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ABSTRACT: The marine natural product scabrolide A was obtained by isomerization of the vinylogous 1,4-diketone entity of
nominal scabrolide B as the purported pivot point of the biosynthesis of these polycyclic norcembranoids. Despite the success of this
maneuver, the latter compound itself turned out not to be identical with the natural product of that name. The key steps en route to
the carbocyclic core of these targets were a [2,3]-sigmatropic rearrangement of an allylic sulfur ylide to forge the overcrowded C12—
C13 bond, an RCM reaction to close the congested central six-membered ring, and a hydroxy-directed epoxidation/epoxide
opening/isomerization sequence to set the “umpoled” 1,4-dicarbonyl motif and the correct angular configuration at C12.

S oft corals of the genus Sinularia produce a number of succumbed to total synthesis.'”””>® Specifically, the Stoltz
intriguing polycyclic norcembranoids of the yonarolide group reported an elegant approach to scabrolide A (2) based
and scabrolide estate. These compounds are thought to derive on late-stage formation of the seven-membered ring by a
from S-episinuleptolide (5), which in turn descends from a sequence of intramolecular enone/alkenylsilane [2 + 2]

furano-butenolide of type 4 (Scheme 1).'~* Specifically, $ is cycloaddition, followed by a mercury-mediated Tamao—
Fleming type oxidation and a strain-driven oxidative
Scheme 1. Structure and Proposed Biosynthesis of fragmentation.'”

Tetracyclic Norcembranoids As part of our program on marine natural products with
unusual structures and bioactivities,** 3" including scarce
metabolites isolated from Sinularia species,”” " we pursued
an entirely different approach in which the demanding
cycloheptene was deliberately crafted at the outset. This
tactical change is integral with a convergent strategy capital-
izing on the pursuit of scabrolide B (1) as the primary target
(Scheme 2). The priority of 1 follows from the biosynthetic
logic which suggests that this compound can be rearranged
into scabrolide A (2), whereas the inverse shift converting 2
into 1 is likely counter-thermodynamic. The vinylogous

g 5-episinuleptolide (5) & Scheme 2. Retrosynthetic Analysis

linked to nominal scabrolide B (1)* as the purported key
intermediate of the biosynthetic pathway by a sequence of
transannular Michael addition and retro-oxa-Michael reac-
tions.' > Subsequent isomerization of the vinylogous
diketone of 1 into the presumably more stable tetrasubstituted
enone gives rise to scabrolide A (2)*7 and its dehydrated
sibling yonarolide (3).°™'° In contrast to many other
norcembranoids, the scabrolides exhibit only modest cytotox-
icity; however, 2 was shown to inhibit IL-6 and IL-12
production in vitro and is hence of potential interest as an anti-
inflammatory agent."'

For the architectural splendor of the caged tetracyclic
backbone, the challenging oxygenation pattern comprising an
“umpoled” 1,4-diketone motif, and the dense array of up to
seven mostly contiguous chiral centers, these terpenoids
represent formidable targets. Though known for (more than)
two decades, it was only recently that a member of this family
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diketone of 1 should be unveiled by a late-stage oxidation of an
olefin of type A to be formed by ring closing metathesis
(RCM)*® of diene B. We surmised that a sigmatropic
rearrangement, preferentially of the Claisen-type,””*’ might
be suitable for the nontrivial assembly of this elaborate
substrate in stereochemically correct format. Under this
premise, the retrosynthetic analysis leads back to cycloheptene
D and a bicyclic lactone of type E. Although some
methodological amendment was necessary when reducing
this blueprint to practice (see below), the underlying chemical
reasoning ultimately proved successful, notably with regard to
the final isomerization of 1 into 2. In consideration thereof, it
was all the more perplexing when we found that compound 1
itself as the presumed biosynthetic pivot point is actually not a
(known) natural product;*' in any case, it definitely does not
represent scabrolide B.

(R)-Carvone (7) served as point of departure, which was

transformed into 9 bzr the modification of a literature-known
route (Scheme 3).** To this end, the derived —OTMS
Scheme 3“
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“Reagents and conditions: (a) TMSCN, NMO, CH,Cl,; (b) LiAlH,,
Et,0, 0 °C; (c) NaNO,, aq. HOAc, 0 °C, 71% (over three steps); (d)
TMSOCH,CH,OTMS, TMSOTf (1 mol %), CH,Cl,, —78 °C —
—20 °C; (e) mCPBA, CH,Cl,, —20 °C, 77% (over two steps); (f)
nBuLi, 2,2,6,6-tetramethylpiperidine, Et,AICl, toluene, 0 °C, quant.;
(g) (i) MsCl, Et;N, CH,Cl,, 0 °C; (ii) aq. NaHCOj, 20 °C, 44%; the
scales shown in this and the other Schemes refer to the single largest
batch.

[9.1 g scale]

cyanohydrin was reduced to the corresponding amine 8, which
underwent ring expansion upon diazotization; all of these steps
were high yielding on multigram scale. The same is true for the
subsequent stereoselective formation of epoxide 10, which
exclusively furnished the allylic alcohol 11 on treatment with
bulky aluminum amide 13.” The derived crude mesylate, on
exposure to aq. NaHCOj, cleanly rearranged into 12 as needed
for the projected Claisen rearrangement.

The required acid component derived from (R)-linalool
(14), which was converted into cyclopentenone 15 by RCM,
O-silylation, and subsequent ruthenium-catalyzed allylic
oxidation (Scheme 4).*' We had taken note that related
compounds had previously been shown to engage in unusual
“counter-steric” Diels—Alder cycloadditions:** indeed, reaction
of 15 with excess butadiene furnished 16 as the only product
after reduction of the ketone; its relative and absolute
configuration were unambiguously established by X-ray
diffraction (see the Supporting Information), which confirmed
that the diene has added to the diastereotopic face of the
activated dienophile shielded by the bulky —OTBS group. The
dividend of this unusual outcome was harnessed in the
subsequent oxidative cleavage of the double bond, which
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“Reagents and conditions: (a) 21 (0.2 mol %); (b) NaH, TBSC],
THE, 65 °C; (c) RuClL,-H,0 (1 mol %), Mg(OAc),-4H,0, BuOOH,
55% (over three steps); (d) (i) 1,3-butadiene, AlCLy, toluene; (ii) L-
Selectride, THF, —78 °C, 69% (over two steps); (e) (i) O;, CH,CL;
(ii) PPhy; (f) (i) PCC, CH,Cl,, 4 A MS, 0 °C; (ii) NaBH,, 0 °C, 44%
(over three steps); (g) 2-nitrophenylselenocyanate, nBusP, THF,
88%; (h) (i) NaOH, MeOH; (ii) TBSCl, DMF, imidazole; (i) 12,
DCC, Et;N, DMAP cat, CH,Cl, 59% (over three steps); (j)
KHMDS, Et;N, TMSCl, THF, —78 °C — 70 °C, or: LiHMDS,
TMSCI, THF, —78 °C — 70 °C.

furnished a hemiketal that could be easily elaborated into
lactone 18 as the stock form of the second key building
block.*’

To test the envisaged fragment coupling, 18 was first
hydrolyzed and the resulting hydroxy acid 19 instantly
transformed into allylic ester 20. Very much to our dismay,
however, all attempts to subject this compound to an Ireland—
Claisen rearrangement39’40’ 7 were met with failure, despite
considerable experimentation. Confronted with this impasse at
a critical point, various alternative ways were contemplated
that might allow the two elaborate building blocks to be
connected. In consideration of the stereochemical constraints
to be met, a concerted process seemed most adequate; at the
same time, the reaction must be rather insensitive to steric
hindrance to allow the encumbered C12—C13 bond in
question to be formed.” In the end, we opted for a [2,3]-
sigmatropic rearrangement of methyl sulfide 22 that is easily
attained from 18 (Scheme 5).*”*° This compound does not
carry much additional steric burden; actually, S-alkylation
occurs away from the bulk and the resulting positive charge
should facilitate the deprotonation of the C—H acidic site. The
reactivity of the resulting sulfur ylide might provide the
necessary driving force for the critical bond formation via a
highly ordered transition state.

To reduce this plan to practice, 11 was first converted into
the corresponding allylic halides 23.>" Direct S-alkylation of
thioether 22 with bromide 23b (X = Br) in DMF followed by
treatment with aqueous K,CO;, as described in the literature,
proved erratic.>> Therefore, we resorted to a Erocedure that
had previously served our laboratory well:>® specifically,
chloride 23a (X = Cl) was converted into the corresponding
iodide, which was then activated with AgBF, in the presence of
sulfide 22; deprotonation of the resulting sulfonium salt with
tBuOK entailed the envisaged [2,3]-sigmatropic rearrangement
of the transient ylide 24 to give 25; the crude material was
desilylated to facilitate the separation of the two isomers. NOE
data allowed the newly formed chiral centers C12 and C13 in
27 to be relayed to known C1; these assignments could be
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“Reagents and conditions: (a) LIHMDS, MeSSO,Me, THF, —78 °C
— =30 °C, 95%; (b) SOCIL,, pyridine, Et,0, 0 °C, 89%; (c) (i) 23a
(X = Cl), Nal, acetone, reflux; (ii) AgBF,, 2,6-di-tert-butylpyridine,
22, MeCN; (iii) tBuOK, MeCN; (d) TBAF, THF, reflux, 26 (31%) +
27 (33%) (over three steps)

validated by crystallographic means. The remarkably long
C12—C13 distance (1.596(2) A) bears witness to the
congestion about this central bond (Figure 1).>* An analogous

Figure 1. ORTEP representation of the structure of compound 27 in
the solid state.

NOE contact in 26 suggested that C12 and C13 are of
opposite absolute configuration; this tentative conclusion was
later confirmed by X-ray diffraction at the stage of the derived
tetracyclic product 33 (see below).

In line with ample literature precedent that divalent sulfur
usually poisons ruthenium carbene catalysts,”>> desulfuriza-
tion of 26 had to precede closure of the six-membered ring by
RCM. The very hindered nature of the C12—C13 bond
formed by the [2,3]-sigmatropic rearrangement once again
became apparent upon NMR inspection of the crude material
formed on treatment of 26 with Bu;SnH/AIBN (Scheme 6):>°
four isomeric compounds seemed to be present, suggestive of
two diastereomers in two atropisomeric forms each. Gratify-
ingly, the composition was much simplified upon equilibration
with DBU in MeCN, which allowed the desired product 28 to
be obtained in respectable 79% yield. This diene could be
cyclized with the aid of the ruthenium catalyst 21,%" even
though forcing conditions and hence a fa'rlgr high loading was
necessary to achieve full conversion.”®” The challenge
associated with this transformation is further illustrated by
the fact that the analogous diene 13-epi-28 derived from 27
failed to afford the corresponding cyclohexene derivative.

Cleavage of the ketal in 29 set the stage for a hydroxy-
directed epoxidation of the trisubstituted alkene with tBuOOH
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Scheme 6“
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“Reagents and conditions: (a) (i) Bu;SnH, AIBN, toluene, 85 °C; (ii)
DBU, MeCN, reflux, 79% (28), 66% (13-epi-28); (b) 21 (10 mol %),
toluene, 100 °C, 77%; (c) Montmorillonite K-10, CH,Cl,; (d)
VO(acac), (10 mol %), tBuOOH, MS 4 A, toluene, 0 °C — 20 °C;
(e) Et;N, CH,CL, 55% (over three steps) (f) IBX, MeCN, 50 °C,
82%; (g) Et;N, MeOH; (h) IBX, MeCN, S0 °C, 34% (1) + 35% (34)
(over four steps from 29); (i) K,CO;, MeCN, 40 °C, 98%; (j) DBU,
0 °C, quant.

catalyzed by VO(acac),.°”" For stability reasons, it was best

to elaborate the resulting product further without delay: when
treated with Et;N in CH,Cl,, the epoxide was opened and the
vinylogous oxygenation pattern was unveiled, but the C12-
stereocenter « to the lactone remained unchanged. Oxidation
of compound 31 thus formed with IBX furnished 12-epi-1. In
striking contrast, the use of Et;N/MeOH entailed epoxide
opening as well as concomitant epimerization: given the
pentacyclic skeleton of 30, the ease of this transformation is
deemed remarkable (20 °C, 30 min). The stereochemical
outcome follows from the curvature of the compound:
reprotonation of a transient lactone enolate derived from 30
will occur from the top face to give 33 (Figure 2), since all
neighboring substituents on the central six-membered ring are
downward-oriented. The disadvantage, however, was compet-
ing translactonization with formation of 32, which could not be
suppressed.”’ For the sake of convenience, this product
mixture was subjected to the final oxidation because the
resulting nominal scabrolide B (1) could be readily separated
from the isomeric compound 34. Importantly, the issue of
translactonization can be circumvented altogether by passing
through 12-epi-1: on treatment with either Et;N in MeOH or
preferentially DBU, clean inversion of the CI2-stereocenter
was observed and product 1 was reached without incident.
We were surprised by the striking mismatch of the spectral
data of synthetic 1 and authentic scabrolide B (Figure 3).*
Although a detailed analysis of the recorded spectra left no
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Figure 2. ORTEP representation of the structure of compound 33 in
the solid state.
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45.3 ppm

authentic scabrolide B
[proposed constitution]

synthetic 1 12-epi-1

Figure 3. Selected NMR data showing the mismatch between the
synthetic samples of nominal scabrolide B (and 12-¢pi-1) and the
isolated natural product; for the full data sets, see the Supporting
Information.

doubt about the constitution and configuration of our
compound, additional confirmation was sought to avoid any
ambiguity. In the end, we managed to obtain single crystals of
the precursor alcohol 33 suitable for X-ray diffraction analysis
(Figure 2): as expected, all H atoms on the central
cyclohexanone ring reside on the same face. This finding, in
turn, confirms the configuration assigned to C13 set by the
sigmatropic rearrangement and proves that the C12 center was
epimerized during the Et;N/MeOH treatment.

Equally significant is the fact that synthetic 1, on exposure to
K,CO; in MeCN, rearranged quantitatively to scabrolide A
(2); the spectra of our sample were in full accord with those of
the natural product reported in the literature.” We can hence
confirm that scabrolide A (2) is the thermodynamic product
and the assigned structure is correct, as had already been
shown by the Stoltz group.'” Moreover, the ease of
isomerization of compound 1 into 2 lends credence to the
proposed biosynthesis; > at the same time, however, it reduces
the chance to extract compound 1 from a Sinularia species in a
future isolation campaign as a proper natural product, even
though this possibility does exist.*' The question as to the
correct structure of scabrolide B, however, which differs from
synthetic 1 as well as from the Cl2-epimer 12-epi-1, has to
remain open at this point; all chiral centers and even the
constitution of the compound isolated from the natural source
need to be carefully reassessed.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c12401.

Experimental section including supporting crystallo-
graphic information, characterization data, and NMR
spectra of new compounds (PDF)

1531

Accession Codes

CCDC 2121819-2121821 and 2132679 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by
contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION

Corresponding Author
Alois Furstner — Max-Planck-Institut fur Kohlenforschung,
45470 Miilheim/Ruhr, Germany; © orcid.org/0000-0003-
0098-3417; Email: fuerstner@kofo.mpg.de

Author
Zhanchao Meng — Max-Planck-Institut fiir Kohlenforschung,
45470 Miilheim/Ruhr, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c12401

Funding

APC Funding Statement: Open access funded by Max Planck
Society.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Generous financial support by the Max-Planck-Gesellschaft is
gratefully acknowledged. We thank J. Rust, Dr. N. Néthling,
and Prof. C. W. Lehmann for solving the X-ray structures; S.
Tobegen, C. Wirtz, and Dr. C. Fares for help with the NMR
analyses; and S. Kestermann for HPLC support.

B REFERENCES

(1) Roethle, P. A; Trauner, D. The Chemistry of Marine
Furanocembranoids, Pseudopteranes, Gersolanes, and Related Natu-
ral Products. Nat. Prod. Rep. 2008, 25 (2), 298—317.

(2) Palframan, M. J.; Pattenden, G. Biosynthetic Interrelationships
within Polycyclic Cembranoids Isolated from Corals: Conjecture,
Biomimetic Synthesis and Reality. Eur. J. Org. Chem. 2020, 2020 (16),
2330—2349.

(3) Craig, R. A;; Stoltz, B. M. Polycyclic Furanobutenolide-Derived
Cembranoid and Norcembranoid Natural Products: Biosynthetic
Connections and Synthetic Efforts. Chem. Rev. 2017, 117 (12),
7878—7909.

(4) Sheu, J.-H.; Ahmed, A. F.; Shiue, R.-T.; Dai, C.-F.; Kuo, Y.-H.
Scabrolides A—D, Four New Norditerpenoids Isolated from the Soft
Coral Sinularia scabra. J. Nat. Prod. 2002, 65 (12), 1904—1908.

(5) The proposed transannular Michael addition could be emulated
in the laboratory, whereas the retro-oxa-Micheal step has not been
realized; see: Li, Y.; Pattenden, G. Tetrahedron 2011, 67, 10045—
10052. It is of note that the order of these biomimetic steps could
also be reversed.

(6) Ahmed, A. F.; Shiue, R-T.; Wang, G.-H.; Dai, C.-F.; Kuo, Y.-H.;
Sheu, J.-H. Five Novel Norcembranoids from Sinularia leptoclados and
S. parva. Tetrahedron 2003, 59 (37), 7337—7344.

(7) Rudi, A.; Shmul, G.; Benayahu, Y.; Kashman, Y. Sinularectin, a
New Diterpenoid from the Soft Coral Sinularia erecta. Tetrahedron
Lett. 2006, 47 (17), 2937—2939.

(8) Iguchi, K.; Kajiyama, K.; Yamada, Y. Yonarolide: A New Marine
Norditerpenoid Possessing a Novel Tricyclic Skeleton, from the
Okinawan Soft Coral of the Genus Sinularia. Tetrahedron Lett. 1998,
36 (48), 8807—8808.

(9) Cheng, S.-Y.; Chuang, C.-T.; Wen, Z.-H.; Wang, S.-K,; Chiou, S.-
F.; Hsu, C.-H.; Dai, C.-F.; Duh, C.-Y. Bioactive Norditerpenoids from

https://doi.org/10.1021/jacs.1c12401
J. Am. Chem. Soc. 2022, 144, 1528—1533


https://pubs.acs.org/doi/10.1021/jacs.1c12401?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12401/suppl_file/ja1c12401_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2121819&id=doi:10.1021/jacs.1c12401
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2121821&id=doi:10.1021/jacs.1c12401
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2132679&id=doi:10.1021/jacs.1c12401
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alois+Fu%CC%88rstner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0098-3417
https://orcid.org/0000-0003-0098-3417
mailto:fuerstner@kofo.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhanchao+Meng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?ref=pdf
https://doi.org/10.1039/b705660p
https://doi.org/10.1039/b705660p
https://doi.org/10.1039/b705660p
https://doi.org/10.1002/ejoc.201901438
https://doi.org/10.1002/ejoc.201901438
https://doi.org/10.1002/ejoc.201901438
https://doi.org/10.1021/acs.chemrev.7b00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00083?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np020280r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np020280r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(03)01138-4
https://doi.org/10.1016/S0040-4020(03)01138-4
https://doi.org/10.1016/j.tetlet.2006.02.118
https://doi.org/10.1016/j.tetlet.2006.02.118
https://doi.org/10.1016/0040-4039(95)01867-H
https://doi.org/10.1016/0040-4039(95)01867-H
https://doi.org/10.1016/0040-4039(95)01867-H
https://doi.org/10.1016/j.bmc.2010.04.012
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12401/suppl_file/ja1c12401_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12401/suppl_file/ja1c12401_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c12401?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

the Soft Coral Sinularia gyrosa. Bioorg. Med. Chem. Lett. 2010, 18 (10),
3379—-3386.

(10) For the determination of the absolute configuration, see also:
Cui, W.-X,; Yang, M,; Li, H; Li, S.-W.; Yao, L.-G.; Li, G.; Tang, W,;
Wang, C.-H.; Liang, L.-F,; Guo, Y.-W. Polycyclic Furanobutenolide-
derived Norditerpenoids from the South China Sea Soft Corals
Sinularia scabra and Sinularia polydactyla with Immunosuppressive
Activity. Bioorg. Chem. 2020, 94, 103350.

(11) Thao, N. P.; Nam, N. H,; Cuong, N. X;; Quang, T. H.; Tung, P.
T.; Dat, L. D.; Chae, D.; Kim, S.; Koh, Y.-S.; Kiem, P. V.; Minh, C. V,;
Kim, Y. H. Anti-inflammatory Norditerpenoids from the Soft Coral
Sinularia maxima. Bioorg. Med. Chem. Lett. 2013, 23 (1), 228—231.

(12) Hafeman, N. J.; Loskot, S. A.; Reimann, C. E.; Pritchett, B. P.;
Virgil, S. C.; Stoltz, B. M. The Total Synthesis of (—)-Scabrolide A. J.
Am. Chem. Soc. 2020, 142 (19), 8585—8590.

(13) For a study towards yonarolide, see: Ueda, Y.; Abe, H.; Iguchi,
K; Ito, H. Synthetic Study of Yonarolide: Stereoselective Con-
struction of the Tricyclic Core. Tetrahedron Lett. 2011, 52 (26),
3379-3381.

(14) For a synthesis of scabrolide D, which has a different carbon
framework that is closely related to S-episinuleptolide, see: Saitman,
A,; Rulliere, P.; Sullivan, S. D. E.; Theodorakis, E. A. Total Synthesis
of Norcembrenolide B and Scabrolide D. Org. Lett. 2011, 13 (21),
5854—5857.

(15) For recent total syntheses of remotely related and similarly
congested tetracyclic cembranoids not yet covered in the reviews (refs
1-3), see refs 16, 17, and the following for leading references: Zhang,
P.-P; Yan, Z-M,; Li, Y.-H.; Gong, J.-X,; Yang, Z. Enantioselective
Total Synthesis of (—)-Pavidolide B. J. Am. Chem. Soc. 2017, 139
(40), 13989—13992.

(16) Nannini, L. J.; Nemat, S. J.; Carreira, E. M. Total Synthesis of
(+)-Sarcophytin. Angew. Chem., Int. Ed. 2018, S7 (3), 823—826.

(17) He, C.; Xuan, J.; Rao, P.; Xie, P.-P.; Hong, X,; Lin, X.; Ding, H.
Total Syntheses of (+)-Sarcophytin, (+)-Chatancin, (—)-3-Oxocha-
tancin, and (—)-Pavidolide B: A Divergent Approach. Angew. Chem.,
Int. Ed. 2019, 58 (15), 5100—5104.

(18) Ineleganolide is a constitutionally different norcembranoid, yet
closely related to the scabrolides; no total synthesis has been reported
yet, but the published studies toward this target are relevant in the
present context, see ref 19—23 and the following: Tang, F.; Moeller,
K. D. Intramolecular Anodic Olefin Coupling Reactions: The Effect of
Polarization on Carbon—Carbon Bond Formation. J. Am. Chem. Soc.
2007, 129 (41), 12414—12415.

(19) Horn, E. J; Silverston, J. S.; Vanderwal, C. D. A Failed Late-
Stage Epimerization Thwarts an Approach to Ineleganolide. J. Org.
Chem. 2016, 81 (3), 1819—1838.

(20) Craig, I I. R. A;; Roizen, J. L.; Smith, R. C.; Jones, A. C.; Virgil,
S. C,; Stoltz, B. M. Enantioselective, Convergent Synthesis of the
Ineleganolide Core by a Tandem Annulation Cascade. Chem. Sci.
2017, 8 (1), 507—514.

(21) Roizen, J. L.; Jones, A. C.; Smith, R. C; Virgil, S. C.; Stoltz, B.
M. Model Studies To Access the [6,7,5,5]-Core of Ineleganolide
Using Tandem Translactonization—Cope or Cyclopropanation—
Cope Rearrangements as Key Steps. J. Org. Chem. 2017, 82 (24),
13051—-13067.

(22) Craig, R. A.; Smith, R. C.; Roizen, J. L.; Jones, A. C.; Virgil, S.
C.; Stoltz, B. M. Development of a Unified Enantioselective,
Convergent Synthetic Approach Toward the Furanobutenolide-
Derived Polycyclic Norcembranoid Diterpenes: Asymmetric For-
mation of the Polycyclic Norditerpenoid Carbocyclic Core by
Tandem Annulation Cascade. J. Org. Chem. 2018, 83 (7), 3467—
348S.

(23) Craig, R. A;; Smith, R. C; Roizen, J. L.; Jones, A. C.; Virgil, S.
C.; Stoltz, B. M. Unified Enantioselective, Convergent Synthetic
Approach toward the Furanobutenolide-Derived Polycyclic Norcem-
branoid Diterpenes: Synthesis of a Series of Ineleganoloids by
Oxidation-State Manipulation of the Carbocyclic Core. J. Org. Chem.
2019, 84 (12), 7722—7746.

1532

(24) Meng, Z.; Spohr, S. M.; Tobegen, S.; Farés, C.; Fiirstner, A. A
Unified Approach to Polycyclic Alkaloids of the Ingenamine Estate:
Total Syntheses of Keramaphidin B, Ingenamine, and Nominal
Njaoamine 1. J. Am. Chem. Soc. 2021, 143 (35), 14402—14414.

(25) Meng, Z.; Fiirstner, A. Total Synthesis Provides Strong
Evidence: Xestocyclamine A is the Enantiomer of Ingenamine. J. Am.
Chem. Soc. 2020, 142 (27), 11703—11708.

(26) Hess, S. N.; Mo, X.; Wirtz, C.; Fiirstner, A. Total Synthesis of
Limaol. J. Am. Chem. Soc. 2021, 143 (6), 2464—2469.

(27) Heinrich, M.; Murphy, J. J.; Ilg, M. K; Letort, A; Flasz, J. T;
Philipps, P.; Fiirstner, A. Chagosensine: A Riddle Wrapped in a
Mystery Inside an Enigma. J. Am. Chem. Soc. 2020, 142, 6409—6422.

(28) Schulthoff, S.; Hamilton, J. Y.; Heinrich, M.; Kwon, Y.; Wirtz,
C.; Fiirstner, A. The Formosalides: Structure Determination by Total
Synthesis. Angew. Chem., Int. Ed. 2021, 60 (1), 446—454.

(29) Anderl, F.; Grofll, S.; Wirtz, C.; Fiirstner, A. Total Synthesis of
Belizentrin Methyl Ester: Report on a Likely Conquest. Angew. Chem.,
Int. Ed. 2018, 57, 10712.

(30) Zhuo, C.-X.; Fiirstner, A. Catalysis-Based Total Syntheses of
Pateamine A and DMDA-Pat A. J. Am. Chem. Soc. 2018, 140 (33),
10514—-10523.

(31) Ahlers, A.; de Haro, T.; Gabor, B.; Fiirstner, A. Concise Total
Synthesis of Enigmazole A. Angew. Chem. Int. Ed. 2016, S5 (4),
1406—1411.

(32) Willwacher, J.; Fiirstner, A. Catalysis-Based Total Synthesis of
Putative Mandelalide A. Angew. Chem., Int. Ed. 2014, 53 (16), 4217—
4221.

(33) Mailhol, D.; Willwacher, J.; Kausch-Busies, N.; Rubitski, E. E.;
Sobol, Z.; Schuler, M.; Lam, M.-H.; Musto, S.; Loganzo, F.; Maderna,
A.; Firstner, A. Synthesis, Molecular Editing, and Biological
Assessment of the Potent Cytotoxin Leiodermatolide. J. Am. Chem.
Soc. 2014, 136 (44), 15719—15729.

(34) Fiirstner, A. Lessons from Natural Product Total Synthesis:
Macrocyclization and Postcyclization Strategies. Acc. Chem. Res. 2021,
54 (4), 861—874.

(35) Meng, Z.; Fiirstner, A. Total Synthesis of (—)-Sinulariadiolide.
A Transannular Approach. J. Am. Chem. Soc. 2019, 141, 805—809.

(36) Loftler, L. E.; Wirtz, C.; Fiirstner, A. Collective Total Synthesis
of Casbane Diterpenes: One Strategy, Multiple Targets. Angew. Chem.,
Int. Ed. 2021, 60 (10), 5316—5322.

(37) Peil, S.; Bistoni, G.; Goddard, R.; Fiirstner, A. Hydrogenative
Metathesis of Enynes via Piano-Stool Ruthenium Carbene Complexes
Formed by Alkyne gem-Hydrogenation. J. Am. Chem. Soc. 2020, 142
(43), 18541—18553.

(38) Grubbs, R. H.; O’Leary, D. J. Handbook of Metathesis, 2nd ed.;
Wiley-VCH: Weinheim, 2015.

(39) Martin Castro, A. M. Claisen Rearrangement over the Past
Nine Decades. Chem. Rev. 2004, 104 (6), 2939—3002.

(40) Chai, Y.; Hong, S.-P.; Lindsay, H. A.; McFarland, C.; McIntosh,
M. C. New Aspects of the Ireland and Related Claisen Rearrange-
ments. Tetrahedron 2002, 58 (15), 2905—2928.

(41) The fact that the “biomimetic” isomerization of 1 into 2
proceeds so smoothly suggests that 1 could be a natural product that
might have been missed in the isolation campaign; however, 1 is
rather unstable; see ref 62 and the Supporting Information.

(42) Brocksom, T. J.; Brocksom, U.; de Sousa, D. P.; Frederico, D.
Enantiopure Cycloheptenones from (R)-(—)-Carvone: Intermediates
for Perhydroazulene Terpenoids. Tetrahedron: Asymm. 2005, 16 (22),
3628—3632.

(43) Yasuda, A.; Tanaka, S.; Oshima, K.; Yamamoto, H.; Nozaki, H.
Organoaluminum Reagents of Type R'R®NAIEt, which Allow
Regiospecific Isomerization of Epoxides to Allylic Alcohols. J. Am.
Chem. Soc. 1974, 96 (20), 6513—6514.

(44) Brill, Z. G.; Grover, H. K;; Maimone, T. J. Enantioselective
Synthesis of an Ophiobolin Sesterterpene via a Programmed Radical
Cascade. Science 2016, 352 (6289), 1078—1082.

(45) Jeroncic, L. O.; Cabal, M. P.; Danishefsky, S. J.; Shulte, G. M.
On the Diastereofacial Selectivity of Lewis Acid-Catalyzed Carbon—
Carbon Bond Forming Reactions of Conjugated Cyclic Enones

https://doi.org/10.1021/jacs.1c12401
J. Am. Chem. Soc. 2022, 144, 1528—1533


https://doi.org/10.1016/j.bmc.2010.04.012
https://doi.org/10.1016/j.bioorg.2019.103350
https://doi.org/10.1016/j.bioorg.2019.103350
https://doi.org/10.1016/j.bioorg.2019.103350
https://doi.org/10.1016/j.bioorg.2019.103350
https://doi.org/10.1016/j.bmcl.2012.10.129
https://doi.org/10.1016/j.bmcl.2012.10.129
https://doi.org/10.1021/jacs.0c02513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2011.04.092
https://doi.org/10.1016/j.tetlet.2011.04.092
https://doi.org/10.1021/ol202476j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol202476j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201711372
https://doi.org/10.1002/anie.201711372
https://doi.org/10.1002/anie.201900782
https://doi.org/10.1002/anie.201900782
https://doi.org/10.1021/ja076172e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja076172e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b02550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b02550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6SC03347D
https://doi.org/10.1039/C6SC03347D
https://doi.org/10.1021/acs.joc.7b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b02825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00635?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c07955?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c05347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202011472
https://doi.org/10.1002/anie.202011472
https://doi.org/10.1002/anie.201805125
https://doi.org/10.1002/anie.201805125
https://doi.org/10.1021/jacs.8b05094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201510026
https://doi.org/10.1002/anie.201510026
https://doi.org/10.1002/anie.201400605
https://doi.org/10.1002/anie.201400605
https://doi.org/10.1021/ja508846g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja508846g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b12185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202015243
https://doi.org/10.1002/anie.202015243
https://doi.org/10.1021/jacs.0c07808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020703u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020703u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(02)00164-3
https://doi.org/10.1016/S0040-4020(02)00164-3
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12401/suppl_file/ja1c12401_si_001.pdf
https://doi.org/10.1016/j.tetasy.2005.10.006
https://doi.org/10.1016/j.tetasy.2005.10.006
https://doi.org/10.1021/ja00827a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00827a044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf6742
https://doi.org/10.1126/science.aaf6742
https://doi.org/10.1126/science.aaf6742
https://doi.org/10.1021/jo00001a070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00001a070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Communication

Bearing Electron-Withdrawing Substituents at the y-Position. J. Org.
Chem. 1991, 56 (1), 387—395.

(46) For use of a similar tactic, see: Karier, P.; Ungeheuer, F.; Ahlers,
A,; Anderl, F.; Wille, C.; Fiirstner, A. Metathesis at an Implausible
Site: A Formal Total Synthesis of Rhizoxin D. Angew. Chem., Int. Ed.
2019, 58 (1), 248—253.

(47) For a particularly pertinent case, see: Fukuzaki, T.; Kobayashi,
S.; Hibi, T,; Ikuma, Y.; Ishihara, J.; Kanoh, N.; Murai, A. Studies
Aimed at the Total Synthesis of Azadirachtin. A Modeled Connection
of C-8 and C-14 in Azadirachtin. Org. Lett. 2002, 4 (17), 2877—2880.

(48) Attempted use of a Caroll rearrangement was unsuccessful.

(49) Ogura, K.; Furukawa, S.; Tsuchihashi, G. Convenient Method
for Regiospecific Carbon—Carbon Bond Formation at the y-Position
of Allylic Halides. J. Am. Chem. Soc. 1980, 102 (6), 2125—2127.

(50) Vedejs, E. Sulfur-Mediated Ring Expansions in Total Synthesis.
Acc. Chem. Res. 1984, 17 (10), 358—364.

(51) Ireland, R. E.; Wrigley, T. I; Young, W. G. Allylic
Rearrangements. XLI. The Reaction of Thionyl Chloride with Steroid
Allylic Alcohols 1. J. Am. Chem. Soc. 1958, 80 (17), 4604—4606.

(52) The problem arises, at least in part, from the competing
reaction of the allylic halide with DMF leading to the corresponding
formate; for literature precedent, see: Quimpere, M.; Ruest, L.;
Deslongchamps, P. Synthesis 1992, 1992, 132—140.

(53) Fiirstner, A.; Weintritt, H. Total Synthesis of Roseophilin. J.
Am. Chem. Soc. 1998, 120 (12), 2817—2825.

(54) The typical length of a R,CH—CR; bond (R = carbon
substituent) is 1.556 A; see: Allen, F. H.; Kennard, O.; Watson, D. G.;
Brammer, L; Orpen, A. G.; Taylor, R. Tables of Bond Lengths
Determined by X-Ray and Neutron Diffraction. Part 1. Bond Lengths
in Organic Compounds. J. Chem. Soc., Perkin Trans. 2 1987, S1—-S19.

(55) Fiirstner, A. Olefin Metathesis and Beyond. Angew. Chem., Int.
Ed. 2000, 39 (17), 3012—3043.

(56) Shiina, I; Hashizume, M.; Yamai, Y.-S.; Oshiumi, H.;
Shimazaki, T.; Takasuna, Y.-J; Ibuka, R. Enantioselective Total
Synthesis of Octalactin A Using Asymmetric Aldol Reactions and a
Rapid Lactonization To Form a Medium-Sized Ring. Chem. — Eur. ].
2005, 11 (22), 6601—6608.

(57) Hoveyda, A. H,; Gillingham, D. G.; Van Veldhuizen, J. J;
Kataoka, O.; Garber, S. B.; Kingsbury, J. S,; Harrity, J. P. A. Ru
Complexes Bearing Bidentate Carbenes: From Innocent Curiosity to
Uniquely Effective Catalysts for Olefin Metathesis. Org. Biom. Chem.
2004, 2 (1), 8—23.

(58) Lecourt, C.; Dhambri, S.; Allievi, L.; Sanogo, Y.; Zeghbib, N.;
Ben Othman, R; Lannou, M. L; Sorin, G.; Ardisson, J. Natural
Products and Ring-Closing Metathesis: Synthesis of Sterically
Congested Olefins. Nat. Prod. Rep. 2018, 35 (1), 105—124.

(59) Fiirstner, A. Metathesis in Total Synthesis. Chem. Commun.
2011, 47 (23), 6505—6511.

(60) Sharpless, K. B.; Michaelson, R. C. High Stereo- and
Regioselectivities in the Transition Metal Catalyzed Epoxidations of
Olefinic Alcohols by tert-Butyl Hydroperoxide. ]. Am. Chem. Soc.
1973, 95 (18), 6136—6137.

(61) For use in the total synthesis of a marine natural product by this
laboratory, see: Hickmann, V.; Kondoh, A.; Gabor, B.; Alcarazo, M.;
Fiirstner, A. Catalysis-Based and Protecting-Group-Free Total
Syntheses of the Marine Oxylipins Hybridalactone and the
Ecklonialactones A, B, and C. J. Am. Chem. Soc. 2011, 133, 13471—
13480.

(62) The C6 carbonyl group of this compound is partly enolized.
Moreover, 1 is not very stable in CDCl; solution; NMR showed
notable decomposition (>10%) already after 18 h. For details, see the
Supporting Information.

1533

https://doi.org/10.1021/jacs.1c12401
J. Am. Chem. Soc. 2022, 144, 1528—1533


https://doi.org/10.1021/jo00001a070?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201812096
https://doi.org/10.1002/anie.201812096
https://doi.org/10.1021/ol026260y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol026260y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol026260y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00526a078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00526a078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00526a078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar00106a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01550a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01550a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01550a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja973846k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/p298700000s1
https://doi.org/10.1039/p298700000s1
https://doi.org/10.1039/p298700000s1
https://doi.org/10.1002/1521-3773(20000901)39:17<3012::AID-ANIE3012>3.0.CO;2-G
https://doi.org/10.1002/chem.200500417
https://doi.org/10.1002/chem.200500417
https://doi.org/10.1002/chem.200500417
https://doi.org/10.1039/b311496c
https://doi.org/10.1039/b311496c
https://doi.org/10.1039/b311496c
https://doi.org/10.1039/C7NP00048K
https://doi.org/10.1039/C7NP00048K
https://doi.org/10.1039/C7NP00048K
https://doi.org/10.1039/c1cc10464k
https://doi.org/10.1021/ja00799a061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00799a061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00799a061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204027a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204027a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja204027a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c12401/suppl_file/ja1c12401_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c12401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

