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The paper relates on the current advancements in the synthesis of complex cyclic terpenoids by su-
peracidic induced cyclization of open chain precursors. It is shown that functional groups disposal
in the initial substrate strongly influences the reaction outcome. Possible variations of the inves-
tigated compound structures include particularly a-functionalization and a,w-bifunctionalization.
This approach allowed a selective initiation of cyclization sequence from an internal double bond
or suspending the ring closure cascade to partially cyclized compounds. The reported synthetic
schemes are attempts to mimic the biogenetical processes postulated in the living systems.
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INTRODUCTION

Terpenoids are natural products widely
spread in Nature. This is a very large group of com-
pounds, perhaps the largest of all natural products.
They can be found practically in any natural source:
in humans and animals, in terrestrial plants, marine
organisms and even in fossil sediments. Sometimes
terpenoids are found in living systems connected to
other compounds of different chemical nature, like
proteins, quinones, heterocyclic compounds, playing
a major role in the critical metabolic steps of living
beings.

From the chemical structure point of view,
terpenoids derive from only a single precursor, the
C-5 isoprene unit. But the huge structural diversity
of terpenoids is due to the infinite number of com-
binations that are possible on the condensation of
isoprene units and following transformation of the
obtained oligomers. These transformations include
basically two distinct kinds of biochemical processes:
cyclization reactions and functionalizations with dif-

ferent heteroatoms. These transformations are cata-
lyzed in vivo by enzymes and it is believed that they
occur with a high degree of selectivity.

Different biogenetical schemes have been sug-
gested to correlate the structure of complex terpe-
noids with their assumed precursors. The basis of all
these schemes was the famous biogenetic isoprene
rule formulated by Ruzicka during the middle of
the last century. The methods of organic chemistry
turned out to be reliable tools to prove all biogeneti-
cal correlations and to provide efficient procedures
of access to valuable terpenoids in a biomimetic
manner. These investigations contributed to the elu-
cidation of a number of biogenetic processes mecha-
nisms, confirmed by efficient biomimetical synthesis,
which are as a rule the most efficient, short and eco-
nomical.

The diversity of cyclic terpenoids is really
tremendous. Synthetic organic chemists strive in
their efforts to gain access to the known plethora
of polycyclic backbones mostly by straightforward
approaches, involving sequential building of the
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complex molecules from the synthons prepared by
classical organic chemistry transformations. These
approaches have biomimetic character only in very
few separate examples, since mechanistically, clas-
sical organic transformations are far away from the
biogenetical processes. Although nowadays new en-
zymes are being discovered to catalyze such classical
chemical reactions like Baeyer-Williger oxidation or
Diels-Alder cycloadition, biosynthesis of cyclic terpe-
noids is based on rather simple cyclization (isomeri-
zation)-oxidation (functionalization) sequences hav-
ing either acid-base or free radical catalysis. We will
bring herein examples of successful biomimetic ap-
proaches towards complex cyclic terpenoids using
superacids as cyclization promoters.

SYNTHESIS OF CYCLIC TERPENOIDS BY
ENZYMATIC AND CHEMICAL CATALYSIS.
SIMILARITIES AND DIFFERENCES

Planning and performing of a biomimetical
chemical transformation is based on considering the
hypothetical mechanism of enzyme catalysis, which
is highly specific and efficient. The source for this
specificity is attributed first of all to the ability of
the enzyme to stabilize the conformational mobil-
ity of the terpenic chain. This feature is very im-
portant especially for the cyclization processes.
These processes involve formation of several stere-
ocenters from an achiral molecule. Consequently,
the number of possible isomers of obtained cyclic
products depends on the number of these centers.
For example the achiral, aliphatic sesquiterpenoid
E,E-farnesol (1) (3 isoprene units) is considered as
biogenetical precursor of the bicyclic drimenol (2),
which has 3 asymmetric carbon atoms and a dou-
ble bond (Scheme 1). The total number of stereoi-
somers of drimenol equals 2% and can be also mul-
tiplied if the possibility of double bond position
variation is considered (A”8; A%%, A312), Therefore,
we can expect formation of 20 isomers on cycliza-
tion of the relatively simple farnesol.
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But in real biological systems no such diver-
sity of products is observed. The biochemical proc-
ess in the living organism leads specifically to only
one compound. For such a selectivity, conformation-
al mobility should be reduced to a minimum by the
enzyme or practically locked.

Another important feature of the enzyme is its
ability to initiate efficiently the chemical process of
cyclization or functionalization itself. For the above-
mentioned example of farnesol-drimenol it means
that a protonation-deprotonation sequence has to
be initiated specifically at the w-terminal double
bond (tail) of farnesol and terminated by removal of
the proton from C-7 position of resulting drimenol
(Scheme 1). It is noteworthy that efficient termina-
tion of the cyclization sequence is also a very im-
portant aspect that contributes heavily to the overall
process selectivity and efficiency.

Basing on these considerations, various organ-
ic transformations have been elaborated to mimic in
vitro the enzymatic mechanisms of terpene biosyn-
thesis (Torre & Sierra, 2004). We will relate below
on the use of superacids as efficient promoters of
selective biomimetic cyclizations of specifically func-
tionalized terpenoids.

The history of using superacids as terpene cy-
clization promoters goes back to the 1970’s. Soviet
chemists M. Kurbanov, A. Semenovskii and V. Smit
related for the first time on the use of fluorosulfonic
acid as a cyclization agent more efficient than con-
ventional protonic acids (Kurbanov et al., 1973). The
choice of a superacid was reasonable, since it al-
lowed performing the synthetic procedure in very
mild conditions. The very active fluorosulfonic acid
could initiate cyclization of a terpenic substrate at
a temperature as low as -78°C or even lower. It is
known that at these temperatures the conformation-
al mobility of the flexible terpenic chain is dramati-
cally diminished. Therefore, the reaction conditions
resemble the enzymatic catalysis in an attempt to
favour a conformation that is more likely to deliv-
er selectively only one cyclic product. Under these
circumstances, the superacid selectively initiate a

OH
M
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H
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* - asymmetric carbon atoms

Scheme 1. A hypothetical biogenetical scheme for drimenol in vivo synthesis
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cyclization sequence according to a mechanism that
is also valid for enzymatic catalysis. In our opinion
this feature is one of the crucial aspects of the bio-
mimetic nature of superacid-catalyzed cyclizations.

The other advantage of the superacid that is
also very important for the process efficiency and
selectivity is given by its extraordinary ability to
initiate the protonation sequence and to assure a
sufficiently long life of the formed carbonium ions.
And this property of the superacid is due to the cor-
responding counter-ion that in fact determines the
superacidic properties of the superacid (protons are
the same for all acids). Under these circumstances,
the formed carbonium species are sufficiently sta-
ble to achieve an equilibrium where the more sta-
ble conformation prevails. The factor of space that
is valid for enzymatic catalysis is substituted in this
case by the factor of time, supported by an acid that
is able to keep the “status quo” of the intermediate
carbonium species.

And finally, the selectivity of the termination
step is provided by the stereochemical circumstances
that appear in the cyclic compounds and the added
base (usually an amine or even aqueous inorganic
bases) removes the protons selectively from a certain
position to provide the target cyclic compound.

It is obviously understood that enzymatic
cyclizations are still unrivalled in selectivity by
traditional chemical transformations. But never-
theless, we are permanently challenged by the
complexity and beauty of the natural terpenoids
to continue our endeavours in developing new
chemical processes that resemble Mother Nature
in her fascinating opera of Creation. The discus-
sion below will provide an account of the success-
ful approaches employed for the synthesis of some
complex cyclic terpenic compounds starting from
available substrates and basing on the biomimetic
philosophy.

CYCLIC TERPENOIDS. CHALLENGES OF THE
NATURE

The chosen target cyclic terpenoids include
fully condensed cyclic systems, cyclic systems hav-
ing a free a-prenyl group and cyclic systems having
a free w-prenyl group.

Compounds of such structures are widely
found in natural sources and most often show inter-
esting biological activity.

Examples of terpenoids with fully condensed
structures spread from monoterpenes to triterpenes
and higher polycyclic isoprenoids found in fossil
sediments. Their biological activity is mostly con-
nected with additional oxygen-functionalization.
Prominent examples are sesquiterpenic compounds

of drimanic structure like polygodial 3, warburganal
4, and albicanol 5.

Drimanes occur both in plants and in marine
organisms and play an essential role from the chem-
ical ecology point of view, being part of the host
defensive system. These compounds show antibacte-
rial, antifungal, antifeedant, plant-growth regulatory,
cytotoxic, phytotoxic, piscicidal and molluscicidal ef-
fects. An excellent review on drimane chemistry has
been published recently (Jansen & de Groot, 2004).
Some very recent reports on drimane synthesis and
biological activity are also available (Malheiros ef al.,
2005; Della Monica et al., 2007).

Other examples of biologically active fully
condensed cyclic compounds are sesterterpenic sca-
laranes, basically found in marine organisms. Sca-
laranic compounds like scalaradial 6 and scalarin 7
play important ecological roles and possess interest-
ing biological properties as well. For example the
dialdehyde 6, which was isolated from the marine
sponge Cacospongia mollior, displayed fish antifeed-
ant properties and strong cytotoxicity (Cimino et al.,
1974; 1987). It has also been shown that compound
6 strongly inhibits the hydrolytic activity of the en-
zyme, phospholipase A2 (PLA2) (De Carvalho &
Jacobs, 1991; Potts et al., 1992). And marine sponges
continue to provide biologically active scalaranes, a
recent example being compound 8, which showed
cytotoxicity at low concentrations (Lan & Li, 2007).

Another group of presented compounds has a
free prenyl group attached to the “head” site of the
cyclic backbone, namely at the a-terminus. This kind
of compounds are widely distributed in various
natural sources. For example the diterpenic cheilan-
thanes cheilanthatriol 9 and cheilanthadiol 10 have
been isolated from ferns. Spongianolides A 11 and
B 12 have been isolated from marine sponges, which
proved to be a source of various cheilanthanes.

11 R = C(O)CH;4
12 R = C(O)CH,CH(OH)CH;

R 9r=o0H
10R=H

Cheilanthanes, especially highly oxygenated
ones, showed diverse biological activity. Luffolide
13 possess anti-inflammatory activity and inhibits
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the hydrolysis of phosphatidylcholine by bee ven-
om PLA2 (Kernan et al., 1989), compounds 11 and
12 potently inhibited (IC, = 0.50-1.40 ug/mL) pro-
liferation of the mamary tumor cell line MCF-7 (He
et al., 1994).

And the last group of specifically functional-
ized cyclic terpenoids has a functionalization given
by the free o-prenyl group attached to the cyclic
system. This kind of structure is represented in nat-
ural sources by compounds of sacculatanic family,
broadly found in liverworts (Asakawa, 2001; 2004).
The continuous search for new sacculatanes is due
to the biological activity shown by the representa-
tive members of this compound class, including pis-
cicidal, antimicrobial, anti-HIV and cytotoxic activi-
ties. Further investigations of the biological activity
of other sacculatanes are hampered by the limited
availability of these compounds from natural sourc-
es. As a solution of this problem, interesting exam-
ples of growing liverworts in axenic culture have
been reported recently (Feld et al., 2005). On the
other hand, chemical synthesis of sacculatanes could
also provide sufficient quantities for biological activ-
ity and SAR studies. Selected representatives of sac-
culatanes include sacculatal 14, perrottetianal 15 and
the cycle A oxygenated sacculatane 16.

CHO CHO

o}
Q
OHC i \
CHO N
AcO u H

149\ 150\ 16%

¢}
SUPERACIDIC CYCLIZATION OF TERPENIC
MONOFUNCTIONAL SUBSTRATES. SYNTHESIS
OF CONDENSED POLYCYCLIC SYSTEMS

Most of the open chain terpenic substrates
have only one functional group at the a-terminus
(head). These compounds are readily available and,
what is more important, they represent excellent
models for performance of biomimetic cyclizations.

The first terpenic substrate that was submit-
ted to superacidic cyclization was the well known
geraniol (17). Treatment of this compound with
fluorosulfonic acid in nitropropane for 5 min pro-
vided a-cyclogeraniol (18) with an acceptable 62%
yield (Kurbanov et al., 1973). Latter on, a whole

OH

OH
FSOH
_FSOsH

87%

range of terpenic substrates have been investigated
in superacid-promoted cyclizations. These investiga-
tions were reflected in numerous review papers and
publications (Bartlett, 1984; Sutherland, 1991; Vlad,
1993; Jaquesy, 1997; Kulcitki et al., 1998; Brunoldi et
al., 2006). It appeared that the outcome of cyclization
is not strongly dependent on the chain length of the
investigated substrate.

Most of the examples reported in the litera-
ture showed that in the series: monoterpenic-sesquit-
erpenic-diterpenic-sesterterpenic substrates cycliza-
tion processes lead to completely cyclized products
with the trans-stereochemistry between cycles. This
is shown by examples of the homologous series of
o-E alcohols 17 (monoterpene, C-10), 1 (sesquiter-
pene, C-15), 19 (diterpene, C-20) and 21 (sesterter-
pene, C-25) (Scheme 2). Slight differences were seen
only in the cyclic product yield, which appeared to
be highest for the C20-C15 substrates 19 and 1 (87%
and 75%, respectively).

Two other structural features are critical for
the structure of the cyclic products formed. First
of all it is the nature of the functional group at the
o-terminus of the chain. The range of investigated
functional groups was quite large: alcohols, their
acetates, acids and their esters, phenylsulfones, as
well as aldehydes and ketones. General schemes of
cyclizations for the representative examples of these
substrates are presented in Scheme 3.

In the case of regular structure substrates of
general formula I, cyclization proceeds with forma-
tion of completely cyclic compounds II, containing
an olefinic double bond in the last cycle. The reac-
tion course in this case is similar to the enzymatic
mechanism discussed in Scheme 1.

The situation is different in the case of the
presence in the substrate molecule of a functional
group that is capable of stabilizing the cyclic carbon-
ium ions via a 5- or 6-membered transition state. In
this case the reaction products have different struc-
tures: for the acetate of general formula III, the reac-
tion product is a hydroxyacetate of general formula
IV. Homoalcohols V provide the cyclic oxides VI,
homo-acids VII and bishomo-acids IX provide the
corresponding y- and &-lactones VIII and X, respec-
tively, while ketones XI lead to the cyclic enolethers
XII. All these substrates have a nucleophile at the

Scheme 2. Superacidic cyclization
of a-E terpenic alcohols.
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o-terminus of the molecule that can play the role of
efficient terminators of cyclization sequence to pro-
vide either the product of last cycle double bond hy-
dration (hydroxyacetate IV), or the product with an
extra cycle (oxide, lactone or enolether), depending
on the functional group character. In fact, the func-
tional group at the o-terminus catches efficiently the
cyclic carbonium ions, leading to the correspond-
ing additional cycle closure. The general mechanism
of this internal quenching sequence is depicted in
Scheme 4.

e} -0
I +_H+> ML/OW—» ﬂ\té\//& II"’IOH
o "t "

6-membered
transition state v

VorVII _+H*
or IX or XI 7-211

"

Nu = nucleophilic
functional group

5- or 6-membered
transition state

OAc OAc
I v

Scheme 3. Superacidic cyclization of terpen-
ic substrates with different a-E functional
groups.

It is noteworthy that the yields of cyclization
products in these cases are higher and this proves
the hypothesis that an efficient termination of the
cyclization sequence plays also an essential role for
a selective and high yielding process.

The second factor that also influences strong-
ly the stereochemical outcome of the cyclization
cascade is the configuration of the double bond at
the a-terminus. The cyclization substrates shown
in Schemes 2—4 have the 2E-configuration. Basing
on the hypothesis that the ring closure takes place

Mgy
""Nu

IV or VIII or X or
XII

Scheme 4. The mechanism of carbonium ion trapping by an internal nucleophile after the cyclization sequence.

B-configuration of the
lateral chain

E configuration

Cyclization products

a~configuration of the
lateral chain
i

Z configuration

Cyclization products

Scheme 5. The stereochemical mechanism of ring closure for 2E- and 2Z-terpenic substrates.
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from the less hindered a-face of the cyclic molecule
(Scheme 5), the lateral chains in either final cyclic
compounds or 5/6-membered transition states have
a B-orientation.

Consequently, cyclization of substrates with
2Z-configuration of the double bond shall lead to cy-
clic compounds with a-oriented lateral chain. A gen-
eral reaction scheme for these situations is shown in
Scheme 6.

We have also to mention that the cyclization
reaction is completely stereospecific in this case, no
other lateral chain epimers have been detected for
all investigated substrates.

SUPERACIDIC CYCLIZATION OF POLYPRENOL-
LIKE SUBSTRATES. SYNTHESIS OF CYCLIC
SYSTEMS HAVING A FREE «-PRENYL GROUP

Polyprenols represent a large class of natural
linear isoprenoids that occur abundantly in the plant
kingdom. Their diversity is due to the chain length
(up to thousands isoprenoid units as in natural
rubber) and the configuration of the double bonds
(Swiezewska et al., 1994). Biomimetic-like cyclization
of long-chain polyprenols has also been investigated
and successful attempts of both enzymatic (Renoux
& Rhomer, 1986) and superacidic (Schaeffer et al.,
1994; Grosjean et al., 2001) cyclization of all-trans
substrates have been reported. On the other hand, it
is known that most of the natural long-chain poly-
prenols possess the di-trans-poly-cis-configuration.
That was the reason to start an investigation of the
influence of the internal Z-configured double bonds
that are present in polyprenols on the cyclization
process of corresponding substrates. This investiga-
tion could have shed more light on the biogenetic
relationship between long chain polyprenols found
in plants and polycyclic compounds isolated from
different natural sources, including fossil sediments.

a-oriented lateral chain —
\ O
é 2 g : OH
| = FSOH  ° Y Ao,
— > ,
OAc 2
H é |§|

Scheme 6. Stereochemical outcome of
cyclization of 2Z-terpenic substrates.

It was also reasonable to expect a deeper elucidation
of the cyclization process mechanism for the case of
such complex substrates.

With this purpose, the simplest sesterter-
penic polyprenol-like substrates 23 and 24 had been
synthesized and submitted to superacid-induced
cyclization (Grinco et al., 2007a). It was decided to
investigate the superacidic cyclization of esters 23
and 24, instead of their corresponding alcohols due
to the fact that long-chain terpenic alcohols tend to
sediment at low temperatures, under standard con-
ditions of superacidic cyclizations. Evolving of the
biphasic system favours local temperature jumps so
that elimination reaction prevails. Both the yield and
the selectivity of the cyclization products are altered.
Tentative changing of the cyclization procedure by
switching to the addition of substrate to the solution
of superacid did not improve the overall reaction
performance.

Synthesis of sesterterpenic esters 23 and 24
was based on a sequential homologation of 2Z-ger-
anylgeraniol 25 (Scheme 7). Its bromination with
phosphorus tribromide provided the bromide 26,
which was submitted to alkylation with sodium
ethylacetoacetate. The obtained ketoester 27 was de-
carboxylated on refluxing with an ethanolic solution
of potassium hydroxide. The resulting ketone 28
was olefinated with trimethylphosphonoacetate to
provide a mixture of esters 23 and 24. HPLC separa-
tion provided individual esters 23 and 24.

Superacidic cyclization of the 2Z,6Z-ester 23
(Scheme 8) under the standard superacidic cycliza-
tion conditions led to a product mixture that was
submitted to hydrolysis on treatment with an eth-
anolic solution of potassium hydroxide. This proce-
dure was introduced for the selective hydrolysis of
partially cyclized compounds and following sepa-
ration from completely cyclic ones (unhydrolyzed)
by flash chromatography. Separation provided the
scalaranic ester 29 (26%), along with a polar acid,

CO,Me
\ 2
X R
|
25R = OH — 27R=CO,Et 2327
L. 3 R=Br i . 38R -1 242F

Scheme 7. Reagents and conditions.

(i) PBr,, Py, Et,O, 0°C, 2 h and 12 h at r.t., 97%; (ii) MeC(O)CH,CO,Et, Na, PhMe, reflux, 2 h, 87%; (iij) 10% KOH in
EtOH, reflux, 2 h, 64%; (iv) (MeO),P(O)CH,CO,Me, MeONa, C,H,, reflux 3 h, 82% (23/24 = ~1:3).
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-78°C
(#)-31 (25%) " ()32 (63%)
Scheme 8.

which was methylated with an ethereal solution of
diazomethane to provide the cheilanthanic ester 30
(39%).

The prevalence of the partially cyclized ester
30 in the reaction mixture was quite surprising and
showed that the internal double bond in the initial
substrate 23 contributes to the selective suspension
of the cyclization cascade to form a tricyclic com-
pound with a lateral chain of cheilanthanic struc-
ture. This effect was confirmed by the following
studies. A similar cyclization of the 2E,6Z-ester 24
also provided selectively a partially cyclized prod-
uct — the rearranged cheilanthane 32 (63%), along
with the known tetracyclic scalarane 31 (25%). For-
mation of minor amounts of completely cyclized
compounds 29 and 31 with trans-fusion of cycles
is an additional proof that the cyclization process
represents a stepwise sequence which includes suc-
cessive protonation-deprotonation steps that lead to
more stable compounds. This conclusion was con-
firmed a priori during our earlier investigations of
bicyclic, optically active sesterterpenoids cyclization
(Ungur et al., 2002). The investigated substrates were
bicyclogeranylfarnesoic acid methyl esters 33 and 34,
having similar configuration of the internal double
bonds as the open chain substrates 23 and 24. In
fact, the bicyclic core of 33 and 34 can derive from
an open chain precursor with E,E-configuration, the
hypothetic precursor of these bicyclic esters could be
open chain esters 23 and 24 possessing polyprenol-
like configuration of the double bonds.
CO,Me

34

Cyclization of the bicyclic compounds 33 and
34 provided the same compounds 29, 30 and 31, 32,
with the same selectivity, but in an optically active
form. The reaction mechanism was tentatively ex-
plained (Scheme 9).

The protonation of the ester 33 generates the
carbocation 35, which is then attacked by the A 1
-double bond from the a-side of the molecule (less
sterically hindered), forming the tricyclic intermedi-
ate carbonium ion 36. The proton at C-14 has the
B-orientation, due to the cis-configuration of the
A double bond in 33. Although one can assume
that carbonium ion 36 is stable at low temperatures
in the superacidic media, nevertheless closing of D
ring to give the C/D-cis fused scalarane 37 does not
take place. Most likely this is due to the steric hin-
drance created by the cyclic backbone to the lateral
chain. This has been revealed on simulated molecu-
lar models using an MM2 method. Minimisation of
the steric energy for the ion 36 showed that the spa-
tial arrangement of the lateral chain in this substrate,
so that the distance between C-13 and C-18 is lower
than 3 A, is accompanied by a high steric repulsion
energy.

The fact that the lateral chain in the hypo-
thetical intermediate 36 can not be involved in the
next cyclization step due to stereochemical reasons
can be a very reasonable explanation of the selective
suspending of cyclization sequence with the forma-
tion of the tricyclic cheilanthane 30. In fact, all ses-
terterpenic structures of this kind (scalaranes and
cheilanthanes) have been isolated from plants and
fossil sediments (Kamaya et al., 1996; Jaki et al., 2000;
Ungur & Kulcitki, 2007), and on the basis of these
results we can assume that their possible biogenetic
precursors could be polyprenols or polyprenol-like
compounds which are also widespread plant me-
tabolites.

The trans-isomeric ester 34 follows a similar
mechanistic pathway via the tricyclic carbonium ion
42 to give a mixture of the rearranged cheilanthane
32, along with a minor amount of scalaranic ester
31. The only difference in this mechanism is the fact
that the ion 42 suffers a hydride shift to produce the
intermediate ion 46, followed by a C8-C14 methyl
migration to provide the rearranged ion 47 and fi-
nally the resulting tricyclic ester 32.

SUPERACIDIC CYCLIZATION OF a,w-
BIFUNCTIONAL SUBSTRATES. SYNTHESIS OF
CYCLIC SYSTEMS HAVING A FREE w-PRENYL

GROUP

Monoterpenes

The general biogenetic mechanism of terpene
cyclization shown in Scheme 1 leads to cyclic com-
pounds with an unfunctionalized A-ring. But numer-
ous examples of natural cyclic terpenoids have a very
well developed ring A functionalization. The hypo-
thetical biogenetical precursors of these compounds
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2 C0,CHs

42

CO,CH3

N

7

A

44

Scheme 9. Reaction mechanism suggested for cyclization of bicyclic esters 33 and 34.

are the corresponding w-epoxides XVII that under
enzymatic catalysis conditions can provide cyclic
products with a hydroxyl group at C-3 position of
the A-ring of general structure XVIII (Scheme 10).

Having promising results on biomimetic in-
duced superacidic cyclization of monofunctional
terpenoids it was logical to investigate superacid-in-
duced cyclization of terminal epoxides in an attempt
to mimic the corresponding biogenetical scheme. It
was shown in the previous investigations of Van-
Tamelen and collaborators that protonic and Lewis
acids can be initiators of terminal terpenic epoxide
cyclizations (Van Tamelen, 1968; Van Tamelen &
McCormic, 1969; Van Tamelen ef al., 1982).

Basing on the idea that superacids are better
promoters of biomimetical cyclizations of terpenoids,
readily available terminal epoxides of geranylacetate

XVIII

XVII
Scheme 10. Enzymatic cyclization mechanism of terminal
terpenic epoxides.

48 and 49 were submitted to the standard procedure
of superacidic cyclization (Scheme 11). But contrary
to expectations, fluorosulfonic acid could not initi-
ate a carbocyclization process by specific opening of
the epoxide group (Korchagina et al., 1993; Ungur et
al., 1993a; 1993b). Both substrates provided reaction
products 50-54 related only to epoxy-group opening
(Scheme 11).

The failure of cyclization process in the case
of the terminal epoxides 48 and 49 has stimulated
the search for other functional groups that could be
attached to the w-terminus of the terpenic chain in
order to provide highly functionalized cyclic com-
pounds. Taking into consideration the specific af-
finity of the superacid for the double bonds, the
diacetylated derivative of geraniol 55 was submitted
also to superacidic conditions (Kulcitki et al., 1999).
The reaction was quite sluggish in this case, and a
fraction of the substrate 55 remained unreacted. The
transformed product represented a mixture of polar
diastereomeric compounds 56 and 57 (Scheme 12).

Their formation was explained by a mecha-
nism completely different from that based on the in-
itial protonation of the terminal double bond. In this
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Ac Scheme 11. Interaction of monoterpenic
¢ terminal epoxides with fluorosulfonic
49 " 53 (45% 54 (7%) acid.
| T PO |
S OAc 2% * 43% . 0OBn
OAc OAc OAc OAc Scheme 12. Superacidic cyclization of
OH a,w-bifunctionalized monoterpenic sub-
55 58 strates.

case the superacid caused elimination of the func-
tional group from the o-terminus of the molecule,
accompanied by cyclization according to a p-men-
thanic mechanism. This mechanism is viable in liv-
ing systems and usually is initiated by elimination
of the pyrophosphate group from the a-terminus of
the isoprenoid chain. To the best of our knowledge
there is only one report when a non-pyrophosphate
functional group is protonated by an acidic agent
in vitro, followed by a cyclization initiated from the
head-site of the molecule (Gavriliuk et al., 1988). The
consistency of this mechanism was proved by fur-
ther cyclization experiments with the monoterpenic
bifunctionalized substrate 58, which bears a benzyl
group at C2 and an acetate group at the w-end. Un-
der the same superacidic treatment, substrate 58 pro-
vided the same reaction products 56 and 57. It was
quite unexpected that the stable benzylic protection
was removed under reaction conditions. This reac-
tion course (Scheme 13) was explained by a special
stereoelectronic effect of the w-acetate group which
could be also protonated after the treatment with
the superacid.

Under these circumstances following proto-
nation of the terminal double bond is not possible,
since it would bring about formation of an unstable
1,3-dicationic system. On the other hand, the pro-
tonation of the oxygenated functional group from

;gﬁ ;gﬁ

FSOSH

55 R=Ac
58 R=Bn

59 R=Ac
60 R=Bn

— 56+57

the C2 position (acetate or benzyl) is followed by
an allylic stabilization which favours cyclization ac-
cording to the p-menthanic mechanism, followed be
elimination of the functional group from C2. The cy-
clic carbonium ion 63 is stabilized by a 5-membered
transition state 64, followed by hydration to provide
a mixture of hydroxyacetates 56 and 57.

These transformations did not have too much
of a synthetic value. On the other hand, this exam-
ple was a simulation of blocking the wo-terminus of
the terpenic chain by an additionally disposed func-
tional group. As a result the w-double bond was
inhibited and could be hardly involved in a cycli-
zation sequence. Therefore, the cyclization process
could be initiated selectively from another position
different from the terminal one. This strategy was
employed in the following studies of the cyclization
of sesqui- and diterpenic a,o-bifunctional substrates.

Higher terpenes

The conclusion that the terminal functional
group in the monoterpenic substrates efficiently
“protects” the corresponding double bond from be-
ing involved in the cyclization sequence promoted
the idea to perform a systematic study of the be-
haviour of sesqui- and diterpenic a,-bifunctional
substrates in superacidic media. Both sesqui- and

Scheme 13. Suggested mechanism for cyclization
of a,w-bifunctional substrates 55 and 58.
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OAc

67 (40%)

" 70 (50%)

diterpenic compounds have additional internal dou-
ble bonds that could be protonated for the initiation
of the cyclization sequence. The probability of this
process is higher, provided that the terminal double
bond is not accessible due to the protection effect of
the terminal functionalization. Potential products de-
rived from this kind of cyclization would possess a
cyclic system with a free prenyl group attached to the
gem-dimethyl position of A-ring. These compounds
have been found in natural sources but are hardly
available and the described synthetic schemes (Hagi-
wara & Uda, 1988; 1989; 1990; 1991) include a lot of
steps which make them unattractive as preparative
methods. At this point we shall mention that ses-
quiterpenic monocyclic compounds with an attached
isoprene residue at the gem-dimethyl position of the
cycle have been isolated in minor amounts from the
cyclization products of corresponding open chain
precursors, but their yield was very low (Armstrong
et al., 1982; Polovinka et al., 1994).

Similarly to the strategy employed for monot-
erpenic substrates, the investigation of sesquiter-
penic terminal epoxides cyclization was performed
first. Accordingly, epoxyfarnesylacetates 65 and 66
were synthesized and treated with fluorosulfonic
acid at low temperature (Ungur et al., 1993a; 1993b).
The isolated reaction products 67-70 proved to have
a similar structure as in the case of monoterpenic
epoxides 48 and 49 (Scheme 14). No products of car-
bocyclization were detected in the reaction product
mixtures.

These results show clearly that terminal ter-
penic epoxides (mono- and sesquiterpenic) have the
tendency to undergo only the opening of the epoxi-
dic ring under superacidic treatment, without initia-
tion of a cascade of cyclizations, eventually initiated
from the internal double bond. It is very difficult to

68 (24%)

OAc 72

_Ac0/Py _ _FSOsH_ &
cca. 72% 5\/

FSOsH

Complex mixture of products

NN
HO
0SO,F

OAc

NN

OH
69 (20%)

Scheme 14. Interaction of sesquiterpenic terminal
epoxides with fluorosulfonic acid.

find a reasonable theoretical explanation to these re-
sults, most probably such a reaction course is gov-
erned by both stereo-electronic factors and epoxide
group reactivity.

Investigation of other functional groups at-
tached to the o-terminus of the sesquiterpenic frag-
ment has provided more interesting results (Kulcitki
et al., 2000). The substrate of choice was the benzylic
ether of w-hydroxyfarnesol 71. The benzylic protec-
tion has been chosen following the analogy with
the cyclizations of bifunctionalized monoterpenes
discussed above. Besides its stability, the presence
of the benzylic protection assures straightforward
interpretation of cyclization process that was obvi-
ously seen in the case of monoterpenes.

The synthesis of compound 71 was performed
by direct allylic oxidation of farnesylbenzyl ether
promoted by selenium dioxide. Following treatment
of this hydroxy-ether with fluorosulfonic acid at low
temperature provided disappointing results. The
reaction product represented a complex mixture of
unidentifiable compounds. In contrast, superacidic
treatment of the acetate 72, obtained after Ac,O/Py
acetylation of 71, provided a very good yield of a
cyclic product, which proved to be a mixture of two
epimeric compounds 73 and 74 (Scheme 15).

Formation of the ring A-prenylated com-
pounds 73 and 74 was in line with the expectations
of a specific inhibition function of the terminal ac-
etoxy-functional group on the terminal double bond
reactivity. The suggested reaction mechanism that
explains formation of partially cyclized compounds
is presented in Scheme 16. On treatment with a su-
peracid, the w-acetoxy group of 72 is protonated to
give the carbonium-ion 75, which does not allow the
protonation of the terminal double bond because
this would lead to the formation of an energetically

OBn “,, ~OBN

R
\
w

iOAc Scheme 15. Superacidic cycli-
74

zation of a,w-bifunctionalized
sesquiterpenic substrates.
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Scheme 16. Suggested mechanism of a,w-bifunctional sesquiterpene 72 cyclization.

unfavourable 1,3-dicationic system, whereas the pro-
tonation of A%’-double bond occurs with the forma-
tion of the dication 76, transformed into both dica-
tions 77 and 79.

Deprotonation of 77 and 79 leads to the final
compounds 73 and 74, respectively. The dication 77
with two equatorial chains is more stable and con-
sequently compound 73 predominates over its di-
astereomer 74. In such a way, the w-allylic acetoxy
group in the sesquiterpenic substrate deactivates
the terminal double bond. The cyclization process,
starting from the internal double bond, gives rise to
monocyclic terpenoids with prenylated gem-dime-
thyl groups in the ring. It should be mentioned that
such cyclic compounds have been isolated from
natural sources, the most prominent examples being
compounds of seco-eudesmane structure which have
been shown to have both cytotoxic and anti-bacterial
activity (Asakawa, 1995; Perry & Foster, 1995; Tori et
al., 1996, Kumar et al., 2005).

Diterpenic compounds with functional groups
at both a- and w-ends are not so often found in nat-
ural sources. To the best of our knowledge there is
only one paper reporting isolation of the biologically
active o,m-bifunctionalized diterpenes 80-83 from
the fungus Boletinus cavipes (Kamo et al., 2004). These
compounds were shown to be inhibitors of superox-
ide anion generation in macrophage cells and are of
interest in the prevention of oxidative-stress-related
diseases.

We have recently performed the synthesis
of the natural compound 80, as well as of some its
derivatives 84-86, starting from the readily avail-

N OR4 N ORy
. \ /\)CL —> “
N Noh
R, HO,C o OR,
fumaroyloxy group
80 R;=R,=H 84 R, = THP; R, =H

81 Ry=R,=fumaroyloxy
82 Ry= H: R,=fumaroyloxy
83 Ry= fumaroyloxy: R,=H

86 R1= H: RZ =Ac

85 R, = THP; R, = Ac

able geraniol 3 (Scheme 17) and making use of the
phenylsulfone coupling methodology (Grinco et al.,
2007b). But our ultimate goal was the investigation
of superacid-induced cyclization of these substrates,
especially of acetates 85 and 86. Bearing in mind
that the w-acetoxy group contributes to the initiation
of the cyclization from internal double bonds it was
expected that on cyclization of substrates 85 and 86
a diterpenic bicyclic compound would be formed,
having the gem-dimethyl group of cycle A prenylat-
ed and belonging to the sacculatane family.

The work on superacidic cyclization of acetate
86 included an alternative procedure for its synthesis.
The starting compound was the commercially avail-
able geranyllinalool 87 (Scheme 18). It was acetylat-
ed under standard conditions to geranyllinalyl ac-
etate 88, which was isomerized with PdCl,(MeCN),
to a mixture (about 85:15) of 2E/2Z-geranylgeranyl
acetates 89. This mixture was treated with NBS fol-
lowed by potassium carbonate according to the Van
Tamelen procedure to provide w-epoxy-trans-geran-
ylgeraniol 90. Periodate cleavage of the epoxide 90
and protection of the free hydroxyl in 91 as THP-
ether provided the substrate 92 for the Wittig olefi-
nation. This reaction proceeded in a good yield and
selectivity: the E-isomer of the aldehyde 93 was iso-
lated in a 68% yield. Sodium borohydride reduction
of 93, followed by standard protecting group manip-
ulations, afforded the desired o,w-bifunctionalized
substrate 86.

The structure of 86 was confirmed by spec-
tral data. It should be mentioned that our attempts
to perform a direct allylic oxidation of the terminal

— QL
17

Scheme  17.  Retrosynthetic
scheme applied for the synthe-
sis of a,w-bifunctionalized open
chain diterpenes.
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91R=H
92 R = THP

Scheme 18. Reagents and conditions.
(i) Ac,

O, CH,Cl,, 4-DMAP, 0°C, 1 h, r.t. 24 h, 63%; (ii) PdCL(MeCN),,

OAc

THEF, r.t, 18 h, 90%; (iii) 1) NBS, THF-H,O, 0°C,

1.5 h, r.t. 2 h; 2) K,CO,, MeOH, r.t. 20 h, overall 34%; (iv) NalO,, HIO,, THF, r.t. 5 h, (v) DHP, CH,Cl,, PPTS, 12 h, 46%
after two steps; (vi) Ph,P = C(CH,;)CHO, THF, reflux, 18 h, 79%; (vii) NaBH,, EtOH, 0°C, 1 h, 66%; (viii) Ac,0, Py, r.t., 1
h, 96%; (ix) p-TsOH, MeOH, r.t. 12 h, 53%; (x) FSO,H (5 equiv.), i-PrNO,, -78°C, then Et;N, 15 min, 25%.

methyl group in compound 89 with SeO, led to a
complex mixture of products.

Superacidic cyclization of 86 was carried out
by treatment with 5 equivalents of fluorosulfonic
acid (-78°C, 15 min) affording a mixture (about 3:1)
of racemic compounds 94 and 95 (summary yield
25%). The reaction mixture was purified by reverse-
phase HPLC to give the corresponding individual
compounds. Their structure was elucidated on the
basis of spectral data.

The proposed reaction mechanism for cycli-
zation of monoester 86 is shown in Scheme 19. On
treatment with superacid, the w-acetoxy group of 86
is protonated to give the carboxonium ion 96, which
does not allow the protonation of the terminal dou-

= +
86-FS%H . |7 -
\AHY
HOX t. HO:,

ﬁ;o 96

ble bond, as it was mentioned above, whereas the
protonation of Al%!-double bond occurs with the
formation of the dications 97 or 98, transformed into
both dications 99 and 100. Further cyclization of 99
and 100 to 101 and 102 and deprotonation leads to
the final compounds 94 and 95, respectively. The
prevalence of isomer 94 in the reaction product mix-
ture is explained by the fact that the open chain con-
formation 97 with the bulky group in quasi-equato-
rial position is energetically more favourable than
the conformation 98 which leads to compound 95
having the bulky group in axial configuration.

The proposed reaction mechanism mimics the
biosynthetic scheme that leads to sacculatane skel-
eton. Basing on biogenetical reasons, formation of

Ao on
Co 8 KM% .

W/o 99

O 101

102

Scheme 19. Mechanism of cyclization of a,w-bifunctional diterpene 86.
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the prenylated bicyclic core of sacculatanes can only
take place by a selective cyclization process of an
open chain diterpenic precursor. The direct biosyn-
thetic attachment of the C5 unit to a bicyclic core is
unlikely to occur.

CONCLUDING REMARKS

The examples of terpene cyclizations present-
ed in the current paper demonstrate that superacidic
cyclization is a viable solution for the synthesis of
complex cyclic terpenoids in a biomimetical man-
ner. The most successful results reported for the
monofunctional terpenic substrates show that the
structure of the cyclic compounds does not depend
strongly on the chain length of the corresponding
precursor. As a rule, these products are completely
cyclic having trans-fusion of rings. It appears that
the chain length of the substrate influences most of
all the reaction yields and selectivity. The best re-
sults have been obtained for sesqui- and diterpenic
compounds. The lowering of the cyclization yield
for higher substrates can be explained by additional
conformational effects caused both by the increasing
chain length of the substrate and the temperature
conditions used for the superacid-promoted reac-
tions.

The second important remark relates to the
possibility of selective directing of the cyclization
process by a careful selection of additional function-
al groups attached to the terpenic chain. It is possi-
ble to selectively initiate the cyclization process from
an internal double bond for the synthesis of cyclic
compounds of type B, prenylated at gem-dimethyls
of the obtained cycle (Scheme 20). The pre-requisite

j/\R

Selective suspension of cyclization at
a tricyclic compound with an attached

OAc

B Scheme 20.

Scheme 21.

of this selectivity is a functional group (-OAc) intro-
duced at the w-terminus of the terpene molecule A.
The best process selectivity has been obtained for
the sesquiterpenic a,o-bifunctionalized substrate.

On the other hand, inclusion in the chain of
substrate C of an internal cis-double bond promotes
a selective suspension of cyclization process to par-
tially cyclic compounds D (Scheme 21). This selec-
tivity was shown on the example of the cyclization
of a polyprenol-like substrate in an attempt to pro-
vide a biogenetical correlation between polyprenols
and other terpenic cyclic compounds isolated from
natural sources.

Finally, it is necessary to mention that the
field of acid-induced cyclization of terpenoids is still
a challenge for organic synthetic chemists, especially
from the point of view of access to highly function-
alized cyclic targets. Further investigations are nec-
essary in order to find more efficient promoters of
cyclization sequence, promoters that work well in
a wide temperature range, provide selectivity with
substrates of different chain length and tolerate the
diversity of functional groups present in the terpenic
substrates.
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