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Abstract. Spirotetronates constitute a large family of natural products that have attracted significant
attention due to their intriguing structures and broad biological activities. These compounds share
a common spirocyclic 4-hydroxy-1-oxaspiro[4.5]deca-3,7-dien-2-one unit, whose synthesis has been
actively pursued by chemists. In this review, we highlight various approaches to accessing diversely
substituted spirotetronates, including methods that enable the total synthesis of selected natural
targets. The Diels–Alder/Dieckmann route originally reported has been extensively developed and
encompasses various diastereoselective processes. Although enantioselective transformations have
been reported, they remain scarce. Additionally, although less explored, alkylation of ketones has been
employed for the synthesis of alkoxyfuran-2(5H)-one scaffolds, and selected ring-forming strategies
have been investigated to construct pre-functionalized cyclohexyl backbones.
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1. Introduction

Spirotetronates are a remarkable class of macro-
cyclic natural products isolated predominantly from
actinomycetes, a phylum of gram-positive bacte-
ria. Since the discovery of chlorothricin in 1969,
the first isolated spirotetronate [1] (Figure 1), nu-
merous related compounds have been structurally
characterized [2,3] such as spirohexenolide A and
B [4], abyssomicin C [5], quartromicins [6], versipelo-
statin [7], streptaspironates A–C [8], glenthmycins
A–M [9], and others [10–20]. These compounds have
attracted substantial interest due to their diverse
and potent biological activities, including antibacte-
rial, antiviral, and antitumoral properties. Their fas-
cinating structures and significant pharmacological
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potential have made spirotetronates central to ongo-
ing synthetic and pharmaceutical research.

Structurally, spirotetronates feature a characteris-
tic tetronic acid (4-hydroxy-[5H]furan-2-one) moiety
that is spiro-linked to a cyclohexene ring at the C-4
position, a distinctive motif within this family (Fig-
ure 1). The spirotetronate core consists of a five-
membered lactone ring with a high degree of oxida-
tion and unsaturation. This structural unit is typi-
cally substituted at the C-2 position by an acyl group
or, in rare cases, by an acyloxy chain, such as in
chlorothricolide (Figure 1). Adjacent to the spiro-
linkage at the C-5 position of the cyclohexene ring
is another stereocenter, which can lead to two di-
astereoisomeric arrangements: the endo configura-
tion, where the higher alkyl chain is cis relative to
C-3 of the spirotetronate (highlighted in blue), and
the exo configuration, where these groups are trans
(highlighted in red). Both diastereomers have been
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Figure 1. Structure of chlorothricin and its
aglycon chlorothricolide.

observed in spirotetronates, posing a key synthetic
challenge in achieving diastereoselective access to
the desired configuration (Figure 2A).

This stereocenter at the C-5 position of the cy-
clohexene ring can be quaternary, which is a signifi-
cant structural feature in some spirotetronates (Fig-
ure 2B). In these cases, a methyl group replaces a
hydrogen, as seen in compounds such as in spiro-
hexenolides 5a and 5b, maklamicin 6, and quar-
tromicins 9–14. This modification dramatically in-
creases the complexity of the synthesis by introduc-
ing steric hindrance in the form of adjacent qua-
ternary stereocenters. The presence of these bulky
neopentylic carbons restricts functionalization and
adds strain to the cyclohexene ring, making these
molecules even more challenging targets for syn-
thetic chemists.

In addition to the tetronic acid core and the stere-
ocenters at C-5, spirotetronates exhibit diverse modi-
fications at the C-7 and C-8 positions of the cyclohex-
ene ring. These substituents vary from simple methyl
groups, as seen in okilactomycin 4 or spirohexeno-
lides 5a–b, to more complex, oxidized alkyl chains
in compounds like maklamicin 6 and chlorothricol-
ide 2 (Figure 3). The oxidation state and size of these
side chains contribute to the structural diversity of
spirotetronates and influence their biological activ-
ities. In some cases, such as abyssomicin C (com-
pound 3), the cyclohexene ring is further oxidized to
form vicinal diols.

A key feature of spirotetronates is their macro-
cyclic structure, which links the tetronic acid to the
cyclohexene ring (C2–C5). The size and substitution
of the macrocycle vary, resulting in three subclasses:
small spirotetronates with 11-carbon macrocycles,
medium-sized with 13 carbons, and larger structures
with 15 carbons or more. These macrocycles can
range from simple structures to those bearing con-
jugated alkenes, alcohols, or ketones. Additionally,
some members of the spirotetronate family contain
a trans-decalin ring system within the macrocycle,
further increasing structural complexity (Figure 3).
Based on these features, spirotetronates are divided
into two main classes: Class I, containing a single
spirotetronate moiety in the macrocycle, and Class II,
which incorporates a decalin ring system in addition
to the spirotetronate.

Perhaps one of the most intriguing subclasses
within the spirotetronates is the quartromicin fam-
ily, which lies outside of the conventional Class I and
Class II designations. Unlike the typical members
of the spirotetronate family, quartromicins (first iso-
lated in 1991 from a strain of Amycolatopsis orien-
talis) [6,21] contain four spirotetronate units within
their scaffold (Figure 4). These compounds ex-
hibit strong metal-ion-binding affinity and are a 32-
carbon macrocycle, which contributes to their highly
symmetrical C2 axial structure.

Spirotetronates, with their fascinating structures,
have captured significant interest due to their di-
verse biological activities [2,3,22]. For example,
chlorothricin 1 inhibits pyruvate carboxylase, an en-
zyme crucial for bacterial metabolism, making it an
effective antibacterial agent against gram-positive
bacteria [23]. The abyssomicin family, known for
inhibiting the growth of Mycobacterium tuberculo-
sis and Staphylococcus aureus, has also been exten-
sively studied [24]. Abyssomicin C specifically tar-
gets the chorismate pathway, which is vital for the
production of aromatic amino acids in microorgan-
isms [25]. This compound works by acting as a dou-
ble Michael acceptor, irreversibly modifying a cys-
teine residue in an enzyme involved in this pathway,
showcasing the importance of its enone group and
strained macrocyclic structure. In contrast, quartro-
micins are recognized for their potent antiviral ef-
fects, including against HIV and HSV-1 [21,26]. Al-
though their exact mechanisms are still under inves-
tigation, their interactions with metal ions and their



Aurélien Brion et al. 321

Figure 2. (A) Structure of the two different diastereomers. (B) Spirotetronates harnessing a quaternary
stereocenter at C5.

Figure 3. Diverse structures of Class I and Class II spirotetronates.
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Figure 4. General structure of quartromicins and their structural characteristics.

complex macrocyclic structures suggest they might
employ novel modes of action.

The intricate structures and significant biolog-
ical activities of spirotetronates have fascinated
synthetic chemists for decades. Previous reviews
have covered their biological activities, biosynthesis,
and total syntheses in detail, often focusing on the
macrocycle and decalin components [2,3,22,27,28].
However, they often overlook the construction of
the spirotetronate core—a crucial element with sig-
nificant stereoselective challenges. The synthesis
of this spiro-linked tetronic acid, in particular, re-
mains complex, requiring precise stereocontrol and
functionalization. This review aims to explore the
methods developed for constructing spirotetronates,
highlighting both successful strategies and ongoing
challenges. By focusing on the stereochemical and
synthetic difficulties, we seek to provide a thorough
understanding of the progress made in synthesizing
this intriguing class of natural products.

2. Synthetic strategies to access spirotetronates

We will discuss the key disconnections investigated
up to date and their drawbacks as well as their

benefits. However, except when deemed useful, we
will not discuss the construction of the macrocy-
cle and the decalin moieties, as these have been re-
viewed and studied elsewhere and are not the pur-
pose of this review [2,3,22,27–35].

2.1. Seminal works established the Diels–Alder
reaction as a preferred strategy

One of the earliest synthetic studies on
spirotetronates was conducted by Ireland and
co-workers in 1979, focusing on the synthesis of
chlorothricin (2), the aglycon of chlorothricolide [36].
This molecule features an exo-type spirotetronate
moiety, a functionalized decalin, and a macrocyclic
structure with a single unsaturation. Based on a
retrosynthetic analysis, the authors assumed that
an Ireland–Claisen rearrangement could be key in
forming the macrocyclic backbone and therefore the
first requirement would be to build the advanced
spirotetronate intermediate 15 (Scheme 1).

For constructing such a spirotetronate moiety,
the authors proposed a Diels–Alder reaction be-
tween maleic anhydride derivative 18 and butadi-
ene. The maleic anhydride was chosen not only for
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Scheme 1. Retrosynthetic analysis to access chlorothricolide 2 by Ireland and co-workers.

Scheme 2. Construction of the unfunctionalized spirotetronate moiety.

its dienophilic properties but also because it enabled
an intramolecular Dieckmann condensation to form
the tetronic acid moiety.

Although efficient, the Diels–Alder reaction be-
tween 18 and butadiene produced an unfunc-
tionalized diastereo- and regioisomeric adduct of
the desired spirotetronate backbone, requiring
therefore post-manipulation of the cyclohexene
ring. Scheme 2 outlines the high-pressure, high-
temperature reaction of 18 with butadiene, leading
to cycloadduct 17 in 89% yield (Scheme 2). Subse-
quent Dieckmann cyclization and methylation pro-
duced 16 in 60% yield. An epimerization event using
sodium methoxide resulted in the desired diastere-
omer 19. Following a series of redox manipulations
and the addition of vinyl manganese iodide, the

authors obtained intermediate 20 (79% yield over
three steps).

The functionalization of the cyclohexene ring in
19 required incorporation of a methyl and a car-
boxylate group, and regioselective formation of an
endocyclic double bond. The approach, started
from silyl-protected alcohol 21 and led to epox-
ide 22, which was transformed to intermediate 23
(Scheme 3A). Further transformations produced in-
termediate 24, which allowed further functional-
ization of the spirotetronate. Despite significant
progress, Ireland’s group was unable to complete
the synthesis of chlorothricin due to difficulties in
the final stages, particularly in further functional-
izing the cyclohexene ring. This first synthetic ac-
cess to a functionalized spirotetronate was notable
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Scheme 3. (A) Post-functionalization of the cyclohexene ring. (B) Reactivity of 18 toward substituted
dienes.

but burdened by many protecting-group manipula-
tions, redox steps, and moderate selectivities. At-
tempts to improve the strategy by using an already
pre-functionalized butadiene analogue as a reactive
dienophile in the Diels–Alder reaction, namely ac-
tivated silyl enol ether 25, was largely unsuccessful
due to poor regioselectivity (26/27 = 1:1; 67% over-
all yield) observed during cycloaddition (Scheme 3B).
Nevertheless, this research laid the groundwork for
future synthetic efforts by demonstrating the utility
of a cycloaddition and a Dieckmann condensation
for constructing the bicyclic tetronic acid ring, a key
feature in spirotetronate synthesis.

Yoshii’s group adopted a related Diels–
Alder/Dieckmann cyclization route during their
effort toward the synthesis of tetronolide 28, a struc-
turally related spirotetronate with anticancer and
antibacterial activity [37]. The synthesis relied on
the construction of a cyclohexene fused lactone
that could subsequently undergo a Dieckmann
condensation to reveal an advance spirotetronate
(Scheme 4A). In a model study, it was demon-
strated that tetrahydrophthalide (obtained from
maleic anhydride/butadiene cycloaddition and re-
duction) could be hydroxylated and converted to
spirotetronate 32a (Scheme 4B). In the second ap-
proach, diverging from Ireland and co-workers’

reported work, 2-hydroxyacrylate derivative 34
rather than maleic anhydride was used as the cou-
pling partner in the Diels–Alder reaction and op-
posed to symmetrical diene 35, avoiding regioselec-
tivity issues. This allowed the progress toward a more
functionalized spirotetronate (Scheme 4C).

Yoshii et al.’s second strategy began with diene
35 and acrylate 34, which upon Diels–Alder cycload-
dition and heating in methanol delivered bicyclic
lactone 36 in 61% yield (Scheme 5). After sev-
eral steps, including protection/deprotection, acyla-
tion, and redox manipulations, the Dieckmann con-
densation led to the desired regioisomeric cyclohex-
ene spirotetronate 41. Next, oxidation of the ter-
minal alcohol to the aldehyde allows the epimer-
ization event to take place, leading to 42 as a 5:1
mixture of exo/endo diastereomers. Further post-
transformations were then conducted to install the
required side chain on the cyclohexene [38]. This
sequence, although more efficient than Ireland and
co-workers’ approach, still required 17 steps with an
overall yield of less than 2%, due in part to extensive
protecting group manipulations [39].

Despite these challenges, Yoshii et al.’s work rep-
resented the first use of an acrylate derivative in a
Diels–Alder reaction to access spirotetronates. It was
found to be particularly well suited to spirotetronate
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Scheme 4. Retrosynthetic analysis toward tetronolide by Yoshii and co-workers.

synthesis, allowing the installation of both carboxyl
and acyloxy groups, critical to the tetronate ring
formation.

Both Ireland et al. and Yoshii et al. studies under-
score the centrality of the Diels–Alder reaction and
Dieckmann condensation in spirotetronate synthe-
sis despite the challenges in achieving regio- and
stereoselective control. Within such a strategy, the
use of an acrylate derivative in a Diels–Alder reac-
tion was largely pursued in subsequent work. Since
costly post-functionalization remained a bottleneck,
efforts undertaken subsequently have increasingly
focused on designing more functionalized dienes
and dienophiles to simplify the overall synthetic
routes. The biosynthetic insights gained over the past
decade have further reinforced the suitability of the
Diels–Alder strategy, providing a pathway for future
advancements in the synthesis of this complex class
of natural products.

2.2. Acrylates and acrolein derivatives as priv-
ileged dienophiles in the synthesis of
spirotetronates

As mentioned above, the utilization of deactivated
alkenes such as α-acyloxy acrolein 44 and acrylate
45 and substituted dienes in [4+2]-cycloadditions has
proven to be a significant strategy in the synthesis
of spirotetronates (Scheme 6). These dienophiles
lead to intermediates containing essential functional
groups required for subsequent Dieckmann conden-
sation, while also establishing the requisite endo-
cyclic double bond and desired substituents.

Acrolein derivatives and α-substituted acrylates
are characterized by their enhanced reactivity as
dienophile partners, attributed to the presence of
electron-withdrawing groups. Their reactivity un-
der thermal conditions has been well documented
with simple cyclopentadiene or activated dienes
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Scheme 5. Synthetic access to spirotetronate precursor 70 by a Diels–Alder strategy with an acrylate and
a symmetrical diene.

Scheme 6. Diastereoselective outcome of a Diels–Alder reaction using an acrolein or an acrylate as the
dienophile.

analogous to Danishefsky’s diene [40–42]. However,
the interaction of these dienophiles with inactivated,
highly substituted, in particular α,α′ di-substituted
acyclic dienes, was scarcely explored until Roush
et al. reported the use of Lewis acids to promote such
reactivity in 1997 [43]. Their findings demonstrated
that aluminum(III) or tin(IV) based Lewis acids could
facilitate [4+2]-cycloadditions between hindered, in-
activated acyclic dienes and α-acyloxy acrolein,
yielding good to excellent selectivity. As shown in
Scheme 7, diene 46 reacted with 44 upon exposure to
stoichiometric amounts of SnCl4 at −78 °C, leading
to cycloadduct 47 bearing two vicinal quaternary
carbons with excellent regio- and diastereoselectivity
in favor of the endo diastereomer.

Further evaluations of various dienophiles,
including α-bromoacrolein and methacrolein,
indicated that MeAlCl2 could promote these reac-
tions effectively even if longer reaction times were
observed for certain dienophiles. Importantly, the
application of MeAlCl2 in these cycloadditions re-
sulted in cycloadducts exhibiting complete regiose-
lectivity and good to excellent diastereoselectivities
(endo/exo < 85:15) in favor of the endo cycloadduct.
It should be mentioned that the α-substituent of
the acrylate residue has a strong influence on the
outcome of the reaction; indeed, the use of acryloyl
and methacryloyl chlorides leads to the exo adduct
or poor diastereoselectivity. An example is illus-
trated in Scheme 8, where exo-selective cycloaddi-
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Scheme 7. Lewis acid–promoted Diels–Alder reaction with hindered acyclic dienes.

Scheme 8. Diastereoselective outcome between diene 1.66 and acryloyl chloride.

tion achieved from compound 48 was followed by
a methanol/pyridine treatment to facilitate the for-
mation of trans-fused lactones 50. The successful
application of Lewis acids not only demonstrated the
ability to achieve stereoselective outcomes that are
often challenging under thermal conditions but also
highlighted their utility in promoting the Diels–Alder
reaction involving acrolein derivatives and acyclic
dienes.

In 2002, Roush’s group employed this strategy to
devise a diastereoselective synthesis of both exo and
endo spirotetronate fragments of quartromicins [44].
Capitalizing on the C2 axial symmetry of quartro-
micins, they reasoned that the tetramer could result
from an incremental twofold dimerization of endo
and exo spirotetronates (Scheme 9). Specifically, this
strategy could be accessible from a coupling reac-
tion between tetronates 51 and 52, which should
be feasible by Diels–Alder cycloadditions between 46
and an appropriate acrolein derivative. The reac-
tion with acrolein 44, upon activation by a Lewis
acid, would lead to the endo spirotetronate. For the
exo spirotetronate, they relied on an endo-selective
Diels–Alder reaction of α-bromoacrolein and 46, fol-
lowed by a subsequent inversion of configuration of
the quaternary stereocenter described below [45].

Indeed, the reaction of 46 with α-bromoacrolein
in the presence of MeAlCl2 produced cycloadduct 53
as the single endo diastereomer (Scheme 10). Then, a
series of five synthetic steps enabled the conversion
of cycloadduct 53 to the spiroepoxide 54, which was
obtained in 72% yield. This involved the reduction of
aldehyde 53 to the corresponding alcohol, followed
by an alkoxide-mediated inversion of the quaternary
stereocenter. Although spiroepoxide 54 displayed re-
luctance to react with oxygen-based nucleophiles, it
was successfully opened by sodium thiophenolate,
yielding sulfoxide 55 upon oxidation with m-CPBA.
The subsequent reaction with Ac2O and NaOAc pro-
duced the desired intermediate 56 via Pummerer
rearrangement and acylation of the tertiary alco-
hol. After further oxidation of the aldehyde us-
ing KMnO4 and conversion to the methyl ester with
TMSCHN2, the TBS-protected hydroxyl group was
deprotected using pyridinium p-toluenesulfonate.
This allowed for further functionalization to obtain
the α,β-unsaturated ester 58, ultimately leading to
the classical Dieckmann condensation that produced
spirotetronate 59 in good yield.

For the construction of the endo spirotetronate,
diene 46 was made to react with α-acyloxy acrolein
to generate cycloadduct 60, followed by functional
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Scheme 9. Retrosynthetic analysis to access quartromicins by Roush and co-workers.

Scheme 10. Inversion of a quaternary stereocenter to access exo spirotetronate 78.

group interconversion and redox manipulations to
access the desired endo product in 10 steps (24%
yield; Scheme 11). These synthetic sequences high-
light the versatility of acrylates and acroleins as
privileged dienophiles, underscoring their signifi-
cance in the efficient construction of complex spiro-
cyclic architectures relevant to biologically active
compounds. Further advance in the synthesis was
undertaken [46], but the total synthesis of quartro-
micins remained incomplete.

Lewis acid–promoted cycloadditions of func-
tionalized dienes with acrolein derivatives or acry-
lates have proven effective for synthesizing vari-
ous endo diastereocontrolled spirotetronates. Sev-
eral studies [47–49] have highlighted this approach,
particularly in the context of abyssomicin C. Two
independent studies published in 2005 reported the
synthesis of the spirotetronate moiety using diene
62, which contains an unprotected allylic alcohol
(Scheme 12). The reaction with α-acyloxyacrolein 44
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Scheme 11. Synthesis of the endo spirotetronate moiety en route to quartromicins.

Scheme 12. Synthetic access to the spirotetronate moiety of abyssomicin C.

produced cycloadduct 63 as the sole endo diastere-
omer [48]. The fused lactol was subsequently ox-
idized to lactone 64 and engaged in a Dieckmann
condensation that first required a TBSCl protection
of the terminal alcohol to prevent recyclization to
the lactone. Attempts to achieve enantioselectivity
through aluminum/BINOL complexes during the
cycloaddition were unsuccessful. In the second
study, methyl acrylate served as the dienophile,
leading to the fused lactone 66, necessitating an
additional hydroxylation step to introduce the ac-
etate group required for the spirotetronate forma-
tion [49]. Both studies ended with the formation of
compounds 65 or its deprotected variant 68, without
completing the total synthesis of abyssomicin C.

Burkart’s group mimicked this method to access
the core structure of spirohexenolides 5a and 5b, pre-
viously isolated compounds exhibiting antitumoral
activity [4]. They achieved a regio- and diastere-
oselective cycloaddition between a hindered triene
and α-acyloxyacrolein 44 [50], but encountered the
undesired deacylation of the tertiary alcohol during
aldehyde oxidation, necessitating additional protec-
tion/deprotection steps and reducing the overall syn-
thetic efficiency.

Nicolaou and co-workers implemented this strat-
egy in a diastereoselective process during their
synthesis of enantioenriched spirotetronate moi-
ety of abyssomicin C [51,52]. Engaging enantioen-
riched diene 69 bearing a chiral secondary alkoxy
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Scheme 13. Enantioselective access to the spirotetronate moiety of abyssomicin C.

side chain with methyl acrylate in a Diels–Alder re-
action, they managed to isolate lactone 70 as a sin-
gle diastereoisomer in 80% yield (Scheme 13). This
magnesium-promoted reaction used 2-(pyrrolidin-
1-yl)phenol as a ligand, which enhanced the reaction
rate by facilitating a favorable spatial arrangement
between the magnesium ions and the dienophile.
The cycloadduct underwent further transformations,
including α-hydroxy ester formation, lithium–sulfur
exchange, epoxidation, and Dieckmann cyclization,
ultimately yielding endo spirotetronate intermediate
73. Final macrocyclization was achieved through
ring-closing metathesis (RCM) using a Hoveyda–
Grubbs catalyst, culminating in the successful syn-
thesis of abyssomicin C and its atropisomer along-
side numerous analogues, helping in understanding
the structure–activity relationship.

Exploration of chiral dienophiles to induce di-
astereoselectivity and obtained enantioenriched
cycloadducts have also been reported. Roush
et al. demonstrated that 2-alkyl-5-methylene-
1,3-dioxolan-4-ones participate in Diels–Alder
reactions involving cyclobutene via an exo tran-
sition state [53–56], leading essentially to one di-
astereomer with an exo configuration. In particular,

2-(tert-butyl)-5-methylene-1,3-dioxolan-4-one 74
with its bulky tert-butyl substituent predominantly
forms product 75 from exo-TS-75, with selectivity
attributed to the constrained s-cis conformation of
the dienophile and steric interactions influencing
the transition states (Scheme 14).

Utilizing this diastereoselective exo-selective ap-
proach, Roush and co-workers implemented an
intramolecular Diels–Alder (IMDA) strategy to ac-
cess diverse diastereomers of spirotetronates rel-
evant to quartromicins [57]. The synthesis of the
sulfone precursor 79 was achieved in six steps from
a known vinyl iodide 78, yielding an overall 50%
yield. The IMDA reaction conducted at 210 °C gen-
erated cycloadducts 80, 81, and 82, albeit with
low yields and poor stereoselectivity (Scheme 15).
The absolute configurations of products 80 and 82
were confirmed through crystallographic analysis,
while nOe correlations determined the relative con-
figuration of 81 [58,59]. Ring opening of the lac-
tone was achieved using ethanedithiol to reveal the
key α-hydroxy ester motif subsequently used to
build the tetronate. This IMDA strategy has proven
effective in the total synthesis of chlorothricol-
ide [60,61], tetronolide [62,63], and kijanolide [64,65],
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Scheme 14. Diastereoselective Diels–Alder cycloaddition of (R)-74 with cyclopentadiene.

Scheme 15. Diastereoselective outcome of the intramolecular Diels–Alder reaction applied to 79.

showcasing the potential of spirotetronate deriva-
tives.

Although 5-methylene-1,3-dioxolan-4-one deri-
vatives were demonstrated to be competent partners
in Diels–Alder reactions, their reactivity remained
low, and even under quite forcing conditions, fur-
nished low yield and limited selectivity. To improve
the outcome, Roush’s group explored the reactiv-
ity of 1,3-oxazolidine-4-one analogues 83a–b under
Lewis acid activation to facilitate an intermolec-
ular Diels–Alder reaction. However, the reaction
between dienophile 74 and diene 46 exhibited ex-
tensive decomposition at cryogenic temperatures
in the presence of a Lewis acid (Scheme 16). An
aza analogue of 1,3-oxazolidine-4-one, in the form

of oxazolidine 83, was more robust as a dienophile
and underwent the cycloaddition smoothly. Unfor-
tunately, efforts to subsequently cleave the lactam
were unsuccessful [66].

To improve the strategy without struggling
with low yields and decomposition and for sub-
sequent handling, Roush’s group turned its at-
tention toward bicyclic oxazolidinone based
dienophiles 85a–c, each featuring substituents such
as methyl, isopropyl, or benzyl groups, designed to
enantioselectively access the spirotetronate moi-
eties of quartromicins (Scheme 17) [66]. These chi-
ral building blocks proved to be effective in the
anticipated Lewis acid–activated Diels–Alder reac-
tion even if the reaction was specially slow (5 days).
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Scheme 16. Reactivity issues posed by the chiral auxiliaries developed by Roush et al.

Scheme 17. Bicyclic chiral oxazolidinone enables access to the exo and the endo fragments of quartro-
micins.

Among the dienophiles tested, 85a provided the
most promising results leading to a 5:1 ratio with a
total yield of 70% for the exo adduct. Subsequent
transformations involved the cleavage of the chiral
auxiliary using lithium aluminum hydride followed
by oxidation of the primary alcohol with DMSO,
yielding the enantioenriched precursors 88a and
89a. Despite the advancements achieved with these
bicyclic oxazolidinone dienophiles, their relatively

low diastereoselectivity in the Diels–Alder reac-
tion (exo vs endo ratio) highlights the limitations
of this approach. Although other chiral auxiliaries
based on acrylates and acrolein derivatives have
been explored for spirotetronate synthesis, they
generally encounter similar challenges related to
post-functionalization [67,68].

Roush and co-workers also examined a
Lewis acid–promoted Diels–Alder reaction using
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Scheme 18. (A) Use of camphorsultam-based auxiliary to access both endo and exo spirotetronates of
quartromicins by Roush et al. (B) Scheidt et al. strategy displaying a N-acryloyl oxazolidinone.

N-acryloyl camphorsultam 90 and diene 46,
achieving a diastereomeric ratio of exo/endo 7:1
(Scheme 18A) [44]. Despite this stereoselectivity,
the approach did not provide direct access to the
required quaternary hydroxy carbon, thereby dimin-
ishing its relevance. Post-manipulations neverthe-
less allowed building suitable spirotetronate precur-
sors. Subsequent attempts to utilize α-substituted
N-acryloyl camphorsultams were unsuccessful,
prompting further investigations.

In a related approach, Scheidt and co-workers
successfully utilized a chiral N -acryloyl oxazolidi-
none [69] in the synthesis of the endo spirotetronate
of (-)-okilactomycin, demonstrating that this strat-
egy could be extended to complex natural products
(Scheme 18B) [70].

Given the challenges with chiral dienophiles, it
would be advantageous to achieve enantioenriched
intermediates from achiral substrates by controlling
the enantioselectivity of the Diels–Alder reaction
through the use of chiral promoters or catalysts. In

the synthesis of spirotetronates, this approach re-
mains underexplored, with the only successful exam-
ple reported by Marshall and Xie in 1992 [45]. They
leveraged an enantioselective Diels–Alder reaction
using reactive dienes and acrolein derivatives, pro-
moted by the Corey–Bakshi–Shibata (CBS) catalyst,
a boron-based oxazaborolidine. They conducted
the reaction between functionalized triene 95, syn-
thesized in eight steps from glycolaldehyde, and α-
bromoacrolein, using one equivalent of the CBS cata-
lyst 96. This reaction led to the formation of the endo
diastereomer 97 with moderate enantiocontrol (ee =
72%) but impressive regioselectivity (Scheme 19).
The choice of bromo-substituted acrolein was driven
by its reactivity toward dienes when activated by the
oxazaborolidine catalyst and the requirement to in-
vert the quaternary stereocenter to access the exo
spirotetronate. Although the authors did not pro-
vide a detailed mechanism, a plausible transition
state based on Corey and Loh’s earlier work was
proposed in Scheme 19 [71]. The key inversion
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Scheme 19. Enantioselective Diels–Alder reaction with achiral substrates with the use of CBS catalyst.

Scheme 20. First example of intermolecular Diels–Alder reaction using a tetronate dienophile.

of the stereocenter followed a sequence similar to
that previously outlined by Roush et al., involving
an epoxide intermediate, sulfide ring opening, oxi-
dation of the sulfoxide, and a Pummerer rearrange-
ment. Following this, a classical acylation of the
tertiary alcohol and a subsequent Dieckmann cy-
clization were used to form the spirocyclic interme-
diate 98 in nine steps from 97 (overall yield 68%).
Despite the moderate enantiomeric excess and the
stoichiometric use of the oxazaborolidine catalyst,
this regio- and diastereoselective cycloaddition rep-
resents a rare example of spirotetronate synthesis not
relying on chiral dienophiles.

2.3. Emergence and use of tetronate-derived
dienophile in Diels–Alder reactions

The use of Diels–Alder reactions to access
spirotetronates has been predominantly based on
acrolein derivatives or acrylates, both chiral and

achiral. However, some studies have explored alter-
native dienophiles, such as 5-methylenetetronate
100 (Scheme 20), which bypass the need for post-
functionalization steps required for Dieckmann
condensation [72]. Yoshii’s group successfully syn-
thesized 100 in just three steps starting from 4-
methoxyfuran-2(5H)-one. They were the first to ap-
ply this dienophile in an intermolecular Diels–Alder
reaction with triene 99 at high temperatures (180 °C
in 1,2-dichlorobenzene), obtaining a modest di-
astereoselectivity (dr = 1:3) and yield (43%). The re-
action favored the undesired endo diastereomer 102,
considering that targeted kijanolide contains an exo-
type spirotetronate. Despite the low yield and selec-
tivity, the reaction showcased the ability of tetronate
dienophiles to form spirocycles in a single step. Fol-
lowing this work, the same group explored α-acyloxy
derivatives of 100, synthesized in two steps from 100,
to access the spirotetronate moiety of chlorothri-
colide [73]. Although the reaction conditions were
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Scheme 21. Enantio- and diastereoselective access to abyssomicin C via a biomimetic strategy by
Sorensen and co-workers.

less severe (140–150 °C in chlorobenzene), the out-
come was again a diastereomeric mixture favoring
the endo-type spirotetronate along with regioiso-
meric products. These results highlight the limita-
tions of 5-methylenetetronate in terms of regio- and
diastereoselectivity, yet its use circumvents extensive
post-reaction functionalization.

The use of tetronate-derived dienophile as a syn-
thetic precursor to spirotetronate was illustrated by
Sorensen and co-workers (2005) [74], who achieved
the enantioselective and diastereoselective synthe-
sis of abyssomicin C. Sorensen et al.’s approach re-
lied on a biomimetic IMDA reaction that constructs
the spirotetronate and the macrocyclic ring in a sin-
gle step (Scheme 21). The synthesis began with
meso-anhydride 103, which was accessible from di-
ethyl methylmalonate in three steps on a large scale.
After several key transformations, including stereos-
elective hydrolysis and aldolization with trans,trans-
2,4-hexadienal, aldehyde 104 was obtained in nine
steps from 103 with a 22% overall yield. A criti-
cal step in the sequence was the addition of depro-
tonated tetronate 105 to aldehyde 104, followed by
oxidation of the resulting secondary alcohol using
the Dess–Martin periodinane, generating interme-

diate 106. Initially, the authors attempted to elim-
inate the protected alcohol and initiate the Diels–
Alder reaction by using scandium(III) triflate, but this
approach produced an unstable polyene intermedi-
ate. They subsequently found that treating 106 with
lanthanum(III) triflate triggered both polyene forma-
tion and intramolecular cycloaddition in one step,
furnishing the key intermediate 107 in 50% yield.
Notably, this step was completely diastereoselective,
a significant improvement over previous methods
employing tetronate dienophiles. The Diels–Alder
reaction proceeded through a favorable transition
state (TS-107) as confirmed by computational stud-
ies. Further transformations, including epoxidation
of the cyclohexene ring and nucleophilic attack of the
deprotected tetronic acid, completed the synthesis of
abyssomicin C. This strategy not only provided the
first enantioselective synthesis of abyssomicin C but
also closely mirrored the natural biosynthetic path-
way, which involves a similar IMDA reaction with a
tetronate dienophile. In addition to abyssomicin C,
this method has been extended to the synthesis of
abyssomicin C analogues and okilactomycin, further
demonstrating the versatility of the IMDA reaction
with tetronate dienophiles [75,76]. These efforts have
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Scheme 22. Alkylation of cyclohexanone with a β-lithiated acrylate.

significantly expanded the scope of spirotetronate
synthesis, offering a powerful tool for accessing com-
plex natural products with spirocyclic cores.

3. Other strategies

As illustrated previously, the main strategies to ac-
cess spirotetronates rely on two key disconnections:
a Diels–Alder reaction to build the cyclohexene ring
and a Dieckmann condensation to form the tetronate
unit. However, alternative retrosynthetic disconnec-
tions have been explored to address the synthesis of
this challenging spirotetronate motive.

3.1. Alkylation of cyclic ketones

The conversion of ketone with β-lithiated acrylates
has been reported as an alternative to the Dieck-
mann condensation in the context of spirotetronate
natural compound synthesis. For instance, selec-
tive β-lithiation of β-methoxyacrylate 108 under
kinetic control and subsequent addition to cyclo-
hexanone produced unfunctionalized spirotetronate
109 (Scheme 22) [77,78]. Schmidt and Hirsenkorn
used this method in the synthesis of chlorothricol-
ide [79,80], and showed that β-ethylthioacrylate im-
proved yields compared to methoxyacrylate, while
both nucleophiles provided the same diastereoselec-
tivity. The resulting sulfide 111 could be further con-
verted into a methoxy derivative and α-hydroxylated
to yield intermediate 112, useful in chlorothricolide
synthesis.

Yoshii and co-workers also took advantage of
this strategy in several studies toward kijanolide
and tetronolide [81,82]. They found that using a
cerium(III) derivative of Li-108 allowed better com-
patibility with enolizable ketones due to the nucle-
ophilicity of organocerium compounds, which are
poor bases [83]. Their synthesis of tetronolide started
with enantioenriched cyclohexanol 113 [84] and pro-
ceeded to cyclohexanone 114 in three steps with 80%
yield. Addition of β-dichlorocerium salt of 108 pro-
vided the spirotetronate intermediate 115 as the exo
diastereomer (Scheme 23).

Other notable efforts include the total synthesis of
(-)-atrop-abyssomicin C by Bihelovic and Saicic, re-
lying on a gold-catalyzed step to form the bridged
spirotetronate (Scheme 24) [85]. This approach in-
volved the addition of a lithium derivative of ethyl or-
thopropiolate to a cyclic ketone that occurred with
high diastereoselectivity, providing compound 122 in
75% yield [86]. A gold-catalyzed hydroxyl addition to
the alkyne was subsequently performed, leading to a
tricyclic (Z)-3-alkoxyacrylate. Photochemical (Z)–(E)
isomerization did then offer the suitable conforma-
tion for tetronate formation.

Interestingly in Bihelovic and Saicic’s work, the
synthesis of the functionalized cyclohexanone pre-
cursor was not established by a cycloaddition strat-
egy (see vide infra) but was achieved through a
dual organo/metal-catalyzed Tsuji–Trost cycliza-
tion of linear allyl–aldehyde 118 [87]. This key
cyclization involves a transient enamine forma-
tion that undergoes a cyclative π-allyl palladium
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Scheme 23. Enantioselective access to an exo spirotetronate by alkylation of a cyclohexanone with a
cerium salt.

Scheme 24. Synthetic access to an intermediate in the synthesis of (-)-atrop-abyssomicin by Saicic et al.

displacement. The resulting cyclic aldehyde was
next transformed through an oxidation into desired
cyclohexanone 120.

3.2. Alternatives to Diels–Alder reaction for cyclo-
hexene ring construction

The Dieckmann condensation of 1-acetoxycyclohex-
ene-1-carboxylate derivatives was largely used when
targeting spirotetronates, and the Diels–Alder reac-
tion has been found to be particularly well suited
to prepare these precursors. Selected ring-forming
approaches, bypassing cycloaddition strategies, were
nevertheless also reported.

Roush’s work related to quartromicins is a notable
example of such an alternative strategy, wherein

enantioselective access to a functionalized cyclohex-
ene precursor is achieved through an intramolecu-
lar aldol reaction [88]. The synthesis involves trialde-
hyde 125 (obtained in 11 steps), which undergoes an
intramolecular aldol reaction, transiently forming a
cyclohexanol that is trapped by the third aldehyde
leading to bicyclic lactol 126 in 54% yield. Elimina-
tion of the hydroxy after several steps furnished an
entry into the unsaturated cyclohexene that was fi-
nally converted through a Dieckmann condensation
to spirotetronate (Scheme 25).

Retrosynthetic disconnections employing RCM
have been explored in a few reports, demonstrating
their utility in synthesizing functionalized cyclo-
hexenes. In the context of spirotetronates, RCM
requires the formation of a β-unsaturated ester,
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Scheme 25. Enantioselective synthesis of an endo spirotetronate via an intramolecular aldolization step.

Scheme 26. Ireland–Claisen rearrangement followed by an RCM step en route to spirohexenolides.

typically synthesized via a Claisen rearrangement.
An example of this strategy is found in the work
of Bedel and co-workers, who used an Ireland–
Claisen/metathesis sequence to generate precur-
sors for quartromicins [89]. More recently, an enan-
tioselective total synthesis of spirohexenolides A
and B (5a and 5b) utilized the same strategy, fur-
ther illustrating the power of this approach [90]. In
this synthesis, enantiopure ester 129 undergoes an
Ireland–Claisen rearrangement with high yield and
diastereoselectivity, driven by a chair-like transition
state (Scheme 26). Two adjacent quaternary cen-
ters are formed in this step. The subsequent RCM

proceeded efficiently, achieving an 88% yield us-
ing the Hoveyda–Grubbs second-generation catalyst
(HG-II). The succeeding steps included a Dieckmann
cyclization to form spirotetronate 132, another RCM
to construct the macrocyclic backbone, and an elimi-
nation to introduce the unsaturation into the macro-
cycle [91–93]1. An alternative RCM-based strategy
targeting versipelostatin involved the formation of

1We encourage the interested reader to refer to the study for
this last step, as it constitutes an elegant access to a bent π-
conjugated macrocyclic system. For other examples of bent-π
macrocycle synthesis, see refs [91–93].
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a cyclohexenone, followed by the stereoselective
addition of a deprotonated alkyne to the ketone [94].

4. Conclusion

Among the strategies discussed, the Diels–Alder cy-
cloaddition between a diene and an acrolein de-
rivative stands out as the most versatile and widely
studied approach for spirotetronate synthesis. The
ease with which functionalized dienes can be ac-
cessed through reactions like Wittig olefination and
vinyl lithium addition, combined with the utility of
substituted acroleins, makes this method highly
efficient for constructing spirotetronate frame-
works. However, enantioselective control remains
a key challenge. Although asymmetric variants
have been developed, they often require pre- and
post-functionalization steps to manipulate chiral
auxiliaries, adding complexity to the overall syn-
thesis. The reported enantioselective Diels–Alder
reaction achieving 72% enantiomeric excess using
achiral substrates demonstrates progress, but further
refinement is needed to increase both efficiency and
stereocontrol.

The diastereoselective IMDA variants, particu-
larly those leveraging biomimetic approaches with
tetronate-type dienophiles, show promise for appli-
cations. Meanwhile, alternative strategies like the
addition of acrylates to cyclohexanone and the use
of RCM have shown potential but require further op-
timization, particularly in improving the selectivity
and overall step economy of the synthesis. The re-
cent successes in spirohexenolide synthesis highlight
the potential of these methods when effectively ap-
plied, but they also underscore the significant chal-
lenges related to step count, diastereoselectivities,
and enantioselectivities.

Looking ahead, future research should focus on
improving the enantioselective control in Diels–
Alder reactions by exploring new chiral catalysts or
reagents that can enhance selectivity without ne-
cessitating multiple auxiliary steps. Additionally,
integrating biomimetic strategies with catalytic ap-
proaches may offer new avenues to streamline the
synthesis of spirotetronates, particularly for complex
natural products like spirohexenolides. Further in-
vestigation into RCM and the development of novel
organocatalytic systems could provide more effi-
cient routes to construct these intricate molecular

architectures. Ultimately, the goal will be to reduce
the synthetic burden while achieving greater pre-
cision in stereoselectivity, enabling broader access
to spirotetronate-based natural products and their
analogues.
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