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Marvelous natures of alkali and alkaline earth metal hydrides in catalyzing

chemical transformations are being discovered. However, the synthesis of
(sub)nanostructured metal hydrides, critically important to enhance their
catalytic performances, is yet a very challenging task. Herein, we develop

a highly reactive heterogeneous catalyst comprising atomically dispersed
barium hydrides on MgO support with an ultrahigh barium loading of up

to 20 wt% via a convenient preparation method involving liquid-ammonia
impregnation followed by hydrogenation. The surface barium hydride species
not only exhibits extraordinary reactivity toward H, activation at room tem-
perature, but also enables the highly efficient hydrogen isotope exchange
(HIE) of both sp® C-H and sp? C-H bonds in nonactivated alkylarenes using
D, as the deuterium source under mild conditions. The deuteration rate

at benzylic site is two orders of magnitude higher than that of bulk BaH,. This
study offers an alternative synthetic route for the manufacture of deuterium-
labeled compounds using a heterogenous transition metal-free hydride cata-

lyst beyond the widely studied molecular metal complexe catalysts.

Owing to the unique properties and functionalities of hydridic
hydrogen (H"), metal hydrides have shown great promise in many
important processes such as energy storage and hydrogen-involved
chemical transformations”. The physicochemical properties of metal
hydrides are closely related to the change in their structures. For
example, studies have shown that the H, desorption enthalpy
decreases as particle size decreases®*. Hence, a promising approach
for tuning the properties of a metal hydride is to engineer its (sub)
nanostructure. Surface organometallic chemistry has been demon-
strated as a powerful and universal technology for the synthesis of
well-defined transition metal hydrides on a solid surface®®.

Nevertheless, (sub)nanostructuring of other types of important metal
hydrides, e.g., the alkali and alkaline earth metal hydrides, remains
highly challenging due to the lack of suitable synthetic methods. The
development of methodologies for the fabrication of (sub)nanos-
tructured metal hydrides is of vital importance for enhancing their
performances in hydrogen-involved chemical transformations.
Among hydrogen-involved reactions, hydrogen isotope exchange
(HIE) is the straightforward approach to synthesize deuterium (or tri-
tium)-labeled organic compounds’”® that are widely utilized for
mechanistic studies'’, metabolic process”, and new drugs or materials
discovery”. Both homogenous and heterogenous catalytic
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approaches for HIE have been investigated using various deuterium
sources (Fig. 1). Major efforts have been directed towards exploring
the molecular complexes of transition metals as catalysts'*™", where
the modulation of ligands allows for the control of both activity and
regioselectivity. In addition, HIE catalyzed by transition metal-based
heterogeneous catalysts is highly attractive because of the advantages
in product separation and purification. For example, Beller et al.
reported Fe'® and Mn-based" heterogeneous catalysts for deuteration
of (hetero)arenes using D,0, showing the potential of cheap metals for
HIE reaction. In a recent study, Copéret et al. developed an H/D
exchange catalyst based on supported iridium nanoparticles®, with
high chemo- and regioselectivity under mild conditions. Supported
Ru® or Pd**?* nanoparticles also achieved selective deuteration of
some other valuable substrates, such as alcohols, aldehydes, and ole-
fins. Besides, well-defined surface transition metal hydrides or bime-
tallic complexes on oxide supports have been proven to be an efficient
catalyst system, particularly toward the deuteration of the non-
activated sp® C-H and sp? C-H bonds* %, Alternatively, main group
compounds, typically exhibiting limited hydrogenation capability,
have been explored intermittently as HIE catalysts/mediators over the
years”?’!, Recently, an assortment of molecular amides of alkali and
alkaline earth metals (Na, Cs, and Ba)*>* have displayed improved
deuteration efficiency and selectivity, where certain transient hydride
species may form during the reaction. Besides, some metal oxides® %,
such as MgO and SiO,/Al,03, have been used in catalyzing HIE of ali-
phatic hydrocarbons, albeit the activity is very low under mild condi-
tions. Moreover, bulk metal hydrides™ also show limited reactivity and
are considered difficult to achieve catalytic cycle due to their low
specific surface area and high lattice energy.

Herein, we present a convenient method for preparing a main
group catalyst, i.e., atomically dispersed barium hydride supported
on MgO (denoted here as BaH/MgO). This catalyst enables the
selective deuteration of benzylic and aromatic C-H bonds in a range

of alkylarene substrates at room temperature using deuterium gas
(D,) as the deuterium source, which has garnered increasing atten-
tion as an alternative model for tritiation studies’. The turnover
frequency of benzylic HIE of toluene on the BaH/MgO catalyst sur-
passes those of the best catalysts reported so far. Mechanistic study
indicates the reactive barium hydride species shows multifaceted
functionalities in deprotonation of sp*> C-H bonds and nucleophilic
attack on the sp? C atoms leading to regioselective products con-
trolled simply by changing reaction time or reaction temperatures.
This study not only reports a simple method for preparing sub-
nanostructured metal hydride catalysts, but also offers an efficient
and complementary synthetic route to obtain deuterated (or tri-
tiated) alkylarenes under mild conditions. Furthermore, the role of
alkali and hydridic hydrogen may provide new insight for future
explorations of new functionalities of hydrides in chemical
transformations.

Results and discussion

Synthesis and characterization of atomically-dispersed
BaH/MgO

Magnesium oxide (MgO), exhibiting basic properties, is compatible
with alkali or alkaline earth metal hydrides, and thus was selected as a
support for dispersing metal hydrides. Herein, the MgO support was
prepared by calcinating magnesium oxalate in a flow of argon at 550 °C
for 5 h*°. The obtained MgO has a porous structure with a high specific
surface area of ca. 215 m? g (Supplementary Fig.1). As shown in Fig. 2a,
the BaH/MgO was prepared by deposition of Ba(NH,), on MgO fol-
lowed by hydrogenation of Ba(NH,), to BaH species. The pretreated
MgO support was impregnated with a barium-ammonia solution in a
custom-designed reactor equipped with the observation window,
where metallic barium metal can convert to barium amide (Ba(NH,),).
The Ba(NH,),/MgO sample was obtained after removing the excess
ammonia through evacuation. At 300 °C in flowing H,, the Ba(NH,),/
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Fig. 1 | Different materials for HIE reaction. Selected approaches toward H/D exchange of aromatic substrates exhibiting various regioselectivities (steelblue spots:

deuteration of the benzylic site; orange spots: deuteration of the aromatic site).
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Fig. 2 | Synthesis and structural characterizations of the 20 wt% BaH/MgO
sample. a Synthetic scheme of the atomically dispersed barium hydride on MgO
support. b XRD patterns of bare MgO, BaH, and BaH/MgO. ¢ A typical HR-TEM
image of BaH/MgO. White arrows indicate the lattice spacing (0.247 nm) between
the (111) planes of MgO. d AC-HAADF-STEM micrograph of BaH/MgO with a scale
bar of 2 nm. e HAADF-STEM image and EDX elemental mappings of BaH/MgO.

Chemical shift [ppm]

f EXAFS spectra of BaH/MgO and a BaO reference at the Ba-L; absorption edge.
g Solid-state "H NMR spectra of BaH,, MgO and BaH/MgO. The signals in the spectra
of MgO at —0.7 ppm and -1.4 ppm are ascribed to isolated hydroxyl groups®.
Pristine BaH, shows two peaks at 9.7 ppm and 10.6 ppm, which are attributed to the
hydrides (H") occupying two nonequivalent sites, i.e., tetrahedral (Hy) and octa-
hedral (Ho) sites®*.

MgO can be hydrogenated to BaH/MgO with the release of NH;
(Supplementary Fig. 2). According to the inductively coupled plasma
optical emission spectroscopy (ICP-OES), the loading of Ba in
BaH/MgO was 21 wt%, which is close to its nominal content of 20 wt%
(Table S1). X-ray diffraction (XRD) pattern (Fig. 2b) of BaH/MgO
showed only the diffraction peaks of MgO support, suggesting that
barium species is amorphous or highly dispersed on MgO. To examine
the structural features of the sample, transmission electron micro-
scopy (TEM) was carried out. MgO nanocrystals with the (111) plane as
the main exposed facet can be observed (Fig. 2c), whereas no barium
crystal particles are present (Supplementary Fig. 3a), consistent with
the XRD result. The aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-STEM) was
then used to confirm the presence and location of barium at sub-

nanometer resolution. As shown in the AC-HAADF-STEM images
(Fig. 2d and Supplementary Fig. 3b, c), barium appeared as high-
density bright dots. This indicates that barium is highly dispersed over
the MgO support. Energy-dispersive X-ray (EDX) analysis (elemental
mapping) further proves that the Ba species are evenly distributed
throughout the whole support domain (Fig. 2e). Extended X-ray
absorption fine structure (EXAFS) spectroscopy is very sensitive to the
local microenvironment and coordinative structure of metal atoms.
Accordingly, the Ba-L; edge spectra for BaH/MgO and a BaO reference
are shown in Fig. 2f. The prominent peak at 2.3 A in BaH/MgO can be
attributed to the first Ba-O coordination shell, akin to those observed
in BaO, suggesting an interaction between barium and MgO. The
absence of a peak at the typical Ba-Ba distance of 3.6 A suggests that
Ba atoms are spatially isolated on MgO*"*%, Solid-state 'H nuclear
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Fig. 3 | H,-D, isotopic exchange and selective deuteration of toluene using
BaH/MgO. a H,-D, isotopic exchange activity on BaH/MgO and BaH,. H,-D,
exchange reactions were performed in a flow reactor at 25 °C. The flow rate of D, or
H, was 30 mL min™ and the HD product was probed by its signal at m/z =3 using a
mass spectrometer. b A comparison of the average deuteration rate of benzylic
C-H bonds over BaH, and BaH/MgO, respectively. Reaction conditions: 0.2 M
toluene in cyclohexane, 6 bar D,. Ten mol% of BaH, with respect to toluene was
used to conduct the experiment under 120 °C within 6 h, whereas 1 mol% BaH
loading of BaH/MgO with respect to toluene was used under 25 °C within 1 h. ¢ Time
dependence of deuterium incorporation into toluene catalyzed by BaH/MgO

with D, pressure of 6 bar at 25 °C. One mol% BaH loading with respect to toluene
was used. The lines were added to guide the eye. d A comparison of intrinsic
deuterium incorporation rates of C-H bonds at different sites of toluene on BaH/
MgO. Reactions were performed using 0.2 M toluene in cyclohexane and 6 bar of D,
at 25°C. BaH loading with respect to toluene was 1 mol%. The initial rates were
obtained by the differential of the fitted trend line in Fig. 2c (see Supplementary
Section 3.2). e Influence of D, pressure on the deuterium incorporation rates of
benzylic C-H bonds in toluene. f Influence of toluene concentration on the deu-
terium incorporation rates of benzylic C-H bonds in toluene. Error bars in the
figures are the standard deviation.

magnetic resonance measurements were employed to identify the
existence of hydride in BaH/MgO (Fig. 2g). The BaH/MgO sample
shows two peaks centered at 9.6 ppm and 0.7 ppm, respectively. The
relatively broad peak at 0.7 ppm should be attributed to the H* of
hydroxyl groups on the sample*’. Minor discrepancies in the OH sig-
nals between BaH/MgO and bare MgO could stem from the modified
surface chemical microenvironment and basicity***, resulting from
the presence of Ba species on the surface of MgO or the partial for-
mation of Ba—OH. The other peak of BaH/MgO centered at 9.6 ppm
was similar to that of Ba-H in bulk BaH.. It should be noted that the
interaction between BaH, and MgO may change the chemical shift of
Ba-H bonds, leading to the difference of solid-state 'H NMR spectra of
BaH/MgO and BaH, observed in this study. In addition, we performed
FT-IR to probe the signal of Ba-H vibration. As shown in Supplemen-
tary Fig. 4, BaH/MgO showed a broad peak centered at 1062 cm™,
which is in accordance with the stretching vibration of Ba-H bonds in
bulk BaH,. Upon deuteration, for both BaD/MgO and BaD, samples,
the vibration signal at 1062cm™ disappeared, and a new peak at
783 cm™ was observed. The wavenumber shifted from 1062 cm™ to
783 cm™ upon deuteration is consistent with the influence of an iso-
topic effect, which serves as another experimental evidence to confirm
the presence of Ba-H(D) moieties. Compared to bulk materials, the
supported samples show different coordination modes, which can be

attributed not only to size effect, but also to modifications in the
chemical microenvironment of hydridic species.

Selective deuteration of toluene catalyzed by BaH/MgO
Initially, we investigated dihydrogen activation on BaH/MgO by per-
forming H,-D, exchange experiment in a flow reactor at 25°C and
1bar pressure. A flow of D, or H, was fed to the sample alternately and
the transient gas products were probed by an on-line mass spectro-
meter. As shown in Fig. 3a, once D, was introduced to the reactor, the
formation of HD was immediately observed. At this point, the signal of
HD grows sharply to a maximum, after which it decreases over a short
period due to the complete exchange of hydrogen in BaH/MgO by
deuterium. This itinerary production of HD by alternate feeding of D,
and H, evidences the high dihydrogen activation ability of BaH/MgO at
ambient conditions. In contrast, bulk BaH, and bare MgO support do
not show detectable H/D exchange activity under ambient conditions
(Supplementary Fig. 5). This indicates that the high dispersion of BaH,
and the interaction between BaH, and MgO are essential for hydrogen
activation.

As mentioned above, developing efficient HIE methods and cat-
alysts for inert C-H bonds of aromatics without the aid of directing
groups comes at the forefront***, Toluene (1) was used as a model
substrate to evaluate the selective deuteration of benzylic C-H bonds
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on BaH, and BaH/MgO. In a typical reaction, a solution of 1 in cyclo-
hexane was mixed with BaH/MgO powder (1 mol% BaH respect to 1) at
25°C and 6 bar of D, for a certain time. As a reference, a mixture of 1
and BaH, (mole ratio is 10 to 1) in cyclohexane was heated to 120 °C
under 6 bar of D,. After the reaction, the reaction mixture was filtered,
and analyzed by proton nuclear magnetic resonance (*H NMR), hence
the deuterium incorporation degree at a specific site of 1 was quanti-
fied by '"H NMR. It is pertinent to note that no by-products were
observed in GC analysis throughout the entire deuteration experiment
(Supplementary Fig. 6). As depicted in Fig. 3b, under these conditions,
the benzylic site of toluene catalyzed by BaH/MgO proceeds with
terrific deuteration efficiency, i.e., the average deuteration rate of 1
reached 285 molp molg,*h™? under room temperature, while BaH,
catalyzed benzylic site deuteration with a much lower rate of
0.933 molp molg, ' h™ even at 120 °C. The significant differences in
deuteration performance closely parallel the hydrogen activation
ability. Additionally, a series of control experiments (Table S2) were
conducted to determine the essential role of supported BaH species in
the superior deuteration activity. Bare MgO exhibited a toluene deu-
teration activity of 1.77 molp mole,: ' h™, in line with that reported in an
early work®®. The BaH/MgO sample either passivated in air or calci-
nated in O, at 200 °C didn’t not present any detectable activity.

The time dependence of deuteration of toluene is shown in
Fig. 3c. The deuterium enrichment of 27% was achieved in the benzylic
methyl group in just 5 min; with the increase of the reaction time to 1 h,
deuterium enrichment reached 97%. Notably, deuterium incorpora-
tion into the aromatic C-H bonds of 1 was not detectable within 1h,
supported by the result of 2H-NMR spectrum (Supplementary Fig. 7),
indicating the high regioselectivity in the HIE reaction of 1 using BaH/
MgO. Interestingly, when prolonging the reaction time to 6 h, deu-
terium incorporation into the aromatic C-H bonds was observed,
giving 22% and 12% of deuterium enrichment of meta-position and
para-/ortho-position, respectively. Note that the deuterium incor-
poration rate at the meta-site of toluene is faster than that at para- or
ortho-site. It has been known that the hydrocarbon C-H bond activa-
tion without directing groups usually proceeds via an electrophilic
pathway, and hence the electron-rich site (like ortho- or para-site)
would be more accessible than the electron-deficient meta-site*’. The
results shown here suggest a distinct reaction pathway involving a
hydride nucleophilic aromatic substitution mechanism on the BaH/
MgO catalyst (see mechanistic study section). A comparison of the
intrinsic deuteration rates at different positions of 1 is presented in
Fig. 3d. The deuterium enrichment rate of benzylic C-H bonds is 2
orders of magnitude higher than those of aromatic C-H bonds, indi-
cating the kinetic differences result in the high site selectivity at sp®
C-H bonds. Supplementary Fig. 8 displays the time dependences of
different site deuteration over the catalyst with the catalyst loading of
10 mol%, which reflects the possibility of affording the perdeuterated
toluene. The influence of D, partial pressure and toluene concentra-
tion on the deuterium incorporation activity of benzylic C-H bonds on
BaH/MgO was investigated in detail. As shown in Fig. 3e, the deuterium
incorporation rate increases from 738 molymolg,*h? to
1247 molp molg, ™ h™ with the rise of D, pressure from 3 bar to 8 bar.
On the other hand, the slight promotion of deuteration rate by the
increase of toluene concentration can be observed as well (Fig. 3f).
Based on these results, reaction orders with respect to D, and toluene
were determined to be 0.39 and 0.18, respectively (Supplementary
Fig. 9). Such small values suggest that the adsorption of toluene is
favorable on the BaH/MgO surface. After the reaction, neither could Ba
particles be observed on AC-HAADF-STEM images nor could the dif-
fraction peak of BaH, be detected by XRD (Supplementary Fig. 10a-c).
ICP-OES (Table S3) showed that barium content in the catalyst
remained unchanged. These results indicate the robust stability of
BaH/MgO catalyst during deuteration reactions under the conditions
applied. On the other hand, to rule out the possibility that molecular

Table 1| Catalyst screening of bulk or supported alkali or
alkaline earth metal hydrides

Entry Catalyst Nphme/ Temperature Reaction D enrich-
Npydride [°C] time [h] ment [%]

1 KH 10 120 6 M

2 CaH, 10 120 6 N.D.

3 NaH 10 120 6 N.D.

4 LiH 10 120 6 N.D.

5] BaH/ 100 25 1 93
MgO

6 BaH/ 100 25 1 83
MgO-bm

7 CaH/ 25 25 6 60
MgO-bm

8 NaH/ 25 25 6 77
MgO-bm

9 LiH/ 10 25 6 30
MgO-bm

General catalytic reaction conditions: toluene (43 pL, 0.4 mmol) in 2 mL of cyclohexane. Only H/
D exchange at the methyl position has been observed. The deuterium incorporation was
determined by quantitative '"H NMR by the decrease of integral intensities methyl positions
compared to the raw materials.

barium complexes may be formed and act as catalysts, we tested the
deuteration activity of a liquid reaction mixture that was collected
after treating toluene with BaH/MgO in 6 bar H, at 25 °C for 24 h. The
liquid reaction mixture was stirred for 24 h at 25 °C under 6 bar of D,.
However, no measurable deuterated products can be detected by
either 2H-NMR or 'H-NMR spectra (Supplementary Fig. 10d). This
demonstrates that the deuteration reaction using BaH/MgO is a het-
erogeneous catalytic process.

As depicted in Table S4, turnover number (TON) values were
calculated for the catalytic deuteration of the sp> C-H bonds in toluene
on BaH/MgO. The value can reach up to 285 at 25°C for a reaction
period of 1h, which is superior to previously reported molecular
complex catalysts and comparable to that of the noble metal Pd cat-
alyst at 110 °C. More interestingly, the turnover frequency (TOF) of the
BaH/MgO catalyst (285h™) is markedly higher than both homo-
geneous and heterogeneous ones by at least a factor of 10. Com-
plemented to directed protocols for sp* C-H bond deuteration, a
nondirected method for unbiased C-H bond activation has spurred
research toward transition metal-catalyzed methods very recently.
Moreover, the BaH/MgO catalyst also exhibits an outstanding HIE rate
on the sp? C-H sites of toluene. The catalytic performances such as
TONs and TOFs at room temperature in this work rival those of the
catalytic systems where heating was usually required for this H/D
exchange reaction (Table S5).

In addition, we explored the deuteration activity of other alkalies
(alkaline earth) metal hydride materials (Table 1). Various bulk alkali
and alkaline earth metal hydrides were tested for reactions of toluene
and D, at 120 °C (Entries 1-4). KH can achieve a deuterium enrichment
of 41% at benzylic position within 6 h, whereas LiH, NaH, and CaH,
showed negligible activity. The sluggish kinetics of bulk hydride
materials were attributed to their high lattice energies, which pose
significant barriers to achieving efficient catalytic activity®’. Given that
preparing supported forms of some other alkali (alkaline earth) metal
hydrides is more difficult compared to BaH,, we adopted the ball
milling method to prepare MgO-supported alkali (alkaline earth)
hydrides and compare their deuteration activity. As shown in Table 1,
BaH/MgO-bm exhibited the highest H/D exchange activity at room
temperature among ball-milled samples (Entries 6-9). Similarly, the
ball-milled CaH/MgO catalyst yielded 60% deuterium enrichment
within 6 h, while NaH/MgO-bm catalyst gave slightly higher deuterium
incorporation of 77% at benzylic position. In contrast, the deuteration
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Fig. 4 | Mechanistic study of HIE on barium hydride catalyst. a Top view of the
model of the BazHes/MgO cluster. b Calculated free energy diagram of the
deprotonation/protonation reaction pathway for the HIE at benzylic position

of toluene. c Calculated free energy diagram of the nucleophilic aromatic

substitution reaction pathway for the HIE at aromatic positions. Numbers in this
profile indicate the free energy of each intermediate or transition state. The
schematic structural models of selected intermediates and transition states are
shown above.

rate of ball-milled LiH/MgO was notably slower than that of other alkali
and alkaline earth metal hydride-supported catalysts. Therefore, the
type of alkali (alkaline earth) metal cations plays an important role in
tuning deuteration activity.

Mechanism study

Encouraged by the extraordinarily high activity of the BaH/MgO cat-
alyst for the deuteration of toluene, DFT calculations were performed
to elucidate the mechanism of deuterium incorporation into toluene
over the catalyst. A BasHg model with a stable triangle structure was
constructed on a three-layer Mg,,0,sH¢ cluster cutting from MgO(111)
surface (Fig. 4a and Supplementary Fig. 11). This model finds support
from STEM image (Fig. 2d), showing local barium densities on the
surface of the MgO to be ca. 3.3-4.5Banm™, close to the calculated
value of around 5Ba nm™ based on the BasH¢/Mg40,5He cluster
model. Two pathways have been evaluated: (1) H/D exchange involving
sp®> C-H bonds at benzylic site via a deprotonation/protonation
mechanism with Dy; (2) H/D exchange involving aromatic sp?> C-H
bonds with D,. For the deuterium incorporation into the benzylic
position (Fig. 4b), the deprotonation of the benzylic group in toluene
to form a [BasDseesCH,Ph] intermediate and HD (1 - TS-al- Int-al)
encounters a moderate free energy barrier of 19.3 kcal mol™, which
could occur under room temperature. The reaction of [BazDsessCH,Ph]
intermediate and D, to produce a deuterated benzyl group and a
restored BasDy is slightly exergonic (-3.9 kcal mol™) with a lower bar-
rier. A similar reaction pathway has been considered for the reaction of

H, and toluene mediated by KH*. On the other hand, the H/D
exchange of the sp?> C-H bonds at aromatic sites may proceed via a
hydride nucleophilic attack route. As shown in Fig. 4c, the nucleophilic
attack of hydridic D in BasDg to the sp? C of meta-, para-, or ortho- sites,
forming Meisenheimer anion intermediates (Int-bl), encounters
energy barriers of 16.6 kcal mol™, 17.4 kcal mol™, and 17.5 kcal mol™,
respectively, which may explain the order of deuteration rates, i.e.,
r(meta) > r(ortho/para) (Fig. 3¢, d). We note these energy barriers are
slightly lower than those for the deuteration of benzylic site. Generally,
the nucleophilic attack to electron-rich m-systems such as alkylarenes
is disfavored. These low energy barriers are attributed to the cation-1t
interaction between Ba*" and the aromatic rings, which reduces the
electron density on the arene and stabilizes the intermediates. It has
been reported that lithium hydride (LiH)*® and some alkaline earth
metal (Ca, Sr, and Ba) complexes****° could facilitate the hydro-
genolysis of aniline, alkylation reaction, and H-D exchange of benzene
via unusual nucleophilic aromatic substitution. The subsequent
T-shape flip (via TS-b2) of Int-b1 needs to overcome a high free energy
barrier of ca. 21.5 kcal mol™ (relative to the initial state), which likely
accounts for the lower deuteration rates at aromatic sites (Fig. 3c, d).
After the flip, the toluene with one deuterium incorporation desorbs
from the surface of the cluster. Subsequently, D, dissociation proceeds
and completes the full deuteration of substrates sequentially. In
addition, the calculated adsorption energy of toluene (-2.8 kcal mol™)
is lower than that of H, (3.1 kcal mol™), suggesting that the adsorption
of toluene is stronger than H, on BaH/MgO. This is consistent with the
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Fig. 5 | Substrate scope study of deuterium incorporation of alkylarenes using
BaH/MgO catalyst. The optimized reaction conditions were adopted to ensure the
deuteration of less active substrates to a greater extent. Reaction conditions, unless
otherwise noted: 0.4 mmol of the substrate, 2 mol% BaH with respect to the sub-
strate (5.6 mg BaH/MgO), 2 mL of cyclohexane as solvents, and 6 bar of D, in a
50 mL autoclave, 25 °C, 6 h. Percent deuterium incorporations shown in

parentheses were determined by 'H NMR integration relative to the peaks from an
unlabeled C-H site or 1,3,5-trimethoxylbenzene as the internal standard substrate.
Steelblue spots: deuteration of benzylic site; Orange spots: deuteration of aromatic
site. °4 mol% of BaH (11.2 mg BaH/MgO0), 6 h; ®10 mol% of BaH (27.8 mg BaH/Mg0),
12 h. €10 mol% of BaH (27.8 mg BaH/MgO), 6 h; 20 mol% of BaH (55.6 mg BaH/
MgO0), 12 h. °45°C, 10 mol% of BaH (27.8 mg BaH/MgO0), 12 h.

fact that the reaction order for toluene (0.18) is lower than that for H,
(0.39) (Fig. 3e, f).

Substrate scope study

The outstanding catalytic performance of BaH/MgO in the deuteration
of toluene encourages us to expand the substrate scope by investigating
various toluene derivatives (Fig. 5). Xylenes (2, 3) and mesitylene (4)
subjected to deuterium incorporation yield up to ca. 97% enrichment of
benzylic C-H bonds. Generally, the secondary or tertiary C-H bonds in
the benzylic position exhibit weak acidity due to the strong electron-
donating effect of adjacent groups. As a result, deuterium enrichment
will be hampered to some extent®”. However, substrates with second-
ary (5, 6, 7) and tertiary (8, 9) benzylic C-H bonds on BaH/MgO also
exhibited a high degree of deuteration. Substrate 7 yielded a product
with high deuterium incorporation (97%) at both the primary and

secondary benzylic positions. The deuterium incorporation in 9 is 86%,
likely due to the steric hindrance of the bulky cyclohexyl group. And
slight deuterium incorporation at meta-sites was observed in 8 and 9.
Reactions of diphenylmethane (10) and 4-methylbiphenyl (11) for 12 h
resulted in 99% and 97% of deuterium enrichment, respectively.
In 2-methylnaphthalene (12), 96% D incorporation of the benzylic methyl
group was achieved using 10 mol% BaH (relative to the amount of 12),
which is probably due to the unfavorable hydridic D attack
on 2-methylnaphthalene with a higher T-electron density.

BaH/MgO can also enable the deuteration of toluene derivatives
substituted with heteroatom-containing functional groups. For
example, the methyl-substituted anisoles (13, 14, 15) underwent
benzylic deuteration readily, and the aromatic C-H bonds at the ortho-
position of the methoxy group were also labeled. Under the same
conditions, the deuteration of the benzylic position in benzyl methyl
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ether (16) exhibited a selectivity of 76%. The substrates with N,
N-dimethyl group (17-19) were also facilely deuterated at their
benzylic positions (>90%), and the arene sites were also labeled albeit
with relatively low enrichment. The methoxy and amino groups are
considered strong electron-donating groups, whereas the halogen
groups such as fluorine are typical electron-withdrawing groups. The
reaction of p-fluorotoluene (20) afforded 42% deuterium enrichment
in its methyl group even with 20 mol% BaH. However, the degree of
deuteration incorporation in the ortho C-H bonds of fluorine reached
93%. These results disclose that BaH/MgO has a good functional group
tolerance for the deuteration of benzylic or aromatic sites. Moreover,
the deuteration of arene sites is independent of the electronic prop-
erties of heteroatomic functional groups, possibly due to the coordi-
nation between the Ba site and the heteroatoms. For trimethyl-p-
tolylsilane (21), only benzylic position showed deuterium labeling with
98% D enrichment, whereas no deuterium incorporation was observed
in the Si-Me groups.

Next, we moved our attention to evaluating the deuteration of the
sp? C-H bonds of benzene derivatives with different functional groups.
Standard reaction condition was chosen with 10 mol% of supported
BaH and 12 h. Benzene is the simplest aromatic compound but with the
highest C-H bond dissociation energy (113 kcal mol™)*”. However, in
our study, the deuterium enrichment of benzene (22) can be achieved
to 96% at room temperature within 12 h. The tert-butylbenzene (23)
achieved full deuterium incorporation (95%) at the meta and para
positions, but only 11% incorporation at the ortho position caused by
the steric effect of the tert-butyl group. P-xylene (24) also achieved a
deuterium substitution of 70% in the sp* C-H bonds as expected. The
deuteration efficiency decreased for benzene, toluene, and p-xylene.
This can be attributed to the methyl groups, which enrich the electron
density and increase the steric hindrance of aromatic rings, thereby
hindering the nucleophilic attack process. Biphenyl (25) can be deut-
erated but with lower isotopic incorporation at various positions. N, N-
Dimethylaniline (26) showed moderate D enrichment at the ortho and
para positions (42%) and the meta position (20%). Furthermore, the
reaction temperature of 23, 25, and 26 was evaluated to 45°C,
resulting in significant improvement of deuterium incorporation at
aromatic positions, as indicated by the italic numbers. The substrates
with acidic protons such as phenols and anilines are not amenable to
deuteration under catalytic conditions. This is probably due to the
tendency of acidic protons to react with hydridic hydrogen on the
catalyst, forming barium phenoxide or anilide salts.

Compared to the state-of-the-art deuteration methods, we have
established a valuable and convenient method for producing various
substrates with deuterium incorporation into both sp?> C-H and sp®
C-H bonds under ambient temperature. Furthermore, we evaluated
some practical aspects of our catalyst system. As shown in Supple-
mentary Section 3.5, benzene was selected as a benchmark substrate
for gram-scale preparation, resulting in the fully-labeled product. It
should be noted that 4-5mL of pure labeled product (deuterium
incorporation content > 90%) can be obtained in a single run and easily
collected only through catalyst centrifugation.

Hence, this strategy is expected to be a competitive alternative to
more traditional procedures relying on noble metal catalysts or molecular
complex catalysts, which often require higher temperatures or compli-
cated separation procedures. On the other hand, similar to some mole-
cular complexes, the supported hydrides reported here are sensitive to
oxygen, moisture, and substrates with acidic protons. Nevertheless, this
feature creates a space for the design of active sites in hydrides that
exhibit enhanced tolerance to oxygen, moisture, and substrates.

Bulk alkali and alkaline earth metal hydrides have long been con-
sidered to be inactive for the hydrogen isotope exchange (HIE) reaction.
This work reports a convenient method for preparing an atomically
dispersed barium hydride catalyst and its applications in the synthesis of
deuterated alkylarenes typically using D, as a deuterium source. The

barium hydride catalyst affords high reactivity toward D, dissociation,
deprotonation/protonation on the benzylic site, and nucleophilic attack
on the aromatic sites, leading to outstanding performance for H/D
exchange of inert alkylarenes under ambient temperature. As compared
to the widely studied homogeneous metal complex catalysts, the het-
erogeneous barium hydride catalyst has the advantages of high activity
and easy separation, and moreover, this catalyst could be potentially
used for tritium incorporation into alkylarenes because of the easily
available T, gas. In light of the rich compositions and structures of solid
metal hydrides, this work may open an avenue for the development of
hydride catalysts for HIE reactions involving small organic substrates
and key pharmaceutical molecules. In addition, the development of new
methods for preparing (sub)nanostructured metal hydrides could pave
the way for their future applications in many other processes such as
nitrogen fixation, selective hydrogenation, functionalization of alkylar-
enes, and hydrogen storage, etc., which are worthy of future studies.

Methods

Chemicals and materials

The moisture- and oxygen-sensitive manipulations were carried out
either in an oven-dried autoclave or in a glovebox purged with argon
atmosphere. The reagents used in this work are commercially avail-
able. BaH, was synthesized via hydrogenation of metallic barium at
20 bar H, pressure under room temperature for 2 days followed by
heat treatment at 400 °C for 5h. MgO was prepared by calcining the
precursor magnesium oxalate in an argon flow at 550 °C for 5h. The
magnesium oxalate was synthesized by reacting magnesium acetate
tetrahydrate with oxalic acid dihydrate as the acidic precipitant. The
substrates were stored in the glovebox and dried using activated 4 A
molecular sieves. Deuterium gas (99.999%) was obtained from Dalian
Special Gas Co., Ltd.

Procedure for the preparation of supported barium hydride
catalysts

The synthesis procedure of the typical catalyst 20 wt% BaH/MgO was
as follows.

Inside an argon-filled glove box, 30 mg of metallic Ba was mixed
with 120 mg of MgO, and the mixture was loaded into a custom-
designed stainless-steel reactor (20 mL) equipped with a quartz liner
and an observation window crafted from sapphire. The reactor was
sealed, removed from the glovebox, and evacuated using a vacuum
pump. Subsequently, the reactor was placed in a liquid nitrogen bath
for cooling down. NH3 was introduced into the reactor and liquefied.
The amount of liquefied NH; used was ca. 5mL to enable NHj to
impregnate all solid materials. Upon impregnation, a blue solution of
NH;s-solvated Ba can be observed. After this, the reactor was shaken
using an auto-shaker for 5 h, yielding Ba(NH,),/MgO in a transparent
ammonia solution.

After the removal of excess NH3, 150 mg of the as-prepared
Ba(NH,),/MgO sample was placed in a quartz-lined stainless steel fixed-
bed reactor in the glovebox. Hydrogenation was performed in H, with
a flow rate of 30 mL min™, at a pressure of 10 bar and a temperature of
300 °C for 8 h. The H, stream used was purified by a Na-NaCl solid
mixture.

Various supported alkali/alkaline earth metal hydride (LiH, NaH,
CaH,, and BaH,) catalysts were synthesized via a ball-milling method. A
mixture of MgO and alkali/alkaline earth metal hydride was ball milled
in an air-tight vessel filled with argon using a Retsch planetary ball mill
(PM 400) at 150 rpm for 3 h.

H,/D, exchange tests on BaH,, MgO, and BaH/MgO

The H,/D, exchange experiments were conducted in a stainless-steel
flow reactor with a quartz liner that operated with a supply of a con-
tinuous flow of pure H, or D, gas. The as-prepared BaH/MgO or other
samples were loaded into the reactor. D, or H, was fed to the sample
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alternately at room temperature and the transient gas products were
monitored with an online mass spectrometer (MS, Hiden HPR20).

General procedure for the hydrogen isotope exchange reactions
All the catalysts and reagents were stored in a glovebox filled
with argon.

Unless otherwise indicated, all H/D exchange reactions of aro-
matic substrates were performed as follows. In a glovebox, a
stainless-steel autoclave (50 mL) equipped with a quartz lining was
charged with the corresponding substrates, supported alkali/alka-
line earth metal hydrides, cyclohexane (2 mL), and a Teflon-coated
oval magnetic stirring bar. The autoclave was sealed, moved out of
the glovebox, and connected to a D, gas manifold. Upon evacuation
and refilling of the supply line with D,, the autoclave was flushed
with D, three times and pressurized to the desired value (such as
6 bar). The reaction mixture was stirred at 500 rpm at room tem-
perature (25°C) for a specific duration time. At the end of the
reaction, the gas was carefully released. The mixture was filtered to
remove the solid catalysts, and the solvent solution was directly
analyzed by 'H NMR, *H NMR, and ®C NMR spectroscopy without
further purification.

Quantitative analysis of deuterium-labeled compounds
Deuterium incorporation was quantified by the decrease of integral
intensities in 'H-NMR at specified positions compared to the raw
materials. The deuterium incorporation of substrates was determined
by 2HNMR. For selectively deuterated products, the integral intensities
were calibrated against a peak of the position that does not undergo H/
D exchange. For the perdeuterated products, the deuterium incor-
poration level was determined by 'H NMR analysis of unpurified
reaction mixtures, using 1, 3, 5-trimethoxybenzene as an internal
standard. Considering the experimental precision of NMR integration
analysis, the positions with 10% or more deuterium incorporation are
classified as deuterated.

Analytic information on NMR, GC-MS, and HRMS

The 'H and *C NMR spectra were recorded at room temperature on a
JEOL spectrometer operating at 400 MHz. 'H NMR spectra:
400.1 MHz, BC NMR spectra: 101 MHz. The 'H and *C NMR spectra
were recorded at room temperature in CDCls. ’H NMR spectra were
recorded at room temperature on a JEOL 400 MHz (61 MHz for 2H)
instrument in cyclohexane (6 1.43 ppm). All 'H NMR signals are
reported as chemical shifts (6 ppm) relative to the signal of tetra-
methyl silane (TMS) at O ppm. The peak at 1.43 ppm corresponds to
cyclohexane. The peaks at 6.03 ppm and 3.69 ppm correspond to 1,
3, 5-trimethoxybenzene. *C NMR signals are reported as chemical
shifts (6 ppm) relative to CDCl; at 77.16 ppm. The peak at 27.07 ppm
corresponds to cyclohexane. The peaks at 162.04 ppm, 93.14 ppm,
and 54.98 ppm correspond to 1, 3, 5-trimethoxybenzene. 2H NMR
signals are reported as chemical shifts (6 ppm) relative to the residue
solvent signal of C¢Dy, at 1.43 ppm. NMR data is expressed as follows:
chemical shift in ppm (8), multiplicity (s =singlet, d =doublet, t=
triplet, q = quartet, brs = broad singlet, and m = multiplet), coupling
constant (Hz), and integration.

GC-MS measurements were performed on Shimadzu GCMS-
QP2020 NX with an Electron Ionization (EI) resource. HRMS data
were obtained with Agilent 8890-7250 (GC-MS). GC analysis was con-
ducted by Fu Li 9790-1l equipped with a flame ionization detector (FID)
and a capillary column (OV-1701).

Reactivity of different positions in toluene

The reaction rates (r) for deuterium incorporation were defined as the
number of moles of deuterium atoms incorporated per mole of barium
per hour. These rates were calculated based on the percentage of
deuteration observed in the C-H bonds at specific positions. The

equation is shown as follows:

e mole of deuterium atom incorporation(mol)
{mole of barium hydride in catalyst(mol)*reaction time(h)

1
}()

The turnover numbers (TON) and turnover frequency (TOF) were
determined using the methods reported in the literature®>>.

TON was calculated as the moles of deuterium incorporated per
mol of catalyst, as shown as follows:

mole of deuterium atom incorporation(mol)

TON= 2
0 mole of barium hudride in catalyst(mol) @

TOF was calculated as follows:
TOF mole of deuterium atom incorporation(mol) 3)

- {mole of barium hudride in catalyst(mol)*reaction time(h)}

Kinetic measurements

The reaction was performed as outlined in the general procedure for
the hydrogen isotope exchange reactions. The reaction orders of D,
and toluene were determined based on the average deuterium incor-
poration rate within 5 min, where the deuterium incorporation yield
was <50% and far from thermodynamic equilibrium.

All measurements were conducted at 25 °C. Measurements for the
reaction order with respect to D, were conducted at a constant toluene
concentration of 0.2 mol L™ while changing the pressures of D, ran-
ging from 3 bar to 8 bar. The reaction order with respect to toluene was
measured at a constant D, pressure of 6 bar while changing the con-
centration of toluene from 0.25mol L™ to 1mol L™

Characterization of catalysts

To obtain the compositional and structural features of the supported
barium hydride catalyst (BaH/MgO), investigations were performed
using inductively coupled plasma optical emission spectroscopy (ICP-
OES), powder XRD, high-resolution transmission electron microscopy
(HRTEM), aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM), EXAFS, and
solid-state 'H nuclear magnetic resonance (‘H MASNMR) spectroscopy.

Nitrogen adsorption/desorption isotherms of MgO were measured
using a Micromeritics ASAP 2020 analyzer at —196 °C. The specific sur-
face areas were calculated according to the Brunauer-Emmett-Teller
(BET) method.

The inductively coupled plasma optical emission spectrometry
(ICP-OES) analyses were performed on an ICPS-8100 (Shimadzu
Corporation).

Powder XRD patterns were recorded on a PANalytical X'pert dif-
fractometer using a self-made sample cell covered with KAPTON film
to avoid air or moisture contamination.

High-resolution transmission electron microscopy (HRTEM) ima-
ges were acquired using a JEM-2100X microscope operated at an
accelerating voltage of 200 kV.

Diffuse reflectance infrared Fourier transformations (DRIFT)
measurements were conducted on a Brucker Tensor Il unit with a scan
resolution of 4 cm™ and an accumulation of 32 scans each time.

The transmittance FTIR measurement was conducted on a
Brucker Tensor Il unit with a scan resolution of 4 cm™ and an accu-
mulation of 16 scans each time. Samples were loaded to an airtight
Specac Omni cell equipped with KBr windows and sealed before
bringing out from the Ar glovebox.

Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC-HAADF-STEM) coupled with
EDX spectroscopy elemental mapping was performed on a JEM-
ARM200F using high-angle annular dark field (HAADF) and annular
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bright field (ABF) detectors for imaging, equipped with a CEOS probe
corrector operating at the accelerating voltage of 200 kV.

Ba-L; edge XAFS analyses were performed with Si(111) crystal
monochromators at the BL14W Beamline at the Shanghai Synchrotron
Radiation Facility (SSRF) (Shanghai, China). Before the analysis at the
beamline, samples were placed into aluminum sample holders and
sealed using Kapton tape film. The XAFS spectra were recorded at
room temperature using a 4-channel Silicon Drift Detector (SDD)
Bruker 5040. Ba-L; edge extended X-ray absorption fine structure
(EXAFS) spectra were recorded in transmission mode. The spectra
were processed and analyzed by the software code Athena.

The 'H MAS NMR experiments were recorded with a Bruker
AVANCE III 500 spectrometer in an air atmosphere, equipped with a
1.3 mm probe and with a spinning rate of 45 kHz. A Hahn-echo pulse
(90° pulse-t-180° pulse-t) was used.

Mechanistic study

Based on a Mg,40,; cluster cutting from MgO(111), we have attempted
to construct a series of models involving different configurations of
surface barium hydride species (BaH,, Ba,H,4, and BasHg). However, the
model of BaH,/MgO and Ba,H,/MgO failed to be built in DFT calcula-
tions because all the hydridic H in barium hydrides preferred to
migrate to the neighboring MgO surface and thus forming Mg-OH
moieties (as shown in Supplementary Fig. 12). Our experimental results
indicated that the use of oxidized BaH/MgO with abundant surface
hydroxy groups was unable to facilitate HIE. Notably, when a triangular
arrangement of barium atoms formed on the MgO surface, the
resulting BasHg cluster created a stable geometry through optimiza-
tion. In this structure (BasHg), three hydridic hydrogen atoms spilled
over to adjacent oxygen atoms, while the three residual hydrogen
atoms remained attached to barium, forming surface [-O-Ba-H]
species.

Data availability
The data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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