layers were washed with brine (15 mL), dried over
MgSO,, and concentrated under reduced pressure. The crude mixture
was purified by flash column chromatography (1:1:0.05 hexanes—
EtOAc: CH,Cl, eluent, silica) to afford 1.95 g (85% yield) of an
intermediate alcohol as beige wax (S-1, see the Supporting
Information). Ry = 0.31 (4:1 hexanes—EtOAc eluent, silica). 'H
NMR (400 MHz, CDCl;) § 9.20 (s, 1H), 8.28—8.18 (m, 2H), 7.46 (s,
1H), 7.42 (d, ] = 7.8 Hz, 2H), 7.17 (t, ] = 8.1 Hz, 1H), 6.75 (s, 1H),
3.95 (s, 3H), 1.61 (s, 9H) ppm. “C{H} NMR (151 MHz, CDCl;) §
165.6, 1652, 149.6, 148.9, 138.0, 137.2, 127.6, 127.5, 126.5, 125.5,
125.1, 1222, 1214, 1147, 113.5, 84.7, 67.9, 52.5, 28.1 ppm. HRMS
(DART-TOF) m/z: [M + H]" calcd for C,;H,,;BrN,OH 461.0712;
found 461.073S.

To a stirring solution of alcohol S-1 (1.95 g, 4.23 mmol) in THF
(4.20 mL) at 0 °C was added TFA (12.60 mL) in one portion turning
the mixture dark amber. The mixture was warmed to rt., and after 30
min, Et;SiH (4.05 mL, 25.4 mmol) was added and stirred for 14 h at
35 °C. Upon completion as determined by 'H NMR analysis of
aliquots from the reaction, the mixture was diluted with EtOAc (30
mL) and poured into a sat. aqueous solution of NaHCO; (100 mL).
The mixture was then adjusted to pH 7 using NaHCOj; and extracted
with EtOAc (3 X 30 mL). The combined organic layers were washed
with brine (15 mL), dried with MgSO,, and concentrated under
reduced pressure. The crude mixture was purified by flash column
chromatography (1:1 hexanes—EtOAc eluent, silica) to afford 1.02 ¢
(70% yield) of 19 as beige wax. R¢ = 0.35 (1:1 hexanes—EtOAc eluent,
silica). '"H NMR (400 MHz, CDCl,) § 9.17 (s, 1H), 8.62 (s, 1H),
8.15(dd, J = 8.2,2.2 Hz, 1H), 7.28 (d, ] = 7.7 Hz, 1H), 7.23 (d, ] =
7.8 Hz, 1H), 7.18 (d, ] = 8.2 Hz, 1H), 7.04—6.96 (m, 2H), 4.65 (s,
2H), 3.93 (s, 3H) ppm. *C{H} NMR (151 MHz, CDCl;) § 166.7,
166.0, 150.3, 137.8, 137.6, 125.4, 125.3, 124.1, 123.5, 123.1, 122.7,
114.2,113.1, 110.7, 52.3, 35.1 ppm. HRMS (DART-TOF) m/z: [M +
H]* caled for C,¢H;;BrN,O,H 345.0238; found 345.0257.

tert-Butyl-3-((5-(methoxycarbonyl)-1-methyl-1,2,3,6-tetra-
hydropyridin-2-yl)methyl)-1H-indole-1-carboxylate (20). To a
solution of indole 19 (85.0 mg, 246 pmol) and Boc,O (57.1 mg,
0.262 mmol) in CH,Cl, (12.00 mL), DMAP (1.6 mg, 52.0 ymol) was
added and stirred at rt. After 1.5 h, the reaction was complete as
determined by TLC. The mixture was cooled to 0 °C and MeOTf
(28.7 uL, 262 umol) was added in one portion. After 1.5 h at 0 °C,
the reaction was complete, as determined by TLC. To this mixture, a
solution of NaBH,, (56.5 mg, 1.49 mmol) in MeOH (1.20 mL) was
added to the pyridinium over 1 min, turning the reaction bright
canary yellow. This combined mixture was stirred for 1 h at 0 °C and
then quenched with a 1:1 mixture of a sat. aqueous solution of
NaHCO; and acetone (2 mL). The mixture was extracted with
EtOAc (3 X 15 mL), the combined organic layers were washed with
brine (15 mL), dried with MgSO,, and concentrated under reduced
pressure. The crude residue was purified by flash column
chromatography (3:2 EtOAc—hexanes eluent, silica) to afford 63.3
mg (56% yield) of tetrahydropyridine 20 as a white foam. R; = 0.40
(3:2 EtOAc—hexanes eluent, silica). "H NMR (400 MHz, CDCL,): §
8.14 (d, ] = 8.3 Hz, 1H), 7.40 (s, 1H), 7.35 (d, ] = 7.7 Hz, 1H), 7.09
(t, J = 8.1 Hz, 1H), 6.96 (s, 1H), 3.73 (s, 3H), 3.52—3.31 (m, 3H),
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3.17 (q, ] = 4.6 Hz, 1H), 2.69 (dd, ] = 14.2, 10.0 Hz, 1H), 2.54 (s,
3H), 2.20 (s, 2H), 1.65 (s, 9H) ppm. *C{H} NMR (151 MHz,
CDCLy) 5 166.4, 149.1, 137.2, 137.0, 128.4, 128.1, 127.3, 125.8, 125.1,
117.9, 114.5, 114.1, 84.3, 56.7, 1.6, 51.0, 40.8, 28.4, 28.2, 25.9 ppm.
HRMS (DART-TOF) m/z: [M + HJ]" caled for C,,H,,BrN,0,H
463.1232; found 463.1230.

tert-Butyl-3-((5-(methoxycarbonyl)-1-methyl-1,2,5,6-tetra-
hydropyridin-2-yl)methyl)-1H-indole-1-carboxylate (12a,b).
To a stirring solution of HTMP (93.7 uL, 0.55 mmol) in THF (1.0
mL), n-BuLi (230 uL, 2.35 M, 0.54 mmol) was added at 0 °C. The
solution was stirred for SO min before cooling to —78 °C, after which
tetrahydropyridine 20 (0.0S g, 0.108 mmol) was added dropwise in
THF (1.00 mL). The mixture changed from light yellow to amber
upon addition. The reaction mixture was stirred at =78 °C for 1 h,
warmed to 0 °C, and then stirred for an additional 20 min. The
reaction was quenched with a sat. aqueous solution of NH,CI (1.0
mL). This mixture was diluted with water (10 mL) and extracted with
EtOAc (3 X 15 mL). The combined organic layers were washed with
brine (15 mL), dried with MgSO,, and concentrated under reduced
pressure. The crude residue was purified by flash column
chromatography on neutralized silica (4:1 hexanes—EtOAc eluent,
silica) to afford 27.2 mg (54% yield) of the major diastereomer 12b
and 16.6 mg (33% yield) of the minor diastereomer 12a as yellow oils
in a 1.6:1 ratio. (12a) R; = 0.57 (1:1 hexanes—EtOAc eluent, silica).
'H NMR (600 MHz, CDCl;) 6 8.16 (s, 1H), 7.53 (s, 1H), 7.37 (dd, J
=7.8,0.9 Hz, 1H), 7.11 (t, ] = 8.0 Hz, 1H), 5.89 (d, ] = 10.3 Hz, 1H),
5.71 (d, J = 10.3 Hz, 1H), 3.70 (s, 3H), 3.59 (dd, ] = 14.8, 4.6 Hz,
1H), 3.48—3.42 (m, 1H), 3.30—3.25 (m, 1H), 3.20 (dd, J = 11.7, 5.3
Hz, 1H), 2.86 (dd, J = 15.0, 9.6 Hz, 1H), 2.68 (t, ] = 10.2 Hz, 1H),
2.56 (s, 3H), 1.66 (s, 9H) ppm. *C{H} NMR (151 MHz, CDCL,) §
173.0, 149.2, 136.9, 130.4, 128.7, 127.3, 126.3, 125.0, 123.1, 117.1,
114.5, 114.0, 84.2, 61.1, 54.0, 52.0, 43.0, 41.6, 29.3, 28.2 ppm. HRMS
(DART-TOF) m/z: [M + H]" calcd for C,,H,,BrN,O,H 463.1232;
found 463.1229.

(12b). R; = 0.60 (1:1 hexanes—EtOAc eluent, silica). '"H NMR
(400 MHz, CDCl;) 5 8.17 (d, ] = 8.6 Hz, 1H), 7.48 (s, 1H), 7.38 (d, ]
= 8.7 Hz, 1H), 7.11 (t, ] = 8.0 Hz, 1H), 5.91 (d, ] = 10.6 Hz, 1H),
5.75 (d, ] = 10.3 Hz, 1H), 3.75 (s, 3H), 3.53—3.45 (m, 1H), 3.40—
333 (m, 1H), 3.32—-3.22 (m, 2H), 2.92—-2.83 (m, 2H), 2.56 (s, 3H),
1.67 (s, 9H) ppm. *C{H} NMR (151 MHz, CDCl;) § 173.5, 149.2,
137.0, 1304, 128.6, 127.2, 126.2, 124.9, 122.5, 117.5, 114.5, 114.0,
84.1, 60.3, 52.1, 50.3, 42.7, 38.5, 29.4, 28.2. HRMS (DART-TOF) m/
z: [M + H]* caled for C,,H,,BrN,O,H 463.1232; found 463.1226.

Recycling of 12a. To a stirring solution of HTMP (340 uL, 2.01
mmol) in THF (2.0 mL), n-BuLi (1.02 mL, 1.93 M, 1.97 mmol) was
added at 0 °C. The solution was stirred for SO min before cooling to
—78 °C, after which tetrahydropyridine 12a (0.183 g, 0.395 mmol)
was added dropwise in THF (2.00 mL). The mixture changed from
light yellow to amber upon addition. The reaction mixture was stirred
at —78 °C for 1 h, warmed to 0 °C, and then stirred for an additional
20 min. The reaction was quenched with a sat. aqueous solution of
NH,CI (1.0 mL). This mixture was diluted with water (10 mL) and
extracted with EtOAc (3 X 1S mL). The combined organic layers
were washed with brine (15 mL), dried with MgSO,, and
concentrated under reduced pressure. The crude residue was purified
by flash column chromatography on neutralized silica (4:1 hexanes—
EtOAc eluent, silica) to afford 99 mg (54% yield) of the major
diastereomer 12b and 48 mg (26% yield) of the minor diastereomer
12a with a 2:1 ratio.

Indoles 21 and 22a,b. In a reaction vial, Pd,(dba); (5.0 mg, 5.4
umol) and P(+-Bu);HBF, (3.0 mg, 10.8 umol) were charged with
tetrahydropyridine 12a (25.0 mg, 0.054 mmol) in degassed 1,4-
dioxane (2.70 mL), followed by Cy,NMe (13.9 uL, 64.8 umol). The
mixture was heated in an oil bath at 100 °C for 12 h. Upon
completion as determined by TLC, the mixture was diluted with
water (15 mL) and extracted with EtOAc (3 X 15 mL). The
combined organic layers were washed with brine (15 mL), dried with
MgSO,, and concentrated under reduced pressure. The crude residue
was purified by flash column chromatography (1:2 hexanes—EtOAc
eluent, silica) to afford 17.0 mg (82% yield) of an inconsequential
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5.8:1:1 mixture of tetracyclic compounds 21:22a:22b as a yellow oil.
(21) R; = 0.23 (1:1 hexanes—EtOAc eluent, silica)."H NMR (400
MHz, CDCl;) 6 7.80 (s, 1H), 7.37—7.27 (m, 2H), 7.13 (d, ] = 7.3 Hz,
1H), 7.04 (s, 1H), 4.07 (s, 1H), 3.71 (s, 3H), 3.55—3.47 (m, 1H),
3.41-3.32 (m, 2H), 2.95 (dd, J = 15.4, 4.6 Hz, 1H), 2.73—2.65 (m,
1H), 2.60 (s, 3H), 1.66 (s, 9H) ppm. *C{H} NMR (151 MHg,
CDCl,) 5 166.0, 150.0, 140.4, 135.8, 131.5, 128.9, 126.9, 125.6, 120.0,
119.8, 115.4, 113.6, 83.4, 57.3, 51.7, 48.6, 42.2, 39.2, 36.7, 28.2 ppm.

(22a). "H NMR (400 MHz, CDCL,) 6 7.80 (s, 1H), 7.37—7.27 (m,
2H), 7.13 (d, ] = 7.3 Hz, 1H), 6.60 (s, 1H), 3.78 (s, 3H), 3.55—3.47
(m, 2H), 3.41-3.32 (m, 2H), 2.73-2.65 (m, 2H), 2.58 (s, 3H), 1.66
(s, 9H) ppm (Relative stereochemistry not determined). (22b) '"H NMR
(400 MHz, CDCl;) 6 7.80 (s, 1H), 7.37—7.27 (m, 2H), 7.13 (d, ] =
7.3 Hz, 1H), 6.55 (d, ] = 4.0 Hz, 1H), 3.73 (s, 3H), 3.55—3.47 (m,
1H), 3.41-3.32 (m, 3H), 2.73—2.65 (m, 2H), 2.55 (s, 3H), 1.66 (s,
9H) ppm. (Relative stercochemistry not determined). (22a and 22b)
BC{H} NMR (151 MHz, CDCl,): (26 of 40 peaks observed) 5 173.2,
172.5, 156.7, 125.5, 119.7, 119.0, 118.4, 1162, 115.9, 1142, 114.2,
622, 623, 54.6, 53.0, 52.2, 52.1, 43.5, 43.5, 41.9, 41.0, 29.0, 26.7,
26.7, 24.7, 23.5 ppm. Mixture of 21:22a:22b HRMS (DART-TOF)
m/z: [M + H]" caled for Cp,H,¢N,0,H 383.1970; found 383.1951.

Lysergic Acid (2). To a stirring solution of tetracyclic compounds
21:22a:22b (19 mg, 0.049 mmol) in ethanol (0.625 mL) was added 1
N KOH (0.625 mL) and the mixture was heated in an oil bath at 70
°C for 3 h. Upon completion as determined by TLC, the mixture was
allowed to cool to rt and acidified to pH 5.8 using 1 N HCL. The
resulting solution was concentrated, and the residue was washed with
cold water (3 X 1 mL) and acetone (1 mL) before being extracted
with pyridine (1 mL). Evaporation of pyridine afforded 7.0 mg (50%
yield) of lysergic acid 2 as a brown solid, in agreement with the
reported data by Jia. "H NMR (500 MHz, pyr-DS) & 11.69 (s, 1H),
745 (dd, J = 12.5, 7.6 Hz, 2H), 7.31 (t, ] = 7.6 Hz, 1H), 7.26 (s, 1H),
7.18 (s, 1H), 4.09—4.03 (m, 1H), 3.64 (dd, J = 14.5, 5.5 Hz, 1H),
3.57-3.51 (m, 1H), 3.34—3.28 (m, 1H), 3.00—2.86 (m, 2H), 2.53 (s,
3H) ppm.

Methyl 6-((4-Bromo-5-chloro-1H-indol-3-yl)methyl)-
nicotinate (23). To a solution of pyridyl iodide 13 (0.668 g, 2.54
mmol) in THF (12.5 mL) cooled in an acetone/dry ice bath (—78
°C) was added a solution of i-PrMgCI-LiCl (2.54 mL, 1.00 M, 2.54
mmol) dropwise over 2 min. The mixture was stirred in the cooling
bath for 1 h. Upon consumption of 13 as determined by TLC, a
solution of aldehyde 14b (1.00 g, 2.79 mmol) in THF (12.5 mL) was
added dropwise over 2 min. After 10 min, the resulting solution was
warmed to 0 °C and stirred in the cooling bath for 9 h. After this time,
the mixture was quenched with a sat. aqueous solution of NH,Cl (10
mL), diluted with water (10 mL), and extracted with EtOAc (3 X 30
mL). The combined organic layers were washed with brine (15 mL),
dried over MgSO,, and concentrated under reduced pressure. The
crude mixture was purified by flash column chromatography (4:1
hexanes—EtOAc eluent, silica) to afford 1.95 g (46% yield) of an
intermediate alcohol as a light orange oil (S-3, see the Supporting
Information). R = 0.67 (1:1 hexanes—EtOAc eluent, silica). "H NMR
(600 MHz, CDCL,): & 9.22 (s, 1H), 8.28 (dd, J = 8.2, 2.1 Hz, 1H),
8.17 (d, ] = 8.9 Hz, 1H), 7.51 (s, 1H), 7.43 (d, ] = 8.8 Hz, 1H), 7.39
(d, J = 82 Hz, 1H), 6.79 (s, 1H), 3.97 (s, 3H), 1.62 (s, 9H) ppm.
BC{H} NMR (176 MHz, CDCL): § 165.2, 164.8, 149.2, 148.7,
138.5, 135.2, 130.0, 129.2, 127.6, 126.0, 125.4, 122.0, 121.6, 115.5,
113.5, 85.1, 67.7, 52.6, 28.1 ppm. HRMS (DART-TOF) m/z: [M +
H]* caled for C,1H,BrCIN,OH 495.0322; found 495.0317.

To a stirring solution of the above alcohol (S-3, 0.222 g, 0.448
mmol) in THF (1.35 mL) at 0 °C was added TFA (4.05 mL) in one
portion turning the mixture dark amber. The mixture was warmed to
rt., and after 1 h, Et;SiH (0.690 mL, 4.31 mmol) was added and
stirred for 9 h at S0 °C. Upon completion as determined by TLC, the
mixture was diluted with EtOAc (30 mL) and poured into a sat.
aqueous solution of NaHCO; (100 mL). The mixture was then
adjusted to pH 7 using NaHCO; and extracted with EtOAc (3 X 30
mL). The combined organic layers were washed with brine (15 mL),
dried with MgSO,, and concentrated under reduced pressure. The
crude mixture was purified by flash column chromatography (6:4
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hexanes—EtOAc eluent, silica) to afford 121 mg (71% yield) of indole
23 as a beige foam. Ry = 0.32 (1:1 hexanes—EtOAc eluent, silica). 'H
NMR (600 MHz, CDCly): § 9.14 (s, 1H), 8.65 (s, 1H), 8.17 (d, ] =
2.2 Hz, 1H), 7.23—7.15 (m, 3H), 7.06 (s, 1H), 4.64 (s, 2H), 3.93 (s,
3H) ppm. BC{H} NMR (151 MHz, CDCL;): § 166.4, 165.9, 150.1,
137.8, 135.7, 126.9, 126.6, 126.3, 123.8, 123.7, 122.8, 113.8, 113.6,
111.5, 52.4, 35.2. HRMS (DART-TOF) m/z: [M + H]* caled for
C,H,,BrCIN,0,H 378.9849; found 378.9852.

tert-Butyl 4-bromo-5-chloro-3-((5-(methoxycarbonyl)-1-
methyl-1,2,3,6-tetrahydropyridin-2-yl)methyl)-1H-indole-1-
carboxylate (24). To a solution of indole 23 (271 mg, 0.714 mmol)
in CH,Cl, (7.14 mL) was added MeOTf (0.094 mL, 0.857 mmol) in
one portion at 0 °C. After 1.5 h, the reaction was complete as
determined by TLC. The mixture was concentrated under reduced
pressure, and the residue was dissolved in MeOH (7.14 mL) and then
cooled to 0 °C. To this solution, NaBH, (108 mg, 2.85 mmol) was
added over 1 min turning the reaction bright canary yellow. This
mixture was stirred at 0 °C for 6 h before the reaction was quenched
with a 1:1 mixture of a sat. aqueous solution of NaHCOj; and acetone
(2 mL). The mixture was extracted with EtOAc (3 X 15 mL), the
combined organic layers were washed with brine (15 mL), dried with
MgSO,, and concentrated under reduced pressure. The crude residue
was purified by flash column chromatography (9:1: CH,C,,—MeOH
eluent, silica) to afford 250 mg (88% yield) of an intermediate
tetrahydropyridine S-4 as an off-white foam (S-4, see the Supporting
Information). R; = 0.44 (9:1: CH,Cl,—MeOH eluent, silica). 'H
NMR (600 MHz, CDCL,): & 8.94 (s, 1H), 7.17 (d, J = 0.9 Hz, 1H),
7.12 (d, ] = 0.8 Hz, 1H), 7.01 (d, ] = 2.4 Hz, 1H), 6.99—6.96 (m,
1H), 3.75 (s, 3H), 3.56—3.51 (m, 1H), 3.49 (dd, ] = 14.2, 49 Hz,
1H), 3.40—3.35 (m, 1H), 3.18 (dq, J = 10.5, 5.4 Hz, 1H), 2.77 (dd, ]
= 14.3, 9.5 Hz, 1H), 2.57 (s, 3H), 2.21-2.16 (m, 2H) ppm. “C{H}
NMR (151 MHz, CDCl;) 6 166.5, 137.6, 135.7, 127.8, 126.8, 126.1,
126.1, 123.3, 114.0, 113.7, 111.4, 57.7, 51.7, SL.1, 40.6, 28.2, 26.1
ppm. HRMS (DART-TOF) m/z: [M + HJ]* caled for
C,,H,BrCIN,0,H 397.0318; found 397.0311.

To a solution of the above tetrahydropyridine (S-4, 224 mg, 0.561
mmol) and Boc,0 (134 mg, 0.617 mmol) in CH,Cl, (5.60 mL) was
added DMAP (13.7 mg, 0.112 mmol) and stirred at rt. After 9 h, the
reaction was complete as determined by TLC, and the reaction was
concentrated under reduced pressure. The crude residue was purified
by flash column chromatography silica (1:1 hexanes—EtOAc eluent,
silica) to afford 247 mg (92%) of carbamate 24 as an off-white foam.
R¢ = 0.31 (1:1 hexanes—EtOAc eluent, silica). 'H NMR (400 MHz,
CDCl;) 8.09 (d, J = 8.9 Hz, 1H), 7.43 (s, 1H), 7.35 (d, ] = 8.9 Hz,
1H), 7.02-6.92 (m, 1H), 3.75 (s, 3H), 3.54—3.32 (m, 3H), 3.22—
3.13 (m, 1H), 2.71 (dd, J = 14.2, 9.8 Hz, 1H), 2.55 (s, 3H), 2.24—
2.18 (m, 2H), 1.66 (s, 9H) ppm."*C{H} NMR (151 MHz, CDCl,) §
166.4, 148.8, 137.1, 135.0, 130.1, 129.5, 128.0, 126.8, 125.6, 118.1,
1152, 114.6, 1140, 847, 56.7, 51.6, 50.9, 40.7, 282, 26.2 ppm.
HRMS (DART-TOF) m/z: [M + H]* caled for C,,H,BrCIN,O,H
497.0843; found 497.0823.

tert-Butyl-4-bromo-5-chloro-3-((5-(methoxycarbonyl)-1-
methyl-1,2,5,6-tetrahydropyridin-2-yl)methyl)-1H-indole-1-
carboxylate (25a,b). To a stirring solution of HTMP (309 uL, 1.81
mmol) in THF (3.55 mL), n-BuLi (756 uL, 2.35 M, 1.77 mmol) was
added at 0 °C. The solution was stirred for SO min before cooling to
—78 °C, after which carbamate 24 (177 mg, 0.35S mmol) was added
dropwise in THF (3.55 mL). The reaction mixture was stirred at —78
°C for 30 min, then quenched with a sat. aqueous solution of NH,Cl
(6 mL). This mixture was diluted with water (7 mL) and extracted
with EtOAc (3 X 15 mL). The combined organic layers were washed
with brine (1S mL), dried with MgSO,, and concentrated under
reduced pressure. The crude residue was purified by flash column
chromatography on neutralized silica (2.5:1 hexanes—Et,O eluent,
silica) to afford 85.2 mg (48% yield) of the major diastereomer 25b
and 61.8 mg (35% yield) of the minor diastereomer 25a in 1.4:1 ratio
as yellow oils. (25a) R = 0.60 (1:1 hexanes—EtOAc eluent, silica). 'H
NMR (600 MHz, CDCL) & 8.11 (s, 1H), 7.56 (s, 1H), 7.36 (d, J =
8.9 Hz, 1H), 5.90 (d, J = 10.2 Hz, 1H), 5.68 (dt, ] = 10.2, 2.5 Hz,
1H), 3.71 (s, 3H), 3.58 (dd, J = 15.0, 4.2 Hz, 1H), 3.43 (s, 1H),
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3.28—3.16 (m, 2H), 2.89 (dd, J = 14.9, 9.3 Hz, 1H), 2.67 (t, ] = 10.7
Hz, 1H), 2.55 (s, 3H), 1.66 (s, 9H) ppm. *C{H} NMR (25a) (151
MHz, CDCLy) 5 173.0, 148.9, 134.8, 130.4, 130.4, 129.4, 127.2, 125.5,
123.2, 117.3, 115.1, 114.0, 84.5, 61.0, 54.0, 52.0, 43.0, 41.6, 29.5, 28.2
ppm. (25a) HRMS (DART-TOF) m/z: [M + H]* caled for
C,,H,BrCIN,O,H 497.0843; found 497.0853.

(25b). R; = 0.70 (1:1 hexanes—EtOAc eluent, silica). '"H NMR
(600 MHz, CDCl;) 6 8.10 (s, 1H), 7.49 (s, 1H), 7.36 (d, ] = 8.8 Hz,
1H), 5.94—5.88 (m, 1H), 5.78—5.71 (m, 1H), 3.74 (s, 3H), 3.46 (dd,
J = 14.5, 5.5 Hz, 1H), 3.30—3.20 (m, 3H), 2.90—2.81 (m, 2H), 2.53
(s, 3H), 1.66 (s, 9H). 3C{H} NMR (151 MHz, CDCl;) § 173.6,
148.9, 135.0, 130.3, 129.4, 1272, 125.5, 122.7, 117.9, 115.2, 114.0,
84.5,60.3, 52.1, 50.3, 42.7, 38.3, 29.8, 28.2. HRMS (DART-TOF) m/
z: [M + H]" caled for C,,H,(BrCIN,O,H 497.0843; found 497.084S.

Recycling of 25a. To a stirring solution of HTMP (57.5 uL,
0.338 mmol) in THF (650 L), n-BuLi (140 uL, 2.35 M, 0.331
mmol) was added at 0 °C. The solution was stirred for 50 min before
cooling to —78 °C, after which tetrahydropyridine 25a (33 mg, 0.066
mmol) was added dropwise in THF (650 puL). The mixture changed
from light yellow to amber upon addition. The reaction mixture was
stirred at —78 °C for 30 min, quenched with a sat. aqueous solution of
NH,CI (1.0 mL), and warmed to rt. This mixture was diluted with
water (10 mL) and extracted with EtOAc (3 X 15 mL). The
combined organic layers were washed with brine (15 mL), dried with
MgSO,, and concentrated under reduced pressure. The crude residue
was purified by flash column chromatography on neutralized silica
(2.5:1 hexanes—Et,O eluent, silica) to afford 13.4 mg (41% yield) of
the major diastereomer 25b and 9.60 mg (29% yield) of the minor
diastereomer 25a in a 1.7:1 ratio.

Indole 26. In a reaction vial, tetrahydropyridine 25b (69.0 mg,
0.139 mmol) and Pd(t-BuyP), (69.0 mg, 0.139 mmol) in degassed
1,4-dioxane (6.90 mL) was charged with Cy,NMe (89.0 uL, 0.416
mmol). The mixture was heated in an oil bath at 100 °C for 12 h.
Upon completion as determined by TLC, the mixture was diluted
with water (15 mL) and extracted with EtOAc (3 X 15 mL). The
combined organic layers were washed with brine (15 mL), dried with
MgSO,, and concentrated under reduced pressure. The crude residue
was purified by flash column chromatography (2:1 hexanes—EtOAc
eluent, silica) to afford 41.3 mg (71% yield) of indole 26 as a yellow
oil. Ry = 0.34 (2:1 hexanes—EtOAc eluent, silica). '"H NMR (600
MHz, CD,Cl,) 6 7.76 (s, 1H), 7.33—7.26 (m, 2H), 6.94 (s, 1H), 4.25
(s, 1H), 3.68 (s, 3H), 3.57—3.49 (m, 1H), 3.37 (dt, ] = 11.0, 4.9 Hz,
1H), 3.34—3.27 (m, 1H), 2.92 (dd, J = 15.2, 4.6 Hz, 1H), 2.61 (s,
3H), 1.64 (s, 9H) ppm. *C{'H} NMR (176 MHz, CD,Cl,) § 166.21,
150.06, 138.09, 130.85, 130.16, 128.95, 128.33, 125.95, 125.69,
121.42, 116.14, 115.10, 57.36, 51.87, 48.12, 42.62, 37.95, 28.30, 23.11,
14.29. HRMS (DART-TOF) m/z: [M + H]" calced for
C,,H,CIN,0,H 417.1581; found 417.1577.

12-Chlorolysergic Acid (27). To a stirring solution of tetracyclic
compound 26 (20.4 mg, 0.049 mmol) in ethanol (0.613 mL) was
added 1 N KOH (0.613 mL), and the mixture was heated in an oil
bath at 70 °C for 3 h. Upon completion as determined by TLC, the
mixture was allowed to cool to rt. and acidified to pH 5.45 using 1 N
HCI. The resulting solution was concentrated, and the residue was
washed with cold water (3 X 1 mL) and acetone (1 mL) before being
extracted with pyridine (2 X 1 mL). Evaporation of pyridine afforded
13.9 mg (95% yield) of 12-chlorolysergic acid 27 as brown wax. 'H
NMR (700 MHz, Pyr) § 11.93 (s, 1H), 7.39—7.30 (m, 3H), 7.26 (s,
1H), 4.64 (s, 1H), 3.96 (d, ] = 17.9 Hz, 1H), 3.66 (d, ] = 17.7 Hz,
1H), 3.52—3.48 (m, 1H), 3.04—2.97 (m, 1H), 2.84 (t, ] = 13.2 Hz,
1H), 2.62 (s, 3H) ppm. *C{H} NMR (176 MHz, Pyr) § 168.7,
138.6, 134.1, 130.3, 129.5, 129.1, 121.8, 121.6, 111.8, 111.5, 58.5,
49.4, 43.1, 39.3, 15.8 ppm. HRMS (DART-TOF) m/z: [M + H]*
caled for C,4H,;;CIN,O,H 303.0900; found 303.0906.

B ASSOCIATED CONTENT

Data Availability Statement

The data underlying this study are available in the published
article and its only supplementary material.

2164

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.2c02564.

General experimental procedures; references; and 'H
NMR and *C NMR spectra (PDF)

B AUTHOR INFORMATION

Corresponding Author
Joel M. Smith — Department of Chemistry and Biochemistry,
Florida State University, Tallahassee, Florida 32306, United
States; ® orcid.org/0000-0002-1108-4751;
Email: jsmithl7@fsu.edu

Authors
Brian J. Knight — Department of Chemistry and Biochemistry,
Florida State University, Tallahassee, Florida 32306, United
States
Ryan C. Harbit — Department of Chemistry and Biochemistry,
Florida State University, Tallahassee, Florida 32306, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.2c02564

Author Contributions
"B.J.K. and R.C.H. contributed to the work equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the financial support provided by
Florida State University (FSU) and the NSF (CHE-2154662).
The authors thank Prof. James H. Frederich (FSU) for helpful
discussions.

B REFERENCES

(1) Ulrich, R. F.; Patten, B. M. The Rise, Decline, and Fall of LSD.
Perspect. Biol. Med. 1991, 34, 561—578.

(2) Nichols, D. E. Discovery of Novel Psychoactive Drugs: Has It
Ended? J. Psychoactive Drugs 1987, 19, 33—37.

(3) Neill, J. R. “More Than Medical Significance” LSD and
American Psychiatry—1953 to 1966. J. Psychoactive Drugs 1987, 19,
39—4S.

(4) McClure, M. M.; Harvey, P. D.; Goodman, M.; Triebwasser, J.;
New, A.; Koenigsberg, H. W.; Sprung, L. J.; Flory, J. D.; Siever, L. J.
Pergolide Treatment of Cognitive Deficits Associated with Schizo-
typal Personality Disorder: Continued Evidence of the Importance of
the Dopamine System in the Schizophrenia Spectrum. Neuro-
psychopharmacology 2010, 35, 1356—1362.

(5) Newman-Tancredi, A.; Cussac, D.; Audinot, V.; Nicolas, J.-P.;
De Ceuninck, F.; Boutin, J.-A,; Millan, M. J. Differential Actions of
Antiparkinson Agents at Multiple Classes of Monoaminergic
Receptor. II. Agonist and Antagonist Properties at Subtypes of
Dopamine D(2) like Receptor and alpha(1)/alpha(2)-Adrenoceptor.
J. Pharmacol. Exp. Ther. 2002, 303, 805—814.

(6) Johnson, M. P.; Loncharich, R. J.; Baez, M; Nelson, D. L.
Species Variations in Transmembrane Region V of the 5-
Hydroxytryptamine Type 2A Receptor Alter the Structure-Activity
Relationship of Certain Ergolines and Tryptamines. Mol. Pharmacol.
1994, 45, 277—286.

(7) Wacker, D.; Wang, S.; McCorvy, ]J. D.; Betz, R. M,;
Venkatakrishnan, A. J.; Levit, A.; Lansu, K; Schools, Z. L.; Che, T;
Nichols, D. E.; Shoichet, B. K;; Dror, R. O.; Roth, B. L. Crystal
Structure of an LSD-Bound Human Serotonin Receptor. Cell 2017,
168, 377—389.e12.

https://doi.org/10.1021/acs.joc.2c02564
J. Org. Chem. 2023, 88, 21582165


https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c02564/suppl_file/jo2c02564_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c02564?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c02564/suppl_file/jo2c02564_si_001.pdf
https://orcid.org/0000-0002-1108-4751
mailto:jsmith17@fsu.edu
https://pubs.acs.org/doi/10.1021/acs.joc.2c02564?ref=pdf
https://doi.org/10.1353/pbm.1991.0062
https://doi.org/10.1080/02791072.1987.10472377
https://doi.org/10.1080/02791072.1987.10472377
https://doi.org/10.1080/02791072.1987.10472378
https://doi.org/10.1080/02791072.1987.10472378
https://doi.org/10.1038/npp.2010.5
https://doi.org/10.1038/npp.2010.5
https://doi.org/10.1038/npp.2010.5
https://doi.org/10.1124/jpet.102.039875
https://doi.org/10.1124/jpet.102.039875
https://doi.org/10.1124/jpet.102.039875
https://doi.org/10.1124/jpet.102.039875
https://doi.org/10.1016/j.cell.2016.12.033
https://doi.org/10.1016/j.cell.2016.12.033
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c02564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

(8) Kim, K.; Che, T.; Panova, O.; DiBerto, J. F.; Lyu, J.; Krumm, B.
E.; Wacker, D.; Robertson, M. J.; Seven, A. B.; Nichols, D. E;
Shoichet, B. K; Skiniotis, G.; Roth, B. L. Structure of a Hallucinogen-
Activated Gq-Coupled S-HT2A Serotonin Receptor. Cell 2020, 182,
1574—1588.e19.

(9) Dongmei, C.; Jing, Y.; Huan, W.; Zhipu, L.; Xinyu, L.; Licong,
H.; Jianzhong, Q.; Luyu, F,; Lingjie, T.; Zhangcheng, C.; Jinsong, L.;
Jianjun, C.; Sheng, W. Structure-Based Discovery of Nonhallucino-
genic Psychedelic Analogs. Science 2022, 375, 403—411.

(10) Olson, D. E. The Subjective Effects of Psychedelics May Not
Be Necessary for Their Enduring Therapeutic Effects. ACS Pharmacol.
Transl. Sci. 2021, 4, 563—567.

(11) Payne, J. E; Chambers, R.; Liknaitzky, P. Combining
Psychedelic and Mindfulness Interventions: Synergies to Inform
Clinical Practice. ACS Pharmacol. Transl. Sci. 2021, 4, 416—423.

(12) Dunlap, L. E; Azinfar, A; Ly, C.; Cameron, L. P.; Viswanathan,
J.; Tombari, R. J.; Myers-Turnbull, D.; Taylor, J. C.; Grodzki, A. C,;
Lein, P. J.; Kokel, D.; Olson, D. E. Identification of Psychoplastogenic
N,N-Dimethylaminoisotryptamine (IsoDMT) Analogues through
Structure—Activity Relationship Studies. J. Med. Chem. 2020, 63,
1142—1158S.

(13) Cameron, L. P.; Tombari, R. J.; Lu, J.; Pell, A. J.; Hurley, Z. Q;
Ehinger, Y.; Vargas, M. V.; McCarroll, M. N.; Taylor, J. C.; Myers-
Turnbull, D.; Liu, T.; Yaghoobi, B.; Laskowski, L. J.; Anderson, E. L;
Zhang, G.; Viswanathan, J.; Brown, B. M,; Tjia, M.; Dunlap, L. E,;
Rabow, Z. T.; Fiehn, O.; Wulff, H.; McCorvy, J. D.; Lein, P. J.; Kokel,
D.; Ron, D; Peters, J.; Zuo, Y.; Olson, D. E. A Non-Hallucinogenic
Psychedelic Analogue with Therapeutic Potential. Nature 2021, 589,
474—479.

(14) Passie, T.; Halpern, J. H.; Stichtenoth, D. O.; Emrich, H. M,;
Hintzen, A. The Pharmacology of Lysergic Acid Diethylamide: A
Review. CNS Neurosci. Ther. 2008, 14, 295—314.

(15) Miiller-Schweinitzer, E.; Weidmann, H. Ergot Alkaloids and
Related Compounds; Springer Berlin: Heidelberg, 1978, 87—232.

(16) Liu, H; Jia, Y. Ergot Alkaloids: Synthetic Approaches to
Lysergic Acid and Clavine Alkaloids. Nat. Prod. Rep. 2017, 34, 411—
432.

(17) Kornfeld, E. C.; Fornefeld, E. J.; Kline, G. B.; Mann, M. J;
Morrison, D. E.; Jones, R. G.; Woodward, R. B. The Total Synthesis
of Lysergic Acid. J. Am. Chem. Soc. 1956, 78, 3087—3114. .

(18) Moldvai, I; Temesvari-Major, E.; Incze, M.; Szentirmay, E.;
Gdcs-Baitz, E.; Szdntay, C. Enantioefficient Synthesis of a-
Ergocryptine: First Direct Synthesis of (+)-Lysergic Acid. J. Org.
Chem. 2004, 69, 5993—6000.

(19) Inuki, S.; Oishi, S.; Fujii, N.; Ohno, H. Total Synthesis of
(£)-Lysergic Acid, Lysergol, and Isolysergol by Palladium-Catalyzed
Domino Cyclization of Amino Allenes Bearing a Bromoindolyl
Group. Org. Lett. 2008, 10, 5239—5242.

(20) Inuki, S.; Iwata, A,; Oishi, S.; Fujii, N.; Ohno, H.
Enantioselective Total Synthesis of (+)-Lysergic Acid, (+)-Lysergol,
and (+)-Isolysergol by Palladium-Catalyzed Domino Cyclization of
Allenes Bearing Amino and Bromoindolyl Groups. J. Org. Chem.
2011, 76, 2072—2083.

(21) Iwata, A; Inuki, S.; Oishi, S.; Fujii, N.; Ohno, H. Formal Total
Synthesis of (+)-Lysergic Acid via Zinc(II)-Mediated Regioselective
Ring-Opening Reduction of 2-Alkynyl-3-Indolyloxirane. J. Org. Chem.
2011, 76, 5506—3512.

(22) Kurokawa, T.; Isomura, M,; Tokuyama, H.; Fukuyama, T.
Synthesis of Lysergic Acid Methyl Ester via the Double Cyclization
Strategy. Synlett 2009, 2009, 775—778.

(23) Inoue, T.; Yokoshima, S.; Fukuyama, T. Synthetic Studies
toward (+)-Lysergic Acid: Construction of the Tetracyclic Ergoline
Skeleton. Heterocycles 2009, 79, 373—378.

(24) Umezaki, S.; Yokoshima, S.; Fukuyama, T. Total Synthesis of
Lysergic Acid. Org. Lett. 2013, 15, 4230—4233.

(25) Liu, Q; Jia, Y. Total Synthesis of (+)-Lysergic Acid. Org. Lett.
2011, 13, 4810—4813.

(26) Liu, Q; Zhang, Y.-A; Xu, P.; Jia, Y. Total Synthesis of
(+)-Lysergic Acid. J. Org. Chem. 2013, 78, 10885—10893.

2165

(27) Rathnayake, U.; Garner, P. Asymmetric Synthesis of Lysergic
Acid via an Intramolecular (3+2) Dipolar Cycloaddition/Ring-
Expansion Sequence. Org. Lett. 2021, 23, 6756—6759.

(28) Julia, M.; Le Goffic, F.; Igolen, J.; Baillarge, M. Une Nouvelle
Synthese de l'acide Lysergique. Tetrahedron Lett. 1969, 10, 1569—
1571.

(29) Armstrong, V. W.; Coulton, S.; Ramage, R. A New Synthetic
Route to (+)-Lysergie Acid. Tetrahedron Lett. 1976, 17, 4311—4312.

(30) Oppolzer, W.; Francotte, E.; Bittig, K. Total Synthesis of
(£)-Lysergic Acid by an Intramolecular Imino-Diels-Alder Reaction
Preliminary Communication. Helv. Chim. Acta 1981, 64, 478—481.

(31) Kiguchi, T.; Hashimoto, C.; Takeaki, N.; Ninomiya, I. A New
Synthesis of (+)-Lysergic Acid. Heterocycles 1982, 19, 2279—2282.

(32) Rebek, J., Jr; Tai, D. F; Shue, Y. K. Synthesis of Ergot
Alkaloids from Tryptophan. J. Am. Chem. Soc. 1984, 106, 1813—1819.

(33) Kurihara, T.; Terada, T.; Yoneda, R. A New Synthesis of
(£)-Lysergic Acid. Chem. Pharm. Bull. 1986, 34, 442—443.

(34) Cacchi, S.; Giuseppe Ciattini, P.; Morera, E.; Ortar, G. A
Concise, Palladium-Catalyzed Approach to (#)-Lysergic Acid.
Tetrahedron Lett. 1988, 29, 3117—3120.

(35) Hendrickson, J. B.; Wang, J. A New Synthesis of Lysergic Acid.
Org. Lett. 2004, 6, 3—5.

(36) Bekkam, M.; Mo, H; Nichols, D. E. A Reported “New
Synthesis of Lysergic Acid” Yields Only The Derailment Product:
Methyl S-Methoxy-4,5-Dihydroindolo[4,3-f,g] Quinoline-9-Carboxy-
late. Org. Lett. 2012, 14, 296—298.

(37) Lee, K.; Poudel, Y. B.; Glinkerman, C. M.; Boger, D. L. Total
Synthesis of Dihydrolysergic Acid and Dihydrolysergol: Development
of a Divergent Synthetic Strategy Applicable to Rapid Assembly of D-
Ring Analogs. Tetrahedron 2015, 71, 5897—5905.

(38) Burley, S. D.; Lam, V. V.; Lakner, F. J.; Bergdahl, B. M.; Parker,
M. A. New Route to the Ergoline Skeleton via Cyclization of 4-
Unsubstituted Indoles. Org. Lett. 2013, 15, 2598—2600.

(39) Knight, B. J.; Tolchin, Z. A.; Smith, J. M. A Predictive Model
for Additions to: N-Alkyl Pyridiniums. Chem. Commun. 2021, S7,
2693—2696.

(40) Hoffmann, R. W. Lysergic Acid. Classical Methods in Structure
Elucidation of Natural Products; Wiley-VCH. 2018, 121-130.

(41) Ratushnyy, M.; Parasram, M.; Wang, Y,; Gevorgyan, V.
Palladium-Catalyzed Atom-Transfer Radical Cyclization at Remote
Unactivated C(sp®)—H Sites: Hydrogen-Atom Transfer of Hybrid
Vinyl Palladium Radical Intermediates. Angew. Chem., Int. Ed. 2018,
§7, 2712-2718S.

(42) Krasovskiy, A.; Knochel, P. A LiCl-Mediated Br/Mg Exchange
Reaction for the Preparation of Functionalized Aryl- and Hetero-
arylmagnesium Compounds from Organic Bromides. Angew. Chem.,
Int. Ed. 2004, 43, 3333—3336.

(43) Ziegler, D. S.; Wei, B.; Knochel, P. Improving the Halogen—
Magnesium Exchange by Using New Turbo-Grignard Reagents.
Chem. —Eur. J. 2019, 25, 2695—2703.

(44) Littke, A. F.; Fu, G. C. A Versatile Catalyst for Heck Reactions
of Aryl Chlorides and Aryl Bromides under Mild Conditions. J. Am.
Chem. Soc. 2001, 123, 6989—7000.

(45) Tasker, N. R.; Wipf, P. A Short Synthesis of Ergot Alkaloids and
Evaluation of the 5-HT;,, Receptor Selectivity of Lysergols and
Isolysergols. Org. Lett. 2022, 24, 7255—7259.

https://doi.org/10.1021/acs.joc.2c02564
J. Org. Chem. 2023, 88, 21582165


https://doi.org/10.1016/j.cell.2020.08.024
https://doi.org/10.1016/j.cell.2020.08.024
https://doi.org/10.1126/science.abl8615
https://doi.org/10.1126/science.abl8615
https://doi.org/10.1021/acsptsci.0c00192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.0c00192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.1c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.1c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsptsci.1c00034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01404?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-020-3008-z
https://doi.org/10.1038/s41586-020-3008-z
https://doi.org/10.1111/j.1755-5949.2008.00059.x
https://doi.org/10.1111/j.1755-5949.2008.00059.x
https://doi.org/10.1039/C6NP00110F
https://doi.org/10.1039/C6NP00110F
https://doi.org/10.1021/ja01594a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01594a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo049209b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo049209b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol8022648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol8022648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol8022648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol8022648?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo102388e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo102388e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo102388e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2008324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2008324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2008324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0028-1087948
https://doi.org/10.1055/s-0028-1087948
https://doi.org/10.3987/COM-08-S(D)42
https://doi.org/10.3987/COM-08-S(D)42
https://doi.org/10.3987/COM-08-S(D)42
https://doi.org/10.1021/ol4019562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol4019562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2018467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4018777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo4018777?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c02337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)87946-6
https://doi.org/10.1016/S0040-4039(01)87946-6
https://doi.org/10.1016/0040-4039(76)80103-7
https://doi.org/10.1016/0040-4039(76)80103-7
https://doi.org/10.1002/hlca.19810640212
https://doi.org/10.1002/hlca.19810640212
https://doi.org/10.1002/hlca.19810640212
https://doi.org/10.3987/R-1982-12-2279
https://doi.org/10.3987/R-1982-12-2279
https://doi.org/10.1021/ja00318a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00318a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1248/cpb.34.442
https://doi.org/10.1248/cpb.34.442
https://doi.org/10.1016/0040-4039(88)85101-3
https://doi.org/10.1016/0040-4039(88)85101-3
https://doi.org/10.1021/ol0354369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol203048q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol203048q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol203048q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol203048q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tet.2015.05.093
https://doi.org/10.1016/j.tet.2015.05.093
https://doi.org/10.1016/j.tet.2015.05.093
https://doi.org/10.1016/j.tet.2015.05.093
https://doi.org/10.1021/ol400620a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol400620a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC00056J
https://doi.org/10.1039/D1CC00056J
https://doi.org/10.1002/anie.201712775
https://doi.org/10.1002/anie.201712775
https://doi.org/10.1002/anie.201712775
https://doi.org/10.1002/anie.200454084
https://doi.org/10.1002/anie.200454084
https://doi.org/10.1002/anie.200454084
https://doi.org/10.1002/chem.201803904
https://doi.org/10.1002/chem.201803904
https://doi.org/10.1021/ja010988c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010988c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c02564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

