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The reaction of the Cp,TiCl complex with oxiranes leads to
homolytic opening of the heterocycle with high regioselectiv-
ity. Although the resulting B-titanoxyl radical can evolve in
different ways, when the epoxide reacting with Cp,TiCl pos-
sesses suitable unsaturated moieties such as olefins, triple
bonds, carbonyls or nitriles in its structure, intramolecular
addition of this B-titanoxyl radical to these unsaturated
groups can take place, leading to a cyclization process. Struc-
tures containing from three- to seven-membered rings have
been synthesized using either stoichiometric or catalytic
quantities of titanocene. Although a number of applications
for these titanium-mediated cyclization reactions have been

reported in the synthesis of natural products and bioactive
compounds such as antibiotic y-lactones, lignans and B-lac-
tams, we consider that the strategy involving the opening
and ensuing cyclization of the monoepoxides of polyprenes,
which resulted in the preparation of C;g, Ci5, Cyp and Cjq
terpenoids, including mono-, bi- and tricyclic natural prod-
ucts, deserves special mention. Attractive aspects of this re-
action are good stereochemical control and the oxidative ter-
mination of the process, which leads regioselectively to exo-
cyclic olefins.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

1. Introduction

Free-radical cyclization reactions are recognized as hav-
ing a powerful effect on carbon—carbon bond-forming reac-
tions, including the construction of mono- and polycyclic
compounds. These processes usually occur with regio- and
stereoselective control and can be modulated to form dif-
ferent-sized rings.l'! They have been applied to the synthesis
of a number of natural products, including terpenoids and
steroids,”! lignans and other oxygenated heterocycles,! and
B-lactams.™

Among the different types of free-radical cyclization re-
actions available, special attention should be paid to annu-
lation and related cascade sequences because of their great
potential in synthetic reactions, allowing as they do mul-
tiple ring-closures in just one step.’) These reactions are of
special interest in the synthesis of terpenoids and sterols
because the enzymatic systems acting in the biosynthesis of
these compounds are mimicked.®!
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The first descriptions of free-radical-based polycycli-
zation reactions in polyprenes were published by Breslow
and Julia and their co-workers.”? Since then a number of
impressive reports of cascade radical cyclization reactions
have appeared, amongst which are Curran and Rakiewicz’s
total synthesis of hirsutenel®! and the development of dif-
ferent methods leading to triquinane frameworks.!

B-Keto esters have been used as substrates to generate
carbon-centered radicals after exposure to Mn(OAc)s. The
radicals thus generated have been reported to trigger a
number of cyclization reactions,!'” including tandem pro-
cesses, that lead to the synthesis of ambrox,!' ! isosteviol,['?]
(—)-triptolidel'3! and wentilactone B.I'4l

Acyl radicals generated by the reduction of acylselenides
have been reported to initiate polycyclization reactions and
in some cases up to seven cycles have been formed simulta-
neously."! In addition, photoinduced electronic transfer
(PET) processes in polyprenes have led to the synthesis of
polycyclic terpenes hydroxylated at the C-3 position by nu-
cleophilic trapping of the initial radical carbocation with
water and subsequent radical polycyclization.!'°]

The Cp,TiCl complex can easily be prepared from com-
mercial Cp,TiCl, (Figure 1) by using reductants such as
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Figure 1. Preparation of the Cp,TiCl complex from commercial Cp,TiCl,. Cp,TiCl exists as an equilibrium between a monomer and a

dimer species.

ALI7 Znl'8 or Mn.['%1 The nature of this reducing agent in
solution was studied by Skrydstrup et al., who proved its
existence as an equilibrium between a monomer and a di-
mer species.?Y The reaction of these Ti'l! species with oxir-
anes leads to the homolytic opening of the heterocycle, thus
forming the B-titanoxyl radical L*! which in turn can react
with a second molecule of Cp,TiCl, leading to the alkyltita-
nium complex II (Scheme 1). Starting from both species,
a number of interesting organic transformations have been
developed. Thus II has been used to generate olefins by the
elimination of (Cp,TiCl),OP? and to prepare allylic
alcohols by B-elimination of Cp,Ti(Cl)H.[23

Radical I can also be reduced with hydrogen donors to
alcohols.?>24 This reduction has been applied to the for-

mation of both 1,2- and 1,3-diols from Sharpless epox-
idest?*2% and B-hydroxyketones from o,B-epoxyketones.*!
Catalytic Ti'"M-mediated reduction reactions have been de-
veloped using hydrochlorides of substituted pyridines (colli-
dine hydrochloride, for example).*”! The catalytic reduction
of a,B-epoxyketones has led to good yields of B-hydroxy-
ketones.?I The use of chiral titanocene complexes has been
reported to reduce meso-epoxides enantioselectively.[>7>-27¢]
The B-titanoxyl radical I can also react with olefins acti-
vated with unsaturated groups such as nitriles or esters to
create new carbon-carbon bonds by using Ti'™ in either
equimolar?*28] or catalytic quantities.['*&27%-2% In concep-
tually similar reactions, epoxide-derived radicals have
proved to add to a,B-unsaturated carbene complexes.l*"!

natural bioactive products.

synthesis of natural products.
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When the epoxide reacting with Cp,TiCl contains suit- = 1)2Cp,TICI  EtOOC
able unsaturated groups such as olefins, triple bonds, car- S E— ><:I:>O
.. L. .- . 2)1 EtO0C
bonyls or nitriles in its structure, the addition of radical I Et0oc COOE H
to these moieties can take place, leading to a cyclization
process. Within this context, the aim of this review is to  Scheme 4.

look at the different cyclization reactions mediated by
Cp-,TiCl and to examine its use as a versatile tool in the
construction of natural products (Scheme 2).

2. Cp,TiCl-Mediated Cyclization with
Unsaturated Epoxides

The reaction of epoxyolefins of type 1 or epoxyalkynes
with 2 mol of Cp,TiCl has led to highly efficient 5-exo cycli-
zation reactions (Scheme 3).[21:24]

The proposed mechanism for this reaction involves the
alkyltitanium III species, formed by trapping the carbon-
centered radical resulting from the cyclization step by a sec-
ond molecule of Cp,TiCl. The existence of IIl has been
proven by trapping with D,O/D* or by reaction with I,
to give the corresponding primary halide. The synthesis of
tetrahydrofurans (Scheme 4) represents a straightforward
application of this reaction.

A catalytic version of this process developed by Gan-
siuer et all'>3! has given excellent results with 5-exo
carbo- or heterocyclization reactions, leading to cyclopen-
tanes, tetrahydrofurans and pyrrolidines (Scheme 5).3%1°0]
An extension of this idea was the intermolecular trapping
of the radical formed in the cyclization step by a,p-unsatu-
rated carbonyl compounds.B!

The capacity of collidine hydrochloride to protonate
either a Ti-O or a Ti—C bond is shown in the proposed
mechanism (Scheme 6).?711. The control of the observed
diastereoselectivity can be explained on the basis of the
most favored conformations of type I radical intermedi-
ates.[1V]

Fernandez-Mateos et al. analyzed the effect of chain
length on the Ti™-induced cyclization of epoxyalkenes.’*
Only 5- and 6-exo cyclization reactions took place. The
product obtained is the result of a final reduction of the

OH

© 2 Cp,TiCl endo/exo
= 9:1

1 ;I acidic
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Cp,TICI
. OTiCp,Cl OH
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H
H H
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Scheme 3.
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alkyltitanium species generated. Remarkably, the presence
of a carbonyl group conjugated to the double bond exerts
an accelerating effect on the cyclization reaction. Thus,
when 12 is used as the substrate the 3-exo process occurs
quantitatively (Scheme 7). In relation to this, Gansiduer and
co-workers established, through a combined theoretical and
experimental study of titanocene-mediated 3-exo cyclization
reactions (Scheme 8), that these reactions are thermody-
namically favorable and that the efficiency of the process
depends on the ease with which the cyclopropyl radicals are
trapped by a second molecule of Cp,TiCI.[33]
Epoxyaldehydes, epoxyketones and epoxynitriles have
also been used as substrates in Ti'-mediated cyclization
reactions.*®! Cycloalkanols were obtained with the epoxy-
carbonyl substrates, while cycloalkanones were the result of
the radical cyclization of epoxynitriles. As far as experi-
ments performed with epoxycarbonyl derivatives are con-

OH R OH
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5n=1R=H - 9a (74%)
6 n=2,R=H 10a (48%) -
10b (16%)
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Q
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e}
13 (quantitative)
Scheme 7.
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cerned, good yields of reaction products ranging from cy-  Scheme 8.
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clopropanols to cyclohexanols have been obtained, with a
particularly high yield of the corresponding cyclopropanol
(Scheme 9).
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The loss of efficiency detected in the 6-exo processes is
due to a competitive B-hydrogen elimination from the car-
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bon-centered radical resulting from the initial opening of
the epoxide.[?%

As far as the behavior of epoxynitriles is concerned, the
method affords good yields of 4-, 5- and 6-exo-dig prod-
ucts.[3°°] The mechanism proposed requires the addition of
a B-titanoxyl radical to the nitrile to cause the imine radical
thus generated to evolve into the corresponding ketone
(Scheme 10). Note that with a-epoxynitriles a loss of the
nitrile group is also observed. Finally, in the case of g-ep-
oxynitriles, elimination of the B-titanoxyl radical intermedi-
ate competes with the 7-exo-dig cyclization reaction
(Scheme 11).
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Scheme 11.

Studies carried out on a series of epoxyketones conju-
gated to a monosubstituted double bond revealed that good
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[TiJO
Scheme 13.
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chemoselective cyclization to the cyclopropyl derivative was
only observed when B-ketones were used as the starting ma-
terial (Scheme 12).134 In the rest of the series, mixtures of
cyclization reactions occurred to form either carbon-—car-
bon or carbon—oxygen bonds.

The formation of 23 may be put down to a tandem pro-
cess, the first step being a 6-exo cyclization followed by a
rapid 3-exo cyclization (Scheme 13).

3. Application of Titanium-Catalyzed Cyclization
Reactions to the Synthesis of Natural Products
and Bioactive Compounds

Entecavir (27) is a synthetic carbocyclic nucleoside which
combats the hepatitis B virus. Ziegler has reported two ap-
proaches to the synthesis of the carbocyclic core of this
molecule starting from D-diacetone glucose.?” The key step
of these synthetic routes involves the titanocene-induced
cyclization of epoxyalkyne 28 or epoxyalkene 31. Thus,
starting from 28, an 82% yield of carbocycle 29 is obtained
whilst the cyclization of 31 affords a 32% yield of lactone
32 together with a 40% yield of diastereomers 33, which

after lactonization give an additional 19% of 32
(Scheme 14).
NP
HO/\&’NMH
\ N==(
p-diacetone glucose HO' NH,
| 27
1) 3 Cp,TiCl .
OW DsceTel HO%"OTBE. — HO/\&“‘OH
5 6 o 850"
SBTO  OTBS 82% HO
28 29 30
o)
COOMe o on ¢ CO0Me
F 2) 10% HpS04 \
SBTO  OTBS 18SO" TBSG"
31 32 ~19% 33
32% 40%
Scheme 14.

3.1 Synthesis of Tetrahydrofuran Derivatives: Antibiotic y-
Lactones and Lignans

Titanocene-mediated 5-exo-dig and 5-exo-trig cyclization
reactions have been extensively used in the synthesis of both

lignans and natural products presenting tetrahydrofuran
precursors of y-lactones (Scheme 15).

g r

R

1)

1)2Cp,TiCl  HO

[ESSSSUSUUUNUUN

2) H*

Scheme 15.

(%)-Dihydroprotolichesterinic acid (37) and (%)-roccel-
laric acid (38), two potent antibacterial compounds,*® have
been efficiently synthesized using epoxyalkene 34 (1:1 mix-
ture of diastereomers) as the starting substrate
(Scheme 16).°°1 This cyclization reaction afforded a 76%
yield of a 5:1 mixture of diastereomers (B-methyl/a-methyl).

A further application of this protocol was reported by
Roy and co-workers with a series of 5-exo-dig cyclization
reactions in their synthesis of (f)-methylenolactocin, iso-
lated from Penicillium sp.,*°a and (%)-protolichesterinic
acid, isolated from different species of the moss Cetrariat*°®!
(Scheme 17).#11 The good diastereoselectivities found could
be due to steric hindrances in the chair-like transition state
of the B-titanoxyl radical in the cyclization step. In the last
step of these syntheses, oxidation with Jones’ reagent causes
epimerization at the C-4 position, which causes the mixture
of diastereomers obtained in the previous step to converge
towards the desired thermodynamically most stable isomer.

The same authors extended this protocol to the synthesis
of three types of lignans: furanolignans such as (t)-laricire-
siniol dimethyl ether, furofuranolignans such as (+)-sesamin
and (£)-pinoresinol and acyclic lignans (Scheme 18).[4?1 The
exposure of epoxyalkenes 39 to an excess of titanocene fol-
lowed by acidic quenching leads to a 5:1 mixture of dia-
stereomers, the main one possessing structure 40. Following
this protocol, (£)-dihydrosesamin and other natural lignans
were easily synthesized. When the B-titanoxyl radical gener-
ated after cyclization was treated in situ with iodine for 1 h
at 60 °C, good yields of furofuranolignans 41 were obtained
[in the case of ()-sesamin, 93%)]. Extensive hydrogenation
of these furofuranolignans also leads very efficiently to acy-
clic lignans 42.

i f 1)2 Cp,TICl, Zn Ho/k_f 1) RuCl cat Hoocz_g . HOOCZ——/Q
CigHzy” 7O 2 H CiaHar™ g 2) NalO, CiaHer"" oS0 CraHz™ N0
34 76% 35 90% 36 S
1) (5:1)
1) CHaNy
2) NaOMe/MeOH
HOOC 3) separation
CiaHor™ NS0
38
Scheme 16.
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3.2 Synthesis of p-Lactam Antibiotics

Different B-lactam monoepoxides have been made to re-
act with Cp,TiCl to afford new B-lactam antibiotics pos-
sessing cabapenem-, carbacephen- or tribactam-type skel-
etons. When the series of epoxymonobactams 43a-d were
subjected to TiM-induced cyclization conditions, it was
found that the desired tribactam 44 was only obtained when
the starting epoxide possessed an o configuration at the C-
5 position (Scheme 19).143]

Thus, Michael addition of the B-titanoxyl radical derived
from 43a to the a,B-unsaturated y-lactone led, by a 6-endo-
trig process, to a 43% yield of 44a. On the other hand,
diastereomer 43¢ led, under the same conditions, to a 57%
yield of tribactam 45c. In this case the radical formed after
the reductive opening of the epoxide attacked the lactone
carbonyl group, thus leading to the corresponding p-ti-
tanoxy derivative, which was subsequently eliminated dur-
ing work up. No cyclized products were obtained when ep-
oxides 43b,d were used as substrates, but olefins, resulting
from deoxygenation of the starting material, were found.
The absence of cyclization products in these cases may well
be put down to the fact that the (C6-O)c* orbital of the
initial radical cannot align correctly with the enone m or-

Meos - <5 ph veo H 1 2
1) 2.2 Cp,TiCl
N 122 CpTiCL
2) H* N
© nR ) O H
© o
43 44

a (3a.,40,50-epoxy)
b (3a,40,5B-epoxy)
¢ (3B,4B,5a-epoxy)
d (3B,4p3,5B-epoxy)

Scheme 19.
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[eJAR0)
Jones reagent (80%)

R = C5H44: methylenoclactocin acid
R = C43H,7: protolichesterinic acid

bital. Surprisingly, all the epoxy B-lactams studied afforded
amines 47 as minor products. The formation of these com-
pounds can be explained by 4-exo-trig addition of the B-
titanoxyl radical to the carbonyl of the lactam followed by
an acid-promoted rearrangement (Scheme 20).

Tiv
H
ome><Q_Ph
H
Nl H —— 44a
d
H
RM}0
o)_
v OMe o]
TiVo
N‘Eéo
Ph
oTiv R
il
J ‘
47

Scheme 20.

The application of this method has been further extended
by the same authors using a,B-unsaturated esters 48 and
aldehydes 51 as radical acceptors (Scheme 21).[44

The reaction of epoxides 48b,c with titanocene(I1T) chlo-
ride led stereospecifically to carbacephams 50b,c. With iso-
mers 48a and 48d as substrates, only the corresponding
deoxygenated products 49a and 49d were obtained. The ex-
planation for these results was reached after analyzing the
steric hindrances associated with the most stable conforma-

57% 6%

14%
1%
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48 49 50
a (3a,4a,5a)-epoxy 72%
b (3a,4,5p)-epoxy 25% 50%
¢ (3p,4p,5a)-epoxy 23% 52%
d (3B,4B,5B)-epoxy 7%
o OH
MeO Ph MeO Ph
1) 2.2 Cp,TiC!
N CHO oo N
e 2)H* g OH
Sg Sg

§1

a (3,40, 50 )-epoxy 50%
b (3at,4a,5p)-epoxy 50%
¢ (3B,4p.5a)-epoxy 65%
d (3p,4p,5p)-epoxy 56%

Scheme 21.

tions of the starting substrates 48a and 48d. In the case of
monobactams possessing an aldehyde, such as 51, the reac-
tion proceeded to give exclusively the cyclization products.
The smaller size of the aldehyde allowed the intermediate
benzyl radical to approach the radical acceptor to afford
the desired carbacephams.

Variations on the carbonated structure of the starting ep-
oxide also led to Ti-mediated 5-exo-trig cyclization reac-
tions (Scheme 22).1431 Thus, a satisfactory yield of carbace-
pham 54 was obtained from the mixture of epoxides 53
when the level of conversion was low. When epoxides 53
were allowed to react for 16 h to increase the degree of con-
version, mixtures of unknown compounds were formed.

})H
Moo M M L0  Meo HH o
! coom 1) 2.2 Cp,TiCl I . starting
RS e > material
o 2)H" o)
jsg\/ Sg COOMe 55%
53 (5fMe + 5aMe) 54
(1:1.7 ratio) 35%
Scheme 22.

3.3. Synthesis of Terpenoids

Monocyclization reactions of monoepoxides of acyclic
polyprenes led to the formation of five-, six- and seven-
membered rings.

A Ti'"-mediated strategy to synthesize cyclic six- and
seven-membered-ring terpenoids consisting of the opening
and ensuing cyclization of monoepoxides of acyclic mono-
and sesquiterpenes has been reported.® Good stereochem-

| 1) 2.2 Cp,TiCl
AT
o )

54.5%

Scheme 23.
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ical control together with the oxidative termination of the
process, which leads regioselectively to exocyclic olefins, are
attractive aspects of this method. Apart from satisfactory
yields, this kind of termination improves not only the ionic
processes but also other radical cyclization reactions that
afford reduction products.!13-160]

6,7-Epoxygeranyl acetate (55) was the first substrate to
react with an excess of Cp,TiCl in THF (Scheme 23). Un-
der these conditions a 63% yield of the 6-endo cyclization
products was obtained, the exo isomers being the major
compounds formed. The cis relationship between the hy-
droxy and the acetoxymethyl groups is a consequence of
the chair-like transition state of the cyclization step. The
formation of III when the reaction was carried out in the
presence of methyl acrylate strongly supports a stepwise
mechanism for this transformation (Scheme 24). The ease
of Cp,Ti(C)H B-elimination from the cyclic alkyltitanium
intermediate would account for the observed regioselective
exocyclic elimination.

TiO $
/%% — oac & COOMe ongooMe
S e THO
TiO
OAc
| I n
l H
Ti _
TIO OAc HO’?COAC
56

\

Scheme 24.

Surprisingly, a remarkable 55% yield of the 7-endo-trig
cyclized product 60 was obtained from 6,7-epoxylinalyl ace-

+ +
9y O/Qi/OAC Y Oq oA ", O,Q@

55 56 (endo + exo)

57 (endo + exo) 58 (1:1)
8.5% 8%
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tate as substrate (Scheme 25). This transformation consti-
tutes a rapid and efficient synthesis of the monoterpene (+)-
karahanahenol. Together with 60, 61 was obtained as a
minor component as a result of a 6-exo cyclization process.
Protonolysis of the alkyltitanium radical intermediate ex-
plains its formation. Although the preference of nucleo-
philic radicals to cyclize by a 6-exo-trig process rather than

acetate a 51% yield of exo-56 was obtained after purifica-
tion by column chromatography.

. collidine Mn
by the 7-endo mode has been reported,*”! the predominance -
of the latter form of cyclization in the case of 59 has been VerSiClcol e \\‘Mn o
attributed to a Thorpe-Ingold effect induced by the methyl ’ ' CpoTiCl )
and acetate groups on the C-3 atom.!
Me3S|H + coll. 2 Cp,TiC
2
OAc , CICp,TVO MeSSlcllcoII
) 1)2.2 Cp,TiCl . "OAc
2) H* HO' HO! Cp,TiHCI
o}
59 60 61 v
55% 22% T cpel
CIcp,TiVo Ohe
Scheme 25.
o ) ) ) Scheme 28.
Two titanium-catalyzed versions of this homolytic epox-
ide-opening reaction have recently emerged, solving the te- 1) 0.2 Cp,TiCL,/8 Mn COOMe
diousness of the work up required when stoichiometric | 7 collidine, 4 TMSCI
amounts of titanium are used. Takahashi and co-workers o COOMe  2) TBAF HO
combined 2,6-lutidine-HCI and Et;B as mediators to regen- Mea, Mefs (1:1)
erate the Ti'V species.[*®! Thus, using this system, the best 86%
result for the reductive cyclization of 6,7-epoxygeranyl ace-  Scheme 29.
tate was achieved with the proportions shown in Scheme 26. OR OR
| ope 1 0-1 CpaTiCh4 Mn one OAc paclitaxel > é
4 2) 1.5 BEty, 2,6-lutidine-HCI HO HO
56% 3 : 1 A-ring C-ring
OR
Scheme 26. OAc N OAc 2?;
zig 1) 2.5 Cp,TiCly >\:_<<
Bearing in mind the mechanism of the catalytic system, > 2)H o
2,6-lutidine-HCI is thought to produce Cp,TiCl, from the 78°O/0H A-ring
titanium alkoxide, whilst Et;B promotes the conversion of o8 oR OR
Cp,Ti(CHH to give Cp,TiCl. The proposed catalytic system  MOBO_\ O 89 ¢+
is shown in Scheme 27. ) DEoCeTc —
A second catalytic cycle was developed in our labora- Sac H I
tory.[*) Thus, a series of acyclic monoepoxyterpenoids were .
. . . . ) Meor, MeB (4.5:1) C-ring
cyclized using 0.2 equiv. of Cp,TiCl,, 8equiv. of Mn, 80%
4 equiv. of TMSCI and 7 equiv. of 2,4,6-collidine. The cata-
lytic cycle is shown in Scheme 28. With 6,7-epoxygeranyl  Scheme 30.
Mn
N
Cp,Ti"CI Cp,TiVCl,
JON
Ne
P b o® ) Et—H
| ( OAc .
OAc HO Ef<— Et;B
og\\(/ CiCp,TiVO Ohe CoaTiCH ’
r Cp,TIVHCI
iVCp,Cl /
HO OAc HO Ohe
Scheme 27.
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achilleol A

% 1) 2 Cp,TiC
o o o M
J
64

65

endo, exo (1:13)

65%

Scheme 31.

A remarkable increase in the yield of cyclization was ob-
served when methyl 6,7-epoxygeranate was subjected to this
TiM-catalytic protocol (an 86% yield of the 5-exo-trig cycli-
zation products was isolated, Scheme 29).05"]

Ti'-mediated 6-endo cyclization reactions have been
used in a number of synthetic endeavors. In their studies
on the synthesis of paclitaxel, Takahashi and co-workers
prepared the A and C ring synthons of this compound
starting from geraniol (Scheme 30).5!]

Another interesting example of the application of this
method was the first synthesis of the monocyclic triterpene
achilleol A by Barrero et al.’?l In this convergent approach
the monocyclic synthon 62 was prepared from epoxide 64,
obtained from commercial geranyl ketone (Scheme 31).

The same starting epoxide was used by Cardenas and
Cuerva and their co-workers in their synthesis of sesquiter-
pene 66.1491 A Ti'™ catalytic protocol was used in this work.

Domino Cyclization Reactions

Cp,TiCl-mediated cascade radical cyclization reactions
aimed at synthesizing polycyclic terpenoids were achieved
when 10,11-epoxyfarnesyl acetate (67) and 10,11-epoxyner-
olidyl acetate (70) were exposed to an excess of Cp,TiCl,/
Mn (Scheme 32).[461 Both the drimane derivatives 68 and 69
and the 6+7 bicyclic system 71 were obtained by 6-endo/6-

OAc OAc OAc
x
| J——— . H
o HO HO
67 68 69
2.2 Cp,TiCl, H* 25% exo 25%
0.2 Cp,TiCl,/8 Mn  40% exo, 5% endo
collidine, TMSCI
1) 2.2 Cp,TiCl
| OAC %
2) H* HO
O
70 gl
44%
Scheme 32.
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HO AKX Y
62
HO%
o~ "o

—

63
- HO/%/\(VX
/
62
\ :
\
HO S
OH
66

endo and 6-endol7-endo processes, respectively. Compound
71 proved to be a valuable intermediate in the synthesis of
daucanes by A-ring construction.

Catalysis of this reaction improves its efficiency consider-
ably. Thus, an extra 15% of 68 was obtained compared with
the stoichiometric version of the reaction. Under these cata-
lytic conditions different natural drimanes presenting anti-
feedant activity have been synthesized (Scheme 33).13

OH

OH
HO'

S
/ o
QAcC

7 Ho
0
HO —
T

68 \\ HO
N %o

o

Scheme 33.

The titanocene-catalyzed cyclization of (10S5)-10,11-ep-
oxyfarnesyl acetate (67), obtained by Sharpless asymmetric
cis-hydroxylation using AD-mix3 [contains chiral ligand
(DHQD),PHAL (hydroquinidine 1,4-phthalazinediyl di-
ether), K3;Fe(CN)g, K>,CO3 and K,0s042H,0], led to the
formation of a 97% yield of the optically active derivative
of 68 in 97% ee. This bicyclic compound has been used in
the asymmetric synthesis of B-onocerin (Scheme 34).54

The versatility of this strategy for the rapid preparation
of different bicyclic terpenoids is shown once more by the
synthesis of 3B-hydroxymanool (76),#°! a labdane isolated
from Gleichemia japonica.>> Thus the opening and cycliza-
tion of the epoxyketal derived from farnesyl ketone gave
42% of bicyclic 75, which after a straightforward transfor-
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OAc OAc

P

o HO TBSO
67 68

Scheme 34.

mation was converted
(Scheme 35).

Bicyclic 75 has also been used as an intermediate in a
new synthesis of the labdane rostranone (78) (Scheme 36),
isolated from Nolana rostrata.>®! In this approach, the pro-
tocol for the titanocene-mediated cyclization of monoepox-
ides, used for the construction of 75, was combined with a
palladium-mediated functionalization of the equatorial
methyl group on the C-4 atom of the A ring of cyclic
terpenoids.[>7]

A formal synthesis of the marine metabolite stypoldione
(83),181 which shows interesting antitumoral activity, was
accomplished starting from geranylgeranyl acetate (79)
(Scheme 37).1%1 Thus, subjection of this polyprenoid to the
protocol for van Tamelen selective epoxidation, followed by
Ti™-mediated homolytic opening of the corresponding ep-
oxide and the ensuing cyclization and finally a triple 6-endo
cyclization process afforded a 31% yield of anticopalane
(81). Note the total stereochemical control of the cycliza-
tion to the trans/anti-trans tricycle. Catalytic hydrogenation
of 81 led to 82, whose conversion into stypoldione has been
reported elsewhere.[8!

The opening and cyclization of 2,3-oxidosqualene (84)
gave a 39% yield of malabaricanes (85)* together with a

into the natural product 76

OH
Br
1) 0.2 Cp,TiCly/8 Mn
A A
2) TBAF
72
HO'
B-onocerin
1) 0.2 Cp,TiCl/8 Mn
OAc 7 collidine, 4 TMSCI OAc
2) TBAF HO
81
31%
Hp, Pd.C OAc ref. 58
73% HO'
82 83
stypoldione
Scheme 37.

fashion via discrete mono-, bi- and tricyclic carbon-cen-
tered radicals. Theoretical calculations have been made to
gain more information about the nature of the process.
Thus, both concerted and stepwise mechanisms were con-
sidered and calculations were carried out at the DFT level
of theory to find the energy minimum of each intermediate
radical.[*9!

1) 0.2 Cp,TiCV/8 Mn

minor quantity of achilleol A in a process that mimics the 7 collidine, 4 TMSCI 13 +  achilleol A
action of the enzymes involved in the biosynthesis of trit- 2) TBAF o ‘e <<%
erpenes (Scheme 38). The malabaricanes are formed by a
tandem 6-endo/6-endo/5-exo process as a consequence of 84 85
the substitution pattern of the double bonds in squalene. }gg Ja
The isolation of achilleol A demonstrates once again that
these cyclization reactions take place in a nonconcerted  Scheme 38.
)

}0.2 Cp,TiCly/8 Mn o)

7 coII|d|ne 4 TMSCI

2TBAE HO

42%
Scheme 35.
o = ~COOMe 1) NadeCI4 < ~COOMe
2)Py, LTA
HO., = 3) TiCl, H,0
HO N ) K,CO;, MeOH O 3
\
7 OH 78

Scheme 36.
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Transannular Cyclization Reactions

Germacranolides such as (+)-costunolide (86), steno-
phyllolide (91) and salonitenolide (95) can be obtained in
multigram quantities from different Asteraceae and are thus
excellent chiral starting materials for the synthesis of eudes-
manolides or elemanolides such as vernolepine and other
derivatives.l°?l In this context the exposure of epoxygermac-
ranolide (87), obtained in high yields from costunolide, to
an excess of Ti' led to a 91% yield of dihydroreynosin
(88), a natural product isolated from Michelia compesa®"
(Scheme 39). Analogously 1,10-epoxycostunolide (89) was
transformed efficiently into (+)-reynosin (90),[°°4 a natural
eudesmanolide isolated from Ambrosia contertiflora.®® The
TiM-catalyzed cyclization protocol that uses TMSCl/collid-
ine as a Ti'" regenerator proved to mediate this skeletal
interconversion. Thus, exposure of 87 to these catalytic con-
ditions led to a 74% yield of 88 whilst the stenophyllolide
derivative 92 afforded a 50% yield of natural eudesmanol-
ide 93. Restoration of the conjugated double bond permit-
ted the transformation of 93 into the also naturally occur-
ring (+)-9B-hydroxyreynosin (94). These molecules have
been isolated from [Inula heterolepis and Artemisia her-
baalba, respectively.[®3] The versatility of this transformation
was once again proven by obtaining a 47% yield of (+)-f-
cyclopyrethrosin (97) by the titanocene-mediated cycliza-
tion of 8,12-lactone 96, which was obtained easily from sa-
lonitenolide.[®4]

The known UU preferred conformation in solution has
been proposed for germacranolides such as 87° to explain
not only the good-to-excellent yields of these transannular
cyclization reactions but also the high regio- and stereo-
selectivity of the process (Scheme 40). Thus, this conforma-
tion allows for the overlap between the m orbital of the C-
4-C-5 double bond and the incipient p orbital that develops
at the C-10 atom, leading to a 6-endo cyclization product

2)H*

an

Scheme 39.
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1) 3.3 Cp,TiCl

2)H*
THF

91%

1) 3.3 Cp, TiCl

toluene

70%

1) 0.2 Cp,TiCl,/8 Mn
7 collidine, 4 TMSCI

2) TBAF
50%

1) 0.2 Cp,TiCl,/8 Mn
O 7 collidine, 4 TMSCI

2) TBAF
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via a trans-fused chair/chair-like transition state which is
responsible for the control of the regio- and stereochem-

istries of the product.[®°d]
0.
ﬂ%\ m-CPBA ﬂ%\ copTiCl
oo 0%
88

87 (UU)
- i . . .

CICp,Ti, CiCpTi Cp,TiCl  CpsTiHCI

2 0

‘T o
0, o}
CICeT]
o HCl )
—— CppTiCl,  + 88
%

Scheme 40.

Cyclization Reactions to Other Kinds of Terpenoids

Synthesis of (+)-Ceratopicanol

One of the first examples of polycyclic synthesis using
this Ti'"-based methodology was that of ceratopicanol
(100). In their synthesis of this natural compound,®® Clive
et al. performed the cyclization of epoxyalkynes 98 with
2.2 equivalents of Cp,TiCl, and an excess of Mn to give, by
a 5-exo-dig process, 82 and 81% of the tricyclic compounds
99, which were further transformed into (f)-ceratopicanol
in five steps (Scheme 41).17]

Synthesis of Meroterpenoids

Ti'M-catalyzed cyclization reactions of the aryl epoxy-
polyprenoids 101-105, obtained by Stille coupling of the
corresponding aryl stannanes and epoxypolyprenes, led to

OH OH

47%
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H
0 1) 2.2 Cp,TiCl
><:!§§L 4/ oW
Adf~
98 o
98
n OH

99 « (82%)
99 B (81%)

Scheme 41.

the cyclic meroterpenoids 106-110 (Scheme 42).181 These
reactions are in accord with the cyclization and termination
models previously established for the corresponding acet-
oxypolyprenes.[46-4]

Merosesquiterpene (+)-smenospondiol (113), which exhi-
bits interesting biological properties, has been synthesized
by employing a protocol involving a Ti'"-mediated cascade
cyclization of epoxide 111 as the key step (Scheme 43).1%]
Optimization of the cyclization conditions led to the use of
a mixture of benzene and THF (5:1) at reflux to afford a
72% yield of bicyclic 112. From 112 the synthesis of (+)-
smenospondiol was accomplished in 11 steps.

R
Neds

R=H 106 (50%)
R=0Bn 107 (45%)

R 1)0.2 Cp,TiCl,/8 Mn
| 7 collidine, 4 TMSCI
I} 2) TBAF

R=H 101
R =0Bn 102

R 1)0.2 Cp,TiCIy/8 Mn

7 collidine, 4 TMSCI
2) TBAF

HO'

R=H 103

H
R=H 108 (40%)
R=0Bn 104 R=0

Bn 109 (42%)

1) 0.2 Cp,TiCl,/8 Mn
7 collidine, 4 TMSCI

2) TBAF
HO' G
105 110 (35%)
Scheme 42.
| ——— |
e OH 2)H*
O
geraniol oTBS 60 °
111
Scheme 43.
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W OTiCpCl

CHTICp,CI

100
ceratopicanol

Siccanin (117) is a mould metabolite isolated from Hel-
minthosporium siccans'’” with potent antifungal activity.’!]
Its biological interest has attracted the attention of a
number of chemists. Among them, Trost et al. have devel-
oped a synthetic route to this compound that involves the
radical cyclization of epoxide 114 and uses an excess of
Cp,TiCl, (Scheme 44).721 The tetracyclic alcohol thus ob-
tained is converted into siccanin after two further chemical
transformations.

OMe
5 . HO
- =z 1) 3 Cp,TiCl N
o 2)H*

114

117

siccanin

Scheme 44.

4. Summary and Outlook

As has been shown in this review, the Cp,TiCl-mediated
opening and ensuing cyclization of oxiranes has received a
great deal of attention in recent years. The regio- and

HO

bencene: THF (5:1) "
0°C OTBS HO
112
HO COOMe

113
smenospondiol
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stereochemical control of the reaction, together with the
mildness of the experimental conditions, which include the
use of catalytic quantities of titanium, are among the
reasons that explain the interest shown by many researchers
in this reaction. Thus, Ti'"'-mediated mono- or domino po-
lycyclization reactions have been reported to be the key step
in a number of synthetic endeavors, which in turn corrobo-
rates the versatility of this protocol. Bearing in mind all
these considerations, further applications of this strategy
are likely to appear in the near future and work in the field
is in progress.
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