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Abstract. The selective one-step synthesis of 13-epi-manoyl oxide is reported based on a
low-temperature superacidic cyclization of sclareol. The reaction conditions have been finely tuned in
order to achieve a 9:1 ratio between epimeric oxides in favour of the desired 13-epi-oxide.
The structures were confirmed by *H and *C NMR, and composition of the crude reaction products
determined by GC-MS. These results have been interpreted by a hypothetical Sy2 mechanism which
occurs with inversion of configuration around the C-13 chiral center of the starting substrate.
The preparative value of the elaborated procedure is demonstrated on a gram-scale experiment.
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Introduction

Labdane diterpenoids are widespread in
nature and many relevant representatives play
important roles in the terrestrial and marine
ecosystems [1]. Besides, an impressive number of
labdanes show relevant biological activities [2],
including anti-inflamatory [3] and citotoxic
properties [4]. These secondary metabolites are
formed biogenetically, following an enzymatic
cyclization of the geranylgeranyl diphosphate
oligomer, which is suspended at two carbocycles,
having one isoprene residue pendant [2].
The following late-stage  functionalization
provides a broad structural diversity that includes
many additional functional groups attached to
different positions of the bicyclic backbone and
lateral chain. The biological activity of such
compounds is tightly connected to their degree of
“decoration” with heteroatoms, which represent
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the main tools for interaction with biomolecules
in the living cells. Such interactions lead to
relevant properties for mediation of a whole array
of biochemical processes [5].

A perspective pathway for the exploration
of labdane compounds represents the in vitro
late-stage functionalization of representatives
which can be easily assembled from the
readily available substrates. In particular, manoyl
oxide (1) and 13-epi-manoyl oxide (2) (Figure 1)
have been extensively investigated in this context
and their broad microbiological transformations
have been reported, basically on the use of
fungi [6].

The interest towards oxides 1 and 2 is
triggered by their tricyclic backbone that
is identical to the well-known forskolin (3) —
a non-selective activator of the adenylate cyclase
enzyme [7].

¥

Sclareol 6

Ribenol 4 Varodiol 5

Figure 1. Selected representatives of natural labdanes.
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Other relevant natural compounds having
the 13-epi-manoyl oxide skeleton and belonging
to the ent-series are ribenol (4) and varodiol (5).
Both 4 and 5 have been reported in
structure-activity relationship (SAR) studies,
providing  derivatives  with  antimicrobial
properties [8,9]. A free-radical procedure for
structural modification of both forskolin and
manoyl oxides has been demonstrated recently
[10] and an unusual reactivity, leading to a distal
functionalization of diterpenic framework of
epi-oxide 2 has been noticed. In order to explore
the full  potential of such late-stage
functionalization, one needs reliable sources of
13-epi-manoyl oxide, which, ideally, is made
available via selective synthesis and the current
paper aims to fulfil this goal.

Results and discussion

The tricyclic manoyl oxides 1 and 2 can be
prepared via several synthetic protocols on the
cyclization of the readily available (-)-sclareol (6)
(Scheme 1). All published direct transformations
of 6 into 1 report only minor quantities of
13-epi-manoyl oxide (1), which is usually very
difficult to separate. In particular, the cerium-
ammonium nitrate (CAN) mediated cyclization of
6 (Scheme 1, procedure A) provides a 95%
conversion into a mixture of 1 and 2, where
1 predominates (1:2= 5:2) [11]. An older
contribution of some of us (Scheme 1,
procedure  B)  demonstrated  superacidic
cyclization of 6 leading to 60% of an equimolar
mixture of 1 and 2 [12]. To the best of our
knowledge, there was a single paper reporting a
synthesis of 13-epi-manoyl oxide (2) with an
excellent 91% vyield [13], but its preparative
application is discouraged by the lengthy four-
step synthetic sequence and the use of toxic
phosphine reagents (Scheme 1, procedure C).
Therefore, it was decided to elaborate an
alternative selective procedure for cyclization of
(-)-sclareol (6) into 2, making use of the known
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methodology of low temperature superacidic
cyclization [12].

Optimization experiments based on the
published cyclization conditions (5 molar excess
of FSOsH at -78°C), showed a specific
dependence of the reaction outcome on
experimental  conditions, including reagent
addition procedure, reaction temperature and the
amount of cyclization agent (Table 1). Estimation
of the reaction course relied upon the GC-MS
analysis of the worked-up reaction mixtures and
separate integration of peaks, providing a relative
content of oxides 1 and 2, starting diol 6 and all
other reaction by-products taken together.
No internal standard has been applied.
The chromatograms corresponding to each
experiment shown in Table 1 are provided in the
supplementary material file. Minor amounts of
polymeric material that is usually formed during
such reactions have been neglected in the
optimization studies, having in mind that its yield
is lowered while lowering the reaction
temperature below -78°C.

The known [12] cyclization procedure
involves addition of the solid substrate to the
chilled solution of superacid in 2-nitropropane
(PrNO,) to provide a 1:1 ratio of 1 to 2.
An alternative addition procedure consisting of
dropwise addition of a substrate solution in a 2:1
mixture of dichloromethane (DCM) — 'PrNO; to
the solution of FSO3H in 'PrNO; at -85°C resulted
in a slight excess of epimer 2 (Table 1, entry 1).
This positive trend towards higher content of
oxide 2 has been encouraging and it was decided
to investigate the effect of cyclization agent
amount on both reaction yield and selectivity.
Decreasing the quantity of the superacid from 5 to
3 mol equiv. resulted in the selectivity switch
back to manoyl oxide (1) (Table 1, entry 2).
The experiment with a 1.5 mol equiv. of superacid
showed a similar selectivity towards oxide 1,
accompanied by a significant drop of substrate
conversion (Table 1, entry 3).

Reagents and conditions: A. CAN, CH3CN, 10 hours at r.t.; B. FSOsH, 15 min at -78°C, then 30% aq. KOH,;
C. i) m-CPBA, CHCIs, 2 hours at r.t., ii) 0.5 N ag. NaOH, t-BuOH, 3 hours at r.t., iii) TFA, CCl,,
0°C to r.t. in 2 hours, iv) Ph,PCI, imidazole, Ph-Me, 10 min at 80°C, then I, and 2 hours of reflux,
followed by Zn and additional 2 hours of reflux.
Scheme 1. Cyclization of sclareol (6) into manoyl oxides 1 and 2.
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It was clear at this point that 3 mol equiv.
of superacid ensure quantitative substrate
conversion and three different reagent addition
procedures have been applied with this reagent
excess. They included either slow addition of
dissolved substrate onto the reaction flask internal
walls in order to effect pre-cooling (Table 1,
entry 4), addition of either solid substrate in one
batch (Table 1, entry 5) or dissolved substrate
added in one batch (Table 1, entry 6). All these
experiments resulted in total consumption of
starting material and trace amounts of byproducts,
which represent hydrocarbons, resulting from
dehydration of starting material under superacidic
treatment [12]. But the ratio of manoyl oxides was
favourable for undesired epimer 1. Therefore, we
decided to come back to the reaction conditions
with a higher reagent excess that proved to be
efficient for selective formation of epi-oxide 2,
but with the following modifications of addition
procedures: slow addition of the dissolved
substrate onto the reaction flask internal walls
(Table 1, entry 7), addition of the cyclization
agent solution to the solution of the substrate
(Table 1, entry 8) or addition of the dissolved
substrate in one batch (Table 1, entry 9).
As it was expected, the higher yield of epi-oxide 2
was observed in the last experiment and the
selectivity was matching exactly the results
of the substrate solution dropwise addition.
We concluded that dropwise addition was not
critical for the reaction selectivity and proceeded
further with single batch addition of the substrate
at lower temperatures (Table 1, entries 10-14).

The reaction outcome tendency is clearly
demonstrated by the data in the table: first
of all, the selectivity of cyclization to
13-epi-manoyl oxide increases on lowering the
reaction temperature and reaches a 93:7
maximum ratio 2 to 1 at -105°C over 15 min
reaction time. Unfortunately, the yield of
by-products also increases on lowering the
temperature,  affecting  detrimentally  the
cyclization yield.

The optimal conversion-selectivity reaction
conditions are achieved at -95°C (Table 1,
entry 11). A parallel preparative experiment was
performed and included isolation of reaction
products via column chromatography.
The mixture of oxides 1 and 2 was obtained with
an acceptable 60% yield and the prevalence of the
desired oxide 2 was exactly the same as
determined in the optimization experiment
(GC-MS and NMR data, see supplementary
material for details). Further purification of
13-epi-manoyl oxide (2) to ~100% purity was
achieved by recrystallization. All spectral data
of the purified material matched those
published [13].

The mechanistic proposal (Scheme 2) is
based on a hypothetical Snx2 mechanism
that involves protonation of the hydroxyl group in
the lateral chain that is more likely to be
stabilized by the allylic effect of the adjacent
olefinic bond. After —OH protonation and its
conversion into a better leaving group, the water
molecule is expelled by the hydroxyl group from
the C-8 position.

Table 1

Results of optimization experiments for selective synthesis of 13-epi-manoyl oxide (2) from (-)-sclareol (6).

Reaction products, % by GC-MS

- Reaction FSOsH,
No  Procedure temperature  mol equiv. Recovered  Secondary 1 5 2/1
6 products
1 P1 -85 5 - 4 37 59 1.59
2 P1 -85 3 - 2 52 46 0.88
3 P1 -85 15 27 3 42 28 0.67
4 P2 -85 3 - 1 59 40 0.68
5 P3 -85 3 1 1 56 42 0.75
6 P5 -85 3 - 1 56 43 0.77
7 P2 -85 5 - 1 53 46 0.87
8 P4 -85 5 - 1 50 49 0.98
9 P5 -85 5 - 2 38 60 1.58
10 P5 -90 5 - 6 19 75 3.95
11 P5 -95 5 - 17 8 75 9.38
12 P5 -100 5 - 27 7 66 9.43
13 P5 -105 5 - 31 6 63 105
14 P5 -110 5 - 45 6 49 8.17

*For the description of procedures P1-P5 see experimental part.
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Scheme 2. Mechanistic proposal on the selective synthesis of 2.

Inversion of the configuration occurs at the
C-13 chiral carbon on the rotation of the
C-12 — C-13 (step A to B in Scheme 2) bond,
leading to the epi-oxide 2. In our opinion, the
reaction temperature affects significantly the
reaction path and higher temperatures promote
water elimination before this conformational
change occurs (step A to C in Scheme 2). As a
result, the substitution is directed in parallel via a
monomolecular substitution leading to mixtures
of 1 and 2. On the contrary, at lower temperatures,
water elimination is not facile and it occurs only
after a sequential conformational change leading
to conformation B, followed by a bimolecular
substitution process to yield selectively the
epi-oxide 2.

Conclusions

A careful optimization of reaction
conditions for low temperature cyclization
of (-)-sclareol allowed a highly selective synthesis
of 13-epi-manoyl oxide — a labdane compound
with a carbon backbone similar to different
natural  products and  derivatives  with
relevant biological activity.

The optimized procedure opens the path for
a broader investigation of similar compounds in
SAR studies basing on commercially available
starting materials.

Experimental
Generalities

'H and *C NMR spectra were recorded in
CDCl; on Bruker 400 Avance Il spectrometer
(400.13 and 100.61 MHz); chemical shifts are
given in ppm and are referenced to chloroform
(CHCIs) as internal standard (éw= 7.26 ppm for
proton and oJc= 77.0 for carbon). Commercial
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Merck silica gel 60 (70-230 mesh ASTM) was
used for flash chromatography and Merck pre-
coated SiO, plates were wused for TLC.
The chromatograms were sprayed with 0.1%
solution of cerium(lV) sulfate in 2N sulfuric acid
and heated at 80°C for 5 min to detect the spots.
GC-MS analysis were recorded on Agilent 7890A
chromatograph, equipped with quadrupole MS
detector MSD 5975C and HP-5 ms capillary
column (30 m/0.25 mm). The isopropanol — liquid
nitrogen system was used for low-temperature
cooling bath preparation. Workup of reaction
mixtures included extraction with Et,O, washing
of the extract with brine up to neutral, drying over
anhydrous Na,;SO4, and solvent removal in
vacuum.

Cyclization of (-)-sclareol (6)

Procedure 1. (-)-Sclareol (6) (1 mmol) was
dissolved in 5 mL of DCM-PrNO, mixture (2:1)
and the resulting solution was added dropwise to
the stirred solution (4 M) of the specified amount
of FSO3H (Table 1) in 'PrNO;, preliminary chilled
at the required temperature. After 15 min of
stirring at this temperature, the reaction mixture
was quenched with 5 mL of 30% NaOH aqueous
solution. Following workup provided the crude
reaction product.

Procedure 2. (-)-Sclareol (6) (1 mmol) was
dissolved in 5 mL of DCM-PrNO, mixture (2:1)
and the resulting solution was slowly added
onto the internal walls of reaction flask,
containing the stirred solution (4 M) of the
specified amount of FSOsH (Table 1) in 'PrNO,,
preliminary chilled at the required temperature.
After 15 min of stirring at this temperature, the
reaction mixture was quenched with 5 mL of 30%
NaOH aqueous solution. Following workup
provided the crude reaction product.
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Procedure 3. (-)-Sclareol (6) (1 mmol) was
added carefully to the vigorously stirred solution
(0.33 M) of the specified amount of FSOsH
(Table 1) in 'PrNO,, preliminary chilled at the
required temperature. After 15 min of stirring at
this temperature, the reaction mixture was
guenched with 5 mL of 30% NaOH aqueous
solution. Following workup provided the crude
reaction product.

Procedure 4. (-)-Sclareol (6) (1 mmol) was
dissolved in 5 mL of DCM-PrNO; mixture (2:1)
and the resulting solution was chilled at the
required temperature (Table 1) on stirring.
The specified amount of FSOsH (Table 1)
dissolved in 'PrNO; (4 M) was added dropwise to
the sclareol solution and stirring continued for
15 min at the same temperature. The reaction
mixture was quenched with 5 mL of 30% NaOH
aqueous solution. Following workup provided the
crude reaction product.

Procedure 5. (-)-Sclareol (6) (1 mmol) was
dissolved in 5 mL of DCM-'PrNO, mixture (2:1)
and the resulting solution was poured out to the
stirred solution (4 M) of the specified amount of
FSO3H (Table 1) in 'PrNO;, preliminary chilled at
the required temperature. After 15 min of stirring
at this temperature, the reaction mixture was
guenched with 5 mL of 30% NaOH aqueous
solution. Following workup provided the crude
reaction product.

Cyclization of (-)-sclareol (6). Preparative
experiment

(-)-Sclareol (6) (1 g, 3.24 mmol) was
dissolved in 15 mL of DCM-'PrNO, mixture (2:1)
and the resulting solution was added in one batch
to the stirred solution of 1.62 g (16.2 mmol)
FSOsH in 3.5 mL 'PrNO,, preliminary chilled
at -95°C. After 15 min of stirring at this
temperature, the reaction mixture was quenched
with 20 mL of 30% NaOH aqueous solution.
Following workup provided 920 mg of crude
reaction product, which was submitted to column
chromatography. Gradient elution with petroleum
ether-ethylacetate  mixtures  of increasing
polarities provided 180 mg of nonpolar fraction of
byproducts, followed by 563 mg (1.94 mmol,
60%) of manoyl oxides, containing 90%
13-epi-manoyl oxide (2) and 10% manoyl oxide
(1) (GC-MS data).
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