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ABSTRACT

A versatile Ti/Ni multimetallic protocol is described for the efficient catalysis of two different reactions, namely a Heck- and reductive-type
cyclization of alkyl iodides, in the absence or presence of water, respectively. Noteworthy, the versatility of Ti(III) chemistry allows an oxidative
ending step under reductive conditions to give Heck-type products, and the good H-atom transfer capabilities of Ti(III)-aqua complexes ensure
reductive-type cyclizations.

The chemical inertness of water toward carbon-centered
radicals has been recently revised. We and other groups1

havedemonstrated thatwaterbecomesanexcellenthydrogen-
atom donor in the presence of titanocene(III) com-
plexes. This unexpected reactivity has been mainly used
to replace other more unsuitable hydrogen-atom transfer
(HAT) reagents.2 Nevertheless, the varying chemoselec-
tivity of titanocene(III) complexes under anhydrous and
aqueous conditions can also be used to develop concep-
tuallynovel processes.Thus for example, titanocene(III) com-
plexes could control the fate of a common intermediate

depending on the presence or absence of water in the reac-
tion. To check this working hypothesis we focused our
attention on Ni-catalyzed cyclization reactions of alkyl
halides and simple alkenes since they have become an
interesting synthetic tool in recent years (Scheme 1).3 It is
generally accepted that substrates type-I are able to cyclize
under Ni-catalysis by radical intermediates to yield type-II
radicals. A subsequent coupling with a radical acceptor is
required as the ending step.3 Although direct reduction of
the transient radical II, yielding an alkane III, would be the
equivalent of a tin-free radical cyclization, it is practically
unknown in nickel catalysis.4,5 On the other hand, oxida-
tion of such intermediates II could yield an alkene IV as the
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Malacria, M.; Ollivier, C.; Jutand, A. Angew. Chem., Int. Ed. 2012, 51,
6942–6946. (b) Nguyen, J. D.; D’Amato, E. M.; Narayanam, J. M. R.;
Stephenson, C. R. J. Nat. Chem. 2012, 4, 854–859.



Org. Lett., Vol. 14, No. 23, 2012 5985

final compound, which would be reminiscent of a Heck-
type reaction using alkyl halides as reactants. It is worth
noting that despite the enormous effort carried out in the
development ofHeck-type reactions, the use of alkyl halides
presenting β-hydrogens as organic electrophiles6 is con-
siderably less advanced.7 The success of this new approach
is also based on the chemical compatibility of titanocene-
(III) complexeswithpalladiumandnickel catalysts8 and its
facility to oxidize different carbon-center radicals type-II
under highly reductive reaction conditions.9

In this work, we report new cyclization reactions of
primary and secondary alkyl iodides and simple alkenes
with different substitution patterns based on the combina-
tion ofTi andNi catalysts. Control toward the final ending
step is obtained just by carrying out the reaction in the
presence of water or in anhydrous media, yielding tin-free
reductive radical cyclizations or Heck-type reactions re-
spectively. This protocol expands significantly the scope of
both reactions and improves considerably the reaction
conditions reported to date, also showing that free radical
and transition metal chemistries are complementary, re-
ducing the limitations of both methodologies and giving
rise to new reactivities.

To check our working hypothesis we initially treated the
prenyl derivative 1 (1 mmol) with a mixture of different Ni
catalysts (20mol%) and phosphorated ligands (40mol%)
with diverse electronic and steric characteristics (PPh3,
P(2-furyl)3, P(p-F-Ph)3, P(tBu)3, P(Me)2Ph, P(p-MeO-
Ph)3, P(C6F5)3, P(Cy)3, P(Ph)2tBu, P(Ph)2Me, P(OPh)3,
P(OEt)3) and in situ generated Cp2TiCl (2 mmol)10�12 in
THF (0.02 M) at room temperature in the presence
(10 mmol) and absence of water (Scheme 2). In this latter
case, we found that the addition of trimethylsilyl chloride
(4mmol) also improved thereactionyields.Finally,ourwork-
ing hypothesis could be verified. After 16 h, the Heck-type
product 2 was isolated in high yield (84%) using simple
PPh3 as a ligand. Only minor amounts of 3 could be
obtained under these reaction conditions (9%), which
presumably derived from aHAT reaction from the solvent
(THF).13 This side reaction was also observed in the Co-
catalyzed Heck-type reaction of closely related alkyl
iodides.7c In the presence of water the excellent HAT
capability of the complex Cp2TiCl�H2O ensured a reduc-
tive ending, thus selectively obtaining the corresponding
alkane 3 in high yield (91%).14 In this latter case, P(Cy)3
gave the best yields.

Remarkably, these reaction conditions could be success-
fully applied to other starting materials. The wide variety
of products obtained for the reductive-type cyclization are
summarized in Table 1.
The reductive cyclizations took place in moderate to

excellent yields covering abroad rangeof startingmaterials
yielding the corresponding cyclic structures. Therefore, the
radical cyclization is faster than the HAT from Ti(III)-
aqua complexes to the acyclic transient radicals, even despite
the fact that those complexes are present in stoichiometric

Scheme 1. Working Hypothesis Scheme 2. Reductive- and Heck-Type Cyclization of 1
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amounts. This is a clear differencewith respect to other pro-
tocols in which the hydrogen atom donor must be slowly

added and/or that high dilutions are required. Interest-

ingly, different kinds of cyclic radicals can be reduced:

primary (from compounds 4, 10, 11, 15), secondary (from

compounds 5, 6, 8, 9, 12, 16�18, 20), tertiary (from com-

pounds 13, 14, 21�23), benzylic (from compounds 7, 19, 24),

and vinylic (from compound 25). The reaction even takes

place with challenging substrates (entries 5 and 8) that

evolve to β-oxygenated transient radicals, which are

known to be fragmented by Ti(III).15 Nevertheless, under

those conditions the presence of 10 equiv of water di-

minishes the amount of uncoordinated Ti(III),1c,d thus

avoiding such undesired fragmentation processes. It is also

worth noting that the reaction can be carried out with

substoichiometric amounts of Cp2TiCl (40 mol %) but in

this case the yields are generally lower by 10�40%.16

Heck-type cyclizations are more challenging reactions
taking into account the potential substitution patterns in
the alkene moiety. As previously mentioned, we were able
to carry out a Heck-type cyclization process just with a
slight modification in the reaction conditions: by using the
same Ti/Ni multimetallic system but in this case under
anhydrous conditions. During the optimization of this
protocol, the amount of Cp2TiCl was diminished to
70 mol % in the presence of TMSCl (4 mmol), without
losing yield or chemoselectivity in the process. Using these
optimized reaction conditions we studied the scope of this
Heck-type reaction, and the representative results are
summarized in Figure 1.
The success of the cyclization reaction depends on the

substitution pattern of the alkene, as it was previously
observed in other Heck-type cyclizations of alkyl halides.
Thus for example, some protocols are mainly valid for
monosubstituted7g or trisubstituted alkenes.7f In our case,
the reaction takes place successfully when the substitution
of the alkene in theβ-position increases, even froma simple
methyl group to a longer chain (6, 8, 17, 18). With those
substrates the reaction is synthetically useful and only
minor amounts (less than 10%) of the corresponding
alkane were obtained. Nevertheless, simple allyl and crotyl
derivatives resulted to be more challenging starting mate-
rials and higher amounts of the reduced product were

Table 1. Ti/Ni-Mediated Reductive Radical Cyclization of
Alkyl Iodidesa

aAlkyl iodide (1 mmol), Cp2TiCl2 (2 mmol), NiCl2 (0.2 mmol), PCy3
(0.4 mmol), Mn dust (8 mmol), and H2O (10 mmol) in THF at room
temperature. bThe corresponding deuterated isotopomers were also
prepared.14 c 85:15 mixture of trans/cis stereoisomers. d 50:50 mixture
of trans/cis stereoisomers. e 20 mmol of water was used. f 70:30 mixture
of trans/cis stereoisomers.

Figure 1. Heck-type products (yield, starting material).a,b

(15) Jim�enez, T.; Morcillo, S. P.; Martı́n-Lasanta, A.; Collado-Sanz,
D.; C�ardenas, D. J.; Gans€auer, A.; Justicia, J.; Cuerva, J. M. Chem.;
Eur. J. 2012, 18, 12825–12833.

(16) We used 2,4,6-collidinium hydrochloride as a titanocene(III)
regenerating agent.

(17) See Supporting Information for details
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obtained (up to 35%).17 This different behavior can be
attributed to the inability of titanocene(III) to generate
alkenes from some unhindered radicals. Instead of the
desirable mixed disproportionation process,18 Cp2TiCl
irreversibly traps those radical intermediates, providing
the corresponding alkane after acidic quenching. There-
fore, the nickel catalyst is uniquely responsible for alkene
formation and must trap the intermediates before
Cp2TiCl. In the other cases, nickel and Ti(III) can act in
a synergic manner.
From a synthetic point of view, different hetero- (2,

47�52) and carbocycles (53�57) can be prepared using
this methodology. Again, the reaction with substrates that
originate β-oxygenated transient radicals is more difficult
to confront (from compound 13). In this case, we found
that the simple additionof acetone decreases the amount of
uncoordinated Ti(III) without affecting the key oxidative
ending step. We also carried out the reaction with alkenes
presenting an oxygenated function in the allylic position
(20). The reaction took place efficiently, but with this
substrate the β-acetoxy elimination process is preferred
instead of the usual β-hydride elimination process.18

All these results can be explained based on the following
mechanistic hypothesis (see Scheme 3).12 After an initial
Ni-catalyzed activation step, the alkyl radical V is gener-
ated. At thismoment, the oxidation state of theNi-catalyst
is unclear. Previously reported studies suggest that this
kind of reaction is mediated by Ni(I) complexes.3 In our
case, we used Ni(II)-complexes as precatalysts, which are
easily reduced to Ni(I)-active species.19 A subsequent
cyclization step originates the new radical intermediate
VI, which can evolve by different pathways depending on
the reaction conditions. In the presence of a good HAT
reagent (path A), as Ti(III)-aqua complexes, the alkane
VII is obtained. Consequently, the use of 10 equiv of
deuterium oxide instead of water afforded the correspond-
ing deuterated isotopomer. The formation of the alkene IX
seems to be more complex and could be explained by two
main mechanisms: β-hydride elimination in an alkyl-Ni
intermediate VIII (path B) or a Ti(III)-mediated mixed
disproportionation18 of intermediate VI (path C). The
resulting titanium and nickel hydrides are probably re-
introduced in the catalytic cycle with the aid of TMSCl.9,18

In summary, we have developed an efficient protocol for
the catalysis of two interesting reactions, namely a reduc-
tive- and Heck-type cyclization of alkyl iodides with a
broad substrate scope. Both reactions proceed under very
mild conditions and benefit from the good match between
the Ti(III) free radical agent and the Ni chemistry. The
bivalency of this protocol makes it unique due to its ability
to catalyze two kinds of reactions, which normally proceed
via two different reaction mechanisms. Moreover this
hybridorganometallic�radical process allows circumvent-
ing some drawbacks of a formal Heck reaction of alkyl
halides,7 such as the compatibility with common functional
groups,7c or harsh reaction conditions.7f Noteworthy, the
excellent HAT capabilities of the Ti(III)-aqua complexes
ensure the preference for a reductive ending step using
similar reaction conditions, yielding the corresponding
cyclic products in high yields.
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Scheme 3. Mechanistic Hypothesis for the Ti/Ni Reductive- and
Heck-Type Cyclization Reactions
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