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I. Introduction and Scope
Over the past decades radical chemistry has de-

veloped into an important and integral part of organic
chemistry. Although the first example of an organic
radical (1) was observed as early as 1900 by Gom-
berg,1 the pace of development was rather slow over
the next couple of decades and radicals were rarely
used in synthesis. The development of efficient chain

reactions constituted an important breakthrough in
the application of radical chemistry in organic syn-
thesis.2 An important and very attractive feature of
these reactions is their high degree of functional
group tolerance. Since radicals are usually stable
under protic conditions, alcohols or even water can,
in principle, be used as solvents in radical chemistry.
Consequently, protic functional groups do not need

protection. As soon as the underlying principles of
the kinetic and thermodynamic behavior of free
radicals were firmly established, efficient synthetic
applications became feasible.3 The use of chain reac-
tions has resulted in a number of very impressive
total syntheses of natural products. An example is
shown in eq 1.4 The characteristic features of free
radicals can by now be deduced from ESR data.5 The
course of some radical reactions can be understood
by theoretical means.6

However, because the crucial intermediates are
free radicals, no influence of the ligand sphere of the
reagent generating the radical on the selectivities of
the reaction is usually observed. These transforma-
tions are, therefore, classical examples of substrate-
controlled reactions.

An alternative approach to radical chemistry is
constitued by controlling the course of the radical
reaction by a suitably designed reagent both during
radical generation and the ensuing transformation
of the metal-bound radical. This concept of reagent
control has been applied with excellent success in
organometallic chemistry and in catalysis.7 Until
recently, use of this otherwise very successfull ap-
proach to radical chemistry has been rare.8 The
purpose of this review is to describe exactly these
novel emerging concepts in C-C and C-H bond
forming reactions. The literature is covered until
November 1999. Examples where the element of
stereocontrol depends on chiral auxiliaries on the
starting material will not be dealt with here. The
existing excellent reviews and book chapters on this
topic should be consulted by the interested reader.3b,9

Metal-initiated reactions leading to transformations
of free radicals will not be treated because no metal-
bound radicals are obtained. Thus, vitamin B12-
initiated reactions10 and cobaloxime chemistry11 will
not be discussed here. The recently described living
radical polymerizations initiated by well-designed
metal complexes12 are also thought to proceed via
chain reactions of free radicals. The selectivity de-
termining step of allylic oxidations catalyzed by chiral
copper complexes is thought to proceed through an
organocopper(III) reagent.13 Thus, these oxidations
will not be treated here. C-H activation by manga-
nese porphyrins,14 DNA cleavage by metal complexes,
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Figure 1. Gomberg’s triphenyl methyl radical.
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e.g., bleomycin,15 and DNA foot-printing16 are not
included because the radicals formed have not been
used in C-C bond forming reactions.

In principle, reagent control can be excercised at
different stages in a radical reaction. (a) The first step
in the series of transformations of a radical reaction
is constituted by the generation of the radical from
a suitable precursor. The usual selectivities of this
generation, e.g., by electron transfer, can be con-

trolled by the electron transfer reagent and its ligand
sphere. Clearly, the radical precursor needs to have
a functional group that allows for binding of the
reagent in close proximity of the newly generated
radical prior to its formation. (b) In the subsequent
transformation of the radical, the selectivities of the
reaction, e.g., addition to carbon-carbon multiple
bonds, should, in principle, also be amenable to
reagent control if the metal complex remains bound
to the radical. Here one is, of course, not dealing with
the chemistry of intermediates usually described as
free radicals but with metal-bound radicals. (c) In the
case of a free radical reaction, reagent control is
possible if the radical or the radical trap are com-
plexed by a carefully designed reagent. The stereo-
chemical course of the following transformation is
thus amenable to reagent control by the metal and
its ligand.

Although at the stage the reagent-controlled radi-
cal reaction is completed, an additional attractive
feature of the desired process becomes immediately
apparent. If the reagent determining the course of
the overall transformation can be cleaved off the
reaction product and recycled, a catalytic reaction
emerges. This is obviously of great economic advan-
tage if the reagent contains an expensive metal or a
ligand that has to be synthesized in a multistep
sequence.

Metal-initiated radical reactions with suitable radi-
cal precursors allow for reagent control in both of the
above-mentioned two points, a and b. Although these
radical reactions have been applied to demanding
synthetic reactions with great success for some
time,17 attempts to influence the usual selectivities
by ligand variations have appeared in the literature
only recently. These emerging novel concepts and
reactions will be the subject of this review. The focus
will be on the use of carbonyl- and epoxide-containing
molecules as radical precursors for reagent control
in radical chemistry.

The concepts outlined as point c were reviewed by
Renaud18 in late 1998 and by Sibi and Porter19 in
early 1999. Diastereoselective and enantioselective
reactions in these fields have been realized during
the last 5 years. Therefore, this subject will not be
covered comprehensively in this article and only
recent examples will be discussed here.

Chiral, nonracemic stannanes have been used to
enantioselectively reduce radicals by Schumann20

and later independently by Curran21 and Metzger (eq
2).22
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An intriguing extension of this work has been
reported by Schiesser only recently.23 It was demon-
strated that the performance of chiral, nonracemic
stannanes in these transformations can be signifi-
cantly improved in the presence of enantiomerically
pure Lewis acids for substrates containing carbonyl
groups. Obviously this concept of double stereocontrol
is very promising for future applications. Since the
first reports on the activation of prochiral radical
traps by enantioselective Lewis acid catalysis by
Porter and Sibi (eq 3), this exiting field has developed
at a rapid pace.24 The interested reader is referred
to the review by these authors.19

II. Reagent Control in Transition-Metal-Initiated
Radical Reactions

Interesting classes of radical sources in transition-
metal-initiated reactions are aldehydes and ketones.
Carbonyl compounds are good ligands for Lewis-
acidic metal complexes, and thus, reagent control
during the formation of ketyl anions seems possible.8
Moreover, the ketyl anions formed during electron
transfer enables binding of the metal ions or com-
plexes via oxygen. Control of the following radical
transformations can, therefore, be achieved. Ketyl
radicals are, of course, interesting intermediates in
organic synthesis. They can either dimerize to give
1,2-diols in pinacol coupling25 or add to carbon-
carbon multiple bonds in inter- or intramolecular
reactions.26 In these classes of transformations, re-
agent control can be excercised in directing the
diastereo- and enantioselectivity of the products
derived from the ketyl anions by variation of the
ligands and the metal ions of the electron-transfer
reagent.

Another intriguing class of radical precursors that
is to date used rarely and is thus probably less well
established than carbonyl compounds are epoxides.8
The epoxide oxygen is well-suited for complexation
by a metal complex. Therefore, the regio- and stereo-
selectivity of epoxide opening via electron transfer
can be influenced by the ligands. The initial product
of the opening via electron transfer is a â-metal oxy
radical. These radicals that are bound to the metal

via the oxygen can participate in the usual reactions
of carbon-centered radicals, e.g., hydrogen-atom ab-
straction, cyclizations, and intermolecular addition
reactions to activated olefins. The course of these
transformations should be amenable to reagent con-
trol if a properly chosen metal complex is utilized.
Therefore, these metal-bound radicals constitute an
interesting class of intermediates for a number of
synthetically useful transformations.

An example of a reaction of reagent control in
radical chemistry without using carbonyl compounds
or epoxides was reported by Kamigata.27 It was
demonstrated that addition of sulfonyl chlorides to
styrene and phenylpropene is catalyzed by chiral
ruthenium complexes (eq 4). The enantioselectivities

obtained were low. A reaction mechanism involving
a radical redox transfer chain has been proposed. The
exact reason for the stereochemical induction is still
unclear, however.

III. Carbonyl Compounds as Radical Sources:
Pinacol Couplings

A. Stoichiometric Reagent-Controlled Couplings

The reductive coupling of two carbonyl compounds,
the pinacol coupling, is probably the most direct way
for the formation of the C-C bond of 1,2-diols.25 Since
the first report of the reaction of acetone with sodium
in 1858 by Fittig from Göttingen28 (eq 5), considerable
effort has been devoted to the development of milder
and more selective ways to achieve this important
transformation.

Pinacol couplings have been used as key steps in
a number of elegant syntheses of natural products.29

A complete coverage of modern methods is beyond
the scope of this article. The emerging catalytic
variations will be emphasized.

Stoichiometric titanium-based complexes have
turned out to be excellent reagents for the pinacol
coupling of aromatic and R,â-unstaurated alde-
hydes.30 Seebach reported that titanium trichloride
generated in situ from titanium tetrachloride and
butyllithium was an excellent reagent for highly
diastereoselective couplings of aromatic aldehydes to
racemic C2-symmetrical 1,2-diols.31 Aliphatic alde-
hydes and aromatic ketones were not affected. Thus,
the chemoselectivity of this mild reagent is high.
Later, Porta showed (eq 6) that commercial titanium
trichloride in THF/CH2Cl2 solution also was an
efficient reagent for this transformation.32

(3)

(4)

(5)
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Diastereoselectivities were similar to the tita-
nium(III) reagent generated in situ. Unfortunately,
addition of a tartrate-derived ligand did not induce
significant enantioselectivities (ee < 5). It remains
to be seen whether this conceptually simple and
attractive approach is to be successful in enantio-
selective synthesis. In 1987, Inanaga and Handa
disclosed their results on the pinacol coupling of
aromatic and R,â-unsaturated aldehydes.33 They
found that reduction of titanocene dichloride with
Grignard reagents lead to a green trinuclear tita-
nium(III) reagent that was formulated as (Cp2-
TiCl)2MgCl2. This complex coupled the aldehydes in
high yield and with high diastereoselectivities to give
the racemic C2-symmetrical 1,2-diols (eq 7).

The mechanistic rationale offered for the high
diastereoselectivity of this process is shown in Figure
2. Both ketyl anions are coordinated in a trinuclear

complex consisting of two titanocene(IV) units and a
central magnesium ion. Each ketyl anion is bound
to one titanium atom and to magnesium. This ar-
rangement results in the depicted orientation of the
phenyl groups minimizing steric interactions.

In this case, aliphatic aldehydes and ketones were
unreactive. Clearly, this highly ordered trinuclear
complex should allow for control of diastereo- and
enantioselectivity of the pinacol coupling if the cy-
clopentadienyl ligands are chosen properly.34 Ti-
tanocene(III)-initiated pinacol couplings were later
reinvestigated by Schwartz.35 It was found that
reduction of Cp2TiCl2 with aluminum powder34 lead,
after washing with diethyl ether, to the dimeric
(Cp2TiCl)2 as active reagent for the highly diastereo-
selective coupling of activated aldehydes. Interest-
ingly, the coupling could be performed in the presence
of water without significant loss in diastereoselec-
tivity. However, more than 50 equiv of NaCl had to
be added to the reaction mixture to conserve the high
selectivities. This observation is nevertheless an
intriguing manifestation of the stability of radicals
in protic environment. A common feature of all
titanium(III) reagents reported to date is their high
chemoselectivity. Obviously simple titanium(III) re-
agents are incapable of transferring an electron to

nonactivated carbonyl compounds, e.g., simple alde-
hydes and ketones. To achieve this goal, titanium(II)
reagents have been developed by Mukaiyama. In this
manner, ketones can be coupled to the 1,2-diols in
moderate to excellent diastereoselectivities without
significant formation of the deoxygenation products.36

An important achievement in this area is Matsub-
ara’s observation that addition of chelating diamines
greatly improves the performance of the titanium(II)
reagent.37 It was not established if the amine lead to
an acceleration of the reaction or simply tamed
Lewis-acid species initiating side reactions. The goal
of an enantioselective coupling was also pursued by
addition of diamines and amino alcohols to the
reaction mixture by Matsubara (eq 8). The enantio-
selectivity obtained (44% ee) so far is not yet fully
satisfying. However, this simple and efficient concept
still seems very promising.

Interesting modifications of the selectivity of sa-
marium diiodide-based reagents have been reported
by Skrydstrup.38 Addition of chelating ligands al-
lowed for distinct improvements in diastereoselec-
tivity of the pinacol coupling (eq 9).

Samarium diiodide has also been employed in
stereocontrolled pinacol cyclizations.39 Examples
are shown in eq 10 and 11. The origin of stereocontrol

in the first example is thought to be the formation of
a nine-membered cyclic ketyl radical. The other
transformations also proceed under chelation
control.

(6)

(7)

Figure 2. Possible decisive intermediate in titanocene-
mediated pinacol couplings.

(8)

(9)

(10)
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Low-valent vanadium reagents constitute a very
interesting class of reagents in pinacol couplings.
Pedersen demonstrated as early as 1989 that crossed
pinacol couplings are readily achieved using [V2Cl3-
(THF)6]2[Zn2Cl6]40 with substrates allowing for che-
lation.41 Excellent diastereoselectivities were some-
times achieved (eq 12).

This important methodology can also be applied to
pharmacologically important R-amino aldehydes.42

Although variations of the ligand sphere have not yet
been reported, reagent control is excercised in bind-
ing the substrates in a chelation-controlled manner.43

Intriguing applications of low-valent niobium com-
plexes44 have been found in the reductive coupling
of imines and in the crossed pinacol coupling of
imines and aldehydes by Pederson in one of the
earliest examples of highly selective couplings in
198745 (eq 13).

B. From Stoichiometric to Catalytic Pinacol
Couplings

1. Chlorosilanes as Mediators

Although some of the reagents discussed above
allow for excellent results, they all suffer from the

principal drawback of having to be employed in
stoichiometric amounts. This is especially disadvan-
tageous when more complex and expensive reagents
are to be used to obtain reagent control. Clearly a
catalytic reaction would circumvent this problem and
result in a more efficient use of resources. In 1995,
Fürstner and Hupperts reported their McMurry
reaction (eq 14) catalytic in titanium and introduced
a novel concept for conducting catalyzed redox reac-
tions.46 Independently, Hirao developed a vanadium-

catalyzed pinacol coupling based on the same con-
siderations.47 However, in this reaction the initially
formed diolate was cleaved off the vanadium catalyst
by formation of a dioxolane. Thus, a third of the
aldehyde was consumed for catalyst regeneration.
The role of Me3SiCl seems to be the activation of the
aldehyde for dioxolane formation. The diastereo-
selectivities of the pinacol coupling were moderate
(eq 15).

No further investigations concerning ligand varia-
tions were undertaken. Later, this concept48 has also
been applied to the synthetically very useful Nozaki-
Hiyama reactions by Fürstner and Shi.49 The es-
sential novel step in both catalytic cycles consists of
the removal of oxo or alkoxides from metal complexes
for the regeneration of metal chloride species that
could be reduced to the redox-active reagent in situ.
Metal chloride formation was achieved by adding
chlorosilanes to the reaction mixture. The redox-
active reagent was simply recovered by reduction
with zinc or manganese dust. A catalytic enantio-
selective variation of the Nozaki-Hiyama reaction
was very recently reported by Cozzi50 (eq 16).

Ephritikhine demonstrated that cleavage of the
metal oxo species can also be achieved by adding
aluminum trichloride instead of chlorotrimethyl-

(11)

(12)

(13)

(14)

(15)
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silane.51,52 The catalysts used in these reactions were
titanium trichloride and uranium tetrachloride. In
1996, Endo reported the samarium-catalyzed pinacol
coupling of aldehydes and ketones using chlorotri-
methylsilane.53 Diastereoselectivities in the intermo-
lecular reaction were moderate, and no attempts
were made to change the ligands on samarium to
alter the course of the reaction. Another study
bearing promise for a reagent-controlled catalytic
pinacol coupling was the titanocene-catalyzed pinacol
coupling of aromatic aldehydes as shown in eq 17.54

It turned out to be essential that the aldehyde,
Me3SiCl, and MgBr2 were added slowly to a mixture
of Cp2TiCl2 and zinc dust in THF. In this manner,
the uncatalyzed coupling of aromatic aldehydes in the
presence of ClSiMe3 was supressed.55 MgBr2 was
necessary to obtain a tight trinuclear complex ensur-
ing high diastereoselectivity.33,34 It was established
that silylation was the slowest step in the catalytic
cycle. Without the catalyst, the reaction was slower
and yielded the 1,2-diols with substantially reduced
diastereoselectivity. A drawback of these conditions
was that aldehydes that are reduced only slowly for
steric reasons, e.g., o-tolyl aldehyde, or electronic
reasons, e.g., anisaldehyde, were not coupled by the
catalyst but by the stoichiometric reductive system.
Although acetophenone was transformed to product
under the catalytic conditions, this was not due to
the titanocene reagent. In the absence of the catalyst,
essentially the same results were obtained. Thus, a
chlorotrimethylsilane-initiated coupling was taking
place.55 If the proper reaction conditions and sub-
strates, i.e., unhindered aromatic aldehydes, were
chosen, the catalytic system delivered the reaction
products in good yields and with reasonable diastereo-
selectivity (90:10 up to 95:5). THF constituted the
best solvent. Later, Nicholas reported a similar
reaction using manganese dust as stoichiometric
reductant.56 With the titanocene reagents, control of
diastereoselectivity is readily accomplished by varia-
tion of the ligand sphere. Using Brintzinger’s ansa-
titanocene 257 (Figure 3) in racemic form as catalyst
lead to a distinct improvement of diastereoselectivity
compared to titanocene dichloride with zinc as re-
ductant.58 Nicholas reported the first catalytic enan-

tioselective pinacol coupling using enantiomerically
pure 2 as catalyst with manganese as reductant.56

Although reasonably high levels of enantioselection
were observed (ee ) 60% for benzaldehyde), the
reaction suffered from a decrease in diastereoselec-
tivity (8:1 vs 13:1) compared to Cp2TiCl2 (eq 18).

This effect was even more pronounced in the
presence of zinc dust.59 The trinuclear complex
responsible for the binding of both ketyl radicals
probably could not be formed with the enantiomeri-
cally pure 2. It remains to be seen if this problem
can be circumvented by employing different titano-
cene complexes as catalysts. However, titanocene(III)
complexes constitute the catalysts allowing for the
highest enantioselectivities in pinacol couplings so
far. Hirao reported the pinacol coupling of aliphatic
aldehydes using the titanocene dichloride, ClSiMe3,
zinc dust system.60 Diastereoselectivities were usu-
ally substantially lower than for aromatic aldehydes.
The authors claim that the titanium(III) reagent
tranfers an electron to an aldehyde activated by the
strong Lewis acid ClSiMe3. The silyl-bound neutral
ketyl radicals then coupled with low selecticity. Thus,
the system does not offer obvious potential for
controlling selectivity by the ligands of the metal. A
similar observation has been made by Svatos and
Boland using chromium(II) compounds as electron-
transfer catalysts.61 They found that using bulkier
chlorosilanes leads to greatly enhanced selectivity,
albeit at the expense of lower yields. These reports
clearly demonstrate the major disadvantage of chlo-
rosilane-mediated catalytic pinacol couplings. The
high Lewis acidity of the employed silanes allows for
activation of the carbonyl-containing substrates to-
ward electron transfer and thus a background reac-
tion through silyl bound ketyl radicals. Therefore, the
reaction conditions have to be carefully controlled.
A milder way of cleaving the metal-oxygen bonds
prior to in situ reduction of the catalyst is therefore
desirable. A solution to this problem will be discussed
in the next section.

Three other titanium-catalyzed pinacol couplings
based on silylation reactions to recycle the catalyst
have recently been described. Nelson developed a
catalyst based on titanium trichloride.62 Interest-
ingly, protic additives, e.g., tert-butyl alcohol, and
donor ligands, e.g., 1,3-diethyl-1,3-diphenyl urea,
showed distinct improvements in yield and selectiv-
ity. Salen ligands have been employed by Cozzi in

(16)

(17)

Figure 3. Brintzinger’s ansa-metallocene.

(18)
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titanium-catalyzed reactions.63 Aromatic and ali-
phatic aldehydes could be coupled (eq 19).

Diastereoselectivities were excellent in many cases.
A single example of a chiral ligand was reported
resulting in low enantioselectivity (10% ee). There-
fore, the titanocene catalysts still seem to bear
greater promise for enantioselective catalysis. The
intriguing catalyst phenyl titanocene(III) (3) was
employed by Itoh64 (eq 20).

However, for benzaldehyde, diastereoselectivities
(71:29) are somewhat lower than with titanocene
chloride. Phenyltitanocene is a more active electron-
transfer reagent than titanocene(III) chloride. The
phenyl group constitutes a less electron-withdrawing
substitutent on titanium than chloride. Thus, ali-
phatic dialdehydes could be coupled intramolecularly.
This attractive novel approach toward selective ca-
talysis offers an additional element of reagent control
in radical reactions through variation of the aryl
group attached to titanium.

Hirao further optimized his vanadium catalysts for
the coupling of aldehydes and imines.65 Varying the
ligands on vanadium and changing the solvent lead
to dramatic improvements in diastereoselectivity of
the reaction (eq 21). It turned out that vanadocene

dichloride in THF constituted by far the most efficient
system for catalysis. This catalytic system has been
used by Hirao for a coupling of imines also.66 No
enantioselective reactions using vanadocenes have
been reported so far.

2. Protonation of Metal−Oxygen Bonds in Catalytic
Radical Reactions

As indicated above, silylation is not always an ideal
way to regenerate the redox-active complexes in situ.
The problem to be solved is the cleavage of metal-
oxygen bonds to yield metal halides by an oxophilic
reagent without activating carbonyl compounds to-

ward electron transfer. It has to be kept in mind that
the reactive intermediates dealt with in pinacol
couplings are radicals. Thus, any reagent employed
should be tailor-made to account for the stability of
radicals. Protonation is, in principle, the simplest way
of cleaving metal oxides and alkoxides. Protonation
also seems to be well-suited in radical reactions.
Radicals are usually stable under protic conditions,
and alcohols and even water are suitable solvents for
radical reactions.3 The reason for this stability is the
low tendency for homolytic cleavage of O-H bonds.
It should not be forgotten, however, that even addi-
tion reactions to carbonyl compounds where classical
carbanionic species have until now not been ruled out
as intermediates, e.g., magnesium compounds under
Barbier conditions, can be performed in aqueous
acidic media.67 Bearing these general considerations
in mind, we decided to screen buffered forms of
hydrochloric acid as mediators in titanocene-cata-
lyzed pinacol couplings. Neat hydrochloric acid as the
ultimate proton source is desirable because titano-
cene dichloride is readily reduced by zinc or manga-
nese dust to the corresponding titanium(III) re-
agents.34 Except for the bromide and iodide, this is
not readily achieved with other ions. Chloride con-
stitutes the most convinient choice among the ha-
lides. The catalytic cycle is depicted in Figure 4.

Some features of the acid and the stoichiometric
reductant, i.e., the metal powder, to be employed to
achieve catalytic turnover become immediately ap-
parent. (1) The acid must be strong enough to
protonate a metal-oxygen bond. The acid’s pKa in
water should thus be lower than that of typical
alcohols (CH3OH, 15.5; t-BuOH, 19.2).68 To ensure
complete protonation, the pKa should, therefore, be
at most 12.5. Also, protonation should occur fast to
exclude any undesired side reactions. (2) Neither the
stoichiometric reductant, i.e., the metal powder, nor
the active titanium(III) reagent may be oxidized by
the acid. Therefore, neat hydrochloric acid cannot be
employed directly. (3) The corresponding base must
not complex and deactivate any titanium species in
the catalytic cycle. (4) The employed acid should not
activate the aldehyde strongly toward electron trans-

(19)

(20)

(21)

Figure 4. Titanocene-catalyzed pinacol coupling employ-
ing protic conditions.
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fer by protonation. (5) The metal salt formed during
the reduction of titanocene dichloride should not act
as Lewis acid, initiating uncatalyzed electron transfer
to the carbonyl compound.

Another feature of the catalytic cycle is that free
1,2-diols are formed as compared to the silyl ethers
obtained in silylations. The free diol can, in principle,
act as ligand for titanium, and care has to be taken
to avoid product inhibition. With these considerations
in mind, we decided to use pyridine hydrochlorides
as acids. Both the pKa and steric demand of the acid
and the corresponding base can be readily altered by
variation of the substituents.68 2,4,6-Collidine hydro-
chloride was an appropriate acid to achieve catalytic
turnover.69 Manganese as a stoichiometric reductant
was distinctly superior to zinc with respect to both
yield and diastereoselectivity of the coupling.

It should be noted that under the catalytic condi-
tions, diastereoselectivity is almost the same as in
the stoichiometric parent system.33 Product inhibition
did not seem to pose serious problems. Under the
optimized conditions, hardly any benzyl alcohol was
formed. The stoichiometric reductive system is, there-
fore, exceptionally mild. o-Tolyl and p-anisaldehyde
gave the desired product in good yields and with
excellent diastereoselectivities. Both aldehydes re-
acted with distinctly lower selectivity when Me3SiCl
was used as the mediator for catalysis. The chemo-
selectivity of the system was high. Neither aliphatic
aldehydes nor aromatic ketones were affected under
the reaction conditions. These findings indicate the
almost complete absence of uncatalyzed electron
transfer from manganese to the aldehydes. Our mild
stoichiometric reducing agent is, thus, clearly supe-
rior to the systems employing zinc or manganese and
chlorotrimethylsilane. It remains to be seen if this
reagent combination will be of value in other catalytic
reactions. Although no attempts have been made to
investigate ligand variations, this area of research
certainly remains promising.

IV. Carbonyl Compounds as Radical Precursors:
Additions of Ketyl Radicals to C−C and C−X
Bonds

A very productive part of radical chemistry during
the last 20 years has been addition reactions of ketyl
radicals to olefins. It is fair to say that the rapid
development of this field is due to the introduction
of samarium diiodide as electron-transfer reagent to
organic synthesis by Kagan and Namy in 1980.70

Application of low-valent complexes in ketyl anion
chemistry of samarium has resulted in a number of
impressive applications in synthesis.17,71 Among the
best acceptors in the coupling reactions are R,â-
unsaturated esters.72 Both aldehydes and ketones can
be used as carbonyl partners in these reactions (eq
22).

Interestingly, even formaldehyde in aqueous solu-
tions constitutes a good precursor for the ketyl

radicals.73 The products of these transformations,
γ-lactones and γ-hydroxyesters, are a common struc-
tural motif in natural product synthesis and are
valuable synthetic intermediates. Addition of simple
aldehydes to crotonates has been reported to be
highly diastereoselective.72b However, the results are
somewhat confusing because in closely related sys-
tems substantially different selectivities have been
observed72c,d (eq 23).

The reactivity of samarium diiodide can be dra-
matically increased if hexamethylphosphoric acid
triamide (HMPA) is added as ligand for samarium
to the reaction mixture.72c,73 Lewis- acid cocatalysis
has been reported as an efficient means to accelerate
ketyl additions reaction by Inanaga.74 Diastereo-
selectivity of the addition reactions of ketyl radicals
seems to be governed by the preferred configuration
of the ketyl radical as deduced from theoretical
studies75 (eq 24). One would expect reagent control
by addition of ligands to be an interesting means to
influence the selectivity.

The high oxophilicity of samarium allows for excel-
lent results in chelation-controlled ketyl olefin
couplings.74d Diastereoselectivity can be very high if
the properties of the reagent and the substrate are
suitably adjusted. An instructive example is shown
in eq 25. An eight-membered chelate containg the

[P(O)(NMe2)2] group has been postulated as the
decisive intermediate in the coupling of the protected
hydroxyketone and acrylic acid ethyl ester.63d

Simple hydroxyketones yielded excellent results
also by forming a five-membered chelate67a,b (eq 26).
Thus matching of the steric and electronic features
of both substrate and the reagent samarium diiodide,
a typical scenario of reagent control, can lead to
excellent results.

(22)

(23)

(24)

(25)
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An important class of ketyl couplings are cycliza-
tion reactions. With simple substrates and in reac-
tions giving bicyclic products, low to reasonable
diastereoselectivities can be obtained72b,77 (eq 27).

Chairlike transition structures have been proposed
minimizing interactions with the samarium complex
and the pseudoaxial substituent of the olefin. Olefin
geometry can be an important factor77 (eq 28).

Substrates allowing for chelation usually react with
exceedingly high diastereoselectivity.78 For these
reactions, convincing transition-state models have
been proposed. It should be noted, though, that
proper choice and positioning of the chelating group
can be essential for optimizing the steric interactions
in the respective transition states.79 In this manner,
even four-membered rings can be obtained in reason-
able yields80 (eq 29). Seven-73a and eight-membered

rings81 and bicyclic and bridged systems81 are readily
accessible using this methodology (eq 30).

Two efficient systems for the intermolecular addi-
tion of ketyl radicals to acrylates and for ketyl
cyclizations employing chiral auxiliaries have re-
cently been described by Fukuzawa82 and Molander.83

Although the use of auxiliaries does not fit the subject
of reagent control in a strict sense, these examples

will be discussed here because they reveal important
aspects of the coordination chemistry of samarium.
Fukuzawa demonstrated that (1R,2S)-N-methyl ephe-
drine is an excellent chiral auxiliary for the addition
of a wide variety of ketyl radicals to acrylates (eq 31).

The ephedrine is vastly superior to esters contain-
ing no groups for binding samarium, e.g., menthol.
It has been postulated that the auxiliary enables
binding of both the acrylate and the ketyl radical to
samarium in a sterically well-defined manner. In this
manner, excellent stereoselectivity is achieved. This
assumption is supported by the observation that
addition of HMPA results in complete loss of selectiv-
ity. No structures of the chelates were proposed.
Molander reported chiral auxiliaries for cyclization
reactions based on tartaric acid amides.83 A typical
example with the best auxiliary is shown in eq 32.

The improved donor ability of the amide compared
to ester groups is crucial for the success of the
reaction. Both relative stereoselectivity and stereo-

(26)

(27)

(28)

(29)

(30)

(31)

(32)
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induction from the chiral auxiliary are usually excel-
lent. It should be noted that the sense of relative
stereoselectivity is reversed compared to samarium
diiodide-induced cyclization containing no auxiliary
ligand system. The effect of the auxiliary acting as
ligand for the reactivity of samarium is therefore
dramatic.

Recently, the first example of chiral ligand control
in intermolecular ketyl additions was described by
Mikami and Yamaoka.84 This report constitutes a
very interesting example of an enantioselective ad-
dition of ketyl radicals to acrylates. A number of
ligands containing the highly polar P-O bond were
examined. This approach is based on the beneficial
effects of HMPA on samarium chemistry. By using
“chiral HMPA”, the coordination sphere of samarium
was modified to allow for enantioselective synthesis.
The best ligand described was the oxide of the well-
established (R)-BINAP (eq 33).

Enantiomeric excesses of up to 89% were obtained.
However, diastereoselectivities were modest in some
cases. This was due to an essentially nonstereo-
selective protonation of the obtained enolates. Using
different protic acids could result in further improve-
ments. This promising approach is very interesting
in connection with the recently developed reactions
catalytic in samarium.85

Another application of ketyl cyclizations is the
addition to nitriles, hydrazones, and oximes. These
transformations are possible using samarium di-
iodide86-88 (eq 34). As in the addition to carbon-
carbon multiple bonds, diastereoselectivities are high,
although the yields are not always as satisfying.

Itoh described an intriguing titanocene-based sys-
tem for the addition of ketones to nitriles.89 As in the
pinacol coupling, the phenyl ligand on titanium is
essential for the ability of the reagent to transfer
electrons (eq 35). The authors convincingly demon-
strated that the reagent is also necessary to activate

the nitrile group by complexation toward attack by
the ketyl radical. Both the cyclopentadienyl and the
phenyl ligands offer potential for enantioselective
synthesis.

V. Epoxides as Radical Precursors

A. Stoichiometric Reagents
Probably the first examples of epoxide opening via

electron transfer were reported by Birch in 1950.90

An example of this type of transformation is shown
in eq 36.

It was originally proposed that the reactions pro-
ceed through a nucleophilic opening of the epoxide
via a solvated electron to yield the radical anion, a
â-lithium oxyradical. However, it seems more likely
that as in the formation of ketyl anions, an electron
is transferred to the epoxide with concomitant open-
ing of the radical anion. Clearly the use of solvated
electrons does not readily allow for a reagent-
controlled course of the reaction, and thus, struc-
turally more complex electron-transfer reagents
are desirable. The first convincing evidence that
â-metaloxy radicals can be obtained from epoxides
via electron transfer emerged from investigations by
Kochi, Singleton, and Andrews in 1968.91 Deoxygen-
ation of cyclohexene oxide and styrene oxide in the
presence of chromium(II) reagents yielded cyclohex-
ene and styrene in high yields. This finding was
explained by the presence of a long-lived intermediate
trapped by a second equivalent of the chromium(II)
reagent. The resulting species, a â-metaloxy metal
compound, fragmented to give the olefin. To achieve
C-C bond formation or reduction of the â-metaloxy
radical with hydrogen-atom donors, it is essential
that the subsequent reaction of the â-metaloxy radi-
cal is faster than the trapping with a second equiva-
lent of the electron-transfer reagent and concomitant
â-elimination. Thus, highly active electron donors
such as SmI2 were, as yet, not suitable for this
purpose and lead to clean deoxygenation.92 As ex-
pected, this elimination yielded mixtures of the (E)-
and (Z)-olefins (eq 37). This observation can be

readily explained by assuming a â-metaloxy radical
as intermediate that is long-lived enough to rotate

(33)

(34)

(35)

(36)

(37)
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around the C-C bond before being trapped by a
second equivalent of SmI2.

An important discovery was made in 1986 by
Bartmann.93 He demonstrated that epoxides could be
reductively opened to â-lithio lithiumoxy compounds
at low temperatures by radical anions of aromatic
compounds, e.g., of biphenyl. These organometallic
intermediates generally did not decompose instan-
taneously due to the low tendency to eliminate the
ionic “O2-” group. Epoxides are opened to give the
less substituted organolithium compound. These spe-
cies could be trapped with reactive electrophiles, e.g.,
protons, allylic halides, and aldehydes, as shown in
eq 38.

However, the low thermal stability of these inter-
mediates and their high reactivity makes them
somewhat difficult to use in the synthesis of complex
organic molecules. Interesting applications have
nevertheless been reported by Cohen94 and Yus.95

Especially attractive substrates employed in these
studies are “Sharpless epoxides”96 (eq 39). In this
manner, a number of 1,3-diols can be readily ob-
tained.

The mechanism of these transformations has been
studied in some detail by Houk and Cohen.97 Calcu-
lations suggest that an electron is transferred from
lithium to the epoxide to yield the epoxide radical
anion as shown in eq 40.

This unstable intermediate fragments to yield a
â-lithio oxy radical that is subsequently trapped by
a second equivalent of the aromatic radical anion.
The crucial â-lithio lithiumoxy compound is obtained.
The reason for the formation of the less stable radical
during these transformations is explained by the
formation of the more stable higher substituted
alkoxide. The difference in stability between a sec-
ondary and primary alkoxide is obviously greater
than the difference in stability of a primary and
secondary radical! Interestingly the lithium ion was
postulated to have very little influence on the course
of the reaction. Therefore, reagent control is unfor-
tunately difficult to achieve in these reactions also.

Important steps toward reagent-controlled epoxide
openings were achieved between 1988 and 1994 when
Nugent and RajanBabu discovered that titano-
cene(III) complexes are useful stoichiometric reagents
for the reductive opening of epoxides with or without
deoxygenation.98 Obviously the reduced redox poten-

tial of the titanium(III) reagent compared to sa-
marium diiodide combined with the higher steric
demand of the cyclopentadienyl ligands can, if de-
sired, prevent trapping of the â-metaloxy radicals
with the titanium reagent under properly chosen
conditions. The usual reactivity of carbon-centered
radicals toward radical traps can be exploited in
synthetically useful reactions. Therefore, the cyclo-
pentadienyl ligands of titanium determine the chemo-
selectivity of the reaction by tuning the redox proper-
ties and the steric demand of the metal complex.
Reagent control is also excercised in the formation
of the higher substitued radical, i.e., regioselectivity
of epoxide opening. It seems that after complexation
of the epoxide by the titanocene(III) reagent, the
resulting adduct, presumably the radical anion of the
epoxide bound to a titanocene(IV) species,97 avoids
substantial unfavorable steric interactions between
the metal complex and the bulky substituent on the
epoxide in opening the epoxide. Thus, the higher
substituted â-titanoxy radical is formed. This selec-
tivity is complemetary to the above-mentioned Bart-
mann opening with aromatic radical anions, although
one can also imagine a reversible epoxide opening
with the titanocene(III) reagent leading to the more
stable radical (Figure 5). This typical Curtin-
Hammet scenario99 seems unlikely.

If an equilibrium existed, the ratio of the products
formed should depend on the radical trap employed.
This is, however, not the case. tert-Butyl acrylate,
acrylonitrile, and 1,4-cyclohexadiene give the same
ratio of products derived from decene oxide.98 Thus,
it seems that the regioselectivity of epoxide opening
is determined by the interaction of the metal’s ligand
sphere with the substrate, the typical scenario of
reagent control.

Epoxides can be readily deoxygenated in the pres-
ence of low-valent titanocene reagents under ex-
tremly mild conditions. Schobert,100 and independ-
ently Nugent and RajanBabu98 provided convincing
evidence that â-metaloxyradicals are indeed inter-
mediates in these reactions. Both cis- and trans-5,6-
epoxy decane yield the same 27:73 mixture of (E)-
and (Z)-5-decene as products.98 Both deoxygenations
are thought to proceed via the same long-lived
â-titanoxy radical that can rotate freely around the
adjacent carbon-carbon bond to yield the same

(38)

(39)

(40) Figure 5. Possible mechanisms of titanocene-initiated
epoxide opening.
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mixture of â-metal metaloxy species. After elimina-
tion, both (E)- and (Z)-5-decenes are obtained.

This very mild deoxygenation procedure98 has been
used in the synthesis of a number of highly acid
sensitive products (eq 41) that are not readily acces-
sible via different methods.

The method is especially useful in the synthesis of
deoxy sugar derivatives since the corresponding
epoxides are readily accessible. An elegant applica-
tion of the deoxygenation reaction is the synthesis
of enantiomerically pure allylic alcohols from “Sharp-
less epoxides” as demonstrated in eq 42.101 It should
be noted that the disadvantage of the loss of one-half
the allylic alcohol as in the kinetic resolutions of
allylic alcohols is not a problem when this protocol
is employed.

Considering these results, it is obvious that titano-
cene(III) chloride is a superior reagent compared to
samarium diiodide in terms of chemoselectivty and
yields for the deoxygenation of epoxides.

An interesting and preparatively important exten-
sion of the deoxygenation emphasizing the radical
character of the pivotal intermediates is the reduction
of the â-metaloxy radical with hydrogen-atom donors,
e.g., 1,4-cyclohexadiene or tert-butyl thiol.99 This
useful transformation has a number of attractive
features. Epoxides are opened with high regioselec-
tivity opposite to that of SN2 reactions to yield the
corresponding alcohols. It is highly chemoselective,
e.g., ketones, tosylates, and halides are not reduced
and it is applicable in the synthesis of complex and
sensitive molecules. The use of properly functional-
ized “Sharpless epoxides”96 as substrates allows for
an efficient synthesis of 1,2- and 1,3-diols. Tuning of
the alcohol’s protecting group allows the choice be-
tween a chelating and nonchelating binding mode of
the epoxide by the titanium reagent. In this manner,
it is possible to open the epoxide and obtain either
the 1,2- or 1,3-diol with a high level of regioselectivity
(eq 43).

As in the deoxygenation reactions, the synthesis
of sensitive molecules has been demonstrated. De-
oxysugars are an interesting class of compounds
readily accessible by this methodology.

Efficient C-C bond forming reactions being even
more important than the formation of C-H bonds
become available too. The first class of these reactions
to be discussed here are the intermolecular additions
to R,â-unsaturated carbonyl compounds.98 After re-
ductive epoxide opening, the resulting radical readily
adds to esters of acrylic and methacrylic acid. The

resulting compounds, δ-hydroxyesters, can be lac-
tonized, thus allowing a convenient entry to the
synthesis of δ-lactones from epoxides in a single step.
Yields are usually high. The corresponding esters can
be readily obtained by using tert-butyl acrylate.
Unfortunately â-substitution of the ester is not
tolerated. Diastereoselectivities in carbohydrate sys-
tems are the same as those in related systems using
free radical methodology (eq 44).

Using “Sharpless epoxides” as substrates, derivates
of 1,3-diols incorporating the additional ester group
are readily obtained. This intriguing approach to
hydroxyesters and lactones still offers synthetic
potential. Acrylonitrile and methacrylnitrile are also
useful radical traps in these reactions. The corre-
sponding hydroxynitriles are valuable intermediates
in organic synthesis.

Arguably one of the synthetically most important
applications of radicals is the 5-exo-cyclization reac-
tion.102,103 Suitably unsaturated epoxides are good
substrates for titanocene(III)-initiated cyclization
reactions as shown in eq 45.

The desired products are obtained in good to high
yields, and diastereoselectivities are in the usual
range for radical cyclizations.104 Optically pure car-
bocyclic compounds can thus be readily obtained from
carbohydrates. The resulting densely functionalized
products are important intermediates for organic
synthesis. In similar carbohydrate systems of free
radicals studied by Giese, comparable results were
obtained.105

Recently, the scope of the cyclization reactions was
further increased by Fernández-Mateos through in-

(41)

(42)

(43)

(44)

(45)
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tramolecular additions to aldehydes and ketones.106

In the example shown in eq 46, a rare example of a
highly efficient 3-exo-cyclization has been realized.

An intriguing aspect of titanocene- mediated reac-
tions is the reductive trapping of the radical formed
after the cyclization step by a second equivalent of
the titanium(III) reagent. This is clearly advanta-
geous compared to free radical cyclization reactions
conducted in the presence of stannanes and silanes.
In these latter cases, no further functionalization of
the cyclization product can be achieved in situ. In the
titanocene-initiated reductions, tandem reactions are
readily possible. The nucleophilic titanium species
obtained after reductive termination can be reacted
with electrophiles other than protons, e.g., iodine, to
yield iodoalcohols. These compounds can be readily
transformed to other useful products, e.g., tetrahy-
drofuran derivatives (eq 47).

In principle, this approach combines the advan-
tages of radical chemistry, e.g., high functional group
tolerance, mildness of the reaction conditions, with
the advantages of organometallic chemistry, e.g.,
determining the course of reactions by ligand varia-
tions. Unfortunately the applicability of these reac-
tions is somewhat limited for practical use by the
need to employ at least 2 equiv of titanocene dichlo-
ride. This is especially disadvantageous for complexes
that have to be synthesized in a number of steps107

and cannot be recycled.

B. Titanocene-Catalyzed Epoxide Openings
As outlined above and in the section on stoichio-

metric pinacol couplings, the main obstacle in inves-
tigating the influence of ligands different from simple
cyclopentadienyl on the selectivities is the stoichio-
metric use of the titanocene complex. However, the
improvement of reagent control in the regioselectivity
of the opening of monosubstituted epoxides, the
control of diastereoselectivity of cyclization reactions,
and the enantioselective opening of meso-epoxides are
synthetically important goals. Clearly a catalytic
reaction would be suited to circumvent the limitation
of using stoichiometric amounts of titanocene com-
plexes to achieve reagent control. Of course, the aim
must be to develop a catalytic system preserving the
advantages of the stoichiometric reagent.

The planned catalytic cycle for the reductive open-
ing in the presence of 1,4-cyclohexadiene as hydrogen-
atom donor is outlined in Figure 6.108

As in the titanocene-catalyzed protic pinacol cou-
pling, the resulting titanocene alkoxide has to be
cleaved to yield titanocene dichloride and to liberate

the product of the reaction, the alcohol. It is crucial
for the success of the catalytic reaction that the
epoxide is not opened via SN2 or SN1 under the
reaction conditions either by the employed acid or the
metal salt MCl2 formed during reduction of Cp2TiCl2.
As in the catalytic pinacol coupling, the base gener-
ated during protonation should not deactivate any
titanium species by coordination and product inhibi-
tion must be avoided. Pyridine hydrochloride is
known to open epoxides to the corresponding chloro-
hydrines as a mild protic acid in chloroform.109 Thus,
an acid with a higher pKa in water than pyridine
hydrochloride should be chosen. As outlined in sec-
tion III.B.2, the acid should also be at least as strong
as triethylamine hydrochloride in order to be able to
quantitatively protonate alkoxides. 2,4,6-Collidine
hydrochloride was a very useful acid to protonate
titanocene alkoxides in combination with manganese
as reductant as in the protic catalytic pinacol cou-
pling. No significant amounts of byproducts could be
detected in the crude reaction mixture. Zinc per-
formed distinctly inferior as a stoichiometric reduc-
tant. Presumably the zinc chloride formed during
reduction of the titanocene dichloride complexed the
epoxide and liberated chlorohydrines via an SN1
reaction. The catalytic system showed the same
regioselectivity as the stoichiometric system. It should
be noted, however, that in the case of 1-dodecene
oxide this selectivity is somewhat higher in the
catalytic transformation (94:6 vs 88:12). This could
be due to the 1- and 2-dodecanol formed during the
course of the reaction. According to the general
reasoning described for the selectivity of epoxide
opening, this should lead to increased regioselectivity
of the reaction.

An important issue is the chemoselectivity of the
catalytic epoxide opening. The stoichiometric reduc-
tive system has to be chosen carefully to ensure that
electron transfer from the metal powder occurs
exclusively to reduce titanocene dichloride. The high
functional group tolerance of the stoichiometric reac-
tion was preserved under the catalytic conditions.
The mild acid 2,4,6-collidine hydrochloride is obvi-
ously not able to promote electron transfer from
manganese to a variety of functional groups, e.g.,

(46)

(47)

Figure 6. Titanocene-catalyzed reductive epoxide opening.
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esters, nitriles, ketones, and even aliphatic alde-
hydes. Other easily reduced functional groups, e.g.,
bromides, chlorides, and tosylates, are also perfectly
stable. Our stoichiometric reductive system is mild
and could be useful in other catalytic radical reac-
tions, also.

Preparatively more important than the catalytic
reductive opening of epoxides are catalytic C-C bond
forming reactions. Two important stoichiometric ap-
plications, cyclization reactions and intermolecular
additions to R,â-unsaturated carbonyl compounds,
have been reported to be successful using 2 equiv of
titanocene by Nugent and RajanBabu.98 We were
successful in developing this methodology into a
catalytic reaction. Intermolecular additions worked
well under the conditions outlined in Figure 7.

The reaction exploits the stability of radicals and
the instability of titanocene alkoxides and enolates
under protic conditions. Once the enolate is formed,
protonation liberates the reaction product with for-
mation of titanocene dichloride. In situ reduction
regenerates the redox-active titanocene(III) complex.
The catalytic cycle is closed. Since the radicals formed
after the intermolecular addition step can be trapped
by the titanium(III) reagent or the stoichiometric
reductant without concomitant elimination of tita-
nium oxo species, no hydrogen donor, i.e., 1,4-cyclo-
hexadiene, is necessary for the completion of the
catalytic cycle. In intermolecular addition reactions,
manganese as stoichiometric reductant was by no
means ideal.110 Conversions were low even after
prolonged reaction times. This is in contrast to the
reductive opening yielding simple alcohols. With the
additional ester group present, the product can
chelate the titanium catalyst and initiate product
inhibition. This problem was solved simply by using
zinc dust as the stoichiometric reductant or by adding
zinc chloride to the reaction mixture. In this manner,
the catalyst can be reactivated. The stronger Lewis
acid zinc dichloride chelates the product and liberates
the catalyst. The same effect, although less pro-

nounced, could be achieved by addition of excess
collidine. The stability of the intermediate radical
under the reaction conditions is crucial for the success
of the reaction. Under the optimized conditions, the
reaction can be run with as little as 1 mol % of the
catalyst.

For the use of titanocene complexes as catalysts
in cyclization reactions, a similar concept lead to an
efficient reaction.111 (Figure 8)

As in the stoichiometric reaction, the radical formed
after the cyclization step is trapped by a titano-
cene(III) reagent. To achieve catalytic turnover, both
titanium-carbon and titanium-oxygen bonds have
to be cleaved while the reaction product and ti-
tanocene dichloride are liberated. Protonation con-
stitutes an ideal means to achieve these goals. 2,4,6-
Collidine hydrochloride represented a suitable acid
in these reactions. The products can be isolated in
good yields. Generally, diastereoselectivities were in
the usual range for radical cyclizations. It should be
noted that the diastereoselctivity in the formation of
the [3.3.0] system is somewhat higher (98:2 vs 90:
10) than in the stoichiometric system. As in the
reductive opening, this seems to be due to the
presence of the product alcohol. Current investiga-
tions in our group are focusing on the influence of
the cyclopentadienyl ligands on the diastereoselec-
tivity of the cyclization reaction to establish reagent
control more firmly in this exiting area of radical
chemistry.

C. Catalytic Enantioselective Epoxide Openings
With the catalytic system described in the section

above, the goal of enantioselective reagent-controlled
radical reactions by variation of the cyclopentadienyl
ligand was within reach. A good point to start with
is the enantioselective opening of meso-epoxides via
electron transfer. Many excellent examples of cata-
lytic enantioselective openings of meso-epoxides by

Figure 7. Titanocene-catalyzed intermolecular addition
reactions.

Figure 8. Titanocene-catalyzed cyclizations.
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SN2 reactions have recently been reported.112 How-
ever, the SN2 reactions are conceptually different
from the approach described here, because in SN2
reactions the path of the incoming nucleophile has
to be controlled. In the titanocene-catalyzed reaction,
the intermediate radical has to be formed selectively.
If an intermediate similar to the Bartmann opening
is postulated here,93,97 the selectivity determining
interaction should be that of the epoxide radical anion
with a titanocene(IV) complex as depicted in Figure
9.

According to the introductory remarks, reagent
control is thus exercised in the radical forming step.
Thus, two diastereomeric radicals are initially formed
due to the chirality of the titanocene complex. The
diastereoselectivity of the following reaction may also
be controlled by the ligand sphere of titanium. After
protic cleavage of the titanium-oxygen bond, enan-
tiomeric products are formed. This mechanistic rea-
soning allowed for the rational design of the cyclo-
pentadienyl ligands.113 To achieve efficient differ-
entiation in the steric interaction of the catalyst with
the meso-epoxide, the ligand should be able to
interact 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. Inspection of the extensive literature on
titanocene and cyclopentadienyl complexes107 sug-
gested ligands from terpenes as suitable for achieving
this purpose.114 In ansa-metallocenes that have been
used in enantioselective catalysis with great success
recently,115 the chirality is centered around the metal.
Chirality transfer to the periphery of these complexes
is not obvious in studies of molecular models and the
crystalographic structures. Epoxide 4 was chosen as
a test substrate as shown in eq 48 because it is
readily accessible from (Z)-butene diol 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 Figure 10 are sum-
marized in Table 1.

Brintzinger’s complex 2 shown in Figure 3 per-
formed poorly concerning the enantioselectivity (56%
ee) of the epoxide opening and the yield of product

(55%) in the presence of 10 mol % catalyst. The
titanocene complex114 5 obtained from (1R,2S,5R)
menthol via tosylation, SN2 reaction with sodium
cyclopentadienide, and metalation performed some-
what better, although the axially positioned cyclo-
pentadienyl group is not ideal.

A satisfactory result was obtained with the ligand
from neo-menthol 6 containing an equatorial cyclo-
pentadienyl ligand.116 The enantioselectivty of the
opening reached synthetically useful levels (97:3),
and the isolated yields were reasonable. Complex 7
with a ligand derived from phenyl menthone,117

performed well giving an enantioselectivity of 96.5:
3.5. Phenyl menthol118 has already been extensively
and successfully used as chiral auxiliary.119 These
results suggest that both 6 and 7, after being reduced
to the redox-active species, contain a chiral pocket
well-suited for the steric differentiation of the enan-
tiotopic groups of meso-epoxide 4. The corresponding
bis-tert-butyl ether epoxide constituted a more dif-
ficult example due to the increased steric demand of
the bulky groups. Both catalysts performed distinctly
worse. With 6, an enantioselectivity of 92.5:7.5 was
obtained, whereas 7 gave the lower value of 87.5:12.5.

An interesting and demanding problem is the
opening of cyclic meso-epoxides, e.g., cyclopentene
oxide, and trapping of the resulting radical with an
acrylate, e.g., tert-butyl acrylate. Besides the enan-
tioselectivity of epoxide opening, the diastereoselec-
tivity of the C-C bond forming step has to be
controlled.120 Complex 6 was the most selective
catalyst, giving higher enantioselectivity (81% ee)
while preserving high diastereoselectivity (eq 49).

Figure 9. Plausible crucial intermediate in enantioselec-
tive epoxide openings.

(48)

Figure 10. Titanocenes utilzed in enantioselective opening
of meso-epoxides.

Table 1. Reductive Opening of Epoxide 3 with
Various Titanocene Complexes

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

5, 10 51 76:24
6, 10 74 3:97
7, 5 65 3.5:96.5
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Titanocene catalyst 7 gave a lower enantioselec-
tivity (86.5:13.5) with cyclopentene oxide as sub-
strate. It should be noted that the diastereoselectivity
of the addition reaction to tert-butyl acrylate (>97.5:
<2.5) was substantially higher using 5, 6, and 7 than
with Cp2TiCl2 as catalyst (86:14). Thus, the ligands
derived from neo-menthol performed better than
those derived from neo-phenyl menthol in all cases
investigated. As for the opening of 4, the Brintzinger
complex 2 was not an efficient catalyst for the
opening of cyclopentene oxide. Both chemical yield
(24%) and enantioselectivity were low (29% ee). The
diastereoselectivity of the addition to tert-butyl acry-
late was rather low for this system (trans:cis ) 90:
10). The opening of cyclohexene and cycloheptene
oxide with 7 as catalyst proceeded with somewhat
higher enantioselectivity (91:9 in both cases). Dia-
stereoselectivity of the addition reaction was lower
than with cyclopentene oxide (81:19 for the cyclohex-
ene oxide and 87:13 for cycloheptene oxide). In both
cases this constituted an improvement compared to
Cp2TiCl2 as catalyst (about 60:40 and 70:30, respec-
tively). Thus, we have demonstrated that reagent
control in the reductive opening of meso-epoxides can
be exercised both at the stage of radical generation
and at the subsequent transformations of the formed
radicals. Although some of the initial results are
promising, further investigations have to establish
if reagent control in these reactions can be improved
further to reach practically useful levels of stereo-
selection and catalytic activity in other simple cases
and in natural product synthesis.
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