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Biomass and its derivatives provide renewable alternatives to
fossil-fuel resources for the sustainable production of liquid
fuels and valuable chemicals.[1] The challenge for the effective
utilization of these sustainable resources is to develop cost-
efficient processing methods for the transformation of highly
functionalized carbohydrates into value-added chemicals.[2]

Carbohydrates derived from lignocellulosic materials com-
prise the largest fraction of terrestrial biomass, and various
strategies for their efficient use as a commercial chemical
feedstock are currently being established with the aim to
supplement and ultimately replace fossil fuels.[3] In this
respect, g-valerolactone (GVL) has been identified as one
of the most promising renewable molecules: it can be
converted into a variety of intermediate chemicals, from
which a diverse range of biofuels as well as commodity and
fine chemicals can be generated.[4] GVL can be obtained in
high yield (> 99 %) by the catalytic hydrogenation of levulinic
acid (LA, 4-oxopentanoic acid),[5] which is accessible from
lignocellulosic biomass by a simple and robust hydrolysis
process.[1c,6] Molecular hydrogen has generally been used for
the catalytic hydrogenation of LA (Scheme 1);[4, 5] however,
minimization of H2 consumption would be preferable for the
production of GVL from biomass,[4d] especially when low-cost
hydrogen is not readily available.

From both economic and engineering points of view, the
development of new efficient methods for GVL production
with formic acid (FA, formed in an equimolar amount with
LA by the acidic hydrolysis of biomass) as an in situ source of
hydrogen is much needed.[7] This procedure can eliminate the
need for an external source of hydrogen and thus has great
industrial potential for the production of GVL from renew-
able biomass,[8] especially if an efficient and reusable catalyst
can be employed. Although the use of FA as a hydrogen
donor in catalytic transfer hydrogenation reactions is a well-
established method for the reduction of carbonyl function-

alities,[9] effective LA reduction with FA has proven to be very
difficult, and many reported procedures require the use of FA
in large excess or the addition of external hydrogen to
enhance the activity of the catalyst.[7,10] The most successful
catalyst system reported to date is a RuCl3/PPh3 complex[8a]

that enables the conversion of a 1:1 neat mixture of LA and
FA into GVL in high yield (up to 95%). However, besides the
inherent limitation of homogeneous catalysis for the develop-
ment of a sustainable catalytic process, this system requires
the strict absence of water and the addition of copious
amounts of a base to improve the reduction kinetics and
minimize deactivation. Given the high water content and the
extremely high acidity of the products of biomass hydrolysis,
these features may present serious drawbacks in terms of
energy consumption and processing cost as well as additional
handling problems. Hence, the successful development of an
excellent reusable solid catalyst for base-free LA reduction
solely with FA derived from biomass hydrolysis would
represent a significant advance for this important trans-
formation.

Supported gold nanoparticles (NPs) have recently
emerged as versatile catalysts for a broad array of organic
transformations, including a number of reactions involving
hydrogen.[11] Whereas much attention has been focused on
several classical chemical reactions for green and atom-
efficient organic synthesis,[12] the potential offered by sup-
ported gold for catalytic biomass transformation, especially
toward the sustainable synthesis of high-value-added fine
chemicals, remains largely unexplored.[13] Following the
pioneering study by Ojeda and Iglesia,[14] who showed that
Au dispersed on alumina can selectively decompose HCOOH
at 80 8C in the gas phase, we recently showed that supported
gold acted as a highly efficient catalyst for the catalytic

Scheme 1. Catalytic conversion of carbohydrate biomass into GVL.
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transfer reduction of carbonyl compounds by formate salts to
give the corresponding alcohols under ambient conditions.[15]

The superior performance of Au catalysts for formate-
mediated transfer reduction led us to investigate the possi-
bilities offered by Au catalysts for LA reduction with FA as
the hydrogen source. Herein we show that gold NPs deposited
on acid-tolerant ZrO2 serve as a highly efficient and robust
heterogeneous catalyst for the generation of GVL from
biomass, and more specifically for the selective reduction of
LA with an equimolar amount of FA as the sole hydrogen
source. Moreover, we show that with a single gold catalyst, it
is possible to convert biomass-derived LA and ammonia or
primary amines into 5-methyl-2-pyrrolidone or its deriva-
tives[16] in a one-pot catalytic process; this reaction only
proceeds in the presence of FA as the reducing reagent.

We began our study by examining a diluted solution (pH
� 2.0) containing equimolar concentrations (0.43m) of LA
and FA in the presence of a catalyst (Table 1), as we expected
this setup to be the most straightforward for GVL production
from biomass-derived LA. We initially studied the reduction
of LA with FA over a catalyst derived from very small Au NPs
(ca. 1.8 nm) supported on acid-tolerant ZrO2 (catalyst
denoted as Au/ZrO2-VS; see details in the Supporting
Information).[17] Transmission electron microscopy (TEM)
showed that a large fraction of the Au particles in this catalyst
had a diameter between 1.2 and 2.5 nm (see Figure S1 in the
Supporting Information). The time-course plot for the con-
version of LA with FA in the presence of Au/ZrO2-VS
(0.1 mol%) at 150 8C is given in Figure S4, and the results

obtained after a reaction time of 6 h are compared with those
obtained with other catalysts. Interestingly, when the Au/
ZrO2-VS catalyst was used, the 1:1 aqueous mixture of LA
and FA was converted quantitatively into GVL (Table 1,
entry 1).[18] This result is remarkable, and the system has the
added advantage that the catalyst can be reused at least five
times with minimal decrease in the yield (95 %; Table 1,
entry 2). Of yet further interest is the fact that the total
turnover number (TON) based on five successive runs is as
high as 7600, and is thus the highest TON value ever reported
for the reduction of LA with FA (see Table S1). Importantly,
when we used gold supported on ZrO2 prepared by a routine
deposition–precipitation (DP) method as the catalyst, which
has a larger average gold-particle size (ca. 3.0 nm), a GVL
yield as high as 95 % was still possible, although a longer
reaction time was required (Table 1, entry 9). The reaction
did not proceed at all with gold-free ZrO2; thus, the presence
of gold was essential for the high activity observed in the
reduction of LA.

In subsequent experiments performed at 90 8C under
otherwise identical reaction conditions, the Au/ZrO2-VS
catalyst exhibited very low activity (Table 1, entry 5). When
the reaction temperature was raised to 120 8C, the yield of
GVL improved dramatically from 15 to 79% (Table 1,
entry 6). At an elevated temperature of 180 8C, quantitative
formation of GVL was observed within three hours (Table 1,
entry 7). The catalytic reduction of LA to GVL has been
carried out previously with a variety of homogeneous or
heterogeneous Ru catalysts in high yield in the presence of a
large excess of molecular hydrogen at high pressures (3–
10 MPa) and low LA concentrations (7 wt%)[7b] or in organic
solvents rather than water.[4b, 5] Strikingly, in our case, GVL
can also be produced in nearly quantitative yield from a
concentrated aqueous solution of LA (50 wt %) only in the
presence of FA produced in the original chemical hydrolysis
step (Table 1, entry 8).[19] The high activity of Au/ZrO2-VS
coupled with its excellent activity under highly acidic
conditions in the absence of molecular hydrogen significantly
improves the value of this gold-catalyzed LA reduction
process in terms of economic considerations and sustainabil-
ity.

A comparison with palladium, platinum, and ruthenium
NPs supported on zirconia as reference catalysts showed gold
to be far superior to other noble metals for the reduction of
LA with FA (Table 1, entries 13–17). Since it has been shown
that the choice of the support plays an important role in gold
catalysis, we also evaluated gold supported on TiO2 (Au/
TiO2). The use of this commercial catalyst resulted in the
formation of the desired product GVL in moderate yield
(Table 1, entry 10). In contrast, gold supported on silica (Au/
SiO2) and activated carbon (Au/C) were ineffective for the
reduction of LA under similar reaction conditions (Table 1,
entries 11 and 12). These results indicate that both the noble
metal and the nature of the support play a role in the catalytic
reduction of LA in the presence of FA as the sole hydrogen
source. Among the various catalysts examined in this study,
very small Au NPs deposited on ZrO2 (Au/ZrO2-VS)
exhibited by far the best catalytic performance.

Table 1: Reductive transformation of LA into GVL with FA (1 equiv) in the
presence of various catalysts.[a]

Entry Catalyst t
[h]

T
[8C]

Yield of GVL
[mol%][b]

Selectivity
[mol%]

1 Au/ZrO2-VS 6 150 99 >99
2[c] Au/ZrO2-VS 6 150 95 >99
3 Au/ZrO2-VS 1 150 68 >99
4 Au/ZrO2-VS 3 150 86 >99
5 Au/ZrO2-VS 6 90 15 >99
6 Au/ZrO2-VS 6 120 79 >99
7 Au/ZrO2-VS 3 180 99 99
8[d] Au/ZrO2-VS 6 150 99 >99
9[e] Au/ZrO2 10 150 95 99

10[f ] Au/TiO2 6 150 55 99
11 Au/SiO2 6 150 1 99
12[g] Au/C 6 150 trace –
13 Pd/ZrO2 6 150 trace –
14 Pt/ZrO2 6 150 trace –
15 Ru/ZrO2 6 150 2 99
16[h] Pd/C 6 150 2 99
17[h] Ru/C 6 150 1 99
18 ZrO2 6 150 n.r. –

[a] Reaction conditions: LA (18 mmol), FA (18 mmol), metal
(0.1 mol%), water (40 mL), N2 (0.5 MPa); n.r. =no reaction. [b] The yield
was determined by GC with bis(2-methoxyethyl) ether as the internal
standard. [c] Results for the fifth run with a recycled catalyst. [d] LA
(60 mmol), FA (60 mmol), Au (0.1 mol%), water (4 mL), N2 (0.5 MPa).
[e] Au/ZrO2 was prepared by a routine DP method. [f ] Au/TiO2 was
purchased from Mintek. [g] Au/C was purchased from the World Gold
Council (WGC). [h] Pd/C and Ru/C were purchased from Alfa Aesar.
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During the reduction of LA over Au/ZrO2-VS, the
pressure inside the autoclave reactor increased rapidly from
0.5 MPa to a maximum value of approximately 6 MPa in the
first half hour of the reaction. Significant FA decomposition
leading to H2/CO2 formation could be responsible for this
effect. To obtain information concerning the essential role of
FA as the sole reducing agent, we performed several experi-
ments to monitor the decomposition kinetics of FA in the
absence of LA (Figure 1). Whereas blank controls indicated

that the FA concentration was constant at 150 8C in the
absence of catalysts, FA decomposed upon the addition of Au/
ZrO2-VS to form H2 and CO2 in stoichiometric amounts
(HCOOH!CO2 + H2). Importantly, in line with the catalytic
data for LA reduction (Table 1), the rate of FA disappearance
in the presence of Au/ZrO2-VS was significantly higher than
for all other samples.[20] The lack of formation of CO over Au/
ZrO2-VS inferred that the FA dehydration pathway
(HCOOH!CO + H2O) is practically inhibited in this case.
Indeed, clear CO formation at a level of 400–10000 ppm was
identified for the FA decomposition products over the Pd, Pt,
and Ru catalysts (see Figure S6). As formic acid was recently
identified as a convenient hydrogen carrier for fuel cells,[21]

the reactions described herein may also open the possibility of
developing new versatile gold-based heterogeneous catalytic
systems for the selective generation of CO-free clean H2 from
biomass-derived FA for energy-storage purposes.[22]

To further understand the reaction pathways involved in
the HCOOH-mediated reduction, we used H2 at a pressure of
4.0 MPa for the hydrogenation of an aqueous solution of LA
(0.45m) at 150 8C. Whereas the hydrogenation performance of
Au/ZrO2-VS closely resembled that observed with FA as the
reductant (see Figure S4), a surprisingly high rate was
observed for LA hydrogenation catalyzed by platinum-
group metals such as Pt and Ru (see Figure S7). Given the
notorious low CO tolerance of platinum-group metals toward
formic acid electrooxidation,[23] we believe that the CO
produced during FA decomposition may severely poison the
Pt, Ru, or Pd catalysts during attempted LA reduction when

FA is used as the hydrogen source. Indeed, when we
deliberately added CO (ca. 1000 ppm) to the direct-hydro-
genation system, a strongly retarded LA hydrogenation was
observed (see Figure S7). Taken together, these results
demonstrate that the reduction of LA with FA does not
proceed through gold-catalyzed transfer hydrogenation, but
rather through a less straightforward hydrogenation of LA
with H2 generated in situ by FA decomposition. More
specifically, the fact that the Au/ZrO2-VS catalyst can
substantially facilitate the crucial FA dehydrogenation
appears to be the key factor for achieving high activity in
the reduction of LA, although the aqueous hydrogenation of
LA is the rate-determining step for the overall conversion of
LA with FA in the presence of Au/ZrO2-VS. The discovery of
this unique catalysis by gold will open new routes for the
hydrogenation or reduction/hydrodeoxygenation of biomass-
derived intermediates to produce renewable fuels or value-
added chemicals.

To demonstrate the utility of the Au/ZrO2-VS catalyst in
the context of biomass-derived substrates, we investigated the
reduction of an aqueous mixture of LA and FA obtained by
the hydrolysis of d-glucose. Through the acidic hydrolysis
(catalyzed by 0.5m H2SO4) of d-glucose (60 mL, 15 wt%
aqueous solution), we obtained an aqueous solution contain-
ing LA (ca. 5 wt %) and FA (ca. 2 wt%). After partial
neutralization and removal of insoluble solid by filtration (see
the Supporting Information for details), the aqueous mixture
was transferred into an autoclave containing Au/ZrO2-VS
(0.1 mol% Au) and heated at 150 8C for 8 h. Under these
conditions, GVL was produced in 95 % yield. The overall
yield of GVL from glucose was approximately 51 % (Table 2,

entry 1). We thus demonstrated that the present gold-based
technology can be used to convert glucose into GVL with high
efficiency. Further improvements in the yield of GVL on the
basis of carbohydrate conversion were possible when d-
fructose was used instead of d-glucose. The highest GVL yield
observed was 60 % at complete d-fructose conversion
(Table 2, entry 2). Besides these monomeric C6 sugars, a
dimeric sugar (sucrose), a polymer (starch), and cellulose
were also tested under the optimized conditions determined
for d-glucose. In all three cases, near-complete conversion of

Figure 1. Activity of ZrO2-supported metal catalysts for the decomposi-
tion of HCOOH in the absence of LA. Reaction conditions: 150 8C, FA
(18 mmol), metal (0.1 mol%), water (40 mL).

Table 2: Dehydration of carbohydrates[a] and subsequent reduction of
carbohydrate-derived LA with FA in the presence of Au/ZrO2-VS.[b]

Entry Carbohydrate Yield of LA
[mol%][c]

Yield of FA
[mol%][c]

Yield of GVL
[mol%][d]

1 glucose 54 58 51 (95)
2 fructose 61 67 60 (98)
3 sucrose 58 65 57 (98)
4 starch 52 60 50 (96)
5 cellulose 34 40 33 (97)

[a] Reaction conditions: carbohydrate (10.8 g), water (60 mL), H2SO4

(0.5m), 170 8C, 1 h. [b] Reaction conditions: biomass-derived LA and FA
(42 mL), Au (0.1 mol%), N2 (0.5 MPa), 150 8C, 8 h. [c] Yield for the initial
carbohydrate hydrolysis. [d] Overall yield for the two-stage conversion of
the biomass-derived carbohydrate. The yield based on the conversion of
LA is given in parenthesis.
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biomass-derived LA into GVL was observed (Table 2,
entries 3–5); GVL was formed in 57, 50, and 33 % overall
yield, respectively, from biomass. These results are, to the best
of our knowledge, unprecedented for the production of GVL
from renewable biomass resources without the use of external
hydrogen under heterogeneous reaction conditions.

Having established that Au/ZrO2-VS is able to catalyze
the selective reduction of biomass-derived LA to GVL
without the use of an external H2 supply, we explored the
possibility of a one-pot conversion of LA and ammonia or
primary amines into valuable and useful 5-methyl-2-pyrroli-
dones, which are currently derived from fossil resources,[24] on
the basis of the Au/ZrO2–HCOOH-mediated reductive
amination methodology. Pyrrolidones, in particular N-alkyl
5-methyl-2-pyrrolidones, have a wide variety of applications,
for example, as solvents, surfactants, and important inter-
mediates in the synthesis of pharmaceutical and agricultural
bioactive compounds.[25] They are also important constituents
of a wide variety of cleaning agents and useful as ink or
aerosol formulations.[24] In the patent literature,[25] it is
reported that N-alkyl 5-methyl-2-pyrrolidones can be pro-
duced by the treatment of LA with molecular H2 and
ammonia or amines in the presence of a hydrogenation
catalyst. However, the main drawbacks of this approach are
the use of hazardous organic solvents, the requirement of a
high excess of H2, and limited selectivity for the formation of
the expected product when aryl amines are used.[25] We
performed the one-pot reaction in water at 130 8C with LA
(8 mmol), FA (8 mmol), NH4OH or a primary amine
(8 mmol), and Au/ZrO2-VS. The results presented in Table 3
show that this one-pot procedure enables the conversion of
LA into 5-methyl-2-pyrrolidone and its derivatives in high
yield with excellent selectivity.

In summary, we have demonstrated that a highly active
and robust catalyst based on gold deposited on acid-tolerant

ZrO2 can be used to convert an equimolar aqueous mixture of
levulinic acid and formic acid into GVL in excellent yield.
Furthermore, through a one-pot process requiring only formic
acid, ammonia or primary amines, and a single catalyst, it is
possible to convert levulinic acid directly into the correspond-
ing pyrrolidones. A preliminary study with glycerol showed
that the present Au/ZrO2–HCOOH-mediated procedure is
not limited to the reductive transformation of levulinic acid
(see Table S2). To the best of our knowledge, this system
involving HCOOH-mediated gold catalysis is one of the most
simple, efficient, ecologically friendly, and robust catalytic
systems developed to date for the selective reductive trans-
formation of biomass-derived compounds. The present find-
ings open the possibility of developing new sustainable
processes for the hydrogenation or reduction/hydrodeoxyge-
nation of biomass-derived intermediates to produce renew-
able fuels or high-value-added chemicals without the use of an
external hydrogen supply.
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