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Selective Oxidation of 1,6-Hexanediol to 6-Hydroxycaproic
Acid over Reusable Hydrotalcite-Supported Au-Pd

Bimetallic Catalysts

Jaya Tuteja, Shun Nishimura, Hemant Choudhary, and Kohki Ebitani*®

Selective oxidation of 1,6-hexanediol into 6-hydroxycaproic
acid was achieved over hydrotalcite-supported Au-Pd bimetal-
lic nanoparticles as heterogeneous catalyst using aqueous
H,0,. N,N-dimethyldodecylamine N-oxide (DDAO) was used as
an efficient capping agent. Spectroscopic analyses by UV/Vis,
TEM, XPS, and X-ray absorption spectroscopy suggested that
interactions between gold and palladium atoms are responsi-
ble for the high activity of the reusable Au,,Pds,-DDAO/HT cat-
alyst.

To ensure a sustainable future for the chemical industry, a con-
tinuous supply of feedstocks from renewable sources (e.g., bio-
mass) rather than from depleting nonrenewable petroleum
sources is required."” Among the diverse routes of biomass uti-
lization, selective oxidation is of significant importance for the
production of valuable chemicals and intermediates, from an
industrial as well as academic point of view.” One compound
of immense value is 6-hydroxycaproic acid (HCA). HCA has po-
tential applications in dermopharmaceuticals, cosmetics, and in
the polymer industry for the production of poly(caprolac-
tone).?!

The classical route towards HCA includes metal-catalyzed
) reduction of adipic acid (AA) at 523 K with 300 bar H,," and
i) oxidation of cyclohexane and cyclohexanone (derivatives of
fossil resources) byproducts.”” The synthesis of HCA from re-
newable sources by heterogeneous catalysis is certainly desira-
ble. This work focuses on HCA synthesis by the selective oxida-
tion of 1,6-hexanediol (HDO), which can be directly obtained
from 5-hydroxymethylfurfural (HMF, a biomass resource) by
using heterogeneous catalysts (Scheme 1).! It has been previ-
ously reported that the selective oxidation of primary aliphatic
diols gradually become difficult as the length of the carbon
chain or alkyl group between the two hydroxyl groups increas-
es when using Pt/C catalyst with acetic acid as additive at
343 K under 10 bar 0,.”? Other researchers have also discussed
complications involved in the selective oxidation of long-chain
aliphatic diols.®
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Scheme 1. Synthesis of HCA from HMF and AA.

During the last 2-3 decades, many efforts to produce active
and selective heterogeneous catalysts have been made.
Among these, metal nanoparticle (NP)-based heterogeneous
catalysts have been extensively investigated.” In general, the
nature of the capping agent affects the chemical and physical
properties of metal NPs."” Recently, bimetallic NPs with cap-
ping agents have gained significant attention owing to their
novel catalytic properties, which are different from their mono-
metallic counterparts." Among them, the catalysis of bimetal-
lic Au-Pd has been widely explored for oxidations of alco-
hols," methane,"? and CO."® Kishida etal. (in 2010"") and
our research group (very recently™) utilized N,N-dimethyldo-
decylamine N-oxide (DDAO; Supporting Information, Figure S1)
as a capping agent for the synthesis of silver nanowires and
Co-Pd NPs, respectively.

Herein, we extend the scope of DDAO for the preparation of
Au-Pd bimetallic NPs supported on hydrotalcite (HT)"® for se-
lective oxidation of HDO to HCA under mild conditions, which
has not been reported previously.

A series of Au-Pd bimetallic NPs was prepared with DDAO
by using a modified polyol reduction method (see Supporting
Information)."® The resultant NPs were supported on HT (Mg/
Al=5.4) and denoted as Au,Pd,-DDAO/HT, where x and y rep-
resents the molar ratio of gold and palladium, respectively.
Both monometallic and bimetallic HT-supported NP catalysts
were tested for the oxidation of HDO to HCA at 353 K under
alkaline medium with 30% aq H,0, as oxidant.'”’ Table 1 sum-
marizes the results for HDO oxidation together with the aver-
age particle size and actual metal loading as measured by
transmission electron microscopy (TEM) and inductively cou-
pled plasma-atomic emission spectrometry (ICP-AES), respec-
tively. The average particle size was around 4-6 nm, except for
monometallic Au,o,-DDAO/HT (28.4 nm; Supporting Informa-
tion, Figure S2a), which showed an extremely low activity
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Table 1. Screening the Au/Pd metal ratio of DDAO-stabilized Au,Pd, in the oxidation of HDO into HCA.®!
o
Au,Pd,-DDAO/HT 0
oH Y- . HO.
HO T H,0, 30% H,0,, 0.5 M NaOH HO\/\/\)\OH + \ﬂ/\/\)LOH
1,6-hexanediol (HDO) 353K, 8h 6-hydroxycaproic acid (HCA) adipic acid (AA)

Entry Catalyst HDO convers- Yield Actual metal TON@ Average

jon™ [%] (sel.)’®! [%] loading x10% [mmolg']¢ size [nm]®

HCA AA Au Pd
1 Au,0,-DDAO/HT 18 12 (67) 0(0) 93.2 27 284
2 AugoPd,,-DDAO/HT 86 45 (52) 0(12) 722 16.2 100 6.2
3 AugPd,,-DDAO/HT 20 72 (80) 6(7) 50.6 340 170 47
4 Au,Pdg;-DDAO/HT 87, 87" 81, 80" 4,49 33.7 55.6 184 4.2
(93, 92) (5,5

5 AUPdg-DDAO/HT 36 8 (22) 0(0) 17.4 71.7 19 45
6 Pd,0,-DDAO/HT 10 7 (70) 0(0) 89.4 16 48
7 AUPdg-DDAO/HTS! 38 24 (63) 103) -
8 AUPdg-DDAO/HTM 12 9 (75) 0(0) -
9 blank 7 5(71) 0(0) -
[a] Reaction conditions: HDO (0.5 mmol), catalyst (25 mg, Au+Pd=0.0025 mmol), 30% ag. H,0, (0.75 mL, 6 mmol), 0.5m NaOH (0.75 mL), H,O (3.5 mL),
353 K, 8 h. [b] Analyzed by HPLC (see Supporting Information). [c] Estimated with ICP-AES analysis. [d] Calculated based on total metal amount. [e] Deter-
mined by TEM. [f] With QuadraPure TU (33.4 mq). [g] Without 30% aq. H,0,. [h] Without 0.5 M NaOH.

(entry 1). Also, a monometallic palladium catalyst (Pd,,,-DDAO/
HT) with a particle size of 48 nm had a low HCA yield
(entry 6). Interestingly, the co-presence of gold and palladium
(Au,Pd,-DDAOQ/HT) bimetallic catalysts dramatically enhanced
the HCA vyield and selectivity (entries 2-5). Among the various
Au,Pd-DDAO/HT catalysts, Au,Pds,-DDAO/HT possessed the
highest catalytic activity, with 81% HCA yield (93 % selectivity).
AA was the only byproduct observed using these catalysts."
A remarkable difference in the catalytic behavior for oxidation
of HDO to HCA was observed with the change in Au/Pd molar
ratio (Table 1), which did not have a significant effect on the
particle size distribution of the Au/Pd-DDAO/HT catalysts.
These results indicate the important role of synergistic interac-
tions between gold and palladium for the excellent catalytic
performance of the Au,,Pd¢,-DDAO/HT materials.

The presence of NaOH and H,0, is crucial to effect the
above-mentioned high catalytic activity, as the absence of any
of them leads to low HCA yields (Table 1; entries 7-9). The cat-
alytic activity of the Au,Pd¢,-DDAO/HT was noticed to be
strongly influenced by the amounts of base and oxidant
added (Supporting Information, Table S1), 6 mmol of 30% ag.
H,0, and 0.75 mL of 0.5m NaOH was found to afford the high-
est HCA yield of 81% with 87% HDO conversion (Table S1,
entry 13). The catalytic activity of Au,,Pds-DDAO/HT was com-
pared with analogous Au-Pd nanoparticles on other supports
to identify their role (Supporting Information, Table S3). Al-
though all catalysts promoted the formation of HCA to some
extent, Au,Pdg,-DDAO/HT stood out with the highest catalytic
activity, perhaps the basic sites of HT help in enhancing the
catalytic performance as compared to neutral and/or less-
strongly-basic supports.

The product was isolated (Supporting Information) as an oily
liquid (81.7% isolated yield), and 'H-, "*C NMR confirmed the
structure of HCA (Figure S3). In addition, the same catalyst
could also promote the oxidation of HDO at 5 mmol scale with
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similar efficiency to reach a high TON of 265 (Supporting Infor-
mation, Table S2).

An important issue for heterogeneous catalytic systems is
the possibility of metal leaching into the reaction mixture, and
catalyst reusability. We found the catalyst to be highly reusa-
ble, up to at least 5times without any further treatment
(Figure 1). The reaction did not proceed when the catalyst was
filtered off after 2 h (Supporting Information, Figure S4). More-
over, ICP-AES analysis of the filtrate demonstrated that neither
gold nor palladium had leached into the solution. In addition,
the presence of QuadraPure TU, known as a scavenger of ho-
mogeneous metal species,” did not influence the catalytic ac-
tivity (Table 1; entry 4f). These experiments authenticate the
heterogeneous nature of the Au,,Pd-DDAO/HT catalyst under
our reaction conditions.

A comparison of X-ray diffraction (XRD) patterns and TEM
images of the fresh and spent Au,,Pd,,-DDAO/HT catalysts

100 4 I HDO Conv. [ HCA Yield HCA Sel.
80 -]
60 -

40 4

Percentage (%)

20

Run 1 Run 2 Run 3 Run 4 Run 5

Catalytic runs
Figure 1. Recyclability of catalyst for selective oxidation of HDO to HCA. Re-

action Conditions: HDO (0.5 mmol), Au,,Pds-DDAO/HT (25 mg), 0.5 m NaOH
(0.75 mmol), 30% H,0, (0.75 mL), H,0 (3.5 mL), 353 K, 8 h, 500 rpm.
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(Supporting Information, Figures S5 and S2, respectively) re-
vealed that there is no significant change in the catalyst mor-
phology. The AuPd NPs were homogeneously dispersed on the
HT surface even after the reaction, with a slight increase of the
mean size of the NPs from 4.2 to 4.8 nm. Au L,-edge and Pd K-
edge XANES and EXAFS results also suggested robust local
structure around gold and palladium after the reaction (Sup-
porting Information, Figure S6), indicating that the DDAO-
capped bimetallic AuPd NPs are stable under these reaction
conditions.

To study the reaction pathway, the reaction over the
Au4Pdg-DDAO/HT catalyst was performed in the presence of
melatonin, a water-soluble radical scavenger of hydroxyl radi-
cals (OH).” The presence of melatonin (0.3 mmol) prohibited
the selective oxidation of HDO (5% yield of HCA, with traces
of AA), suggesting a radical pathway under the present reac-
tion conditions. The formation of radicals over metal NPs in
the presence of hydrogen peroxide has been reported previ-
ously,®" and this seems to play a key role during the HDO oxi-
dation.

To understand the superiority of the Au,,Pds-DDAO/HT cata-
lyst, the series of Au-Pd bimetallic catalysts was characterized
by means of various spectroscopic methods. Figure S7 (Sup-
porting Information) shows representative UV/Vis spectra of
monometallic and Au-Pd bimetallic catalysts. The monometal-
lic gold catalyst exhibited a characteristic surface plasmon res-
onance (SPR) absorption peak at 524 nm, due to Au NPs.*? Ad-
mixing of palladium to gold strongly diminished the SPR ab-
sorption peak, and a very weak peak can be observed in the
spectra of Aug,Pd,,-DDAO/HT and Aug,Pd,,-DDAO/HT. Over the
entire spectral range, no SPR absorption peak is distinct in the
spectra of AuuPdg-DDAO/HT, Au,,Pdg-DDAO/HT, and Pd;q,-
DDAO/HT. The weakening SPR band in the bimetallic samples
can be attributed to interactions between gold and palladium
species, rather than to the formation of separate gold and pal-
ladium NPs and a gold “mother” surface.'™

The interaction between palladium and gold atoms was
studied by X-ray photoelectron spectroscopy (XPS). Figure 2
shows XPS results of core-level binding energies (BEs) for Au4f

Au Au?4f5/2 Au°4f7 "

a_J?;./\

Intensity

Binding energy (eV)

Figure 2. Au 4f XPS spectra of Au,Pd,-DDAO NPs. (a) Au;o;-DDAO NPs,
(b) Aug,Pd,;-DDAO NPs, () AugPd,;-DDAO NPs, (d) AugPds-DDAO NPs,
(e) Au,,Pdg-DDAO NPs.
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of the Au,Pd,-DDAO NPs. The BEs of Au4f;, (87.7 eV) and
Au 4f,, (84.0 eV) in the Au,,,-DDAO NPs are assigned to Au 4f
orbitals in metallic gold."**" A clear negative shift in BE for
Au 4f was observed for Au-Pd samples. The maximum shift of
—0.5 eV relative to the BE of pure gold NPs was observed for
the Au,Pdg,-DDAO NPs. This negative BE shift is an indication
of an increase in the electron density on gold to form nega-
tively-charged gold species, suggesting a modification of the
electronic structure in the presence of palladium. In the case
of Pd 3d XPS, the BE of Au-Pd bimetallic NPs also shifted to-
wards lower energy (Supporting Information, Figure S8); that
is, exhibiting a negative BE shift with increase in gold content
due to the gaining of d-electrons, from gold. These shifts to-
wards lower BEs for both Pd 3d;, and Au 4f,, are consistent
with a net charge flowing into gold and palladium upon Au-
Pd alloying. The same phenomenon has been observed by var-
ious researchers."*?¥ A large shift for Au 4f,, (—0.5 eV) and for
Pd 3d;, (—0.3eV) in the Au,Pds,,-DDAO NPs suggests the
strongest interaction between gold and palladium at this
molar ratio.

Further investigations on the nature of supported Au-Pd bi-
metallic nanoparticles were conducted by X-ray adsorption
spectroscopy (XAS) of the Au L,-edge, and Pd K- and L,-edges.
The Au L,-edge XANES spectra of Au,Pd,-DDAO/HT catalysts
together with gold foil are shown in Figure 3. The white line

Au foil
AU,

AP,
——AuPd,
Au, P,
AUPdy,

Normalized absorption

Normalized absorption

11919 11922 11925 11

Energy (eV)

T T T T T d
11900 11920 11940 11960 11980 12000

Energy (eV)

Figure 3. Au L,-edge XANES of Au,Pd,-DDAO/HT. The inset magnifies the
white-line region.

(WL) intensity, the first feature after edge jump, decreases for
Au-Pd bimetallic catalysts with increase in palladium content,
and almost disappears for Au,,Pdg,-DDAO/HT. This decrease in
the intensity implies that the d-electron density of gold has
been increased in Au-Pd bimetallic NPs, as compared to gold
foil or the Au,,,-DDAO/HT."®9%] The increase in the d-electron
density of gold is due to Au-Pd d-d interactions or Au-Pd
bond formation.”®* In addition, the intensity of second band
just after the WL feature (11935 eV) is more prominent with
higher palladium content, which suggests interactions be-
tween gold and palladium atoms.24®2¢
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A Fourier transform (FT) of the Au L,-edge EXAFS spectra is
plotted in Figure S9(B) (Supporting Information). The Au-Pd
bimetallic catalysts showed intense doublet peaks at 2.1 and
29 A as compared to gold foil and Au,,,-DDAO/HT. The ap-
pearance and intensification of the doublet with increase in
palladium content is an indication of Au-Pd bonds?*?*! in
Au-Pd bimetallic NP-based heterogeneous catalysts.” The pal-
ladium XAS features in K- and L,-edges (Supporting Informa-
tion, Figure S10) also supports the notion of strong correla-
tions between palladium and gold. The two features at 24389
and 24428 eV in the Pd K-edge XANES spectra are found at
lower energy for Au-Pd bimetallic catalysts than for palladium
foil [Figure S10(A)].”"' Furthermore, the FT of Pd K-edge EXAFS
spectra [Supporting Information, Figure S11(B)] shows splitting
of the peak at 2-3 A with increase in gold content.”® These
shifts can be attributed to changes in electronic structure
around palladium by alloying with gold.”® From these obser-
vations, we infer that the electronic properties of gold and pal-
ladium are significantly changed in the bimetallic catalysts as
a consequence of Au-Pd interactions (bond formation). These
particular interactions or Au-Pd nanoalloy centers may be re-
sponsible for the high catalytic activity of Au,Pdg,-DDAO/HT in
the selective oxidation of HDO to HCA.

In summary, a series of hydrotalcite-supported N,N-dimethyl-
dodecylamine N-oxide (DDAO)-capped bimetallic Au-Pd nano-
particles are prepared, and their catalytic activities are explored
for oxidation of 1,6-hexanediol (HDO) to 6-hydroxycaproic acid
(HCA). A maximum HCA yield of 81% at an HDO conversion of
87% was achieved with a reusable Au,,Pd¢,-DDAO/HT catalyst
in basic aqueous media using H,0,. Spectroscopic investiga-
tions suggest that interactions between gold and palladium
provide the active sites responsible for selective oxidation of
the primary OH group of the C6 aliphatic diol, HDO.
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