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For many decades, selective hydrogenation of N-heterocycles using H, has been considered the exclusive
domain of d-block metals. Herein, a series of solid-state s-block metal hydrides is demonstrated to function
as transition-metal-free catalysts for the hydrogenation of quinoline, affording high yields of 1,2,3,4-
tetrahydroquinoline. Under relatively mild conditions, the catalytic performance of the representative
barium hydride (BaH,) is good enough to compete with some recently developed Fe, Co, Ni catalysts.
Moreover, this transformation is remarkably simple and does not need any sophisticated ligands, co-
catalysts, and additives compared with the existing methodology. Mechanistic studies reveal that the
quinoline substrate can activate BaH, in situ, generating a catalytically active organobarium hydride

species that effects the hydrogenation process. With the aid of theoretical modeling, the synergistic
Received 17th September 2025 io bet the Lewi idic bari ti d th | hilic hvdrid . . . lecti
Accepted 11th November 2025 scenario between the Lewis acidic barium cation an e nucleophilic hydride anion in regioselective
hydrogenation of quinoline is delineated, which shows a working principle distinct from the conventional

DOI: 10.1039/d55c07195) transition metal catalysis. These findings provide insights into the discovery of new catalysts and/or
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1. Introduction

1,2,3,4-Tetrahydroquinoline is a common structural motif that
exists in numerous biologically active natural products and
pharmacologically relevant therapeutic agents. Because of the
significance of this scaffold in drug discovery and medicinal
chemistry, some synthetic methods such as reductive cycliza-
tion, Beckmann rearrangement, and hydrogenation of quino-
line, have been established during the past few decades.
Among these processes, selective hydrogenation of quinoline is
straightforward and promising because of its high atom effi-
ciency together with the easy accessibility of the raw material.
Relevant homogeneous or heterogeneous catalytic systems
traditionally fall under the purview of noble metals (Ir, Rh, Ru,
Pd, etc.) owing to their superior activity and selectivity.'*?
Considering the growing awareness of the toxicity and limited
availability of such metals, current research efforts focus on
using earth-abundant transition metal (Mn, Fe, Co, etc.) based
catalysts.? Particularly noteworthy is that these transition metal-
catalyzed processes often involve H-H bond cleavage to
generate a metal hydride intermediate that can play a role in
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reactivity that is complementary to that of transition metals.

facilitating hydrogen transfer to the unsaturated nitrogen
heterocycle of quinoline.?**

By virtue of their unique bonding characteristics and reac-
tion chemistry, s-block metal hydrides, either in inorganic or
organic form, have been demonstrated to show great promise in
bond activation and catalytic processes that involve N=N, C-H,
H-H, C=C, etc.” Their lack of partially filled valence d-orbitals
makes them operate through working principles different
from the transition-metal catalysis that strongly relies on
backbonding interactions toward substrate activation. In terms
of the hydrogenation of unsaturated C=C or C=N bonds,
several early reports have indicated that solid-state main group
hydrides such as KH, CaH,, and LiAlH, show limited activity for
the hydrogenation of ethylene or conjugated dienes.® However,
the reaction processes and mechanisms that are responsible for
these transformations remains obscure. Recently, break-
throughs in ligand design have enabled a series of molecular
calcium complexes to be used in catalyzing the hydrogenation
of alkenes or imines.” The key to such catalysis is suggested to
be the formation of active calcium hydride species, which can
be generated upon hydrogenolysis of the organocalcium
precursors.

Hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline is
a transformation involving both C=N and C=C bond activa-
tion, but it is also confronted with challenges arising from the
inherent aromatic stability of heteroarenes as well as the
chemo- and regio-selectivity issues. Herein, we demonstrate
a series of simple, easily accessible, solid-state s-block metal
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hydrides as catalysts for selective hydrogenation of quinoline
under mild and ligand-free conditions. Among them, barium
hydride BaH, performs extraordinarily well with both conver-
sion and selectivity higher than 99%, achieving gram scale
preparation of 1,2,3,4-tetraquinoline effectively. With a combi-
nation of experimental and theoretical studies, we find that the
key to achieving efficient hydrogenation the formation of
a soluble barium hydride active species in situ under operating
conditions, which behaves differently from the conventional
transition-metal-based systems in substrate coordination and
bond activation. This study offers an alternative class of s-block
hydrogenation catalysts, which are unlike the existing molec-
ular s-block catalysts that generally rely on specially designed
ligands to stabilize and solubilize structural motifs, and the
mechanistic insights arising from this case study would facili-
tate our understanding of catalytic hydrogenation mediated by
s-block metal elements, which is far from being on par with d-
block metal catalyzed processes.

2. Results and discussion

2 1. Catalytic performance for the hydrogenation of
quinoline and analogues

Hydrogenation reactions need the inputs of electrons and
hydrogens for activating unsaturated bonds and forming new
H-C/N/O bonds, which could be supplied by hydridic hydro-
gens.® Based on the recent success of using s-block metal
hydrides in catalyzing the ammonia synthesis reaction,’ we
initiated our studies by exploring the reactivity of simple alkali
or alkaline earth metal hydrides (AMHs) in the benchmark
hydrogenation of quinoline. In a preliminary set of experiments
with 20 mol% AMH materials (with respect to the quinoline
substrate) under 50 bar H, at 150 °C for 24 h in THF, the desired
product 1,2,3 4-tetrahydroquinoline could be obtained but with
different yields depending on AMH (Fig. 1a). It was seen that the
use of alkali metal hydrides led to almost full conversion of
quinoline, and applying alkaline earth metal hydrides showed
impressive selectivity towards 1,2,3,4-tetrahydroquinoline. The
differences likely arise from the balance between reactivity and
coordination ability of these hydrides, with alkali hydrides
being more reactive but less selective, and alkaline earth
hydrides providing better selectivity through controlled
substrate coordination. Among them, barium-containing
hydrides (BaH, and LiBaH;) perform extraordinarily well,
affording almost full conversion and excellent yield. Taking the
simple and efficient BaH, as the objective, we carried out
further optimization experiments mainly on the critical reac-
tion parameters such as solvent, temperature, pressure, and
catalyst concentration (see Tables S1 and S2). The key findings
are listed as follows: (1) even at temperatures below 100 °C and
pressures below 30 bar, 99% yield can be attained in the pres-
ence of 20 mol% BaH,; (2) applying a reduced catalyst amount
(2.5 mol% BaH,, 150 °C, and 50 bar H,) shows the feasibility of
a gram scale synthesis of 1,2,3,4-tetrahydroquinoline within 24
hours; (3) good yields (>99%) were obtained only with THF or
mixed solvents containing THF, in which the BaH, powder di-
ssolved after the reaction. In comparison, testing other strong-
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polar or non-polar solvents resulted in poor reactivity along with
the formation of colorless precipitates. Such a comparison
indicates the unique role of THF during the transformation; (4)
little conversion (<1%) was observed when carrying out the
reaction in the presence of argon instead of a hydrogen atmo-
sphere, which excludes the contributions from transfer hydro-
genation with THF or BaH,. With the above optimized
conditions in hand, the catalyst stability was then investigated.
As shown in Fig. 1b, excellent yields of 1,2,3,4-tetra-
hydroquinoline were maintained at >95% after repeating the
reaction 12 times. By comparing the reactivity of BaH, with that
of the commonly used d-block metal-based catalysts, it is seen
that such a transition-metal free compound shows comparable
performances with some of the recently developed Fe or Co
catalysts under similar reaction conditions (Table S3).

Moreover, substituted quinolines as well as other N-
heteroarenes were explored under the developed protocol for
selective hydrogenation, and the synthetic scope and limitation
are summarized in Fig. 1c. Quinolines bearing a methyl group
on either the benzene or the heteroarene ring reacted smoothly,
affording the corresponding products in high yields. The steric
effect is obvious. For the substituted quinolines with a more
sterically hindered group such as isopropyl and phenyl
substituents, longer reaction times and/or higher BaH,
concentrations were required to achieve high conversion.
Quinoline derivatives featuring acidic protons such as
hydroxyquinolines and aminoquinolines are not amenable to
hydrogenation under catalytic conditions; however hydrogena-
tion can be carried out when the protons are replaced. For
example, N,N-dimethylquinolin-8-amine can be selectively
converted to the hydrogenation product in good yield. The
tolerance of this catalytic protocol was further studied by
exploring several quinolines bearing redox-sensitive substitu-
ents such as nitrile, ester, ketone, but no desired product was
observed. This could be due to the tendency of acidic protons or
reducible groups to react with hydridic hydrogen on the cata-
lyst, forming stable organobarium salts that do not work for
hydrogenation. Finally, other N-heteroarenes such as iso-
quinoline, benzo(k)quinoline, and acridine were hydrogenated
selectively with the present catalytic system, and the corre-
sponding products could be obtained in good yields under
optimized conditions.

2 2. Identification and characterization of the catalytically
active species

The efficacy of BaH, in selective hydrogenation of quinoline
motivated us to identify and determine the actual catalytic
active species that could evolve in situ under working condi-
tions, especially considering that the reactivity of solid saline
hydrides can be increased by taking them out of their crystal
lattice and bringing them into a soluble form." Indeed, such
a hypothesis can be partially supported by our experimental
observation: the initially insoluble BaH, powder “disappeared”
and a yellowish-brown solution appeared at the end of the
reaction, indicating the formation of soluble Ba species during
hydrogenation. To better understand the reaction process, we

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Catalytic performance. (a) 1,2,3,4-Tetrahydroquinoline yield of a series of s-block metal hydrides for the hydrogenation of quinoline.
Reaction conditions: quinoline (4 mmol), AMH (20 mol%), THF (8 mL), H, (50 bar), 150 °C, 48 h for LiH, NaH, and KH, 24 h for BaH,, SrH,, and
LiBaHs; yield of 1,2,3,4 tetrahydroquinoline was calculated by GC using dodecane as the internal standard. (b) Long-life catalytic performance of
the BaH,-catalyzed hydrogenation of quinoline. (c) Substrate scope of selective hydrogenation over the BaH, sample. Reaction conditions:
substrates (4 mmol), BaH, (2.5 mol%), THF (8 mL), H, (50 bar), 150 °C, 24 h; 248 h; ®72 h; “BaH, (20 mol%). Yield of the product is given.

recorded the time course of quinoline conversion and 1,2,3,4-
tetrahydroquinoline yield over BaH, sample. As depicted in
Fig. 2a, the formation of the desired product follows the
significant consumption of quinoline (around 40% conversion),
and the maximum difference occurs at the initial stage of the
reaction (0-2 h), which indicates that BaH, experiences
substrate-induced activation before catalyzing the synthesis of
1,2,3,4-tetrahydroquinoline. Unfortunately, attempts to isolate
and characterize the in situ generated active species were not
successful, as with most of previous studies on s-block metal
mediated catalytic hydrogenations.'" This is mainly due to their
sensitivity towards ligand exchange and hydrolysis leading to
a mixture of species with undefined nature. However, we found
that, with proper pretreatment, BaH, can be activated for the
selective hydrogenation of quinoline. Fig. 2b shows that
a treatment of BaH, with excess quinoline in THF at 150 °C for
2 h can lead to the immediate production of 1,2,3,4-tetra-
hydroquinoline at the beginning of hydrogenation, which
eventually reaches similar levels before approaching full
while no 1,2-dihydroquinoline is detected
throughout the reaction. These results prompt us to propose
quinoline-activated BaH, as the potential active species for the
selective ~ hydrogenation of quinoline to  1,2,3,4-
tetrahydroquinoline.

The composition and structure of such reactive species were
analyzed by spectroscopic characterization and theoretical
simulation. As shown in the inset of Fig. 2b, a visible color
change was observed upon activating BaH, with excess quino-
line in THF, and the corresponding UV-vis spectrum displays
a new absorption peak centered at ca. 412 nm, which might be

conversion,

© 2025 The Author(s). Published by the Royal Society of Chemistry

relevant to the formation of 1,2-dihydroquinoline species
according to the previous literature reports.”” Meanwhile, the
"H NMR spectrum of the activated BaH, also displays a set of
new peaks similar to that of 1,2-dihydroquinoline but without H
resonance of the -NH group (Fig. S1 and the blue line in Fig. 2c).
These results indicate that during the activation treatment,
a certain 1,2-dihydroquinoline barium salt was formed via a 1,2-
addition pathway involving Ba addition to 1-position nitrogen
and hydride addition to 2-position carbon of the quinoline, as
depicted in eqn (1).

\ B
BaH, + m—» ©\/ﬁj We (1)

BaZ+

This is consistent with the previous observation on the
reactivity of s-block metal hydrides with N-heterocycle
compounds.” Moreover, the formed 1,2-dihydroquinoline
barium salt can be trapped by reacting with pinacolborane
(HBpin), where the exclusive production of N-borylated-1,2-
dihydroquinoline again evidences the 1,2-addition of BaH, to
quinoline (red line in Fig. 2c and eqn (2)).

N + HBpin—> m
) e . @)

)
Ba?* BPin

Upon hydrogenation with H,, the 1,2-dihydroquinoline
species bound to barium can be converted to 1,2,3,4-tetra-
hydroquinoline (black line in Fig. 2c and eqn (3)).

Chem. Sci.
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Fig. 2 Characterization of the catalytically active species. (a) Time course of quinoline conversions and 1,2,3,4-tetrahydroquinoline yields over
the BaH, sample. Reaction conditions: quinoline (4 mmol), BaH, (20 mol%), THF (8 mL), H, (50 bar), 100 °C; (b) time course of 1,2,3,4-tetra-
quinoline yields over BaH, activated with quinoline in THF solvent under 9 bar Ar and 150 °C for 2 h. The inset picture and figure show the color
change and the corresponding UV-vis spectra of BaH, before and after quinoline activation. The reaction conditions remain the same as in (a); (c)
1H NMR spectra for the activation of BaH, with quinoline at 150 °C in THF solvent (blue line), the reaction of quinoline-activated BaH, with HBpin
at room temperature (red line), and the reaction of quinoline-activated BaH, with H, at 150 °C (black line); (d) FT-IR spectra of quinoline-
activated BaH,, quinoline-activated BaD,, and quinoline-activated BaH, after being exposed to air (denoted as activated BaH, (air)), and pristine
BaH, samples. The peaks observed in the 1800-1200 cm ™! region correspond to the stretching vibrations of C=C, C-C, and C-N of the 1,2-

dihyroquinolyl group.

(3)

m 9+H2_>©\/j
N~ H N
2+
a H

B

Our FT-IR observation confirms that hydride species is still
bound to barium within the quinoline-activated BaH,. As
shown in Fig. 2d, it exhibits a Ba-H stretching vibration
centered at 1072 c¢cm ', which is confirmed by the Ba-D
stretching band (peak frequency: 794 ecm™ ') in the deuterated
sample. Note that hydride species are commonly air- or
moisture-sensitive, and hence the corresponding Ba-H peak
would disappear after being exposed to air. When compared to
pristine BaH,, a similar Ba-H stretching range can be observed
but somehow with a blue shift, which might be attributable to
the activation treatment that leads to a shortened Ba-H bond
after the formation of the Ba-N bond. As a supplementary proof,
the hydride species also appears in the "H NMR spectrum of

Chem. Sci.

quinoline-activated BaH, in THF-dg, with a singlet resonance at
9.14 ppm (Fig. S2). Such a chemical shift is consistent with
typical barium hydride complexes which feature hydride reso-
nances in the range of 7.9-10.4 ppm.* In addition to the di-
hydroquinolyl and hydrido species, such activated Ba species
may further coordinate with THF by sharing the electron pair on
oxygen, especially considering its unique solubility in THF-
containing solvent. Nevertheless, no obvious change in the 'H
NMR spectrum was observed between the coordinated THF and
excess free THF, probably because their fast exchange would
average out the chemical shifts. Given the results described
above, the active species involved in the catalytic cycle were
proposed to be a soluble barium cluster coordinated with
hydrido, 1,2-dihydroquinolyl, and THF groups. Those experi-
mental findings provide the basis for building a reasonable
catalyst model, by which a relatively accurate mechanistic study
can be carried out by means of theoretical simulations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 3. Mechanistic investigations and kinetic analyses

Although the use of s-block metals in catalysis has attracted
increasing interest in the past two decades, the corresponding
mechanistic studies are scarce. This is partly due to the dynamic
behavior of these catalytic systems, which makes them difficult
to isolate and characterize. In our preliminary theoretical study,
a series of monomeric barium complexes were screened to
simulate the catalytically active center, considering that less
crowded monomeric species are easily accessible by reactants
and intrinsically more reactive than dimers or larger aggre-
gates.” Taking into account the above experimental findings,
a relatively stable monomeric Ba(H)(1,2-DHQ)(THF), cluster
consisting of one hydride, one 1,2-DHQ, and four coordinating
THF molecules was identified as the potential active center for
catalytic quinoline hydrogenation (Fig. 3a). Its optimized
structure shows a Ba-H bond length (2.60 A) slightly shorter
than that of BaH, (2.61-3.02 A), which correlates well with our
FT-IR observation of a weak blue-shift effect (Fig. 2d). Based on
this model catalyst, the full free energy diagram for the hydro-
genation of quinoline was mapped out using DFT calculations
(Fig. 3b). Generally, it is seen that the Lewis acidic barium
cation and the reactive hydride group work collaboratively to
mediate the hydrogenation cycle and hence serve as the active
components of the catalyst, whereas the coordinated 1,2-DHQ
anion and THF act as innocent spectators.

The catalytic cycle starts with the activation of quinoline
through the facile dissociation of a coordinated THF (0 — 1),
where the electronegative nitrogen atom of the heterocyclic ring

(@)
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coordinates to the barium center, largely determining the
regioselective outcome of the catalytic event. What follows is an
inner-sphere transfer of the hydride to 2-position carbon of the
coordinated quinoline substrate, forming the thermodynami-
cally more favorable complex 2 via the transition state TS;_,.
After the migratory insertion of C=N to the Ba-H bond,
a vacant coordination site becomes available for dihydrogen.
The intermediate 2, bearing a strongly polarized Ba®—N°~
bond, behaves like an intramolecular frustrated Lewis pair and
can cause the heterolytic cleavage of the H-H bond through
a concerted o-bond metathesis process, in which a polarized
four-center transition state (TS,_3) is proposed to explain the
regeneration of the catalytically active barium hydride species.
This hydrogenolysis step (2 — TS,_3 — 3), with a free energy
barrier of up to 19.2 kcal mol™", was identified as the rate-
determining step (RDS) of the whole catalytic cycle. Such
a mechanistic feature not only correlates with our observation
that applying high H, pressure promotes the selective hydro-
genation of quinoline, but also can be supported through
a combined experimental and theoretical analysis of the inverse
H/D isotope effect in the hydrogenation process.'® Experimen-
tally, we identified a characteristic inverse isotope effect (kg /kp,
= 0.68) when H, was replaced by D, in the reactant stream
(Fig. 4a). This is consistent with the theoretical predictions, in
which an inverse H/D isotope effect related to H, splitting (2 —
TS, 3 — 3) as the RDS is confirmed (the corresponding detailed
information is shown in Fig. S3 and Table S4). By contrast,
a normal isotope effect (kgo_n/kpap = 1.03) was observed when
BaD, instead of BaH, was used as the catalyst precursor
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5 ) SH s 5 H-Ba-L
E ~ %a-t B B‘E' AL
Ei SH (5 o ':‘"B:"“;'- N \
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o O

Fig. 3 Mechanistic study. The simulated active cluster (a), the calculated free energy profile (b), and the geometries of transition states TS;_, and
TS,_3 (c) for the quinoline hydrogenation with the BaH, precatalyst. AG values at 150 °C in kcal mol ™! are corrected for THF solvent effects. The
1,2-DHQ anion and THF substituents of 0 are simplified as “L" in the reaction pathway. In the geometries shown, only hydridic H atoms and

coordinated dihydrogen are shown and the distances are in A.
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Fig. 4 H-D kinetic isotope effect observed in 2-methylquinoline hydrogenation at 150 °C and 50 bar H,. (a) Plot of relative conversion vs.
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conditions.

(Fig. 4b), suggesting that the hydride transfer step may not be
the kinetically slowest step. Indeed, kinetic calculations on the
hydride transfer step (1 — TS;_, — 2) of the proposed reaction
pathway also predict a normal isotope effect.

Intriguingly, the hydrogenated intermediate 3 tends to
undergo a structural rotation forming intermediate 4 through
coordination of the C=C bond to the metal center. This leads to
polarization of the m-electron density of the C=C bond, thus
giving an incentive for hydride nucleophilic attack. The second
hydride transfer step (4 — TS, — 5) occurs in a manner
similar to the first hydride transfer step (1 — TS;, — 2), but
with the formation of a Ba-C bond after insertion of C=C
moieties into the Ba-H bond. Likewise, this affords a vacant
coordination site for activating another dihydrogen molecule.
The polarized nature of the Ba**~C®~ bond in intermediate 5
allows the subsequent heterolytic cleavage of H, to proceed
through the assembly of a polarized four-center transition state
TSs6. Such a o-bond metathesis step finally gives the

(a)

hydrogenation of C=C bond
and formation of py-THQ
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H-H

heterolytic cleavage

insertion

hydrogenated product 1,2,3,4-tetrahydroquinoline, while reg-
enerating the starting barium hydride complex.

According to the proposed reaction mechanism, it can be
learned that the working principle of the Ba**-X’~ (X = H, C, N)
unit towards C=N, C=C, and H-H bond activation is mainly
dictated by the Lewis acidity of the electropositive metal cation
as well as the basicity and nucleophilic nature of the bound
electronegative substituent, X. As a consequence, the catalytic
activity of this organobarium hydride complex is not based on
redox chemistry but instead relies on basic dipolar trans-
formations. Within the catalytic cycle, the polarized Ba®*-X°~
bonds tend to engage in a succession of two key elementary
steps (Fig. 5a), that is (1) Ba’*~H’~ induces the polarization of 7-
electrons of the unsaturated C=C/C=N bond to facilitate
hydride nucleophilic attack; (2) Ba®~N°/Ba’~C°~ leads to
heterolytic cleavage of the o-bonded H-H via ¢-bond metath-
esis, wherein regeneration of reactive hydride species does not
involve oxidation or reduction of the metal site. These

(b)
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>
N

HH H-TM-H
homolytic cleava&f/ coordination

oxidative
addition

7\

™ N

™

/AR

\ H H
reductive
elimination

TI\III—H
A H_N
hydrogenation of C=C bond w

and formation of py-THQ

Fig. 5 Proposed reaction models for the hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline (py-THQ) over the alkali or alkaline earth
metal hydride complex (H-AM-L) catalyst (a), and transition metal (TM) catalyst (b).
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mechanistic features markedly set this organobarium hydride
catalyst apart from the conventional transition metal (TM)-
based hydrogenation catalysts, in which a series of redox
steps such as oxidative addition and reductive elimination, as
well as homolytic cleavage of H, are usually involved in the
reaction pathway (Fig. 5b). This is understandable since the lack
of partially filled valence d-orbitals make s-block metals
generally favor only one oxidation state (+II for barium), which
limits their reactivity to redox-neutral pathways. To be specific,
transition metal catalysts are able to backdonate d-electrons in
antibonding orbitals, thus activating the substrate. In contrast,
the reported organobarium hydride catalyst principally reacts
through Lewis acidic substrate polarization followed by nucle-
ophilic attack.

Heavier alkaline earth metals such as Ca, Sr, and Ba are
characterized by their high electropositivity and polarizability,
and hence normally rely on the Lewis acidity of the metal center
to bind the reaction substrate via electrostatic interactions."”
Such an electrostatic activation mode can be reflected by the
interaction between quinoline and barium illustrated in Fig. 3b,
which features electrostatic Ba**---N°*=C®~ or Ba*"---C*"=C’~
contacts. Nevertheless, there are reports highlighting the rele-
vance of the inner (n — 1)d orbitals of heavier alkaline earth in
covalent bonding during substrate activation, despite the fact
that these empty d-orbitals are relatively high in energy. This is
exemplified by several recent observations such as N, activation
at low-valent calcium and benzene activation in Ba(benzene);.*®
These intriguing findings encouraged us to delve deeper into
the bonding situation of the reported organobarium hydride for
quinoline activation. Herein, the energy decomposition with
natural orbitals for chemical valence (EDA-NOCV) analysis was
performed to unravel the key interactions in 1 and 4. Table 1
reports the computed interaction energy (AEj,) and its
decomposition into Pauli (AEp,y;), dispersion (AEg;sp), electro-
static (AEejsear), and orbital (AE,,) interaction energy compo-
nents. The results reflect a high degree of electrostatic character
in the interaction between barium and nitrogen of quinoline

Table 1 Results of the EDA analysis of intermediates 1 and 4. The
energy values are given in kcal mol™. The values in parentheses
represent the percentage contribution to the total attractive interac-
tions (AEeistat + AEorp)

Fragments AEin:  AEpaui AEdisp AEistar AEqp

H-Ba-L
Wi/\l‘
N
| —-21.7 465  -10.4

—23.9 (65.3%) —12.7 (34.7%)

4
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(1), as well as the interaction between barium and carbon of 1,2-
dihydroquinoline (4). Further NOCYV orbital projections indicate
a small but discernible covalent contribution associated with Ba
5d orbital participation (Table S5).

3. Conclusion

In summary, selective hydrogenation of quinoline to 1,2,3,4-
tetrahydroquinoline with catalytic instead of stoichiometric
quantities of alkali or alkaline earth metal hydrides is demon-
strated, among which BaH, performs relatively active and stable
under mild conditions. Its simplicity and facile synthetic
accessibility make BaH, stand out from the recently developed
metal-based catalysts, which generally require the utilization of
sophisticated ligands or construction of special structure
during catalyst preparation. Experimental studies suggested
that solid-state BaH, is merely a catalyst precursor, which can
be in situ transformed into a more active soluble barium
hydride species upon reaction with the quinoline substrate. The
mechanistic function of each component of this catalytic active
species is delineated by simulating the whole reaction pathway,
in which a different substrate activation mode from the tran-
sition metal catalysis is highlighted. Additionally, the simulated
kinetic performances agree well with the experimental results,
strengthening the rationality of the proposed reaction mecha-
nism. The scientific findings derived from this study would be
conducive to the design of s-block metal hydride compounds
aimed at fine-tuning their reactivity and related catalytic
applications.

4. Materials and methods

4 1. General information

All material handling was performed in a glovebox filled with
purified argon to maintain a low water vapor concentration (<1
ppm) and a low oxygen concentration (<1 ppm). H, (99.999%),
D, (99.999%), and Ar (99.999%) were purchased from Dalian
Special Gas Co., Ltd. All reagents were obtained commercially
from various chemical companies and were used without
further purification, unless otherwise mentioned. Dry and
oxygen-free solvents (THF, toluene, benzene, cyclohexane, 1,4-
dioxane and 2-methyltetrahydrofuran, methylcyclohexane and
n-hexane) were dried over 4 A molecular sieves before use.
Deuterated organic solvents (THF-dg) were purchased from J&K
and dried over sodium/potassium alloy.

4 2. Materials preparation

BaH, or SrH, was synthesized via hydrogenation of barium
metal (Macklin, =99% trace metals basis, shot diameter: ~2
cm) or strontium metal (Aladdin, =99.5% trace metals basis) at
20 bar H, pressure and room temperature for 2 days followed by
heat treatment at 400 °C for 5 h. The corresponding deuteride
samples were obtained following a similar approach, except
that hydrogenation was carried out in pure D, instead of H,.
LiBaH; was synthesized by ball milling a mixture of LiH and
BaH, solid powders in a molar ratio of 1 : 1 at room temperature
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under an an argon atmosphere for 12 h. All of these alkali and
alkaline earth metal hydrides, including the synthesized BaH,
and LiBaHj; as well as the purchased LiH (Alfa, 99.4%) and NaH
(Alfa, 57-63% oil dispersion), were ball-milled in an Ar-filled
vessel on a Retsch planetary ball mill (PM 400) at 200 revolu-
tions per minute (rpm) for 3 h before the hydrogenation test.

4 3. Characterization

Fourier transform infrared (FTIR) measurements were con-
ducted on a Brucker Tensor II unit with a scan resolution of
4 cm™ ' and an accumulation of 32 scans per measurement. UV-
visible spectra measurements were conducted on a Jasco V-750
spectrometer in diffuse reflection mode. An airtight sample cell
was used to avoid air exposure. Solution NMR spectroscopy was
performed at room temperature on a JEOL spectrometer oper-
ating at 400 MHz. Solution "H NMR spectra were recorded with
THF-dg as the deuterated reagent. GC-MS measurements were
performed on a Shimadzu GCMS-QP2020 NX with an Electron
Ionization (EI) source. Gas chromatography (GC) analyses were
conducted on a Fu Li 9790-II equipped with a flame ionization
detector (FID) and a capillary column (OV-1701). To determine
the GCyield, calibration curves were generated using dodecane
as the internal standard.

4 4. Catalysis

4 4 1. General procedure for hydrogenation of quinoline
and analogues. The standard hydrogenation procedure was
conducted as follows, unless otherwise noted. In a glovebox,
a stainless-steel autoclave (25 mL) equipped with a quartz liner
and a quartz oval magnetic stirring bar was charged with
substrates, solvents, alkali or alkaline earth metal hydrides,.
The autoclave was then sealed and moved out of the glovebox.
The reaction mixture was stirred and then heated from room
temperature to the desired temperature. Afterwards, the auto-
clave was flushed with H, three times and pressurized to the
desired value for a specific duration time. Upon completion of
the reaction, the autoclave was cooled down to room tempera-
ture and the remaining gas was carefully released. The crude
reaction mixture was filtered and further extracted with a satu-
rated solution of NaCl. The organic layer was separated and
analyzed by GC and GC-MS with dodecane as the internal
standard.

4 4 2. Gram scale reaction. In 50 mL autoclave, quinoline
(8 mmol, 1.03 g) with BaH, (0.4 mmol, 56 mg) was mixed with
16 mL THF. The autoclave was flushed with hydrogen gas thrice
and pressurized to 50 bar H,. Then, the autoclave was heated at
150 °C for 24 h. At the end of the reaction, the autoclave was
cooled down to room temperature and the remaining hydrogen
was released. Finally, the reaction mixture was extracted and
analyzed by GC to determine the yield.

4 4 3. Long-life catalytic performance test. In a glovebox,
BaH, (0.4 mmol, 56 mg) was added to a solution (16 mL THF)
containing quinoline (2 mmol, 236 pL) in a 50 mL autoclave.
The autoclave was flushed with hydrogen gas thrice and pres-
surized to 50 bar H,. After heating at 150 °C for 24 h and GC
measurement, another batch of quinoline (1 mmol, 118 pL) in
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0.5 mL THF was added to the reaction system to continue
evaluating the catalytic activity. This process was repeated 12
times.

4 5. Calculations

DFT calculations were performed with the Gaussian 09 package.
The molecular geometries of all complexes were optimized at
the B3LYP-D3 (BI) level with the SMD solvent model for THF.
The SDD basis set was used for the Ba atom, and the def2-SVP
basis set was used for other atoms. Frequency calculations at
the same level of theory were also performed to identify all the
stationary points as either minima (zero imaginary frequencies)
or transition states (one imaginary frequency) and to obtain free
energies at 150 °C. The intrinsic reaction coordinate (IRC)
analysis was carried out to confirm that all stationary points are
smoothly connected to each other. EDA-NOCV analyses were
additionally performed using the ADF (AMS 2023) program at
the BP86/TZ2P level with scalar relativistic ZORA corrections.
Neutral moieties, [H-Ba-L] and the corresponding ligand
(quinoline or 1,2-dihydroquinoline), were defined as the inter-
acting fragments, and the frozen-core approximation was
applied to the [1s-4d] shells of Ba.
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