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Abstract
Transfer hydrogenation (TH) with in situ generated hydrogen donor is of great importance in reduction reactions, and an alternative strategy
to traditional hydrogenation processes involving pressurized molecular hydrogen. Ammonia borane (NH3BH3, AB) is a promising material of
hydrogen storage, and it has attracted much attention in reductive organic transformations owing to its high activity, good atom economy, non-
toxicity, sustainability, and ease of transport and storage. This review focuses on summarizing the recent progress of AB-mediated TH reactions
of diverse substrates including nitro compounds, nitriles, imines, alkenes, alkynes, carbonyl compounds (ketones and aldehydes), carbon dioxide,
and N- and O-heterocycles. Syntheses protocols (metal-containing and metal-free), the effect of reaction parameters, product distribution, and
variation of reactivity are surveyed, and the mechanism of each reaction involving the action mode of AB as well as structure-activity re-
lationships is discussed in detail. Finally, perspectives are presented to highlight the challenges and opportunities for AB-enabled TH reactions of
unsaturated compounds.
© 2022 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The transformation of unsaturated compounds to desired
chemicals by reduction provides an irreplaceable and very
important strategy in organic synthesis, pharmacy science, fuel
production, and biomass refining [1–9]. In most of such
reduction reactions, pressurized molecular hydrogen gas has
been employed as the reductant via direct hydrogenation, but
such processing requires the utilization of specialized equip-
ment which may confine the process to larger-scale production
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[10–14]. Instead, liquid hydrogen sources like alcohols [15–

18], formic acid [11,19–24], and hydrosilane [25–33] have
also been studied for the reduction of various unsaturated
compounds via transfer hydrogenation (TH). However, also
here some impeding challenges remain, such as high reaction
temperature of the alcohol system, corrosion of formic acid
toward equipment and catalyst, and product separation in
hydrosilane systems.

As an alternative to the above-mentioned gaseous and
liquid reductants, solid ammonia borane (NH3BH3, AB) with
high hydrogen content (19.8 wt.%) has attracted increasing
attention in applications of hydrogen storage and chemical
conversion [34–42]. AB is not only air-stable, water-soluble,
and non-toxic but also convenient to be transported and
fer processes: Insights into catalytic strategies and mechanisms, Green Energy
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handled in practical application (Scheme 1) [38]. Additionally,
AB can be produced directly from low-cost raw materials
making it economically attractive. For instance, sodium
borohydride and ammonium carbonate afforded 80% yield of
AB under mild conditions via a simple neutralization reaction
[43–46]. AB contains both protic N–H and hydridic B–H
bonds with relatively high polarity, which enables the com-
pound to participate in TH with lower energy consumption
[40,47]. Furthermore, the separation of target products from
reaction medium when applying AB is usually unproblematic
as most by-products formed from the residual are water-sol-
uble and the compound can also be regenerated after use
further illustrating the sustainability of AB [48–51]. Facile
regeneration procedures of AB from post-reaction residues
(borates and pure polyborazylene) involves the reactions
shown in Eqs. (1) and (2) [52,53].

XBðOCH3Þ3þ
�
NH4

þ��½XX��þXLiAlH4/
THF at 0 +C

XNH3BH

þxAlðOCH3Þ3þLiXHþXH2

ð1Þ

4BNHþ5N2H4/
NH3ðlÞ
�77 +C

4NH3BH3 þ 5N2 ð2Þ
A variety of TH reaction systems with metal-complexes,

metallic nanoparticles (NPs), and organic metal-free, as well
as catalyst-free systems, are currently reported using AB as a
hydrogen source. This review focuses on the application of AB
in TH of unsaturated groups comprising C]C, C≡ C, C]N,
C]O, and N]O (Scheme 2). During TH, the nature of the
synthesis strategy has a decisive role in the action mode of AB
and may involve single hydrogen transfer (SHT) from B-H via
the dissociation of AB or double hydrogen transfer (DHT)
from both N-H and B-H via dehydrogenation (Scheme 3) [54–

56]. Therefore, this work also concentrates on compiling and
investigating the action mode of AB and the associated reac-
tion mechanism during hydrogenation processes.

2. Tandem TH of nitro compounds

Amines have extensive and important applications in the
field of dyes, materials synthesis, pharmaceuticals, pesticides
Scheme 1. Reduction of unsaturated comp
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as well as manufacturing of various value-added chemicals,
and are generally produced industrially via tandem hydroge-
nation of nitro compounds with a reductant [57,58]. A typical
non-catalytic synthesis strategy applied in the industry uses
stoichiometric reducing agents like zinc, tin, and iron in
ammonium hydroxide [59–61]. However, potential environ-
mental problems with metal residues and uncontrollable
product selectivity are frequent obstacles encountered by these
methods. Instead, hydrogen donors such as molecular
hydrogen, formic acid, and hydrazine hydrate have been
widely implemented with good performance in catalytic sys-
tems for the reduction of nitro compounds into amines [62–

68], despite their insurmountable drawbacks such as air-
instability and toxicity (hydrazine hydrate), the necessity of
acid-resistant catalysts and equipment (formic acid), and
handling of hazardous pressurized gas (molecular hydrogen).
As an attractive alternative, AB has instead been introduced
for the reduction of nitro compounds to facilitate improved
operability and sustainability in practical production [12].

The selective reduction of nitro compounds into amines
generally experiences two cascade conversion mechanisms,
including direct route: i) reduction and dehydration of the nitro
group into a nitroso group, and ii) hydrogenation of the nitroso
group into a hydroxylamine group followed by iii) hydroge-
nation and dehydration into the final amine product (Scheme
4) [69]. On the other hand, the condensation route would occur
when a strong base site is present. Predominantly, supported
NP catalysts have been designed to realize such tandem
reduction with AB as a reductant, as exemplified in Table 1 for
the catalytic TH of nitrobenzene to aniline.
2.1. TH of nitro compounds over monometallic NP
catalysts
Metal-supported catalysts can efficiently stimulate the
dissociation of AB and further complete the tandem hydro-
genation of nitro compounds into amines in a suitable reaction
medium. As a representative example, Ru nanoclusters
encapsulated into porous organic cages (CC3-R) synthesized
from 1,3,5-benzenetricarboxylate and 1,2-diaminocyclohex-
ane, afforded a microporous-mesoporous morphology with
high surface area and high dispersion of Ru NPs with a
ounds with various hydrogen donors.

fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 2. Schematic illustration of the production and application of AB in TH of unsaturated compounds and post-reaction regeneration of AB.
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precisely controllable size of 0.65 nm [70]. The prepared
Ru@CC3-R catalyst exhibited excellent performance for the
hydrogenation of nitro compounds with AB as TH donor,
converting more than 11 different nitrobenzenes into the cor-
responding anilines with 86.9–99.9% yield at room tempera-
ture. The Ru@CC3-R catalyst promoted hydrogenation of the
nitro compounds by interacting firstly with AB to form RuH
bearing activated hydrogen followed by hydrogen transfer
from RuH to nitrobenzene to form nitrosobenzene as a key
step to the aniline production (Scheme 5). No hydrogen
pressure was detected until the nitro reduction was completed
confirming the AB-initiated nitro reduction to proceed via
SHT in the presence of Ru NPs. Furthermore, hydrogenation
of nitrobenzene occurred by the condensation route promoted
by the RuH active site and basic site formed in situ by the
hydrolysis of AB.

Zou et al. synthesized Pd NP catalysts (HUST-1-Pd) by
incorporating Pd on metalloporphyrin-based porous polymers
defined with 5.5 nm diameter NPs and 779 m2 g�1 surface area
[71]. The HUST-1-Pd catalyst facilitated very efficient
Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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hydrogenation of 11 aromatic or aliphatic nitro compounds
into the corresponding amines with in situ generated hydrogen
from AB at room temperature in as short as 2 min with
turnover frequency (TOF) as high as 86,337 h�1. Moreover,
the Pd-catalyst tolerated some sensitive substrates containing
reactive substituents such as halogens and carbonyls.

Compared to catalysts containing expensive noble metals
(e.g. Ru), catalysts with abundant low-cost metals like Cu are
often preferred. Shen et al. developed a renewed method to
synthesize Cu NPs for selectively catalyzing nitrostyrene to
vinylaniline under ambient conditions [72]. AWO2.72 nanorod
carrier of the Cu NPs was noted to play a crucial role in the
selective reduction of 3-nitrostyrene (Table 2), enabling Cu/
WO2.72 to obtain an almost quantitative yield of Awithin 1.5 h
of reaction. The excellent performance of WO2.72 corroborated
its H-affinity, which provided a synergistic effect with the H
released from AB.

Besides reduced metal Cu NPs, commercially available
CuO has also been directly used to catalyze the reduction of
nitroarenes to aniline with AB as a transfer hydrogen source
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 3. Different action modes of AB via single hydrogen transfer (SHT) and double hydrogen transfer (DHT).
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under mild reaction conditions [73]. This low-cost catalytic
method allowed the formation of more than 40 amines from
the selective hydrogenation of various nitroarenes in an open
reaction system. Based on isotopic labeling experiments with
deuterated compounds, two of the H-atoms in the aniline
product originated from AB suggesting that its action was here
the DHT mode. Hence, the reaction mechanism followed the
above Ru@CC3-R system, and a condensation pathway was
involved instead of direct hydrogenation of the nitro group
with AB playing a role in producing activated hydrogen spe-
cies that participated in the reduction process.

Ma et al. reported a magnetically recyclable Sm2Co17/Cu
NP catalyst for the selective TH of 3-nitrostyrene into 3-
vinylaniline [74], which also demonstrated smooth conversion
of various other aromatic nitro compounds into derived ani-
lines in the presence of competitive and sensitive C]C and
halogen groups. A support-free and porous Cu/Cu2O catalyst
prepared by simple handling of Cu5Al95 alloy has further
proven to be an outstanding catalyst for nitrobenzene reduc-
tion even with the presence of other unsaturated groups in the
aromatic nitro compounds such as imine-, ester-, amide- or
oxime groups [75]. Carbon nitride (CN) supported cobalt NPs
(with both Co2þ and Co0 species at the surface) was synthe-
sized as a low-cost heterogeneous catalyst for the hydroge-
nation of nitrobenzene employing AB as a hydrogen source at
room temperature [76,89]. 11B NMR experiments
Scheme 4. Reaction mechanism for hydrogenation of nitrobenzene. Rep
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demonstrated the reaction pathway with NPs Co/CN to include
direct hydrogen transfer from AB to nitrobenzene, and a
possible action model of AB is presented in Scheme 6 Here,
Co0 accepts the transferred hydrogen from AB to form
Co2þ(2H) which is further reduced to Co0 via TH to the
substrate thus making it obvious that the AB action model here
is the DHT pathway.
2.2. TH of nitro compounds over bimetallic NP catalysts
FePd NPs supported on reduced graphene oxide (rGO)
were synthesized to promote hydrogen transfer from AB to
various nitrobenzenes at room temperature, affording high
efficiency in producing anilines with >99% yield within 10–

20 min [77]. Compared to the monometallic catalyst rGO-Pd,
the bimetallic catalyst rGO-FePd showed higher selectivity
toward aniline at the same conditions, illustrating the existence
of a synergistic effect between the two metals. Recently, Ni
was employed instead of Fe to synthesize another bimetallic
catalyst, G-NiPd, via co-reduction of nickel (II) and palladium
(II) salts using borane-tert-butylamine as a mild reductant
[78]. The prepared G-NiPd catalyst enabled tandem hydro-
genation of a variety of nitrobenzenes within 5–30 min using
AB as a hydrogen source, affording as high as 99% yield of
the corresponding amines at room temperature. With rGO as
an excellent carrier, RuxPdy@rGO nanocomposites with
roduced with permission from ref. [67]. Copyright (2018) Elsevier.

fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Table 1

Catalytic TH of nitrobenzene to aniline with AB as reductant.

Entry Catalyst Solvent Temperature (ºC) Time (min) Conv. (%) Yield. (%) Ref.

1 Ru@CC3-R H2O 25 5 99.9 97.1 [70]

2 HUST-1-Pd MeOH/H2O 25 2 99.0 90.0 [71]

3 Cu/WOx EtOH 25 90 99.0 99.0 [72]

4 CuO MeOH 50 90 99.0 93.0 [73]

5 Sm2Co17/Cu EtOH 25 180 99.0 98.0 [74]

6 Cu@Cu2O MeOH 30 5 99.0 91.0 [75]

7 Co-CoO@CN MeOH/H2O 25 90 100 100 [76]

8 rGO-FePd MeOH/H2O 25 15 >99.0 >99.0 [77]

9 G-NiPd MeOH/H2O 25 5 >99.0 >99.0 [78]

10 RuxPdy@rGO MeOH/H2O 25 10 >99.0 >99.0 [79]

11 rGO@Ag/Pd MeOH/H2O 25 5 >99.0 >99.0 [80]

12 rGO-CoPd MeOH/H2O 25 5 >99.0 >99.0 [81]

13 Pd-Pt-Fe3O4 MeOH/H2O 25 5 >99.0 >99.0 [82]

14 C-AuPd MeOH/H2O 25 30 >99.0 >99.0 [83]

15 CuNi@MIL-101 MeOH/H2O 25 4 >99.0 >99.0 [84]

16 G-CuxNiy MeOH 25 30 >99.0 >97.0 [85]

17 CoNi/Al2O3 MeOH/H2O 50 30 >99.0 >97.0 [86]

18 NiCo-GeO2/r-GO EtOH/H2O 25 120 >99.0 >99.0 [87]

19 NiCo/ZIF EtOH/H2O 25 120 99.0 99.0 [88]

Methanol: MeOH, ethanol: EtOH.
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uniform particle dispersion were synthesized from K2PdCl4
and RuCl3 via in situ co-reduction strategies and used in the
production of anilines from cascade hydrogenation of nitro-
benzene at room temperature [79]. Analogously, Metin et al.
prepared a bimetallic core-shell NP catalyst rGO@Ag/Pd
based on a hierarchical protocol with highly monodispersed
and controllable Pd shell-thickness [80]. Overall, 16 examples
of aromatic nitro compounds with different reducible func-
tional groups were selectively reduced into the corresponding
anilines over the Ag/Pd core-shell NPs. Besides, a mono-
disperse alloy catalyst rGO-CoPd synthesized by a co-reduc-
tion method was employed for the production of various
anilines from aromatic nitro compounds at room temperature,
endowing >92% yield in a short reaction time [81]. Wang
et al. also reported a series of amine-modified ZrSBA-15-
supported Pd-Pt NP catalysts with different Pd/Pt ratios [90].
The synthesized Pd-Pt NP catalyst was efficient for the
reductive conversion of p-nitrophenol to p-aminophenol with
AB as H-donor. In addition, the system was also more suitable
than the common reducing agent sodium borohydride.

Magnetic nanocatalysts are easy to isolate from reaction
mixtures using an external magnet, and the isolation results
often in the decreased loss of catalyst during the recycling
process. Using such an approach, Byun et al. combined
reduced Pd and Pt metals and commercially available Fe3O4

NPs to obtain a magnetically bimetallic catalyst [82]. The
prepared Pd-Pt-Fe3O4 catalyst facilitated not only the con-
version of different nitrobenzenes to anilines with good che-
moselectivity, but it also allowed product control in the
hydrogenation of 4-nitrostyrene into 4-aminostyrene or 1-
ethyl-4-nitrobenzene by adjusting the dosage of AB via the
Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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formation of azobenzene and nitrosobenzene as key in-
termediates, respectively. Moreover, the magnetically NP
catalyst was quite stable allowing 250 recycles without distinct
loss of activity. Carbon-supported AuPd bimetallic NPs were
also found to be an excellent promoter for activation of AB
and the selective hydrogenation of nitrobenzene to amines in
pure water using the in situ formed hydrogen from dehydro-
genation of AB [83]. The reactivity of the prepared NPs
distinctly outperformed commercial Pd catalyst in both AB
activation and nitrobenzene hydrogenation, which were
ascribed to stabilization of the Pd active sites by the Au in the
alloy.

Alternative bimetallic systems without noble metals have
also shown outstanding performance in catalyzing cascade
dehydrogenation/reduction of AB and nitro compounds. For
example, Zhou et al. incorporated Ni(II) and Cu(II) into MIL-
101(Gr) that were further reduced with AB as reductant
affording CuNi NPs of uniform dispersion with an average
diameter of 3 nm [84].

CuNi@MIL-101 promoted quantitative selective hydroge-
nation of nitrobenzenes to anilines with AB within 4 min of
reaction at room temperature, which was comparable activity
as obtained with noble metal-containing catalyst. Notably, AB
provided hydrogen for both the reduction of nitrobenzene and
the preparation of the CuNi@MIL-101 catalyst (Scheme 7). A
DHT mode of AB transferring the generated hydrogen from
the dehydrogenation of AB to the substrate led to the reduction
of nitrobenzene under super mild conditions. CuNi NPs sup-
ported on graphene to form G-CuxNiy NPs promoted meth-
anolysis of AB with a TOF value of 49.1 molH2 molCuNi

�1 min�1

[85]. As the G-CuNi bimetallic catalyst was applied for further
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 5. TH of nitrobenzene to aniline over Ru NP catalysts (RuH as active

site). Reproduced with permission from ref. [70]. Copyright (2019) Royal

Society of Chemistry.
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hydrogenation of nitro compounds using AB as a reductant, a
high yield of aniline (>99%) was obtained within 30 min re-
action at room temperature. The disparity of reaction activity
between CuNi@MIL-101 and G-CuNi is illustrative of the
synergetic role between support and bimetals for AB
activation.

Zhou et al. immobilized copper and nickel on rGO and
achieved, after reduction with NaBH4, Cu0$8Ni0.2-CeO2/rGO
NPs with an average dimeter of 3.4 nm, which was efficient in
catalyzing 4-nitrophenol into 4-aminophenol at ambient con-
ditions [86]. Likewise, a CoNi/Al2O3 NP catalyst derived from
hydrotalcite CoNiAl-LDH precursor enabled activation of AB
via breaking of the B-N bond along with the SHT pathway,
which efficiently facilitated the reduction of nitroaromatics to
the corresponding amines [87]. Miao et al. prepared NiCo
alloy with irregularly hollow nanosheets by pyrolysis of ZIF-
67 with incorporated Ni2þ ions under a nitrogen atmosphere,
and also this catalyst revealed excellent performance for
amines production from nitro compounds by using AB as an
H-donor [88]. A variety of nitrobenzenes containing reducible
groups were selectively converted into anilines with two
equivalents of AB relative to the substrate in 120 min at room
temperature. Remarkably, Ni(NO3)2 and ZIF-67 exhibited
almost no activity for TH of nitro compounds demonstrating
that Ni0 and Co0 sites formed in situ during pyrolysis of ZIF-
67 were a key for the AB activation.
Table 2

TH of 3-nitrostyrene over various Cu-based NPs[72].

Entry Catalyst Product Yield (%) Time (h)

A B C

1 Cu/WO2.72 >99 0 0 1.5

2 Cu/SiO2 98 0 2 1.5

3 Cu/C 95 5 0 3

4 CuNi/SiO2 0 0 >99 1.5

5 CuPd/SiO2 0 0 >99 1.5

6 e 1 15 3 1.5

Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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2.3. Summary
AB hydrogen systems show superior activity in the hy-
drogenation of nitro compounds over NPs catalysts under
mild reaction conditions, whereas H2 and formic acid sys-
tems generally require heating and pressurizing to obtain
satisfying hydrogenation performance as exhibited in Table
3. The usage of a low dosage of AB as a hydrogen donor
enables the realization of efficient TH of nitro compounds
under ambient conditions, outperforming almost all reported
catalytic systems [91–101]. Overall, the introduction of AB
in TH reactions shows several advantages, such as: i) Real-
ization of the TH reaction at room temperature within a
relatively short reaction time drastically reduce energy con-
sumption, ii) AB-initiated TH reactions occurring in water-
containing media using recyclable heterogeneous NP cata-
lysts are considered an eco-friendly protocol, and iii) good
tolerance for many sensitive groups ensures high reaction
selectivity [102–104].

On basis of their superior performance characteristics,
metallic NPs including mono- and bimetallic-NPs are popular
catalysts for the TH of nitro compounds to the corresponding
amines using AB as a hydrogen source. Monometallic NP
catalysts based on noble metals display a high reaction rate
and a high TOF value, but the high cost of the noble metal is a
general drawback. Noble metal-free NP catalysts require
relatively long reaction times compared to noble metal NP
systems, but exhibit also good reactivity. The bimetallic cat-
alysts facilitate the TH reaction of nitro compounds with a
lower catalyst dosage than their monometallic counterparts
attributed to the presence of a synergistic effect increasing the
catalytic efficiency of AB activation and the TH process. In
this part, reduced metallic site as the main active site can
strongly activate AB and in situ form metallic-hydrides to
promote nitrobenzene hydrogenation. Overall, the applications
with noble metal NP catalysts are currently dominating the
literature due to their ease of preparation, but the development
Scheme 6. Proposed reaction mechanism of TH reaction from AB over Co/

CN. Reproduced with permission from ref. [76]. Copyright (2015) Royal

Society of Chemistry.

fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 7. Hydrogenation of nitroarenes over in situ formed CuNi@MIL-101 NPs. Reproduced with permission from ref. [84]. Copyright (2017) Royal Society of

Chemistry.
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of low-cost heterogeneous and sustainable noble metal-free
catalysts provides a more attractive strategy for TH of nitro
compounds.

3. TH of unsaturated carbon-nitrogen bonds
3.1. TH of nitriles over metal NPs
Catalytic hydrogenation of nitriles is an efficient and
important strategy for producing value-added amines. During
the general hydrogenation process of nitriles, the cyano group
is reduced to an imine which is a key intermediate for the
amine formation [105]. Thus, the presence of amine and imine
in the reaction mixture may possibly also lead to the genera-
tion of secondary amines (Scheme 8).

A part of the metallic NP catalysts utilized for the hydro-
genation of nitro compounds is also efficient for promoting the
selective hydrogenation of nitrile compounds with AB as a TH
Table 3

Hydrogenation of nitro compounds into primary amines with various hydrogen

sources over metal NPs catalysts.

Entry Catalyst Hydrogen

source

Hydrogen donor

pressure/dosage

Temperature

(ºC)
Ref.

1 Ba-Ni/P H2 1.4 MPa 105 [91]

2 Pt/m-Al2O3-x H2 2.0 MPa 40 [92]

3 Ni-N-C60 H2 2.0 MPa 120 [93]

4 Pt/Co-No-60 H2 4.8 MPa 80 [94]

5 Pt/CeO2-R H2 1.0 MPa 25 [95]

6 Fe(OH)x/Pt H2 0.1 MPa 60 [96]

7 UIO-66-AgPd HCOOH 6 equiv. 90 [97]

9 Co-Zn/N-C HCOOH 6 equiv. 100 [98]

10 Au/Rutile HCOOH 3 equiv. 90 [99]

11 Mo2S4 cluster HCOOH 3.5 equiv. 70 [100]

12 Pd@GO HCOOH 5 equiv. 25 [101]

13 Ru@CC3-R AB 2 equiv. 25 [70]

14 RuxPdy@rGO AB 3 equiv. 25 [79]

15 Co/CN AB 3 equiv. 25 [76]

16 CoNi/Al2O3 NPs AB 4 equiv. 25 [87]

Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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source. For example, graphene-supported Ni-Pd bimetallic
NPs (G-Ni30Pd70) enabled hydrogenation of various nitrile
compounds with aromatic and alkyl moieties to the corre-
sponding primary amines in excellent yields (>90%) at
ambient conditions [78]. Alloy NPs rGO-CoPd was reported
for the reduction of 3-benzonitriles to primary amines with 3
equiv. of AB as hydrogen source at room temperature [81].
Additionally, a G-CuNi NP catalyst system showed remark-
able efficiency in the production of primary amines from
nitrile compounds at room temperature within 30 min [85].

On the other hand, Zen et al. introduced a low-cost single
metal Ni2P NP catalyst and employed it as a promoter for
robust TH of nitriles to primary amines in EtOH/H2O mixture
[106]. More than 20 nitriles with different structures were
smoothly converted into the corresponding primary amines in
good to excellent yield at ambient conditions. Control exper-
iments and density functional theory (DFT) calculations
demonstrated that hydrogen in the products derived from both
AB and water.
3.2. TH of nitriles with metal-complexes
Co-based metal complexes are employed frequently as
homogeneous catalysts in the TH of nitriles into primary
amines with AB as a hydrogen source. Shao et al. synthesized
a series of primary amines, secondary amines, and tertiary
amines from the hydrogenation of nitrile with two Co-based
catalysts 1 and 2 linked to different ligand backbones (Scheme
9) [107]. Tailoring of the reaction conditions and the catalyst
structure enabled the conversion of more than 70 nitriles
bearing various functional groups into specific amines with
AB as a hydrogen source. The selective production of primary
amines in 52–95% yield could be obtained in hexane using 1
as a catalyst at 50 �C, whereas the conversion of nitriles into
secondary amines proceeded smoothly with 2 in hexa-
fluoroisopropanol (HFIP) at room temperature. Similarly,
various tertiary amines could be produced in good to excellent
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 8. Possible reaction route for hydrogenation of nitriles. Reproduced

with permission from ref. [105]. Copyright (2014) American Chemical

Society.
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yield using secondary amines as the substrates with 2 in HFIP
at room temperature.

Sharma et al. reported user-friendly and low-cost (Xant-
phos)CoCl2 complexes for the production of secondary amines
by the selective hydrogenation/reductive amination of nitriles
[108]. This method rendered high conversion of more than 40
nitriles containing various sensitive groups into symmetrical
secondary amines in good to excellent yield (Scheme 10).
Additionally, it was found that a series of unsymmetrical
amines could be obtained from external amines and nitriles by
using dimethylamine borane instead of AB under identical
reaction conditions.

Recently, Hou et al. employed the Mo-catalyst 3
(Cp*Mo(1,2-Ph2PC6H4S)(h

2-NCMe)) for catalyzing TH of
nitriles into primary amines in the presence of AB at room
temperature [109]. Both aliphatic and aromatic nitriles were
smoothly converted by the Mo-catalyst system. The reaction
mechanism was identified to involve hydride transfer from H-
B of BH3 in AB to the synthesized 3 affording triggering
catalysis 1H(BH2) with the hydride transfer being the rate-
limiting step for the hydrogenation reaction (Scheme 11).

A phosphine-free manganese(I) complex 4 with sulfur side
arms was also efficient in the selective TH of nitriles to pri-
mary and second amines with AB [66]. Interestingly, the re-
action showed solvent-dependent chemo-divergence for
product formation. In detail, utilizing a polar protonic solvent
such as 2-propanol, secondary amines were preferentially
formed, while a nonpolar solvent such as n-hexane favored the
formation of primary amines. A combination of DFT calcu-
lations and kinetic studies demonstrated that the pathway of
AB dehydrogenation proceeded via an outer-sphere pathway,
Scheme 9. Cobalt-catalyzed TH reaction of nitriles. Reproduced with
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while the TH of nitriles likely proceeded via the internal-
sphere pathway (Scheme 12).
3.3. Imine hydrogenation with metal-free catalysts
Metal-free catalytic systems show higher efficiency in
asymmetric hydrogenation of unsaturated carbon-nitrogen
bonds. Li et al. introduced frustrated Lewis pairs (FLPs, 5)
consisting of Piers' borane and chiral tert-butylsulfinamide to
catalyze the asymmetric hydrogenation of imines with AB as a
transfer hydrogen donor [110]. A variety of imines containing
both electron-withdrawing and -donating substituents were
successfully reduced to the corresponding amines with 78–

99% conversion and 84–95% ee values with 10% of Piers’
borane and (R)-tert-butylsulfinamide with pyridine as an ad-
ditive at 30 �C. The formed FLPs interact with AB promoting
hydrogen transfer via an 8-membered ring transition state to
generate the amine (Scheme 13).

Furthermore, a chiral phosphoric acid 6 was introduced to
activate AB to afford chiral ammonia borane, which was also
used as an efficient catalyst for asymmetric hydrogenation of
imines to amines at 30 �C [111]. Noteworthy, the addition of
water to the reaction medium enabled an increase of reactivity
and enantioselectivity, resulting in an excellent conversion
with 84–97% ee values. The reaction mechanism involved
interaction of the chiral phosphoric acid with AB to form
active chiral AB, and the action mode of the formed AB fol-
lowed a DHT pathway via a concerted 6-membered ring
transition state (Scheme 14).
3.4. Summary
Although many nitrile compounds potentially undergo
catalytic TH to primary amines with excellent efficiency over
the listed NP catalysts in the presence of AB, the type of
heterogeneous catalytic systems reported are limited. All re-
ported metal-complexes are noble-metal free, and among
them, are Co-containing catalysts effective in the selective
reduction of nitrile compounds to primary amine or second
amines under different reaction conditions. Additionally,
metal-free systems have not been developed for the reduction
of nitrile. TH of imines to various primary amines have also
been realized with Mn-containing complexes and a few
permission from ref. [107]. Copyright (2016) John Wiley & Sons.

fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 10. TH transformation of nitriles to secondary amines.
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confined Lewis acid systems, such as FLPs and chiral phos-
phoric acid. Imines as substrates also endow a variety of
asymmetric second amines with FLPs catalyst. All together,
the metallic site of NPs, the metal center of transition metal
complexes and Lewis acids of organic catalysts are able to
activate AB and motivate the hydrogen transfer process for the
reduction of nitriles and imines. Hence, for the TH of unsat-
urated carbon-nitrogen bonds a large space for catalyst
development remains open for exploration of, for example,
more heterogeneous metal-containing and organic catalysts.

4. TH of alkynes and olefins
4.1. TH of unsaturated carbon-carbon bonds over metal
NPs
Selective catalytic semi-hydrogenation of alkynes into al-
kenes is of great importance in both the synthesis of many
drug molecules containing carbon-carbon double bond(s) and
the production of alkenes for affording polyolefins [112–114].
Additionally, the hydrogenation of olefin is a pivotal strategy
for the synthesis of various pharmaceutical molecules and the
production of alkanes as fuel components [115,116].
Scheme 11. Reaction mechanism for TH of nitriles with Mo-complex 3. Reprod

Society.
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Noteworthy, control of the product selectivity during semi-
hydrogenation of the alkyne is a key challenge in which un-
desired over-hydrogenation of the C]C bond needs to be
avoided. As shown in Scheme 15, hydrogenation of alkynes
may occur through three routes and produce different prod-
ucts. Path a is a semi-hydrogenation process affording alkene
with a specific configuration as the product, while Path b and c
form by-products, such as alkane and oligomers [114].

Some outstanding catalysts have been designed to realize
the selective hydrogenation of alkynes to alkenes when uti-
lizing pressurized hydrogen [117–119]. However, a more
practical approach for the semi-hydrogenation of alkynes or
hydrogenation of olefin would allow replacing the hydrogen
source with AB.

The results reported in the literature for the semi-TH of
phenylacetylene as a model substrate over metallic NPs are
summarized in Table 4. Vasilikogiannaki et al. prepared a
gold-supported catalyst to promote the semi-hydrogenation of
alkynes to alkenes using as low as 0.5 equiv. AB dosage as a
hydrogen source, which afforded up to 99% yield of alkene at
room temperature [120]. A possible reaction mechanism for
the semi-hydrogenation of alkyne with AB over Au/TiO2 is
presented in Scheme 16. The active species Au-H formed via
uced with permission from ref. [109]. Copyright (2021) American Chemical

fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 12. Possible reaction pathways of TH of nitriles with Mn-complex 4. Reproduced with permission from ref. [66]. Copyright (2021) American Chemical

Society.

Scheme 13. Asymmetric amines production from imines over Piers' borane
and chiral tert-butylsulfinamide. Reproduced with permission from ref. [110].

Copyright (2016) American Chemical Society.
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insertion of the B-H bond in AB and further acted on one end
of the triple bond, while the N-H bond of AB would act on the
other end of the tripe bond at the same time. This mechanism
in combination with the use of a low AB dosage implies that
the activation mode of AB followed a DHT mode. The authors
expanded the protocol to the synthesis of the commercial
medical molecular combretastatin A-4 derived from Com-
bretum caffrum, resulting in a 90% yield of the target product
(Scheme 17).

The distribution of metal active sites has an impact on re-
action selectivity toward semi-hydrogenation. A sandwich
TiO2/Pt/TiO2 catalyst with functionalized metal-oxide inter-
face was synthesized via atomic layer deposition strategy and
proved efficient to catalyze the semi-hydrogenation of alkynes
in the presence of AB [121]. The thickness of the outer TiO2

layer decided the catalytic performance of AB decomposition
and the selectivity of the tandem reduction of alkynes. For
instance, 10TiO2/Pt/TiO2 and 5TiO2/Pt/TiO2 with a small
thickness of TiO2 layer exhibited a fairly low selectivity of 1–

4% toward styrene, while catalysts containing a relatively
large thickness of TiO2 (20TiO2/Pt/TiO2 and 30TiO2/Pt/TiO2)
showed quantitative conversion of phenylacetylene and high
selectivity of styrene reaching 98% at 30 �C. The authors
carried out the semi-hydrogenation of alkynes with H2 as a
hydrogen source under identical reaction conditions, but a
rather low activity was obtained illustrating that AB as a
hydrogen donor played a key role in achieving high reaction
efficiency under mild conditions. The formed hydrogen from
Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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in situ generation can both promote selective TH reaction and
induce the reduction of the catalyst. In this regard, Rej et al.
found that various morphological Cu2O crystals including
cubic, octahedral, and rhombic dodecahedra can be pseudo-
morphically converted to Cu crystals with functionalized face-
centered cubic crystal structures by using AB as a reductant
and ethanol as solvent at room temperature [122].
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 14. Chiral phosphoric acid-catalyzed asymmetric TH of imines.

Reproduced with permission from ref. [111]. Copyright (2018) John Wiley &
Sons.

Table 4

Catalytic semi-hydrogenation of phenylacetylene with AB over metal NPs.

Entry Catalyst T

(ºC)
t (min) Conv.

(%)

Yield

(%)

Alkene/

Alkane

Ref.

1 Au/TiO2 25 30 >99 >99 98/2 [120]

2 TiO2/Pt/TiO2 30 240 >99 >99 (100)/(0) [121]

3 Cu2O crystals 50 45 100 >99 99.5/0.5 [122]

4 Pd@UiO-66(Hf) 80 30 100 >99 93/7 [123]

5 CeO2/Pd@MIL-

53(Al)

25 1 100 >99 100/0 [124]

6 Pd/g-C3N4 40 1080 98 97 100/0 [125]

7 Co@NGR 80 1080 95 95 100/0 [126]

9 Au-Pd@CeO2 25 28 100 93.7 93.7/6.3 [127]

11 CuPd@MOF 25 10 97 93 93/4 [128]

11W. Zhao et al. / Green Energy & Environment xxx (xxxx) xxx

+ MODEL
Incorporation of AB into the preparation of Cu polyhedra
guaranteed the resulting particle to maintain its original
morphology. Thus, the authors developed one-pot CuO2

crystals as a catalyst for the generation of Cu crystals and
applied them for stereoselective semi-hydrogenation of
diphenylacetylene to (Z )-stilbene simultaneously (Scheme
18). Notably, the morphology of the metal catalysts and the
utilization of AB were key elements for ensuring high selec-
tivity of diphenylacetylene to (Z)-stilbene.

Incorporating metal NPs into metal-organic frameworks
(MOFs) can display a synergetic effect between the two
components. This has been shown by Pd@UiO-66(Hf) core-
shell and Pd/UiO-66(Hf) supported catalysts synthesized by
two different methods, respectively [123]. When the prepared
Pd-MOF catalysts were introduced into the semi-TH of phe-
nylacetylene, Pd@UiO-66(Hf) showed superior reactivity and
selectivity toward styrene compared to Pd/UiO-66(Hf) owning
to the former catalyst enabling easier activation of AB by its
larger contact interface of active sites. Traditional hydrogen
sources such as isopropanol, H2, formic acid, NaBH4, and
hydrazine hydrate were also tested with the Pd-MOF catalysts
under the same reaction conditions, but a poor phenyl-
acetylene conversion with low selectivity was observed [124].
Similarly, Pd NPs supported on MIL-53(Al) porous shell with
a combination of CeO2 nanotubes, i.e. CeO2/Pd@MIL-53(Al),
was reported for the hydrogenation of phenylacetylene [125].
By using the hydrogen generated from dehydrogenation of
Scheme 15. Reaction pathways for the hydrogenation of alkynes. Reproduced

with permission from ref. [114]. Copyright (2017) Royal Society of Chemistry.
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AB, almost 100% conversion of phenylacetylene and excellent
selectivity of 96% to the corresponding alkene were achieved
at room temperature within 1 min of reaction with the catalyst.
Also with Pd NPs as active sites, Han et al. prepared Pd/
graphitic carbon nitride (Pd/g-C3N4) to assemble a Pickering
emulsion microreactor, where the tandem reaction of AB
activation and selective alkene hydrogenation were realized at
oil-water interfaces of the droplets at 40 �C [126]. The special
microreactor system allowed utilization of the produced
hydrogen from AB with 99% efficiency for the alkene hy-
drogenation as also confirmed by separate kinetic studies of
the hydrogen evolution and the TH reaction. Thus, the re-
ported Pd containing Pickering emulsion microreactor was
able to catalyze both the formation of hydrogen from AB,
store the formed hydrogen, and control the consumption of
hydrogen. In general, the Pd/g-C3N4 catalyst not only afforded
the production of alkane with as high as 95% yield at ambient
conditions, but also demonstrated a new avenue for econom-
ical and efficient utilization of AB.

To develop a low-cost and efficient reaction system, a non-
noble metal N-graphitic modified cobalt NP catalyst supported
on graphene (Co@NGR) was synthesized to catalyze semi-
hydrogenation of alkynes [127]. Compared to Co NP catalysts
supported on other materials such as Co@Al2O3, Co@GR, and
Scheme 16. The action mode of AB over Au NP during TH of alkyne.

Reproduced with permission from ref. [120]. Copyright (2015) Royal Society

of Chemistry.
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Scheme 17. Synthesis of combretastatin A-4 over Au/TiO2. Reproduced with permission from ref. [120]. Copyright (2015) Royal Society of Chemistry.

Scheme 18. TH reaction of different substituted alkynes over the Cu rhombic dodecahedra. Reproduced with permission from ref. [122]. Copyright (2018) Royal

Society of Chemistry.

Scheme 19. Possible reaction mechanism of Co@NGR-catalyzed alkynes

semi-hydrogenation. Reproduced with permission from ref. [127]. Copyright

(2015) Royal Society of Chemistry.
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Co3C, the Co@NGR catalyst displayed prominent efficiency
with almost 100% selectivity of (Z)-alkene and 99% conversion
of alkynes using AB as TH donor at 80 �C. The high activity of
Co@NGR was attributed to the presence of strong electronic
interactions between the N-doped carbon and Co atoms, and the
reaction system allowed semi-TH of more than 20 internal and
terminal alkynes affording the corresponding (Z )-alkenes in up
to 99% yield, while the formation of over-hydrogenated alkenes
was almost negligible. A series of control and labeling exper-
iments verified that the action mode of AB followed an SHT
mechanism with one of the new hydrogen atoms in the product
originating from B-H from AB decomposition, and the other
hydrogen atom coming from the protonic solvent. Based on the
experimental results, a catalytic mechanism for Co@NGR was
proposed, as shown in Scheme 19.

Co/CN catalyst is efficient for selective hydrogenation of
olefins to alkanes as well [76]. Various olefins including
cyclohexene and styrenes were efficiently converted into the
corresponding alkanes with good to excellent conversion (26–

99%) and outstanding selectivity (>99%). Some bimetallic NP
catalysts were also prepared for semi-hydrogenation of al-
kynes and the hydrogenation of alkenes. Liu et al. reported a
core-shell Au-Pd@CeO2 bimetallic catalyst via a self-assem-
bly autoredox reaction strategy [128]. The as-synthesized
catalyst was efficient for chemoselective hydrogenation of
alkynes, allowing highly efficient production of styrene with
96% yield and 99% conversion of phenylacetylene at room
temperature. The interaction between Au and Pd affected the
catalytic activity and selectivity, whilst the Au core contrib-
uted to charge transfer from Au to Pd leading to a charged Pd
surface proposed as the active site for hydrogen dissociation of
AB in the semi-TH reaction. Incorporation of the non-noble
metal Cu into a Pt alloy achieved a CuPt/rGO that was effi-
cient for promoting the hydrogenation of olefines into alkanes
with excellent conversion and >99% selectivity in the pres-
ence of AB [129].
Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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Recently, the introduction of AB as a hydrogen donor for
photocatalytic hydrogenation reactions has also been noticed.
Li et al.used ZIF-8 encapsulated CuPd NPs to synthesize a
core-shell structure catalyst showing unique physicochemical
properties [130]. The as-prepared CuPd@MOF catalyst
exhibited a relatively high TOF value of 6,799 min�1 and
outstanding performance in chemo- and regioselective semi-
hydrogenation of alkynes under visible-light irradiation at
ambient conditions. High conversion of the system was
attributed to increased contact between phenylethylene and
active hydrogen species, and the action mode of AB over
CuPd@MOF in the photocatalytic system was investigated via
deuterium-labeling experiments and DFT calculations. These
examinations illustrated that both B-H and N-H of AB
participated in the hydrogenation reaction and provided
hydrogen atoms to the alkene product. A negligible conversion
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 20. Catalytic TH of alkynes and alkenes with [Pd(NHC)(PR3)]. Reproduced with permission from ref. [131]. Copyright (2013) Royal Society of

Chemistry.
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of phenylethylene was obtained when using H2 instead of AB
as H source, demonstrating that the active hydrogen species
(Hd� and Hdþ) from B-H and N-H cleavage directly partici-
pated in the reaction rather than the formed H2 from alco-
holysis of AB.
4.2. TH of unsaturated carbon-carbon bonds with metal
complexes
Homogeneous metal complex catalysis works fine for
promoting selective hydrogenation of alkynes and olefins with
AB as the TH source. [Pd(NHC)(PR3)] complexes, such as 7,
with a combination of N-heterocyclic carbene (NHC) and PR3

ligands, were utilized to catalyze the hydrogenation of olefins
into the corresponding alkanes with up to 99% yield in the
presence of 1 equiv. AB (Scheme 20) [131]. Also, certain
internal alkynes were converted with excellent efficiency with
the Pd-complex.

Earth-abundant metal complexes based on iron, cobalt,
nickel, and tin are attractive for the design of metal complex
catalysts due to their lower cost than precious metals (e.g. Pd).
Pagano et al. reported two Co-containing compounds,
Cp*Co(CO)I2 (1) and CpCo(CO)I2 (2) (Cp* ¼ h5-C5Me5,
Cp ¼ h5-C5H5), for effective TH of alkenes and alkynes
(Scheme 21) [132]. The dehydrogenation mode of AB with the
Co-complexes was confirmed as DHT with hydrogen in the
final product coming from both N-H and B-H of AB,
respectively, and the systems smoothly converted various
olefins and phenylacetylenes into the corresponding hydro-
genated and semi-hydrogenated products with almost full
conversion and high selectivity.

Control of the selectivity toward cis- or trans-alkenes of al-
kynes undergoing semi-hydrogenation is not easy. However, Fu
Scheme 21. Co-catalyzed TH reaction of alkenes. Reproduced with permission

from ref. [132]. Copyright (2015) Royal Society of Chemistry.
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et al. found that the semi-hydrogenation of alkynes could be
controlled to afford (Z )- or (E )-alkenes by introducing different
ligands into the design of the Co-catalysts (Scheme 22) [133].
With the designed catalytic systems, more than 20 alkynes
bearing a variety of functional groups were successfully con-
verted into the corresponding (Z )- or (E )-alkenes with good
chemo- and stereoselectivity using as low as 0.2mol%dosage of
catalyst.With catalysts 10 and 11, the authors demonstrated that
the (E )-alkenes were produced via quick isomerization of the
(Z )-alkenes formed from the TH of alkynes. One of the H atoms
in the final alkene derived from B-H of AB and another H atom
came from the protic solvent, thus implying that AB acted as a
hydrogen donor via an SHT pathway.

As discussed above, the introduction of various ligands into
the design of Co complexes may influence the selectivity of
the synthesized metal complex catalyst. Tridentate Py-NNN
ligands react with CoBr2 at room temperature affording tar-
geted Py-NNN cobalt-pincer complexes 12, which are efficient
in catalyzing semi-TH of unbiased alkynes to (Z )-alkenes in
the presence of AB as transfer hydrogen source (Scheme 23)
[134]. Several terminal and internal alkynes smoothly under-
went TH to obtain the corresponding alkenes in excellent
yield, and importantly no fully hydrogenated alkanes formed.
However, further expansion of the catalytic systems to allow
reduction of alkenes to alkanes with a high yield of up to 99%
were achieved by a simple change of reaction conditions.
During the TH reaction, the AB was converted into B(OMe)3
and H2 in the presence of 12 (Scheme 23), and combined with
a deuterium-labeling study it was verified that the H2 for the
hydrogenation reaction was provided by both the protonic
solvent and AB.

Manganese-complexes catalyzing the semi-TH of alkynes
into alkenes with (Z )-selectivity have also been developed.
Zhou et al. incorporated various N-heterocyclic silylene (NHSi)
ligands and MnCl2 into the synthesis of NHSi-manganese cat-
alysts 13. The prepared Mn-complexes were extremely active in
stereoselective hydrogenation of alkynes to (Z )-alkenes with
quantitative conversion and excellent (Z )-selectivity (up to
98%) using AB as a hydrogen source at 55 �C in THF (Scheme
24a) [135]. Likewise, Brzozowska et al. reported an outstanding
manganese-catalyst Mn(II)-PNP-Cl2 14 for semi-hydrogenation
of internal alkynes to (Z )-alkenes [136]. AB contributed here
both to form active Mn(I)-PNP-hydride species from the pre-
cursor catalyst and as an in-situ hydrogen donor for the
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 22. Controllable TH of alkynes over different Co-complex catalysts. Reproduced with permission from ref. [133]. Copyright (2016) American Chemical

Society.

Scheme 23. Designed experiments for clarifying reaction mechanism with Py-NNN Co(II) complexes. Reproduced with permission from ref. [134]. Copyright

(2018) Royal Society of Chemistry.

Scheme 24. Mn-catalyzed TH transformation of alkynes. Reproduced with permission from ref. [136]. Copyright (2018) American Chemical Society.

Scheme 25. Transfer semi-hydrogenation of alkynes with Ni-complex catalyst. Reproduced with permission from ref. [137]. Copyright (2010) Elsevier.
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hydrogenation of the alkynes. AB was confirmed as the sole
hydrogen source and the mechanism involved transferring of H-
atom from the Mn–hydride complex to one end of the alkyne
substrates followed by proton transfer from N-H of AB to the
other end of the alkynes. A broad scope of internal alkyne
Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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substrates bearing sensitive functional groups such as nitrile,
ester, and heterocycles were selectively converted into the
corresponding (Z )-alkenes in good yields at 60–70 �C (Scheme
24b), and the method proved effective to remove small quan-
tities of alkynes from alkenes as well.
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 26. Hydrogenation of pentynol-derived alkynes with Cu-complex. Reproduced with permission from ref. [138]. Copyright (2017) Royal Society of

Chemistry.

Scheme 27. Zr-complex catalyzed hydrogenation of alkenes. Reproduced with

permission from ref. [139]. Copyright (2015) American Chemical Society.
Scheme 29. TH of a,b-unsaturated esters over P-containing organic-catalyst.

Reproduced with permission from ref. [141]. Copyright (2017) American

Chemical Society.
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Using [(P-P)Ni(2-C,C-alkyne)] (P-P ¼ chelating dipho-
spine ligands) 15 as catalyst produced more than ten different
(Z )-alkenes from alkynes at 70 �C in the presence of AB
(Scheme 25) [137]. The reaction selectivity toward cis-alkene
or trans-alkene could be controlled by adjusting the reaction
conditions.

Korytiakova et al. employed an air-stable Cu/NHC-catalyst
16 (iPrCuOH) for the semi-TH of pentynol-derived alkyne to
the corresponding (Z )-alkene in up to 99% yield at 50 �C with 3
equiv. AB (Scheme 26) [138]. For comparison, hydrogenation
with gaseous H2 as H donor was carried out under identical
reaction conditions, but here a quite low conversion was ob-
tained. Additionally, the as-prepared protocol with AB enabled
conjugate TH of enoates with good to excellent performance.

A Group 4 metal complex based on zirconium with
different ligands 17 was utilized to produce various alkanes
from the hydrogenation of alkenes with AB as a hydrogen
Scheme 28. The pathway of hydrogen transfer of AB during alkene hydrogenation. R

Chemistry.
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source in THF solvent (Scheme 27) [139]. The formation of
borazines and borazanes was revealed by 11B NMR analysis,
corroborating that AB acted through a DHT pathway in the
presence of the as-synthesized Zr-complex.
4.3. TH of unsaturated carbon-carbon bonds with metal-
free systems
Yang et al. developed an external catalyst-free system for
regioselective TH of polarized olefins allowing quantitative
conversion at room temperature [140]. The rate-determining
step of the TH process was the transfer of HN atom from AB,
while the transfer of HB atom of AB occurred before the HN

transfer. Therefore, the TH of polarized olefins in the catalyst-
free system followed a stepwise DHT pathway (Scheme 28).
eproduced with permission from ref. [140]. Copyright (2011) Royal Society of
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Scheme 30. Possible reduction pathways of CO2.

Scheme 32. Reaction mechanism for Ge-complex catalyzed hydrogenation of

CO2 to methanol. Reproduced with permission from ref. [146]. Copyright

(2010) Royal Society of Chemistry.
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An organo-catalyst, 1,3,2-diazaphospholene 18, was uti-
lized as an efficient catalyst to promote the hydrogenation of
a,b-unsaturated esters to the corresponding esters via a 1,4-
addition with AB as transfer hydrogen donor [141]. The re-
action was realized through a pathway involving (i) moving of
the P-H species of 18 to the carbon-carbon double bond of the
a,b-unsaturated ester affording intermediate b via a 1,4-
addition reaction followed by ii) breakage of the P-O bond of
b to form the target product d by transferring hydrogen from
AB (Scheme 29).
4.4. Summary
Many noble metal- and non-noble metal catalysts have
been investigated for TH of unsaturated carbon-carbon bonds
with AB as transfer hydrogen donor. Metallic NPs are efficient
for semi-TH of alkynes to olefins and most noble metals (Pd,
Pt, Au) accelerate the TH reaction at low temperature
(<30 �C), while non-noble metals require a relatively higher
temperature (>50 �C). Bimetallic NPs containing both noble
and non-noble metal can reduce the usage of high-cost noble
metal and give the comparable activity of pure noble-metallic
NPs at mild reaction conditions. Several metal-complex cat-
alysts have also been designed for TH of olefins and semi-TH
of alkynes. Notably, alkenes from the semi-TH of alkynes with
desired configuration (Z and E ) could be obtained with metal
Scheme 31. Hydrogenation of CO2 into methanol over Al-containing catalyst.

Reproduced with permission from ref. [143]. Copyright (2010) American

Chemical Society.
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complexes, where most of the catalysts are noble metal-free
and afford (Z )-alkenes at mild reaction conditions. In contrast,
only two metal-complex catalysts were reported for TH of
olefins operated at relatively high temperatures (>65 �C).
Compared to heterogeneous metallic NP catalysts, homoge-
neous metal-complex catalysts introduce cumbersome product
isolation and catalyst reuse, which may induce inefficacy and
waste problems. Moreover, so far only two metal-free systems
have been studied for TH of olefins containing electron-
drawing groups. Therefore, the metallic site of NPs, active
metal center of transition metal catalytic system, and Lewis
acid of organic catalyst would interact with AB and further
promote selective hydrogenation of unsaturated carbon-carbon
bonds. Designation of heterogeneous non-noble metal-based
NPs with higher reactivity and development of more metal-
free catalysts with a wide application of substrates employing
AB as transfer hydrogen donor would conduct a viable di-
rection of effort in the future. Viewed from the perspective of
the reaction mechanism, the majority of reported TH of al-
kynes and alkenes involves a DHT pathway via the dehydro-
genation of AB.

5. Catalytic TH of CO2
5.1. Hydrogenation of CO2 with metal-containing lewis
acid
The excess of carbon dioxide (CO2) in the atmosphere is
considered a major reason for the global “greenhouse effect”
experienced in reason years, and the possibility for developing
efficient ways of upgrading the CO2 has accordingly attracted
much attention [142]. Promoting the hydrogenation of CO2

into value-added compounds is an important strategy. Scheme
30 displays a sectional pathway of CO2 reduction including
generation of formic acid by partial reduction, production of
methanol by further hydrogenation, and formation of formyl
product by interacting with the nucleophile.
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 33. Possible reaction mechanism for N-formylation of CO2 with an

amine. Reproduced with permission from ref. [147]. Copyright (2017) Royal

Society of Chemistry.
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M�enard et al. developed FLPs 19 consisting of AlX3 (X¼ Cl
or Br) and PMes3 to facilitate the hydrogenation of CO2 to form
methanol at room temperature (Scheme 31) [143]. Remarkably,
catalyst 19 was found to rapidly interact with AB realizing the
irreversible capture of CO2, where after quenching with water
afforded a good yield ofmethanol.Mechanistic details of the 19-
trapped CO2 reduction to methanol were unfolded by a sys-
tematic DFT calculation, where it was found that the B-H
activation pathway contributed to the reduction of CO2 [144].
Another Al-complex, Al(C6F5)3, enabled coupling with AB to
form Al(C6F5)3$NH3BH3, which interacted with CO2 affording
formate-bridged species regarded as the precursor of the tar-
geted reductive product [145].

A germanium-catalyzed system engaged in the TH of CO2

to methanol and formic acid in the presence of AB under room
conditions as well. A Ge(II)-hydride complex 20 prepared
from pre-reduction of L-Ge-Cl (L ¼ CH{(CMe)(2,6-
iPr2C6H3N)}2) was the active species of capturing CO2 to
form germanium(II) formate (LGeOC(O)H), which could be
further converted to methanol or HCOOH with the aid of
hydrogen transfer of AB and finally quenched with water
(Scheme 32) [146].
Scheme 34. Reaction mechanism for DBU-enabled hydrogenation of CO2 to

formic acid. Reproduced with permission from ref. [148]. Copyright (2021)

Elsevier.
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5.2. Catalyst-free CO2 hydrogenation
The polar structure of AB enables the reduction of AB into
value-added chemicals in certain catalyst-free systems. Zhao
et al. found that AB facilitates N-formylation of amines using
CO2 as a C1 source without the utilization of external catalyst,
but the nature of the reaction solvent has a profound influence
on reactivity and selectivity [147]. In detail, weakly polar
solvents such as 1,4-dioxane, THF, and acetone were inert for
the N-formylation reaction, while polar solvents such as
CH3CN, DMF, and DMSO showed preferable activity, which
was attributed to good solubility of CO2 and AB in polar
solvents. More than thirty N-formyl amines were smoothly
obtained via reductive functionalization of CO2 (10 bar) in 76–

96% yields. In the solvent DMF, AB was found to disintegrate
to BH3 which then interacted with DMF to form I (Scheme
33). Subsequently, CO2 was fixated to the borate forming II
which reacted with the amine to achieve the N-formamide
product. Thus, it is evident that AB worked here via an SHT
pathway.

Recently, the authors employed a similar catalyst-free system
with the organic superbase DBU as an additive to produce
formate from the reduction of CO2 in the presence of AB [148].
A yield of 7.2 mmol of HCOOH was obtained under 10 bar of
CO2 at room temperature. During the reaction process, CO2 was
initially activated to form the salt [DBUH]þ[HCO3]

-. The salt
was then reduced to [DBUH]þ[HCO2]

- by AB, which upon
treatment with acid solution afforded HCOOH (Scheme 34).
5.3. Summary
So far only a limited number of studies have reported the
reductive functionalization of CO2 using AB as H-donor. In
contrast, several metal-containing Lewis acid catalysts have
been investigated for TH of CO2 with AB as hydrogen donor
with Al-containing FLPs being most studied for the production
of methanol and formic acid. Only two catalyst-free systems
are reported for the reductive functionalization of CO2 to N-
formylamine and formic acid, and the reaction occurs under
high CO2 pressure in a solvent with high polarity and high
boiling point. Based on these limited studies, the reaction
mechanism of TH of CO2 in the presence of AB mainly fol-
lows the STH pathway. Strong Lewis acid and base sites are
helpful for the hydrogenation of CO2 into value-added prod-
ucts in the AB system. In future work, heterogeneous catalysts
with suitable Lewis acid active sites as well as the imple-
mentation of more green solvents in catalyst-free systems
deserve exploitation for reductive utilization of CO2 in the
presence of AB.
Scheme 35. Reductive amination of aldehydes with a chiral amine. Repro-

duced with permission from ref. [152]. Copyright (2015) Elsevier.
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Scheme 36. Asymmetric TH of ketones with chiral phosphoric acid. Reproduced with permission from ref. [158]. Copyright (2020) Elsevier.

Scheme 37. Reductive amination of aldehydes and amines over trimethyl borate. Reproduced with permission from ref. [159]. Copyright (2021) American

Chemical Society.
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6. TH of carbonyl compounds

The selective reduction of carbonyl compounds is one of
the most important transformation processes in organic
chemistry [149], and both molecular hydrogen, alcohols, for-
mic acid, hydrosilanes, and metal-containing borane hydrides
have been widely used as common reductants to reduce
carbonyl compounds by hydrogenation. However, more
benign systems are possible for TH of carbonyl compounds
with the use of AB as a hydrogen donor instead of the above-
mentioned hydrogen sources.
Scheme 38. TH of epoxide to alcohol over Er(OTf)3 and Co-complex catalyst. Repr

Society.
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6.1. TH of carbonyl compounds with metal-containing
catalysts
Metallic NPs are efficient in the TH of carbonyl compounds
with AB. This includes also Co NPs (Co0.15@C/PC) which,
besides TH of nitro compounds, are also competent for the
selective hydrogenation of carbonyl compounds to alcohols
[76]. Hence, Co0.15@C/PC reduced various aldehydes, such as
furfural and cinnamyl aldehyde, selectively to the corre-
sponding alcohols in up to 99% yield at room temperature
with 5 min of reaction. For the hydrogenation of cinnamyl
oduced with permission from ref. [160]. Copyright (2020) American Chemical
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Scheme 39. Reaction mechanism for partial hydrogenation of quinolines with

cobalt-amido complex.
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aldehyde containing two sensitive groups, it is pivotal to
design a controllable reaction system for adjusting the product
selectivity toward saturated alcohol or unsaturated alcohol.
Zhou et al. successfully controlled the chemoselective hy-
drogenation of cinnamyl aldehyde over a Pt NP catalyst sys-
tem, which involved two hydrogenation mechanisms (TH with
AB and catalytic hydrogenation of the prepared Pt NPs) [150].
In detail, the carbonyl group of the cinnamyl aldehyde was
fully reduced to the corresponding hydroxyl group by TH with
AB in the absence of catalyst at room temperature within
15 min, and quantitative yield of saturated alcohol was ob-
tained when adding the prepared Pt NPs as a catalyst. AB here
played three important roles: i) transfer hydrogen source for
the carbonyl reduction; ii) reductant for in situ formations of
Pt NPs, and iii) hydrogen donor for further hydrogenation of
the carbon-carbon double bond. Additionally, magnetic Pd-Pt/
Fe3O4 was applied as a catalyst for the continuous reductive
amination of aldehydes with nitroarenes [151]. AB was here
not only employed as a reductant for the TH of nitroarenes, but
also as a hydrogen donor for imine reduction and more than 25
secondary amines were produced in 52–96% yields.

AB has also been demonstrated to be useful as a transfer
hydrogen donor in the Borch reduction reaction with diverse
aldehydes and amines. Nisanci et al. prepared a heterogeneous
graphene-supported NiPd NP catalyst (G-NiPd), which effec-
tively afforded high yields of up to 99% of secondary amines
under ambient conditions in the reductive amination of alde-
hydes and amines (Scheme 35) [152]. Interestingly, the reac-
tion efficiency and selectivity were retained even using chiral
amines.

Alternatively, Ramachandran et al. used commercial
Ti(OiPr)4 as a catalyst for the reductive amination with AB as
a hydrogen donor, and also here 27 secondary amines were
formed in good to excellent yield (72–99%) under ambient
conditions [153]. Compared to conventional catalytic systems
using formic acid as a hydrogen source and high temperature,
Please cite this article as: W. Zhao et al., Ammonia borane-enabled hydrogen trans
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the AB system realized the reductive amination at significantly
milder reaction conditions.
6.2. TH of carbonyl compounds with metal-free systems
Shi et al. reported a very benign and catalyst-free system
facilitating selective TH of various aldehydes and ketones with
AB as a hydrogen source in neat water [154]. A broad sub-
strate scope including aliphatic, aromatic, a,b-unsaturated,
and heterocyclic aldehydes, and keto esters could be suc-
cessfully reduced into the corresponding alcohols with full
conversion and >85% yield at room temperature with short
reaction time, thus making the green and convenient method
promising for large-scale production of alcohols.

Generally, the type of solvent has an apparent influence on
the reactivity and the reaction mechanism of AB for the
reduction of carbonyl compounds. Xu et al. found that the
hydrogenation of carbonyl groups to alcohols in THF followed
a DHT pathway [155]. A series of NMR and kinetic experi-
ments demonstrated that both protic H(N) and hydridic H(B)
of AB participated in the hydrogenation process, and the
destruction of B-H and N-H was confirmed to be the rate-
determined step. Based on these results, Ma et al. gained
insight into the influence of the nature of the solvent from a
systematically theoretical point of view [156]. They found that
the dissociation of NH3 from AB preferentially follows a
lower-energy SN1 path (DG ¼ 15.3 kcal/mol) rather than a
higher-energy SN2 reaction path (DG ¼ 31.6 kcal/mol).
Moreover, the calculated free energy of the DHT pathway was
lower than that of the SHT pathway (hydroboration) by
4.7 kcal/mol no matter if a protic or aprotic solvent was
involved. Recently, Zhao et al. also employed an AB-involving
catalyst-free system for reducing the carbonyl group of
biomass-derived levulinic acid, followed by cyclization to the
important fine chemical g-valerolactone (GVL) with as high
as 99% yield in water within few minutes [157]. A plausible
reaction mechanism was subtly proved to involve the forma-
tion of borate intermediates, and more than 20 biomass-
derived aldehydes and ketones were additionally converted
with up to 99% product yield at room temperature in neat
methanol.

The polar structure of AB makes asymmetric hydrogena-
tion of carbonyl compounds possible and Zhou et al. intro-
duced a chiral phosphoric acid 21 to catalyze the asymmetric
hydrogenation of various ketones under mild conditions [158].
A variety of enantioselective alcohols were obtained in good to
excellent yield with up to 77% ee (Scheme 36) with the more
sterically hindered ketones providing higher ee values. AB
interacted with the chiral phosphoric acid via a six-membered
transition state to form chiral ammonia borane, which was
confirmed as key active species during the generation of the
asymmetric alcohol.

Lately, Ramachandran et al. synthesized more than 23 sec-
ondary amines from aldehydes and primary amines by using
low-cost trimethyl borate, B(OMe)3, as efficient Lewis acid
catalyst with AB as the hydrogen donor at room temperature
under solvent-free conditions (Scheme 37) [159]. The reported
fer processes: Insights into catalytic strategies and mechanisms, Green Energy



Scheme 40. Asymmetric TH of quinoxalines and indoles with chiral catalysts. Reproduced with permission from ref. [164]. Copyright (2017) American Chemical

Society.

20 W. Zhao et al. / Green Energy & Environment xxx (xxxx) xxx

+ MODEL
protocol proved promising in pharmaceutical synthesis as it
enabled product isolation also in larger-scale reactions.
6.3. Summary
Both hydrogenation and reductive amination of carbonyl
compounds are described using metal-containing and metal-
free catalysts with AB as a hydrogen donor. For metal-con-
taining catalytic systems, TH of carbonyl compounds to al-
cohols were conducted using metal NPs (Co and Pt) in the
green solvent water under ambient conditions in a few mi-
nutes. For the Pt NPs system this enabled selective control of
the TH of C]C and C]O. Reductive amination of carbonyls
using metallic catalysts was also realized in a few studies with
good yields of second amines. A catalyst-free system has
shown comparable activity to metallic catalysts for TH of the
carbonyl compound. Notably, the reaction occurred without
any additives in a pure solvent and enabled TH of a wide range
of substrates, thus making a huge potential in large-scale
production of alcohols from carbonyl compound owing to the
utilization of green solvents (e.g., water), simpler separation
process of products, and mild reaction conditions. DFT cal-
culations and designed experiments corroborated the DHT
mechanism of AB in the catalyst-free systems. Asymmetric
TH of ketones to the corresponding alcohols with chiral
catalyst is only reported in few cases and afforded a moderate
efficiency. Metal NPs and strong Lewis acid could be efficient
active sites to enhance the reactivity of the selective reduction
of the carbonyl compound. In future work, catalyst-free sys-
tems may be applied for the reduction of more carbonyl
compounds, and the exploitation of sustainable catalysts is a
preferential direction for asymmetric and selective TH of
Scheme 41. B(C5F6)3-catalyzed TH
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carbonyl compounds. The use of catalysts proved necessary
for the reductive amination of carbonyl compounds and
amines, while a study employing a metal-free system (borate)
resulted in a more low-cost process compared to noble-metal
NPs. From an environmental viewpoint, low-cost heteroge-
neous catalysts and harmless homogeneous systems stills need
to be developed for the implementation of reductive amination
with AB as a hydrogen source at mild conditions.

7. TH of heterocyclic compounds
7.1. TH of heterocyclic compounds with metal-
complexes
AB-containing hydrogenation systems have also proven
effective for regioselective conversion of epoxides to anti-
Markovnikov alcohols. Hence, 43 alcohols were obtained in
moderate to excellent yield from isomerization-TH of the
different terminal, 1,2-disubstituted, and tetra-substituted ep-
oxides with a Co-PNP complex 22 and Lewis acid Er(OTf)3
co-catalyst using AB as the transfer hydrogen source at mild
conditions (<55 �C) [160]. A synergetic action between 22
and Er(OTf)3 during the TH of epoxides was found with the
latter initiating the first isomerization of epoxide into an in-
termediate aldehyde, while 22 contributed with further TH of
the aldehyde into the targeted alcohol. It is noteworthy that
hydrogen transferred from AB to the substrate via a DHT
pathway rather than dissociation of AB (Scheme 38).

The products from the hydrogenation of quinolines have
wide application in bioactive molecules, pharmaceuticals,
natural products, and organic electroluminescent materials
[161]. Recently, the partial hydrogenation of quinolines to
of heterocyclic compounds.
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more than 40 dihydroquinolines was demonstrated by Pang
et al. with excellent yield and regioselectivity using a cobalt-
amido complex catalyst with AB as a transfer hydrogen source
at room temperature [162]. The dosage of AB proved impor-
tant for the product selectivity toward full or partial hydro-
genation, and the results of kinetic experiments and DFT
calculations corroborated that the reaction occurred with a
DHT pathway via interaction with the cobalt-amido complex
(Scheme 39).
7.2. TH of heterocyclic compounds with FLPs
FLPs have provided a very useful and important approach
for metal-free hydrogenation of heterocyclic compounds.
Zhao et al. combined Pier's borane and (R)-tert-butylsulfina-
mide for asymmetric hydrogenation of 3-disubstituted qui-
noxalines to afford good yields of various cis-
tetrahydroquinoxalines with 77–86% ee values at 30 �C [163].
With the same catalytic system, asymmetric TH of a series of
N-unprotected indoles into the corresponding indolines were
realized in 40–78% yield with ee values up to 99% using mild
reaction conditions (Scheme 40) [164]. Likewise, also 2-
substituted and 2,3-disubstituted N-unprotected indoles dis-
played good tolerance with the reported system.

The authors accomplished also selective TH of various
pyridines to piperidines in 44–88% yield with moderate to
excellent cis-selectivities with a B(C6F5)3 catalyst at 80 �C
[165]. Ding et al. employed similar B(C6F5)3-catalyzed TH of
Scheme 42. Main perspectives o
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quinoline derivatives affording target products in 50–81%
yield, and catalytic TH of quinoxaline and indole derivatives
achieved target products in yield of 60–85% (Scheme 41)
[166].
7.3. Summary
Heterocyclic compounds including epoxides, quinoxalines,
indoles, quinolines, and pyridines have been employed for the
syntheses of derived reductive products with AB using metal
complexes and strong Lewis acid B(C6F5)3. Only two Co-
containing metallic complexes were studied for TH of het-
erocyclic compounds (epoxides, quinoxalines). Almost all
metal-free catalysts for TH of unsaturated N-containing het-
erocyclic compounds involved the strong Lewis acid B(C6F5)3,
while chiral co-catalyst was necessary to use to produce the
asymmetric products. B(C6F5)3 is commercially accessible but
rather expensive, and metal complexes with organic ligands
are acknowledged to possess certain environmental hazards.
From a viewpoint of reaction mechanism, the metal center of
metal complexes and strong Lewis acid species are the main
active sites for selective TH of the reported heterocyclic
compounds. So far, no heterogeneous catalysts have been
applied for the reduction of heterocyclic compounds with AB,
thus leaving an opportunity for future work to develop het-
erogeneous catalysts and sustainable Lewis acidic compounds
for the hydrogenation of more heterocyclic compounds with
AB as a hydrogen source.
f AB-enabled TH reactions.
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8. Conclusion and outlook

TH with AB represents an attractive strategy towards obtain-
ing sustainable development compared to using acidic formic
acid, inert alcohol, expensive silane, and pressurized molecular
hydrogen due to advantages such as high atom efficiency, low
energy consumption, and low environmental impact. Various
unsaturated compounds can be reduced effectively with AB into
desired chemicals over metal NPs, metal complexes, and metal-
free systems at mild reaction conditions. However, despite sig-
nificant progress, successful TH reactions for some groups of
unsaturated compounds are still limited. This review has high-
lighted some problems and advantages of TH of different sub-
strates at the end of each section, and the general opportunities
and challenges faced in the TH of unsaturated compounds with
AB may be summarized as below (Scheme 42).

Firstly, TH with AB enables conversion of various func-
tional groups including –NO2, CO2, –C]O, –C]N, –C≡N,
–C]C, –C≡C, and partial heterocyclic compounds. Among
the reported reaction processes, the hydrogenation of nitro
compounds are the dominantly studied protocols with most of
the involved nitro compounds being nitrobenzene derivatives
but only a few examples on aliphatic compounds. The TH of
alkynes using AB can guarantee selectivity toward semi-hy-
drogenated products, as the TH of alkenes always needs
harsher reaction conditions than TH of alkynes. Products ob-
tained by CO2 reduction with AB mainly involve formic acid
and methanol under ambient conditions. For TH of heterocy-
clic compounds, only epoxides, quinolines, indoles, and pyr-
idines have been included as substrates. For functional groups
such as carboxylic acid/ester, carboxylic acid/ester, -C-X
(halogen), and -C-O, the number of successful TH reactions
utilizing AB is limited. Notably, TH of less reactive functional
groups is accomplishable using molecular hydrogen or other
transfer hydrogen donors under relatively harsh reaction con-
ditions. Therefore, introducing AB for the hydrogenation of
more compounds should be an alternative strategy to imple-
ment benign TH.

Secondly, the current catalytic systems for TH with AB
mainly involve metal NPs, metal complexes, and homogeneous
metal-free catalysts. The corresponding active sites of these
catalysts are reduced metal NPs, the metal center of metal
complexes, strong Lewis acid and basic sites, respectively.
Generally, noble metal-containing catalysts take up a great
proportion in all TH reactions. Newly developed catalysts
should aim toward overcoming the existing drawbacks,
including poor stability and noble metal inventory. To decrease
the cost of metallic catalysts, future attention should focus on
developing high efficient noble metal NP catalyst systems with
lower catalyst dosage. Such metal NPs may be realizable by
increasing the atom dispersion on catalysts and forming bime-
tallic catalystswith the introduction of low-costmetals. As far as
metal complexes, exploitation of more inexpensive metals and
the use of low-toxic ligands may be promising directions.
Moreover, metal-free catalytic systems, including commercial
Lewis acid phosphorus- or boron-containing organocatalysts,
and catalyst-free systems have been studied for some TH
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reactions, where catalyst-free TH have great potential in in-
dustrial synthesis owing to simplification of product isolation
and good process economy. To date, no recyclable metal-free
catalysts have been reported even though many homogeneous
metal-free catalysts are efficient in the TH reaction.

Finally, obtaining insight into theTH reactionmechanismwith
AB is a significant task for the precise design of efficient catalytic
systems. DFT calculations, labeling and control experiments as
well as in situ NMR experiments have in a few studies been
employed to study reaction mechanisms. The action mode of AB
was corroborated in different reaction systems. Independently of
the substrate, the initiating of the TH reaction requires rendering
active hydrogen transfer fromAB. The nature of reaction solvent
and catalyst can impact the hydrogen transfer mechanism. Based
on the reported systems, metal and Lewis acidic sites were found
good active centers for facilitating AB activation and hydrogen
transfer. The reaction seems more effective in polar solvents,
especially water-containingmedium, due to a higher solubility of
AB compared with aprotic solvents. However, the accurate sol-
vent impact on the active sites for the TH reaction mechanism is
unclear. The influence of catalyst structure on reaction mecha-
nism is also insufficiently understood for most TH reactions with
AB. Therefore, future work should focus on elaborating the
mechanism of the reactions in more detail.
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