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Abstract: The use of epoxides as substrates for radical
reactions via electron transfer is described. The
discussion of the evolution of stoichiometric reagents
focuses on recent developments in the field of
titanocene(I11) reagents. Special attention is devoted
to the emergence of catalytic conditions for this useful
procedure that has led to the discovery of reagent-
controlled radical reactions by variations of the
cyclopentadienyl ligands.
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1 Introduction

Over the past three decades, radicals have been
increasingly utilised as reactive intermediates in organic
synthesis.l'l Their ease of generation, high functional
group tolerance and predictable behaviour in many
transformations has led to numerous developments of
novel methods for the efficient formation of C—C bonds.
Most of these reactions constitute typical free radical
reactions where the usual selectivities are substrate-
controlled.’). Reagent-controlled radical transforma-
tions have emerged more recently.?! In this context,
epoxides that can be readily prepared by a number of
methods™ are a very interesting class of radical pre-
cursors. They can easily bind to radical-generating Lewis
acidic electron-transfer reagents and therefore allow the
reagent-controlled formation of radicals and reagent-
controlled ensuing radical reactions. Until now titano-
cene complexes have proven to be the most promising
reagents in this context.’] This chapter will present
current results in this field and focus on the recently
developed catalytic reaction conditions.
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2 Stoichiometric Opening of Epoxides via
Electron Transfer

Due to their high reactivity, epoxides have been used in a
plethora of synthetic applications, most noticeably
nucleophilic substitutions. The strained three-mem-
bered ring can, however, also be successfully employed
as an electron acceptor in reductive openings by low-
valent metal complexes. The general idea of this type of
transformation has been outlined by Nugent and
RajanBabu and is shown in Scheme 1.5 The overall
transformation can therefore be regarded as an ana-
logue of the well-established opening of cyclopropyl-
carbinyl radicals to butenyl radicals.[®]
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Scheme 1. Opening of epoxides with low-valent metal com-
plexes.
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In the case of epoxides P-metaloxy radicals are
formed. They constitute interesting intermediates for
organic synthesis because they can either be further
reduced to give 3-metaloxy metal species or can be used
for typical transformations of radicals.

The participation of f-metaloxy metal species in this
context was first discussed by Kochi, Singleton, and
Andrewsin 1968 in their deoxygenation of styrene and
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Scheme 2. Deoxygenation of cyclohexene oxide with chro-
mium(II) chloride.
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cyclohexene oxide by chromium(II) reagents as shown
in Scheme 2.

The proposed mechanism includes a reductive epox-
ide opening, trapping of the intermediate radical by a
second equivalent of the chromium(II) reagent, and
subsequent (3-elimination of a chromium oxide species
to yield the olefin. The highly potent electron-transfer
reagent samarium diiodide has also been used for
deoxygenations as shown in Scheme 3.

0 Smly, (HsC),NCH,CH,OH
Bu 2, (H3C)oNCHCHO0H . ,Bu
Bu” THF-HMPA, rt Bu”
24 h, 95%
E):(2) ~ 31

Scheme 3. Deoxygenation of epoxides with samarium diio-
dide.

The mixture of (E)- and (Z)-isomers obtained is
considered as evidence for a radical ring opening
mechanism because the initially formed intermediate
is trapped with low stereoselectivity to yield two
diastereomeric samariumoxy samarium species that
eliminate to give the isomeric olefins. In order to exploit
the carbanionic reactivity of the dimetallated inter-
mediate in C—C and C—X bond forming reactions it is
necessary to produce a temperature-stable organome-
tallic compound. This goal was first achieved by
Bartmann in 1986 by the use of radical anions of
biphenyl.®”l Cohen!'? and Yus!"! have applied this
methodology in the synthesis of more complex mole-
cules. An example is shown in Scheme 4.

According to calculations by Houk and Cohen the
first intermediate in these reactions is the radical anion
of an epoxide.['”!

The B-metaloxy radical was first exploited for syn-
thetic purposesin C—H and C—Cbond forming reactions

1.) Li, DTBB (5 mol %),

THF, -78 °C _
2.) PhCHO, —-78°C ~ Ph
3.) H,0,-78 to 20 °C,

69%

OH OH
OMOM

C|)>\/OMOM

Scheme 4. Opening of epoxides in the presence of aromatic
radical anions.
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by Nugent and RajanBabu through the use of titan-
ocene(IIT) chloride as electron-transfer reagent.’! They
established that the -titaniumoxy radicals formed after
electron transfer can be reduced by hydrogen atom
donors, e.g., 1,4-cyclohexadiene or fert-butyl thiol, add
to a,pB-unsaturated carbonyl compounds, or react with
olefins intramolecularly in 5-exo cyclisations.

It should not be forgotten, however, that titano-
cene(IIT) complexes are also excellent reagents for the
deoxygenation of epoxides as demonstrated independ-
ently by Schobert!"¥ and by Nugent and RajanBabu.
An example of areaction yielding a highly acid-sensitive
product in reasonable yield is shown in Scheme 5.

o o
Trom\'\%ﬂ Troml\%ﬂ

Scheme 5. Deoxygenation in the presence of titanocene
chloride.

2 Cp,TiCl,
66%

Another interesting application of the deoxygenation
reaction is shown in Scheme 6. Sharpless epoxides are
transformed to enantiomerically pure allylic alcohols.['
It should be noted that the disadvantage of the loss of
one-half of the substrate as in the kinetic resolutions of
allylic alcohols according to the Sharpless protocol is not
a problem when this titanocene based method is
employed.

O H

><O S oH 2 Cp,TiCl ><O 7
o "_OPMB 88% o "_OPMB

PMB = p-MeOCgH4CH,

Scheme 6. Synthesis of enantiomerically pure allylic alcohols
with titanocene chloride.

The transformations exploiting typical radical reac-
tivity have been used in a number of synthetic applica-
tions that will be discussed before turning the focus to
the development of the catalytic reaction conditions.
The reductive opening of epoxides usual yields the less
substituted alcohol via formation of the higher substi-
tuted radical. In analogy to Cohen’s and Houk’s
calculations,'? one could assume a titanocene(IV)-
bound epoxide radical anion as intermediate although
this is clearly speculative. The observed regioselectivity
of epoxide opening could then be explained by the
avoidance of substantial steric interactions between the
ligands and the bulky substituent of the epoxide. Thus,
the higher substituted p-titanoxy radical would be
formed. This selectivity is complementary to the Bart-
mann opening.’! Although one can also imagine a
reversible epoxide opening to give the more stable
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radical, this typical Curtin~-Hammet scenariol™ seems
unlikely, because the selectivity of epoxide opening is
independent of the radical trap employed. When the
epoxide is 1,2-disubstituted, steric and electronic effects
are responsible for the preferential formation of one
product. In this context, benzyl radicals are always
produced irrespective of the epoxide’s substitution
pattern. For these intermediates the more reactive terz-
butyl thiol is the hydrogen atom donor of choice.
Interestingly, useful regioselectivities can also be ob-
tained when the additional stabilisation through con-
jugation is impossible. An example shown in Scheme 7.

i o
o CpoTicl, Tro 0T
TrO/\m\ T 14-CoH,

55% OH

Scheme 7. Reductive epoxide opening with titanocene chlor-
ide.

An explanation for the observed regioselectivity
could be an additional destabilisation of the radical
that is not formed during ring opening by the unfav-
ourable inductive effect of the methoxy group.

Chelation of titanium can be favourably used for
regioselective epoxide opening as shown in Scheme 8.0

9 Cp,TicCl '
K@C7H15 P2lItL K’\/C7H15 m/C7H15
t-BuSH
OH OH OH OH
4% 69%
OH
(@] Cp,TiCl,
C7H1s P2 C7H1s C7H1s
. t-BuSH . .
OSiMe3 OSiMe3 Me3SiO  OH

61% 6%

Scheme 8. Chelation as a means for controlling the regiose-
lectivity of epoxide opening.

A possible — albeit still speculative — rationalisation for
this useful selectivity is the formation of a less strained
six-membered cyclic radical incorporating a titano-
cene(IV) unit.

More recently Doris et al. have described the reduc-
tive opening of a-keto epoxides.l'¥] In this manner f3-
hydroxy ketones can be obtained in high yield. The
synthesis of enantiomerically pure compounds is easily
realised. The titanocene(III) reagents are distinctly
superior to samarium diiodide that is also known to
induce this transformation.

Usually, the formation of C—C bonds is considered to
be more important than the formation of C—H bonds. It
is, therefore, not surprising that these reactions have
attracted more attention. Of special importance in
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organic synthesis are 5-exo cyclisations!”) and the
titanocene-mediated reactions are a valuable tool for

carrying out such transformations. Three examples are
HO

shown in Scheme 9.

HO
2 Cp,Ticl, o
THF, 70%, L
ds=8317  Ph" O
H oBn
OH
) H
2 Cp,TiCl, z
THF, 81% \
g
0] ) HO
Il 2 Cp,TiCl,
THF, 71%
Ph O Ph" "0
ds=1:1 ds = 100:0

Scheme 9. Titanocene-mediated 5-exo cyclisations.

The observation of a stereoconvergent cyclisation by
Roy et al.l'l as shown in the third example is of special
interest from a synthetic point of view because it exploits
the configurational lability of radicals in a favourable
manner. The other examples, Nugent’s and RajanBa-
bu’s cyclisation of a carbohydrate derived epoxidel
and Clive’s quinane synthesis!!”), amply demonstrate the
usefulness of the titanocene-initiated epoxide opening.

The cyclisation of the radicals is not confined to
carbon-carbon multiple bonds as radical traps. An
intriguing cyclisation utilising aldehydes as radical
acceptors has been reported by Fernandez-Mateos et
al.% The reaction shown in Scheme 10 constitutes a rare
example of a highly efficient 3-exo cyclisation.

More recently 6-exo and 7-exo cyclisations have also
been carried by the groups of Barrero and Takahashi.?!]

Although intermolecular additions to o,3-unsaturat-
ed carbonyl compounds have not been used as often,
these transformations are also attractive from a syn-
thetic point of view for the synthesis of d-lactones or 6-
hydroxy esters. An example is shown in Scheme 11.54

Control of diastereoselectivity has so far remained
difficult, however.

9 OH
2 Cp,TiCl, o
THF, 1t, OH
. CHO 95%

Scheme 10. Titanocene-mediated highly efficient 3-exo cycli-
sation.
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2 Cp,TiCl GOBu-t
iCl,
C7H1s P2
HO CH
Y Z>C0,Bu-t 7S
OH

73%, mixture of isomers

Scheme 11. Intermolecular addition to o,fB-unsaturated car-
bonyl compounds.

3 Titanocene-Catalysed Epoxide Opening

3.1 Titanocene-Catalysed Reductive Epoxide
Opening to Alcohols

In the stoichiometric applications of titanocene com-
plexes, no attempt to use ligands different from simple
cyclopentadienyl has been reported as yet. In principle,
the use of more complex titanocenes?? is very interest-
ing because then a simple means to employ reagent
control in radical reactions would be at hand. Reagent
control can be exercised either at the stage of radical
generation, during the ensuing reaction of the generated
radical, or in both stages. Intriguing goals in this context
are enantioselective openings of meso-epoxides through
electron transfer, ligand-controlled diastereoselective
5-exo cyclisations, and diastereoselective addition reac-
tions to a,p-unsaturated carbonyl compounds. Clearly,
the stoichiometric use of titanocene complexes that
have to be prepared in multiple-step syntheses is not
attractive for these purposes.

Therefore, we decided to initiate a program directed
towards the development of a titanocene-catalysed
epoxide opening.’ Since titanocene dichloride is
formed in the stoichiometric reaction after the protic
quench, the requirement for a catalytic reaction, the
regeneration of the redox active species in situ, con-
stitutes the challenge to be met. This underlying
question is depicted in Scheme 12

The solution of the similar problem of achieving
catalytic turn-over!?! in McMurry couplings,?*! Nozaki—
Hiyama reactions,*! and pinacol couplings®! had been
reported by Fiirstner and by Hirao. Key step in these
reactions is the in situ silylation of titanium- and
vanadium-oxo species with Me;SiCl and reduction of
the metal halides by suitable metal powders, e.g., zinc
and manganese dust, as shown in Scheme 13.

This method was later applied to samarium diiodide-
initiated reactions!?’! and to titanocene-catalysed pina-
col couplings.”8! First examples of enantioselective
reactions using Me;SiCl as mediator for catalysis have
very recently been reported by Cozzi et al. as shown in
Scheme 14.7]

In the case of the epoxide openings, Me;SiCl is not an
appropriate reagent for the cleavage of a titanium
alkoxide because of the high oxophilicity of silicon. This

Adv. Synth. Catal. 2002, 344, 465—-475
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1, MCl,

Cp,Ti"'Cl
1/2

RJ\/OH Cp,TiVCl, R7\/OT|'VCp2CI

e
J\/OTNVszu

base base-HCI

1,
M = Mn, Zn, Mg

Scheme 12. Planned titanocene-catalysed reductive epoxide
opening.

R3
2 ZnCl, @o
i NR2
2 7n 2 [Ticl] )\
O~ "R?
2 [TiClg]

2 R3SIOSIR3 & ,
2 [Tiocl] R
4 RgSICI le
N

R2
Scheme 13. Fiirstner’s McMurry reaction catalytic in titani-
um.

OH
10 mol % CrClg, L H
Z~_Cl + PhCHO ————==% = :
= MesSICL Mn,  ph” "X
67% 84% ee

e
s

Scheme 14. Cozzi’s catalytic enantioselective Nozaki-Hiya-
ma reaction.

results in the formation of silylated chlorohydrins from
the epoxide. Therefore, we decided to investigate
buffered forms of hydrochloric acid as mediators for
catalytic turnover. This concept relies on the stability of
radicals under protic conditions. On closer examination
of the intermediates in the stoichiometric reaction
(Scheme 12) a number of characteristics of the acid to
be employed are revealed:

Ady. Synth. Catal. 2002, 344, 465-475

H
R%\/OH Cp,TiVCl,
iy

1) The acid must not be strong enough to open
epoxides via Syl or Sy2 reactions.

2) The acid must be strong enough to protonate
alkoxides to enable turnover. The pK,’s of typical
alcohols in water are in the range of 15 — 18.

3) The acid must not oxidise the stoichiometric

reductant or the titanocene(III) complex.

The base liberated must not complex and deacti-

vate any titanium species in the proposed catalytic

cycle.

With these conditions in mind, we decided to investigate
amine hydrochlorides as mediators.®® Since pyridine
hydrochloride is known to open epoxides to the
corresponding chlorohydrins®®! in chloroform, the em-
ployed acid must be weaker than pyridine hydrochloride
but should be at least three orders of magnitude more
acidic than typical alcohols to ensure quantitative
protonation. Therefore, the acid should have a pK, of
6 —12 in water. Amongst the acids investigated collidine
and lutidine hydrochloride proved to be excellent
mediators for achieving catalytic turnover in the pres-
ence of manganese dust as stoichiometric reductant.?!
Zinc dust, on the other hand, performed distinctly
inferiorly. Presumably, the zinc dichloride formed dur-
ing reduction of titanocene dichloride acted as a Lewis
acid complexing and slowly opening the epoxide. Since
the reaction is sensitive to moisture, we preferred
collidine hydrochloride as acid because it is distinctly
less hygroscopic than lutidine hydrochloride. Under the
optimised conditions, the desired product was obtained
in good yield. Compared to the stoichiometric condi-
tions,’ the amount of titanocene is reduced at the cost of
employing stoichiometric amounts of collidine. A
stoichiometric amount of the reductant is utilised in
both cases. The resulting catalytic cycle is shown in
Scheme 15.

o}

R7~

1, MCl,
Cp,Ti"'Cl

U, M

5 mol % Ti, . "
88% R—7~_-OTi"Cp,Cl

R
w ()
H
R—~_OTiVCp,Cl
X

1/2

base base*HCI

R' = CH3, R= CH2CH2Ph

base = 2,4,6-collidine,
1.5 equiv.

Scheme 15. Titanocene-catalysed reductive epoxide opening.
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The catalytic system preserves the attractive features
of the stoichiometric reaction, i.e., the high regioselec-
tivity of epoxide opening and the exceptional functional
group tolerance. Thus, electrons are transferred with
high selectivity from manganese to titanium and not
from manganese to the organic substrates. Amongst the
groups tolerated are aromatic ketones, tosylates, hal-
ides, and aliphatic aldehydes.

The opening of epoxy ketones that was recently
reported by Doris et al. can also be carried out with
catalytic amounts of titanocene dichloride.[' Thus, the
relatively sensitive -hydroxy ketones are also readily
tolerated under the catalytic conditions.

3.2 Titanocene-Catalysed Additions to a,f-
Unsaturated Carbonyl Compounds

With an operating catalytic cycle for the reductive
opening of epoxides in hand, we decided to investigate
the preparatively more important formation of carbon-
carbon bonds. The intermolecular addition reactions to
o,B-unsaturated carbonyl compounds have been
described in the stoichiometric reaction by Nugent and
RajanBabu.l) The general idea for the catalytic con-
ditions is outlined in Scheme 16.

Similar to the reductive opening, titanocene-oxygen
bonds have to be protonated. Here, a titanium enolate,
that is generated after reductive trapping of an enol
radical, has to protonated in addition to a simple
titanocene alkoxide. As before, 2,4,6-collidine hydro-
chloride constitutes a suitable acid to achieve catalytic
turnover. Zinc dust turned out to be the reductant of
choice.’” The features of the stoichiometric reaction
are preserved under our conditions. Acrylates and
acrylonitriles are excellent radical acceptors in these
reactions. Methyl vinyl ketone did not yield the desired
addition product. Under the standard reaction condi-
tions a-substituted acceptors are readily tolerated but 3-
substitution gives the products only in low yields.

The problem of diastereoselectivty of additions to
cyclic radicals arising from the opening of bi- or tricyclic

epoxides, e.g., cycloheptene oxide or norbornene oxide,
has been addressed only recently.**l In the former case
reasonable selectivities can be obtained with titanocene
dichloride (trans:cis =76:24), but excellent selectivities
are observed with bis(tert-butyl)-titanocene dichloride
(trans:cis = 94:6) as shown in Scheme 17.

OH
(b r
S CO,BU

90%, ds = 94:6
Scheme 17. Control of diastereoselectivity in intermolecular
additions.

10 mol % (t-BuCp),TiCls,,

Zn, Coll-HCl,

Z>C0o,Bu-t

In the case of norbornene systems, complete exo
selectivity was observed by Giese et al.** during radical
additions carried out by the mercury method. In the
titanocene-catalysed epoxide openings Cp,TiCl, gives
an exo:endo ratio of 4:1,55 whereas (--BuCp),TiCl, gives
a 53:47 mixture.*® Thus, the titanocene reagent control
allows for a complete loss of the substrate-induced
selectivity.

3.3 Titanocene-Catalysed 5-exo Cyclisations

Probably the most important applications of radicals in
organic chemistry are 5-exo cyclisation reactions. Nu-
merous applications of this exceptionally useful trans-
formation and several elegant syntheses of natural
products have been reported.l'’? Although a general
concept for a catalytic reagent-controlled cyclisation is
still lacking, such a method would clearly be very useful
for the design of novel transformations.

As a first step towards this goal, we managed to
develop a titanocene-catalysed 5-exo cyclisation of
radicals derived from suitable unsaturated epoxides.
The mechanism of the cyclisation is depicted in
Scheme 18.3?]

Key step in achieving catalytic turnover is the proto-
nation of titanium-oxygen and titanium-carbon bonds

CleZTl\/IO CICp Ti'VO . COOBu-t
O cpTiCl, -~ 2
=~ “COOBu-t
5 mol %
OTiCICp;
) 2 collidine - HCI, OH COOBu-t
Cp,TiCl, Clcp,TiVO Z “OBu-t Zn
5 mol % -2 CpgTiCl,
- ch|2
— 2 collidine

80%

Scheme 16. Titanocene-catalysed addition to o,f-unsaturated carbonyl compounds.
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CICp,Ti
X
5 mol %
Cp,TiCl, CICp,TiO =
5 mol %
H

Scheme 18. Titanocene-catalysed 5-exo cyclisation.

that is readily achieved by employing collidine hydro-
chloride as protic acid. An interesting feature of the
cyclisation shown above is its diastereoconvergent
nature. From a diastereomeric mixture of the epoxides
the cyclisation product is obtained as essentially a single
isomer. Unfortunately, this is not always the case as
shown in Table 1.7

Table 1. Titanocene-catalysed formation of [3.3.0] systems.
For reasons of clarity only the major isomer is shown.

Substrate Product Yield, Selectivity
o HO 66, >08:<2
dr = 75:25
H
o HO 68, 58:42
E O <jfg
dr>97:3 H o
oTs HO._ . 62, 86:14
f ,N\/\ <j\/§
N
H Ts

Models explaining the observed selectivities can be
obtained from a simple analysis of transition structures
according to Spellmeyer’s and Houk’s work.! These
authors have calculated the transition states for cyclisa-

OTiCp,Cl H
N

\

most favoured

H OTiCp,Cl 5/ OTiCp,Cl
EaN

Scheme 19. Transition state models for cyclisation in analogy
to Spellmeyer and Houk.

OTiCp,Cl

T
T
=

|\
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CICp,TiO

§ 5-exo-tri
&W —
H

2 collidine-HClI,
Zn

HO %

o
tions of radicals like the ones shown in Scheme 19 but
with a hydrogen atom being replaced by the CH,OTiCp,Cl
group.

The presence of this bulky group leads to a higher
diastereoselectivity than in the unsubstituted case
because interactions of the olefin with the titanocene
group lead to the exclusive formation of one diaster-
eomer, presumably through the most favoured transi-
tion structure shown in Scheme 19 where steric inter-
actions should be minimised.

We are currently employing substituted titanocene
complexes to obtain reagent-controlled cyclisations.

Interesting radical acceptors for cyclisation reactions
are alkynes because the products contain double bonds
that can be subjected to further transformations. In the
case of terminal alkynes high yields of the desired
products can be obtained as single isomers. With non-
terminal alkynes as acceptors the olefinic isomers are

generated as mixtures of (E)- and (Z)-isomers in high
yields but with low selectivity.”!

— 2 Cp_TiCl,
- ch|2
— 2 collidine

3.4 Titanocene-Catalysed Radical Tandem Reactions

A very attractive feature of radical chemistry is the
generation of a novel radical after cyclisation or any
other radical translocation. This feature allows the
inclusion of a second carbon-carbon bond forming
event and can, in principle, be extended even further.
The resulting tandem reactions®®! can be extremely
useful for the construction of complex molecules.
Impressive early results have been reported by Stork
in applications directed towards the synthesis of pros-
taglandins.*”! Our catalytic conditions also allow the
realisation of tandem reactions. An example including a
mechanistic proposal is shown in Scheme 20.

Key features of the catalytic cycle are the trapping of
the radical generated after cyclisation by an a,p-
unsaturated carbonyl compound, the reduction of the
enol radical to give an enolate, and the following
protonation of the titanocene alkoxide and enolate.
The diastereoselectivity observed is essentially the same
as in the simple cyclisation reaction. An important point
is that the tandem reactions can be carried out with

471



REVIEWS

Andreas Génséduer, Sanjay Narayan

_ CICp,TiO
0 Cp,TiCl, /\COZBu—t
= 5 mol %,
(see Scheme 18) H
. COBuL OTiCp,Cl
i 2BuU- —
ClCp.TiO —/_ Cp.TiCl, CICp,TiO SA/_<OBu_t
5 mol %,
(see Scheme 16)
H H
2 collidine-HCl, HO _ /T coBut
Zn B
— 2 Cp,TiCl,
- ch|2
— 2 collidine H
51%, single isomer
Scheme 20. Titanocene-catalysed radical tandem reactions.
O
= HO )
Z 20 mol % CpTiCl,, / COzBu-t
Zn, Coll-HCI,
P H
2 CO,Bu-t

single isomer

69%, ds >95:<5

Scheme 21. Selective formation of a tetrasubstituted olefin via tandem radical reaction.

alkynes as radical acceptors. The trapping of the formed
vinyl radical with a,3-unsaturated carbonyl compounds
occurs with very high stereoselectivity as shown in
Scheme 21.

Thus, our radical tandem reactions open a highly
stereoselective access to tri- and tetrasubstituted al-
kenes that are otherwise difficult to prepare.

3.5 Catalytic Enantioselective Epoxide Opening

With the catalytic system described above, the enantio-
selective opening of meso-epoxides could also be
pursued. Although many excellent examples of open-
ings of meso-epoxides by Sy2 reactions have recently
beenreported, the reaction planned here is conceptually
different.[*! In the S\2 reaction the path of the incoming
nucleophile has to be controlled. In the titanocene-
catalysed reaction the intermediate radical has to be
formed selectively. If an intermediate similar to the
Bartmann openingl® is to be postulated here, the
selectivity-determining interaction should be that of
the epoxide radical anion with a titanocene(IV) com-
plex as shown in Scheme 22.

According to the introductory remarks, reagent con-
trol is thus exercised in the radical-forming step. Thus,
two diastereomeric radicals are initially formed due to
the chirality of the titanocene complex. The diastereo-
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Scheme 22. Concept for enantioselective meso-epoxide open-
ing via electron transfer.

selectivity of the following reaction may also be
controlled by the ligand sphere of titanium. After protic
cleavage of the titanium-oxygen bond enantiomeric
products are formed. This admittedly very simplistic
mechanistic rationale leads the way for the rational
design of the cyclopentadienyl ligands. To achieve
efficient differentiation in the steric interaction of the
catalyst with the meso-epoxide, the ligand should be
able tointeract with the substrate in regions distant from
the initial binding site, the epoxy group. Thus, efficient
chirality transfer from the periphery of the titanocene
complex to regions of the substrate distant from the
binding site of the catalyst has to be achieved. Exami-
nation of the extensive literature on titanocene and
cyclopentadienyl complexes® suggested ligands from
terpenes as suitable for achieving this purpose. In ansa-
metallocenes that have been used with great success
recently, the chirality is centred around the metal.
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Chirality transfer to the periphery of these complexes is
not obvious in studies of molecular models and the
crystallographic structures. Epoxide 1 was chosen as
substrate as shown in Scheme 23 because it is readily
accessible from (Z)-butenediol in two steps and the
absolute stereochemistry of the opening product can be
established by synthesis of authentic samples from malic
acid.[*]

The results of the investigation of a number of
titanocene complexes shown in Scheme 24 are summar-
ised in Table 2.

Table2. Reductive opening of epoxide 1 with various
titanocene complexes.

Cat, mol % cat yield [%] (R):(S)

2,10 55 78:22
3,10 45 - 51 60-76:40-24
4,10 76 3:97
5,10 72 3.5:96.5

Brintzinger’s complex 2 (10 mol %) performed
poorly concerning the enantioselectivity of the epoxide
opening (56%) as well as the yield of product (55%).
The titanocene complex 3* obtained from (1R,2S,5R)-
menthol gave varying results due to its sensitivity to
traces of moisture (ee =20 — 52%). Clearly, the axially
positioned cyclopentadienyl group is not ideal.

A satisfactory result was obtained with the ligand 4]
synthesised from neo-menthol containing an equatorial
cyclopentadienyl group. The enantioselectivity of the
opening achieved synthetically useful levels (97:3) and
the isolated yields were reasonable. Complex 51*I with a
ligand derived from phenylmenthone performed well.

An enantioselectivity of 96.5:3.5 was observed. Phenyl-
menthol has already been extensively and successfully
used as chiral auxiliary.[*]

These results suggest that both 4 and 5, after being
reduced to the redox-active species, contain a chiral
pocket well-suited for the steric differentiation of the
enantiotopic groups of meso-epoxide 1. The corre-
sponding bis-fert-butyl ether epoxide constituted a
more difficult example due to the increased steric
demand of the bulky groups. With 4, an enantioselec-
tivity of 92.5:7.5 was obtained, whereas 5 gave the lower
value of 87.5:12.5. An interesting and demanding
problem is constituted by the opening of bicyclic meso-
epoxides, e.g., cyclopentene oxide, and trapping of the
resulting radical with an acrylate, e.g., tert-butyl acrylate.
Besides the enantioselectivity of epoxide opening, the
diastereoselectivity of the C-C bond-forming step has to
be controlled. Complex 4 was the most selective catalyst
giving reasonable enantioselectivity while preserving
high diastereoselectivity as shown in Scheme 25. Tita-
nocene 5 gave lower selectivities.

A comparison of the structures of 4 and 5 both in the
crystalline form and in solution has been carried out."]
The results obtained suggest that the structures are
essentially the same in both states of aggregation and
that crystal structure data can therefore be used for
catalyst optimisation.

o CO,Bu-t
. COBut 10 mol % 4, Zn, Ho,  —
@ 1 1,4-C6H8,
collidine-HCI

72%, 82% ee

Scheme 25. Opening of cyclopentene oxide in the presence of 4.

o} catalyst, Zn, OH
Eto._ A\ OFEt 1.4.CeHa, o ~og
1 collidine-HCI

Scheme 23. Enantioselective test reaction for catalyst optimisation.

cl,_cl

55@

Scheme 24. Titanocene catalysts used for enantioselective opening of 1.
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4 Conclusion

The opening of epoxides via electron transfer has led to
a number of synthetically useful reactions. So far, the
stoichiometric reagents showing the most promising
selectivities are the titanocene(III) reagents introduced
by Nugent and RajanBabu.’l The recent emergence of a
reaction catalytic in titanium has increased the useful-
ness of this reaction even further.?304141 The key step in
the catalytic protocol is constituted by protonation of
titanium-oxygen and titanium-carbon bonds. This novel
approach has for the first time allowed the use of
substituted titanocenes to influence the diastereoselec-
tivity and enantioselectivity of radical reactions. It
remains to be seen how general this approach of reagent
control in radical chemistry is going to be.

Acknowledgements

We are indebted to the Deutsche Forschungsgemeinschaft, the
Alexander von Humboldt-Stiftung, and the Fonds der Chem-
ischen Industrie for financial support. We thank Prof. Briickner
for his encouragement during the initial stages of this project in
Gottingen and Freiburg.

References

[1] @) B. Giese, Radicals in Organic Synthesis: Formation of
Carbon-Carbon Bonds, Pergamon Press, Oxford, 1986;
b) J. Fossey, D. Lefort, J. Sorba, Free Radicals in Organic
Chemistry; Wiley, New York, 1995; c¢) T. Linker, M.
Schmittel, Radikale und Radikalionen in der Organi-
schen Synthese, Wiley-VCH, Weinheim, 1998.

[2] D. P. Curran, N. A. Porter, B. Giese, Stereochemistry of
Radical Reactions, VCH, Weinheim, 1996.

[3] a) P. Renaud, M. Gerster, Angew. Chem. 1998, 110, 2704;
Angew. Chem. Int. Ed. 1998, 37,2562; b) M. P. Sibi, N. A.
Porter, Acc. Chem. Res. 1999, 32,163; c) A. Gansiuer, H.
Bluhm, Chem. Rev. 2000, 100, 2771.

[4] For recent reviews on the generation of epoxides, see:
A.S. Rao, in Comprehensive Organic Synthesis, (ed.:
B. M. Trost), Pergamon Press, London, 1991, Vol. 7, pp.
357-387; b) B. Meunier, Chem. Rev. 1992, 92, 1411; ¢) A.
Ganséduer, Angew. Chem. 1997, 109, 2701; Angew. Chem.
Int. Ed. 1997, 36, 2591; for recent reviews on enantiose-
lective epoxidations, see: d) T. Katsuki, in Comprehen-
sive Asymmetric Catalysis, (eds.. E.N. Jacobsen, A.
Pfaltz, H. Yamamoto), Springer, Berlin, 1999, Vol. 2,
pp- 513-538; e) E. N. Jacobsen, M. H. Wu, in Compre-
hensive Asymmetric Catalysis, (eds.: E. N. Jacobsen, A.
Pfaltz, H. Yamamoto), Springer, Berlin, 1999, Vol. 2, pp.
649-678; f) V.K. Aggarwal, in Comprehensive Asym-
metric Catalysis, (eds.. E.N. Jacobsen, A. Pfaltz, H.
Yamamoto), Springer, Berlin, 1999, Vol. 2, pp. 679 —696.

[5] a) W. A. Nugent, T. V. RajanBabu, J. Am. Chem. Soc.
1988, 110, 8561; b) T. V. RajanBabu, W. A. Nugent, J.

474

Am. Chem. Soc. 1989, 111, 4525; c) T. V. RajanBabu,
W. A. Nugent, M. S. Beattie, J. Am. Chem. Soc. 1990,
112, 6408; d) T. V. RajanBabu, W. A. Nugent, J. Am.
Chem. Soc. 1994, 116, 986.

[6] For a recent review, see: A. Gansiduer, in Radicals in
Organic Synthesis, (eds.: P. Renaud, M. P. Sibi), Wiley-
VCH, Weinheim, 2001, Vol. 2, pp. 207-220 and refer-
ences cited therein.

[7]J. K. Kochi, D. M. Singleton, L. J. Andrews, Tetrahedron
1968, 24, 3503.

[8] M. Matsukawa, T. Tabuchi, J. Inanaga, M. Yamaguchi,
Chem. Lett. 1987, 2101.

[9] E. Bartmann, Angew. Chem. 1986, 98, 629; Angew.
Chem. Int. Ed. Engl. 1986, 25, 855.

[10] T. Cohen, I.-H. Jeong, B. Mudryk, M. Bhupathy,
M. M. A. Awad, J. Org. Chem. 1990, 55, 1528.

[11] a) A. Bachki, F. Foubelo, M. Yus, Tetrahedron: Asym-
metry 1995, 6, 1907; b) A. Bachki, F. Foubelo, M. Yus,
Tetrahedron: Asymmetry 1996, 7, 2997.

[12] A. E. Dorigo, K. N. Houk, T. Cohen, J. Am. Chem. Soc.
1989, 111, 8976.

[13] R. Schobert, Angew. Chem. 1988, 100, 869; Angew.
Chem. Int. Ed. Engl. 1988, 27, 855.

[14] J. S. Yadav, T. Shekharam, V. R. Gadgil, J. Chem. Soc.
Chem. Commun. 1990, 843.

[15] J. 1. Seeman, Chem. Rev. 1983, 83, 83.

[16] C. Hardouin, F. Chevallier, B. Rousseau, E. Doris, J. Org.
Chem. 2001, 66, 1046.

[17] B. Giese, B. Kopping, T. Gobel, G. Thoma, J. Dickhaut,
K. J. Kulicke, F. Trach, in Organic Reactions, (ed.: L. A.
Paquette), Wiley, New York, 1996, Vol. 48, pp. 301.

[18] a) G. Maiti, S. C. Roy, J. Chem. Soc. Perkin Trans. 1 1996,
403; b) P. K. Mandal, G. Maiti, S. C. Roy, J. Org. Chem.
1998, 63, 2829.

[19]a) D.L.J. Clive, S.R. Magnusson, Tetrahedron Lett.
1995, 36, 15; b) D. L. J. Clive, S. R. Magnusson, H. W.
Manning, D. L. Mayhew, J. Org. Chem. 1996, 61, 2095.

[20] A. Fernandez-Mateos, E. Martin de la Nava, G. Pascual
Coca, A. Ramos Silvo, R. Rubio Gonzalez, Org. Lett.
1999, 1, 607.

[21] a) A. F. Barrero, J. M. Cuerva, M. M. Herrador, M. V.
Valdivia, J. Org. Chem. 2001, 66, 4074; b) K. Nakai, M.
Kamoshita, T. Doi, H. Yamada, T. Takahashi, Tetrahe-
dron Lett. 2001, 42, 7855.

[22] a) R. L. Halterman, Chem. Rev. 1992, 92, 965; b) R. L.
Halterman, in Metallocenes; (eds.. A. Togni, R.L.
Halterman), Wiley-VCH, Weinheim; 1998, Vol. 1, pp.
455.

[23] a) A. Fiirstner, Pure Appl. Chem. 1998, 70, 1071; b) A.
Fiirstner, Chem. Eur. J. 1998, 4, 567.

[24] A. Firstner, A. Hupperts, J. Am. Chem. Soc. 1995, 117,
4468.

[25] a) A. Fiirstner, N. Shi, J. Am. Chem. Soc. 1996, 118, 2533;
b) A. Firstner, N. Shi, J. Am. Chem. Soc. 1996, 118,
12349; c) A. Firstner, Chem. Rev. 1999, 99, 991.

[26] a) T. Hirao, T. Hasegawa, Y. Muguruma, I. Ikeda, J. Org.
Chem. 1996, 61, 366; b) T. Hirao, Synlett 1999, 175.

Adv. Synth. Catal. 2002, 344, 465—-475



Titanocene-Catalysed Electron Transfer-Mediated Opening of Epoxides

REVIEWS

[27] a) R. Nomura, T. Matsuno, T. Endo, J. Am. Chem. Soc.
1996, 118, 11666; b) E. J. Corey, G. Z. Zheng, Tetrahe-
dron Lett. 1997, 38, 2045.

[28] a) A. Gansduer, J. Chem. Soc. Chem. Commun. 1997,
457; b) A. Gansduer, Synlett 1997, 363; c) A. Gansiuer,
M. Moschioni, D. Bauer, Eur. J. Org. Chem. 1998, 1923.

[29] a) M. Bandini, P. G. Cozzi, P. Melchiorre, A. Umani-
Ronchi, Angew. Chem. 1999, 111, 3558; Angew. Chem.
Int. Ed. 1999, 38, 3357; b) M. Bandini, P. G. Cozzi, A.
Umani-Ronchi, Angew. Chem. 2000, 112, 2417; Angew.
Chem. Int. Ed. 2000, 39, 2327.

[30] a) A. Gansduer, D. Bauer, J. Org. Chem. 1998, 63, 2070,
b) A. Gansiduer, D. Bauer, Eur. J. Org. Chem. 1998, 2673.

[31] M. A. Loreto, L. Pellacani, P. A. Tardella, Synth. Com-
mun. 1981, 11, 287.

[32] a) A. Ganséduer, M. Pierobon, H. Bluhm, Angew. Chem.
1998, 110, 107; Angew. Chem. Int. Ed. 1998, 37,101; b) A.
Gansiduer, H. Bluhm, J. Chem. Soc. Chem. Commun.
1998, 2143; c) A. Gansduer, H. Bluhm, M. Pierobon, J.
Am. Chem. Soc. 1998, 120, 12849.

[33] M. Schick, Diplomarbeit, Universitit Bonn, 2001.

[34] B. Giese, K. Herneck, H. Lenhardt, U. Liining, Chem.
Ber. 1983, 117, 2132.

[35] H. Bluhm, Diplomarbeit, Universitit Gottingen, 1998.

[36] A. Gansiuer, S. Narayan, to be published.

[37] a) A. Gansduer, M. Pierobon, Synlett 2000, 1357; b) A.
Ganséuer, M. Pierobon, H. Bluhm, Synthesis 2001, 2500.

[38] D. C. Spellmeyer, K. N. Houk, J. Org. Chem. 1987, 52,
959.

[39] a) L. F. Tietze, U. BeifuB, Angew. Chem. 1993, 105, 137,
Angew. Chem. Int. Ed. Engl. 1993, 32, 131; b) L. F.
Tietze, Chem. Rev. 1996, 96, 115.

[40] G. Stork, P. M. Sher, H.-L. Chen, J. Am. Chem. Soc. 1986,
108, 6384.

[41] For a recent review, see: E. N. Jacobsen, Acc. Chem. Res.
2000, 33, 421.

[42] a) A. Gansduer, T. Lauterbach, H. Bluhm, M. Nolte-
meyer, Angew. Chem. 1999, 111, 3113; Angew. Chem. Int.
Ed. 1999, 38, 2909; b) A. Gansduer, H. Bluhm, T.
Lauterbach, Adv. Synth. Catal. 2001, 343, 785.

[43] a) F.R. W. Wild, L. Zsolnai, G. Huttner, H. H. Brint-
zinger J. Organomet. Chem. 1982, 232, 233; b) S. Collins,
B. A. Kuntz, N.J. Taylor, D. G. Ward, J. Organomet.
Chem. 1988, 342, 21; c¢) J. B. Jaquith; J. Guan, S. Wang, S.
Collins, Organometallics 1995, 14, 1079.

[44] E. Cesarotti, H. B. Kagan, R. Goddard, C. Kriiger, J.
Organomet. Chem. 1978, 162, 297.

[45] R.L. Halterman, K.P.C. Vollhardt, Organometallics
1988, 7, 833.

[46] J. K. Whitesell, Chem. Rev. 1992, 92, 953.

[47] A. Gansduer, H. Bluhm, M. Pierobon, M. Keller,
Organometallics 2001, 20, 914.

Adv. Synth. Catal. 2002, 344, 465-475

475



