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Abstract: Herein we present the first example of a three-component dicarbofunctionalization of olefins under
reductive conditions. Our strategy takes advantage of nickel catalysis to add aryl and alkyl groups across the
double bond with remarkable selectivity. The reaction shows broad functional group compatibility and more im-
portantly, it proves to be general in terms of the alkenes that can be functionalized compared to previous dicar-
bofunctionalization methods. Initial control experiments reveal different activation modes for both electrophiles
and the involvement of alkyl radicals throughout the reaction.
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Olefins are present in naturally occur-
ring chemicals as well as in pharmaceuti-
cals, thus making them attractive targets
for late-stage modifications. In addition, al-
kenes can be prepared by well-established
methods at an industrial scale, thus being
cost-effective substrates for organic and
organometallic reactions. Among the dif-
ferent transformations they can undergo,
difunctionalization reactions play a promi-
nent role as they enable the simultaneous
formation of two vicinal Csp3-X bonds.!!!
In this context, metal-catalyzed three-
component alkene dicarbofunctionaliza-
tions have recently gained attention due
to their convergence and intrinsic ability
to create up to two stereogenic centers and
therefore, their potential to rapidly gener-
ate more complex aliphatic structures.

Conventional strategies towards alkene
dicarbofunctionalization take advantage of
redox neutral conditions and therefore rely
formally on the use of a nucleophile and an
electrophile as carbon sources (Scheme 1,
top). In this manner, both carbon partners
offer complementary reactivity towards the
metal catalyst, which translates into a highly
regioselective process. The major challenge
in these transformations has to do with the
sensitivity of the putative alkyl-metal inter-
mediates involved, which can decompose
via B-hydride elimination and produce un-
desired products.?! Using palladium cataly-
sis, dienesl! or olefins containing directing
groups!4l have been efficiently engaged in
this type of process as they generate allyl-
Pd intermediates and rigid five-membered
palladacycles, respectively (Scheme 1, top
left). These complexes are less prone to
B-hydride elimination compared to simple
alkyl-palladium species, aiding the success
of the overall process. Unfortunately, these
reactions are not only limited to this spe-
cific type of olefins, but are also restricted
to the formation of two Csp*~Csp? bonds.

Nickel catalysis has also been explored
in dicarbofunctionalization processes. The
slower rate of decomposition of alkyl-nick-
el species via B-hydride elimination com-
pared to palladium species has enabled the
incorporation of aliphatic groups in these
transformations.5! However, despite its
potential, only acrylates(® and vinyl am-
ides!”l have been successfully engaged in
alkylative difunctionalization processes
(Scheme 1, top right).[8] Thus, redox neu-
tral strategies are restricted to the use of a
few tailored olefins, which makes the de-
velopment of alternative and more general
approaches a worthwhile endeavor.

Given our interest in the efficient carbo-
functionalization of m-systemsl®] and the
potential of nickel in cross-electrophile
coupling reactions,['” we envisioned the
possibility of a reductive dicarbofunction-
alization to overcome these limitations.
In our design, two electrophiles would be
added across the double bond in the pres-
ence of an external reductant which could
translate into milder reaction conditions
and broader functional group compatibili-
ties. Here, we present the realization of
this approach which has proven general in
terms of the olefinic partners able to par-
ticipate in these transformations (Scheme
1, bottom).[11]

After initial optimization efforts, we
found that tertiary aliphatic groups and
arenes can be added onto olefins with
complete regioselectivity starting from
the corresponding iodides (Scheme 2).
Remarkably, side products stemming
from reactions between the two electro-
philic components were not detected in
the reaction media. The process is carried
out under mild conditions using a com-
bination of an air- and moisture-stable
nickel precatalyst, 4,4'-di-tert-butyl-2,2'-
bipyridine (dtbbpy) and an organic re-
ductant  (tetrakis(dimethylamino)ethyl-
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ene = TDAE).['2] Both electron-rich and
electron-deficient alkenes tested in previ-
ous methodologies delivered the desired
products 1 and 2 in 65 and 92% yield, re-
spectively. Internal olefins such as croto-
nitrile (E:Z = 4:1) could also participate
in the reaction furnishing product 3 with
moderate efficiency but with high diaste-
reoselectivity. To our delight, the general-
ity of this approach could be demonstrated
by its application to unactivated olefins
containing different groups at the allylic
position (4-6). Unfortunately, unfunction-
alized olefins did not engage under these
reaction conditions, thus suggesting the
need for a weakly coordinating/activat-
ing moiety in the substrate. In terms of the
aromatic partner, the reaction displayed
broad scope encompassing different elec-
tronics and substitution patterns, although
substrates containing ortho-substituents
gave the desired products in low yields (7).
Remarkably, other Csp>~halogen bonds as
well as Csp>~B bonds remained unreact-
ed under the reaction conditions (8-10),
highlighting the high chemoselectivity for
Csp*-I bonds and the orthogonality of this
method with respect to classical cross-cou-
pling procedures. Finally, differently func-
tionalized tertiary alkyl groups also led to
the desired products 11-13, thus provid-
ing more complex aliphatic structures in a
single step.

Several control experiments were
performed to investigate the mechanism
of this transformation. Initially, the addi-
tion of radical traps and inhibitors such as
BHT, 1,1-diphenylethylene and 1,4-cyclo-
hexadiene led to decreased yields of the
product suggesting the possibility of radi-
cal intermediates along the reaction path-
way (data not shown). Competitive radical
clock experiments using 6-iodo-6-methyl-
hept-1-ene (14) in the presence of an ex-
ternal olefin and the arene partner were
performed (Scheme 3A). While with allyl
acetate the cyclization of the alkyl iodide is
favored over the intermolecular addition to
the double bond to give 15, the reaction in
the presence of acrylonitrile delivered the
three-component adduct 16 in 45% yield
and no carbocyclization was observed.
These results are in agreement with previ-
ously kinetic data reported for related radi-
cal processes,!'31 which support the forma-
tion of C-centered radicals in the reaction
media. Since this type of radicals are being
generated from the aliphatic iodide, the fi-
nal products could be the result of a two-
step process in which alkyl iodides might
have been formed by an iodine transfer
radical addition reaction.!'4! However, dif-
ferent secondary iodides submitted to the
reaction conditions proved to be incompe-
tent for a cross-electrophile coupling with
the aryl iodide (Scheme 3B). Hence, the
presence of secondary aliphatic iodides as
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Scheme 1. Strategies for metal-catalyzed vicinal dicarbofunctionalization of olefins.
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Scheme 2. Reductive three-component alkene dicarbofunctionalization: selected scope.

putative intermediates in this process can
be ruled out.

The presence of different organon-
ickel species and the role of the reductant

were investigated next (Scheme 4). Ni(0)
species could be potential intermediates
since they readily reacted with aromatic
iodides to deliver aryl-Ni(11) complex 18.
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A) Competitive radical clock experiments
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Scheme 3. Radical clock experiments and competence of secondary alkyl iodides.
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Scheme 4. Stoichiometric control experiments involving nickel complexes.

Additionally, the latter can also be ac-
cessed by the reaction of [(dtbbpy)Nil, ]
with an equimolar amount of TDAE and
aryl iodide, demonstrating the ability of
TDAE to reduce Ni(1) species (Scheme
4A). Interestingly, the stoichiometric reac-
tion of the aryl-Ni(11) complex 19 with the
olefin and tert-butyl iodide in the presence
of TDAE furnished the desired products,
thus proving the competence of aryl-Ni(1r)
as putative intermediates in these transfor-
mations (Scheme 4B).

Based on the above-mentioned control
experiments, the following mechanism can
be proposed (Scheme 5). Under the reduc-

tive conditions, Ni(0) species generated in
situ can participate in an oxidative addition
with the Ar-I to give Ar-Ni(11) intermedi-
ate A. In parallel, Ni(1) species produced
in the reaction media could activate the ali-
phatic iodide to produce radical C, which
delivers intermediate D by regioselective
addition to the terminal carbon of the ole-
fin. These species combine with A to pro-
duce the key organonickel(11) complex B,
which after reductive elimination, forms
the corresponding dicarbofunctionaliza-
tion product while regenerating Ni(1). As
shown before, Ni(1) reacts with the alkyl
iodide forming as a result Ni(11) complexes

which are subsequently reduced to Ni(0)
by TDAE closing the entire catalytic cycle
(path I).['51 [n situ formation of secondary
alkyl iodides E (path II) by means of an io-
dine atom transfer radical addition reaction
has been discarded based on their inability
to furnish the coupling product with the
aromatic iodides under the reaction condi-
tions. Also, the participation of Ar-Ni(11)-
alkyl complexes resulting from the direct
recombination of tertiary radical C with A
has been ruled out as no direct aryl-alkyl
product between electrophiles has been de-
tected in the reaction media. Alternatively,
a mechanism involving radical addition of
D to Ni(0) followed by oxidative addition
of the aryl iodide to deliver B cannot be
ruled out.[1¢]

In summary, we present here the first
example of a three-component reductive
dicarbofunctionalization of alkenes. The
process enables the formation of two new
Csp*~Csp® and Csp’~Csp?* bonds by se-
quential addition of alkyl and aryl groups,
respectively, onto the alkene. Using an or-
ganic reductant under very mild reaction
conditions, broad functional group toler-
ance has been achieved. More importantly,
this approach has demonstrated useful to
functionalize a wide variety of terminal
olefins proving to be more general than
previously existing methods. The present
approach is fully regio- and chemoselec-
tive due the fact that the aromatic iodide
and the aliphatic iodide are activated by
different pathways. Further studies are cur-
rently ongoing in our laboratory to deeply
understand the mechanism of this transfor-
mation and broaden its applicability.
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