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ABSTRACT: Simple N-heteroaromatic Ni(II) precatalysts, (L)NiMe2 (L = bipy, bipym), were used for alkene isomerization. With
an original reduction method using a simple borane (HB(Cat)), a low-valent Ni center was formed readily and showed good
conversion when a reducing divalent lanthanide fragment, Cp*2Yb, was coordinated to the (bipym)NiMe2 complex, a performance
not achieved by the monometallic (bipy)NiMe2 analogue. Experimental mechanistic investigations and computational studies
revealed that the redox non-innocence of the L ligand triggered an electron shuttle process, allowing the elusive formation of Ni(I)
species that were central to the isomerization process. Additionally, the reaction occurred with a preference for mono-isomerization
rather than chain-walking isomerization. The presence of the low-valent ytterbium fragment, which contributed to the formation of
the electron shuttle, strongly stabilized the catalysts, allowing catalytic loading as low as 0.5%. A series of alkenes with various
architectures have been tested. The possibility to easily tune the various components of the heterobimetallic catalyst reported here,
the ligand L and the divalent lanthanide fragment, opens perspectives for further applications in catalysis induced by Ni(I) species.
KEYWORDS: nickel, heterometallic complexes, catalysis, alkene isomerization, redox-active ligand

1. INTRODUCTION
To limit the use of rare metals, the chemistry of transition-metal
catalysts focused on the earth-abundant metals of the first row.1

Not only that they advantageously replace their heavier
analogues, but they also constitute a formidable opportunity
to develop new transformations. Among them, nickel chemistry
is particularly appealing because of the possibility for the metal
to enable multiple oxidation states with possible single-electron
transfer (SET) reactions. For instance, nickel complexes at the
formal +III and +IV oxidation states2−5 are highly sought as they
are proposed intermediates in many original cross-coupling
reactions.6−8

In such transformations, the choice of the ligand is crucial
because the metal−ligand pair often contributes to the
stabilization of the unusual redox state and its subsequent
reactivity. Meanwhile, the concept of redox non-innocence9,10

showed that electronic intramolecular transfers would allow
two-electron transformations with non-noble metals such as
iron,11 single-electron transformation with noble metals,12,13 or
umpolung substrate reactivity.14,15 In nickel chemistry, the
group of Vicic showed that the use ofN-heteroaromatics allowed
manipulating the metallic redox state because of ligand redox
effects.16,17 Depending on the coordination environment, the
electron is either metal- or ligand-centered, allowing adapting

oxidation states from +I to +III for each elementary mechanistic
step (Scheme 1, top).18 Controlling these electronic shuttles is
key for tuning reactivity.
Likewise, some of us recently developed a series of

compounds, in which the reactive transition-metal ion is
coordinated to a redox-active N-heteroaromatic ligand, the
electronics of which are modulated by the presence of a low-
valent lanthanide. This strategy has been used to stabilize PdIV
species19 as well as enhance the reductive elimination of NiII
alkyl species after CO insertion, the kinetics of which are
hampered by the presence of the lanthanide fragment.20 In this
example, the N-heterocyclic ligand is the 2,2′-bipyrimidine
(bipym), forming the Ln(bipym)NiMe2 complex in which the
lanthanide fragment (Ln) is the Cp*2Yb, an f14 diamagnetic
complex.21 The electron transfer occurs readily upon coordina-
tion of the divalent lanthanide ion so that the bipym ligand is
reduced by one electron, while the ytterbium becomes f13 and
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possesses one hole on the f-shell. The electronic structure of the
heterobimetallic compound, Cp*2Yb(bipym)NiMe2, was de-
scribed as an open-shell singlet ground state�the two single
electrons being antiferromagnetically coupled, while the triplet
state being significantly populated at room temperature.20

Additionally, an important notion brought by this example is
that spontaneous reductive elimination occurs, after migratory
insertion of the CO in one methyl group, between the formed
acyl and the remaining methyl fragment forming acetone and a
low-valent Ni compound (Scheme 1, bottom). This situation is
particularly appealing since further intramolecular single-
electron transfer may occur, as illustrated in Scheme 1, adapting
the oxidation state of the nickel-metal center.

In situ formation of metalloradical centers would be
particularly interesting to test in alkene isomerization in light
of the recent remarkable work of Schoenebeck, who used nickel
chemistry for E-selective alkene isomerization.22,23 The tour-de-
force resided in the use of Ni(I) complexes judiciously stabilized
by an NHC-type ligand, unraveling a new type of mechanism, a
metalloradical-induced 1,3-H atom relocation, in which the
nickel-hydride intermediate species has a limited lifetime,
allowing chain-walking isomerization.24 This system was
recently employed to develop remote functionalization
reactions,22,25,26 while a related Ni(0)-phosphine catalytic
system27 was recently reported. The selectivity in alkene
isomerization28,29 remains indeed of great interest because of
the versatility of the alkenes in the synthesis of materials for the
pharmaceutical and food industry.30 Usually, the transformation
is achieved by the use of precious metals involving two electron
pathways through metal-hydride or π-allyl (hydride shift)
mechanisms.31−33 Conversely, Holland showed that sterically
encumbered cobalt complexes allow single-electron transfers
that result in selective mono-isomerization, conversion of 1-
alkene to 2-alkene, with Z-selectivity.34,35

In this article, we present the result of a ligand−metal electron
shuttle, first allowing the in situ formation of low-valent nickel
catalysts by reduction of the popular N-heteroaromatics-Ni(II)
precatalysts with a borane, and second alkene isomerization with
a significant selectivity toward mono-isomerization. The
experimental and electronic mechanisms have been investigated
and revealed an intermediate mechanism between the one
proposed by Schoenebeck�a radical-induced 1,3-H relocation
mechanism23 and a π-allyl mechanism. The results described in
this article analyze the role of the ligand electronics in the fine
modulation of the catalyst reactivity and thus bring valuable
information in the suitable choice of future ligands to be used.

Scheme 1. Possible Electron Shuttles between a Ni Center
and Redox-Active Ligands

Scheme 2. Reduction of 1 and 2 by HB(Cat)
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2. RESULTS AND DISCUSSION
The production of Ni(0) catalysts from simple and stable Ni(II)
precatalysts is a crucial step in nickel chemistry.36 If possible, the
substrates used shall be simple, cheap, and stable at ambient
temperature as well as easy to handle. Examples in coupling
reactions use reductants such as Zn, Mn, hydrides, or Grignard
reagents.37−39 The Cp*2Yb(bipym)NiMe2, complex, 1, is
known to undergo oxidative additions followed by the fast
elimination of ethane, while reductive elimination from acyl
Ni(II) intermediates formed acetone and a supposed Ni(0)
species at ambient temperature.20

Thus, the idea was to find a reagent that would easily form
Ni(0) species from successive oxidative addition and reductive
eliminations. Inspired by the hydroborylation and hydro-
silylation chemistry,1 both silane and borane were tested.
While the silane does not react, HB(Cat) readily reacts with 1 to
form a mixture of MeB(Cat) (Supporting information-Part
III.a),40 at 0.65 ppm, and methane, at 0.17 ppm, the products of
two successive reductive eliminations after the oxidative
addition of the borane on the Ni(II)Me2 fragment. The reaction
was monitored by 1H NMR spectroscopy, and a titration
confirmed that one equivalent only was necessary to suppress
the signals of 1 and to form 1 equiv. of MeB(Cat) and methane
(Scheme 2). Similar titrations were performed on the analogous
(bipy)NiMe2, 2, complex, leading to a similar reactivity,
although a black precipitate formed rapidly.
The formation of black powder probably resulted from the

fast decomposition of Ni(0) in the absence of any stabilization
group such as the divalent lanthanide Cp*2Yb fragment. Thus,
when the reaction of 2 and HB(Cat) was performed in the
presence of 1,5-cyclooctadiene (cod), a suitable diene ligand for
the stabilization of Ni(0) species, the formation of the known
(bipy)Ni(cod) was confirmed by 1H NMR spectroscopy (SI-
Part III.c).41 The formal Ni(0) oxidation state of the species
obtained after the reduction of 2 by the borane was confirmed by
theoretical computations performed at the density functional
theory (DFT) level of theory on the (bipy)Ni(Cod) complex
(Figure S86). As expected for a 3d10 Ni(0) complex, the five
highest occupied molecular orbitals (HOMOs) are mainly
centered on themetal as it can be observed with theHOMO− 1,
and HOMO, bonding orbitals between the Ni center and the
Cod ligand, while the lowest unoccupied molecular orbital
(LUMO) is mainly composed of the b1 symmetry π* orbital of
the bipy ligand (in C2v symmetry). Although the oxidation state
of the Ni(0) center can be ascertained by NMR spectroscopy
when 2 is reduced by the HB(Cat), no similar Cod trapping was
observed when 1was reduced byHB(Cat). In the latter case, the
silent 1HNMR spectrum prevents the assessment of whether the
Cod ligand did coordinate the Ni center or not, and indicates
that the proton relaxation is faster than with 1 itself, for which all
proton signals were previously attributed. This would likely
indicate the presence of another paramagnetic center in addition
to the Yb(III) center. This agrees with the presence of a
paramagnetic Ni(I) center rather than a diamagnetic Ni(0)
center. To exclude the formation of a stable Ni−H species, two
drops of CCl4 were added after the reduction of 1 by HB(Cat),
and no presence of chloroform was observed (Figure S12).
Considering that significant differences were observed

between Ni(I) and Ni(0) alkene isomerization systems, the
reactivity of both precatalysts (1 and 2) was tested on such
reaction using allylbenzene (A) as the reference substrate (SI-
Part IV).42 The first observations showed high activity for 1

compared to 2, which only led to poor conversion after several
days (25%). Therefore, the optimization study was performed
only with 1 (Scheme 3). Several different catalytic loadings were

tested, and 1 proved to be efficient with a remarkably low
catalytic loading down to 0.5 mol% (83% yield, 4.5 days). Thf-d8
performed best as the reaction solvent, allowing the quantitative
conversion and yielding the isomerized product in 16 h at 60 °C
or in 3.5 days at 30 °C. Additionally, 1 was active for a long
period (>1 week at 30 °C) while keeping a very high selectivity
for the isomerization reaction. Only traces (<1%) of hydro-
boration side-products have been detected. Switching from A to
4-phenylbutene (C) led us to observe a selectivity toward the
mono-isomerized product. No induction period was observed
while monitoring the conversion rates by 1H NMR. This means
that once reduced, the Ni center readily performs the
isomerization in the presence of the alkene (SI Part VI, Figure
S52).
Intrigued by the absence of chain-walking isomerization and

also by the nature of the nickel active species, mechanistic
investigations were conducted to identify the mechanistic
pathway that led to this peculiar reactivity. First, a conclusive
mercury drop test demonstrated that the catalytic system was
homogeneous. The addition of CCl4 after the start of the
reaction formed traces of chloroform, which would be indicative
of a Ni−H intermediate (Figure 1A). However, a similar test
with dihydroanthracene did not affect the kinetics of the reaction
(Figures S14 and S56). The deuterium labeling experiment
revealed no intermolecular hydrogen shift for A-d2 (SI-Part
VII).27 A scrambling experiment between A-d2 and C also
indicated no deuterium incorporation in the isomerized product
of C (Figure 1B), which is in good agreement with the
metalloradical pathway described previously by Schoenebeck
but could not exclude other mechanisms (Figure 1A).23

In light of the scrambling experiments, an important question
remains in the role of the additional electron lying on the
bipyrimidine ligand when it is coordinated to the reductive
Cp*2Yb fragment in 1.20 In this case, the π*-system of the bipym
ligand, which is antibonding concerning the Ni d-orbital, is
populated. In Pd chemistry, this is known to facilitate the
oxidative addition, conferring a stronger donner character to the
ligand,19 while it can also facilitate radical-type reactivity.12

Radical clock analyses performed on 1 with the cis-I substrate
demonstrated that the reaction was indeed implying a radical
with 34% of trans-I formed after 12 days (Figure 2).23

A control experiment was performed with the less reducing
Cp*2Eu fragment instead of the Cp*2Yb one to form
Cp*2Eu(bipym)NiMe2, 3, which was analyzed by X-ray
diffraction. As identified by the silent 1H NMR spectroscopy,
typical of divalent europium, as well as the metrics of the bipym
ligand (see the diagnostic C−Cbipym distance, Table S3), 3 has

Scheme 3. Optimal Catalytic Conditions and Preference for
Mono-Isomerization
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no electron on the bipym ligand. Similarly to 2, 3 does not
perform as well as 1 (Figure S51) in the isomerization reaction,
implying that 1 has a unique electronic structure compared to 2
and 3. The radical clock experiment with 3 only led to traces of
trans-I (<2%) after several weeks (Figure 2). This ambiguous
result does not strongly support a radical cyclopropyl opening,
confirming a different electronic nature.
To summarize, it is known that the use of a Ni(I) catalyst

allowed excellent chain-walking isomerization.23 Both 2 and 3
have very limited reactivity in which no electron transfer is
launched through the bipym ligand. However, 1 has a good but
slow reactivity, which is significantly selective for the mono-
isomerization. The electronic nature of 1was thus in question. In
situ EPR has been performed at a low temperature (10 K) on
frozen tetrahydrofuran (THF) samples taken shortly after the
addition of the HB(Cat) without (sample 1) and in the presence
of the alkene substrate (sample 2). The results are shown in the
SI. Very broad signals are typical of Yb(III), f13 sample, showing
strong anisotropy. This is problematic since it can mask any
signal that would be informative on the electronic structure of
the catalytic resting state. Sample 1 has been simulated with a
rhombic g tensor of 5.95, 2.41, and 1.64 with anisotropic
hyperfine coupling. This corresponds well to a Cp*2Yb(III)
fragment coordinated to an N-heteroaromatic ligand,43 but the
radical, which is expected to be either on the bipym ligand or on
the Ni center after electron transfer from the reductive Cp*2Yb
fragment, is not observed at this temperature. Thus, the radical is
likely coupled at a low temperature with the Yb(III) fragment.
Sample 2 presents two species with two rhombic g tensors of
5.76, 2.77, and 1.78 and 4.40, 2.42, and 1.18, respectively. The
presence of two ytterbium species under catalytic conditions is

not surprising, but similarly, as in sample 1, the spectrum
remains uninformative on the electronic structure because the
ytterbium broad signals hide any possible signals from the nickel
center. However, at higher temperatures (90 K), under catalytic
conditions (after 5 days at 60 °C in the presence of the alkene
and 1% 1), the signals of the Yb(III), f13 typically decreased
because of fast relaxation, leading to the appearance of the nickel
signal (Figure S82). The rhombic signal (nearly axial) with g
tensor features at g = 2.22, 2.07, and 2.03 (giso = 2.11) is typical of
a metalloradical Ni(I) species with a significant orbital
contribution.23 This result shows that the Ni(I) species is the
catalyst’s resting state and that it is still active after 5 days at 60
°C, validating the quantitative results obtained after a long
period (Table 1).
Theoretical computations were therefore performed at the

DFT level (B3PW91), and the computed enthalpy profile at
room temperature including the THF solvent is depicted in
Figure 3. 1 was computed as both a triplet state and an open-
shell singlet using the broken-symmetry approach since it is
known that both are populated at room temperature.20 The
latter is found to be more stable than the triplet by 6.2 kcal/mol.
This is further corroborated by CASSCF calculations distribut-
ing 14 electrons into 8 orbitals, which found the open-shell
singlet lower in energy than the triplet by 4.5 kcal/mol. The
removal of the two methyl fragments leads to an intermediate
(Int1), which is lower in energy by 15.9 kcal/mol. The spin
density is located on the ytterbium and the nickel centers,
indicating the formation of a Ni(I) and a dianionic bipyrimidine
ligand. This was likely to be driven by the spin pairing of the two
electrons stored on the twice-reduced bipym fragment. Int1 can
bind THF solvent molecules, up to two, forming two stable

Figure 1. (A) Metalloradical-induced 1,3-H atom relocation. (B) Deuterium labeling cross-over experiment.

Figure 2. Radical clock experiments.
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intermediates (Int2 and Int3). The coordination of the 4-
phenylbutene via the removal of the THF molecules is again
exergonic by 1.8 kcal/mol (Int4), which is the resting state of
the catalytic reaction. The rate-determining step (TS1) with a
barrier of 35.1 kcal/mol is the C−H activation step, which
imposes a pseudo-π-allyl coordination of the alkene substrate, in
which the unpaired spin density is distributed over the overall
system Yb, bypim, and Ni, showing the importance of the redox
fragment (electron shuttle) in its stabilization. The barrier is
rather high, 11.0 kcal/mol above the one found for the NiI-NHC
system,23 in agreement with the slow reactivity at room

temperature, which necessitates heating. Two intermediate
species (Int5 and Int6) have a similar structure to a Ni(II)
hydride, a bipym radical ligand, and a π-allyl substrate. Between
Int5 and Int6, the difference is the necessary inversion of the
hydride to relocate it close to the terminal methylene group. The
second transition state (TS2) found corresponds to the
hydrogen transfer to that latter methylene group. TS2 recovers
a similar electronic structure to TS1 with a Ni(I)-dianionic
bipym ligand, in which the spin density is firmly located on the
Ni and Yb centers. Between Int5 and TS2, the energy profile is
flat within only 3 kcal/mol, which implies that the hydride
rotation from Int5 to Int6 is barrierless, as observed with the
system of Schoenebeck and co-workers. The mono-isomerized
alkene adduct (Int7) is found downhill by 42.3 kcal/mol and
only slightly exergonic compared to Int4 (0.9 kcal/mol). The
energy difference between the two alkene adducts explains well
why the kinetics do not strictly follow first order but pseudo first
order; when the concentration of the terminal alkene decreases,
the exchange equilibrium between Int4 and Int7 is slower and
the rate slows down. The second isomerization follows a similar
path to a C−H activation transition state (TS3) of 33.2 kcal/
mol, which is slightly lower than that of TS1 (2.9 kcal/mol) but
lies within the precision of the method (4−5 kcal/mol). From
TS3 to TS4, the hydrogen atom transfer step, the energy surface
is also flat and the electronic structure is similar to what was
described previously. The final product Int10 is downhill by
25.1 kcal/mol, which means that Int10 is 5.8 kcal/mol above
Int7. This is due to the smaller donation from the styrene
fragment to the Ni(I) in Int10 compared to the donation of the
internal olefin in Int7. This is well highlighted by the Ni−C
Wiberg bond indexes (WBI), which are 0.1 and 0.4 in Int10 and
Int7, respectively.
The second isomerization is thus endothermic based on the

olefin adduct that is formed (Int10). However, this does not
prevent the kinetic formation of the styrene fragment (second
isomerization step), which is accumulated because of the
exchange equilibrium between Int4, Int7, and Int10 via Int2 or
Int3. Indeed, in this particular case, the product of the second
isomerization is more thermodynamically stable because of the
formation of a stable fragment. As an additional note, the
endothermicity of the second isomerization step (the first one is
not) explains well the preference for the mono-isomerization
when the product of the second isomerization step is not
thermodynamics favored. The unusual electronic structure of a
Ni(I) center coordinating alkenes is likely to play a role in this

Table 1. Conversion and yield of the major productsabcdef

aReaction conditions: alkene (0.5 mmol), 1 (5 μmol), and HB(Cat)
(25 μmol) in thf-d8 (1M) at 60 °C during 5.5 days. bDetermined by
1H NMR using 1,3,5-tri-(tert-butyl)benzene or benzene as internal
standards. cAfter 16 h. dAfter 3.5 days. eAfter 19 h. fNot determined.

Figure 3. DFT-computed enthalpy profile (Gibbs free energy in parentheses) including the THF solvent and mechanism of the mono- and di-
isomerization processes of the 4-phenylbutene induced by 1.
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feature. This is rather interesting and provides a way to adapt the
selectivity by adapting the ligand electronics to disfavor the
internal alkene coordination. Prospective theoretical studies will
be further used in this direction.
With this new mechanistic pathway in mind, various

substrates were tested to assess the selectivity and efficiency
(Table 1) of the transformation using the optimal conditions (1
mol % of 1, 5 mol % of HB(Cat) in thf-d8 at 60 °C, Scheme 2)
described above (SI-Part V). Only unfunctionalized substrates
were chosen to prevent the potential lack of compatibility
between the organoytterbium moiety and oxygenated or
halogenated functional groups. First, two substrates that can
only perform mono-isomerization were chosen: allylbenzene
(A) and 2-methylbut-1-ene (B). While A yielded nearly
quantitively (96%) to A′ in 16 h and complete conversion in
3.5 days at 60 °C, B was not entirely converted even after 5.5
days, indicating a strong influence of the steric hindrance. We
then turned to substrates, for which several isomerization
reactions are possible to access the mono-isomerization
selectivity. The 4-phenylbutene (C) substrate was nearly
completely converted (96%) in 19 h with a moderate selectivity
of 2:1 ratio in favor of the mono-isomerized product C′,
concurring with the theoretical studies highlighted above. The
ratio dropped to 1:1 after 5.5 days of reaction because of the
thermodynamic stability induced by the styrene fragment
present in the C″ product. On a similar line, the vinyl
cyclohexane (D), showed a poor selectivity of 1:1 for the
mono-isomerized product, while a quantitative conversion was
reached after 5.5 days. This is also likely to be due to the
thermodynamic stability of internal cyclic alkene fragments as all
of the different isomerization products have been observed.
Thus, the selectivity for mono-isomerization was significantly

improved when the thermodynamic driving force of the
aromatic substitution was not present as in the hex-1-ene (E)/
a good selectivity of 8:1 in favor of E′ was reached after 19 h of
reaction with 96% conversion. Note that the selectivity only
slightly decreased until 6:1 after 5.5 days of reaction,
demonstrating well the endothermicity of the second isomer-
ization reaction process. Similarly, a good ratio of 5:1 in favor of
the mono-isomerized product was observed when a cyclic
disubstituted alkene (F) was employed, although a slight
decrease in yield can be noted, certainly due to the sterics of the
substrate. In agreement with these observations, the use of a very
hindered compound (G) led to a high selectivity (1:0) at the
expense of a good yield (41%). Diene substrates were also
tested, such as 4-vinylcyclohexene and 1,7-octadiene (Figures
S44−S49). In the first case, the conversion was low, whereas, in
the case of 1,7-octadiene, the interpretation of theNMRdata did
not allow us to conclude clearly about conversion and selectivity.
In this matter, citronellene (H) is an excellent example to
observe the different possible isomers formed also confirming
the selectivity (1:1) of the catalytic system toward the mono-
isomerization product (H′) in the case of diene substrates.
Overall, the scope nicely concurs with the theoretical work,
showing that the rate-determining step is the C−H activation,
the energy cost of which is then impacted by the direct steric
environment, while the selectivity is controlled by the energy of
the final product versus that of the mono-isomerization one.
This study shows that the electron shuttle on the ligand favors
the control of the rate and selectivity of the reaction. Ligand’s
modification will then allow for improving the efficiency and/or
selectivity of these catalysts.

3. CONCLUSIONS
In conclusion, the article reports the facile access to active low-
valent Ni species from Ni(II)-N-heteroaromatics complexes as
well as the efficient alkene isomerization with significant
selectivity for the mono-isomerization with catalytic loading as
low as 0.5%. In the heterometallic case, the reduced bipym
ligand stabilizes the formally +I oxidation state for the Ni center,
produced in situ by a simple borane reagent, as shown by radical
clock experiments and theoretical computations. The outline of
this article is the possibility for the N-heteroaromatic ligands to
behave as a redox-active ligand, accommodating the spin density
from the radical anionic form to the dianionic form, thus
facilitating an electron shuttle from the ligand to the nickel
center. The mechanism is found to be between the 1,3-H atom
relocation, as recently demonstrated for Ni(I) species,19 and a
more classical π-allyl mechanism. The electron shuttle and
formation of metalloradical Ni(I) species leads to a situation
where the coordination of internal alkenes to the Ni center is less
thermodynamically favorable than the coordination of terminal
alkenes, thus proving a way to favor mono-isomerization. The
new catalyst possesses a tunable redox-active ligand and a
tunable low-valent lanthanide fragment; multiple combinations
are thus possible to increase selectivity in alkenes isomerization.
The report of a facile electron shuttle for Ni(I) species formation
will allow several additional applications in catalysis, which shall
be reported in due time.
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