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Abstract: We communicate the syntheses, characterization, and catalytic application of a
series of NHC-tagged nickel(ll) half sandwich complexes (NHC = N-heterocyclic carbene). The
described piano stool compounds function as precatalysts in the homogeneous hydrogenation
of C=C bonds whereby the catalytic protocol is simple, robust, and additive-free. Moreover,
one can opt between two modes both of which display distinguished catalytic features that can

be exploited to achieve chemo- and regioselectivity. Mechanistic insights are provided with

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

emphasis on the elucidation of the actual catalytically active species and, for the first time, we

report on the formation of a hydride-bridged, dinuclear Ni cluster which contains a peculiar,
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six-membered diaza-nickelacycle. This compound resulted from oxidative addition of an NHC-

(cc)

related C—N bond onto a Ni moiety and this process is likely to represent a general deactivation

mode for pertinent nickel catalysts.
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Catalytic hydrogenation is an indispensable tool for the chemical industries as this technology
provides atom-efficient access to commodities and intermediates which are used for the manufacture of
many important products including pharmaceuticals, dyes, agrochemicals, or aesthetically pleasing
scents.!23 Typically, the addition of gaseous H, to organic molecules is achieved through the use of
platinum group metals (PGMs). However, economic and scarcity issues associated with these noble
elements have spurred the development of hydrogenation catalysts based on non-precious metals.* In
this context, nickel is a suitable candidate due to its excellent abundance, low price, and propensity to
form redox active hydrides,’> which is also manifest in the occurrence of Ni in native metalloenzymes.%’

One of the most prominent catalysts is spongy Raney Ni® albeit that its use entails meticulous lab-
technical precautions’ and the corresponding catalytic transformations often suffer from limited
selectivities.!? In order to remedy these issues, more robust and user-friendly composite materials were
devised. These are usually prepared through controlled pyrolyses of a molecularly well-defined solution
phase precursor that has been immobilized on supports such as carbon!! or silica!>!31415 prior to heat
treatment. Yet, support-free approaches for the preparation of related, solid hydrogenation catalysts also
exist.!®

Next to working Ni into heterogeneous formulations, making soluble coordination compounds is a
further proper means for achieving catalytic hydrogen transfer with this transition metal.'” Early
examples date back to the late 1960s when methyl linoleate and methyl oleate were hydrogenated with
plain Ni-PPh; complexes.!® Later, bidentate phosphines were shown to enable the efficient
hydrogenation of 1-octene'?2%2! and the privileged PNP pincer motif gave rise to related catalysts for
the hydrogenation of C=C bonds, t00.>>?> Nickel complexes containing classic N-heterocyclic
carbenes** (NHC) as well as analogous silylenes,? silylene,?® and silyl ligands?’ complement this list.
Moreover, N-donor ligands such as phosphoranimides?® and Schiff bases?® are well-suited for the design
of catalysts that facilitate the reduction of olefins with molecular hydrogen. Very interestingly, the
activation of H, is also possible at Ni-M interfaces (M = B, Al, Ga, or In)3*332 and even Mg-based

metalloligands cleave the strong H-H3*3 or D-D3* bond, respectively. Most importantly, Ni-based
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coordination compounds that incorporate enantiopure phospholanes?® or chiral-at-P phospggll%j”fogg Qw e e
for the asymmetric reduction of C=C bonds.

With respect to C=C, the selective semihydrogenation of alkynes with several Ni/phosphine
combinations®”-3-? including an Si-based pincer ligand*® has been reported. In addition, a Ni-gallylene
motif was exploited to achieve the same catalytic transformation.*!

Now, in order to expand upon our research program on hydrogenation catalysts derived from Group 6
metal half sandwich complexes,*>* we embarked on a study towards the development of structurally
related organonickel species. For that purpose, compounds of the general formula [Ni(n’-Cp)(NHC)X]
(X =Cl, Br) fit well by virtue of their ready accessibility.*4434647.48 We chose NHCs as these compounds
have emerged as a highly versatile ligand class in catalysis* since the isolation of the first stable
carbene.’® Furthermore, we wanted to bypass problems associated with the air sensitivity of phosphines
which often interferes with the catalytic activity of pertinent complexes.>!

Occasional reports on the catalytic capabilities of [Ni(n>-Cp)(NHC)]-based coordination compounds
have been published in the context of P4 activation,*> hydroboration,** and hydrosilylation.34>>% In the

context of hydrogenation, olefin-tethered complexes [Ni(n’-Cp)(NHC)X] (X = Cl, Br) were employed

as precursors for the preparation of NHC-tagged nanoparticles which function as a catalysts in various

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

hydrogenation reactions.’”-*3° Yet, to the best of our knowledge, an atom-efficient, homogeneous(-like)

method for the reduction of C=C bonds relying on Ni-derived piano stool complexes has not been
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reported so far. Herein, we present a flexible and user-friendly catalytic protocol which deploys gaseous

(cc)

H, as the principal reductant and that dispenses with the need for any companion reagents such as strong

bases or moisture-sensitive hydrides.

Results and Discussion
Catalytic Pretests and Optimization Studies
Initially, we probed a series of NHC-tagged piano stool chlorides [Ni] 1-5 for their ability to function

as precatalysts in the hydrogenation of alkenes (Table 1). The conversion of cyclooctene 1a into
3
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cyclooctane 2a was chosen as a standard of comparison and in order to convert the CI con&plexgg‘ infgcle Ontine
DOY: 10.1039/D5C Y01341K

the corresponding hydrides, which are supposed to actually promote the hydrogenation process, the
benchmark reaction was conducted in the presence of an auxiliary reagent (LiHBEt;). We found that the
activity of the complexes strongly depends upon the NHC’s wingtip substituents, i.e., the Dipp-bearing
(Dipp = 2,6-diisopropylphenyl) complexes ([Ni] 3, [Ni] 4) performed best and enabled complete
substrate conversion whereas the Mes-substituted (Mes = 2,4,6-trimethylphenyl) congeners ([Ni] 1,
[Ni] 2) seriously lagged behind (entries 1-4). Moreover, the degree of saturation in the imidazole-derived
portion of the NHC proved to be relevant: imidazoline-based moieties (SIMes and SIPr) gave rise to
more active catalysts compared to their imidazole counterparts (IMes and IPr) which still contain a C=C
bond in the 4,5-position. The effect became evident when the hydrogenation experiment was run at
lower H, pressure, i.e, 5 vs. 20 bar (entries 8 and 9). The large discrepancy in activity between [Ni] 2
and [Ni] 4 can be attributed to cluster formation that forestalls the hydrogenation process (vide infra).
The bis(imino)acenaphthene-derived carbene SBIAN-Mes®¢! motif seems to curb the catalyst
deactivation associated with the Mes groups but still this precatalyst could not compete with ones
containing the standard Dipp-substituted NHCs (entry 5).

In order to render the transformation 1a — 2a additive-free, we first synthesized the hydride [Ni] 4-H
in a separate step and applied it directly without any companion reagent and, rewardingly, we were able
to reproduce the result obtained with the [Ni] 4/LiHBEt; in situ system (entry 10). Interestingly,
treatment of congeneric Ni 4-Cp* with LiHBEt; did not yield a hydride but gave the paramagnetic, 17¢
species [Ni(n3-Cp*)SIPr] instead. Yet, the latter performed excellent in the model reaction (entry 7) but
since paramagnetic species often obstruct mechanistic investigations, especially with regard to NMR

spectroscopy, we focused on Cp complexes that were diamagnetic, 18e complexes.
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Table 1 Precatalyst testing for the pressure hydrogenation of alkenes

1 mol% [Ni]
2 mol% LiHBEt;

x barHy, 45°C,1h

1,4-dioxane
1a ’
2a
0.5 mmol
| Mes\N/\N,Mes Mes\N/\N,Mes
_Ni, —
CI” "NHC (S)IMes .
[N]1-5  Dipp~\~"\-Dipp OO
SBIAN-Mes
(S)IPr
1 IMes
2 SIMes
2o @7 jé( @
4 SIPr , N
5 SBIAN-Mes Br” SBIAN Mes SIPr H SIPr

[Ni] 5-Br [Ni] 4-Cp* [Ni] 4-H

entry [Ni] precursor

pHz/bar conv./%?

1

2

10

[Ni] 1 20 15
[Ni] 2 20 25
[Ni] 3 20 >99
[Ni] 4 20 >99
[Ni] 5 20 88
[Ni] 5-Br 20 61
Ni 4-Cp* 20 >99
[Ni] 3 5 22
[Ni] 4 5 34
[Ni] 4-H, no LiHBEts 20 >99

@ determined by means of GC-MS analyses (n-hexane served as the internal standard).

b The addition of LiHBEt; prompted the formation of the 17e species [Ni(n3-Cp*)(SIPr)].

View Article Online
DOI: 10.1039/D5CY01341K
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Since isolable [Ni] 4-H is a fairly stable, 18e complex, we reasoned that this is not theDtoIP?o.l
that brings about the alkene hydrogenation. Thus, in order to generate the notional active species,
[Ni] 4-H was first subjected to an H, atmosphere (45 °C, 20 bar) for 3 h whereupon 1a was added to the
reaction solution (Table 2). Strikingly, substrate conversion was complete within only 5 min. and
without the preactivation step, 1 h was necessary to fully convert cyclooctene (entries 1 and 3). To our
delight, once [Ni] 4-H had been activated, the conversion 1a — 2a took place under very mild reaction
conditions (5 bar H,, RT) and even under 1 bar H; albeit longer reaction times were necessary to achieve
meaningful conversions (entries 8 and 10). Importantly, both preactivation and cyclooctene
hydrogenation were, not at all, hampered by the presence of Hg which points towards an authentic,
homogeneous hydrogenation pathway (entry 2).

Furthermore, we established that catalyst formation is strongly affected by the nature of the alkene:
on using non-activated [Ni] 4-H and 1-octene, the entire hydrogenation process was sluggish and only
a minor fraction of the olefin was converted. However, when a preactivated sample of [Ni] 4-H was
applied, hydrogenation of the same terminal alkene was again possible within a very short period of
time (entries 4 and 5). It turned out that if the terminal olefin is present from the outset, a considerably
stable bis(alkene) complex is formed that obstructs the generation of the active species (vide infra). On
the other hand, the alkene does not impede the catalytic transformation if [Ni] 4-H is activated prior to

olefin addition.
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Table 2 Control experiments under preactivation conditions View Article Online
DOI: 10.1039/D5CY01341K

1) Preactivation: 2) Homogeneous hydrogenation of cyclooctene:
[Ni 4-H] (1 mol% vs. 1a)

5 mM in 1,4-dioxane preactivated [Ni] catalyst

45 °C, 20 bar Hy, 3 h 45 °C, 20 bar Hy, 5 min
1a 2a
0.5 mmol
entry deviation from the standard procedure conv./%?
1 none >99
2b Hg drop test >99
3 no preactivation step, 1 h in step 2) >99

no preactivation step, 1 h in step 2),
4 <10
1-octene instead of cyclooctene in step 2)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

5 1-octene served as the substrate in step 2) >99
6 [Ni 2-H] (SIMes) instead of [Ni 4-H] (SIPr) 26
7° [Ni 4)/LiHBEts instead of [Ni 4-H] >99
8 5 bar Hz, RT, and 1 h were applied in step 2) >99
9 as in entry 8, but 5 bar Hzin step 1) 16
10 1 bar Hz, RT, and 1 h were applied in step 2) 40

Open Access Article. Published on 08 January 2026. Downloaded on 1/16/2026 12:27:23 PM.

@ determined by means of GC-MS analyses (n-hexadecane served as the internal standard).

(cc)

5150 equiv. of liquid mercury vs. [Ni] 4-H were added.

¢2 equiv. of LIHBEt; vs. [Ni] 4 were added.

Mechanistic Studies

Hydrogenation of [Ni] 4-H in THF-dg gave a complex 'H NMR spectrum with various hydride
signals in the high-field range, i.e., from -4 to -26 ppm (Fig. 1 A) including the one of remaining
[Ni] 4-H at -23.6 ppm. The COSY plot shows three mutually coupled hydrides that are associated with
the active species as these signals vanish upon addition of cyclooctene; however new hydridic signals
emerged (SI). In the reaction mixture, we also detected cyclopentane which was presumably formed

7
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through expulsion of CpH from the Ni precatalyst followed by hydrogenation of the C=C
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leaving behind a [Ni(0)NHC] unit. Notably, a similar route for the formation of a NHC-tagged Ni(0)
species was previously reported in the context of C-H activation.®? The invoked Ni carbene is then likely
to aggregate into a polyhydride cluster [Ni,Hy(SIPR),] that displays hydrogenation capabilities in its
own right. Since a catalytically active, phosphine-tagged polynuclear Ni complex has already been
described in the literature, the existence of NHC analogs is reasonable.®® Very recently, in situ formed,
soluble Ni-nanoclusters were identified as the active species in the unusual geminal dihydroboration of
alkynes.® Just like in our case, the higher nuclearity of the catalyst enables unprecedented reactivity,
demonstrating the potential that lies beyond the traditional binary classification into homogeneous and
heterogeneous catalysis.

As free [Ni(0)NHC] complexes are not stable and tend to form higher aggregates® we performed the
[Ni] 4-H hydrogenation in toluene to intercept the pertinent carbene complex as stable
[Ni(0)(SIPr)(m°-toluene)] (Fig. 1 B).® If not prohibited by steric hindrance, aliphatic alkenes may
substitute for the arene to yield 16e bis(alkene) complexes.t”-%® The ability of NHC-tagged motifs to
form such intermediates thus provides a rationale for the fact that some olefins are hydrogenated at
slower rates compared to standard cyclooctene especially when the alkene is already present next to
unactivated [Ni] 4-H (Table 2, entry 4).

Note that the reduction of [Ni] 4-H with gaseous H, is a robust alternative to [Ni(COD),]-based
approaches for the preparation of [Ni(arene)(NHC)] complexes that serve as convenient Ni carbene
synthons.

Next, the SIMes congener [Ni] 2-H was hydrogenated and, to our surprise, we found that its
imidazoline moiety did not maintain its integrity but underwent ring expansion to afford a hitherto
unknown nickelacycle that dominates the structure of the formed cluster [Ni,] H-SIMes (Fig. 1 C). The
constitution of the H-bridged, dinuclear complex was confirmed by SC-XRD analysis (Fig. 1 D) together
with 'H NMR spectroscopy. In light of the fact that imidazole-based NHCs are generally seen as inert
spectator ligands, the oxidative addition of the pertinent C-N bond onto [Ni(0)(SIMes)] is a remarkable
result. Interestingly, the cluster formation is independent of the solvent and any attempts at isolating

[Ni(0)(SIMes)(n’-toluene)], in order to intercept the elusive [Ni(0)(SIMes)] fragment, failed.
8
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Note that our experimental findings are reminiscent of a recent report dealing with the sD\énthesi@,e fidcle Ontine
I-101039/D5CY01341K
characterization of a cyclic Fe carbyne complex.®® In that case, a C—S bond of a 4-thiazoline core
underwent oxidative addition to furnish the corresponding six-membered metallacycle.
Importantly, [Ni,] H-SIMes is not a self-contained catalyst but still, its formation is not a dead end:
keeping the cluster under an atmosphere of H, at elevated temperature partially restores [Ni] 2-H which

is again catalytically competent (SI). In that sense, the cluster generation is just a temporary deactivation

process.
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toluene SIPr SIPr

C 98%
Deactivation pathway of mesityl-substituted Ni-NHCs: Cp

2
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= Hy ) >4 ox. add H [ >—n

| kel N :
Ni ; + ; Ni
H” “SIMes -Cyclopentane Ni(0) ’NI\SIMes (_N7/ N
toluene or THF  SIMes N
NiSIMes [Ni] 2-H
[Ni,]H-SIMes

Fig. 1 (A, left) 'TH COSY NMR spectrum of a hydrogenated sample of [Ni] 4-H in THF-ds highlighting the hydridic
region. (A, right) Excerpt of the 'H NMR spectrum of hydrogenated [Ni] 4-H before and after the addition of
cyclooctene showing the emergence of new hydride species; *hydride signal of unreacted precursor [Ni] 4-H. (B)
Hydrogenation of [Ni] 4-H in toluene furnished stable [Ni(0)(SIPr)(né-toluene)] that afforded a fairly unreactive
bis(alkene) complex upon reaction with a terminal, aliphatic olefin. (C) Hydrogenation of kindred [Ni] 2-H produced
the unusual cluster compound [Ni2]H-SIMes by way of oxidative addition. (D) Molecular structure of [Ni2]H-SIMes

as determined by SC-XRD analysis; all hydrogen atoms, except for the bridging hydride, were omitted for brevity.
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Next, we looked into the interaction between different alkene substratgs V‘S?ﬂ cle Online

DOI:10.1039/D5

[Ni(0)(SIPr)(n®-toluene)] which can be viewed as an arene-stabilized version of the fugacious (but very
crucial) [Ni(0)(SIPr)] unit. Treatment of the Ni(arene) complex with excess cyclooctene L; (4 equiv.) in
THF-dg caused full displacement of toluene upon which the proton resonances of the associated L
moiety appeared as a set of three broad signals shifted upfield compared to free cyclooctene (Fig. 2 A)
thus indicating a chemical exchange process. Since broad coalescence between coordinated and free L
is observed, the magnitude of the exchange rate k is similar to that of the complexation-induced shift
(CIS) Av.”%7' As an aside, the latter is exceptionally large for complexes of the type
[Ni(0)(alkene),NHC] by virtue of strong backdonation from the Ni center into the antibonding alkene’s
n* orbital.>4%%.72 In case of Ni-bound L, the protons directly attached to the C-sp? atoms experience the
largest broadening while that of the other H atoms pertaining to cyclooctene decreases as the distance
to the C=C bond increases. Concurrently, all H signals associated with the SIPr ligand appear as sharp
lines since they all fall into the fast exchange regime (k>Av).

Concerning the number of cyclooctenes that coordinate to the [Ni(SIPr)] fragment, we refer to
previously published calculations that were performed on [Ni(COD)(SIPr)] (COD =1,5-
cyclooctadiene).” These showed that COD solely bonds in the 1> mode and the formation of the bis-
COD congener [Ni(n2-COD),(SIPr)] is strongly hampered due to steric constraints; for the same reason,
the isomer [Ni(n%n?-COD)(SIPr)] cannot form. Hence, given the great similarity of COD and L;, we
used this computational study to argue that the equilibrium [Ni(L;)(SIPr)] + L; 2 [Ni(L;)»(SIPr)] takes
place whereat the left side of the reaction equation is favored.

By contrast, reaction of [Ni(SIPr)(n’-toluene)] with 1-octene L; (4 equiv.) produced well-defined
signal sets for the free and coordinated olefins of the "H NMR spectrum (Fig. 2 A). This indicates that
any exchange processes between free and coordinated alkene are slow compared to when cyclooctene
is present (vide supra). Furthermore, the analogous reaction [Ni(L()(SIPr)] + L; 2 [Ni(L),(SIPr)] is now
clearly biased towards the right side (quantitative formation of [Ni(L;),(SIPr)] according to 'H NMR)
because L; can avoid steric clash as terminal olefins are more flexible than internal ones. Hence, the

formation of the congested, but rather stable, 16e species [Ni(L),(SIPr)] becomes feasible. The latter

11
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also reinforces the fact that 1-octene’s hydrogenation rate is drastically reduced compared to gy 00tEng e Orine
1039/D5CY01341K
(Table 2, entry 4) since, obviously, the bis(alkene) complex is more stable presumably due to
stereoelectronic effects. Yet, it has to be mentioned here, that Ni-promoted activation of H, is also
possible on crowded 16e species as shown by Moret and coworkers. In their study, an olefin-substituted

diphosphine complex was shown to heterolytically cleave H, by way of cooperation between the alkene

tether and the Ni center;* similar activation pathways could also exist for related NHC complexes.

A B
@_ -toluene L L 100 s
—— 1 ~— Li\N Pl H = cyclooctene, 1,4-dioxane
Ni l e ® cyclooctene, toluene ..
N' THF-dg ' SIPr 80 4 4 [Ni(0)], cyclooctene, 1,4-dioxane ..
SIPr : v 1-octene, 1,4-dioxane

w0 i
i B
.p -y
65 80 55 50 45 3 o

T T T 1
7?5 7_‘0 S.‘S B.‘O 5! 10 0.5 0 60 120 180 240 300 36U

conversion / %

t/ min
O L
1 I 2 2 VN — IF — Lty -’Lt
N L
SIPr t
::: R—Z X _R
1 N\ /
| Ni Ni
) | |
l\lll SIPr SIPr
A SIPr
m highly reactive fairly stable 18e (left) and
T : - T I T - : 1 - : : : 1 : 14e species 16e (right) intermediates
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.9 3.5 3.0 2.5 29 1.5 1.0 0.5

Fig. 2 (A, top) Displacement of né-coordinated toluene through reaction with cyclooctene (Li); the line broadening in the 'r'
spectrum is due to exchange between free and bound Li. (A, bottom) Reaction between 1-octene (Lt) anc
[Ni(0)(SIPr)(né-toluene)] yields relatively stable [Ni(0)(Lt)2(SIPr)]; in this case, dynamic behavior is not observed on the NMK
time scale. (B) Conversion-time diagram showing the influence of substrate and solvent on the catalytic hydrogenation’s rate
The indices i and t stand for ‘internal’ and ‘terminal’, respectively. Conditions: 0.5 mmol substrate, 1 mol% [Ni] 4-H, 1.0 m:

solvent, 20 bar Hz, 45 °C. [Ni(0)] refers to [Ni(0)(SIPr)(né-toluene)].

The kinetic profiles for the hydrogenation of cyclooctene and 1-octene reflect their different
coordination behavior (Fig. 2 B). On using precatalyst [Ni] 4-H in 1,4-dioxane, cyclooctene was fully
converted within 45 min (black trace) whereas the reduction of 1-octene was sluggish, i.e, only 60%

conversion were achieved after 6 h (green trace). This observation is in agreement with the presence of

12
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the more reactive, 14e species [Ni(L;)(SIPr)] and less reactive, sterically congested 16eDi&telg%%’g;gﬁg oo
[Ni(L¢),(SIPr)]. Importantly, the kinetic curve for the catalytic transformation conducted with
[Ni(SIPr)(n’-toluene)] in the same solvent (blue trace) parallels that of the experiment that was run with
[Ni] 4-H. This indicates that both routes proceed through a common intermediate that actually sustains
the catalytic cycle, i.e, [Ni(SIPr)]. This assertion is supported by the fact that cyclooctene reduction is
severely hampered if performed in toluene (red trace). In this case, any free [Ni(SIPr)] is immediately
captured as the stable, 18e complex [Ni(SIPr)(n’-toluene)] which is not a catalyst on its own. Note that
this finding also underlines that benzene-derived solvents are not the ideal choice for hydrogenations

promoted by Ni-NHCs since they readily form stable intermediates with the solvent that impede the

catalytic hydrogenation process as a whole.?*

Substrate Scope and Limitations

Building upon the initial catalytic experiments we established a protocol for olefin hydrogenation
that relies on the substrate-coordinating mononuclear [Ni(NHC)] motif (Mode I, Scheme 1, left column)
and one that rests on the formation of the rather ill-defined polyhydride cluster [NiyHy(SIPR),]

(Mode II, Scheme 1, right column). Generally, Mode I is apt for the reduction of internal alkenes

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

whereas terminal ones are better accommodated by Mode II. Notably, when we first applied Mode I to

cis-stilbene 1s and the conjugated diene 1v we observed substantial byproduct formation due to partial

Open Access Article. Published on 08 January 2026. Downloaded on 1/16/2026 12:27:23 PM.

or full hydrogenation of the Ph rings. However, on using Mode II, the formation of unwanted side

(cc)

products was effectively curbed. Note that bicyclic norbornene 1u is a substrate on which Mode I
performed only poorly. Although being an internal alkene, 1u presumably forms a fairly stable complex
by virtue of its compact shape.

In the case of a,B-unsaturated ketones, we found that the conjugated C=C bond in benzylidene
acetone le was preferably reduced thus leaving the carbonyl group mostly intact. Yet, in trans-chalcone
1f where the Me group is substituted for a Ph substituent the C=0 group was hydrogenated to produce
the corresponding secondary alcohol. Concerning the conjugated esters 1g-i, the catalytic conversion
was selective in that the C=C bond next to the ester group was reduced while the CO,R motif itself

remained untouched. Diethyl fumarate 1j was unreactive owing to the formation of stable
13
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[Ni(fumarate),NHC].” Preactivation of the catalyst did not lead to any significant improvDeglleil&tl &?Sﬂ%
case. Rewardingly, Mode I copes with steric bulk such that the trisubstituted cinnamate derivative 1i
was neatly converted into the wanted product. Interestingly, the same system was unable to fully convert
simple cinnamaldehyde 1d whereas challenging citral 11 and geraniol 1m, both of which contain two
trisubstituted olefin moieties, were regioselectively reduced at the conjugated site and not at the
periphery. However, tetrasubstituted alkene motifs were not converted and B-ionone In gave,
accordingly, the alcohol that stems from reduction of the C=O group and the disubstituted C=C bond.
Mode II excels in the reduction of terminal alkenes and, gratifyingly, the catalytic transformation is
not obstructed by deleterious oxidative addition that might occur in aryl halides 1x, 1y, and 1af.
Interestingly, under the conditions of Mode I, a-methylstyrene 1ae underwent exhaustive hydrogenation
to produce isopropyl cyclohexane as the major product (>90%) whereas the cluster-supported approach
was more selective and gave cumene almost exclusively. We attribute the exhaustive hydrogenation to
a mechanistic pathway initiated by arene-coordination to [Ni(0)SIPr] and the alkene-activating effect

(ST).”> Hydrogenation of limonene 1ah yielded a well-balanced diastereomeric mixture of cis- and trans-

menthane and even a highly functionalized molecule such as quinine 1aj was cleanly converted.

14
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Mode I: Liganded [Ni(NHC)] Route : Mode II: Cluster-SupportedoGatalysis:i«
1 mol% [Ni] 4-H
| 1) 20 bar Hp, 45 °C, 3 h
R 1 mol% [Ni] 4-H 1,4-dioxane R
R1/\/ 2 R1/\/ R2 R1/\/ 2
20 barHy 45°C, 3 h 2) + substrate
2 1,4-dioxane ! 20 bar Hy, 45 °C, 30 min. 2
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— FsC O : Ph
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2a 98%' 2b 90% :
2c 94%2 CF3 !
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Ph ' 2t 729% 2u full conv. 2vb 98%?
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o o) ! | N OfBu 2z 89%
\/ONO/\ MO/ E N/ Ph  2aa 94%
o n-oct 2ac 40% conv.
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o HO ' 2adfullconv.c R=H 2ae 90%
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7‘ /©/\/ ! HO P
~ \ N
© L 2ah® 91% 2ai? 95% "
207 56% 2p 86% | 4555 ot ° 2aj® 93%
2n? 98% 95% cis : :55 cisltrans

Scheme 1 Percentage values refer to isolated yields if not stated otherwise; 'GC-MS yield (n-hexadecane served as the internal
standard); 2NMR vyield (1,3,5-trimethoxybenzene served as the internal standard); 216 h reaction time; »3 h reaction time during

2); °mixture of products due to arene-hydrogenation; 92 mol% [Ni] 4-H; €2 mol% [Ni] 4-H, THF, and 3 h reaction time during 2).

The hydrogenation of fused arenes (Mode I) typically required forced reaction conditions (increased

15

loading of [Ni] 4-H, higher temperature, and/or higher H, pressure) in order to achieve decent substrate
conversions (Scheme 2). However, unsubstituted naphthalene and anthracene were partially reduced

under comparably low precatalyst loading (2 mol% Ni 4-H) and H, pressure (20 bar). Under these
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conditions, anthracene was reduced mainly to tetrahydroanthracene. Applying the standarD%lc%% 'gt;i/%fg ormne
gave 4g,c as the main product. Substituted naphthalenes required 5 mol% of the precatalyst and with
respect to regioselectivity, we found that the unsubstituted moiety had been preferentially hydrogenated
with selectivities ranging from 4.5:1 for 4d to 12:1 for 4e. Notably, phenanthrene and pyrene called for

the harshest conditions (60 °C, 40 bar H,) so as to achieve satisfying results. Hydrogenation of quinoline

(3a) failed, most likely due to the stability of the dimer [(n?-quinoline)Ni(SIPr)],.%

r—— N f—A\\
. _, 2-10 mol% [Ni] 4-H _ : @O

roor o 20-40 bar H,, 45-60 °C, 16 h M S
R N (S
Tt 1,4-dioxane St
3 4
CO) O Q&
Z
N Q9
3a no conv. 4b 73% 4cp 72% 4cg 12% 4dp 68% 4dg15% dep 87% 4deg 7%
Ss0
4gac 92% 4ga 79 Ph . . .
4f 79% P 10//" 9n 7% A 770 an ony, | JiAC43% diac 24% 4jp 60%
g8 1% B 77% 4ha23% g5 " 309, 4 24%

Scheme 2 Substrate scope for the hydrogenation of polycyclic aromatic hydrocarbons. 5 mol% of [Ni] 4-H, 40 bar H2 and 45 °C
were applied as standard conditions with the following adjustments: 2 mol% of [Ni] 4-H and 20 bar H2 for 3b, 10 mol% and 60 °C
for 3i, 60 °C for 3j. With the exception of 4b, products were isolated as a mixture and each yield was determined by means of
'H NMR spectroscopy (1,3,5-trimethoxybenzene served as the internal standard). Capital letters indicate hydrogenated

carbocycles.

Miscellaneous and Outlook

To expand upon the application range of our [Ni(NHC)]-based system, we tested preactivated
[Ni] 4-H for its ability to promote chain walking isomerization since we frequently observed minor
quantities of olefin isomers in the reaction mixture. Indeed, eugenol 1ai was neatly converted into trans-
isoeugenol 1ai’ at mild temperature (60 °C, Scheme 3 A). This shows that the pertinent Ni-NHC can

also be applied as a self-contained alkene isomerization catalyst.

16


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cy01341k

Page 17 of 26 Catalysis Science & Technology

Next, we wanted to know whether the one-coordinate [Ni(NHC)] catalyst ceases tngoerlﬁoi{g/VtD@ oo
presence of excess carbene ligand. For that purpose, [Ni(SIPr)(n°-toluene)] was first combined with
SIPr to afford homoleptic [Ni(SIPr),] which was then applied to the hydrogenation of cyclooctene.
Surprisingly, the bis(NHC) complex was still catalytically competent despite increased steric bulk and
reduced vacancies at the Ni center. Then, [Ni(SIPr),] was used as a presumptive catalyst in the
hydrogenation of 1-octene. The intention here was to forestall the detrimental formation of a bis(alkene)
complex which was shown to impede the catalytic process (vide supra). To our delight, also this olefin
was smoothly converted into the wanted alkane (Scheme 3 B). Thus, using [Ni(SIPr),] offers an
alternative way of reducing terminal alkenes without prior activation of [Ni] 4-H (Mode II).

During the elaboration of the substrate scope, Mode I enabled the hydrogenation of several prochiral
substrates such as citral 11, a-pinene 10, and ethyl f-methyl cinnamate 1i (Scheme 1). Adding ketones
and ketimines makes an array of substrates, the asymmetric hydrogenation of which accesses interesting
chiral building blocks (alcohols, amines, and saturated esters). Interestingly, we found that C=0O and
C=N bonds have also succumbed to catalytic hydrogenation effected by [Ni] 4-H (Scheme 3 C). Since

NHC ligands can be made chiral (vide supra) these important preliminary results open up new vistas for

the development of base metal catalysts that enable enantioselective hydrogenation reactions.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Lastly, we wanted to ameliorate the selectivity towards the C=C bond in the conjugate reduction of

enones (Scheme 3 D). We hypothesized that an aldehyde additive could prevent the ketone motif from

Open Access Article. Published on 08 January 2026. Downloaded on 1/16/2026 12:27:23 PM.

binding to the Ni core thus leaving it behind unaltered after the hydrogenation experiment. This approach

(cc)

was guided by the idea that the Ni(0)-catalyzed Tishchenko reaction, initiated by [Ni(aldehyde),(NHC)],
might outcompete the formation of an oxanickelacycle via reaction between Ni(O)NHC and the
ketone.”®”7 The latter is a plausible starting point for the hydrogenation of ketones with Ni(0)NHC as a
catalyst. Indeed, we found that benzaldehyde effectively suppresses the reduction of the C=0 group in
trans-chalcone to exclusively afford the tagged ketone 2f’. Incidentally, benzaldehyde ended up as

benzyl alcohol and benzyl benzoate as the homocoupling product.”®

17
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1) 2 mol% [Ni] 4- | Z “n-hex > “n-hex

0 Z . o) X
j©/\/ e ]@/\/ 20 bar H,45°C, 3 h full conv.
HO 2) 60°C, 16 h, Ar additional SIPr hinders no add. SIPr: ~20%

HO formation of the unproductive
1ai 1ai’ bis(alkene) complex n-hex \/\ /\/ n-hex
90% Ni
SIPr

C Prochiral Substrates are Reduced by the [Ni(SIPr)] Complex:

.Ph
0 N 0 OH HN 0
N NORt 1 mol% [Ni] 4-H N Ot
20 bar Hy, 45 °C, 3 h
5a 5b 1i 6a 6b 2j
full conv.? 95% 99%

D Benzaldehyde Inhibits Ketone Reduction:
OH le) 1 mol% [Ni] 4-H

o}
1 mol% [Ni] 4-H N Ph-CHO (1 equiv.)
O O 20 bar Hy, 45 °C, 3 h O O 20 bar Ha, 60 °C, 16 h O O
Ph 2O Og _Ph
2 1f V\N' o \ 2f
1

[}
SIPr 0
PhOH and Ph—{  Pnh
o—’

prevents

ketone coordination
Scheme 3 Further applications and tunability of the catalytic system. (A) Isomerization of eugenol into trans-isoeugenol. (B) In
situ-generated [Ni(SIPr)z] functions as a more active catalyst for the hydrogenation of 1-octene compared to kindred [Ni(SIPr)].
(C) Ni-catalyzed hydrogenation of prochiral substrates into racemic products; 216 h reaction time. (D) Deliberate catalyst poisoning

with benzaldehyde to circumvent the reduction of the ketone motif in trans-chalcone.

Conclusions

We established a general, [Ni(SIPr)]-based catalytic protocol for the homogeneous hydrogenation of
olefins. An analogous, SIMes-derived catalyst furnishes a peculiar, six-membered nickelacycle that
represents a temporarily deactivated state which can be reactivated under an atmosphere of H,. The
SIPr-based system is more flexible and can be used in two ways. The first mode relies on a molecularly
well-defined, substrate-coordinating [Ni(SIPr)] unit and is apt for the reduction of internal C=C bonds.
The second one rests on the generation of (polynuclear) Ni hydrides that are more suitable for the
hydrogenation of terminal alkenes. Both modes do not require any additives (bases, auxiliary hydrides)
which renders the catalytic methods atom-efficient and economical.

The fact that the described Ni catalyst also brings about the reduction of ketones and ketimines blazes

the trail for the development of new asymmetric hydrogenation catalysts. This and the potential of the
18
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. . . o e Onin
Ni-NHC complexes to function as catalysts beyond hydrogenation applications are curren%lé/I examined e orine

in our research laboratories.

Experimental

Catalytic Hydrogenation Without Preactivation (Mode I)

In a glovebox, glass vials (4 mL) equipped with a stirring bar were charged with the substrate (0.50
mmol). The respective amount of precatalyst ([Ni] 4-H, 1 mol% or as stated) was added as a stock
solution. Then, solvent was added until the total volume amounted to 1.0 mL. The vials were closed
with a screw cap equipped with a PTFE-coated rubber septum, placed inside an Al inlet, and taken out
from the glovebox. Each septum was pierced with a cannula and the vials together with the inlet were
placed inside the autoclave which was then flushed with Ar for 15 s, tightly sealed, purged with H2
(3x10 bar, 2x20 bar) and pressurized with 20 bar H,. The thus-prepared steel vessel was then placed into
a preheated (45 °C) water bath and the reaction mixture stirred for 3 h. After cooling to room
temperature, the overpressure was released and the autoclave was disassembled. The reaction mixtures
were analyzed via GC-MS. If conversions or yields were determined via GC-MS analysis, stock solution

of n-hexadecane was added after the reaction. Standard conditions: 1 mol% [Ni] 4-H, 1,4-dioxane,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

45 °C, 20 bar H,, 3 h. Deviating reaction conditions and workup methods are described in the supporting

information for each substrate.

Open Access Article. Published on 08 January 2026. Downloaded on 1/16/2026 12:27:23 PM.

Catalytic Hydrogenation with Preactivation (Mode II)

(cc)

The same procedure as was followed for Mode I was applied but no substrate was added at first. After
preactivation for 3 h at 45 °C under 20 bar H,, the autoclave was disassembled and the cannulas were
quickly removed. Liquid substrates were added through a Hamilton syringe whereas solid substrates
were weighed into a separate glass vial in the glovebox. The vials were tightly sealed and then removed
from the box. The preactivated catalyst solution was transferred to the substrate-containing vial with a
syringe. The septa were then pierced again with cannulas and the autoclave (preheated bottom part at
45 °C) assembled and charged with H, according to the standard procedure. The remaining steps were

performed as described for Mode I. Standard conditions: 1 mol% [Ni] 4-H, 1,4-dioxane, 45 °C, 20 bar
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H,, and 30 min. Deviating reaction conditions and workup methods are described in the sugpdﬂ’kﬂ cle Online
DOI: 16.1039/D5€Y01341K

information for each substrate.

Catalytic Hydrogenation of Polycyclic Aromatic Hydrocarbons

The same procedure as delineated for Mode I was used. Exact reaction conditions and purification
methods are described in the supporting information for each substrate. In most cases, hydrogenation
gave at least two products which were not separated during the course of the purification step. Instead,
the respective yields were determined by way of 'H NMR spectroscopy using 1,3,5-trimethoxybenzene

as internal standard.
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Crystallographic data has been deposited as CCDC 2493263, 2493261, 2493264, 249329% 249327 cle Online

I: 10.1039/D5¢Y01341K

2493265, 2493266, and 2493739 and can be obtained from https://www.ccdc.cam.ac.uk/structures/.

All data supporting this article have been included as part of the supplementary information (SI).
Supplementary information: Experimental and procedural details, mechanistic studies, NMR spectra
(H, 1BC), single crystal X-ray diffraction analyses (tabular information, pictorial representations), and

HRMS.
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