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Acid- and Base-Catalyzed Hydrolytic Hydrogen Evolution
from Diboronic Acid
Yi Wang+,[a] Jialu Shen+,[a] Yu Huang,[a] Xiang Liu,*[a] Qiuxia Zhao,[b] and Didier Astruc*[b]

The efficient production of H2 from hydrogen-rich sources,
particularly from water, is a crucial task and a great challenge,
both as a sustainable energy source and on the laboratory scale
for hydrogenation reactions. Herein, a facile and effective
synthesis of H2 and D2 from only acid- or base-catalyzed metal-
free hydrolysis of B2(OH)4, a current borylation reagent, has
been developed without any transition metal or ligand. Acid-
catalyzed H2 evolution was completed in 4 min, whereas the

base-catalyzed process needed 6 min. The large kinetic isotopic
effects for this reaction with D2O, deuteration experiments and
mechanistic studies have confirmed that both H atoms of H2

originate from water using either of these reactions. This new,
metal-free catalytic system holds several advantages, such as
high efficiency, simplicity of operation, sustainability, economy,
and potential further use.

Introduction

Hydrogen-rich inorganic hydrides, metal hydrides, nanostruc-
tured materials, and chemical storage materials such as NH3BH3,
NaBH4 or related compounds based on boron[1] have been
regarded as most promising for chemical hydrogen storage
materials due to their high hydrogen content and easily storage
as solids.[2] Typically, hydrolysis of NH3BH3, NaBH4 or related
boron compounds catalyzed by optimized transition-metal
nanoparticles smoothly generates H2 under ambient
conditions.[3] On the other hand, several simple organic/
inorganic compounds such as for instance ethanol and water
have been shown to be useful in transfer hydrogenation, a very
rich organic chemistry field.[4] Indeed, the transport and current
laboratory use of explosive H2 is dangerous and hazardous. In
this respect, another commercially available class of boron
compounds, diboronic acid and esters, B2X4 (X=OH and
pinacolate, pin, respectively)[5] has shown great usefulness in
organic synthesis,[6] in particular for hydrogenation and cross
coupling with haloarenes producing arylboronic derivatives
that are well known as precursors of C� C bonds upon Miyaura-
Suzuki coupling.[7] These two diboron derivatives have indeed
largely been used in transition-metal-catalyzed transfer hydro-

genation of a variety of substrates using water as the hydrogen
source,[8] and H2 has been found as intermediate[9] or product[10]

in some of these reactions.
The mechanism of H2 formation from water whereby both

hydrogen atoms from H2 are provided by water is therefore
clearly of different nature from those involving transition-metal
catalyzed hydrolysis of NH3BH3 or NaBH4 by which one H atom
is provided from water and the other one from NH3BH3 or
NaBH4.

[10] Moreover, several reports have also appeared showing
useful substrate hydrogenation using these diboron com-
pounds with water as the only hydrogen source in the absence
of transition metal catalyst.[11] In a seminal article on the
reactions of B2Cl4, Wartik and Apple had noted: “B2(OH)4 is a
white solid which dissolved in a large excess of water to liberate
traces of hydrogen. The rate of hydrogen evolution was
increased somewhat by the addition of sulfuric acid and
became quite rapid on the addition of sodium hydroxide”.[12] In
parallel, Schlesinger had demonstrated metal-free acid-cata-
lyzed H2 formation from NaBH4, and, on the contrary, decrease
of hydrolytic activity in basic medium,[13] and Xu et al had
disclosed similar trends with hydrolytic H2 production from
NH3BH3.

[14]

Given the interest in H2 evolution and the above applica-
tions of these diboron reagents involving their hydrolysis and
hydrogenation reaction, we have re-investigated the B2(OH)4
hydrolysis reaction in the absence of transition-metal catalyst.
Here we report the metal-free acid-catalyzed and base-
catalyzed H2 evolution upon hydrolysis of diboronic acid,
B2(OH)4. (Eq. 1). The mechanisms of these reactions are
proposed based on kinetic studies including kinetic isotope
effect (KIE) using D2O, in situ tandem reactions and deuteration
experiments. Compared to transition-metal nanoparticle-cata-
lyzed hydrolysis of B2(OH)4, this catalytic system also holds
several advantages, such as high efficiency, simplicity of
operation, sustainability, economy and potential further use.
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Results and Discussion

Acid-catalyzed H2 evolution

The study started with hydrogen evolution upon hydrolysis of
diboronic acid (1.0 mmol) in the presence of 0.05 mol/L of
H2SO4 at 30 °C and, in this way, H2 was obtained in 92% yield in
7 min. Then, it was found that Na2SO4 did not work, which
indicates that the catalytic efficiency of H2SO4 is attributed to
the protons (aq. H3O

+). This acid-catalyzed diboronic acid
hydrolysis has been kinetically evaluated by varying the
concentrations in catalyst and diboronic acid and studying the
temperature effect. H2 evolution in this reaction has been
carried out under various acid concentrations: 0.05, 0.1, 0.2, 0.3,
0.4 and 0.5 M (mol/L), while the initial diboronic acid concen-
tration was kept constant at 0.5 M. Figure 1 shows the plots of

time vs. volume of H2 generated by acid-catalyzed diboronic
acid hydrolysis at different catalyst concentrations at 30 °C and
the plot of H2 production rate vs. acid concentration in the
logarithmic scale. The slope of 0.20 demonstrates that the acid-
catalyzed hydrolysis of diboronic acid is first-order with respect
to the catalyst concentration. In diboronic acid concentration-
dependent hydrolysis, the acid concentration was kept at 0.5 M,
while the diboronic acid amounts were set at 0.5, 0.75, 1.0 and
1.25 mmol, respectively. Figure 2 exhibits the plot of H2

production rate vs. diboronic acid concentration in logarithmic
scale. The slope of 0.92 indicates that the acid-catalyzed
hydrolysis is also first-order with respect to the concentration of
diboronic acid. Finally, to obtain the activation energy (Ea) of
the H2 production, diboronic acid (0.5 M) was hydrolyzed in the
presence of 0.5 M sulfuric acid at various temperatures (from
303 K to 333 K). Figure 3 exhibits the plot of time vs. volume of
H2 generated during diboronic acid hydrolysis at various
temperatures. The values of the rate constant k at different
temperatures were calculated from the slope of the linear part
of each plot for the determination of the activation energy,
yielding the Ea value of 15.75 kJ/mol, based on the Arrhenius
equation. HCl was also found to catalyze B2(OH)4 hydrolysis as
well as H2SO4 with quantitative H2 formation.

Base-catalyzed H2 evolution

In a preliminary experiment, the H2 evolution reaction has been
initially conducted by using 1 mmol of B2(OH)4 in the presence
of various amounts of Na2CO3 (from 0.2 mmol to 1.2 mmol) in
water (2 mL) at 30 °C, and 1 mol H2 per mol B2(OH)4 was
produced (Figure 4a). The slope of the logarithmic plot of H2

generation vs. concentration of Na2CO3 is 0.86, indicating that
H2 evolution is first order in catalyst concentration. Above
1 mmol Na2CO3, the catalytic efficiency of H2 evolution no
longer increased due to the saturation of the catalyst. Na2SO4

Figure 1. Time plots of the catalytic evolution of H2 as a function of the
H2SO4 concentration. Inset image: plots of the rates of H2 generation vs. the
concentration of H2SO4, both on natural logarithmic scales.

Figure 2. Plots of the volume of hydrogen generated vs. time for the H2

evolution at various amount of B2(OH)4 (both on natural logarithmic scales).
Figure 3. Plots of the hydrogen volume vs. time for evolution of H2 catalyzed
at various temperatures (both on natural logarithmic scales).
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does not work for H2 evolution, which shows that the catalytic
efficiency of Na2CO3 is attributed to CO3

2� . For comparison,
NH3BH3, NaBH4, B2Pin2 and B(OH)3 have been tested for base-
catalyzed H2 evolution under the same conditions, and neither
of these boron compounds works. Then, H2 evolution from
B2(OH)4 hydrolysis was carried out in the presence of 1 mmol of
various bases (Figure 4b), and it was found that Et3N, NaOH,
Na2CO3, CsOH, Cs2CO3 and KOH are very efficient for H2

evolution. The acidic bicarbonate salts KHCO3 and NaHCO3 are
less efficient than their corresponding carbonates K2CO3 and
Na2CO3, respectively. Na2HPO4 and NaH2PO4 are little efficient
for this H2 evolution reaction, indicating that the nature of the
alkali metal cation does not significantly influence the reaction.
These experiments are thus strongly in favor of OH� as the
active catalytic species for H2 evolution and, in the case of non-
hydroxide base, OH� is provided from water upon reaction with
carbonate. Then, the influence of the concentration of B2(OH)4
on H2 evolution in the presence of 1 mmol of Na2CO3 has been
investigated at 30 °C (Figure 4c).

The slope of the logarithmic plot of H2 generation vs.
concentration of B2(OH)4 was found to be 1.02, showing that H2

evolution is first order in B2(OH)4 concentration. The efficiency
of H2 evolution at different reaction temperatures from 303 to
318 K is shown in Figure 4d. Based on the Arrhenius equation,
the activation energy (Ea) value is 46.4 kJ/mol for Na2CO3.

Kinetic and mechanistic study

The isotopic experiment using D2O instead of H2O has been
carried out for acid or base-catalyzed B2(OH)4 hydrolysis, and
the kinetic results are shown in Figure 5, showing that the
primary KIEs are 5.47 and 5.48 for acid and base-catalyzed H2

evolution, respectively, strongly suggesting that the O� H bond
of H2O is cleaved in the rate-determining reaction step in both
acid and base-catalyzed H2 evolution.

[15]

H2 generated from the hydrolysis of B2(OH)4 reaction is not
only utilized for hydrogen storage, but also for in situ tandem
reactions, and for mechanistic study of the B2(OH)4 hydrolysis
reaction. For further confirming hydrogen evolution from the
diboronic acid hydrolysis reaction catalyzed by the acid catalyst,
the tandem reaction for the hydrogenation diphenylacetylene,
norbornene and 1,1-diphenylethylene with H2 produced from
diboronic acid hydrolysis catalyzed by sulfuric acid, the reaction
was carried out in a sealed two-chamber system at 30 °C for
12 h (Scheme S1), and all the reactions of diphenylacetylene,
norbornene and 1,1-diphenylethene hydrogenation provided
99% yield of the desired products, confirming H2 evolution
from acid-catalyzed diboronic acid hydrolysis. In addition, the
formation of B(OH)3 was confirmed by ESI mass spectrometry
(Figure S1), 1H (Figure S2) and 11B NMR (Figure S3) and XRD
(Figure S4). Similarly, the tandem reactions for hydrogenation of
norbornene and 1,1-diphenylethene with H2 generated from
B2(OH)4 hydrolysis catalyzed by Na2CO3 are represented in
Scheme S2. Both hydrogenations of norbornene and 1,1-
diphenylethene provided 99% yield of the desired products,
confirming the stoichiometric formation of H2 upon base-
catalyzed sealed two-chamber system (Figure 6), D2 was gen-
erated from acid-catalyzed B2(OH)4 hydrolysis with D2O, the
reaction being catalyzed diboronic acid hydrolysis. Moreover,
the mass spectrum (Figure S5) also confirmed the formation of
the reaction product, B(OH)3. In a by H2SO4 in the left chamber.
This D2 was utilized for the in-situ hydrogenation of norbornene
catalyzed by commercial Pd/C in the right chamber. Then, the
desired product 2f was obtained in 99% yield (Eq. 2), confirm-
ing that both H atoms of hydrogen are provided from water. In
parallel, D2 was also generated from base-catalyzed B2(OH)4
hydrolysis with D2O, the reaction being catalyzed by Na2CO3 in
the left chamber (Figure 7). This D2 was utilized for the in-situ
hydrogenation of norbornene catalyzed by Pd/C in the right
chamber. Then, the desired product 2g was obtained in 99%
yield (Eq. 3), also confirming that both H atoms of hydrogen are
provided from water. For the hydrogenation of 1,1-diphenyle-
thene (1c) with D2, the methyl group was 49% deuterated,
whereas the benzylic position was only 51% deuterated, which
corresponds to a total incorporation of 1.98 D, close to the
expected 2 D. (Eq. 4). The uneven distribution is due to the

Figure 4. Comparison of H2 evolution catalyzed by (a) various amounts of
Na2CO3; (b) 1 mmol of different bases. (c) Time plots of the catalytic H2

evolution by 1 mmol Na2CO3 in various concentrations of B2(OH)4. (d) Plots of
the hydrogen volume vs. time for catalyzed H2 evolution at various
temperatures by Na2CO3; inset image: kinetic data obtained from the
Arrhenius plots.

Figure 5. (a) Acid- and (b) base-catalyzed H2 evolution in H2O (black) or D2O
(red).
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facile H or D atom migration in the semi-hydrogenated radical
species[16] between the benzylic and homobenzylic positions
due to the preferred benzylic radical stabilization.

A mechanistic proposal of acid-catalyzed hydrolysis of
B2(OH)4 reaction is shown in Figure 8. Initially, the intermediate
A is formed by the interaction of H3O

+ with B2(OH)4. Although
oxidative addition of the B� B bond of diboron to d8 metal is
well known,[17] its protonation is less so. Subsequently, it gives
intermediate B by capturing one H atom from H2O. Then, the
intermediate C is afforded by the interaction of B with H3O

+.
Next, C provides the intermediate D by capturing another H
atom from water releasing H2. Finally, D releases a molecule of
B(OH)3, which leads to completion of the catalytic cycle. In this
mechanism, the formation of H2 from C results from consid-
erable structural reorganization upon σ-bond metathesis,[18] for
which the large KIE value is taken into account.

For the base-catalyzed hydrolysis of B2(OH)4 reaction (Fig-
ure 9), the catalytic cycle starts with the formation of the
intermediate I by attack of OH� onto B2(OH)4. The intermediate
II is then produced by protonation of the anion I by water and
release of B(OH)3. Subsequently, intermediate III, obtained by
hydrolysis of II, decomposes to B(OH)3 and H2. Reductive
elimination of H2 from the B� O sites of III involves an important
structural reorganization that is taken into account by the
observed large primary KIE value.

Conclusion

In summary, metal-free acid- or base-catalyzed H2 evolution is
reported to proceed upon hydrolysis of B2(OH)4, in which both
H atoms are obtained from water. B2(OH)4 is a frequently used
borylation reagent and also sometimes in hydrogenation, thus
the present findings are useful. Other boron compounds, such
as NH3BH3, NaBH4, B2Pin2 and B(OH)3, do not work for base-
catalyzed H2 evolution in the absence of transition-metal
nanoparticles, and in particular attempts to catalyze H2

evolution upon base catalysis from all these reagents failed.
The large primary KIEs disclosed, kH/kD=5.47 resp. kH/kD=

5.48, for acid and base-catalyzed H2 evolution from B2(OH)4,
respectively, with D2O, confirmed water O� H bond cleavage as
the rate- determining step for both reactions, and thus
mechanisms are proposed (Figure 8 and Figure 9). The tandem
reactions with D2O that involves B2(OH)4 hydrolysis, norbornene

Figure 6. Tandem reaction for hydrogenation with D2 generated from
B2(OH)4 hydrolysis using D2O catalyzed by H2SO4.

Figure 7. Tandem reaction for hydrogenation in which D2 is generated from
B2(OH)4 hydrolysis with D2O catalyzed by Na2CO3.

Figure 8. Proposed mechanism for the acid-catalyzed hydrolysis of B2(OH)4.

Figure 9. Proposed mechanism for the base-catalyzed hydrolysis of B2(OH)4.
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and 1,1-diphenylethene hydrogenation have confirmed the
formation of D2. Note that these reactions in D2O also provide
easy and useful syntheses of D2. Based on the Arrhenius
equation, the activation energy Ea is 15.75 kJ/mol and 46.4 kJ/
mol for H2SO4 and Na2CO3, respectively.

In sum, this system has the potential to achieve metal-free
production and utilization of hydrogen, in spite of the fact that
only one H2 molecule is provided for each B2(OH)4 molecule. A
serious drawback is the difficulty of reconverting diboronic acid
from B(OH)3, but this problem also is the same for the other
hydride-rich boron derivatives such NH3BH3 and NaBH4. Recent
impressive progress has been accomplished along this line,
however,[19] and catalyzed B2(OH)4 hydrolysis is therefore
becoming an excellent method to conveniently and stoichio-
metrically generate H2 at the laboratory scale.

Experimental Section
Chemicals and reagents. All commercial materials were used
without further purification, unless indicated. The deionized water
was prepared in the laboratory. B2(OH)4, Et3N, NaOH, Cs2CO3, K2CO3,

CsOH.H2O, KOH, Na3PO4, Na2CO3, NaHCO3, KHCO3, Na2HPO4,
NaH2PO4, BH3NH3, NaBH4, D2O, CD3OD, Pd/C, B2Pin2 and B(OH)3 were
purchased from Aladdin Reagent Co., Ltd. (Shanghai, China, http://
www.aladdin-e. com/).

Acid-catalyzed evolution of H2 upon reaction between B2(OH)4
and H2O. Generally, the evolution of H2 upon reaction between
B2(OH)4 and H2O was conducted in water at 30 °C. In a round-
bottom 10-mL flask, 1.0 mmol of B2(OH)4 was added. A solution of
H2SO4 (0.5 mol/L, 2 mL) is injected into this flask, and timing started.
The flask was fitted with a gas outlet, and a side arm was sealed
with a tight-fitting septum cap. The flask was connected via the gas
outlet to a water-filled gas burette. Gas evolution immediately
began, and the amount of gas evolved was determined periodically
by measuring the displacement of water in the burette. A
quantitative conversion of B2(OH)4 produced 1.0 equivalents of H2,
and occupied ca. 22.4 mL at atmospheric pressure. Prior to the
reactions, the volumes were measured at atmospheric pressure and
corrected for water vapor pressure at room temperature.

Base-catalyzed evolution of H2 upon reaction between B2(OH)4
and H2O. The reactions were conducted as above, except that the
H2SO4 solution was replaced by NaOH (1.0 mmol, 2 mL).

The hydrogenation of diphenylacetylene, norbornene and 1,1-
diphenylethylene. The tandem reaction was carried out in the
sealed two-chamber system. The left tube was used for hydrogen
generation, and the right one was used for hydrogenation with H2

generated in the left tube. The generated hydrogen in the left tube
transported to the hydrogenation reaction into the right tube
through the connecting glass tube.
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acid- and based-catalyzed reactions
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