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Terpene cyclases catalyze one of the most powerful transformations with

respect to efficiency and selectivity in natural product (bio)synthesis. In such
polyene cyclizations, structurally highly complex carbon scaffolds are built by
the controlled ring closure of linear polyenes. Thereby, multiple C,C bonds and
stereocenters are simultaneously created with high precision. Structural pre-
organization of the substrate carbon chain inside the active center of the
enzyme is responsible for the product- and stereoselectivity of this cyclization.
Here, we show that in-situ formed fluorinated-alcohol-amine supramolecular
clusters serve as artificial cyclases by triggering enzyme-like reactivity and
selectivity by controlling substrate conformation in solution. Because of the
dynamic nature of these supramolecular assembilies, a broad range of terpenes

M Check for updates

can be produced diastereoselectively. Mechanistic studies reveal a finely
balanced interplay of fluorinated solvent, catalyst, and substrate as key to
establishing nature’s concept of a shape-selective polyene cyclization in

organic synthesis.

Terpenes are the largest class of natural products with hundreds of
structures reported each year, totaling over 80,000 examples as of
2019'. Many terpenes exhibit interesting biological activities, e.g., to
protect the producing organism from predators and/or pathogens
and/or to enable intra- and inter-species chemical communication®’.
By utilizing a single enzyme class, the terpene cyclases, nature gen-
erates a remarkable number of structurally most diverse and often
highly complex (poly)cyclic carbon frameworks. Even more
impressive, this is accomplished from simple, achiral linear Cs-iso-
prene derived precursors in a single step, as, for example, in the
biosynthesis of the cyclic drimane terpenes (Fig. 1, top). Examples of
these include the perfume ingredient and synthetic building block
sclareolide (1)*”7, the antibacterials warburganal (2)° and totarol (4)°,
the antifungal drimenol (3)° and the polycyclic anti-tumoral tri-
terpene hopene (5, Fig. 1, top)™. Chemists have been fascinated for
many decades by these remarkably complex, biosynthetic cyclization

cascades. Mimicking the natural cyclization phase'*"* has been a major
theme in biomimetic synthesis, even dating back to Eschenmoser’s
and Stork’s seminal work on terpene assembly'*". Since then, multi-
ple publications have appeared offering access to a plethora of
sophisticated structural terpene motifs, many of them arising from a
protonation-assisted cyclization. However, when following the nat-
ural pathway, linear polyenes have to be treated with strong organic
or inorganic Brgnsted or Lewis acids such as trifluoroacetic acid™,
fluorosulfonic acid”2°, SnCl,*"*, BF3-OEt,>**%, RuCls**, and In(lll)
salts***, mostly under cryogenic conditions, to allow for productive
ring closure. These synthetic methodologies suffer from several
general drawbacks, including moderate diastereoselectivities and low
functional group tolerance that overall lead to a narrow substrate
scope®~*. Enantioselective polyene cyclizations have likewise been
explored, with all known examples employing either Lewis or
Brgnsted super acids equipped with bulky, BINOL-derived ligands.
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Fig. 1| Examples of terpene natural products, their biosynthesis, and con-
ceptual approaches for biomimetic polyene cyclizations. a Examples of versa-
tile cyclic terpenes 1-5. b Enzymatic terpene synthesis: the cyclase phase gives rise
to structurally diverse hydrocarbon skeletons that are further elaborated during

the oxidase phase. ¢ Supramolecular approaches mimicking enzymatic confine-
ment by employing macromolecular cages for selective cyclizations****. d Concept
for macromolecular solvent clusters facilitating effective cyclizations through pre-
arrangement of the apolar polyene chain in the dipolar solvent environment.

These methods are not generally applicable as each catalytic system
needs to be tailored for a specific and small set of substrates to
effectively convey stereoinduction during cyclization®®.

The harsh and strongly acidic conditions needed to conduct ter-
pene cyclizations are in clear contrast to biosynthetic terpene forma-
tion, which nature performs with high precision under mild conditions
at a physiological pH. Structural pre-organization of the substrate
carbon chain within the enzyme’s active site is key to success.
Depending on how the carbon chain of the polyprenol is folded inside

the confined, hydrophobic pocket of the cyclase (Fig. 1b), various
head-to-tail (HTT) or tail-to-head (TTH) cyclized hydrocarbons are
delivered from identical precursors, utilizing the same reaction path-
way in a shape-selective transformation. For example, geranylger-
aniolpyrophosphate (6) is the sole precursor for the taxadiene 7, that
upon further enzymatic oxidations and tailoring give rise to taxol
(10)¥, to primaradiene (8, - diaporthein B, 11)*® and to casbene (9, >
japodagrin, 12)*°. Such a predictable control of molecular conforma-
tion in solution thereby steering the selectivity of the reaction'* has
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Fig. 2 | Optimization and scope of the proton-induced cyclization. Optimized
reaction conditions: Substrate (1.0 eq) and DABCO(TfOH), (20c, 20 mol%) were
dissolved in 0.1 M PFTB at rt under air and stirred until completion. All yields refer to
isolated yields. “Determined by GC-FID from the crude reaction mixture using an
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been a long-standing problem for organic chemists and is the ultimate
motivation for the field of polyene cyclizations.

In the late 1960s, Breslow had already identified supramolecular
frameworks exhibiting precise host-guest interactions on a molecular
level as potential catalysts with enzyme-like properties and thus coined
the term “artificial enzymes”*°. Since then, multiple successful exam-
ples have been reported of creating molecular containers in the form
of nanoscale cavities, pores, pockets, or channels to accelerate reac-
tion performance and alter or enhance selectivity”*>. Only recently
has this biomimetic concept entered the field of C,C-cyclizations. Self-
assembled, polyanionic gallium catecholamide cages 14 can increase
the chemoselectivity of the Prins cyclization of citronellal (13) to iso-
pulegol (15) and its diastereomers by forming a hydrophobic pocket,
thereby excluding water from the ring-closing step (Fig. 1c)**. The only
terpene cyclization conducted in a host cavity so far was reported by
Tiefenbacher and colleagues. The self-assembled, resorcinol-based
hexameric capsule 17 efficiently promoted cyclization of linear pre-
cursors, such as nerol (16), to cyclic monoterpenes 18 with the key step
being the cisoid-carbocation formation**°, These examples con-
stituted landmark conceptual discoveries. However, they still only
convert a small set of compounds, because their predefined and rigid
structures prevent them from reaching the broad applicability that
small-molecule catalysis offers. Thus, for selective reactions, a con-
fined space is necessary. While the first approaches have been made in
this direction, methods to achieve this challenge in solution are vastly
underexploited to date.

Inspired by these supramolecular approaches, in this work we aim
to exploit and extend the concept of artificial enzyme catalysis in
polyene cyclizations. The goal is to create a more flexible, building-
block-oriented procedure. Emulating the mechanism as well as the
conformation-determining properties of terpene cyclases, we create
dynamic but structurally defined macromolecular assemblies in-situ.
This is achieved by forming discrete, catalytically active Lewis acid-
Lewis base complexes with a defined supramolecular structure
assembled from fluorinated alcohols, such as 1,1,1,3,3,3-hexa-
fluoroisopropanol (HFIP)*™* or perfluoro-tert-butanol (PFTB), and
catalytic amounts of ammonium or pyridinium salts. These are sub-
sequently employed in a plethora of protonation-induced polyene
cyclizations. We thereby succeed in transforming a broad variety of
structurally most diverse alkenes into the corresponding ring-closed
products with a huge functional group tolerance and high efficiency
under complete stereocontrol. This catalytic method only requires
cheap, off-the-shelf components to achieve conversion under mild and
practical reaction conditions. Finally, we have a closer look at the
mutual catalyst-solvent and substrate-solvent interplay. NMR investi-
gations reveal structural folding of the substrate and the formation of
3D-self-assembled structures in solution, the latter being corroborated
by molecular dynamics (MD) simulations.

Results and discussions

Reaction design and optimization

The starting point for our investigations was the halogenation-
induced polyene cyclization we recently developed that provided
unprecedented access to a manifold of iodinated, brominated, and
even chlorinated carbocycles with excellent yields (up to 90%) and
diastereoselectivities (up to >95:5)°°, The fluorinated alcohol HFIP,
together with a tailored Lewis basic electrophilic halogenation
reagent, were decisive for a successful conversion. N-halo morpho-
lines showed optimal performance in these halogenation-assisted
polyene cyclizations. However, by design this approach always deli-
vers halogenated products and is thus not suitable for the direct
synthesis of non-halogenated terpene backbones. For the
protonation-induced cation-Tt cyclization targeted within the current
work, we thus began our studies by employing catalytic amounts of
morpholinium salts with varying anions (20 mol% catalyst, Fig. 2 and

Supplementary Information (SI), Fig. S1). Homogeranyl benzene (19)
served as model substrate. Compound 19 possesses two C,C-double
bonds of similar electrophilicity, of which the C7,C8-alkene must be
chemoselectively addressed to achieve a selective transformation.
The trans-decalin product 21 was obtained with excellent diaster-
eoselectivity (>95:5), but reaction times (5h-1d) and chemical yields
(8-72%) strongly depended on the anion of the morpholine salt (see
SI). Morpholine hydrochloride (20a) gave the best results (72% yield
after 1d, see entry 1, Fig. 2). Further extensive optimization of the
reaction conditions including, i.a., the proton donor, solvent, and
temperature (see Sl for further information), identified HFIP, together
with 20 mol% of the weakly acidic pyridinium hydrobromide (20b), as
the ideal combination to furnish the desired tricyclic product 21 in
71% vyield after 13h at rt (Fig. 2, entry 2). Increasing the reaction
temperature to reflux did significantly speed up conversion but also
led to decomposition. Diverse side products were likewise obtained
under all the above-mentioned conditions, mainly arising from pro-
tonation of the internal C3,C,4 alkene, which were difficult to separate
from the desired 21. Importantly, reactions conducted in non-
fluorinated solvents under these conditions did not result in any
conversion at all (see entries 4 and 5, Fig. 2 and Supplemen-
tary Table 3, SI).

Only by switching the solvent to perfluoro-tert-butanol (PFTB)
complete cyclization of 19 was observed, giving 21 as the only product
(94% isolated yield) with perfect diastereoselectivity (d.r. >95:5). To the
best of our knowledge, PFTB has only been used in mechanistic studies
until now and has not been investigated as a solvent in organic
chemistry’>>, While PFTB is already a weak acid (pKa = 5.4), conver-
sion of 19 without a catalyst afforded 21 only in trace amounts after
13 h (see SI). After 7 days less then 50% conversion of 19 was detectable
by GC-MS. It is noteworthy that the purity of the fluorinated alcohols
needs to be checked carefully. Purification prior to use, as stated in the
SI, is necessary as acidic contaminants from the production process
can interfere with the catalytic transformation. Further investigations
of the catalyst showed that DABCO ditriflate (20c) was even superior to
pyridine HBr (20b), as it furnished the desired product 21 in excellent
selectivity (d.r. >95:5) and again almost quantitative yield (96%; 94%
isolated yield) in less than one hour (cf. entry 7, Fig. 2 and SI). Hence,
employing DABCO(TfOH), (20c) in PFTB in the transformation offers
the opportunity to significantly expand the substrate scope of polyene
cyclizations as it likewise addresses electron-poor and thus slowly
reacting substrates in a reasonable time (vide infra). When exchanging
20c with strong organic or inorganic acids, many undesired products
were produced, reducing the overall yield of 21, e.g., to 63% for TFA
(see entry 8, Fig. 2, Supplementary Table 2 and Supplemen-
tary Fig. 1, SI).

Synthetic scope

To assess the synthetic utility of our cyclization cascade, we subjected
awide range of structurally and electronically diverse substrates to our
reaction conditions (Fig. 2). Ring closure proceeded smoothly with p-
methoxy substituted arene 22 (88% yield) or cyclohexyl derivative 23
(91% yield), both giving the cyclic material with excellent diaster-
eoselection (d.r. = 91:9 to > 95:5). Geranylphenols afforded products
24-25in very good yields (64-85%) with diastereoselectivities of up to
>95:5. Switching the terminating nucleophile to a carboxylic acid
furnished the natural product (+)-tetrahydroactinidiolide (26) in 98%
isolated yield. Next, we set out to test the functional group tolerance of
our method. Different geranyl benzoates and heterocycles containing
esters were smoothly converted into the monocyclic products 27-29
(73-99%). Because of the absence of suitable nucleophiles, the tri-
methyl cyclohexene derivatives were isolated as the major or even only
products (69:31 to >95:5 r.r). Acetates and ferrocene esters were also
suitable, selectively giving the endo-elimination products 30 and 31.
The mild reaction conditions even allowed the conversion of
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CDCl; with increasing amounts of PFTB, toluene, or tBuOH show that the strongest
activation is observed in PFTB at C2 over C6, explaining the selective protonation of
the terminal olefin. e Mechanistic summary of proton-induced polyene cyclization.

chemically sensitive substrates, such as epoxides, which formed 32 in
67% yield. Notably, the acid labile MOM protecting group in 33 was
also tolerated, which is exceptional for acid-catalyzed reactions. Pro-
tonation occurred selectively at the prenyl portion, as allyl, propargyl,
benzyl, and crotyl moieties were left untouched and gave products
34-37 in quantitative isolated yields and fully retained E/Z ratios. Only
if two prenyl units were present, the reaction became sluggish, fur-
nishing 38 only in 14% yield. In general, all tested geranyl ethers
afforded the corresponding cyclohexenyl products 32-37 with >95:5
regioselectivity, independent of the workup (see Supplementary
Table 4, SI for further information). This suggests that the deproto-
nation step trapping the transient carbocation occurs immediately
after the cyclization step (cf. Fig. 1, bottom).

More complex starting materials, such as compounds bearing
biotin, santonic acid, or amino acids equipped with Fmoc, Cbz, and

even the Boc protecting groups, were successfully converted to the
monocyclic products 39-42. Electron deficient substrates leading to
products 43-45 were likewise produced in up to 90% isolated yield.
The regioisomeric ratio corresponded to that previously observed for
halocyclizations***°. The tetracyclic product 46 and the antimicrobial
and anticancer natural product drimenol acetate (47), together with its
corresponding dimethoxy ester 48, were accessible from farnesol
derivatives with complete diastereoselectivity, while homofarnesic
acid provided the fragrance sclareolide (49) in 57% yield. The bicyclic
monoterpene eucalyptol (50) and the DNA topoisomerase | inhibitor
B3-lapachone (51) were smoothly obtained from o-terpineol and lapa-
chol, respectively. Nerol-derived compounds 52 were likewise cyclized
with almost unchanged regioselectivity and yield (21, 27b, and 37).
Interestingly, when homoneryl benzene was used, the more stable
trans-decalin product 21 was solely obtained with perfect

Nature Communications | (2023)14:813
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Fig. 4 | Solvent dependent change of ionic aggregation observed in MD simu-
lations. Formation of supramolecular aggregates in a PFTB (first layer as sticks) and
b cyclohexane (blue sticks). In a the polar hydroxyl groups of the immediate PFTB
molecules (stick) are facing the pyridinium bromide aggregates and CF; groups the

bulk. ¢ Aggregates observed in MeOH are less well defined (left side), or well
defined (right side). The brightness of the atoms reflects their distance to the
observer in the direction perpendicular to the focal plane; VAW representation is
used for cations (silver), anions (orange), and 19 (turquoise).

diastereoselectivity. Kinetic studies for the conversions of 19 and 52a
showed that the neryl derivative 52a was converted at a higher rate. In
both cases, a stepwise process was obvious from the GC-MS data,
suggesting equilibration of the alkene confirmation for 52a before ring
closure (see Supplementary Figs. 7-10, SI).

Mechanistic studies

To investigate the reaction mechanism of this approach to polyene
cyclizations, we subjected pyridinium deuterobromide (d-20b, 20 and
120 mol% loading) to the reaction mixture. In both cases, deuterium
incorporation, at all sp?>-carbon atoms that are susceptible to proto-
nation and subsequent re-elimination, was detected in the final pro-
ducts d-21. This is consistent with the stepwise process seen in the
kinetic investigations (cf. SI). From these results, we hypothesize:

1. that the active proton fluctuates in the H-bonding network of
PFTB in a Grotthuf3-like mechanism with a rapid exchange of the
acidic protons in solution.

2. that a rapid and dynamic proton exchange between solvent and
the catalyst occurs.

The determined kinetic isotope effect (KIE) value of 2.8 + 0.1 (see
SI) obtained by comparing the consumption rate of 19 in PFTB-OH and
PFTB-OD further corroborated this assumption, as it revealed the
importance of the PTFB-Lewis base H-bonding network in the rate-
determining step®’.

The role of the Lewis base in our system was examined by titrating
DABCO 53 with increasing amounts of PFTB, which resulted in a sig-
nificant downfield shift of the alcohol proton from 3.6 ppm to 10.7
ppm. This indicates strong H-bonding interactions between the Lewis
base and PFTB (Fig. 3a and SI). The change of 'H-chemical shifts of the
methylene groups in DABCO was less distinct upon the addition of
PTFB, yet visible in the ®C-NMR spectra. This suggests that strong
H-bonding interactions indeed take place between the Lewis base and
the solvent, as previously observed for N-bromo morpholine and
HFIP*°. Further increasing the amount of PFTB to >4 equivalents
resulted in precipitation of a PFTB-DABCO complex 54 (X-ray structure

Fig. 3a, insert and SI). Similar to reported HFIP-amine salts’**®, two
PTFB molecules share one proton with the ammonium cation nearby
within this complex. In the case of DABCO, however, the pK, of the
second amine is 3.0 (vs. 5.4 for PFTB) and thus attracts another
molecule of PFTB through strong H-bonding interactions. This results
in a final stoichiometry of DABCO/PFTB of 25:75.

We then investigated the structure-reactivity relationship of the
catalyst regarding both the cation and the anion (Fig. 3b). While
without catalyst no significant conversion of 19 was visible, an
increase in reaction rate was observed by applying the protonated N-
compounds morpholine, pyridine, and DABCO in the form of their
hydrobromide salts. The k.. increased with decreasing pKa value.
Changing the anion further accelerated the transformation. Applying
DABCO bistriflate (20c) showed an almost doubled reaction rate
(kes=2.05x10% when compared to its hydrobromide derivative
(k,es=1.24 x10% and an even 20 fold increased rate constant relative to
that of the DABCO TFA salt (20f, k,.;= 1.1 x 10"). Gutmann-Becket***°
experiments revealed that besides the Brgnsted acidity the catalyst’s
Lewis acidity, and thus the strength of the mutual interaction of amine
salts and F-alcohol within the H-bonding network, plays an important
role in the cyclization event (see SI). In general, the acceptor number
(AN) of fluorinated alcohols does not correlate with their pKa value
but rather with their ability to coordinate Lewis basic molecules. Upon
addition of our catalysts 20 to PTFB the Lewis acidity further
increased (AN (PTFB)=53.8 vs. AN (PTFB+20b)=54.1 vs. AN
(PTFB +20c) =59.8) surpassing even the Lewis acidity of SnCl,
(AN =59.0) if PTFB is activated by DABCO ditriflate 20c.

Next, we turned our attention to the influence of the extended
H-bonding network on reaction selectivity. Within the scope of this
work, we have shown that fluorinated alcohols, particularly PFTB play
an important role in the selective cyclization of mono- and sesqui-
terpenes. As hypothesized earlier by Denmark® and our group®®,
fluorinated alcohols are capable of controlling the conformation of
apolar linear materials by forming cyclic, linear, or helical supramole-
cular clusters in solution®*®°, These domains force the substrates to
prearrange in their thermodynamically favored chair-like
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conformation. This shape-induced control enables the transformation
to proceed with excellent yields and selectivities. To test this hypoth-
esis, we recorded 1D-'H-NOESY spectra of model substrate 19 in var-
ious solvents by selectively resonating 19 at the aromatic protons
(Fig. 3¢ and SI). Only in PFTB did the protons of the terminal C1 Me-
groups show significant NOE contacts to aromatic H-atoms, which can
only be explained by the folding 0of 19 and thus reduction of the surface
area of this lipophilic polyene substrate. Subjecting 19 to *C-NMR
titration with increasing amounts of PFTB, toluene, and tert-butanol in
CDClI; revealed that only in PFTB did the sp*carbons significantly shift
downfield, doing so by up to 3.5 ppm for C2 (Fig. 3d and SI). This
observation was due to fluorine-mt interactions stemming from the
hydrophobic CF; groups clustering around the apolar starting
material®® and thus activating the more exposed head alkene (C2/C3)
the most. This finding nicely explains the superior selectivity of
terminal vs. internal protonation in 19 in PFTB. In other solvents, no
such activation was observed, thus resulting in the production of sig-
nificant amounts of apolar side products.

Altogether, these investigations clearly reveal that the strong
H-bonding network formed by non-covalent interactions of catalyst
20c and PTFB plays a decisive role in controlling the solution phase
conformation and thus steers the outcome of the reaction. The
microstructured solution forces the linear polyene 19 into a distinct
chair,chair-like conformation simultaneously activating selectively the
terminal alkene moiety and stabilizing cationic intermediates and
transition states. These aspects of structural pre-organization with
their impact on reactivity and selectivity in chemical transformations
are key to explaining the biogenic isoprene rule formulated by
Eschenmoser'* and Stork®.

Molecular dynamics (MD) studies

The postulated role of the solvent was further explored by extensive
MD studies (simulation details are given in the SI). Similar to the
structuring induced by HFIP®?, a clear structuring of the polar and
apolar structural elements by the polar F-alcohol was observed. The
most prominent result was the formation of supramolecular, linear
ionic aggregates of the catalyst (pyridinium hydrobromide (20b),
Fig. 4a and DABCO bistriflate (20c) see SI) in PFTB. This was facili-
tated by the polar hydroxy groups of PFTB, which preferentially face
the charged ions and the apolar CF; groups pointing towards the bulk
solution, thereby creating distinct and structured catalytic domains
in the solution by a different hydrogen bonding network compared
to the bulk. This gives rise to a percolating global microstructure
because the linear aggregates of pyridinium bromide 20b are not
limited to a local inhomogeneity as in cyclohexane (Fig. 4b). The
latter causes a depletion of ions in the bulk and allows contact with
the ions only at the ion-cyclohexane interface. In PTFB, however, a
new preferential orientation of hydrogen bonds arises through the
inclusion of 20b, which is not present in pure PTFB. This prear-
rangement could potentially support proton transfer along the
aggregates and follow a Grotthus-like diffusion, as similarly observed
in the cyclase Il enzyme ent-copy diphosphate synthase®. The non-
point-like pyridinium cation is likewise important, as such structur-
ing could not be observed in control simulations where 20b was
substituted by NaBr.

Aggregates like those occurring in PTFB were likewise observed in
control simulations using other polar, organic solvents such as MeOH
(Fig. 4c), but were overall less well-defined. The question of whether
the solvent itself facilitates prearrangement in the coiled state of 19
was tackled by comparing potentials of mean force (PMFs) obtained
from umbrella sampling®® and the weighted histogram analysis
method® for the bond-forming carbon atoms of 19. For all observed
solvents, the folded form of 19 was less favorable. However, with the
addition of the ions, the coiled conformation of 19 was stabilized in

PTFB as opposed to destabilized in cyclohexane (see SI). As the reac-
tion can only happen from the coiled form, the preaggregation gives
an additional favorable contribution to the reaction.

Conclusions

By pre-organizing substrate conformation, nature controls and directs
the outcome of its chemical reactions with high efficiency. Terpene
cyclizations are impressive examples of such shape-selective trans-
formations, providing a manifold of different and structurally complex
carbon frameworks depending on how the carbon chain gets folded
inside the enzymatic pocket. Controlling substrate conformation in
solution, as terpene cyclases do, and thus steering the selectivity of a
certain transformation predictably is yet an unmatched challenge for
organic chemists. With our studies, we introduced a broadly applicable
method for the head-to-tail proton cyclization of structurally different
linear polyenes to the organic synthetic toolbox. This was accom-
plished by mimicking the decisive enzymatic features of (a) adjusting
the reagent and/or substrate’s reactivity, (b) stabilizing transition-
states and intermediates, and (c) controlling substrate conformation
within our in-situ formed, self-assembled, cooperative supramolecular
network consisting of PTFB and catalytic amounts of ammonium or
pyridinium salts. These dynamic PTFB-amine-supramolecular clusters
show all decisive properties and are perfectly suited to be employed in
carbocation cascade reactions, and thus, in the total synthesis of ter-
penes and their artificial analogs. Our approach is very mild, tolerating
many functional groups including acid-labile functionalities. The pro-
cedure is operationally simple and robust, does not require inert or
cryogenic conditions, and needs only affordable, commercially avail-
able catalysts and solvents. It provides polycyclic products with gen-
erally high to excellent yields and simultaneously assembles multiple
stereogenic centers. The excellent diastereoselectivity (up to
d.r>95:5) is caused by the controlled conformational pre-folding of
the substrate chain inside the supramolecular assemblies. Due to the
size-adaptive nature of our supramolecular networks, the reaction
offers a broad substrate scope. Applying this methodology, we have
efficiently synthesized a broad range of terpene-type structural scaf-
folds, including the natural products tetrahydroactinidiolide (26),
cyclogeranylacetate (30), drimenol acetate (47), sclareolide (49),
eucalyptol (50), and B-lapachone (51). Through our mechanistic
investigations, important insights into the underlying principles of
H-bonding networks and their influence on reactivity and selectivity
are now available. These principles will help to further advance the
field of fluorous alcohol-triggered reactions from pure serendipity to a
more rational reaction design. In addition, our studies impressively
revealed that PTFB, which had not yet found its way into organic
synthesis, can indeed serve as a versatile solvent, pushing distinct
transformations even in a superior fashion to its more popular relative
HFIP. PFTB constitutes an excellent reaction medium for proton-
induced polyene cyclization. However, at the very least, it will also be
effective for any transformation needing cationic species to be stabi-
lized, in a dipolar medium, and mildly acidic conditions. We hope that
PFTB will rise from a laboratory curiosity to a valuable solvent
like HFIP.

Methods

General procedure for the cyclization of linear polyenes

The corresponding linear polyene substrate was dissolved in 0.1m
PFTB at rt in a 4 mL screw cap vial with a magnetic stir bar. In total
20 mol% of DABCO(TfOH), (20c) was added and the mixture was
stirred until completion (determined by GC or TLC). Then, 2 mL CHCl;
was added to terminate the reaction and the solvent was removed
under reduced pressure. The crude mixture was then directly purified
by column chromatography on silica gel to obtain the corresponding
product.
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Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files.
The NMR data of compounds 21-51 can be found in the Supplementary
Data 1. Supplementary Data 2 contains the structural data for com-
pound 54 including its cartesian coordinates. In addition, the data for
the X-ray crystal analysis for compound 54 generated in this study
have been deposited under accession number CCDC 2205029 at The
Cambridge Crystallographic Data Centre. Supplementary Data 3 con-
tains the parameters for the simulations conducted in this study.

References

1. Zhang, Q., Catti, L., Syntrivanis, L.-D. & Tiefenbacher, K. En route to
terpene natural products utilizing supramolecular cyclase mimet-
ics. Nat. Prod. Rep. 36, 1619-1627 (2019).

2. Fraga, B. M. Natural sesquiterpenoids. Nat. Prod. Rep. 30,
1226-1264 (2013).

3. Gershenzon, J. & Dudareva, N. The function of terpene natural
products in the natural world. Nat. Chem. Biol. 3, 408-414 (2007).

4. Menger, M., Lentz, D. & Christmann, M. Synthesis of (+)-Vitepyrro-
loid A and (+)-Vitepyrroloid B by late-stage Ni-catalyzed
C(sp2)-C(sp3) cross-electrophile coupling. J. Org. Chem. 83,
6793-6797 (2018).

5. Kikuchi, T., Narita, K., Saijo, K., Ishioka, C. & Katoh, T. Enantiose-
lective total synthesis of (-)-Siphonodictyal B and (+)-8-epi-Sipho-
nodictyal B with Phosphatidylinositol 3-Kinase a (PI3Ko) inhibitory
activity. Eur. J. Org. Chem. 5659-5666, https://doi.org/10.1002/
€joc.201600949 (2016).

6. Zhang, W., Yao, H., Yu, J., Zhang, Z. & Tong, R. Total syntheses of
sesterterpenoid Ansellones A and B, and phorbadione. Angew.
Chem. Int. Ed. 56, 4787-4791 (2017).

7. Cao, W., Deng, H., Sun, Y., Liu, B. & Qin, S. Asymmetric synthesis of
Hispidanin A and related diterpenoids. Chem. Eur. J. 24,
9120-9129 (2018).

8. Opiyo, S. A., Manguro, L. O. A., Okinda-Owuor, P., Ateka, E. M. &
Lemmen, P. 7o0-Acetylugandensolide and antimicrobial properties
of Warburgia ugandensis extracts and isolates against sweet potato
pathogens. Phytochem. Lett. 4, 161-165 (2011).

9. Foss, M. H. et al. Inhibitors of bacterial tubulin target bacterial
membranes in vivo. MedChemComm 4, 112-119 (2013).

10. Vediyappan, G. & Hua, D. H. Sesquiterpenes for antifungal appli-
cations. USA patent WO2013013178 (A1) (2013).

1. Konoshima, T. et al. Anti-tumor-promoting activities of triterpenoids
from ferns. I. Biol. Pharm. Bull. 19, 962-965 (1996).

12. Ishihara, Y., Mendoza A. & Baran, P. S. Total synthesis of taxane
terpenes: cyclase phase. Tetrahedron 69, 5685-5701 (2013).

13. Kanda, Y., Ishihara, Y., Wilde, N. C. & Baran, P. S. Two-phase total
synthesis of taxanes: tactics and strategies. J. Org. Chem. 85,
10293-10320 (2020).

14. Eschenmoser, A., Ruzicka, L., Jeger, O. & Arigoni, D. Zur Kenntnis
der Triterpene. 190. Mitteilung. Eine stereochemische Interpreta-
tion der biogenetischen Isoprenregel bei den Triterpenen. Helv.
Chim. Acta 38, 1890-1904 (1955).

15. Stork, G. & Burgstahler, A. W. The stereochemistry of polyene
cyclization. J. Am. Chem. Soc. 77, 5068-5077 (1955).

16. Schéfer, B. Ambrox®. Chem. Unserer Zeit 45, 374-388 (2011).

17. Snowden, R. L. et al. Internal nucleophilic termination in biomimetic
acid mediated polyene cyclizations: stereochemical and mechan-
istic implications. Synthesis of (+)-Ambrox and its diastereoisomers.
J. Org. Chem. 57, 955-960 (1992).

18. Snowden, R. L., Eichenberger, J.-C., Giersch, W., Thommen, W. &
Schulte-Elte, K. H. Internal nucleophilic termination in acid-
mediated polyene cyclisations: synthetic access to methyle
homologs of (+)-Ambrox® and its diasterecisomers. Helv. Chim.
Acta 76, 1608-1618 (1993).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Snowden, R. L. & Linder, S. Internal nucleophilic termination in acid-
mediated polyene cyclizations part 4. Helv. Chim. Acta 88,
3055-3068 (2005).

Snowden, R. L. Cetalox® and analogues: synthesis via acid-
mediated polyene cyclizations. Chem. Biodivers. 5,

958-969 (2008).

Kato, T., Kumazawa, S. & Kitahara, Y. Cyclization of polyenes; VIII1.
asymmetric cyclization of optically active esters of homogeranic
acid. Synthesis 1972, 573-574 (1972).

Ireland, R. E., Lipinski, C. A., Kowalski, C. J., Tilley, J. W. & Walba, D.
M. Total synthesis of dl-shionone, a tetracyclic triterpene. J. Am.
Chem. Soc. 96, 3333-3335 (1974).

Janssen, C. G. M. & Godefroi, E. F. The trimethylsilyl group as
removable asymmetry-inducing auxiliary. 1. Aromatic resin acid ring
systems. J. Org. Chem. 49, 3600-3603 (1984).

Rosales, V., Zambrano, J. L. & Demuth, M. Regioselective palladium-
catalyzed alkylation of allylic halides with benzylic grignard
reagents. two-step synthesis of abietane terpenes and tetracyclic
polyprenoid compounds. J. Org. Chem. 67, 1167-1170 (2002).
Zhao, Y.-J., Chng, S.-S. & Loh, T.-P. Lewis acid-promoted inter-
molecular acetal-initiated cationic polyene cyclizations. J. Am.
Chem. Soc. 129, 492-493 (2007).

Saito, A., Matsushita, H. & Kaneko, H. Approach to the synth-
esis of aromatic resin acids. Agric. Biol. Chem. 50,

771-772 (1986).

Tada, M., et al. Synthesis of (+)- and (-)-ferruginol via asymmetric
cyclization of a polyene. J. Chem. Soc. Perkin Trans. I, 2657-2664,
https://doi.org/10.1039/BO03497P (2000).

Graham, M., Baker, R. W. & MckErlean, C. S. P. Cationic polyene
cyclization for Taiwaniaquinoid construction. Eur. J. Org. Chem.
2017, 908-913 (2017).

Youn, S. W., Pastine, S. J. & Sames, D. Ru(lll)-catalyzed cyclization of
arene-alkene substrates via intramolecular electrophilic hydro-
arylation. Org. Lett. 6, 581-584 (2004).

Xie, K. et al. Synthesis of tetralin and chromane derivatives via In-
catalyzed intramolecular hydroarylation. Tetrahedron Lett. 51,
4466-4469 (2010).

Lin, S.-C. & Chein, R.-J. Total synthesis of the labdane diter-
penes galanal A and B from geraniol. J. Org. Chem. 82,
1575-1583 (2017).

Surendra, K., Qiu, W. & Corey, E. J. A powerful new construction of
complex chiral polycycles by an Indium(lll)-catalyzed cationic cas-
cade. J. Am. Chem. Soc. 133, 9724-9726 (2011).

Chou, T.-H., Yu, B.-H. & Chein, R.-J. Znl,/Zn(OTf),-TsOH: a versatile
combined-acid system for catalytic intramolecular hydro-
functionalization and polyene cyclization. Chem. Commun. 55,
13522-13525 (2019).

For a more comprehensive collection of proton-induced polyene
cyclizations developed to date, see: Barrett, A. G. M., Ma, T.-K. &
Mies, T. Recent Developments in Polyene Cyclizations and Their
Applications in Natural Product Synthesis. Synthesis 51,

67-82, (2019).

In Applications of Domino Transformations in Organic Synthesis 1
Science of Synthesis (eds Snyder, S. A. & Schaumann, E.) (Georg
Thieme Verlag, Stuttgart, 2016).

For a recent review on enantioselective polyene cyclizations see:
Ungarean, C. N., Southgate, E. H. & Sarlah, D. Enantioselective
polyene cyclizations. Org. Biomol. Chem. 14, 5454-5467 (2016).
Kanda, Y. et al. Two-phase synthesis of taxol. J. Am. Chem. Soc. 142,
10526-10533 (2020).

Dettrakul, S. et al. Antimycobacterial pimarane diterpenes from the
Fungus Diaporthe sp. Bioorg. Med. Chem. Lett. 13,

1253-1255 (2003).

Duran-Pefia, M. J., Botubol Ares, J. M., Collado, I. G. & Hernandez-
Galan, R. Biologically active diterpenes containing a gem-

Nature Communications | (2023)14:813


https://doi.org/10.1002/ejoc.201600949
https://doi.org/10.1002/ejoc.201600949
https://doi.org/10.1039/B003497P

Article

https://doi.org/10.1038/s41467-023-36157-0

dimethylcyclopropane subunit: an intriguing source of PKC mod-
ulators. Nat. Prod. Rep. 31, 940-952 (2014).

40. Breslow, R. & Overman, L. E. “Artificial enzyme” combining a metal
catalytic group and a hydrophobic binding cavity. J. Am. Chem.
Soc. 92, 1075-1077 (1970).

41. Breslow, R. Biomimetic control of chemical selectivity. Acc. Chem.
Res. 13, 170-177 (1980).

42. Grommet, A. B., Feller, M. & Klajn, R. Chemical reactivity under
nanoconfinement. Nat. Nanotechnol. 15, 256-271 (2020).

43. Mitschke, B., Turberg, M. & List, B. Confinement as a unifying ele-
ment in selective catalysis. Chemistry 6, 2515-2532
(2020).

44. Hart-Cooper, W. M., Clary, K. N., Toste, F. D., Bergman, R. G. &
Raymond, K. N. Selective monoterpene-like cyclization reactions
achieved by water exclusion from reactive intermediates in a
supramolecular catalyst. J. Am. Chem. Soc. 134,

17873-17876 (2012).

45. Zhang, Q. & Tiefenbacher, K. Terpene cyclization catalysed inside a
self-assembled cavity. Nat. Chem. 7, 197-202 (2015).

46. Zhang, Q., Catti, L., Pleiss, J. & Tiefenbacher, K. Terpene cyclization
inside a supramolecular catalyst: leaving-group-controlled product
selectivity and mechanistic studies. J. Am. Chem. Soc. 139,
11482-11492 (2017).

47. Motiwala, H. F. et al. HFIP in organic synthesis. Chem. Rev. https://
doi.org/10.1021/acs.chemrev.1c00749 (2022).

48. Colomer, I., Chamberlain, A. E. R., Haughey, M. B. & Donohoe, T. J.
Hexafluoroisopropanol as a highly versatile solvent. Nat. Rev.
Chem. 1, 0088 (2017).

49. Pozhydaiev, V., Power, M., Gandon, V., Moran, J. & Lebceuf, D.
Exploiting hexafluoroisopropanol (HFIP) in Lewis and Brgnsted
acid-catalyzed reactions. Chem. Commun. 56,

11548-11564 (2020).

50. Arnold, A. M., Péthig, A., Drees, M. & Gulder, T. NXS, mor-
pholine, and HFIP: the ideal combination for biomimetic
haliranium-induced polyene cyclizations. J. Am. Chem. Soc.
140, 4344-4353 (2018).

51. Binder, J. & Gulder, T. Terpene cyclase mimicking chlorine-induced
polyene cyclizations. ChemRixv https://chemrxiv.org/engage/
chemrxiv/article-details/6239922113d47881ab979bcc (2022).

52. Filler, R. & Schure, R. M. Highly acidic perhalogenated alcohols. A
new synthesis of perfluoro-tert-butyl alcohol. J. Org. Chem. 32,
1217-1219 (1967).

53. Driver, M. D., Williamson, M. J., Cook, Joanne, L. & Hunter, C. A.
Functional group interaction profiles: a general treatment of sol-
vent effects on non-covalent interactions. Chem. Sci. 11,
4456-4466 (2020).

54. Henkel, S., Misuraca, M. C., Troselj, P., Davidson, J. & Hunter, C. A.
Polarisation effects on the solvation properties of alcohols. Chem.
Sci. 9, 88-99 (2018).

55. Krossing, |. & Raabe, I. Noncoordinating anions - fact or fiction? A
survey of likely candidates. Angew. Chem. Int. Ed. 43,

2066-2090 (2004).

56. Snyder, S. A. & Treitler, D. S. Bromonium induced polyene cyclisa-
tions. Angew. Chem. Int. Ed. 48, 7899-7903 (2009).

57. Tsang, W.-Y. & Richard, J. P. A simple method to determine kinetic
deuterium isotope effects provides evidence that proton transfer to
carbon proceeds over and not through the reaction barrier. J. Am.
Chem. Soc. 129, 10330-10331 (2007).

58. Berrien, J. F. et al. A crystalline H-bond cluster of hexa-
fluoroisopropanol (HFIP) and piperidine: structure determination by
X ray diffraction. J. Fluor. Chem. 128, 839-843 (2007).

59. Beckett, M. A, Strickland, G. C., Holland, J. R. & Sukumar Varma, K.
A convenient NMR method for the measurement of Lewis acidity at

boron centres: correlation of reaction rates of Lewis acid initiated
epoxide polymerizations with Lewis acidity. Polymer 37,
4629-4631 (1996).

60. Mayer, U., Gutmann, V. & Gerger, W. The acceptor number — A
quantitative empirical parameter for the electrophilic properties of
solvents. Monatshefte Chem. 106, 1235-1257
(1975).

61. Tao, Z., Robb, K. A., Zhao, K. & Denmark, S. E. Enantioselective,
Lewis base-catalyzed sulfenocyclization of polyenes. J. Am. Chem.
Soc. 140, 3569-3573 (2018).

62. Berkessel, A., Adrio, J. A., Hittenhain, D. & Neudorfl, J. M.
Unveiling the “Booster Effect” of fluorinated alcohol solvents:
aggregation-induced conformational changes and coopera-
tively enhanced H-bonding. J. Am. Chem. Soc. 128,
8421-8426 (2006).

63. Berkessel, A. & Adrio, J. A. Dramatic acceleration of olefin
epoxidation in fluorinated alcohols: activation of hydrogen
peroxide by multiple H-bond networks. J. Am. Chem. Soc. 128,
13412-13420 (2006).

64. Holléczki, O. et al. The catalytic effect of fluoroalcohol mix-
tures depends on domain formation. ACS Catal. 7,

1846-1852 (2017).

65. Cook, J. L., Hunter, C. A., Low, C. M. R., Perez-Velasco, A. & Vinter, J.
G. Solvent effects on hydrogen bonding. Angew. Chem. Int. Ed. 46,
3706-3709 (2007).

66. Tian, Y., Xu, X., Zhang, L. & Qu, J. Tetraphenylphosphonium
Tetrafluoroborate/1,1,1,3,3,3-Hexafluoroisopropanol (Ph4PBF 4/
HFIP) effecting epoxide-initiated cation-olefin polycyclizations.
Org. Lett. 18, 268-271 (2016).

67. Koksal, M., Potter, K., Peters, R. J. & Christianson, D. W. 1.55A-
resolution structure of ent-copalyl diphosphate synthase and
exploration of general acid function by site-directed mutagenesis.
Biochim. Biophys. Acta 1840, 184-190 (2014).

68. Torrie, G. M. & Valleau, J. P. Nonphysical sampling distributions in
Monte Carlo free-energy estimation: umbrella sampling. J. Comput.
Phys. 23, 187-199 (1977).

69. Kumar, S., Rosenberg, J. M., Bouzida, D., Swendsen, R. H. & Koll-
man, P. A. The weighted histogram analysis method for free-energy
calculations on biomolecules. I. The method. J. Comput. Chem. 13,
1011-1021 (1992).

Acknowledgements

The project was funded by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—Emmy-Noether program (DFG, GU 1134-
3, T.G.), TRR 325 (444632635, T.G.), RTG 2620 (P.D., D.H.) and SPP 1807
(P.D.). A.M.A. thanks the Fonds der Chemischen Industrie for a PhD
Fellowship. P.D. thanks the Studienstiftung des deutschen Volkes for a
PhD Fellowship.

Author contributions

A.M.A. performed all synthetic work. A.M.A. and A.B. conducted the
mechanistic investigations. P.D. and D.H. performed the MD simula-
tions and C.J. did the X-ray analysis studies. A.M.A, P.D., A.B., C.J.,
D.H., and T.G. were involved in the experimental design and per-
formed data analysis. A.M.A., P.D., D.H., and T.G. wrote the manu-
script. All authors have given approval for the final version of the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:813


https://doi.org/10.1021/acs.chemrev.1c00749
https://doi.org/10.1021/acs.chemrev.1c00749
https://chemrxiv.org/engage/chemrxiv/article-details/6239922113d47881ab979bcc
https://chemrxiv.org/engage/chemrxiv/article-details/6239922113d47881ab979bcc

Article

https://doi.org/10.1038/s41467-023-36157-0

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36157-0.

Correspondence and requests for materials should be addressed to
Tanja Gulder.

Peer review information Nature Communications thanks Bidadi Prasad
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:813

10


https://doi.org/10.1038/s41467-023-36157-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Enzyme-like polyene cyclizations catalyzed by dynamic, self-assembled, supramolecular fluoro alcohol-amine clusters
	Results and discussions
	Reaction design and optimization
	Synthetic scope
	Mechanistic studies
	Molecular dynamics (MD) studies
	Conclusions

	Methods
	General procedure for the cyclization of linear polyenes

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




