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ABSTRACT

Catalytic olefin hydrogenation reactions are ubiquitous in organic synthesis. Most proposed
catalytic cycles for the homogeneous hydrogenation of olefins using molecular H; start with the
oxidative addition of H> by metal complexes to form two reactive M—H bonds, often via a non-
classical metal dihydrogen (M—H.) intermediate. Previous reports had provided indirect evidence
for an alternative mechanism involving direct hydrogen transfer from a metal-bound H> molecule
to a metal-bound olefin without the oxidative addition step. However, the key metal(olefin)(Hz) and
the corresponding ligand-to-ligand hydrogen transfer (LLHT) step had not been directly observed.
Herein, we show that incorporating a precoordinated olefin in a P(C=C)P pincer ligand framework
allows for the observation of both a non-classical Ni-(H2) complex and the Ni(alkyl)(hydrido)
product of LLHT in rapid equilibrium with dissolved H.. The utility of this cooperative Hs-activation
mechanism for catalysis is demonstrated in the semihydrogenation of diphenylacetylene under
mild conditions. Mechanistic investigations supported by DFT calculations back the central role
of LLHT for both cooperative H, activation and catalytic semihydrogenation. These results provide
an experimental basis for the role of LLHT steps in olefin hydrogenation mechanisms and
demonstrate the utility of olefin-based pincer ligands for cooperative catalysis with non-noble
metals.

INTRODUCTION

Catalytic hydrogenation reactions are ubiquitous in the industrial synthesis of both bulk and fine
chemicals.'-® The addition of H> to a substrate molecule is atom economic and generally cost-
effective, making such reactions very attractive from an environmental point of view.2¢ This
prospect has motivated a continuous effort towards understanding the activation of H. by
transition metal catalysts. Classically, reduced transition metal centers activate the H—H bond via
two bonding interactions (Figure 1, a): c-donation by the Hzligand to a metal vacant site and -
backdonation from the metal d-electrons to the o*(H—H) orbital. Strong orbital interactions result
in oxidative addition, fully cleaving the H-H bond to form a metal dihydride (Figure 1, b).346-8 In
contrast, weaker interactions result in non-classical dihydrogen complexes, in which some extent
of H-H bonding is preserved.8-10

Activation of molecular Hz with 3d metals is generally more challenging than with 4d or 5d metals
because they tend to form weaker M—H bonds. Nevertheless, the use of 3d metals for
hydrogenation reactions has attracted considerable interest in view of their abundance, low cost,
and generally lower toxicity.!" Bifunctional catalysts that rely on ligands actively participating in
the cleavage of the H-H bond''-4 play a central role in this transition (Figure 1, c).""=1315-19 |n
particular, Lewis bases incorporated in the ligand can accept a proton from the H> molecule to
generate a hydride.!.1320-23 A related, very successful strategy relies on reversible



aromatization/dearomatization of a N-heterocyclic ligand.'” In both of these processes, the formal
oxidation state of the metal remains unchanged. More recently, Lewis acids have been found able
to accept a formal hydride from H. to form a M—H bond with concomitant oxidation of the
metal.'’.13.20-23 Additionally, bimetallic systems have been successfully applied, in which metal-
metal proximity helps polarizing and cleaving the H-H bond.324
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Figure 1. Strategies of H; activation in homogeneous catalysis.

Against this backdrop, we hypothesized that a m-bound olefin could be used as an element of
ligand design for Hx activation. Since the discovery of non-classical H. complexes by Kubas,?5
knowing whether they can transfer hydrogen atoms to unsaturated substrates without prior H-H
cleavage has been a long-standing question. Supporting evidence came, amongst other, from
kinetic studies on olefin hydrogenation involving a diruthenium-H. intermediate and parahydrogen
induced polarization (PHIP) experiments on photoinduced hydrogenation mediated by transient
[Mo(CO)s(H2)(olefin).3-26-31 A few examples of metal complexes bearing a PC=CP pincer ligands
have been reported; one example undergoing reversible interconversion between an olefin metal
hydride and the corresponding metal-alkyl formed by B-insertion, showing that hydride migration
can occur between ligands occupying trans positions.%32-3% The fact that alkyl complexes of 3d
metals such as Ni(ll) are often thermodynamically resistant to B-hydride elimination further
suggested that hydride transfer to a bound olefin could provide the much-needed driving force for
cooperative Hs activation.#® Additionally, the hydricity of the resulting Ni-H bond may be enhanced
by the trans alkyl carbon.4'42 Therefore, we set out to investigate the ability of Ni(0) complexes of
PC=CP pincer ligands to activate and transfer Ho.

In this report, we show that the incorporation of a precoordinated olefin in a pincer ligand
framework allows for the observation of both a non-classical Ni-(Hz) intermediate and the
corresponding alkyl(hydrido) activation product, both in rapid equilibrium with dissolved Ho.
Experiments and DFT calculations support a direct ligand-to-ligand hydrogen transfer (LLHT)
mechanism without a dihydride intermediate. The catalytic relevance of this cooperative
mechanism is demonstrated in the selective semihydrogenation of diphenylacetylene to Z-



stilbene under mild conditions, with a comparable performance to recently disclosed Ni-based
systems.543-47

RESULTS AND DISCUSSION

Hydrogen activation. We had previously reported the synthesis of a Ni(0)-N> complex of the
bulky olefin pincer ligand PhbppeHCHeo2 py  ring-opening of the corresponding
nickelacyclobutane.*® In the solid state, the complex had been characterized as the N>—bridged
dimer [(P"bppe"-CHP2)Ni]o(u-N2) (19mer, Figure 2). In toluene solution under Nz, an intense IR
absorption at 2150 cm~' indicates the presence of the mononuclear form (P"bppet-CHrio2)Ni(Ny) (1,
Figure 2; see also Sl section 2).484° The N2 coligand was easily displaced by addition of Hz (1
atm) to a solution of complex 1 in dé-tol. At 25 °C, both 3'P{'H} and '"H NMR spectra displayed
broad signals. Intriguingly, the expected signal of dissolved H> was absent from the 'H NMR
spectra, suggesting exchange processes involving H2.22 Cooling the solution down to —40 °C
caused the reappearance of the H; signal at 4.54 ppm and decoalescence of both 3'P{'H} and 'H
NMR spectra to sharp lines, allowing for the identification of three Ni-containing species (Figure
2, a. See Sl sections 1.1 and 1.2).

Two minor species are observed: the first one is a residual amount of the known N> complex 1 as
shown by two 3'P NMR doublets at 11.3 and 28.2 ppm (Jp.p= 53 Hz) and an '"H NMR signal at 6
4.75 ppm corresponding to the olefinic CH group. The second minor species displays similar
characteristics: two 3'P NMR doublets at 15.5 and 32.8 ppm (Jp, =58 Hz) and an olefinic 'H signal
at 8= 4.35 ppm that was shown to couple with the 3'P NMR signal at 15.5 ppm by 'H-3'"P HMBC
(see Sl section 1.1). It also features a broad 'H NMR signal at —2.1 ppm which suggested its
assignment as the nonclassical-Hz/olefin species 2. This was unambiguously confirmed by
repeating the experiment under an HD atmosphere, which resulted in the appearance of a triplet
signal (Figure 2, b) with a 'Jup coupling constant of 34 Hz, corresponding to a H-H bond length
of 0.86 A according to the Heinekey empirical relationship.24.505 The value corresponds to a true
dihydrogen complex and is in good agreement with previous reports for Ni(0)—H:
Comp|exes_2,4,20,23,44,50—53

The major species was assigned as the alkyl(hydrido) Ni(ll) complex 3 resulting from cooperative
H. addition concomitantly forming new C—H and Ni—H bonds. A single, slightly broadened 3'P
signal at 40.6 ppm (see Sl 1.1) indicates two chemically equivalent P atoms. In the '"H NMR
spectrum, (Figure 2, b), a triplet signal at & —14.3 ppm (°Ju,r= 54 Hz) evidences a Ni—H bond with
coupling to two equivalent phosphorus nuclei. A slightly broadened signal at 6 3.1 ppm
corresponds to the alkyl CH. group, as also supported by a long-distance J-coupling with the Ni—
H signal observed by 'H-"H COSY (see Sl 1.1). The alkyl CH group appears as a triplet signal at
d 3.8 ppm (BJuw= 8.4 Hz) due to coupling with the two equivalent hydrogen atoms of the CH»
group. Peak assignment was corroborated by an APT '3C experiment (see Sl section 1.1).

An 'H-"H EXSY experiment at —40°C confirmed rapid chemical exchange between complex 2,
complex 3 and dissolved Hs (Figure 2, ¢). Namely, cross-peaks were observed between the Ni—
H signal of 3 at —14.3 ppm and free Hz (4.54 ppm), the Ni—H> signal of 2 at —2.1 ppm, and the CH>
signal of 3. In addition, exchange between free and Ni-bound H> was also observed. These
observations support facile and reversible transfer of a hydrogen atom from an Ni-bound H to an
Ni-bound olefin with no detectable dihydride intermediate.
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Figure 2. a) Equilibrium among complex 1dimer 1 /2 and 3 under H, atmosphere. b) Bottom: extract of an 'H NMR spectrum at -40 °C
in d8-tol of the equilibrium among 1,2 and 3. On top: Extract of 'H{3'"P} NMR at -40 C in d8-tol depicting the Ni-(HD) peak under HD
atmosphere (see Sl section 2.1). ¢) Extract of the 2D 1H-1H EXSY spectrum at -40 °C in d8-tol of the equilibrium among 1,2 and 3

(see Sl section 2.2).

DFT calculations support a concerted activation pathway (Figure 3, a). Exchange of N for H to
form the non-classical Ni-H2 complex 2 from complex 1 is slightly endergonic (7.5 kcal/mol). A
concerted transition state for Hz activation, TS1, was located 13.3 kcal/mol above complex 2 and
is directly connected to structure 3a, a higher energy rotamer of the final alkyl(hydrido)nickel
complex 3. The total exergonicity of —8.4 kcal/mol from 2 to 3 is consistent with 3 being the main
species in solution but slightly overestimated. A putative nickel-dihydride structure was also
located at 15.1 kcal/mol. However, forming this structure requires the olefin to leave the
coordination sphere of Ni and no transition state connecting it to the products could be located.
(see Sl section 4.4).
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Figure 3. a) Gibbs free energy profiles for H, activation computed at the B3LYP-GD3BJ/def2TZV/SMD//B3LYP-GD3BJ/6-31(d,p) level
of theory using toluene as solvent. Dotted lines mark pathways for which no transition state was computed. b) on the left: relevant
distances and angles of the optimized structure of complex 2. On the right: two views of the Laplacian map with the positive area
(ionic bond area; solid lines) and negative area (covalent bond area; dashed lines) from the QTAIM topological analysis of complex
2. Electron density was extracted from a single-point calculation at the B3LYP-GD3BJ/def2TZVP level of theory on the optimized
geometry computed at B3LYP-GD3BJ/6-31(d,p) level of theory. Blue dots represent BCP and orange points RCP. ¢) On the left:
relevant distances and angles of Transition state 1 (TS1). On the right: the Laplacian map with the positive area (ionic bond area;
solid lines) and negative area (covalent bond area; dashed lines) from the QTAIM topological analysis of TS1. Electron density was
extracted from a single-point calculation at the B3LYP-GD3BJ/def2TZVP level of theory on the optimized geometry computed at
B3LYP-GD3BJ/6-31(d,p) level of theory. Blue dots represent BCP and orange points RCP.




The optimized structure of complex 2 (Figure 3, b) confirms its assignment as a genuine H;
complex with an H-H bond length is 0.836 A, in good agreement with the experimental estimation
(0.86 A).245051 The C=C backbone is slightly elongated (1.427 A) as consequence of m-
backdonation from the nickel center and exhibits a sum of valence angles of 354.4° and 351.6°
around C10 and C41, respectively. Interestingly, the H-H vector is out of the Ni-olefin plane,
suggesting that both ligands are receiving tm-backdonation from different d-orbitals. Well-
characterized Ni(0)-H> complexes were hitherto limited to those incorporating an additional c-
ligand®* or a c-acceptor, Z-type ligand. Such ligands can assist coordination by lowering the
energy of the o-antibonding d-orbital?4.6:20.23,49.53,55-57 gnd, in some cases, allow H> deprotonation
to form strongly hydridic d'® hydrides.58:5° The observation of complex 2 demonstrates that a single
n-acidic olefin ligand is sufficient to stabilize a H> complex of a d'® metal and can cooperatively
generate an active hydride without the need for full oxidative addition to a dihydride intermediate,
warranting consideration of such pathways in catalytic hydrogenation reactions.

The structure of TS1 is particularly interesting in view of the cooperative role of the olefin ligand
(Figure 3, c). In TS1, H> undergoes a formal heterolytic cleavage where the olefin is reduced by
accepting a hydride equivalent and the nickel center accepts a proton, increasing its oxidation
state by two units. The carbon atoms belonging to the olefin (C10 and C41) maintain close to sp?
character with a bond length of 1.450 A and sum angles of 348.0° and 352.8° respectively. The
fragment is still coordinated in n? fashion to the nickel center with similar bond length values than
in complex 2. The H-H bond is broken with a distance of 1.536 A and, both the Ni-H95 (1.456 A)
and Ni-H96 (1.480 A) distances have become shorter than in structure 2. These structural
observations collectively suggest that the transition state has a strong dihydride character, the
metal being already oxidized to Ni(ll).

To shed more light onto the hydrogen transfer mechanism, a QTAIM analysis®¢! of 2 and TS1
was performed. QTAIM analysis of complex 2 (Figure 3, b) showed bond critical points (BCP)
from both carbons of the olefin and nickel located in the ionic area and the BCP of the olefin in
the covalent area (C41-Ni1 Vp2= 0.250, C10-Ni1 Vp?= 0.237 and C41-C10 Vp?= -0.753), as
typical for metal olefin complexes. The interaction with nickel and H. shows a bond path that
originates from the nickel atom towards the center of the H-H bond, but curves towards one of
the hydrogen atoms (Ni1-H95 Vp?= 0.395). This can be explained as a “bond catastrophe”: the
BCP in between Ni-H96 and the RCP for Ni-H95-H96 have coalesced, as has been observed
before in the analysis of other non-classical dihydrogen complexes and olefins.6263 QTAIM
analysis of TS1 present interesting features (Figure 3, ¢). The Ni-bound olefinic backbone displays
similar BCP characteristic values to complex 2 (C41-Ni1 Vp?= 0.259 and C10-Ni1 Vp?= 0.242
and C41-C10 Vp2=-0.707). The H-H bond is broken, but both atoms are bonded to nickel. Both
interactions with nickel are ionic with a slight difference between them (Ni-H95 Vp?= 0.121 and
Ni—H96 Vp?=0.084) but a significant increase in covalency with respect to the Ni—H. interaction in
complex 2. A BCP between C41 and H95 located in the ionic area (Vp2= 0.010) corresponds to
the barely formed C—H bond. These observations support the description of TS1 as resembling
an olefin-bound Ni(ll) dihydride (NiH2) complex.

This description of TS1 is consistent with a ligand-to-ligand hydrogen transfer mechanism
(LLHT)81.6465 consisting of a concerted hydrogen atom transfer between two ligands (the H-
molecule and the olefin) with concomitant oxidation of nickel. This mechanism was first described
for the Ni-catalyzed hydrofluoroarylation of alkynes: a fluoroarene first coordinates in n2(C,H)
fashion to an n?(C,C)-alkyne nickel(0) complex to then transfer an H atom to the alkyne without a
hydride intermediate, generating an agostic vinyl group. This mechanism is favored for metals
with a small radius such as nickel and LLHT steps have been invoked for C—H bond activation
reactions at nickel/olefin complexes.6164-70, Alternatively, TS1 could be viewed as a c-CAM type



mechanism if the olefin adduct is described as the nickelacyclopropane extreme of the DCD
model. In that case the oxidation state of Ni(ll) does not change and the transfer occurs between
c-bonds.

Catalytic activity in the semihydrogenation of alkynes. Having found that complex 1 activate
H; efficiently and reversibly, we investigated the applicability of H, activation by LLHT in catalytic
hydrogenation. Inspired by recent progress in the nickel-catalyzed semihydrogenation of internal
alkynes using Hz as hydrogen source,>43-45 we chose the hydrogenation of diphenylacetylene as
model reaction. With 10 mol% catalyst at 70 °C in d&-tol under 4.6 atm H. after 22 hours, E-stilbene
(80 %) and Z- stilbene (12 %) with a small amount of overhydrogenation to diphenylethane (8 %)
were detected. The solution remained visually homogeneous throughout the reaction, and a
mercury drop did not hinder catalysis, suggesting a homogeneous system. Gradually decreasing
the catalyst loading to 1 mol% still allows full conversion to mostly stilbenes, albeit with a longer
reaction time at 1 mol%. Intriguingly, the Z:E ratio markedly changes from 12:80 to 88:9 with
decreasing catalyst loading.

Table 1. Product ratio in the semihydrogenation of diphenylacetylene for different catalyst loadings

Ph—=——Ph 1-10% mol complex 1 —

4.7 atm H,, dg-tol, 70 °C Ph Ph t +
Cat. Loading (%) | Time (h) | Z-stilbene (%) | E-stilbene (%) Diphenylethane (%) | Conversion (%)
1 43 88 9 1 98
2.5 24 51 44 5 >99
5 20 26 70 4 >99
10 22 12 80 8 >99

Reaction conditions: J-Young NMR tube, precatalyst = complex 1, 70 °C oil bath, volume 0.55 mL of d&-tol, conversion and products were
monitored by 'H-NMR using mesitylene as internal standard.

To get more insight into this dependency and into the reaction mechanism in general, we
monitored the reaction with 10 mol% catalyst loading by '"H NMR (Figure 4), which revealed two
well-separated regimes. First, as long as diphenylacetylene is present in excess of the catalyst,
clean conversion to Z-stilbene occurs with an apparent zero order with respect to
diphenylacetylene (Figure 4, a). Then, rapid isomerization of Z-stilbene to E-stilbene starts taking
place reaching a Z:E ratio of 6:3. After a short period of time (ca. 1h), the process considerably
slows down and does not reach thermodynamical equilibrium. Concomitantly, small amounts of
the overhydrogenation product diphenylethane are formed. To rule out simultaneous
semihydrogenation and isomerization, a substrate competition experiment was performed using
equal amounts of diphenylacetylene and Z-stilbene at the beginning of the reaction with 10 % mol
catalyst. The results showed that semihydrogenation takes place first and after isomerization of
stilbene (see Sl section 1.3).
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The transition between those two regimes is accompanied by a change in catalyst speciation
evidenced by operando '"H NMR and 3'P NMR data. In the first regime, the only observable Ni-
containing species is the diphenylacetylene t-complex 4 (Figure 4, a), which also could be
independently prepared by treating complex 1 with equivalent of diphenylacetylene. An olefinic
'H signal at 8 5.72 ppm indicates that the olefin backbone decoordinates from Ni when the 1
acidic alkyne binds, as has been observed for a related ketone pincer ligand (see Sl section 2).7
Once diphenylacetylene has been consumed, complex 4 gradually disappears, which coincides
with the onset of (E)-(Z) isomerization and overhydrogenation. At this time, a temporary decrease
is observed in the total concentration of detected Ni species: the hydride mixture 2 2 3 likely
accumulates in the reaction medium, but it cannot be detected at these concentrations because
it gives broad signals (see Figure 4, a. Catalyst mass balance, red arrow). Supporting this idea,
neither (Z)- nor (E)-stilbene displaced the N ligand in 1 in stoichiometric experiments, showing
that these olefins cannot occupy the same binding site as diphenylacetylene in 4 (see Sl section
1.4). In the same time period, two new complexes gradually appear. The main species could be
isolated after reaction and identified both spectroscopically and crystallographically as the E-
stilbene complex 5 (see Figure 4, b), in which the olefin backbone has been hydrogenated (self-
hydrogenation).” In CsDs solution, it displays a characteristic deshielded aliphatic multiplet 'H
signal at 0 8.38-8.52 ppm corresponding to the central C—H unit engaging in an anagostic
interaction with the nickel center (H73).7® The minor species was identified in situ as the self-
hydrogenated complex but with diphenylacetylene as coligand, 5’ (see Sl sections 1.3, 1.5). When
5 and 5’ reach their final concentration, overhydrogenation stops and (E)-(Z) isomerization
becomes exceedingly slow, suggesting that catalyst self-hydrogenation shuts down both
pathways. Indeed, the isolated complex 5 revealed a sluggish isomerization catalyst under
relevant conditions (10 mol%, 70°C, 4.6 atm Hy): after 24h, the isomerization reaction has not
completed (~20 %) and only trace amounts of diphenylethane are observed. Complex 5 is also
inactive for the hydrogenation of diphenylacetylene when only ligand exchange between
diphenylacetylene and (E)-stilbene is observed (see Sl section 1.5).

To assess whether the allylic H atom of the olefin pincer ligand participates in the catalytic
reaction, we resorted to isotope labeling experiments. Performing the hydrogenation with D2
expectedly results in rapid deuteration of the olefinic proton of 4, but no deuterium incorporation
at the allylic C—H position is observed (Figure 4, c). The experiment using a complex 1 deuterated
in alkyl and olefinic positions results in scrambling of hydrogen uniquely in the olefin position
(Figure 4, d). These experiments rule out any direct involvement of this allylic position in the
hydrogenation mechanism (see Sl section 1.4)

The observations above suggest that the final product distribution is largely determined by the
competition between (E)-(Z) isomerization and catalyst self-hydrogenation. This competition
could be studied separately by exposing (Z)-stilbene to 1 (10 mol %) under an H, atmosphere at
70°C (see Sl 1.3). At early times, rapid catalytic isomerization to (E)-stilbene was observed
together with gradual appearance of the self-hydrogenation product 5; the '"H NMR signal of free
H2 was broad, suggesting the presence of hydride mixture 2 2 3 in addition to complex 5. After
ca. 2h (ca. 77% conversion), isomerization considerably slowed down, the '"H NMR signal of H>
became sharp, and complex 5 was still the only Ni-containing species detected by '"H NMR. A
maximum of 82 % conversion (incl. 2 % diphenylethane) was reached after 10h. In contrast, no
isomerization was observed under an N> atmosphere, showing that complex 1 alone is inactive.
These results confirm that the hydride mixture 2 2 3 generated from 1 under H» catalyzes olefin
isomerization, presumably via a hydride mechanism, and decays to complex 5 by self-
hydrogenation. Interestingly, the same reaction at 25 °C reached 93 % conversion to E-stilbene



after 10h with barely any overhydrogenation (1%), suggesting that temperature can be used to
control the relative rates of self-hydrogenation vs. catalytic isomerization.

While the self-hydrogenation process forming the inactive complex 5 could formally be initiated
by C—H reductive elimination from hydride 3, such a reaction is unlikely for trans substituents in a
square-planar structure.*' Accordingly, heating either 1 or its benzonitrile analogue*® (benzonitrile
is a weaker ligand than phenylacetylene) under an H> atmosphere does not result in any
observable C—H bond formation (see Sl section 1.4). In contrast, the clean formation of complex
5 from 1 and H: in the presence of (E)- or (Z)- stilbene suggests that an olefin acting as a “hydride
shuttle” takes part in this process.

DFT calculations performed on a slightly truncated model support the mechanistic scenario
outlined in Figure 5 (details in Sl section 4), which accounts for the experimental observations.
The semihydrogenation cycle starts with the endergonic (+16.7 kcal/mol) displacement of
diphenylacetylene for Hz to form complex 2 from resting state 4. Rate-limiting H> cleavage via
LLHT (see above) yields complex 3 with an overall activation energy of 29.9 kcal/mol, consistent
with a slow reaction at 70 °C.7* Endergonic coordination of diphenylacetylene yields complex 6,
followed by insertion (AG* = 25.8 kcal/mol) to form the vinyl complex 7. To complete the catalytic
cycle, transfer of a hydrogen atom from the CH. backbone to the vinyl ligand forms Z-stilbene and
regenerates the olefin backbone with an overall barrier of 30.9 kcal/mol. Interestingly, two nearly
isoenergetic pathways were identified for the C—H formation step: a stepwise p-hydride
elimination/reductive elimination sequence involving a high-lying nickel hydride or a concerted
LLHT-like step akin to that found for H-H cleavage (details in Sl section 4.1).6165 The associated
barriers are ca. 1 kcal/mol higher than that for H. cleavage, but this step will be additionally favored
by concentration effects in the presence of an excess of alkyne substrate. A o-bond metathesis
pathway cleaving the Ni-C bond of complex 7 with an incoming H> molecule to form 3 directly
was also considered but was found energetically inaccessible with an overall barrier of 38.7
Kcal/mol (see Sl section 4.5).
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Once diphenylacetylene has been consumed, the isomerization catalytic cycle starts. In
agreement with experiment, the associated barriers would be prohibitively high (32.5 kcal/mol)
with the diphenylacetylene complex 4 as resting state but become readily accessible when the
hydride compound 3 can accumulate in solution. Endergonic (17.9 kcal/mol) coordination of Z-
stilbene to hydride complex 3 to form complex 8 is followed by hydride insertion (AG* = 24.2
kcal/mol) yielding trans-dialkyl nickel complex 9. Facile C—C bond rotation to form conformer 10
followed by B-hydride elimination (AG¥= 21.9 kcal/mol) releasing E-stilbene to regenerate 3
complete the isomerization cycle (details in Sl 4.2).

Because the catalyst deactivation is in competition with the isomerization process according to
the experimental data, we also investigated its mechanism. A possible pathway starts with the
rotation of the Ni—C bond of complex 10 to yield conformer 12 (-3.7 kcal/mol). B-hydride
elimination (AG* = 24.6 kcal/mol) takes place yielding complex 13 that subsequently undergoes
reductive elimination resulting in complex 5. Another possible pathway involves a concerted
hydrogen transfer transition state: a hydrogen atom is transferred from one alkyl ligand to the alkyl
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ligand part of the pincer backbone in complex 12 with energy barrier of AG*=25.0 kcal/mol yielding
complex 5 (see Sl 4.6). The overall barrier for self-hydrogenation is slightly higher than the
isomerization process (2.7 Kcal/mol), consistent with the catalyst performing a few isomerization
turnovers before decaying via the thermodynamically favored self-hydrogenation pathway. Other
pathways considered were the reductive elimination from hydrides 3, 8 or 11, which were all
prohibitively high in energy, in accord with the difficulty of such a process for frans substituents in
a square-planar structure. Concerted hydrogen transfer from complex 10 (no rotation) were also
not feasible to yield complex 5 (see Sl 4.6).

CONCLUSION

In summary, we describe the cooperative activation of molecular Hz by a nickel-olefin complex.
Incorporating a precoordinated olefin in a pincer ligand framework allowed for the direct
observation of a rapid chemical exchange between free Hz, a non-classical (olefin)Ni-(H.)
complex, and an alkyl(hydrido) nickel(ll) species by NMR spectroscopy. Experimental
observations and DFT calculations support a Ligand-to-Ligand Hydrogen Transfer (LLHT)
mechanism, that is a concerted H atom transfer from the metal-coordinated H> molecule to the
olefin without prior oxidative addition of H.. The reported system is an active catalyst for the
semihydrogenation of diphenylacetylene using molecular H.. Mechanistic investigations and DFT
studies illustrate the importance of LLHT steps for nickel, which contrasts with heavier group 10
elements.

These results provide an experimental basis for considering LLHT steps in olefin hydrogenation
mechanisms, especially with catalysts based on first-row transition metals. Furthermore, they
demonstrate the potential of a tethered C=C double bond in the cooperative activation of small
molecules, opening a new avenue for the design of environment-friendly cooperative catalysts
using non-noble metals. Further applications of this concept are currently investigated in our
laboratory.
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METHODS
General information: All reactants were purchased from commercial sources and used as
received without further purification unless otherwise noted. (E)-stilbene, (Z)-stilbene and



diphenylacetylene were stored in the glovebox. Additionally, (Z)-stilbene and mesitylene were
degassed by three freeze-pump-thaw cycles before use.

All the reactions were performed under an N»(g) atmosphere in the glovebox. Deuterated solvents
were purchased from Cambridge Isotope Laboratory Inc. (Cambridge, USA), degassed by three
freeze-pump-thaw cycles, and stored over molecular sieves before use. Common solvents were
dried using a MBRAUN MB SPS-80 purification system and/or distillation technique.
[(Prbppet-CHrR)NiIN2 was synthetized according to literature procedure.*8

Physical methods: 'H, '3C and 3'P NMR spectra (400, 100, 376 and 161 MHz respectively) were
recorded on an Agilent MR400 or a Varian AS400 spectrometer at 297 K unless it is stated
differently. '"H and 3C NMR chemical shifts relative to tetramethylsilane are referenced to the
residual solvent resonance unless stated otherwise. Infrared spectra were recorded using a
Perking Elmer Spectrum One FT-IR spectrometer under N2 flow. GC analyses were performed
on a Perkin-Elmer Clarus 500 GC [column PE, Elite-5, 30m x 0.32 mm x 0.25 ym, (5% phenyl)-
(95% methyl)polysiloxane)] and a flame-ionization detector (FID).

General catalysis procedure: Stock solutions of catalyst (0.012 M) and diphenylacetylene (0.1
M) in deuterated toluene were prepared in the glovebox. In a vial, 0.25 mL of catalyst solution and
0.3 mL of diphenylacetylene solution were added turning the solution red. With a microsyringe,
4.2 pL of mesitylene were added to the solution and mixed. The reaction mixture was transferred
to a J-Young NMR tube. The tube was connected to a gas setup and degassed by two freeze-
pump-thaw cycles and with the solution inside of a Dewar with liquid nitrogen, hydrogen gas was
introduced. The solution was warmed up at room temperature and analyzed and placed in an oil
bath at 70 °C. The concentrations of products were determined by 'H NMR using mesitylene as
internal standard. Proton peaks used in quantification (d8-tol, 400 MHz):#* Diphenylacetylene: 7.46
(m, 4H)

(E)-stilbene: 7.29 (dd, J=8.3, 1.3 Hz, 4H)

(Z2)-stilbene: 6.44 (s, 2H)

1,2-diphenylethane: 2.72 (s, 1H)

Mesitylene: 6.67 (s, 3H)

Mercury drop experiment procedure: Two Schlenk bombs with stirring bars (one containing a
drop of mercury) were charged with 0.25 mL of stock solution (0.012 M) of catalyst and 0.6 mL of
stock solution of diphenylacetylene (0.1 M) in toluene (total volume 0.85 mL). With a microsyringe,
4.2 uL of mesitylene were added to the solution and mixed. Both Schlenks were connected to a
gas setup, degassed twice by freeze-pump procedure and H. was introduced. Both Schlenk
bombs were heated under intense stirring for 5 hours at 70 °C. After this time, the pressure was
released. 0.0062 mmol of dodecane, 5 mL of Et.O and 1 mL of water were added. The organic
phase was extracted, and 1 mL of acetone was added to dilute the mixture. The solution was
analyzed by GC-FID and no difference was found in the product concentration.

Experimental procedure for kinetic profiles: Stock solutions of catalyst (0.012 M), (Z)-stilbene
and diphenylacetylene (0.1 M) in deuterated toluene were prepared in the glovebox. In a vial, 0.25
mL of catalyst solution and 0.3 mL of each substrate solution as needed were added
(semihydrogenation and isomerization profiles volume 0.55 mL; competition catalyst 0.85 mL).
With a microsyringe, 4.2 uL of mesitylene were added to the solution and mixed. The reaction
mixture was transferred to a J-Young NMR tube. The tube was connected to a gas setup and
degassed by two freeze-pump-thaw cycles and with the solution inside of a Dewar with liquid



nitrogen, hydrogen gas was introduced. The solution was warmed up to room temperature and
introduced into the NMR spectrometer at either 25 or 70 °C.

Data analysis for kinetic profiles: Kinetic profiles were monitored by '"H NMR spectroscopy
using mesitylene as internal standard. Proton peaks used in quantification (d8-tol, ppm, 400
MHz):44

Diphenylacetylene: 7.46 (m, 4H)

(E)-stilbene: 7.29 (dd, J=8.3, 1.3 Hz, 4H)

(Z2)-stilbene: 6.44 (s, 2H)

1,2-diphenylethane: 2.72 (s, 1H)

Mesitylene: 6.67 (s, 3H), 2.13 (s, 9H).

Resting state, complex 4: 2.23 (s, 3H)

Self-hydrogenated catalyst, complex 5: 5.83 (d, 2H) or 2.20 (s, 3H).

Self-hydrogenated catalyst, complex 5’: 2.23 (s, 3H).

The aromatic peak of the internal standard (6.67 ppm) was used for quantification in all profiles
except for the isomerization at 25 °C, where the aliphatic peak was used (2.13 ppm). The data
was processed with MestReNova program with the data analysis on arrayed spectra. The
information was extracted by peak area integration for all kinetic profiles except the catalysis
analysis.” For the kinetic profiles involving semihydrogenation a background correction was
applied on (E)-stilbene by withdrawing the first value of the integration to all the points (to withdraw
some intensity corresponding to the resting state). In case of the catalysis analysis in the
semihydrogenation profile this was extracted based on the peak height, recommended if peaks
of interest have some degree of overlapping.”® To decrease the effect of noise in the spectra, a
background correction was applied on the resting state and self-hydrogenated products. The
average of the value of the last 6 points for the resting state was subtracted from all points. In
case of the self-hydrogenated products, the average of the value of the first 6 points was
subtracted.

X-ray crystal structure determination of self-hydrogenated catalyst (5):7? Cs7HsgNiP2 - CsH14,
Fw = 1069.95, red needle, 0.39 x 0.06 x 0.06 mm3, monoclinic, P2:/n (no. 14), a =10.2716(6), b
=24.0789(12), ¢ = 46.997(3) A, B = 92.130(3) °, V = 11615.7(12) A3, Z = 8, Dy = 1.224 g/cm?,
= 0.43 mm-'. The diffraction experiment was performed on a Bruker Kappa Apexl| diffractometer
with sealed tube and Triumph monochromator (A = 0.71073 A) at a temperature of 150(2) K up
to a resolution of (sin 6/A)max = 0.57 A1, The Eval15 software’™ was used for the intensity
integration. The crystal structure is characterized by pseudo-translational symmetry (pseudo-I
centered Bravais lattice). Consequently many reflections are weak or very weak. A numerical
absorption correction and scaling was performed with SADABS?” (correction range 0.84-0.98). A
total of 114418 reflections was measured, 18328 reflections were unique (Rin = 0.223), 8209
reflections were observed [I>2c(l)]. The structure was solved with Patterson superposition
methods using SHELXT.”® Structure refinement was performed with SHELXL-20187° on F? of all
reflections. Non-hydrogen atoms were refined freely with anisotropic displacement parameters.
The n-hexane solvent molecules were refined with a disorder model. The hydrogen atoms of the
metal complexes were located in difference Fourier maps, the hydrogen atoms of the solvent
were introduced in calculated positions. Hydrogens H71 and H73 were kept fixed at their located
position. All other hydrogen atoms were refined with a riding model. 1483 Parameters were
refined with 2242 restraints (distances, angles and displacement parameters of all atoms,
distances and angles in the disordered n-hexane molecules). R1/wR2 [| > 25(l)]: 0.0682 / 0.1363.



R1°/WR2 [all refl.]: 0.1865 / 0.1793. S = 0.996. Residual electron density between -0.51 and 0.79
e/A3. Geometry calculations and checking for higher symmetry was performed with the PLATON
program.8

Computational methods: DFT calculations were performed using the Gaussian 16 software
package version C.01.8' The tolyl groups in the structure were substituted by phenyl groups for
simplicity. Geometry optimizations were carried out in vacuum at the BSLYP-GDB3J/6-31g(d,p)
level of theory on all atoms. Frequency analyses on all stationary points were used to ensure that
they are minima (no imaginary frequency) or transition states (one imaginary frequency).
Transition states were calculated using the QST3 (synchronous transit-guided quasi-Newton
number 3) method or using the opt=TS (Berny algorithm) keyword. The guess structure proposed
for each TS calculation was based on the results of relaxed potential energy surface scans (PES).
AG° was calculated by single point calculation at B3LYP-GDB3J/def2TZVP/SMD(toluene) level
of theory adjusting the value with the thermal correction obtained at the B3LYP-GDB3J/6-31g(d,p)
level of theory with temperature 298.15 K and pressure 1 atmosphere. QTAIM analysis was
perfomed on the single point calculation at BSLYP-GDB3J/def2TZVP/SMD(toluene) level of
theory with the Multiwfn program.°

Equilibrium under hydrogen gas (P"bppet.cHrol2)NjH, (2) and [PCH-CH(p-Tol):P]NiH (3):
[(PPbppett-CHPR)Ni], (u-N2) (1dimer 10 mg, 0.006 mmol) was dissolved in 0.5 mL of d8-toluene and
the solution was placed in a J-Young NMR tube. The sample was degassed by two freeze-pump-
thaw cycles and, while the tube was immersed in liquid nitrogen, hydrogen gas was introduced.
The solution was warmed up to room temperature and analyzed. If the sample is degassed again
by two freeze-pump-thaw cycles and nitrogen gas is reintroduced, complex (P"bppet-CHrio2)NiN,
is regenerated.

Equilibrium mixture at 25 °C: 'H NMR (400 MHz, d&-tol, 25 °C): d(ppm) & 7.64 (b, 6H), 7.26 (m,
3H), 7.17 (b, 8H), 6.94-6.84 (m, 10H), 6.79 (b, 9H), 3.84 (s, 1H, CH), 2.09 (s, 6H), —14.41 (s, 1H,
Ni-H). Some peaks are overlapping with the residual solvent signals.

S1P{H"} NMR (162 MHz, dé-tol, 25 °C): &(ppm) 40.1 (s, 2P).

Equilibrium mixture at —40 °C: '"H NMR (400 MHz, d8-tol, —40 °C): d(ppm) & 7.84-7.74 (m, 2H),
7.68 (d, J= 8.1 Hz, 2H), 7.54 (s, 4H), 7.45 (d, J= 7.7 Hz, 1H), 7.38-7.18 (m, 11H), 6.95-6.85 (m,
12H), 6.84-6.73 (m, 11H), 4.76 (s, CHoieiin complex 1), 4.40 (s, CHoiefin cOmplex 2), 3.80 (1, 3Jp =
8.4 Hz, 1H, CH), 3.12 (b, 2H, CHb), -2.09 (b, Ni-H>), -14.29 (t, 2Jn,p= 64.3 Hz, 1H, Ni-H).

18C{H"} NMR (101 MHz, d8-tol, —40 °C): d(ppm) 164.0 (s, Ar), 150.3 (s, Ar), 143.9 (s, Ar), 141.9-
140.8 (m, Ar), 139.1 (s, Ar), 138.5-137.6 (m, Ar), 135.1-134.3 (m, Ar), 133.8 (s, Ar), 133.6 (s, Ar),
133.3 (s, Ar), 129.8 (d, J= 10.6 Hz), 129.3—-129.0 (m, Ar), 125.7 (s, Ar), 125.5 (s, Ar), 65.0 (s, C-
CHy), 56.9 (s, CH>), 50.8 (s, CH), 21.3 (s, CHzs), 21.0 (s, CHa).

S1P{H'} NMR (162 MHz, d8-tol, —40 °C): &(ppm) 40.6 (s, 2P), 28.2 (d, 2Jrr= 53.3 Hz, 1P), 32.8 (d,
2Jpp=60.2 Hz, 1P), 15.5 (d, 2Jpp= 58.7 Hz, 1P), 11.3 (d, 2Jpp= 53.6 Hz, 1P).

Characteristic peaks (2): '"H NMR (400 MHz, d8-tol, —40 °C): &(ppm) 4.40 (s, 1H, CHoerin), -2.09
(b, 2H, H>)

31P{H"} NMR (162 MHz, dé-tol, -40 °C): d(ppm) 32.8 (d, Jp,,= 60.2 Hz, 1P), 15.5 (d, Jp,= 58.7 Hz,
1P).

Characteristic peaks (3): '"H NMR (400 MHz, d&-tol, —40 °C): &(ppm) 3.80 (t, 1H, CH), 3.12 (b, 2H,
CHz), -14.29 (t, Ju = 64.3 Hz, 1H, Ni-H)

S1P{H'} NMR (162 MHz, dé-tol, —40 °C): d(ppm) 40.6 (s, 2P).

18C{H"} NMR (101 MHz, dé-tol, —40 °C): d(ppm) 56.9 (s, CH), 50.8 (s, CH).



Synthesis of [(P"bppe*:CHprio2)Ni(PhCCPh) (4): [(Prbppet-CHroR)Ni]o(u-N2) (1dimer, 50 mg, 0.030
mmol) was weighted in a vial and dissolved with 5 mL of toluene. Diphenylacetylene (11 mg,
0.062 mmol) dissolved in 1 mL of toluene was added at once and the solution was stirred for 5h.
Afterwards, the solution was concentrated to approximately 1 mL under vacuum. Hexane (1 mL)
was added to the solution, which was cooled down to —35 °C for 15 min. The precipitate was
separated by decantation, washed with cold hexane twice and dried to obtain the product as a
yellow powder (53 mg, 90 % yield). The high sensitivity of the compound did not allow to obtain
elemental analysis data.

"H NMR (400 MHz, CeDs, 25 °C): d(ppm) 7.52 (dt, J=6.9, 1.3 Hz, 2H, Ar-H), 7.46-7.40 (m, 2H,
Ar-H), 7.32-7.25 (m, 3H, Ar-H), 7.10 (d, J=7.8 Hz, 2H, Ar-H), 7.03-6.91 (m, 14H, Ar-H), 6.91-6.82
(m, 10H, Ar-H), 6.81-6.75 (m, 5H, Ar-H), 6.74 (t, J=1.5 Hz, 1H, Ar-H), 6.69 (td, J=7.5, 1.2 Hz, 1H,
Ar-H), 5.72 (d, J=10.5 Hz, 1H, =CHR), 4.68 (d, J=10.5 Hz, 1H, CHp-Tol»), 2.26 (s, 3H, CHj3), 2.06
(s, 3H, CHs).

1BC{H"} NMR (101 MHz, CeDs, 25 °C): d(ppm) 150.9 (d, J=27.5 Hz, Ar), 143.2 (d, J=3.4 Hz, Ar),
141.3 (s, Ar), 139.7 (d, J=26.7 Hz, Ar), 138.7 (d, J=21.7 Hz, Ar), 137.4 (s, Ar), 137.2 (s, Ar), 137.1
(s, Ar), 136.9 (d, J=10.3 Hz, Ar), 136.5 (s, Ar), 136.3 (s, Ar), 136.0 (s, Ar), 135.3 (s, Ar), 135.3 (s,
Ar), 135.1 (s, Ar), 134.9 (s, Ar), 133.9 (d, J=13.2 Hz, Ar), 133.6 (d, J=13.3 Hz, Ar), 133.4-133.1
(m, Ar), 131.9 (s, Ar), 131.2 (d, J=9.2 Hz, Ar), 130.6 (d, J=10.0 Hz, Ar), 129.4 (d, J=15.3 Hz, Ar),
129.1 (s, Ar), 129.0 (s, Ar), 128.8-128.5 (m, Ar), 124.5 (s, Ar or =CH) 52.2 (s, CHp-Tolz), 21.1 (s,
CHg), 21.0 (s, CHs).

S1P{H'} NMR (162 MHz, C¢Ds, 25 °C): d(ppm) 27.5 (d, Jrr= 38.3 Hz, 1P), 18.4 (b, 1P).

IR (cm): 3055, 2954, 2923, 2853, 1679, 1435, 1259, 1094, 1068, 1028, 754, 691, 524.

Synthesis of self-hydrogenated complex (5): [(P"bppeH-CHrio2)Ni]o(u-N2) (10 mg, 0.006 mmol)
were weighted in a vial and dissolved in 0.5 mL of toluene. Diphenylacetylene (11 mg, 0.06 mmol)
dissolved in 0.5 mL of toluene was added at once and the solution was mixed. The solution was
transferred to a J-Young NMR tube. The tube was connected to a gas setup and degassed by
two freeze-pump-thaw cycles and with the solution inside of a Dewar with liquid nitrogen,
hydrogen gas was introduced. The solution was warmed up at room temperature and placed in
an oil bath at 70 °C for 16h. After this time, the pressure was released, and the solvent was
evaporated. The solid was redissolved in a minimum amount of THF and precipitate with hexane.
The precipitate was decantated, washed with cold hexane twice and dried to obtain 8 mg of an
orange powder with 70 % yield. Suitable crystals for X-ray diffraction were obtained by vapor
diffusion of hexane into a saturated toluene solution. The high sensitivity of the compound did not
allow to obtain elemental analysis data.

"H NMR (400 MHz, C¢Ds, 25 °C): &(ppm) 8.52—8.38 (m, 1H, p-tol.CH-CH>-CH), 7.80 (d, J=7.6 Hz,
2H, Ar-H), 7.75 (t, J=8.5 Hz, 2H, Ar-H), 7.37 (t, J=7.5 Hz, 2H, Ar-H), 7.26 (t, J=7.2 Hz, 1H, Ar-H),
7.22-7.17 (m, 4H, Ar-H), 7.15-7.06 (m, 5H, Ar-H), 7.06—6.99 (m, 3H, Ar-H), 6.95 (dd, J=9.3, 5.5
Hz, 2H, Ar-H), 6.89 (dd, J=10.6, 7.1 Hz, 2H, Ar-H), 6.82 (td, J=7.6, 4.0 Hz, 5H, Ar-H), 6.76 (d,
J=7.7 Hz, 2H, Ar-H), 6.71 (t, J=7.7 Hz, 2H, Ar-H), 6.63 (dt, J=19.9, 7.4 Hz, 3H, Ar-H), 6.51 (q,
J=5.6 Hz, 3H, Ar-H), 6.43 (t, J=7.5 Hz, 1H, Ar-H), 5.83 (d, J=7.7 Hz, 2H, Ar-H), 5.78 — 5.64 (m,
2H, Ar-H), 4.19 (d, J=11.3 Hz, 1H, p-tol.CH-CH>-CH), 4.16—4.11 (m, 1H, PhCH=C), 4.02 (id, J =
10.0, 3.5 Hz, 1H, PhCH=C), 2.64 (q, J = 11.9 Hz, 1H, CH>), 2.24 (s, 3H, CHj3), 2.03 (s, 3H, CH3),
1.49 (d, J=13.8 Hz, 1H, CH,).

BC{H'} NMR (101 MHz, CsDs, 25 °C): d(ppm) 150.5 (d, J=18.3 Hz, Ar), 149.0-148.8 (m, Ar),
148.8 (s, Ar), 144.1-143.8 (m, Ar), 143.5 (s, Ar), 142.8 (s, Ar), 138.3 (d, J=9.5 Hz, Ar), 138.0 (d,
J=9.9 Hz, Ar), 137.1 (s, Ar), 136.7 (s, Ar), 136.3 (s, Ar), 136.2 (d, J=1.9 Hz, Ar), 135.9 (s, Ar),
135.3 (d, J=14.9 Hz, Ar), 135.0 (d, J=5.3 Hz, Ar), 134.7 (d, J=8.0 Hz, Ar), 134.5 (s, Ar), 134.4 (s,
Ar), 134.2 (s, Ar), 133.5 (s, Ar), 133.1 (s, Ar), 133.0 (s, Ar), 132.9 (d, J=5.4 Hz, Ar), 132.8 (s, Ar),



130.4 (s, Ar), 130.1 (d, J=6.1 Hz, Ar), 129.4 (s, Ar), 129.1 (d, J=6.0 Hz, Ar), 128.9 (d, J=5.5 Hz,
Ar), 128.7 (s, Ar), 128.6 (s, Ar), 128.5 (d, J=4.9 Hz, Ar), 127.5 (d, J=8.1 Hz, Ar), 127.1 (d, J=7.0
Hz, Ar), 126.3 (s, Ar), 125.5 (s, Ar), 124.9 (s, Ar), 124.5 (d, J=4.1 Hz, Ar), 123.5 (s, Ar), 122.3 (s,
Ar), 65.9 (d, J=16.9 Hz, PhCH=C), 61.7 (d, J=15.8 Hz, PhCH=C), 51.6 (s, p-tol2.CH-CH,-CH), 43.8
(dd, J=25.8, 12.7 Hz, p-tol.CH-CH,-CH), 39.0 (s, CH,), 21.1 (d, J=2.3 Hz, CHs), 20.9 (d, J=1.9
HZ, CHs)

31P{H'} NMR (162 MHz, CeDs, 25 °C): 8(ppm) 20.16 (d, Jr.p= 48 Hz), 17.36 (d, Jr.r= 48 Hz).

IR (cm™): 3055, 2923, 2854, 1588, 1510, 1435, 1262, 1094, 1067, 892, 805, 693, 523.
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