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ABSTRACT: The quinol−enedione rearrangement enables the synthesis of 2-
cyclohexene-1,4-diones from readily available para-quinol substrates. Building
on sporadic early reports of this transformation, we have optimized the reaction
conditions and systematically investigated its substrate scope. The utility of
Brønsted acid-mediated reaction conditions for a variety of quinol derivatives,
including those with substituted and unsubstituted migrating termini, is
highlighted. Notably, kinetic selectivity between quinol−enedione and
dienone−phenol rearrangements is demonstrated. The synthetic potential of
the enedione products is showcased through a range of transformations, leading
to the formation of complex polycyclic structures. These findings provide a valuable framework for recognizing and applying the
quinol−enedione rearrangement in synthesis, while computational studies offer valuable insights into its mechanistic underpinnings.

First reported over a century ago, the dienone−phenol
rearrangement (also known as the Auwers−Inhoffen

rearrangement) is a historically important reaction (Scheme
1a).1 Despite inherently reducing structural complexity�
converting a three-dimensional precursor into a two-dimen-
sional product�it has found widespread application in target-
oriented synthesis.2 This enduring popularity can be partly
attributed to the reliable and robust nature of the reaction,
which is driven by the aromatic stability of the phenol product.

A common variant of the dienone−phenol rearrangement
involves a quinol substrate, which undergoes rearrangement to
give a hydroquinone product (Scheme 1b).3 The final
aromatization step in these rearrangements requires the
migrating termini to be unsubstituted. For quinol substrates
possessing substituted migrating termini a final deprotonation
cannot occur, which results in the formation of a 2-
cyclohexene-1,4-dione, or “enedione”, product (Scheme 1c).4

Unlike the dienone−phenol rearrangement, the quinol−
enedione rearrangement preserves three-dimensional structural
complexity, making it a potentially useful reaction for the
synthesis of targets featuring challenging quaternary centers.5

In 1968, Davis and co-workers reported the first example of a
quinol−enedione rearrangement, treating para-quinol 1a to
excess boron trifluoride etherate (Scheme 2a).4a,b The
resulting enedione 2a was described as an unstable oil and
was not purified but instead immediately reduced to the
diketone 3, with no yield given (Scheme 2a). The reported
instability of the enedione product 2a may have discouraged
further investigation into the development of this reaction.
Since Davis’ seminal work, only four additional examples of
quinol−enedione rearrangements have been reported (see
Supporting Information for details).4c,6 However, no detailed
reaction development has been undertaken to advance a more
broadly useful synthetic methodology. Our interest in the
quinol−enedione rearrangement was sparked by the preva-
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Scheme 1. Dienone−Phenol and Quinol−Enedione
Rearrangements, Shown Proceeding via Brønsted Acid
Catalyzed Mechanisms
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lence of the enedione motif in numerous natural products
(Scheme 2b).6,7 Indeed, this largely overlooked rearrangement
likely plays an important role in several biosynthetic pathways.8

The required para-quinol starting materials are bench-stable,
easily handled compounds that can be accessed in a single step
from their corresponding phenols (see Supporting Information
for details).9 We began by screening reaction conditions for
quinol 1a, the substrate originally studied by Davis and co-
workers (Table 1a). Our attempt to use boron trifluoride
etherate, as reported by Davis and co-workers,4a,b resulted in a
complex mixture, with enedione 2a present in just 27% NMR
yield (Scheme 2c). Our attempts to use basic reaction
conditions led to significant decomposition,4c,e,f whereas
treatment with stoichiometric Brønsted acids in CH2Cl2 at
ambient temperature led to relatively clean formation of
enedione 2a (Table 1a).4d PPTS, TFA, and aqueous HCl gave
only modest yields (Table 1a, Entries 1−3), while CSA and p-
TsOH afforded improved yields of 66% and 74%, respectively
(Table 1a, Entries 4 and 5). Further solvent screening (Table
1a, Entries 6−10) identified 1,2-dichloroethane as an optimal
solvent for the rearrangement with p-TsOH (Table 1a, Entry
10). Notably, substoichiometric amounts of p-TsOH were
found to be sufficient, with just 5 mol % providing an 85%
yield (Table 1a, Entry 11). Increasing the reaction concen-
tration from 35 mM to a more practical 0.1 M also improved
the yield (Table 1a, Entry 12). Moreover, the reaction proved
scalable, with a two-gram batch of quinol 1a undergoing the
rearrangement to give enedione 2a in 95% isolated yield
(Table 1a, Entry 13). In contrast to previous reports of
instability,4a,b spirocycle 2a was found to be a bench-stable,
crystalline solid, readily purified by standard column
chromatography or recrystallization. Indeed, the structure of
enedione 2a was unequivocally confirmed through single-
crystal X-ray structure analysis (Table 1a). Re-exposing
enedione 2a to the reaction conditions led to partial
reformation of a small quantity of quinol 1a (∼3%), revealing
that this quinol−enedione rearrangement is reversible under
the reaction conditions.
Although many quinol substrates rearranged efficiently

under these conditions (vide inf ra), those with untethered

migrating substituents of poor migratory aptitude yielded little
or no product. A particularly challenging case was trimethyl
quinol 1b (Table 1b), which was expected to rearrange into
keto-isophorone (2b),7a a natural product found in various
plants and widely used in the industrial synthesis of

Scheme 2. Davis’ Seminal Quinol−Enedione
Rearrangement and Representative Natural Products That
Contain the Enedione Framework

Table 1. Optimization of the Quinol−Enedione
Rearrangement for Quinols 1a and 1b, with Calculated
(ωB97M-V/def2-TZVP) Energy Values and Transition
State Structures

aDetermined by 1H NMR spectroscopy using 1,4-dinitrobenzene as
internal standard. bIsolated yield. cReaction performed on 2.00 g
(12.2 mmol) of quinol 1a. dReaction performed on 390 mg (2.5
mmol) of quinol 1b.
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carotenoids and vitamin E.10 However, under our optimized
conditions, quinol 1b failed to undergo appreciable rearrange-
ment (Table 1b, Entry 1). A modest 20% yield of keto-
isophorone (2b) could be achieved if a stoichiometric amount
of p-TsOH was used (Table 1b, Entry 2). Several studies have
detailed the use of hexafluoroisopropanol (HFIP) to enhance
the efficiency of Brønsted acid-mediated reactions.11 Introduc-
ing HFIP as a cosolvent had a dramatic impact on the yield of
keto-isophorone (2b) formed (Table 1b, Entries 3−5). The
best result was obtained when HFIP was employed as the sole
solvent (Table 1b, Entry 6), with keto-isophorone (2b)
isolated in 73% yield on a 2.5 mmol scale (Table 1b, Entry 7).
Unlike enedione 2a, when keto-isophorone (2b) was re-
exposed to the reaction conditions no reverse quinol−
enedione rearrangement was observed.
Density functional theory (DFT) calculations, at the

ωB97M-V/def2-TZVP level of theory, were undertaken to
investigate the difference in reactivity of quinols 1a and 1b
(Table 1c).12 The relative change in free energy for the
quinol−enedione rearrangement of quinol 1b is calculated to
be more favorable (ΔG −12.4 kcal mol−1) than for quinol 1a
(ΔG −9.7 kcal mol−1) (Table 1a and 1b). However, the barrier
for the rearrangement of quinol 1a (ΔG‡ 12.8 kcal mol−1) is
significantly lower than for quinol 1b (ΔG‡ 22.3 kcal mol−1)
(Table 1c), which aligns with our experimental observations.
Despite the two transition state structures (TS2a and TS2b)
being very different in relative energy they both reveal highly
synchronous, concerted migration steps (Δr2a 0.03 Å; Δr2b
0.01 Å) (Table 1c). In summary, two sets of reaction
conditions have been developed for quinol−enedione rear-
rangements (Table 1). For substrates with good migrating
groups, use of substoichiometric p-TsOH in 1,2-dichloro-
ethane is sufficient (Table 1a; conditions A), whereas for more
recalcitrant substrates use of stoichiometric p-TsOH in HFIP
can be employed (Table 1b; conditions B).
The substrate scope of the quinol−enedione rearrangement

was examined using 16 carefully selected quinol substrates
(1a−p). Initially, a series of relatively simple quinols (1a−g)
was investigated (Scheme 3). Migration of the n-butyl group in
quinol 1c, to give enedione 2c, proceeded in higher yield under
reaction conditions B. Rearrangement of quinol 1d, under
reaction conditions A, gave enedione 2d in 73% yield and a d.r.
of 7:1, thanks to a diastereoselective final tautomerization. Aryl
group migration in quinols 1e−g was achieved under reaction
conditions B, with the reaction time correlating with the
electronic properties of the migrating groups. The phenyl
group in quinol 1e migrated in 80% yield within 2 h, while
quinol 1f underwent rearrangement in just 30 min, affording
enedione 2f in 72% yield. In contrast, quinol 1g required 16 h
to give enedione 2g in a slightly lower yield of 56% (Scheme
3). The stereospecific nature of the quinol−enedione
rearrangement mechanism was evident in the rearrangement
of estrone-derived quinol 1h to give enedione 2h in 73% yield
(Scheme 3).4d

A further set of substrates (1i−m) was designed where the
quinol has both a substituted and unsubstituted migrating
terminus (Scheme 4). This enables the selectivity between
quinol−enedione and dienone−phenol rearrangements to be
assessed, which could be very important when applying this
reaction in complex settings.
Quinol 1i, under reaction conditions B, exhibited a

preference for the quinol−enedione rearrangement (∼3:2),
with enedione 2i isolated in 40% yield (Scheme 4). Thus,

despite the potential risk of a thermodynamically favorable
formation of hydroquinone 4i, a kinetic preference for the
enedione product 2i is observed. With the larger iso-propyl
migrating group in quinol 1j, however, there is a switch in
selectivity toward the dienone−phenol rearrangement (∼1:6),
with enedione 2j isolated in just 15% yield. It was envisaged
that inclusion of a distal methyl substituent on the quinol (1k−
m) would reduce the electrophilicity of the unsubstituted
migrating terminus and thus increase the kinetic preference for
quinol−enedione rearrangements.13 Indeed, the rearrangement
of quinol 1k exhibited marked selectivity for the quinol−
enedione rearrangement (∼7:1), with enedione 2k isolated in
31% yield (69% BRSM) after 24 h (Scheme 4).14 Quinols 1l
and 1m also rearranged with modest quinol−enedione
selectivity (∼3:2), giving enediones 2l and 2m in 55% and
58% yield, respectively (Scheme 4). The influence of the distal
methyl substituent on the enedione/hydroquinone selectivity
is also reflected by further DFT calculations.12 For quinol 1i
the barriers for the quinol−enedione (ΔG‡ 19.8 kcal mol−1)
and dienone−phenol (ΔG‡ 19.4 kcal mol−1) rearrangements
were calculated to be very close (ΔΔG‡ 0.4 kcal mol−1)
(Scheme 4a). This is consistent with the observed enedione
(2i) to hydroquinone (4i) distribution of ∼3:2, which suggests
that the associated Gibbs free energy barriers should be
virtually identical for a kinetically controlled reaction. Even
though the DFT calculations suggest the opposite trend in the
product distribution, the computed results are well within the
expected accuracy of the ωB97M-V density functional
approximation for barrier heights.12 For quinol 1k the
calculated barrier for the quinol−enedione rearrangement
(ΔG‡ 18.8 kcal mol−1) was appreciably lower (ΔΔG‡ 1.3 kcal
mol−1) than the barrier for the dienone−phenol rearrangement
(ΔG‡ 20.1 kcal mol−1) (Scheme 4b). Even though the ΔΔG‡

Scheme 3. Substrate Scope for the Quinol−Enedione
Rearrangement
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remains small, it clearly demonstrates the preference for
formation of enedione 2k from quinol 1k.
Several quinol substrates we tested failed to undergo the

quinol−enedione rearrangement (Scheme 5). For example,
quinols 1n and 1o did not rearrange under conditions A and
degraded when subjected to conditions B. Rearrangement of
allyl-substituted quinol 1p under reaction conditions A gave
just 15% of the expected enedione 2p, with the major product,
hydroquinone 5, being the result of an oxy-Cope rearrange-
ment (Scheme 5).
The enedione products are simple, yet three-dimensionally

rich building blocks with multiple synthetic handles, and so
with a generalized methodology established we were curious to
explore their synthetic potential. Davis and co-workers
reported selective alkene reduction of enedione 2a under
dissolving metal conditions to give diketone 3 (Scheme 2a).
Under Luche conditions the ketones can be selectively reduced
to give diol 6 in 74% yield as a mixture of diastereomers

(Scheme 6). Epoxidation using hydrogen peroxide under basic
conditions gives epoxide 7 in 60% yield. The quaternary center
in enedione 2a can impart useful regiocontrol in the Michael
addition of diethyl malonate to give product 8 as the major
regioisomer (r.r. 6:1) in 98% combined yield. This substrate-

Scheme 4. Investigating Selectivity between Quinol−
Enedione and Dienone−Phenol Rearrangements

*1.0 equiv of p-TsOH used.

Scheme 5. Failed Substrates for the Quinol−Enedione
Rearrangement

Scheme 6. Derivatization Studies on Model Enedione 2a

*23% yield of the diketone formed from hydrolysis of enol acetate 15
was also isolated.
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controlled regioselectivity is also evident in the selective
formation of tosyl hydrazone 9 in 64% yield, which gives access
to a range of other useful reactions.15 Perhaps the greatest
synthetic potential for enediones is their ability to engage in
cycloadditions. For example, the Diels−Alder reaction of
enedione 2a with cyclopentadiene at ambient temperature
gives endo-adduct 10 in 95% yield. Regioselective Diels−Alder
reactions with unsymmetrical dienes can also be achieved. For
example, the Diels−Alder reaction between enedione 2a and
isoprene using Sc(OTf)3 gives the tricyclic product 11 in a 5:1
r.r. and 80% combined yield. While the election-deficient
enedione is a good dienophile, we hypothesized that
enolization of enedione 2a could generate a diene capable of
reacting with various dienophiles to give access to complex
fused-bridged-spiro polycyclic ring systems. Thus, acetylation
of enedione 2a under standard conditions gives enol acetate
12, which was then used directly in Diels−Alder reactions with
N-phenylmaleimide (NPM), dimethyl acetylenedicarboxylate
(DMAD) or 4-phenyl-1,2,4-triazole-3,5-dione (PTAD), to give
polycycles 13−15 (Scheme 6).
In summary, we have established the quinol−enedione

rearrangement as a powerful synthetic tool for accessing
valuable enedione products. The utility of this transformation
is exemplified by our strategically novel two-step synthesis of
the commercially important natural product keto-isophorone
(2b) from 3,4,5-trimethylphenol, via quinol 1b (Table 1b).10

By expanding the synthetic utility of the quinol−enedione
rearrangement and offering insights into its selectivity relative
to the dienone−phenol rearrangement, this work establishes a
foundation for its broader application in organic synthesis.16
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Invalidenstraße 42, 10115 Berlin, Germany

Gary S. Nichol − EaStCHEM School of Chemistry, University
of Edinburgh, Edinburgh EH9 3FJ, U.K.; orcid.org/0000-
0002-1597-3679

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.5c01266

Author Contributions
∥These authors contributed equally. T.V.D.C., F.R., S.H.B., and
C.S.L. designed and performed the experiments and analyzed
experimental data. G.S.N. performed the crystallographic
studies. R.S. directed, designed, and performed the computa-
tional studies. A.L.L. directed the investigations and prepared
the manuscript with contributions from all authors; all authors
contributed to discussions.
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by funding from the Leverhulme
Trust (Research Project Grant: RPG-2021-435) and the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme
(Grant Agreement No. 759552). T.V.D.C. thanks the
University of Edinburgh for the provision of a studentship.
Access to equipment in the Scottish High-Field NMR Centre
(EP/R030065/1) and the Scottish Instrumentation and
Research Centre for Advanced Mass Spectrometry (SIR-
CAMS) at the University of Edinburgh is acknowledged. This
work was partly supported by the LERCO project (number
CZ.10.03.01/00/22_003/0000003) via the Operational Pro-
gramme Just Transition. Computational resources granted by
the Wrocław Centre for Networking and Supercomputing
(WCSS) under the grant no. 549 are gratefully acknowledged.
We thank Prof. Guillaume Vincent (Université Paris-Saclay)
for helpful discussions. Prof. Marcus Baumann and Dr. Kian
Donnelly (University College Dublin) are thanked for
developing in-flow methods for the synthesis of quinol
substrates. Kacper Patej and Maxwell Etherington (University
of Edinburgh) are thanked for conducting preliminary/
ancillary experiments.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.5c01266
Org. Lett. 2025, 27, 4782−4787

4786

https://pubs.acs.org/doi/10.1021/acs.orglett.5c01266?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01266/suppl_file/ol5c01266_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.5c01266/suppl_file/ol5c01266_si_002.zip
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2425361&id=doi:10.1021/acs.orglett.5c01266
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2425364&id=doi:10.1021/acs.orglett.5c01266
http://www.ccdc.cam.ac.uk/structures
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+L.+Lawrence"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9573-5637
https://orcid.org/0000-0002-9573-5637
mailto:a.lawrence@ed.ac.uk
mailto:a.lawrence@ed.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafa%C5%82+Szabla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1668-8044
mailto:rafal.szabla@pwr.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Toma%CC%81s+Vieira+de+Castro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Franc%CC%A7ois+Richard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+H.+Bennett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caspar+S.+Lamborelle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gary+S.+Nichol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1597-3679
https://orcid.org/0000-0002-1597-3679
https://pubs.acs.org/doi/10.1021/acs.orglett.5c01266?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) (a) Andreocci, A. About two new isomers of santonin and
santonin acid. Gazz. Chim. Ital. 1893, 23, 468−476. (b) Auwers, K.
V.; Ziegler, K. Hydrocarbons of the Semibenzene Group. Justus
Liebigs Ann. Chem. 1921, 425, 217−280. (c) Clemo, G. R.; Haworth,
R. D.; Walton, E. Constitution of santonin. II. Synthesis of racemic
desmotroposantonin. J. Chem. Soc. 1930, 1110−1115. (d) Wilds, A.
L.; Djerassi, C. Dienone-phenol rearrangement applied to chrysene
derivatives. The synthesis of 3-hydroxy-1-methylchrysene and related
compounds. J. Am. Chem. Soc. 1946, 68, 1715−1719.
(2) For a useful overview, see: (a) Kurti, L.; Czako, B. Dienone−
Phenol Rearrangement. In Strategic Applications of Named Reactions in
Organic Synthesis; Kurti, L., Czako, B., Eds.; Elsevier Academic Press,
2005; pp 142−143. For specific examples, see: (b) Hart, D. J.; Kim,
A.; Krishnamurthy, R.; Merriman, G. H.; Waltos, A. M. Synthesis of
6H-dibenzo[b,d]pyran-6-ones via dienone-phenol rearrangements of
spiro[2,5-cyclohexadiene-1,1’(3′H)-isobenzofuran]-3′-ones. Tetrahe-
dron 1992, 48, 8179−8188. (c) Parker, K. A.; Koh, Y. -h.
Methodology for the Regiospecific Synthesis of Bis C-Aryl Glycosides.
Models for Kidamycins. J. Am. Chem. Soc. 1994, 116, 11149−11150.
(d) Guo, Z.; Schultz, A. G. Preparation and Photochemical
Rearrangements of 2-Phenyl-2,5-cyclohexadien-1-ones. An Efficient
Route to Highly Substituted Phenols. Org. Lett. 2001, 3, 1177−1180.
(3) Davis, B. R.; Woodgate, P. D. Dienone−Phenol Type
Rearrangements. Part III. para-Quinols. J. Chem. Soc. C 1968, 0,
712−715.
(4) (a) Burkinshaw, G. F.; Davis, B. R.; Woodgate, P. D.; Hodges, R.
The Isolation of a Spiran in the Acid-catalysed Rearrangement of a
Bicyclic Cyclohexadienone. Chem. Commun. 1968, 528. (b) Burkin-
shaw, G. F.; Davis, B. R.; Hutchinson, E. G.; Woodgate, P. D.;
Hodges, R. The synthesis and acid-catalysed rearrangements of 4-
hydroxycyclohexa-2,5-dienones. J. Chem. Soc. C 1971, 3002−3006.
(c) Berger, S.; Henes, G.; Rieker, A.; et al. Baseninduzierte Acyloin-
Umlagerung sterisch gehinderter p-Chinole. Chem. Ber. 1976, 109,
1530−1548. (d) Planas, A.; Tomás, J.; Bonet, J.-J. Spiran isolation in
the dienone-phenol rearrangement of steroidal p-quinols. Tetrahedron
Lett. 1987, 28, 471−474. (e) Uno, H.; Yayama, A.; Suzuki, H. 1,2-
Migration of Perfluoroalkyl Groups in Anionotropic Rearrangement.
The Acyloin Rearrangement of 4-Perfluoroalkyl-4-quinols. Chem. Lett.
1991, 20, 1165−1168. (f) Uno, H.; Yayama, A.; Suzuki, H.
Perfluoroalkyl Migration in the Rearrangement of 4-Perfluoroalkyl-
4-quinols. Tetrahedron 1992, 48, 8353−8368.
(5) Hu, P.; Chi, H. M.; DeBacker, K. C.; Gong, X.; Keim, J. H.; Hsu,
I. T.; Snyder, S. A. Quaternary-centre-guided synthesis of complex
polycyclic terpenes. Nature 2019, 569, 703−707.
(6) Concomitant to our work, Vincent and co-workers (personal
communication) and Lu and co-workers were separately completing
total syntheses of natural products using quinol−enedione rearrange-
ment, see: (a) Schoenn, G.; Kouklovsky, C.; Guillot, R.; Magauer, T.;
Vincent, G. Total Synthesis of Dactyloquinone A and Spiroetherone
A via a Metal-Hydride Hydrogen Atom Transfer (MHAT) Process
and a Quinol−Enedione Rearrangement. Angew. Chem. Int. Ed. 2025,
e202505270. (b) Zhang, Q.; Kang, J.; Tan, T.; Dong, G.; Chen, J.; Lu,
Z. Total synthesis of 1’-epi-septosones B and C and the originally
assigned structures of spiroetherones A and B. ChemRxiv. 2025,
DOI: 10.26434/chemrxiv-2025-9fk9f.
(7) For examples of enedione-containing natural products and keto-
isophorone, see: (a) Zarghami, N. S.; Heinz, D. E. Monoterpene
aldehydes and isophorone-related compounds of saffron. Phytochem.
1971, 10, 2755−2761. For elisabethin, see: (b) Rodríguez, A. D.;
González, E.; Huang, S. D. Unusual Terpenes with Novel Carbon
Skeletons from the West Indian Sea Whip Pseudopterogorgia
elisabethae (Octocorallia). J. Org. Chem. 1998, 63, 7083−7091. For
miliusane VIII, see: (c) Zhang, H.-J.; Ma, C.; Hung, N. V.; Cuong, N.
M.; Tan, G. T.; Santarsiero, B. D.; Mesecar, A. D.; Soejarto, D. D.;
Pezzuto, J. M.; Fong, H. H. S. Class of Cytotoxic Agents from Miliusa
sinensis. J. Med. Chem. 2006, 49, 693−708. For agallochaexcoerin F,
see: (d) Gowri Ponnapalli, M.; Ankireddy, M.; Rao Annam, S.C.V.A.;
Ravirala, S.; Sukki, S.; Tuniki, V. R. Unusual ent-isopimarane-type

diterpenoids from the wood of Excoecaria agallocha. Tetrahedron Lett.
2013, 54, 2942−2945.
(8) The chemical feasibility of a closely related rearrangement of a
naphthoquinol intermediate in the biosynthesis of plumbazeylanone
has been demonstrated, see: Takeya, T.; Kajiyama, M.; Nakamura, C.;
Tobinaga, S. Total Synthesis of (±)-Plumbazeylanone. Chem. Pharm.
Bull. 1998, 46, 1660−1661.
(9) For a useful review, see: (a) Magdziak, D.; Meek, S. J.; Pettus, T.
R. R. Cyclohexadienone Ketals and Quinols: Four Building Blocks
Potentially Useful for Enantioselective Synthesis. Chem. Rev. 2004,
104, 1383−1429. For our previous work on p-quinols, see:
(b) Brown, P. D.; Willis, A. C.; Sherburn, M. S.; Lawrence, A. L.
Total Synthesis of Incarviditone and Incarvilleatone. Org. Lett. 2012,
14, 4537−4539. (c) Brown, P. D.; Lawrence, A. L. Total Synthesis of
Millingtonine. Angew. Chem., Int. Ed. 2016, 55, 8421−8425.
(d) Green, N. J.; Connolly, C. A.; Rietdijk, K. P. W.; Nichol, G. S.;
Duarte, F.; Lawrence, A. L. Bio-Inspired Domino oxa-Michael/Diels−
Alder/oxa-Michael Dimerization of para-Quinols. Angew. Chem., Int.
Ed. 2018, 57, 6198−6202. (e) Brown, P. D.; Lawrence, A. L. Total
synthesis of incargranine A. Org. Biomol. Chem. 2019, 17, 1698−1702.
(10) (a) Eggersdorfer, M.; Laudert, D.; Létinois, U.; McClymont,
T.; Medlock, J.; Netscher, T.; Bonrath, W. One Hundred Years of
Vitamins�A Success Story of the Natural Sciences. Angew. Chem., Int.
Ed. 2012, 51, 12960−12990. (b) Müller, M.-A.; Schäfer, C.; Litta, G.;
Klünter, A.-M.; Traber, M. G.; Wyss, A.; Ralla, T.; Eggersdorfer, M.;
Bonrath, W. 100 Years of Vitamin E: From Discovery to
Commerc ia l i za t ion . Eur . J . Org . Chem. 2022 , 2022 ,
No. e202201190. (c) Ruther, T.; Müller, M.-A.; Bonrath, W.;
Eisenacher, M. The Production of Isophorone. Encyclopedia 2023,
3, 224−244.
(11) For a useful review, see: Motiwala, H. F.; Armaly, A. M.;
Cacioppo, J. G.; Coombs, T. C.; Koehn, K. R. K.; Norwood, V. M.;
Aubé, J. HFIP in Organic Synthesis. Chem. Rev. 2022, 122, 12544−
12747.
(12) Mardirossian, N.; Head-Gordon, M. ωB97M-V: A combinato-
rially optimized, range-separated hybrid, meta-GGA density functional
with VV10 nonlocal correlation. J. Chem. Phys. 2016, 144, 214110.
(13) Allgauer, D. S.; Jangra, H.; Asahara, H.; Li, Z.; Chen, Q.; Zipse,
H.; Ofial, A. R.; Mayr, H. Quantification and Theoretical Analysis of
the Electrophilicities of Michael Acceptors. J. Am. Chem. Soc. 2017,
139, 13318−13329.
(14) Attempts to rearrange quinol 1k under reaction conditions B,
which are generally better suited for quinols with poor migrating
groups, resulted in decomposition.
(15) For a useful review, see: Xia, Y.; Wang, J. N-Tosylhydrazones:
versatile synthons in the construction of cyclic compounds. Chem. Soc.
Rev. 2017, 46, 2306−2362.
(16) For a useful review, see: Delayre, B.; Wang, Q.; Zhu, J. Natural
Product Synthesis Enabled by Domino Processes Incorporating a 1,2-
Rearrangement Step. ACS Cent. Sci. 2021, 7, 559−569.

Organic Letters pubs.acs.org/OrgLett Letter

https://doi.org/10.1021/acs.orglett.5c01266
Org. Lett. 2025, 27, 4782−4787

4787

https://doi.org/10.1002/jlac.19214250302
https://doi.org/10.1039/JR9300001110
https://doi.org/10.1039/JR9300001110
https://doi.org/10.1021/ja01213a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01213a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01213a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(01)80487-7
https://doi.org/10.1016/S0040-4020(01)80487-7
https://doi.org/10.1016/S0040-4020(01)80487-7
https://doi.org/10.1021/ja00103a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00103a037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol015637h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol015637h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol015637h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/J39680000712
https://doi.org/10.1039/J39680000712
https://doi.org/10.1039/c19680000528
https://doi.org/10.1039/c19680000528
https://doi.org/10.1039/j39710003002
https://doi.org/10.1039/j39710003002
https://doi.org/10.1002/cber.19761090439
https://doi.org/10.1002/cber.19761090439
https://doi.org/10.1016/S0040-4039(00)95759-9
https://doi.org/10.1016/S0040-4039(00)95759-9
https://doi.org/10.1246/cl.1991.1165
https://doi.org/10.1246/cl.1991.1165
https://doi.org/10.1246/cl.1991.1165
https://doi.org/10.1016/S0040-4020(01)86584-4
https://doi.org/10.1016/S0040-4020(01)86584-4
https://doi.org/10.1038/s41586-019-1179-2
https://doi.org/10.1038/s41586-019-1179-2
https://doi.org/10.1002/ange.202505270
https://doi.org/10.1002/ange.202505270
https://doi.org/10.1002/ange.202505270
https://doi.org/10.26434/chemrxiv-2025-9fk9f
https://doi.org/10.26434/chemrxiv-2025-9fk9f
https://doi.org/10.26434/chemrxiv-2025-9fk9f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0031-9422(00)97275-3
https://doi.org/10.1016/S0031-9422(00)97275-3
https://doi.org/10.1021/jo981385v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981385v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981385v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0509492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0509492?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2013.03.105
https://doi.org/10.1016/j.tetlet.2013.03.105
https://doi.org/10.1248/cpb.46.1660
https://doi.org/10.1021/cr0306900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0306900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol302042u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201602869
https://doi.org/10.1002/anie.201602869
https://doi.org/10.1002/anie.201802125
https://doi.org/10.1002/anie.201802125
https://doi.org/10.1039/C8OB00702K
https://doi.org/10.1039/C8OB00702K
https://doi.org/10.1002/anie.201205886
https://doi.org/10.1002/anie.201205886
https://doi.org/10.1002/ejoc.202201190
https://doi.org/10.1002/ejoc.202201190
https://doi.org/10.3390/encyclopedia3010015
https://doi.org/10.1021/acs.chemrev.1c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4952647
https://doi.org/10.1063/1.4952647
https://doi.org/10.1063/1.4952647
https://doi.org/10.1021/jacs.7b05106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b05106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CS00737F
https://doi.org/10.1039/C6CS00737F
https://doi.org/10.1021/acscentsci.1c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.1c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.1c00075?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c01266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

