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ABSTRACT:  A concise and convergent synthesis of the isosteroidal alkaloids veratramine and 20-epi-veratramine has been 
accomplished. A Horner-Wadsworth-Emmons olefination joins two chiral building blocks of approximately equal complexity and 
a transition-metal catalyzed intramolecular Diels-Alder cycloaddition-aromatization cascade constructs the tetrasubstituted 
arene. Other key steps include a highly diastereoselective crotylation of an N-sulfonyl iminium ion and an Eschenmoser frag-
mentation. The chiral building blocks developed for this synthesis could be used to access a range of additional isosteroidal 
alkaloids using our diversifiable strategy. Our work shows that 20-epi-veratramine is not identical with a natural product proposed 
to have that structure. The single crystal X-ray structures of veratramine and 20-epi-veratramine are reported.

Plants of the genus Veratrum and Fritillaria produce a va-
riety of architecturally intriguing isosteroidal alkaloids, with 
over 150 natural products isolated and characterized to 
date (Scheme 1A).1 Some of these exhibit potent biolog-
ical activities, such as antitumor, antihypertension, and 
antiarrhythmia activity.2,3,4 Structurally, they feature a tet-
racyclic 6/6/5/6 scaffold linked to a piperidine heterocycle. 
They are distinguished from each other through their oxi-
dation patterns and the degree of unsaturation in their D-
ring, which can be aromatic (e.g., in veratramine, 20-epi-
veratramine, and heilonine), partially saturated (e.g., in 
cyclopamine, stenanzine, and hosukinidine) or fully 

saturated (e.g., in ebeiedine and tortifoline).  Further in-
creasing their diversity, these alkaloids come in a bewil-
dering array of configurational permutations with respect 
to stereocenters at C20, C22, C23, and C25. For instance, 
veratramine, stenanzine, and tortifoline feature the 20(S) 
configuration, whereas 20-epi-veratramine, ebeiedine, 
hosukinidine, and heilonine are 20(R) configured. The bi-
ological consequences of this variability are poorly under-
stood. 
  

 

 
 
Scheme 1. A) Selected isosteroidal alkaloids with different degrees of saturation in the D ring and stereochemical variations. 
B) Initial steps of their biosynthesis. Easily epimerized stereocenters are indicated with a blue circle. 
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The occurrence of diastereomeric family members can be 
explained considering their biosynthesis (Scheme 1B). 
The biosynthetic pathway is known to proceed through 
cholesterol, all carbons of which are retained in the iso-
steroidal alkaloids.5,6,7,8 It involves oxidations at C26 and 
C22 and features several epimerizable intermediates, 
such as the aldehyde 1, the aminoketone 2, and the D1-
piperideine verazine. Indeed, 20-epi-verazine has been 
isolated in up to a 1:1 ratio relative to verazine in Veratrum 
maackii.9 Reduction of the imine, oxidative activation at 
C12, Wagner-Meerwein type skeletal rearrangement, and 
further oxidations then lead to the isosteroidal alkaloids. 
An isomer of veratramine, proposed to be 20-epi-veratra-
mine, was reported in 1997.10   
Given the prominent bioactivities and attractive structures 
of the isosteroidal alkaloids, it is no surprise that they have 
attracted considerable attention from the synthetic com-
munity, and especially so in recent years.11-18 We have 
joined this effort, aiming at a convergent and diversifiable 
strategy that would provide maximal flexibility with respect 
to the saturation of the D ring and the stereocenters at 
C20 and on the piperidine ring (Scheme 2). Previous syn-
theses installed the D ring using aromatic starting materi-
als (veratramine, Johnson;11 veratramine, Gao;12 hei-
lonine, Dai13), biomimetic Meerwein-Wagner rearrange-
ments (cyclopamine, Giannis;14 veratramine and cyclopa-
mine, Liu and Qin15), furan Diels-Alder reaction (zygade-
nine, Luo16), rhodium-catalyzed cyclotrimerization (hei-
lonine, Rawal17), or ruthenium-catalyzed ring-closing me-
tathesis (cyclopamine, Baran18).  We decided to center 
our approach on an intramolecular Diels Alder reaction 
(IMDA), identifying 1,4-cyclohexadiene 3 as a key inter-
mediate. In the forward direction, 3 could either be aroma-
tized or selectively reduced at the less hindered double 
bond. Retrosynthetically, 1,4-cyclohexadiene 3 could be 
traced to dienyne 4, via diastereoselective cycloaddition. 
This intermediate could stem from allylic phosphonate 5 
and alkynal 6 via stereoselective olefination. Piperidine 
building block 5 and A/B ring decalin building block 6 are 
of approximately equal size and complexity, rendering our 
strategy highly convergent.   
We now report a concise and convergent synthesis of 
veratramine and 20-epi-veratramine along these lines. 
The assembly of the piperidine building block began with 
enantiomerically pure o-bromo sulfonamide 8, prepared 
from commercially available (S)-3-methyl piperidine (7, 
$9/g; Scheme 3A). Regioselective desaturation via C–H-
activation gave the known phenylsulfonyl enamine 9 on a 
multigram scale.19 Careful optimization of this step im-
proved both its regioselectivity and yield from 3:1 to 5:1 
and from 54% to 72%, respectively.  
For the installation of the side chain, we initially followed 
a protocol developed by Taber.20  Conversion of 9 into un-
stable bromohydrin 10, followed by treatment with 

potassium hydride, and subsequent addition of crotyl 
magnesium chloride (11) gave piperidines 12α and 12β 
as an easily separated 1:1 mixture of diastereomers. As 
such, this procedure lacked stereoselectivity but it gave 
access to both desired epimers. 

 

Scheme 2: Retrosynthetic analysis and identification of key 
building blocks for an IMDA approach. PG = protecting 
group. 
 
For the 20(R), or α, series, we were able to develop a 
highly diastereoselective protocol. We hypothesized that 
the absence of stereoselectivity in the previous conditions 
resulted from the crotyl Grignard nucleophile existing as 
an equilibrating E:Z mixture due to rapid metallotropic 
shifts.21 This led us to investigate configurationally stable 
nucleophiles, such as crotyl silanes. We also prepared N, 
O acetal 13 as an N-sulfonyl iminium electrophile precur-
sor. Such electrophiles are known to react with simple allyl 
nucleophiles under Lewis acid catalysis;22,23,24 however, 
minimal data were available to predict which crotyl isomer 
would afford the desired product. We reasoned that attack 
of E-but-2-en-1-yltrimethylsilane 14 onto the N-sulfonyl 
iminium ion through transition state 15 would provide the 
desired α-adduct (Scheme 4). Using 14 and TiCl4 indeed 
gave the desired diastereomer as the major product, 
along with a facial isomer 16, whose side-chain configu-
ration could not be fully determined. The diastereomer 
12β was not observed under these conditions. We hy-
pothesized that the facial selectivity with respect to the pi-
peridine ring could be improved by increasing the steric 
bulk of the Lewis acid. Whereas alkoxy or cyclopentadi-
enyl titanium species shut down reactivity, titanium tetra-
bromide increased the d.r. to 10:1. This reaction could be 
reliably performed on gram scale.  
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Scheme 3: Assembly and linkage of the key building blocks. A) Assembly of a chiral piperidine building block. B) Cross metath-
esis approach to allylic phosphonates. C) Synthesis of steroidal building block and coupling of the piperidyl and steroidal building 
blocks. 
 

 

Scheme 4. Reaction design and optimization for the dia-
stereoselective crotylation of N, O acetal 13. For n.d., no 
product was detected. 
 
 
To elaborate 12α,β to the requisite allylic phosphonate 
building blocks of type 5, we employed cross metathesis 
(Scheme 3B).25,26 Following protection of alcohols 12α 
and 12β as benzyl ethers 17α and 17β, respectively, sub-
jection to various Grubbs-type catalysts in the presence 
of diethyl allylphosphonate (18) at temperatures up to 70 
°C gave minimal conversion. We hypothesized that cata-
lyst decomposition occurred at higher temperatures, so 
we screened thermally stable NHC-ligated ruthenium 
complexes and found 19 (“Green Catalyst”) to be best 
suited.27 After optimization of catalyst addition, solvent, 

SiMe3

H
13

LA N

Me

PhSO2 OH
H

Lewis Acid 12α : 16

1.9 : 1TiCl4
0.7 : 1BF3

n.d.Sc(OTf)3

n.d.CpTiCl3

>10 : 1TiBr4

n.d.Ti(Oi-Pr)4

‡

12α

16

N

Me

PhSO2 OLA

H

+

Me

15

 14

https://doi.org/10.26434/chemrxiv-2024-ccrr6-v2 ORCID: https://orcid.org/0000-0002-6782-6056 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-ccrr6-v2
https://orcid.org/0000-0002-6782-6056
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

and stoichiometry, 20α and 20β could be reliably pre-
pared on a gram scale.  
The A/B ring building block of type 6 was accessed from 
the known tetracyclic enone 22.28 This compound is read-
ily available on a decagram scale from Wieland Miescher 
ketone (21) via acetal protection and Robinson annulation 
(Scheme 3C). Net enone transposition with installation of 
the final methine stereocenter was accomplished in two 
steps. First, conjugate reduction gave ketone 23, which 
features the thermodynamically more favorable trans de-
calin linkage. Then, regioselective desaturation was 
achieved via formation of the less-hindered enolate using 
the bulky lithium 2,2,6,6-tetramethylpiperidide followed by 
reaction with the oxidant N-tert-butylbenzenesulfinimidoyl 
chloride.29,30 At this point, the configuration of enone 24 
was confirmed via single crystal X-ray diffraction (XRD; 
see SI). To install both the aldehyde and the alkyne moi-
eties simultaneously, we envisioned performing an 
Eschenmoser fragmentation. To this end, 24 underwent 
nucleophilic epoxidation to give an epoxy ketone as a sin-
gle diastereomer that was used without purification. Initial 
attempts at the Eschenmoser fragmentation using stand-
ard conditions (e.g., TsNHNH2/AcOH) resulted in tosylhy-
drazine condensation with the desired ynal. To avoid this 
issue, we investigated the thermal variant of the Eschen-
moser fragmentation.31 The isolable imino aziridine 26 
was formed as an inconsequential mixture of diastere-
omers using racemic hydrazine 25, then subjected to ther-
molysis. After optimization of solvent and heating meth-
ods, we found that microwave heating at 150 °C cleanly 
afforded ynal 27 with the correct anti relationship of the 
propargyl and formyl substituents. Under these condi-
tions, the only byproducts are nitrogen and stilbene, so 
the crude mixture could be used immediately following 
concentration. Nevertheless, 27, could be isolated and 
fully characterized (see SI). Crude 27 could be linked with 
phosphonate 20 through Horner-Wadsworth-Emmons 
olefination.32 The terminal alkyne of the resulting interme-
diate was methylated in the same reaction pot to yield 28. 
This sequence was highly effective and gave both dia-
stereomers 28α and 28β in good overall yield from hydra-
zone 26.  
The stage was now set for the IMDA reaction that would 
construct the D ring (Scheme 5A). Attempts at thermal 
cyclization of 28α proved ineffective – minimal conversion 
was observed at 130 °C and decomposition rapidly oc-
curred at 150 °C. We therefore focused on rhodium and 
nickel catalyzed dienyne IMDA reactions.33,34,35 Using 
[Rh(COD)Cl]2 in trifluoroethanol (TFE),36 we observed for-
mation of a single 1,4-cyclohexadiene as determined by a 
characteristic AB system in the 1H NMR spectrum. Its 
structure was tentatively assigned as 29 based on a con-
formational analysis of the precursor and mechanistic 
considerations. We also investigated Ni0-catalyzed cycli-
zations using the recently introduced stable Ni0 source 
Ni(4-tBustb)3.37 This catalyst produced 29 alongside a dia-
stereomer. Thus, we sought to unambiguously character-
ize 29 via X-ray diffraction to determine the orientation of 
the two newly installed methine stereocenters. Whereas 
numerous attempts to crystallize 29 failed, removal of the 

N-sulfonyl and O-benzyl groups gave crystalline 33 
(Scheme 5A, inset). Single crystal XRD corroborated the 
anticipated stereochemistry (Scheme 5C, left). 
We discovered two additional important nuances while 
optimizing the rhodium-catalyzed IMDA reaction: cationic 
rhodium sources tended to (1) produce some aromatized 
product and (2) effect deketalization and double bond mi-
gration in the presence of trace water. Since we needed 
to aromatize the D-ring and hydrolyze the dioxolane pro-
tecting group anyways, we decided to optimize for this re-
activity by adding AgSbF6 to abstract chloride and form a 
cationic rhodium complex in situ.  After screening several 
ligands and potential hydrogen acceptors, we also found 
that addition of diethyl fumarate (30) significantly im-
proved the yield of the aromative IMDA reaction. Notably, 
exposure of the intermediary 1,4-cyclohexadiene 29 to 
more conventional dehydrogenation reagents, such as 
DDQ, gave poor results. Finally, we found that deliberate 
addition of 25 equivalents of water hydrolyzed the ketal 
and isomerized the double bond, providing aromatic 
enone 31 from dienyne 28α in a single operation.   
The synthesis of 20-epi-veratramine was completed 
through stereoselective conversion of enone 31 to 
homoallylic alcohol 32 via a dienyl acetate (Scheme 5B). 
Reductive debenzylation and sulfonylation under dissolv-
ing metal conditions then gave our first synthetic target. 
Its epimer was synthesized analogously.  Rhodium-cata-
lyzed aromative IDMA reaction with concomitant depro-
tection and double bond migration gave enone 34 in one 
operation from 1,4-cyclohexadiene 28β.  Installation of 
the homoallylic alcohol in the A/B ring yielded 35 and re-
ductive deprotection then delivered veratramine. 
In the case of veratramine, our analytical data were iden-
tical in all respects with published data.38 However, our 
sample of 20-epi-veratramine did not match the reported 
NMR or optical rotation data (see SI).38 Thus, we crystal-
lized both veratramine and 20-epi-veratramine for analy-
sis via single crystal XRD. The crystallographic analysis 
confirmed our assignment of each natural product 
(Scheme 5C). Whereas the structures of the steroidal 
cores remain essentially unperturbed, the configuration at 
C20 dramatically influences the orientation of the piperidyl 
ring. To avoid A1,3 strain, the C–H bond at C20 is essen-
tially coplanar with the aromatic ring.  This orients the pi-
peridyl moiety downwards in 20-epi-veratramine and up-
wards in veratramine. The true structure of the isosteroi-
dal alkaloid proposed to be 20-epi-veratramine remains to 
be determined. However, the C23-O-glucoside of 20-epi-
veratramine has been isolated, and its spectroscopic data 
are in good agreement with our sample, with minor, pre-
dictable deviations for resonances adjacent to the site of 
O-glycosylation.39 Thus, we believe that 20-epi-veratra-
mine could be a bona fide natural product.40 
In sum, we have developed a short and efficient synthesis 
of 20-epi-veratramine and veratramine that compares well 
with previous approaches. It proceeds in 11 linear steps 
from commercially available (S)-3-methylpiperidine or in 9 
linear steps from the known hydrophenanthrenone 22 (13 
from 21). Access to 1,4-cyclohexadiene 29 and its epimer 
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will allow us to extend our program towards additional iso-
steroidal alkaloids, such as stenanzine and hosukinidine. 
The IMDA approach could be further diversified to reach 
hexacylic isosteroidal alkaloids, such as heilonine, 

ebeiedine, and tortifoline. These studies will support phar-
macological exploration into this diverse family of alka-
loids, including the opportunity to study the bioactivities of 
the 20(R) series. 

 
Scheme 5: Construction of the D ring and completion of the total syntheses of A) 20-epi-veratramine, and B) veratramine. C) 
Corroborating single crystal X-ray diffraction analysis.  
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