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Co-Pd bimetallic alloy nanoparticle catalysts wprepared from CoGl Pd(OAc) and sever:
capping agents with Li(fls)sBH. The nanoparticle catalysts were applied to the kae
oxidation of a variety of alcohols in water to gitlee corresponding carbonyl producthe
catalyst was magnetically recovered and reusetuftmer oxidationThe nanoparticle cataly:
were characterized with TEM, ICP, and XPS analyses.

2009 Elsevier Ltd. All rights reserved

1. Introduction

The development of heterogeneous catalysts fora#rebic
oxidation of alcohols in water is an important tofic pure and
industrial chemistry.For example, we Kaneda et &, Sheldon
et al?, Corma et al, and Sakurai et &ldeveloped non-magnetic
heterogeneous nanoparticle catalysts for the azmbdation of
various alcohols in water as recoverable catalyRecent
attention has focused on magnetically recoverabterbgeneous
catalysts that can be readily collected by magnaticaction:
metal species supported on magnetic solids have pespared
for the aerobic oxidation of alcohols as magnéelfjcadcoverable
catalysts.** Fe,O;-immobilized Pd nanoparticlésmesoporous
silica-immobilized FgO;,° Fe;0,-immobilized Ru nanoparticlés,
Fe;0O,-immobilized Au nanoparticle@, Fe,0,-immobilized
Ru(OH)" and NiFgO,-immobilized Ru nanoparticlés'? are
typical examples with which the oxidation was carrmad in
H,0, in H,O" 8 polyglycof, toluené*! and isopropanl at 70-
130 °C. In these materials, non-magnetic catalgfiecies are
supported on non-catalytic magnetic nanoparticles.

Although these pioneering works are valuable, impadrtant
to develop bifunctional bimetallic alloy nanopali& in which
multiple functions of both catalytic and magnetiogerties are
simultaneously provided by utilizing surface andgahd
modification®® Therefore, we decided to develop fine bimetallic
alloy magnetic nanoparticles having a strong magmabment
and high catalytic activity for the aerobic oxidstiof alcohols in
water. Since Pd nanoparticle catalysts are parartiaghe
ferromagnetic sources should be combined for magngt Pd
nanoparticles. Recently, we reported ferromagnetic aloy
nanoparticles of Co-PY Fe-Pd® and Ni-Pd’ with giant
magnetic moment. According to our previous repo@s;Pd
alloy nanoparticles have the strongest giant magmabment
enhanced by Co atoms that attract a neodymium (Nzhnet.
We envisioned that bifunctional and bimetallic Ca-Rlloy
nanoparticles having a high surface area and stragnetic
moment could be used as magnetically recoverablepaticle
catalysts. Here we report the development of biniet&lb-Pd
nanoparticles with surface modification by usingefigapping
agents. The nanoparticles were applied to the aembidation
of various alcohols in water as magnetically recablr and
reusable catalysts.
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© Palladium Acetate FG
© Cobalt Chloride (II) Anhydrous
© Palladium Atom

o Cobalt Atom

(a-e) a: Dodecyl isocyanide
Functional Group (FG) b: Dodecanamine . .

¢: Hexadecyltrimethylammonium bromide
d: Trioctylphosphine oxide

2. Results and Discussion

Bimetallic Co-Pd alloy nanoparticles were prepargdtioe
reduction of CoGland Pd(OAg) in the molar ratio of 1:1, with
lithium triethylborohydride in THF solution in thpresence of
the capping agentka—e (dodecyl isocyanideaj, dodecanamine
(b), hexadecyltrimethylammonium bromide  ¢),(
trioctylphosphine oxided), octadecanethiole]) as shown in
Scheme 1. The nanoparticleka—e were characterized by
transmission electron microscope (TEM), and inckedtyi
coupled plasma (ICP) and X-ray photoelectron spscbpy
(XPS) to reveal their structures. Figure 1 showsesgmtative
TEM images and the distribution of the nanoparticlall the
nanoparticlesla—e have a small average diameter with narrow
distribution (la: 2.9 £ 0.8 nmlb: 2.9 + 0.6 nmlc: 4.1 £ 0.7 nm,
1d: 4.1 £ 0.7 nmle 3.0 £ 0.4 nm) (Table 1). The ratio of Co and
Pd was determined by ICP analysis to be 1:1 (Tapl@dble 2
shows XPS analysis data of the nanopartitkesd for Pd and Co
surface state where the binding energy of Pg 8disla 335.1
eV, 1b: 335.3 eV,1c: 335.5 eV andld: 335.2 eV, respectively.
These values were close to that of bulk Pd (334.9"&M)these
nanoparticlesla—d the binding energy of the nanoparticles
modified with dodecyl isocyanida was the lowest and that of
the nanoparticles modified with hexadecyltrimethytaomium
bromidec was the highest. These differences are thougheto b
caused by surface modification of the capping agethiat
changed the surface state. On the other hand, tickngi energy
of Co 2p,, wasla 781.0 eV,1b: 779.9 eV,1lc 780.3 eV and.d:
780.7 eV, which were close to that of bulk CoO (780/.%8
The results suggest that Co atoms on the surface wigf
oxidized.
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Figure 1 TEM images and the distribution of Co-Pd alloy oarticles

la—ewith their surface modified by different cappingeatsa—e The black

scale bars are 20 nm.

Table 1. Structural information of Co-Pd alloy nanoparticle

(]Sg-P?i alloy Diameter + SD Co atomic % | Pd atomic %
nanopatrticle (nm)

la 29+0.8 44 56

1b 29+0.6 50 50

1c 41+0.7 49 51

1d 41+0.7 49 51

le 3.0+04 50 50




Table 2 Binding energies of Co-Pd alloy nanoparticles-d 6 1b 78
in the Pd 3¢, and Co 2p, obtained from XPS spectra 7 1c 71
region&!
Co-Pd alloy nanoparticle Pd 3d(eV) Co 2p(eV) 8 1d 64
1 3351 781.0 9 1e <1
o 3353 7799 el conditions: catalyst (20 mol% Pda (0.2 mmol), water (2
mL), O, (1 atm), 60 °C, 24 H”2nd use ofla; 3rd use ofla;
le 3355 7803 4th use ofla; F5th use ofla.
1d 335.2 780.7

IThe spectra are normalized with C 1s 284.6%V.

Table 4. The aerobic oxidation of alcohd¥—j or 4 in water
with the Co-Pd alloy nanoparticlést®

Figure 2. The aerobic oxidation of 2-octan@ad] in water with Co-Pd

alloy nanoparticleda. Left: the mixture after the reaction. Right: segtion
of the Co-Pd alloy nanoparticles from the reactiorture with a Nd magnet.

The recovery of magnetic catalysts took 10-15 min.

For the Co-Pd alloy nanoparticleka—e having different
capping agents, the aerobic oxidation of 2-octafaa) was

investigated in water (Table 3). Thus, the oxidmatof 2a was
carried out with the nanoparticlés—d (20 mol% Pd) in water at
60 °C for 24 h under oxygen atmospheric conditid@natm). The
nanoparticlesla (modified with dodecyl isocyanida) showed

OH la 0 o
or —_— or
RI'ORZ RIOH 0, (1 atm) RlJJ\RZ RlJ\OH
2b4 4a 60‘@“;2 noo30d 5a
Entry | 2 or | Mol% Pd| 3or5 Yield
4 of la (%)
1 2b 4 o 3b 85
Ph)J\Me
2! 2c |5 0 3c 76
Ph)kC5H11
3 2d 4 o] 3d 65
M on
Ph
4 2e 15 o 3e 71
Ph)J\Ph
5 2f 21 o 3f 59

(O

the highest catalytic activity, giving 2-octanorga)(with 88%

6 29 | 14 E\F_o 39 93

yield (entry 1). The reaction withb—d under similar conditions
gave 3a with 78-64% vyield (entries 6-8). The catalytic aityiv
was different regardless of similar diametka {/s. b (la: 2.9 £

7 2h 13 (jo 3h 51

0.8 nm Ba: 88% yield),1b: 2.9 + 0.6 nm 3a: 78% yield)), and
1lcvs.1d (1c 4.1 £ 0.7 nm3a: 71% yield),1d: 4.1 £ 0.7 nm3a

8 2i 13 89

64% vyield))]. The difference is thought to be calisky
differences of capping agents: considering theaserktate of the
nanoparticleda, the back donation of Pd to the isocyanide grod

(o
(6]
9 2j 14 00 3j 88

p

could serve to enhance catalytic activitythe nanoparticlegd,
modified with trioctylphosphine oxide, should havérosg

109 [4a |20 5a | 56

O
/\/\/\)J\OH

affinity to Pd nanoparticles, thus degrading thetalgéic
activity.”® The nanoparticlede modified with octadekanethiol
showed no catalytic activity because the thiol groapped their
surface too strongly (entry 9).

Table 3. The aerobic oxidation of 2-octand@d) in water with
Co-Pd alloy nanoparticleka—é?

catalyst
OH (20 mol % Pd) o)
_—
\/\/\)\ 0, (1 atm) \/\/\)]\
2a water, 60 T, 24 h 3a
Entry Catalyst Yield (%)
1 la 88
2 1M 91
3 180 80
4 11 18
5 18 38

I All reactions were carried out witha, alcohols (0.2 mmol)
in water (2 mL) at 60 °C for 24 h under atmospheriggen;™
20 mmol scale®! K,CO; (1 mol equiv) was added.

The nanoparticle catalysta showing the highest catalytic
activity was applied to the aerobic oxidation ofivas secondary
alcohols2b—j and a primary alcohala in water (Table 4). The
oxidation of reactive benzylic alcondb—-d gave3b-d with 65—
75% vyield by use of 4-5 mol% Pd of the catalyat(entries 1—
3). The selective oxidation of an alcoted which consists of
benzylic and aliphatic alcohol moieties was achieteedive the
benzylic ketone8d with 65% yield (entry 3). Sterically hindered
benzylic alcohols2e and 2f required a larger amount of the
catalyst (entries 4 and 5). The nanoparticle catdlg promoted
the aerobic oxidation of less reactive alicycliccaddols,
cyclopentanol Zg), cycloheptanol Zi) and cyclooctanol?) to
give 3g, 3i, and3j with 93%, 89% and 88% vyield, respectively
(entries 6, 8, and 9), while cyclohexan@h) was converted to
3h with 51% vyield (entry 7). The reaction of a primadjphatic
alcohol 1-octanol4a) gave octanoic acids§) with 56% yield
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(entry 10) in which the resulting carboxylate coaldt as a
capping agent of nanoparticles to decrease the/tatactivity.”’

The nanoparticle catalysta for the oxidation of 2-octanol
(2a) was employed for magnetic recovery and reuse &rpats
(Table 1, entries 1-5). After completion of thesfireaction, the

2), and then the 2nd, 3rd, 4th, and 5th reactione warried out
with the recovered catalyst under similar condititmgive 91%,
80%, 18% and 38% yield of 2-octanoida)( respectively. Figure
3 shows a representative TEM image after the 4ttticea The
diameter of the nanoparticle catalystincreased from 2.9 + 0.8
nm (before use) to 5.0 + 1.1 nm (after the 4thtieal Leaching
of Co and Pd species after the 1st reaction waskeHbegith ICP
analysis. Leaching of Co and Pd was only 9 ¥ &®I% and 8 x
10° mol%, respectively, whose ratio of Co to Pd is $99<0.1.
This result can be explained with an oxidizing apibf E.,:
0.951 V of Pd(0)/Pd(Il) andE,,: —0.28 V of Co(0)/Co(ll)with
reference to the standard hydrogen electrode. Cal{6uld be
readily oxidized by Pd(Il) to give ionic Co(ll) thaould be
leached out. The resulting Pd(0) could aggregaté vittial
nanoparticles to provide larger nanoparticles withidew
distribution (2—8 nm).

<l?> =5.0nm

123 4 5 6 17
Diameter of Particles (nm)

Figure 3. Representative TEM image of Co-Pd alloy nanopesita
after the 4th run in the aerobic oxidation in wafidre black scale bar is 10
nm.

3. Conclusion

In conclusion, we prepared and characterized bitie@b-
Pd alloy nanoparticles modified with various cappiagents

whose atomic concentrations were finely controllede W

bifunctionalized Co-Pd alloy nanoparticles with tyte activity
by Pd as well as magnetic recoverability by Co sieméously.
The Co-Pd alloy nanoparticle catalyst showed catabtivity
for the aerobic oxidation of various alcohols in erawith
recyclability under mild conditions.

4. Experimental Section
4.1. General Methods

The aerobic oxidation of alcohols was performed iglass
tube under oxygen gas at atmospheric pressurdati@on. THF
was distilled from Na/benzophenone. Water was deidnidth a
Millipore system.'H NMR (500 MHz) and*C{*H} NMR (126

prepared by placing a hexane suspension of namgparton
carbon-coated Cu grids, and allowed to dry at roemperature.
XPS spectra were measured by ESCALAB 250 (Thermo
Scientific). Elemental analyses of Co and Pd werdezhout by
inductively coupled plasma spectroscopy using StadCPS-
8100 equipment by the chemical analysis team in RIKE

ei\/lagnet recovery of catalysts was performed with a Ndymet

(ca 0.34 T). Capping agents, dodecanamind), (
hexadecyltrimethylammonium  bromide ¢)( and trioctyl
phosphine oxided) were purchased from Aldrich and Wako.
Dodecyl isocyanidea) was prepared according to the literattire
The alcohols, 2-octanol 2§, 1-phenylethanol 2b),
diphenylmethanol Zc), 1-phenyl-1-hexanol 2d), 1,2,3,4-
tetrahydro-1-naphthol 2€), 1-phenyl-1,2-ethanediol 2f),
cyclopentanol Zg), cyclohexanol Zh), cycloheptanol Zj),
cyclooctanol 2j), 1-octanol 4a), palladium acetate, anhydrous
cobalt chloride (ll) and lithium triethylborohyded were
purchased from Aldrich, TCI, Wako and AOB Organics.

All oxidation products are known compounds whose CA
registry numbers are provided as below:

3a 111-13-7,3b: 98-86-2,3c. 942-92-7,3d: 582-24-1,3e
119-61-9,3f: 529-34-0,3g: 120-92-3,3h: 108-94-1,3i: 502-42-
1, 3j: 502-49-8 5a: 124-07-2.

4.2. General Procedure for Co-Pd Alloy Nanoparticles

The nanoparticles of Co-Pd alloy modified with cagpi
agents a—e were prepared similarly to Co-Pd alloy
nanoparticled? A mixture of Pd(OAc) (0.25 mmol), anhydrous
CoCl, (0.25 mmol), and capping agerase (0.5 mmol &—d) or
0.35 mmol ¢)) was dissolved in 10 mL of freshly distilled dry
THF under nitrogen. To this solution lithium trigthorohydride
solution in THF (1 M, 5 mL) was rapidly added ineoportion at
24 °C. The resulting suspension was stirred at 2#f@ h under
nitrogen. The resulting nanoparticles were collecteg
centrifugation and purified with ethanol to give the
corresponding nanoparticldsa—eas a suspension in ethanol (the
concentrations of Co and Pd in ethanol were deteunby ICP
analysis) (CAUTION! Dried nanoparticles are ignitaple

4.3. General Procedure for Catalytic Aerobic Oxidation of
Primary Alcohols in Water

A mixture of magnetic nanoparticlesa—e (suspension in
ethanol; ~0.16 M Co-Pd)primary alcohol (0.2 mmol), and
potassium carbonate (0.2 mmol) in water (2 mL) wizrestat 60
°C under oxygen gas at atmospheric pressure. Adiegtcooled,
the mixture was washed with ether, and acidified with 5
hydrochloric acid. The mixture was extracted withyethcetate
(5 x 1 mL). The extract was dried over magnesiunageil The
resulting solution was analyzed by GC and GC-MS (withs
Spectral Reference Database). The yield of the ptodwas
determined by GC with an internal standarekylene).

MHz) spectra  were measured with a JNM ECA-5004 4 General Procedure for Catalytic Aerobic Oxidation of

spectrometer:
tetramethylsilane (TMS, 0.00 ppm) as an internahdard. The

¥C{*H} NMR chemical shifts are reported relative to CBHCI

H NMR chemical shifts are reported relative to Secondary Alcohols in Water

A mixture of magnetic nanoparticleta (suspension in

(77.0 ppm). The GC-MS was measured by an Agilent 78904thanol) and secondary alcohol (0.2 mmol) in wa2em() was
GC/MS detector that was used wakxylene or mesitylene as an stirred at 60 °C under oxygen gas at atmosphedsspire. After

internal standard for determining the GC yield. TEMages
were obtained by using a transmission electron redope

it was cooled, the mixture was extracted with ethgltaie (5 x 1
mL). The extract was analyzed by GC and GC-MS (witrsdMa

(JEOL JEM-2100F) operated at 200 kV. TEM samples wer&pectral Reference Database). The yield of the ptodwas



determined by GC with an internal standamixylene or

mesitylene).
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