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Abstract: Molecular transformations using Au, Pd, and Cu nanoporous skeleton catalysts and
the reactivity difference between those catalysts and the corresponding well-known homo -
geneous molecular catalysts are described. Nanoporous skeleton catalysts (e.g., PdNPore)
can be fabricated through dealloying of the corresponding Pd-containing alloy PdxM1yM2z.

Keywords: copper-catalyzed; cross-coupling reactions; gold-catalyzed; green chemistry;
hetero geneous catalysts; materials chemistry; palladium-catalyzed.

INTRODUCTION

Molecular transformations with molecular metal catalysts (A) are becoming a pressing concern to
organic and catalytic chemists [1]. On the other hand, bulk metals (D) do not exhibit catalytic activities.
It is known that small metal particles less than 10 nm (B) on suitable oxide supports show a catalytic
activity in a variety of molecular transformations [2]. More recently, nanoporous metal materials (C)
have attracted much attention in many fields (Fig. 1). For example, nanoporous gold (AuNPore) con-
sists of a 3D network of Au ligaments (skeleton type) and contains pores on the order of a few nano -
meters to a few hundreds of nanometers in size [3]. Owing to its intriguing material properties [4], it
has many applications such as actuation [5], sensing [6], and catalysis [7]. Despite the growing studies
on these materials, however, their catalytic properties on chemical reactions have still been less
explored. In this article, we report the catalytic properties of nanoporous Au, Pd, and Cu for molecular
transformations as well as their reusability, durability, and handiness. 
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FABRICATION OF NANOPOROUS METAL CATALYSTS

The AuNPore was readily prepared by selective leaching of Ag from alloy chips (~2 × 2 mm) consist-
ing of Au30Ag70 (in atom %) with thickness of 40 μm in 70 wt % HNO3 [3]. Since the ligament size
and the resulting pore size are highly dependent on the temperature and the time of the dealloying
process [8], we fabricated several porous structures having pore sizes from 25 to 100 nm. The
compositions of these catalysts were found to be around Au97Ag3.

The nanoporous palladium (PdNPore) was fabricated by electrochemical dealloying of metallic
glass Pd30Ni50P20 (in atom %) ribbon with about 15 μm thickness for 2 h in 1 mol/L H2SO4 using a
classical three-electrode setup [9,10]. The resulting PdNPore ribbon was cut into small pieces
(~5 × 1 mm). According to the scanning electron microscopy (SEM) analysis of the dealloyed metal,
the nanopore size was around 30~60 nm. Energy-dispersive X-ray (EDX) analysis indicated that the
composition of the material was Pd67Ni23P10.

The nanoporous copper (CuNPore) was fabricated by dealloying of a homogeneous Cu30Mn70
alloy with a thickness of ~200 m and size of ~5 × 5 mm by using (NH4)2SO4 (1 M) and MnSO4 (0.01
M) as electrolytes under free corrosion conditions [11]. By changing the dealloying temperature, the
nanoporosity was tuned as follows: ~25 nm (0 °C, cat-1), ~30 nm (10 °C, cat-2), ~40 nm (25 °C, cat-
3), ~50 nm (40 °C, cat-4), ~70 nm (60 °C, cat-5). EDX analysis showed that the residual manganese
composition of CuNPore for the dealloyed sample (cat-1) at 0 °C is ~4 atom %, and keeps approxi-
mately constant at ~2 atam % for cat-2 to cat-5.

AuNPore-CATALYZED BENZANNULATION

We have previously reported a formal [4 + 2] benzannulation reaction between ortho-alkynyl
benzaldehyde 1 and phenylacetylene 2 with AuX3 (X = Cl, Br) as a homogeneous catalyst, leading to
a naphthyl ketone derivative 3 in high yields [12]. We initially examined the catalytic activity of the
AuNPore in this transformation. The reaction proceeded with 20 mol % of AuNPore, having around
25 nm pore size, at 150 °C for 2.5 h, and the desired product 3 was obtained in 62 % yield together with
a decarbonylated naphthalene derivative 4 in 14 % yield (Scheme 1). On the other hand, any reactions
did not take place in the absence of the catalyst or in the presence of the non-dealloyed Au30Ag70 chips.
These results clearly indicated that the nanoporous structure of the catalyst is necessary for this
transformation [13].
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Fig. 1 Four different types of morphology of Au and Pd.



Recovery of ordinary heterogeneous catalysts often requires complicated separation processes,
such as filtration or centrifugation. On the other hand, AuNPore can be recoverable simply by picking
up with tweezers because the catalyst is a bulk metal and any cumbersome work-up procedures are not
necessary. The catalyst can be used at least three times and the chemical yields of 3 were constantly
good in each case (entries 1–3). The catalytic activity of the AuNPore is highly dependent on the pore
size in this transformation. The catalyst, having around 30 nm pore size, exhibited the similar activity
with AuNPore-1 (entry 4). However, the chemical yields were dramatically decreased with catalysts
having more than 40-nm pore sizes (entries 5–7). 

AuNPore-CATALYZED OXIDATION OF ORGANOSILANES WITH WATER

Since the above-mentioned result prompted us to further explore the feasibility of carrying out a wide
range of molecular transformations with the AuNPore catalyst, we next examined the oxidation of
organosilanes. The resulting products, silanols, are useful building blocks for Si-based polymeric mate-
rials [14] as well as nucleophilic coupling partners in organic synthesis [15]. Among the reported prepa-
ration methods of silanols, oxidations of organosilanes with water would be ideal from an environmen-
tal viewpoint. Although several metal particles have been reported as catalysts for this transformation,
there are some drawbacks in those cases, such as decrease of catalytic activity due to the agglomera-
tion, limited scope to certain substrate types, formation of disiloxanes as by-products derived from the
condensation of silanols, and complicated work-up procedure for separation of products from the cata-
lyst [16]. In contrast, we found that the AuNPore exhibited a remarkable catalytic activity in the oxi-
dation of a wide range of organosilanes, and the corresponding silanols were produced in high yields
under mild conditions together with the evolution of hydrogen gas (Scheme 2) [17]. 
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Scheme 1 AuNPore-catalyzed benzannulation reaction between ortho-alkynyl benzaldehyde 1 and
phenylacetylene 2.



The oxidation of PhMe2SiH 5 with H2O in the presence of AuNPore catalyst proceeded smoothly
at room temperature in aqueous acetone, and dimethylphenylsilanol 6 was obtained quantitatively
(entry 1). The formation of disiloxane, 1,1,3,3-tetramethyl-1,3-diphenyldisiloxane, was not detected at
all by gas chromatography mass spectrometry (GCMS). The turnover frequency (TOF) of 3.0 s–1 was
achieved in this catalytic system. On the other hand, only a trace amount of 6 was obtained with sim-
ple Au foil, having no nanoporous structure. The catalyst can be used at least five times repeatedly. The
product was obtained nearly quantitatively every time, and the turnover number (TON) reached up to
10700 (entries 1–5). Figure 2 is SEM images of the AuNPore catalyst before and after five times use,
and no differences between them clearly confirmed its high robustness.

The catalytic oxidation reactions with a variety of organosilanes were conducted, and
representative examples are shown in Fig. 3. Not only aromatic silanes but also sterically hindered tri-
alkylsilanes were oxidized effectively. The AuNPore catalyst was also applicable to the oxidations of
tri-, di-, and mono-phenylsilanes, and the corresponding oxygenated products were obtained in high
yields, respectively. Alkenyl- and alkynyl-containing silanes were oxidized smoothly without reduction
of their multiple bonds by H2 gas.
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Scheme 2 AuNPore-catalyzed oxidation of organosilanes with water.

Fig. 2 SEM images of AuNPore: (a) before reaction, (b) after being used five times for oxidation of PhMe2SiH.



A leaching test was conducted. After the catalytic oxidation of 5 was carried out for 10 min under
the standard condition, AuNPore catalyst was removed from the reaction vessel. 1H NMR analysis of
the mixture showed that 6 was produced in 48 % yield at this time. While stirring of the mixture was
continued in the absence of the catalyst for 50 min, further consumption of 5 was not detected at all.
Then, the AuNPore was put back into the mixture. The oxidation reaction started again, and finally 6
was obtained in 99 % yield with 50 min. Furthermore, leaching of the Au in the reaction of 5 was not
detected by inductively coupled plasma (ICP) analysis (<0.0005 %). These results clearly indicated that
the current transformation was catalyzed by the AuNPore catalyst but not by the dissolved Au species
in solvents.

AuNPore-CATALYZED AEROBIC OXIDATION OF ALCOHOLS

We next turned our attention to the aerobic oxidation of alcohols [18]. Although supported Au nano -
particles have been studied as catalysts for this reaction, they have some drawbacks, such as poor long-
term stability due to the agglomeration, complicated preparation methods of the catalysts, and cumber-
some work-up procedures such as filtration or centrifugation for separation of catalysts from the
reaction mixtures [19]. We found that AuNPore exhibited a remarkable catalytic activity in this reaction
without any additives as shown in Scheme 3 [20].

When the reaction of 1-phenylethanol 7 was conducted in MeOH with O2 balloon at 60 °C for
10 h, acetophenone 8 was obtained as a desired product in 88 % yield (entry1). On the other hand, no
reaction proceeded at all with simple Au thin film having no nanoporosity or with Au30Ag70 alloy. We
repeated the reaction five times, but any significant loss of the catalytic activity was not observed
(entries 2–5). According to the SEM analysis of the catalyst before and after reaction, the nanostructure
of the catalyst was not changed at all due to its robustness.
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Fig. 3 Representative examples for AuNPore-catalyzed oxidation of organosilanes.

Scheme 3 AuNPore-catalyzed aerobic oxidation of 1-phenylethanol 7.



The scope of substrates usable for this oxidation was examined, and representative examples are
shown in Fig. 4. Not only aromatic alcohols, but also allylic and heteroaromatic alcohols were oxidized
smoothly. Aliphatic secondary alcohols were oxidized in high yields by increasing the loading amount
of the catalyst.

Leaching of the Au in the reaction of 7 was not detected by ICP analysis (<0.0005 %). We also
conducted the leaching test as follows: the catalytic oxidation of 7 was carried out for 3 h under the
standard conditions, and 8 was produced in 36 % yield at this time. Then, a half amount of supernatant
of the reaction mixture was transferred to another vessel. After further stirring for 24 h, 8 was obtained
in 91 % yield from the original vessel having AuNPore catalyst. In contrast, no progress was observed
in another vessel having no catalyst and 8 was obtained in 36 % yield. These results clearly indicated
that the current transformation was catalyzed by the AuNPore catalyst.

PdNPore-CATALYZED SUZUKI COUPLING

We next examined the catalytic property of PdNPore in the Suzuki-coupling reaction, which is one of
the most important organic transformations in recent years [21]. The reaction of iodobenzene 9 with
p-tolylboronic acid 10 using KOH as a base in the presence of 2 mol % PdNPore in MeOH at 50 °C for
3 h gave the corresponding biphenyl product 11 in a nearly quantitative yield (Scheme 4, entry 1). On
the other hand, no coupling products were obtained in the presence of un-dealloyed (nonporous) metal-
lic glass Pd30Ni50P20 or in the absence of PdNPore [22].

Recently, small Pd particles, consisting of gathering of Pd atoms, have been used as a catalyst.
However, a drawback of this catalyst is that it undergoes quite easy agglomeration under the reaction
conditions, leading to deactivation of the catalyst. Hence, an appropriate stabilizer or supporter is nec-
essary to prevent deactivation by agglomeration [23,24]. In contrast, PdNPore exhibited an excellent
catalytic activity under mild reaction conditions without any supporter, ligand, or stabilizer. Pd black
has been also reported as an unsupported catalyst for Suzuki coupling reaction [25]. However, nearly
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Fig. 4 Representative examples for AuNPore-catalyzed aerobic oxidation of alcohols.

Scheme 4 PdNPore-catalyzed Suzuki-coupling reaction.



one-half equivalent of catalyst is necessary probably due to the poor catalytic activity. Recovery of ordi-
nary heterogeneous catalysts often requires complicated treatment. In contrast, the recovery process in
the current catalytic system is simple. Since the size of the catalyst is relatively large, the catalyst and
the product can be separated easily by just removal of the liquid moiety by a pipette. The recovered cat-
alyst was washed with MeOH several times, and it was reused without further treatment. Indeed, the
product 11 could be obtained in excellent yield every time when the reactions were performed four
times repeatedly. An SEM image of the catalyst before and after four times run indicated the
nanoporous structure was maintained well (Fig. 5).

We next examined the reaction to know whether a dissolved Pd species in solvents participates in
the current molecular transformation or not. Leaching of the Pd was not detected during or after reaction
of 9 with 10 by ICP-atomic emission spectroscopy (AES) analysis (<0.0005 %). We also checked the
leaching by conducting the reaction with the supernatant as follows: The reaction of 9 with 10 was car-
ried out for 30 min under the standard condition, then a half amount of solution was picked up. 1H NMR
analysis of the supernatant indicated that 11 was produced in 3 % yield at this time. The supernatant
was stirred in the absence of the catalyst for 3 h; the chemical yield of 11 at this moment was 24 %. On
the other hand, stirring of the residual reaction mixture having the catalyst for 3 h gave 11 in 93 % yield.
These results clearly indicated that dissolved Pd species existed and catalyzed the reaction, but its activ-
ity was much lower than that of the solid state of the catalyst. The leaching of Pd from solid-state cat-
alytic system in the Suzuki coupling has been well investigated, and a lot of effort has been paid to
reduce the leaching amount of Pd [26]. The current catalytic system is promising owing to the low
leaching amount.

The Suzuki-coupling reactions using various aryliodides and arylboronic acids were examined,
and representative examples are shown in Fig. 6. The reaction proceeded smoothly even with sterically
hindered 2-iodoanisole. The reactions of aryl iodides possessing electron-withdrawing groups pro-

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 8, pp. 1771–1784, 2012

Nanostructured materials skeleton catalysts 1777

Fig. 5 SEM images of PdNPore: (a) before reaction, (b) after being used four times for Suzuki coupling between
9 and 10.

Fig. 6 Representative examples for PdNPore-catalyzed Suzuki coupling.



ceeded faster than those having electron-donating groups. In contrast, the reactions of arylboronic acids
possessing electron-donating groups proceeded faster than those having electron-withdrawing groups.
Not only aryl iodides but also aryl bromides were suitable for this transformation. 

PdNPore-CATALYZED HECK REACTION

The successful results with the PdNPore catalyst prompted us to investigate the scope and limitation of
this material toward Heck reaction, which is widely utilized in organic synthesis from small scale to the
industrial process [27,28]. We examined the reaction of iodobenzene 9 with acrylic acid 12 (Scheme 5).
The reaction using KOH as a base in the presence of 2 mol % of PdNPore in MeOH at 80 °C for 20 h
gave cinnamic acid 13 in 84 % yield (entry 1). Addition of tetra-n-butylammonium iodide (TBAI)
improved the chemical yield up to 94 % (entry 2). Since TBAI is known as a stabilizer of Pd particles
[23c], it might stabilize the dissolved Pd species even in the case of the current catalytic system. On the
other hand, no coupling products were obtained at all in the absence of PdNPore catalyst or in the pres-
ence of un-dealloyed metallic glass Pd30Ni50P20 ribbon [29]. 

Not only aryliodides, but also less reactive arylbromides were suitable substrates by using
 Köhler’s condition (Scheme 6) [30]. Treatment of 4-bromoacetophenone 14 with styrene 15 in the pres-
ence of 2 mol % of PdNPore in N,N-dimethylacetamide (DMAc) at 140 °C for 12 h resulted in the for-
mation of 16 in a nearly quantitative yield (entry 1). The Heck reaction is well known to be catalyzed
by Pd/C, which is one of the most accessible heterogeneous Pd catalysts. However, it has a serious lim-
itation on the recyclability [30]. In contrast, 16 was obtained quantitatively at least five times in our
catalytic system. SEM analysis of the catalyst clearly indicated that nanoporous structures were main-
tained well even after five runs. Furthermore, any significant changes of the composition of the cata-
lysts were not observed before and after reaction by EDX analysis. These results clearly indicate that
PdNPore is a robust and recyclable catalyst for the Heck reaction.
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Scheme 5 PdNPore-catalyzed Heck reaction.

Scheme 6 PdNPore-catalyzed Heck reaction of bromoarene.



We then examined the scope of substrates usable for this reaction, and representative examples
are shown in Fig. 7. While the reactions of aryliodides were not influenced significantly by the
electronic effect of the substituents on the aryliodides, the reaction speed of arylbromides was consid-
erably dependent on the substituents on bromoarenes. Interestingly, the Köhler’s condition was not suit-
able for the reactions of aryliodides because of the formation of large amounts of by-products.

The leaching test was conducted. The reaction of 14 with 15 was carried out for 2 h under the
standard condition. 1H NMR analysis indicated that 16 was produced in 19 % yield at this time. Then,
PdNPore catalyst was removed by tweezers under inert atmosphere, and the residual homogeneous
solution was stirred at 140 °C for 10 h. Finally, 16 was obtained in 67 % yield. This result indicates that
the leached Pd species participates in the catalysis. However, under the typical reaction conditions for
12 h, 16 was obtained nearly quantitatively as shown in Scheme 6. It means that the leached amount
should be quite small. 

We next compared the leaching amount of Pd from PdNPore, Pd/C, and Pd black catalysts in the
reaction of 14 and 15 by ICP-MS. On the basis of the average of specific surface areas of these cata-
lysts, the leaching amounts of Pd per unit surface area can be calculated, and the results are summa-
rized in Table 1. Obviously, the leaching amount from the PdNPore catalyst is significantly smaller than
those from the other two commercially available catalysts. This result clearly indicated that PdNPore
has higher resistant property against leaching than the other two catalysts. Köhler reported that the Pd
concentration in solution in the Pd/C-catalyzed reaction was highest at the beginning of the reaction and
was a minimum at the end of the reaction by the reprecipitation of Pd onto the support [30]. It is worth
mentioning that the leaching amount from the non-supported PdNPore is smaller than that from the sup-
ported Pd/C even at the end of the reaction. 

Table 1 Leaching amount of Pd at the end of the reaction with 14 and 15 by use of
PdNPore, Pd black, and Pd/C catalysts.

Pd cat Leaching amount Average of specific Leaching amount per 
in solution (μg) surface area (m2/g) unit surface area (μg/m2)

PdNPore 0.57 13 43.8
Pd black 3.80 50 76.0
Pd/C (10 wt %) 48.2 83 580.7
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Fig. 7 Representative examples for PdNPore-catalyzed Heck reaction.



CuNPore-CATALYZED CLICK REACTION

As we mentioned above, AuNPore and PdNPore exhibited remarkable catalytic efficiencies and
reusability in several molecular transformations. These results prompted us to design new and efficient
nanoporous metal catalytic systems for development of effective molecular transformations. So we next
turned our attention to CuNPore as a catalyst for click reaction, which is the Huisgen [3 + 2] cyclo -
addition of terminal alkynes and organic azides (Scheme 7) [31,32]. 

The catalytic activity of CuNPore was examined in click reaction of phenylacetylene 2 and
benzyl azide 17 in toluene at 65 °C for 2 h without any supports and bases. The use of cat-3 having lig-
ament size about ~40 nm gave the best result and afforded 18 in almost quantitative yield (entry 3). On
the basis of the specific surface area of cat-3 by Brunauer–Emmett–Teller (BET) method (14 m2/g), the
TOF thus reached 0.26 s–1. On the other hand, Cu–Mn alloy was totally inactive as a catalyst. These
results indicate that the tunable nanoporosity of CuNPore strongly influences the catalytic activity in
the click reaction. The remarkable catalytic activities of cat-3 over the other CuNPore catalysts cannot
simply be attributed to the difference of surface areas, because the CuNPore catalyst with ligament size
smaller than 40 nm exhibited a lower catalytic activity. The CuNPore catalyst (cat-3) was reused for
multiple cycles without significant loss of catalytic activity in the reactions of 2 and 17; the yield was
still 98 % in the tenth cycle. The product was produced almost quantitatively every cycle, and the TON
reached 8200. It is noteworthy that the nanostructure of the recovered catalyst did not show significant
changes after the fifth cycle, however, the nanostructure on surface was not clear after the tenth cycle
while the cross-sectional nanostructure remained well [33].

When cat-3 was treated with an excess amount of phenylacetylene in toluene without organic
azides at room temperature, the surface of cat-3 was covered with a uniform grass-like material, which
was suggested to be Cu(I) species by XPS analysis (Fig. 8). Then, treatment of the catalyst with benzyl -
azide at 65 °C for 2 h resulted in the recovery of the nanoporous structure of cat-3 together with the
formation of a very small amount of 18. The recovered CuNPore remained its high catalytic activity.
However, the reaction with the catalyst covered by grass-like material gave moderate yield of 18. These
results implied that the grass-like material should be the nanostructured polymeric Cu acetylide, which
was less active than the Cu acetylides with lower-order aggregates generated in situ. The results were
in good agreement with the previous density functional theory (DFT) studies and experimental investi-
gation reported by Fokin [34] and Straub [35]. 
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Scheme 7 CuNPore-catalyzed click reaction with 2 and 17.



The catalytic activity of CuNPore was further examined with various terminal alkynes and
organic azides (Fig. 9). Not only aromatic and heteroaromatic alkynes but also alkyl alkynes were cat-
alyzed regioselectively, affording 1,2,3-triazoles in excellent yields. Various functional groups, such as
esters and protected amines, were tolerated under present heterogeneous conditions. Under neat condi-
tions, the catalytic loading can be decreased to 0.1 mol % without any significant influence on the reac-
tion efficiency, and the TOF was increased up to 5.2 s–1.

CONCLUSIONS

We have demonstrated that nanoporous Au, Pd, and Cu are promising nanostructured skeleton catalysts
for molecular transformations. In contrast to the supported nanoparticle catalysts, nonsupported
nanoporous metals should be attractive catalysts to understand the relevant catalytic mechanism and to
extend the scope of synthetic utility widely by elimination of the support-effect problems and relaxation
of aggregation. Further studies to explore the potential of nanoporous metals in catalysis are now in
progress. 
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Fig. 8 SEM images of CuNPore (cat-3): (a) before reaction, (b) after treatment with phenylacetylene 2.

Fig. 9 Representative examples for CuNPore-catalyzed click reaction.
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