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ABSTRACT: Chemical transformations that rapidly and efficiently construct a high level of molecular complexity in a single step
are perhaps the most valuable in total synthesis. Among such transformations is the transition metal catalyzed [2 + 2 + 2]
cycloisomerization reaction, which forges three new C−C bonds and one or more rings in a single synthetic operation. We report
here a strategy that leverages this transformation to open de novo access to the Veratrum family of alkaloids. The highly convergent
approach described herein includes (i) the enantioselective synthesis of a diyne fragment containing the steroidal A/B rings, (ii) the
asymmetric synthesis of a propargyl-substituted piperidinone (F ring) unit, (iii) the high-yielding union of the above fragments, and
(iv) the intramolecular [2 + 2 + 2] cycloisomerization reaction of the resulting carbon framework to construct in a single step the
remaining three rings (C/D/E) of the hexacyclic cevanine skeleton. Efficient late-stage maneuvers culminated in the first total
synthesis of heilonine (1), achieved in 21 steps starting from ethyl vinyl ketone.

Steroidal alkaloids have been shown to possess a wide range
of biological activities that are relevant to human health.1

One such class of compounds is derived from the Veratrum
genus of liliaceous plants. These highly intricate alkaloids all
share a common C-nor-D-homo steroid skeleton and can be
categorized into three different structural types based on the
connectivity to the piperidine (F) ring (Figure 1A).2 The
cevanine-type consists of an entirely fused hexacyclic scaffold,
wherein rings E and F comprise a basic nitrogen-containing
quinolizidine unit. Members of this group are adorned with
varying levels of oxygenation, as exemplified by heilonine (1)
and germine (2). Despite being the largest subclass of the
Veratrum familymore than 70 members in total have been
isolated to dateonly one of them has yielded to chemical
synthesis (vide inf ra). As opposed to their cevanine counter-
parts, the veratramine and jervine types are more investigated
in terms of their synthesis and therapeutic potential.3−5 These
members can be characterized by either the absence of an E
ring or its inclusion as a spirofuran motif (cf. namesake
compounds veratramine (5) and jervine (6), respectively).
The early synthetic interest in these alkaloids culminated in

total syntheses of veratramine (5) and jervine (6) by the
groups of Johnson and Masamune, respectively (Figure
1B).3a,b Shortly after these breakthrough achievements, Kutney
published a total synthesis of verarine (4) along with an
improved route to the above-mentioned congeners.3c−e All of
these strategies involved the coupling of a C-nor-D-homo
steroid system with a heterocyclic piperidine unit or synthon
thereof. A decade later, in 1977, Kutney reported the
semisynthesis of verticine (3), the first and only chemical
synthesis reported to date of a cevanine-type alkaloid. This
approach also capitalized on the convergent nature of the
aforementioned strategies; however, 30 steps were needed
(starting from hecogenin acetate) to reach the final target.3f,g

The only other member to succumb to synthesis in the past 40
years was reported in 2009, when Giannis published a

semisynthetic strategy to cyclopamine (7), through a route
requiring 26 steps from dehydroepiandosterone.3h,6 Notably,
despite decades of effort from numerous laboratories,4 the de
novo chemical synthesis of these alkaloids remains an unmet
challenge.7 We have developed a general strategy to construct
the C-nor-D-homo steroid skeleton of these alkaloids via a
transition metal catalyzed [2 + 2 + 2] cycloisomerization
reaction and have incorporated this chemistry to complete a
convergent synthesis of heilonine (1), a member of the
cevanine subfamily possessing the conspicuous aromatic D
ring, which is also found in a handful of related alkaloids (see
Figure 1A).
The isolation of heilonine (1) was reported in 1989 from

Fritillaria ussuriensis Maxim., collected in the Hei-Long-Jiang
province in China, from which its name was derived.8 The
complex hexacyclic structure of the natural product along with
its nine stereogenic centers was elucidated by NMR spectros-
copy and X-ray crystallographic analysis. Heilonine is believed
to be a constituent in the important Chinese herbal drug “Bei-
mu”, which has traditionally been used as a sedative,
antitussive, and expectorant.9

In our retrosynthetic plan toward 1, we envisioned hexacycle
A as a key intermediate that could arise from an intramolecular
alkyne trimerization of B (Scheme 1). Since the initial
discovery by Reppe in 1948 that transition metals can catalyze
the cyclotrimerization of alkynes and pioneering applications
by Vollhardt in several classic steroid syntheses,10,11 the [2 + 2
+ 2] cycloaddition has seen relatively few applications in
complex molecule synthesis despite its ability to forge multiple
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C−C bonds and rings in a single step.12,13 This powerful
simplifying transform leads to a plausible point of divergence,
as triyne B could be traced back to two fragments of similar
complexity: bicyclic diyne C and propargyl-substituted
piperidinone D. The stereochemistry of D would be set during
an asymmetric Evans aldol reaction between a propionyl unit
H and aldehyde I. Stereoinvertive azidation of the resultant
syn-aldol adduct followed by Staudinger-type reductive
cyclization would form the piperidinone ring. The preparation
of fragment C was anticipated to be achieved by a Robinson
annulation to form the A ring. Functional group interconver-
sions and nucleophilic displacement with an acetylide to
introduce the propargyl unit led us to intermediate E, which
was expected to arise from an enantioselective Diels−Alder
reaction between F and G. With convergent access to the
hexacyclic scaffold of A, we anticipated that a diastereoselective
methylation and several late-stage redox adjustments would
allow us to complete the total synthesis of heilonine.
Preparation of propargylic bromide 17 began with

siloxydiene 8 and commercially available dienophile 9 through

the use of an organocatalytic, enantioselective Diels−Alder
reaction employing diarylprolinol-derived catalyst 18 (Scheme
2).14 Developed by Yang and co-workers for the preparation of
a similar starting material en route to their landmark total
synthesis of (+)-propindilactone G, this transformation is
reported to be highly efficacious, atom-economic, and scalable,
so it presented a convenient starting point for building the A/B
ring fragment 17.15 Indeed, the Diels−Alder reaction
proceeded well and afforded exo cycloadduct 10 in 67%
yield and 90% ee on a decagram scale.16 The structure assigned
to 10 was consistent with 1H NMR coupling constants and
NOE analysis of a downstream intermediate (see Supporting
Information).
Aldehyde 10 underwent Gilbert−Seyferth homologation to

provide alkyne 11 in 84% yield through the use of the
Bestmann−Ohira reagent.17 As extensive epimerization was
observed under the standard protocol (i.e., K2CO3 in
methanol), the reaction conditions were carefully examined
to overcome this complication. Ultimately, it was found that
preforming the diazo anion species in situ prior to addition of

Figure 1. (A) Representative members of the Veratrum alkaloids of the three structural subtypes and (B) Previous total syntheses of the Veratrum
alkaloids.

Scheme 1. Retrosynthetic Strategy to Heilonine (1) Utilizing a Convergent Fragment Coupling and [2 + 2 + 2] Cycloaddition
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the substrate furnished the homologated product cleanly and
in good yield.18 A sequence involving one-pot ester
reductionsilyl enol ether hydrolysis (DIBAL-H; then n-
Bu4NF) and silylation of the primary alcohol (TBSCl,
imidazole, 4-DMAP)afforded 12 as an inconsequential
mixture of diastereomers in 90% yield over two steps.
Next, a three-step Robinson annulation protocol was

employed to furnish octalone 13.19 Thus, 12 was smoothly
converted to its thermodynamic silyl enol ether (TMSI,
HMDS), which underwent a Mukaiyama−Michael reaction
with methyl vinyl ketone (BF3·OEt2, i-PrOH) and subsequent
aldol closure/dehydration (NaOMe, MeOH) to provide 13.
An inseparable 3:1 mixture of diastereomers was formed
during the Mukaiyama−Michael reaction; however, only the
major (desired) stereoisomer underwent subsequent aldol
cyclization/dehydration, permitting clean isolation of 13.
Although the isolated yield for this annulation sequence was
moderate, due to competing silyl enol ether hydrolysis back to
12 during the Mukaiyama−Michael step, this material could be
smoothly recycled to afford a 61% yield of 13 (over three
steps) after three sequences of recycling hydrolyzed material.
Octalone 13 was transformed to tosylate 16 in 79% yield

over three steps: ketalization with concomitant olefin isomer-
ization, silyl deprotection, and sulfonylation. Treatment of 16
with the lithio derivative of propargyl tetrahydropyranyl
(THP) ether in THF and heating the resultant solution at
reflux for 18 h afforded the desired diyne (not shown) in 75%
yield. Attempts to perform this reaction at lower temperature
with or without the use of polar aprotic additives (e.g., DMPU,
HMPA) gave inferior results. Chemoselective deprotection of
the THP acetal (catalytic Bi(OTf)3, 2,2-dimethylpropane-1,3-
diol, MeCN) and bromination (CBr4, PPh3, i-Pr2NEt) gave the
requisite propargyl bromide fragment 17 in 77% yield over two
steps.
The synthesis of the piperidinone fragment commenced

with an Evans aldol reaction between commercially available
20 and known aldehyde 21 (Scheme 3).20,21 The desired syn-
aldol adduct was formed in excellent yield as a single
diastereomer. A Mitsonobu reaction (PPh3, DIAD, DPPA)

was used to install an azide, and the Evans auxiliary was
subsequently removed (LiOBn) to afford diester 23 in 66%
yield over two steps. Staudinger reduction of the azide resulted
in spontaneous lactamization under the reaction conditions to
cleanly form 24 in 89% yield. Of note, removal of the chiral
auxiliary prior to the reductive cyclization was found to be
necessary due to competing cyclization occurring exclusively
on the imide moiety. Once the piperidinone ring had been
formed, the ester was converted to aldehyde 25 in two steps,

Scheme 2. Synthesis of Propargyl Bromide Fragment (17)a

aReagents and conditions: (a) 8 (1.2 equiv), 9 (1 equiv), 18 (10 mol %), CF3CO2H (20 mol %), −10 °C, PhMe, 16 h (67%, 90% ee); (b) KOEt
(3.2 equiv), 19 (3.6 equiv), −78 °C, THF, 1.5 h (84%); (c) DIBAL-H (3.3 equiv), −78 °C to rt, THF, 3 h then add MeOH (1.2 equiv), n-Bu4NF
(3 equiv), 0 °C to rt, 3 h (97%, dr = 2.3:1); (d) TBSCl (1.1 equiv), imidazole (1.5 equiv), 4-DMAP (0.1 equiv), 0 °C to rt, CH2Cl2, 24 h (93%);
(e) TMSI (1.2 equiv), HMDS (1.6 equiv), 0 °C to rt, CH2Cl2, 4 h (97%); (f) Methyl vinyl ketone (2 equiv), MeNO2 (3 equiv), i-PrOH (3 equiv),
BF3·OEt2 (2.3 equiv), −78 °C to −65 °C, CH2Cl2, 24 h (55%, dr = 3:1); (g) NaOMe (1.6 equiv), rt to 40 °C, MeOH, 8 h (66%); (h) 2,2-
Dimethylpropane-1,3-diol (5 equiv), PPTS (0.2 equiv), 100 °C, PhH, 20 h (63% 14 + 24% 15); (i) n-Bu4NF (2 equiv), rt, THF, 20 h (93%); (j) p-
TsCl (3 equiv), Et3N (10 equiv), 4-DMAP (2 equiv), 0 °C to rt, CHCl3, 24 h (96%); (k) Tetrahydro-2-(2-propynyloxy)-2H-pyran (2.5 equiv), n-
BuLi (2.4 equiv), −78 °C to rt, THF, 2 h then add 16 (1 equiv), − 78 to 70 °C, 18 h (75%); (l) Bi(OTf)3 (5 mol %), 2,2-Dimethylpropane-1,3-diol
(5 equiv), −10 °C, MeCN, 2 h (87%); (m) CBr4 (1.2 equiv), PPh3 (1.5 equiv), i-Pr2NEt (3 equiv), 0 °C to rt, CH2Cl2, 2 h (89%).

Scheme 3. Synthesis of Piperidinone Fragment (26)a

aReagents and conditions: (a) 20 (1 equiv), n-Bu2BOTf (1.1 equiv),
i-Pr2NEt (1.4 equiv), −78 to 0 °C, CH2Cl2, 3.5 h then add 21 (1.1
equiv), −78 °C to rt, 20 h then add MeOH/pH 7 buffer, 30% aq.
H2O2, 0 °C, 2 h (95%); (b) PPh3 (1.5 equiv), DIAD (1.5 equiv),
DPPA (1.5 equiv), 0 °C to rt, 10 h (85%); (c) Benzyl alcohol (2
equiv), n-BuLi (1.8 equiv), −78 to 0 °C, THF, 30 min, then −40 °C
to −20 °C, 3.5 h (78%); (d) PPh3 (1.2 equiv), H2O (10 equiv), 60
°C, THF, 24 h (89%); (e) LiBH4 (5 equiv), MeOH (6 equiv), 0 °C
to rt, THF 24 h (94%); (f) Dess-Martin periodinane (1.3 equiv), rt,
CH2Cl2, 3 h then add solid NaHCO3 (98%); (g) KOEt (3.3 equiv),
19 (4 equiv), −78 °C to −50 °C, THF, 1.5 h (90%).
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followed by modified Gilbert−Seyferth homologation to
furnish the requisite fragment 26.
The two chiral fragments were conjoined by alkylation of

piperidinone 26 (NaH, DMF) with propargyl bromide 17 to
provide triyne 27 in excellent yield (Scheme 4). Significantly,
only 1 equiv of each fragment was necessary in this highly
efficient reaction. The critical [2 + 2 + 2] cycloisomerization
required some optimization to provide synthetically useful
yields (see Supporting Information for a brief summary).
Ultimately, we found that RhCl(PPh3)3 (Wilkinson’s catalyst)
in refluxing ethanol smoothly effected the alkyne trimerization,
affording the desired cevanine framework in 89% yield.22 In
accordance with a previous report,22b it was found that a polar
solvent was crucial to achieve a high yield of the cyclo-
isomerized product. This transformation can also be performed
using conditions developed by Yamamoto (Cp*Ru(cod)Cl,
DCE),23 but it required higher catalyst loadings in order to
obtain useful yields. With a robust set of conditions leading to
hexacyclic intermediate 28, all that remained was installation of
the C-27 methyl group and some redox adjustments. We found
the lactam methylation to be quite challenging, and many
standard conditions failed to provide any conversion to the
methylated product.24 It was not until strongly basic
conditions (n-BuLi, t-BuLi) were employed that any
methylation was observed, delivering 29 in moderate yield
and as a ca. 2:1 mixture of C-25 epimers. Upon further
investigation, we found lithium 2,2,6,6-tetramethylpiperidine

(LiTMP) in the presence of hexamethylphosphoramide
(HMPA) as a cosolvent led to an extremely rapid trapping
of the intermediate enolate by methyl iodide. After a thorough
optimization of the reaction conditions, it was found that 3
equiv of LiTMP were necessary to achieve complete
enolization (as indicated by full conversion of 28 upon
ensuing treatment with MeI). Furthermore, quenching of the
reaction mixture with methanol at −78 °C gave the desired
diastereomer in high selectivity (dr = 7:1) and permitted clean
isolation of 29 in 63% yield, while a side product containing an
additional methyl group was also recovered (10−15% yields).
Precise control of reagent stoichiometry was deemed crucial, as
a significant amount of this dimethylated side product (40−
45% yields) was formed when too large of an excess of base
was used. An analysis of the 2-D NMR of the side-product
indicates that the additional methyl group is incorporated at
the benzylic carbon (C-18), giving an inseparable 4:1 mixture
of diastereomers of undetermined relative stereochemistry.
The formation of this byproduct necessitates the intermediacy
of the C-18-lithio species, presumably through benzylic
lithiation of the initially formed enolate.25

Intermediate 29, which now possesses the entire carbon
skeleton of the natural product, was treated with p-
toluenesulfonic acid in acetone to afford enone 30 in near-
quantitative yield. This material was transformed (Ac2O,
TMSCl, NaI) to dienol acetate 31,26 the oxidation of which
with m-chloroperoxybenzoic acid furnished γ-hydroxyenone 32

Scheme 4. Completion of the Total Synthesis of Heilonine (1)a

aReagents and conditions: (a) NaH (1.5 equiv), DMF, 0 °C to rt, 18 h (93%); (b) RhCl(PPh3)3 (10 mol %), EtOH, 80 °C, 30 min (89%); (c)
Lithium 2,2,6,6-tetramethylpiperidine (3 equiv), HMPA/THF (1:10), −78 °C, 20 min then add MeI (8 equiv), −78 °C, 1 min then add MeOH
(quench), −78 °C (72%, dr = 7:1); (d) p-TsOH·H2O (2.5 equiv), H2O, acetone, 0 °C to rt, 15 h (98%); (e) TMSCl (4 equiv), NaI (4 equiv),
Ac2O, 0 °C, 4 h (100%); (f) m-CPBA (1.2 equiv), KH2PO4−Na2HPO4 buffer (pH 8), 1,4-dioxane, 0 °C to rt, 20 h (78%); (g) HBr (0.1 equiv),
Et2O, rt, 1.5 h then add LiAlH4 (3 equiv), −78 °C to rt, 1 h then add LiAlH4 (4 equiv), rt to 60 °C, 18 h (72%).

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c08756
J. Am. Chem. Soc. 2021, 143, 16394−16400

16397

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08756/suppl_file/ja1c08756_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08756?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c08756?fig=sch4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in 78% yield over two steps.27 Treatment of 32 with catalytic
hydrobromic acid promoted its clean isomerization to a γ-
diketone (not shown),28 an intermediate that was directly
subjected to global reduction, which accomplished the
diastereoselective reduction of both ketones and the total
reduction of the lactam functionality to afford heilonine (1).
For the purpose of full characterization, this material was
converted to its diacetate, which was found to be spectroscopi-
cally identical to the diacetate derivative of naturally isolated
heilonine.8

In summary, we have achieved the first total synthesis of
heilonine (1), representing the first de novo synthesis of a
cevanine-type alkaloid. The key to the success of our strategy
was the utilization of an intramolecular [2 + 2 + 2]
cycloisomerization to forge the central aromatic D ring,
along with C and E rings concomitantly. Other indispensable
features to our strategy include an organocatalytic enantiose-
lective Diels−Alder reaction, a challenging late-stage diaster-
eoselective methylation of a heptacyclic intermediate, and a
one-pot acid-catalyzed isomerization−global reduction. The
modularity and convergent nature of the approach described
herein will grant expedient access to unnatural analogs and
facilitate evaluation of the biological activity of related
members of the ceveratrum family. Efforts are currently
underway in our laboratory to modify this strategy to allow
access to the other subclasses of Veratrum alkaloids.
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B. P.; De Jesuś Cruz, P.; Johnson, J. S. Progress toward a Convergent,
Asymmetric Synthesis of Jervine. Org. Lett. 2020, 22, 3537−3541.
(c) Horwitz, M. A.; Robins, J. G.; Johnson, J. S. De Novo Synthesis of
the DEF-Ring Stereotriad Core of the Veratrum Alkaloids. J. Org.
Chem. 2020, 85, 6808−6814. (d) Stork, G.; Yamashita, A.; Hanson, R.
M.; Phan, L.; Phillips, E.; Dubé, D.; Bos, P. H.; Clark, A. J.; Gough,
M.; Greenlee, M. L.; Jiang, Y.; Jones, K.; Kitamura, M.; Leonard, J.;
Liu, T.; Parsons, P. J.; Venkatesan, A. M. Synthetic Study toward
Total Synthesis of (±)-Germine: Synthesis of (±)-4-Methyleneger-
mine. Org. Lett. 2017, 19, 5150−5153. (e) Taber, D. F.; Berry, J. F.
Construction of the Tricyclic A-B-C Core of the Veratrum Alkaloids. J.
Org. Chem. 2013, 78, 8437−8441. (f) Taber, D. F.; DeMatteo, P. W.
A Piperidine Chiron for the Veratrum Alkaloids. J. Org. Chem. 2012,
77, 4235−4241. (g) Heretsch, P.; Rabe, S.; Giannis, A. Synthesis of
All Diastereomers of the Piperidine−Alkaloid Substructure of
Cyclopamine. Org. Lett. 2009, 11, 5410−5412. (h) Oblak, E. Z.; G-
Dayanandan, N.; Wright, D. L. Tandem Metathesis Reactions of
Oxabicyclo[2.2.1]heptenes: Studies on the Spirocyclic Core of
Cyclopamine. Org. Lett. 2011, 13, 2433−2435. (i) Heretsch, P.;
Rabe, S.; Giannis, A. A Biomimetic Approach to C-nor-D-homo-
Steroids. J. Am. Chem. Soc. 2010, 132, 9968−9969. (j) Krieger, J.;
Smeilus, T.; Schackow, O.; Giannis, A. Lewis Acid Mediated Nazarov
Cyclization as a Convergent and Enantioselective Entry to C-nor-D-
homo-Steroids. Chem. - Eur. J. 2017, 23, 5000−5004. (k) Pattenden,
G.; Stoker, D. A.; Winne, J. M. A synthetic approach to C-nor-D-

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c08756
J. Am. Chem. Soc. 2021, 143, 16394−16400

16398

https://pubs.acs.org/doi/10.1021/jacs.1c08756?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08756/suppl_file/ja1c08756_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Viresh+H.+Rawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4606-0239
https://orcid.org/0000-0003-4606-0239
mailto:vrawal@uchicago.edu
mailto:vrawal@uchicago.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+J.+Cassaidy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2343-7518
https://orcid.org/0000-0002-2343-7518
https://pubs.acs.org/doi/10.1021/jacs.1c08756?ref=pdf
https://doi.org/10.1002/med.21346
https://doi.org/10.1002/med.21346
https://doi.org/10.1002/ijc.31965
https://doi.org/10.1002/ijc.31965
https://doi.org/10.1039/b609306j
https://doi.org/10.1039/b609306j
https://doi.org/10.1021/ja00993a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00993a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00993a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00993a049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01021a083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01021a083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1139/v75-251
https://doi.org/10.1139/v75-251
https://doi.org/10.1139/v75-251
https://doi.org/10.1139/v75-252
https://doi.org/10.1139/v75-252
https://doi.org/10.1139/v75-252
https://doi.org/10.1021/ja00445a060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00445a060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00445a059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00445a059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00445a059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00445a059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200902520
https://doi.org/10.1002/anie.200902520
https://doi.org/10.1016/S0040-4020(96)00074-9
https://doi.org/10.1016/S0040-4020(96)00074-9
https://doi.org/10.1021/acs.orglett.0c00972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c00972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c00685?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b02434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo401158d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo2026228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol902270f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol902270f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol902270f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200706f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200706f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol200706f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja103152k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja103152k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201701008
https://doi.org/10.1002/chem.201701008
https://doi.org/10.1002/chem.201701008
https://doi.org/10.1016/j.tet.2009.05.020
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


homosteroids based on a cascade of radical cyclisations from a
vinylcyclopropane-substituted acyl radical precursor. Tetrahedron
2009, 65, 5767−5775. (l) Fu, X.; Chan, T.-M.; Tann, C.-H.;
Thiruvengadam, T. K. Two new C-nor/D-homo corticosteroids
formed by dehydration rearrangement of a 12β-hydroxy corticoid.
Steroids 2002, 67, 549−554. (m) Quimper̀e, M.; Ruest, L.;
Deslongchamps, P. Transannular Diels−Alder cyclization of a
substituted 13-membered macrocyclic triene. An approach to the
A.B.C.[6.6.5] rings of the Veratrum alkaloids. Can. J. Chem. 1992, 70,
2335−2349. (n) Brown, E.; Lebreton, J. Une synthese totale
stereospecifique de c-nor d-homosteroides comportant six carbones
asymetriques. Tetrahedron 1987, 43, 5827−5840. (o) Brown, E.;
Lebreton, J. A total synthesis of C-nor D-homosteroids of the A→B→
C→D type, involving a reductive alkylation step for construction of
the d-ring. Tetrahedron Lett. 1986, 27, 2595−2598.
(5) For recent reviews on the biological activity of Veratrum
alkaloids, see: (a) Chandler, C. M.; McDougal, O. M. Medicinal
history of North American Veratrum. Phytochem. Rev. 2014, 13, 671−
694. (b) Heretsch, P.; Giannis, A. Cyclopamine and Congeners. Natural
Products in Medicinal Chemistry; Wiley-VCH: 2014; Ch. 15, pp 545−
563.
(6) All previous syntheses mentioned are presented in the
Supporting Information in a detailed, step-by-step format (see pp
S175 − S179).
(7) De novo strategies in the synthesis of C-nor-D-homo steroid
natural products are exceedingly rare. To the best of our knowledge
there is only a single prior report; see: (a) Gao, S.; Wang, Q.; Chen,
C. Synthesis and Structure Revision of Nakiterpiosin. J. Am. Chem.
Soc. 2009, 131, 1410−1412. For an excellent overview of strategies to
furnish the of C-nor-D-homo core structure, see: (b) Corey, E. J.; Li, J.
J. Nakiterpiosin. In Total Synthesis of Natural Products; Springer: 2012.
DOI: 10.1007/978-3-642-34065-9_2.
(8) Kitamura, Y.; Nishizawa, M.; Kaneko, K.; Shiro, M.; Chen, Y.-P.;
Hsu, H.-Y. New Steroidal Alkaloids from Fritillaria Ussuriensis Maxim.
Pingbeinone and Heilonine. Tetrahedron 1989, 45, 7281−7286.
(9) Wu, X.; Chan, S.; Ma, J.; Li, P.; Shaw, P.; Lin, G. Investigation of
association of chemical profiles with the tracheobronchial relaxant
activity of Chinese medicinal herb Beimu derived from various
Fritillaria species. J. Ethnopharmacol. 2018, 210, 39−46.
(10) Reppe, W.; Schweckendiek, W. J. Cyclisierende Polymerisation
von Acetylen. III Benzol, Benzolderivate und hydroaromatische
Verbindungen. Justus Liebigs Ann. Chem. 1948, 560, 104−116.
(11) Vollhardt, K. P. C. Cobalt-Mediated [2 + 2+2]-Cycloadditions:
A Maturing Synthetic Strategy. Angew. Chem., Int. Ed. Engl. 1984, 23,
539−556.
(12) For reviews on the [2 + 2+2] cyclotrimerization of alkynes, see:
(a) Tanaka, K. Transition-Metal-Mediated Aromatic Ring Construction;
John Wiley & Sons: Hoboken, NJ, 2013. (b) Saito, S.; Yamamoto, Y.
Recent Advances in the Transition-Metal-Catalyzed Regioselective
Approaches to Polysubstituted Benzene Derivatives. Chem. Rev. 2000,
100, 2901−2916. (c) Agenet, N.; Buisine, O.; Slowinski, F.; Gandon,
V.; Aubert, C.; Malacria, M. Cotrimerizations of Acetylinic
Compounds. Org. React. 2007, 68, 1−302. (d) Broere, D. L. J.;
Ruijter, E. Recent Advances in the Transition-Metal-Catalyzed [2 +
2+2]-Cyclo(co)trimerization Reactions. Synthesis 2012, 44, 2639−
2672. (e) Doerksen, R. S.; Hodík, T.; Hu, G.; Huynh, N. O.; Shuler,
W. G.; Krische, M. J. Ruthenium-Catalyzed Cycloadditions to Form
Five-, Six-, and Seven-Membered Rings. Chem. Rev. 2021, 121, 4045−
4083.
(13) For selected applications of the [2 + 2 + 2] cyclotrimerization
of alkynes in total synthesis, see: (a) Heinz, C.; Cramer, N. Synthesis
of Fijiolide A via an Atropselective Paracyclophane Formation. J. Am.
Chem. Soc. 2015, 137, 11278−11281. (b) Goh, S. S.; Chaubet, G.;
Gockel, B.; Cordonnier, M.-C. A.; Baars, H.; Phillips, A. W.;
Anderson, E. A. Total Synthesis of (+)-Rubriflordilactone A. Angew.
Chem., Int. Ed. 2015, 54, 12618−12621. (c) Mohammad, M.;
Chintalapudi, V.; Carney, J. M.; Mansfield, S. J.; Sanderson, P.;
Christensen, K. E.; Anderson, E. A. Convergent Total Syntheses of
(−)-Rubriflordilactone B and (−)-pseudo-Rubriflordilactone B.

Angew. Chem., Int. Ed. 2019, 58, 18177−18181. (d) Levin, S.; Nani,
R. R.; Reisman, S. E. Enantioselective Total Synthesis of
(+)-Salvileucalin B. J. Am. Chem. Soc. 2011, 133, 774−776.
(e) Nicolaou, K. C.; Tang, Y.; Wang, J. Total Synthesis of Sporolide
B. Angew. Chem., Int. Ed. 2009, 48, 3449−3453. (f) Anderson, E. A.;
Alexanian, E. J.; Sorensen, E. J. Synthesis of the Furanosteroidal
Antibiotic Viridin. Angew. Chem., Int. Ed. 2004, 43, 1998−2001.
(g) Neeson, S. J.; Stevenson, P. J. Rhodium Catalysed Synthesis of
Illudalanes. Tetrahedron 1989, 45, 6239−6248.
(14) Gotoh, H.; Hayashi, Y. Diarylprolinol Silyl Ether as a Catalyst
of an exo-Selective, Enantioselective Diels−Alder Reaction. Org. Lett.
2007, 9, 2859−2862.
(15) (a) You, L.; Liang, X.-T.; Xu, L.-M.; Wang, Y.-F.; Zhang, J.-J.;
Su, Q.; Li, Y.-H.; Zhang, B.; Yang, S.-L.; Chen, J.-H.; Yang, Z.
Asymmetric Total Synthesis of Propindilactone G. J. Am. Chem. Soc.
2015, 137, 10120−10123. (b) Zhang, J.-J.; You, L.; Wang, Y.-F.; Li,
Y.-H.; Liang, X.-T.; Zhang, B.; Yang, S.-L.; Su, Q.; Chen, J.-H.; Yang,
Z. Asymmetric Total Synthesis of Propindilactone G, Part 2:
Enantioselective Construction of the Fully Functionalized BCDE
Ring System. Chem. - Asian J. 2016, 11, 1414−1424.
(16) While unexpected, formation of the exo adduct has been shown
to be favored over the endo isomer in cycloadditions of related siloxy
dienes possessing a methyl group at C-1 with acyclic strongly
electron-deficient dienophiles having a substituent at the β-carbon.
For an in-depth experimental and computational study, see: (a) Lam,
Y.-H.; Cheong, P. H.-Y.; Blasco Mata, J. M.; Stanway, S. J.;
Gouverneur, V.; Houk, K. N. Diels−Alder Exo Selectivity in
Terminal-Substituted Dienes and Dienophiles: Experimental Discov-
eries and Computation Explanations. J. Am. Chem. Soc. 2009, 131,
1947−1957. For a systematic study and relevant examples, see:
(b) Ho, G.-M.; Huang, C.-J.; Li, E. Y.-T.; Hsu, S.-K.; Wu, T.; Zulueta,
M. M. L.; Wu, K. B.; Hung, S.-C. Unconventional exo selectivity in
thermal normal-electron-demand Diels−Alder reactions. Sci. Rep.
2016, 6, 35147. (c) Zhou, J.-H.; Jiang, B.; Meng, F.-F.; Xu, Y.-H.;
Loh, T.-P. B(C6F5)3: A New Class of Strong and Bulky Lewis Acid for
Exo-Selective Intermolecular Diels−Alder Reactions of Unreactive
Acyclic Dienes with α,β-Enals. Org. Lett. 2015, 17, 4432−4435.
(d) Ho, G.-M.; Zulueta, M. M. L.; Hung, S.-C. Stereoselective one-
pot synthesis of polypropionates. Nat. Commun. 2017, 8, 679.
(17) (a) Ohira, S. Methanolysis of Dimethyl (1-Diazo-2-oxopropyl)
Phosphonate: Generation of Dimethyl (Diazomethyl) Phosphonate
and Reaction with Carbonyl Compounds. Synth. Commun. 1989, 19,
561−564. (b) Müller, S.; Liepold, B.; Roth, G. J.; Bestmann, H. J. An
Improved One-pot Procedure for the Synthesis of Alkynes from
Aldehydes. Synlett 1996, 1996, 521−522. (c) Roth, G. J.; Liepold, B.;
Müller, S. G.; Bestmann, H. J. Further Improvements of the Synthesis
of Alkynes from Aldehydes. Synthesis 2004, 2004, 59−62.
(18) (a) Nicolaou, K. C.; Fylaktakidou, K. C.; Monenschein, H.; Li,
Y.; Weyershausen, B.; Mitchell, H. J.; Wei, H.; Guntupalli, P.;
Hepworth, D.; Sugita, K. Total Synthesis of Apoptolidin: Con-
struction of Enantiomerically Pure Fragments. J. Am. Chem. Soc. 2003,
125, 15433−15442. (b) Zanato, C.; Pignataro, L.; Ambrosi, A.; Hao,
Z.; Trigili, C.; Díaz, J. F.; Barasoain, I.; Gennari, C. Highly
Stereoselective Total Synthesis of (+)-9-epi-Dictyostatin and
(−)-12,13-Bis-epi-dictyostatin. Eur. J. Org. Chem. 2011, 2011,
2643−2661.
(19) Duhamel, P.; Dujardin, G.; Hennequin, L.; Poirier, J.-M. Lewis
Acid Catalysed Michael-type Addition. A New Regio- and
Diastereoselective Annulation Method using Methyl Vinyl Ketone.
J. Chem. Soc., Perkin Trans. 1 1992, 387−396.
(20) (a) Evans, D. A.; Bartroli, J.; Shih, T. L. Enantioselective aldol
condensations. 2. Erythro-selective chiral aldol condensations via
boron enolates. J. Am. Chem. Soc. 1981, 103, 2127−2129. (b) Evans,
D. A.; Nelson, J. V.; Vogel, E.; Taber, T. R. Stereoselective aldol
condensations via boron enolates. J. Am. Chem. Soc. 1981, 103, 3099−
3111.
(21) Aldehyde 21 can be prepared in two steps from δ-valerolactone.
See Supporting Information for experimental details.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c08756
J. Am. Chem. Soc. 2021, 143, 16394−16400

16399

https://doi.org/10.1016/j.tet.2009.05.020
https://doi.org/10.1016/j.tet.2009.05.020
https://doi.org/10.1016/S0039-128X(02)00002-8
https://doi.org/10.1016/S0039-128X(02)00002-8
https://doi.org/10.1139/v92-296
https://doi.org/10.1139/v92-296
https://doi.org/10.1139/v92-296
https://doi.org/10.1016/S0040-4020(01)87789-9
https://doi.org/10.1016/S0040-4020(01)87789-9
https://doi.org/10.1016/S0040-4020(01)87789-9
https://doi.org/10.1016/S0040-4039(00)84593-1
https://doi.org/10.1016/S0040-4039(00)84593-1
https://doi.org/10.1016/S0040-4039(00)84593-1
https://doi.org/10.1007/s11101-013-9328-y
https://doi.org/10.1007/s11101-013-9328-y
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08756/suppl_file/ja1c08756_si_001.pdf
https://doi.org/10.1021/ja808110d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-642-34065-9_2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(01)89188-2
https://doi.org/10.1016/S0040-4020(01)89188-2
https://doi.org/10.1016/j.jep.2017.08.027
https://doi.org/10.1016/j.jep.2017.08.027
https://doi.org/10.1016/j.jep.2017.08.027
https://doi.org/10.1016/j.jep.2017.08.027
https://doi.org/10.1002/jlac.19485600104
https://doi.org/10.1002/jlac.19485600104
https://doi.org/10.1002/jlac.19485600104
https://doi.org/10.1002/anie.198405393
https://doi.org/10.1002/anie.198405393
https://doi.org/10.1021/cr990281x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr990281x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471264180.or068.01
https://doi.org/10.1002/0471264180.or068.01
https://doi.org/10.1055/s-0032-1316757
https://doi.org/10.1055/s-0032-1316757
https://doi.org/10.1021/acs.chemrev.0c01133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01133?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b07964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201506366
https://doi.org/10.1002/anie.201908917
https://doi.org/10.1002/anie.201908917
https://doi.org/10.1021/ja110192b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110192b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200900264
https://doi.org/10.1002/anie.200900264
https://doi.org/10.1002/anie.200353129
https://doi.org/10.1002/anie.200353129
https://doi.org/10.1016/S0040-4020(01)85134-6
https://doi.org/10.1016/S0040-4020(01)85134-6
https://doi.org/10.1021/ol071009+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol071009+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b06480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201600130
https://doi.org/10.1002/asia.201600130
https://doi.org/10.1002/asia.201600130
https://doi.org/10.1021/ja8079548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8079548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja8079548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep35147
https://doi.org/10.1038/srep35147
https://doi.org/10.1021/acs.orglett.5b02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b02066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-00787-y
https://doi.org/10.1038/s41467-017-00787-y
https://doi.org/10.1080/00397918908050700
https://doi.org/10.1080/00397918908050700
https://doi.org/10.1080/00397918908050700
https://doi.org/10.1055/s-1996-5474
https://doi.org/10.1055/s-1996-5474
https://doi.org/10.1055/s-1996-5474
https://doi.org/10.1055/s-2003-44346
https://doi.org/10.1055/s-2003-44346
https://doi.org/10.1021/ja0304953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0304953?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201100244
https://doi.org/10.1002/ejoc.201100244
https://doi.org/10.1002/ejoc.201100244
https://doi.org/10.1039/p19920000387
https://doi.org/10.1039/p19920000387
https://doi.org/10.1039/p19920000387
https://doi.org/10.1021/ja00398a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00398a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00398a058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00401a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00401a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c08756/suppl_file/ja1c08756_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) (a) Grigg, R.; Scott, R.; Stevenson, P. Rhodium catalysed [2 +
2+2] cycloadditions of acetylenes. Tetrahedron Lett. 1982, 23, 2691−
2692. (b) Grigg, R.; Scott, R.; Stevenson, P. Rhodium-catalysed [2 +
2+2]-Cycloadditions of Acetylenes. J. Chem. Soc., Perkin Trans. 1
1988, 1, 1357−1364. (c) Neeson, S. J.; Stevenson, P. J. Rhodium
catalysed [2 + 2+2] cycloadditions- an efficient regiospecific route to
calomelanolactone. Tetrahedron Lett. 1988, 29, 813−814.
(23) Yamamoto, Y.; Arakawa, T.; Ogawa, R.; Itoh, K. Ruthenium-
(II)-Catalyzed Selective Intramolecular [2 + 2+2] Alkyne Cyclo-
trimerizations. J. Am. Chem. Soc. 2003, 125, 12143−12160.
(24) (a) Abels, F.; Lindemann, C.; Schneider, C. A General Strategy
for the Catalytic, Highly Enantio- and Diastereoselective Synthesis of
Indolizidine-Based Alkaloids. Chem. - Eur. J. 2014, 20, 1964−2979.
(b) Lindemann, C.; Schneider, C. Quinolizidine-Based Alkaloids: A
General Catalytic, Highly Enantio- and Diastereoselective Synthetic
Approach. Synthesis 2016, 48, 828−844.
(25) For a recent review of benzylic lithiation, see: (a) Wong, J. Y.
F.; Barker, G. Recent advances in benzylic and heterobenzylic
lithiation. Tetrahedron 2020, 76, 131704−131717. For relevant
literature examples, see: (b) Li, X.; Leonori, D.; Sheikh, N. S.;
Coldham, I. Synthesis of 1-Substituted Tetrahydroisoquinolines by
Lithiation and Electrophilic Quenching Guided by In Situ IR and
NMR Spectroscopy and Application to the Synthesis of Salsolidine,
Carnegine and Laudanosine. Chem. - Eur. J. 2013, 19, 7724−7730.
(c) Li, X.; Coldham, I. Synthesis of 1,1-Disubstituted Tetrahydroi-
soquinolines by Lithiation and Substitution, with in Situ IR
Spectroscopy and Configurational Stability Studies. J. Am. Chem.
Soc. 2014, 136, 1551−1554. (d) Talk, R. A.; Duperray, A.; Li, X.;
Coldham, I. Synthesis of substituted tetrahydroisoquinolines by
lithiation then electrophilic quench. Org. Biomol. Chem. 2016, 14,
4908−4917.
(26) Chowdhury, P. K.; Sharma, R. P.; Barua, J. N. A new method
for enol acetylation. Tetrahedron Lett. 1983, 24, 3383−3384.
(27) Kirk, D. N.; Wiles, J. M. The Reaction of m-Chlorobenzoic
Acid with 3-Acetoxy-steroidal 3,5-Dienes. J. Chem. Soc. D 1970, 518.
(28) Wijnberg, J. B. P. A.; Jongedijk, G.; De Groot, A. A Simple
Acid-Catalyzed Isomerization of γ-Hydroxy Enones into γ-Diones. J.
Org. Chem. 1985, 50, 2650−2654. (b) Wijnberg, J. B. P. A.; Vader, J.;
De Groot, A. Stereospecific Synthesis of Selectively C-7-Acetalized
Substituted 4aβ-Methyl-3,4,4a,5,6,8aα-hexahydronaphthalene-1-
(2H),7(8H)-diones. A Short Total Synthesis of (±)-β-Eudesmol,
(±)-β-Selinene, and (±)-β-Dictyopterol. J. Org. Chem. 1983, 48,
4380−4387.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c08756
J. Am. Chem. Soc. 2021, 143, 16394−16400

16400

https://doi.org/10.1016/S0040-4039(00)87433-X
https://doi.org/10.1016/S0040-4039(00)87433-X
https://doi.org/10.1039/p19880001357
https://doi.org/10.1039/p19880001357
https://doi.org/10.1016/S0040-4039(00)80217-8
https://doi.org/10.1016/S0040-4039(00)80217-8
https://doi.org/10.1016/S0040-4039(00)80217-8
https://doi.org/10.1021/ja0358697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0358697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0358697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201304086
https://doi.org/10.1002/chem.201304086
https://doi.org/10.1002/chem.201304086
https://doi.org/10.1055/s-0035-1561289
https://doi.org/10.1055/s-0035-1561289
https://doi.org/10.1055/s-0035-1561289
https://doi.org/10.1016/j.tet.2020.131704
https://doi.org/10.1016/j.tet.2020.131704
https://doi.org/10.1002/chem.201301096
https://doi.org/10.1002/chem.201301096
https://doi.org/10.1002/chem.201301096
https://doi.org/10.1002/chem.201301096
https://doi.org/10.1039/C6OB00577B
https://doi.org/10.1039/C6OB00577B
https://doi.org/10.1016/S0040-4039(00)86276-0
https://doi.org/10.1016/S0040-4039(00)86276-0
https://doi.org/10.1039/c29700000518
https://doi.org/10.1039/c29700000518
https://doi.org/10.1021/jo00215a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00215a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00171a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00171a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00171a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00171a045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c08756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

