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ARTICLE INFO ABSTRACT

Article history Heterogeneous gold nanocluster catalysts immobilibg the method known as polyr
Received incarceration were prepared. Polystyreileeived polymers with epoxide and alcohol moie
Received in revised form which could be cross-linked under heating cond#jowere employeds supports for the
Accepted preparation. Cationic gold salts were reduced $solation of NaBH and the polymers. Pc
Available online solvents for the polymers were added, and the pailgmvere precipitated and encapsulated

gold nanoclusters with weak but multiple interaics between a gold nanocluster surface
the 1t electrons of benzene rings. The polymer capsukse Weated under neat condition

Keywords afford heterogeneous gold nanocluster catalystsmeha polymerincarcerated go
gold nanocluster nanoclusters. The catalysts thuepgared could be applied to the aerobic oxidatiopheiny
polystyrene boronic acids, alcohols, and silyl enol ethers. flend that the choice of polymers, good
heterogeneous catalyst poor solvents for the polymers, metal loadings.tihgaconditions for crosBnking, and fina
aerobic oxidation activation were all crucial for obtaining high-adtly catalysts.

silyl enol ether 2009 Elsevier Ltd. All rights reserved

1. Introduction as aerobic oxidatiorfs,*® hydrogenatiorfé** and C—C-bond-
forming reactiond’* These developments are based on our
original techniques. Among these catalysts, §olfiand its
bimetallic nanocluster incarcerated catalysts, prepared using
polystyrene-based polymers with cross-linking megt show
particularly high reactivity for multimodal aerobioxidative
transformations under mild conditions, including ndam
oxidative processeg$. #4914 Eyrthermore, multifunctional
catalysts in which metal nanoclusters and metal ¢exeg or
Scheme 1. Microencapsulation and Polymer Incaricerat organocatalysts are combined can be fabricated ctuewe
reaction integration of, for example, aerobic ofima and C-C-
bond-forming reaction¥:>* Metal nanoclusters can be ‘locked

Since Haruta’s discovery of gold nanocluster catadyz
aerobic oxidation of carbon monoxide at low tempeet’
various research groups, including us, have deeelogrious
aerobic oxidation reactiorfs° In particular, the oxidation of
alcohols to carbonyl compounds, oxidation of amines to
iminesi* ™ and oxidative coupling reactions of aryl boronic
acids®>*?have received much attention recently.

good solvent metal salt up’ within polymer matrixes by the interaction betwethe
for1 M . 55 58 .
> > nanocluster surface and tmeelectrons of benzene rings® in
NaBH, polymer structures and by the physical enveloprositig cross-
linkages.

dissolved polymer 1
First, a polystyrene derivative with cross-linkingieties and

a reductant are dissolved in a good solvent for pbgmer

poor solvent cross-linking . i .
for 1 (heating) (Scheme 1). A metal salt solution is added dropwReduction
—> —> occurs immediately, and nanoclusters are formech situ
prepared nanoclusters are stabilized by the disdgbolymer to
Polymer incarcerated H H 3
R E————— Microsncapsulation (PI) metal nanocluster avoid aggregation. A poor solvent fpr the polyriseadded, and
formation & stabilization (MC) polymer precipitation occurs. At this stage, metahoclusters

can co-precipitate with the polymer because of wagkmultiple
interactions between polymer side chains and theoclaster
surface. The solvent is removed by decantatiord #re
remaining solid is heated under neat conditionsreate cross-

We are currently engaged in the extensive developroé
heterogeneous metal nanoparticle catalysts foowarreactions;
namely, microencapsulation and polymer incarcengfié* such
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links. The catalyst thus prepared is insolubleaimost all
solvents. On the other hand, the catalyst swells neliarious
organic solvents; thus, it can function as a ‘semibgeneous’
catalyst and show activity equivalent to or highbant the
original  homogeneous catalyst for various organ
transformations.  Furthermore, the catalyst can dasily
separated from reaction mixtures by simple opematiand then
reused several times without loss of activity orchéag of
metals. Moreover, it can be successfully appleflaw systems,
which can be extended to scaled-up under industdale and
reaction integration®:*3°%

In 2007, we reported the first preparation of polyme
incarcerated gold nanocluster catalysts (PI-Au) aheir
application to the aerobic oxidation of alcoholsden mild
conditions®
expanded to a number of aerobic oxidation reactismsh as the
oxidation of hydroquinone8, aldehyde$® amines! and 1,3-
dicarbonyl compound®, direct oxidative esterificatioff;"’
oxidative amidation and oxidative imine formationrh alcohols
and amine§>**"
several important factors in the preparation ofABI- The
following are all crucial for the activity of thesmtalysts: the
metal loading, the choice of combination of a psolvent and a
good solvent, and the heating conditions duringsifimking.

Herein, we report more detailed investigations inte t
preparation of PI-Au and further extensions of ourrkwon
aerobic oxidation reactions using PI-Au, such as dkielative
homo-coupling of aryl boronic acids and the oxidatiof silyl
enol ethers, as well as alcohol oxidation reactions.

2. Results and discussion

Organic-polymer-immobilized heterogeneous Au nandetus
catalysts were initially limited compared with inong@support-
immobilized ones, although Tsukuda, Sakurai andvodkers
reported Au:PVP as a quasi-homogeneous catalystctratbe

3| 1| HAUCl, | THF THF |hexan/| hexan' | -® -

4 |1 |AuCIPPL;|  THF THF [ hexani| hexani | 15C {4c[0.318
5 | 1 |AuCIPPl;| THF THF | hexan| hexan | 15C |4d [0.163
6 | 1 |AuCIPPl;| THF THF | hexani| hexan | 15C |4€[0.103
7 | 1 |AuCIPPL;| THF THF [ hexan(| hexan | 15C [4f[0.079
Cg | 1 [AuCIPPL| diglyme | diglyme |hexan| hexan | 15C |4g[0.080
9 | 1 |AUCIPPL;| diglyme | THF |hexan| Et,0O 15C |4h [0.062]
10 | 1 |AuCIPPI;| diglyme | THF Et,O Et,O | 15C |4i[0.073]
11 | 1 |AuCIPPh| diglyme | THF | E10 /E;zg 150 |4j [0.071]

After this seminal development, our PI-Au were

During these investigations, we acknowledge

Metallic gold was precipitated before microencaatah.

We commenced our investigation to confirm whether Au
nanoclusters could be stabilized by benzene ringslystyrene
derivatives (Chart 1). We chose HAyGIs a gold source and
NaBH, as a reductant, which have been widely used for the
preparation of Au nanoclusters in aqueous mediel€Td).
Polystyrene-based polym8&rwith cross-linking moieties, which
was used for polymer-micelle incarcerated metallgsiis, was
dissolved in THF, and NaBHvas suspended therein. HAy@I
THF was slowly added, and the solution immediatelyned

gred/purple, which indicated the formation of Au ndosters.

Microencapsulation was conducted by the additionesfane as a
poor solvent. The resulting solid was separatedidizantation
and then heated at 120 °C to form a heterogeneatatyst, Pl-
Au 4a, by the cross-linking of side chains (Table 1red). PI-
Au 4b was also prepared with polystyrene-based polymets wit
more polar units (polymeR) (Chart 1; Table 1, entry 2).
Catalytic activities of the catalysts thus prepanade tested for
the oxidative homo-coupling of phenyl boronic adid basic
water solution; however, no reaction proceeded (Tablkentries

1 and 2). To increase the hydrophilicity of théabgst, polymer

1, which contained more tetraethylene glycol units,swa
employed for the preparation of PI-Au; however, bgigld
precipitation occurred before microencapsulatioab{€ 1, entry
3). The gold source was then changed to AuCjPibm
HAuCl,. No precipitation occurred, even with polynieas the
support. After microencapsulation, upon the addif hexane,

used in watef® We hypothesized that Au nanoclusters preparedn® Precipitate was heated under neat conditiorss,RamAu 4c

in organic solvents and immobilized directly onamg supports
could be efficient catalysts for various organicntegses.
Besides this, it is known that aromatic moleculeshsas benzene
and toluene can interact weakly with a gold surfaceAan

was prepared as a red/purple solid with 0.318 mn#al/dpading
(Table 1, entry 4; Figure 1). PI-Adc gave the desired homo-
coupling product in low yield in a basic water sajuti(Table 2,
entry 3). Biphasic solvent systems were investijatelse of a

nanoclusters via their electrons. Therefore, we hypothesized Water—dichloromethane (water-DCM) mixed solvent system

that if Au nanoclusters could be stabilized by weakrultiple
interactions with aromatic parts of polymers, thesel

nanoclusters would become very effective and véesaditalysts
for organic syntheses.

Chart 1. Structure of polymers

F%O\/EOH ° oy
;;X ; N i > b > [>_o OH
(o]

%E o j -
)

1 (x1y:z = 28:34:38) 2 (xy:z = 91:5:4) 3 (xiy:z =91:5:4)
Tablel
Preparation of PI-Au
Au salt micro-
Polymer + NaBH /solvent 2 encapsulation  washing cross-linking
! solvent 1 3h solvent 3 solvent 4 no solvent 1) filtration Pl-Au 4
T°C,5h  2)wash(H,0,
THF, DCM)
3) crash
4) dry
pol Solveni [T] PI-Au
entrylymeg Au salt o [loading
r 1 2 3 4 (°C) (mmol/g)]
1 | 3| HAuCl, THF THF | hexani| hexan | 12C |4a[0.061
2 | 2 | HAuUCl, THF THF | hexan| hexan | 12C |4b[0.217]

gave improved vyields (Table 2, entries 4-6). TENhlgsis
revealed that the cluster size became smallerea®#uing of PI-
Au decreased (Table 1, entries 4-7; Figures 1-4henNAu
loadings were higher than 0.1 mmol/g, larger nartages or
aggregation of small to medium size nanoparticleewbserved
(Figures 1-3). On the other hand, PI-Af with a lower Au
loading of 0.079 mmol/g contained small nanoclss{@-3 nm)
mainly with less aggregation of them (Figure 4), #émel homo-
coupling reaction was conducted (Table 1, entryThe desired
homo-coupling product was obtained in 82% yield.isTdatalyst
could be recovered by simple filtration and reuaedeast three
times (Table 2, entries 7-9). The nanocluster giZel-Au after
these uses did not change from the original sizelafu before
use (Figure 5).

PI-Au 4f was also applied to the aerobic oxidationsef:
phenethyl alcohol and showed high activity in a wdl&M
mixed solvent system in the presence ¢C&; (Table 3, entries
1 and 2). PI-Auf could be reused (Table 3, entries 2—4) for this
reaction, andx,a,a-trifluorotoluene (BTF) could be employed as
a greener solvent instead of DCM (Table 3, entry B}-Au @e
and4d) with higher Au loading showed lower reactivity thar P
Au 4f (Table 3, entries 6-8). PI-Adc, 4g and 4h contained



larger Au nanoclusters than PIl-Alfi. This might be the reason
for the difference in reactivities.

01 1-2 2-3 34 45 56 6-7 7-8 8-9 9-10 >10
Diameter [nm]

Fig. 2. Typical TEM images and size distributions of Pl-#di Average
size of clusters: 7.0 £2.3 nm

Fig. 1. Typical TEM images of PIl-Adc.

Next we evaluated the catalytic activities of theARl-more
strictly by reducing the reaction time of the aécotxidation of
the alcohol. The reaction times used were 3 h andTable 4).
PI-Au 4i, which was the best catalyst thus far, afforded the
method. When we used THF during the reduction ofsAlis desired ketone in 74% yield after 3 h (entry 1)e ¥en included
with NaBH,, the NaBH was suspended in the solution because? Sécond heating step in the preparation methoctlazmiged the
of its low solubility. We then employed diethylergycol reaction temperature and time for both the firsd #me second
dimethyl ether (diglyme) because it dissolves NaBwll. A  Neating steps (Scheme 2). Pl-Ak-4p prepared by the method

completely homogeneous solution was now obtainedréefe that_ includes th_e e heatmg steps, (@nd ) qfforded the
addition of a poor solvent for microencapsulatiaithen hexane desired ketone in excellent yield for the reactione of 5 h
was used as a poor solvent and a washing solvent aftéEntries 2=7). In pamgular, the catalysts4n, whose heating
microencapsulation, a sticky precipitate containifiglyme was ~emperature was 150 °C, showed excellent yieldsn éve the
obtained, and PIl-Adg was prepared (Table 1, entry 8). PI-Au reaction time of 3 h (e”tf'es 3-5). It_was_ alsorid)uha_t if the
4g showed rather low activity for alcohol oxidation (Tatg, catalysts were heated twice, the heating time coeludnied (1~
entry 9). Diglyme was absorbed in the polymer piicaip 5h).

before cross-linking, which might cause insufficieotoss-
linking. We therefore changed the washing solvefiera
microencapsulation from hexane to diethyl ether.weler, the
catalyst thus prepared, PI-Adh, still showed low reactivity
(Table 1, entry 9; Table 3, entry 10). To remolgtee diglyme
from the polymer precipitate after microencapsolatiwe chose
to use diethyl ether as the poor solvent for micoag@sulation
and then for washing because diethyl ether and miglynix
well. The catalyst thus prepared, PI-Aiubecame a fine powder
after cross-linking and showed excellent activity faicohol
oxidation (Table 1, entry 10; Table 3, entry 1lgufe 6). We
also aimed to remove the excess reductant, NaBéfore cross-
linking, by washing with an aqueous solution. Pl-4prepared
according to this procedure was, however, not a fimeder; it
was a sticky solid and showed almost no activity [@dh entry
11; Table 3, entry 12). We postulated that a raingi o1 12 23 34 45 56 61 18 89 510 510
tetravalent or trivalent borate complex, made fridaBH,, and Diameter [nm]
alcohol moieties in the polymer side chains playmgortant
roles during the cross-linking step, as a borataptex could be
immobilized in the same polymer and enter into s#dasked
polymer capsules containing Au-Pd bimetallic nanstets
during preparation of Au/Pd/B multi-metallic catalysr tandem
oxidation-Michael addition reactioh.

Although PI-Au4f contained smaller Au nanoclusters, larger
clusters (>5 nm) were also present. To improvehthraogeneity
of the Au nanoclusters, we reexamined the catalyspgration

~ 100nm

Fig. 3. Typical TEM images and size distribution of PI-A&1 Average
size of clusters: 5.6 3.5 nm

100 nm
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6 4f BTF 3 9¢
7 4e BTF 3 72
8 4d BTF 3 58
9 49 BTF 1 11
10 4h BTF 1 17
11 4i BTF 1 98
12 4j BTF 1 trace

2 - -
01 12 23 34 45 56 67 78 89 9-10 X0 Determined by GC analysis.

Diameter [nm]

Fig. 4. Typical TEM images and size distribution of PI-Alu Average
size of clusters: 2.8 +0.9 nm

Scheme 2. Preparation of PI-Ad (with second heating).
AuCIPPhg

micro-
encapsulation i
Polymer 1 + NaBH,4 > /G P washing
diglyme 3h Et,0 Et,0
second
100 nm. cross-linking heating
no solvent 1) filtration no solvent Pl-Au 4
i i i - - i Ty °C, xh 2) wash (H,0, T,°C,yh
Fig. 5. Typical TEM image of PI-Auf after use for homo-coupling of 1 T)HF DC#Vl)z 2°Cy loading: 0.06
phenyl boronic acid. 3) grash -0.08 mmol/g
4) dry

Table4
Oxidation of an alcohol (Detailed optimization @italyst
preparation methods)

OH PI-Au 4 (1 mol%) (e}
Me  K,CO, (3 equiv), 30 °C, O, (1 atm), Me
H,O/BTF (1/1), 0.08 M
- i %2Yi 059
Fig. 6. Typical TEM images of PI-Adi. Enltry PI4,iAu ;E-sléxt Tz_,y Yield aft7e£|‘3 h (%°Yield aftf| 5h (%
2 | 4k | 120, | 170,¢ 93 98
] b C
Table2 3 [ 4 150, ¢ | 150,¢ 95 >9¢, 8¢
Sl . L 4 | 4m [ 150,17 | 150,¢ 96 99
Oxidative homo-coupling of phenyl boronic acid 5 1 4n | 150 ¢ | 150 ° 94 >oc
6 | 40 | 15,5 | 170,¢ 85 95
PI-Au 4 (1 mol% ] :
BIOH) ( : 7 | 4p | 150, | 200,¢ 61 99
K,COj (3 equiv), t, air (1 atm), 2 Determined by GC analysi8.Average using three lots of
HO/solvent (1/1), 0.08 M, 24 h catalysts’ Reaction was performed under air (1 atm).
Entry Pl-Au Solvent Yield (%7 The first oxidation of silyl enol ethers mw-hydroxyl ketone
; 33 none 8 derivatives, usingm-chlorobenzoic acid as a stoichiometric
3 = o 5 oxidant, was appeared in 19724%° After these reports, various
2 s hexan 3 stoichiometric oxidants were applied to this transiation®®"°
5 4c EtOAC 17 Aerobic oxidation versions were also reported. For the
6 4c DCM 25 reaction mechanism, it was proposed that silyl etloérs were
7 4f DCM 82 oxidized to siloxy epoxides and underwent 1,4-silyl
8 reuse of entry DCM 82 rearrangement (Brook rearrangement) to affosdsiloxyl
9 reuse of entry DCM 8C

ketones, followed by hydrolysis w-hydroxyl ketones (Scheme

a . -
Determined by GC analysis. 3).”® Although various methods for the oxidation of Isignol

Table3 ethers were reported, there were no reports that metacluster
Oxidation of an alcohol (Effect of solvents andadyst catalysts accelerated the aerobic oxidation of eiigl ethers.
loadings) Scheme 3. Oxidation of silyl enol ethers.
PI-Au 4 (x mol%
OH ( 6) _ 0 sa@
Me  K,CO, (3 equiv), 30°C, O, (1 atm), Me MesSO eSO Y Meso ERC e
H,O/solvent (1/1), 0.08 M, 24 h R( ) o RO +H R Qo R° R
_ .0. J\ N +/ Brook
Entry Pl-Au Solveni X Yield (%7 H O A rearrangement
1 4f DCM 1 84
2 af DCM 3 >9¢ ™ QoS
3 reuse of entry DCM 3 >9¢ g g hvdrolysis g m
4 reuse of entry DCM 3 9¢
5 Af toluen 3 98
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1-Phenyl-1-trimethylsiloxypropene was employed as aadical inhibitor (entry 19). These results indécdhat this
substrate, and the reaction conditions were optuonize the  reaction proceeds via a radical intermediate.
presence of 1 mol% of PI-Adl in a toluene—water cosolvent
system under air at 100 °C (Table 5). When PKAwith an Au
loading of 0.0396—0.134 mmol/g was used, substamyidlolysis
to propiophenone occurred (entries 1-3, Figure9.7¥eéhen PI-
Au 4l with an Au loading of 0.240 mmol/g was used, a mixtur
of a-hydroxy ketoneba, diketonebb anda-siloxy ketonesf was
obtained, with trace amounts afp-unsaturated ketongd and
benzaldehydée (entry 4, Figure 10). Hydrolysis of the silyl
enol ether predominated using PI-AUbwith an Au loading of
0.334 mmol/g (entry 5, Figure 11). When the reaxctio
temperature was decreased, the reaction proceedéditweb0
°C (entries 6 and 10). The reaction became slod0atC and
room temperature (entries 11 and 12). The reaciioB0 °C Fig. 7. Typical TEM images of PI-Adl (Au loading: 0.040 mmol/g).
gave the best result (entry 6). The catalyst logdiid not
greatly affect the reactivities (entries 6—8). Thaction did not
proceed at all under the best reaction conditinrtaé absence of
PI-Au (entry 9).

Table5
Oxidation of a silyl enol ether (Initial optimizati)

@)Oj&s Pl-Au 4l (1 mol%) ©)K( ©)\”/ ©)K/

temperature, time, O, (1 atm)

H,0 /toluene (1/1)
| OSIMEg

5d

Fig. 8. Typical TEM images of PI-Adl (Au loading: 0.072 mmol/g).

Sum of]
Entry Au loading | Time [Temp.| Conv. |5a, 5b, Ratio (%}
(mmol/g) (h) | (°C) | (%)* |and5f |5a:5b:5c:5d:5e:5f
(%)

1 0.04( 14 | 10C 89 2 0:2:82-:0:<1
2 0.072 14 | 10C 96 <1 0:0:89-:0:<1
3 0.13¢ 20 | 10C | >9¢ 3 1:2:57-:.0:C
4 0.24( 16 | 10C | >9¢ 36 16:16:30:+:<1:
5 0.33¢ 11 | 10C | >9¢ 10 5:5:62-:0:C
6 0.24( 11 80 >90¢ 39 5:28:25:+:2:(
7 0.24( 18 80 >90¢ 36 14:17:30-:2:5
8 0.24( 18 80 >90¢ 34 17:17:22-:0:C
9 no catalys 16 8C NR NR NR
10 0.24( 15 60 98 33 7:15:25:+:0:1
11 0.24( 111 | 4C >9¢ 31 14:16:31-:1:1
12 0.24( 111 | rt 46 9 1:4:5-:0:4

#Determined by GC analysis. +: trace; — Not detelteised 0.5
mol% of Pl Audl. © Used 2 mol% of PI Adl. NR: no reaction.

Next, the solvent system was optimized (Table 6). pune
water, the total amount of oxidized productsa,(5b, 5f)
decreased slightly, and no siloxy ketdievas obtained because
of smooth hydrolysis (entry 1). The ratio of watetoluene was
varied (entries 2—4). When a mixture of toluend amter was
used, the total amounts of the oxidized productevaémost the
same; however, more siloxy ketone was obtained with Jeater.
In pure toluene, the reaction hardly proceeded ryerg).
Cosolvent systems of hydrophobic organic solvemts water _ ] _ _
gave comparable yields of the oxidized productsri@s 6—13). Fig. 10. Typical TEM images of PI-Adl (Au loading: 0.240 mmol/g).
In particular, a 1:1 mixture of chlorobenzene andewgave the
best result (entry 8). On the other hand, the i@adbardly
proceeded in the presence of water-miscible orgaaleents,
such as DMF and DMSO (entries 14-17). The reaction
proceeded well in the presence of 10 mol% of
azobisisobutyronitrile (AIBN) (entry 18). On the etthand, the
oxidation reaction hardly proceeded, and propiopherbc was
the major product in the presence of (2,2,6,6-

Tetramethylpiperidin-1-yl)oxy (TEMPO), which is knowas a
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Fig. 11. Typical TEM images of PI-Adl (Au loading: 0.334 mmol/g).

Table6
Oxidation of a silyl enol ether (Effect of solvertisd
additives)

0 [e] (o]
©)\v _— 5a 5b 5c

80 °C, time, O, (1 atm)

0 [e] (0]
solvent
H
I OSiMe;
5d 5e 5f

Sum of5a, Ratio (%}
Enwy ~ Solvent T('{Se C(},}r;" Bb, and5f 5a:5b:5¢:50:5:5
(%) f
1 H,0 2 mL 15 >9¢ 25 10:15:7—0:C
to'uenle r}q[‘”“'ﬂo 11 >99 39 5:28:25:+:2:6
toluene 0.5 mL/ 91040
3 H,0 1.5 ml 15 >99 40 18:20:19:+:0:2
toluene 1.5 mL/ 10949+
H,0 0.5 ml 15 >99 41 9:19:20:+:2:12
5 toluene 2 m 15 17 7 0:0:7:+:0%
6 deca”le rln I':“U W0 15 g3 28 6:17:20:—:0:5
7 Deca"’l‘ rln {”UHO 12 98 39 18:18:15:—:0:3
Chlorobenzene 1 YR Y
8 mUH,0 1 mL 12 >99 45 13:24:16:+:0:8
chlorobenzene 0.5 SN 4
9 L H.0 1.5 ml 14 >99 32 15:16:35:+:0:1
chlorobenzene 1.5 P 4
10 mUH,0 0.5 mL 14 >99 42 11:21:21:+:0:10
11 CZ““C'f ?n T”Hzo 14 >99 28 7:14:28:—:0:7
isodurene 1 mL/ TOE_ A
12 H,0 1 mL 14 >99 34 16:17:25:—:4:1
mesitylene 1 mL/ 18990
13 H,0 1 mL 14 >99 33 11:18:22:—:0:4
14 DMF 2 mL 12 >9¢ 14 2:12:27-:0:0
15 PMPY nT'L" RO 14 99 3 1:2:18:-0:0
16 DMF 11mm'-f°'”e”e 14 >99 8 0:8:82:—:0:0
DMSO 1 mL/ 1.01 (-
17 Gluenel mL 14 >99 2 0:1:91:—:0:1
toluene 1 mL/
18 H,O1mL+AIBN 13 94 54 30:14:5:—:5:10
(10 mol%
toluene 1 mL/
HO01mL+ 5Q0-_E-
19 TEMPO 13  >99 6 0:2:89:—5:4
(10 mol%

 Determined by GC analysis.

Table 7
Control experiments

_— " (1 - ©/U\/ W ())Jv

as a product of 5
the oxidation reaction 80 °C time, O,
H,Oltoluene (1/1)
©*H o w
Time Conv. Ratio (%}
Entry Substrata (h) (%)* 5a:5h:5c:5d:5e:5f

1 5a 12 40 /:25:0-:0:C

2 5b 18 9 0:/:0-:8:C

3 5¢ 18 NR NR

4 5f 1t 9 0:0:0-:0:/

5 5f + AIBN (10 mol% 13 5C 14:1:4-:0:/

® Determined by GC analysis.

To determine the reaction pathways affording eaddized
product from the silyl enol ether, we conducted gunt
experiments using each oxidized compound as arsitibgiable
7). When hydroxy ketonBa was used as a substrate, only the
diketone was obtained via aerobic oxidation of theotl
catalyzed by PI-Adl (entry 1). Diketon&b could be converted
to a very small amount of benzaldehyde via oxigdga®@~C bond
cleavage (entry 2). Propiophenonghich is a hydrolyzed
compound of the silyl enol ether, could not be @dd at all
(entry 3). Then-siloxy ketone could not be converted to the
hydroxy ketone only in the presence of PIl-Alu(entry 4), but
hydrolysis proceeded when AIBN was added (entry 5seBan
these results, we summarized the reaction pathwtheiaerobic
oxidation of silyl enol ether in the presence ofARI 4l (Scheme
4). Because PI-Adl is an active catalyst toward the aerobic
oxidation of alcohols, the reaction does not stofhva@a-hydroxy
ketone; it results in a variety of oxidized producuch as
diketonebb and benzaldehydse. Surprisingly, hydrolysis of the
a-siloxy ketone hardly proceeded under the standesattion
conditions but partially proceeded in the preseotea radical
initiator. When the reactions start from a silylok ether, some
radical intermediates form with molecular oxygend athey
might partially enhance the hydrolysis of thesiloxy ketone.
However, this might not be a major pathway that gitressa-
hydroxy ketone. These results indicate thattteydroxy ketone
and the diketone, which are the major products istroases, are
produced directly from the silyl enol ether in fhresence of PI-
Au 4l, not via the intermediate ofx-siloxy ketone 5f.
Furthermore, the reaction mechanism involving gatalby PI-
Au 4l is quite different from the traditional Rubottoridation
that includes Brook rearrangement (Scheme 3).

Scheme 4. Reaction pathways in the aerobic oxidation ofl sily

enol ether in the presence of PI-Au
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3. Conclusion
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For alcohol oxidation, GC analysis was performed on a
Shimadzu GC-17A apparatus (column = GL Science TCWAX;

In summary, we have developed polymer-incarcerated AYas pressure: 158 kPa, total flow: 58 mL/min, coluffow: 1.6

nanocluster catalysts as versatile heterogeneaabie®@xidation
catalysts based on our original immobilization noeldt namely,
microencapsulation and polymer incarceration ugialystyrene
derivatives with cross-linking moieties as organipgorts. The
catalysts thus developed were successfully apptig¢det aerobic
oxidation of alcohol, homo-coupling of phenyl boioacid, and
Rubottom-type oxidation of silyl enol ether. Clmiof polymer
structures, Au sources, and the combination of stdveuring
nanocluster formation, stabilization and microerscégtion are
keys to the fabrication of active Au nanoclusterabats. In
addition, nanocluster size and its distribution\agy sensitive to
Au loading. The best loading of catalysts was fouadbe
dependent on the target reactions: lower loadinglysts are
better in the case of alcohol oxidation and phdygfonic acid
homo-coupling, whereas relatively higher loadingabets are
better in the case of oxidation of silyl enol ethefFurther
investigations into the discovery of new catalytitivaty of Pl-

Au and more detailed structure analyses of theseahoaiuster
catalysts are ongoing.

4, Experimental
4.1.General

4.1.1.Chromatography
Reactions were monitored with analytical thin-lay&CTon

mL/min, linear velocity: 32 cm/s, sprit ratio: 32pjection
temperature: 250 °C, detector temperature: 250 °€pr the
oxidation of silyl enol ethers and their derivayé&sC analysis
was performed on a Shimadzu GC-2010 apparatus (cotu@in
Science, TCWAX, 0.25 mm ID, 0.25m, 60.0 m; gas pressure:
214.2 kPa, total flow: 90.6 mL/min, column flow: 1.88./min,
linear velocity: 30.8 cm/sec, purge flow: 3.0 mL/maprit ratio:
46.0, injection temperature: 250 °C, FID: 250 °C;luom
program: starting from 100.0 °C, 10 min hold, 10ri@ to 220
°C, 10 min hold). For all other compounds, GC asialyas
performed on a Shimadzu GC-2010 apparatus (colud&3W
Scientific DB-1; gas pressure: 157.5 kPa, total flo#t.3
mL/min, column flow: 0.93 mL/min, linear velocity:121l cm/s,
sprit ratio: 40.1, injection temperature: 300 °Cetattor
temperature: 300 °C).

Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-1010 instrument operatte’D &V
or a JEOL JEM-2100F instrument operated at 200 AV10-20
mg sample of solid catalyst was ground in a pesik: mortar
together with a few milliliters of methanol. After itiag about
10 s for most of the sample to settle, the supamatvhich
contained minute amounts of the sample, was traesfeby
pipette. A drop of the solution was placed on a@antoated Cu
grid and allowed to dry in air (without staining).

silica gel 60 bs4 plates and visualized under UV (254 nm) and/or4.2. Preparation of monomers

by staining. Column chromatography was performedsitioa
gel 60 (Merck), and preparative TLC was carried loytusing
Wakogel B-5F (Wako Pure Chemical Industry).

4.1.2.NMR measurements

4.2.1.Preparation of 2-(2-(2-(2-(4-
vinylbenzyloxy)ethoxy)ethoxy)ethoxy)etharidl:

To sodium hydride (60% in mineral oil, 3.34 g, 81Bmol,
1.50 equiv) suspended in THF (150 mL), tetraethglghycol

NMR spectra were recorded with JEOL JMN-LA400, 500 Or(14.4 mL, 83.54 mmol, 1.50 equiv) was added at O After the

600 spectrometers. Chemical shifts are given inspaer
million, referenced to the solvent peak of CRGefined at 77.2
ppm (°C NMR) and 7.24 ppmd NMR).

reaction mixture was stirred for 1 h at room terapae, 1-
(chloromethyl)-4-vinylbenzene (7.9 mL, 55.69 mmil.equiv)
was added, and the mixture was stirred for a furtteh. The

The structures of known compounds were confirmed b)mixture was diluted with ethyl acetate (200 mL). tusated

comparison with commercially available compounds data
available in the literature.

4.1.3.ICP analyses
Inductively coupled plasma-atomic emission specétoyn

aqueous ammonium chloride (140 mL) was added todjutre
reaction, and the aqueous layer was extracted wityl atetate
(3 x 100 mL). The combined organic layers were driedrov
sodium sulfate, and the solvent was removed in vacilibe
residue was purified by flash chromatography to raff@-(2-(2-

(ICP-AES) analysis was performed on a Shimadzu ICRI®7 (4-vinylbenzyloxy)ethoxy)ethoxy)ethoxy)ethanol eth@3.7 g,

instrument.

4.1.4.Mass spectrometry

High-resolution mass spectra were recorded using ukeBr
Daltonics BioTOF Il mass spectrometer (ESI) and @UJHMS-
T100TD AccuTOF TLC (DART).

4.1.5.Reagents
Commercially available reagents and solvents werehased

78%). *H NMR (500 MHz, CDC}, 20 °C): J (ppm) 2.55-2.59
(m, 1H), 3.59-3.73 (m, 16H), 4.55 (s, 2H), 5.25 (d, 1H; 6.4
Hz), 5.53 (d, 1H, J = 18 Hz), 6.71 (dd, 1H, J = 11D91Hz),
7.22-7.27 (m, 3H), 7.31-7.39 (m, 2HYC NMR (150 MHz,
CDCl;, 20 °C):J(ppm) 61.8, 69.5, 70.5, 70.69, 70.74, 72.6, 73.0,
113.8, 126.3, 128.0, 136.0, 137.1, 138.0.

4.2.2.Preparation of 4-vinylbenzyl glycidyl ethéf:
To sodium hydride (60% in mineral oil, 13.1 g, 33¥ mmol,

from Tokyo Kasei KogyoCo., Sigma-Aldrich, Wako Pure 5 ng equiv) suspended in DMF (300 mL), glycidol (& mL,

Chemical Industries, Kanto Chemical Co., or Streher@icals

459.1 mmol, 2.50 equiv) and 1-(chloromethyl)-4-\gnzene

and then used after purification based on stanperdedures, as (23.3 mL, 163.80 mmol, 1.00 equiv) were added a€0 After
necessary. NaBHwas purchased from Wako Pure Chemicaline reqction mixture was stirred for 4 h, the migturas diluted

Industries. It was recrystallized from freshly distl diglyme by
heating (according to a literature procedure) dackd in a glove
box.* During recrystallization, it is important to carout all

operations under an Ar atmosphere. The activitthefcatalysts
and reproducibility are highly influenced by theripu and the
condition of NaBH during catalyst preparation.

4.1.6.GC and TEM analyses

with ethyl acetate (400 mL). Saturated aqueous amumno
chloride (200 mL) was added to quench the reactng the
aqueous layer was extracted with ethyl acetatec (00 mL).
The combined organic layers were dried over sodiutfate, and
the solvent was removed in vacuo. The residue waiguliby
flash chromatography to afford 4-vinylbenzyl glygicther (23
g, 74%). 'H NMR (500 MHz, CDC}, 20 °C):J (ppm) 2.60 (dd,
1H, J=2.8, 4.8 Hz), 2.78 (dd, 1H, J = 4.0, 4.8 HA73m, 1H),
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3.42 (dd, 1H, J = 5.6, 11.2 Hz), 3.74 (dd, 1H, J 5 2182 Hz),
4.56 (dd, 2H, J = 10.8, 17.6 Hz), 7.30 (d, 2H, J =H&}) 7.39 (d,
2H, J = 8.0 Hz)*C NMR (150 MHz, CDGJ, 20 °C): J (ppm)
40.2,50.7, 70.7, 72.9, 113.8, 126.2, 127.9, 1363%,0, 137.4.

4.2.3.1-(4-vinylbenzyl)-2-pyrrolidinon€?
To sodium hydride (60% in mineral oil, 4.8 g) susged in

dry DMF (75 mL) was added 2-pyrrolidinone (8.6 gOMF (25
mL) at 0 °C. A solution of 1-(chloromethyl)-4-virpdnzene

mmol) was added, and the mixture was stirred forthéun 12 h.
The mixture was then cooled to 0 °C and diluted wdigsthyl
ether, saturated aqueous ammonium chloride was ataded
quench the reaction, and the aqueous layer wasctedravith
diethyl ether. The combined organic layers wereedlrover
sodium sulfate, and the solvent was removed in vacibe
residue was purified by flash chromatography to rdffo
tetraethylene glycol mono-2-phenyl-2-propenyl ett{ér52 g,
64%) and tetraethylene glycol di-2-phenyl-2-profesther (621

(17.0 g) in DMH15 mL) was added at the same temperature, anf;hg 13%).

then the mixture was stirred for 24 h at room terapge. The
mixture was cooled to 0 °C and diluted with diethyhes.
Saturated aqueous ammonium chloride was added twlhyuke
reaction, and the aqueous layer was extracted wettnyiether.
The combined organic layers were dried over sodiutfate, and
the solvent was removed in vacuo. The residue waiguliby
flash chromatography (silica gel, hexane/EtOAc) toraf 1-(4-
vinylbenzyl)-2-pyrrolidinone (15.9 g, 79%)'H NMR (CDCL)
1.93-2.04 (m, 2H), 2.43 (t, 2H,= 8.0 Hz), 5.23 (d, 10.8 Hz,
1H), 5.73 (d, 1H) = 11.2) 5.8, 11.5 Hz), 6.69 (dd, 1Bi= 11.0,
17.6 Hz), 7.14-7.21 (m, 2H), 7.32-7.37 (m, 2HC NMR

(CDCl) o0 17.7, 30.9, 46.3, 46.6, 114.0, 126.5 128.4, 136.2

136.3, 136.9, 174.9.
4.2.4.3-Bromo-2-phenylpropené?

A mixture of 2-phenylpropene (22.4 g, 190 mmol), N-

bromosuccinimide (23.7 g, 133 mmol) and bromobeeaz§ét6
mL) was rapidly heated at 160 °C (bath temperatumg) the N-
bromosuccinimide was dissolved.
temperature, the precipitate was removed by fitiratiand
washed with chloroform. The filtrate was purified digtillation
(bp 80-85 °C/3 mm Hg) to afford 3-bromo-2-phenyl@oe
containing 1-bromo-2-phenylpropene (15.5 g). Theitp was
found to be 78.0% (determined By NMR). 'H NMR (CDCk)
04.39 (s, 2H), 5.49 (s, 1H), 5.56(s, 1H), 7.33-7.51§ht); °C

NMR (CDCk) 634.2,117.2,126.1, 128.3, 128.5, 137.6, 144.2.

4.2.5.2-[(2-Phenylallyloxy)methyl]oxiran€?

To sodium hydride (60% in mineral oil, 1.6 g, 40 oin
suspended in dry DMF (75 mL) was added glycidol ,.400
mmol) in DMF (5 mL) at 0 °C. Then a solution of Bmo-2-
phenylpropene (78% purity, 5.05 g, 20 mmol) in DK1B mL)
was added at the same temperature, and the mixtigestimaed
for 24 h at room temperature. After the mixture wasled to O
°C and diluted with diethyl ether, saturated aqueamsnonium
chloride was added to quench the reaction, andgbeaas layer
was extracted with diethyl ether. The combined cméayers
were dried over sodium sulfate, and the solvent wa®oved in
vacuo. The residue was purified by flash chromaplgy (silica,
hexane/EtOAc) to afford 2-[(2-phenylallyloxy)methyjaane
(2.66 g, 70%). 'H NMR (CDCk) 4 2.59 (dd, 1HJ = 2.7, 5.1

Hz), 2.78 (dd, 1HJ = 4.2, 5.1 Hz), 3.13-3.17 (m, 1H), 3.46 (dd,

1H,J=5.8, 11.5 Hz), 3.77 (dd, 1K= 3.2, 11.5 Hz), 4.41 (ddd,
1H,J=0.7, 1.2, 12.9 Hz), 4.48 (ddd, 1Bi= 0.5, 1.2, 12.9 Hz),
5.34-5.36 (m, 1H), 5.53-5.54 (m, 1H), 7.45-7.48 (i);5°C

After cooling to moo

4.2.6.1.Tetraethyleneglycol mono-2-phenyl-2-
propenyl ethet?:

'H NMR (CDCk) §2.72 (s, 1H), 3.58-3.74 (m, 16H), 4.42 (s,
2H), 5.34 (d, 1HJ = 1.2 Hz), 5.53 (d, 1H] = 0.5 Hz), 7.25-7.36
(m, 3H), 7.44-7.52 (m, 2H}’C NMR 661.7, 69.2, 70.3, 70.53,
70.58,72.4,73.1, 114.4, 126.1, 127.7, 128.3,7,3814.0.

4.2.6.2.Tetraethyleneglycol di-2-phenyl-2-propenyl
ether?

'H NMR (CDCE) 03.55-3.75 (m, 16H), 4.41 (s, 4H), 5.33 (d,
2H,J = 1.0 Hz), 5.51 (s, 2H), 7.23-7.36 (m, 6H), 7.43—7180
4H); °C NMR 0 69.2, 70.47, 70.51, 73.0, 114.3, 126.0, 127.6,
128.2, 138.7, 144.0.

4.3.Preparation of polymers

4.3.1.Preparation of copolymed:
Styrene (3 g, 28.80 mmol, 1.00 equiv), 4-vinylbdrglycidyl

ether (5.50 g, 28.80 mmol, 1.00 equiv), 2-(2-(A42-
vinylbenzyloxy)ethoxy)ethoxy)ethoxy)ethanol (8.95, @8.80
mmol, 1.00 equiv) and 2;Azobis(4-methoxy)-2,4-

dimethylvaleronitrile (242 mg, 0.864 mmol, 0.30 &fjuwere
combined in chloroform (16.0 mL). The mixture wasred for
72 h at room temperature. The resulting polymédutEm was
slowly poured into diethyl ether. The solvent wasioged by
decantation, and the residue was dissolved in THie polymer
solution was slowly poured into diethyl ether agaifihe same
procedure was repeated a total of three times. préeipitated
polymer was filtered, washed several times with dietttyer and
then dried in vacuo to afford the desired copolyifierl0.52 g,
63% vyield). The molar ratio of the components watednined
by 'H NMR analysis (x:y:z = 34:32:34).

4.3.2.Preparation of copolymeg:
1-(4-vinylbenzyl)-2-pyrrolidinone (15.9 g), 4-virbgnzyl
glycidyl ether (2.0 g), tetraethyleneglycol mongi2enyl-2-
propenyl ether (3.0 g) and AIBN (115.0 mg) were corabiim
chloroform (12.0 mL). The mixture was stirred fot B under
reflux and then cooled to room temperature. Thsultimg
polymer solution was slowly poured into methanol. eTh
precipitated polymer was filtered, washed severakesimvith
methanol and then dried in vacuo for 24 h to afftivel desired
copolymer 2, 7.50 g, 91% yield). The molar ratio of the
components was determined Byl NMR analysis (x:y:z=

NMR (CDCl) o 44.3, 50.8, 70.5, 73.2, 114.6, 126.0, 127'8'63:26:11).

128.4, 138.6, 143.9; IR (KBr) 3000, 2924, 2867, 1,91812,
1701, 1630, 1512, 1479, 1407, 1337, 1254, 12057,1991, 909,
839 cmi; HRMS (ESI) caled for GH.cO, (MY): 190.0994,
found: 190.0998.

4.2.6.Preparation of tetraethylene glycol mono-2-
phenyl-2-propenyl ethef?

To sodium hydride (60% in mineral oil, 1.82 g, 45nol)
suspended in THF (70 mL) was added tetraethylenmob({3.81
mL, 45.4 mmol) at 0 °C. The reaction mixture waged for 1 h
at room temperature. 3-Bromo-2-phenylpropene (34&@2.7

4.3.3.Preparation of copolymeB:

Styrene (7.53 g, 72.3 mmol), 2-[(2-
phenylallyloxy)methylloxirane  (1.72 g, 9.04 mmol),
tetraethyleneglycol mono-2-phenyl-2-propenyl eth@:81 g,
9.04 mmol) and AIBN (105.9 mg) were combined in chionm
(11.5 mL). The mixture was stirred for 24 h undeflux and
then cooled to room temperature. The resultingmet solution
was slowly poured into methanol. The precipitatelyrper was
filtered, washed several times with methanol and tied for
24 h in vacuo to afford the desired copolym@&r {.35 g, 61%



yield). The molar ratio of the components was aeteed by"H
NMR analysis (x:y:z= 91:5:4).

4.4.Preparation of polymer-incarcerated Au nanoclusters

4.4.1.Preparation of PI-Auda:

Copolymer3 (198.5 mg) and NaBH(5.2 mg) were dissolved
in THF (2 mL) at room temperature. To this solntigas slowly
added hydrogen tetrachloroaurate(lll) tetrahyd¢aie6 mg) with
2 mL of THF. The solution then turned purple. Thigture was
stirred for 16 h at room temperature, and hexa®en(B) was
slowly added to the mixture at room temperature.asgéovates
enveloped the metal dispersed in the medium. Tatalyst
capsules were washed with hexane several times aed dti
room temperature. Next, the catalyst capsules weaed at 120
°C for 6 h without solvent to prepare purple polysimmarcerated
gold (PIl-Au4a, 189.8 mg, Au loading: 0.061 mmol/g). Pl-Aa
was washed with THF and water. A 20-30 mg sample &fuPI-
4a was heated in a mixture of sulfuric acid and ni&did at 200
°C for 3 h, the mixture was cooled to room tempegtand agua
regia was added. The amount of gold in the regukiolution
was measured by ICP analysis to determine the Aurigad

4.4.2.Preparation of PI-Audb:

Copolymer2 (195.6 mg) and NaBH(8.6 mg) were dissolved
in THF (2 mL) at room temperature. To this solntiwas slowly
added hydrogen tetrachloroaurate(lll) tetrahyd¢@60 mg) with
2 mL of THF. The solution then turned purple. Thigture was
stirred for 16 h at room temperature, and hexa®en(8) was
slowly added to the mixture at room temperature.asgovates
enveloped the metal dispersed in the medium. Tatalyst
capsules were washed with hexane several times aad dti
room temperature. Next, the catalyst capsules weated at 120
°C for 6 h without solvent to afford purple polyniacarcerated
gold (PI-Au4b, 203.0 mg, Au loading: 0.217 mmol/g). PI-An
was washed with THF and water. A 20-30 mg sample &fuPI-
4b was heated in a mixture of sulfuric acid and niagid at 200
°C for 3 h, the mixture was cooled to room tempeatand aqua
regia was added. The amount of gold in the regukiolution
was measured by ICP analysis to determine the Aurigad

4.4.3.Preparation of PI-Au4c:

Copolymerl (200.0 mg) and NaBH4.5 mg) were dissolved
in THF (4 mL) at room temperature. To this solntigas slowly
added chlorotriphenylphosphine gold (1) (34.2 mgiwvd mL of
THF. The solution then turned purple. The mixtwas stirred
for 16 h at room temperature, and hexane (30 mL) siasly
added to the mixture at room temperature. Purpbservates
enveloped the metal dispersed in the medium. Tatalyst
capsules were then washed with hexane several tintedrad
at room temperature. Next, the catalyst capsules Wweated at
150 °C for 5 h without solvent to prepare purple ypwr-
incarcerated gold (PIl-Audc, 222.3 mg, Au loading: 0.318

mmol/g). PI-Au4c was washed with THF and water. A 20-30
mg sample of PI-Aulc was heated in a mixture of sulfuric acid

and nitric acid at 200 °C for 3 h, the mixture wasled to room
temperature, and aqua regia was added. The ambgoldin
the resulting solution was measured by ICP anatgsitetermine
the Au loading.

4.4.4.Preparation of Pl-Au4f:

Copolymerl (200.0 mg) and NaBH(6.7 mg) were dissolved
in THF (4 mL) at room temperature. To this solntigas slowly
added chlorotriphenylphosphine gold (1) (31.1 mgwvd mL of
THF. The solution then turned purple. The mixtwas stirred
for 16 h at room temperature, and hexane (30 mL) siasly
added to the mixture at room temperature. Purpkservates
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enveloped the metal dispersed in the medium. Ttalyst
capsules were then washed with hexane several tintedrad
at room temperature. Next, the catalyst capsules Wweated at
150 °C for 5 h without solvent to prepare purple ypwr-
incarcerated gold (PIl-Awf, 397.2 mg, Au loading: 0.079
mmol/g). PI-Au4f was washed with THF and water. A 20-30
mg sample of Pl Adlb was heated in a mixture of sulfuric acid
and nitric acid at 200 °C for 3 h, the mixture wasled to room
temperature, and aqua regia was added. The ambgoldin
the resulting solution was measured by ICP anatgsitetermine
the Au loading. Catalysts PI-Ad and4e were also prepared by
the same procedure; the only change made was tmtbants of
chlorotriphenylphosphine gold (1) and NaBtked.

4.4.5. Preparation of PI-Au4qg:

Copolymer 1 (800.0 mg) and NaBH (12.3 mg) were
dissolved in diglyme (12 mL) at room temperaturdo this
solution was slowly added chlorotriphenylphosphindd gf)
(31.3 mg) with 2 mL of diglyme. The solution thenrted wine
red. The mixture was stirred for 3 h at room terapee, and
hexane (30 mL) was slowly added to the mixture atnroo
temperature. Brown coaservates enveloped the risiadrsed
in the medium. The catalyst capsules were then wasglid
hexane several times and dried at room temperatiiext, the
catalyst capsules were heated at 150 °C for 5 h withmlvent to
give a wine red solid. The thus prepared solid washea with
dichloromethane and water, then crushed and driedie a
wine red powder. This powder was heated at 150 °Gfor
without solvent to afford Pl-Adg. A 20-30 mg sample of PI-
Au 4g was heated in a mixture of sulfuric acid and nigidd at
200 °C for 3 h, the mixture was cooled to room terapge, and
aqua regia was added. The amount of gold in thelties
solution was measured by ICP analysis to determtiree Au
loading (0.080 mmol/g).

4.4.6.Preparation of PI-Audh:

Copolymer 1 (800.0 mg) and NaBH (12.5 mg) were
dissolved in diglyme (14 mL) at room temperaturdo this
solution was slowly added chlorotriphenylphosphindd gfi)
(29.1 mg) with 3 mL of THF. The solution then tudngine red.
The mixture was stirred for 3 h at room temperatarel hexane
(30 mL) was slowly added to the mixture at room terapge.
Brown coaservates enveloped the metal dispersdteimedium.
The catalyst capsules were then washed with diethgl eeveral
times and dried at room temperature. Next, theystaapsules
were heated at 150 °C for 5 h without solvent to giweine red
solid. The solid thus prepared was washed with diohtethane
and water, then crushed and dried to afford a widepmvder.
This powder was heated at 150 °C for 5 h without stlte
afford PI-Audh. A 20-30 mg sample of PI-Ath was heated in
a mixture of sulfuric acid and nitric acid at 200 for 3 h, the
mixture was cooled to room temperature, and aqui r&g@s
added. The amount of gold in the resulting sofutivas
measured by ICP analysis to determine the Au loadng62
mmol/g).

4.4.7.Preparation of PI-Audi:

Copolymer 1 (800.0 mg) and NaBH (12.0 mg) were
dissolved in diglyme (12 mL) at room temperaturdo this
solution was slowly added chlorotriphenylphosphindd gg)
(31.0 mg) with 2 mL of THF. The solution then tudneine red.
The mixture was stirred for 3 h at room temperatarel diethyl
ether (30 mL) was slowly added to the mixture at room
temperature. Brown coaservates enveloped the mistaérsed
in the medium. The catalyst capsules were then wasglid
diethyl ether several times and dried at room teatpes. Next,
the catalyst capsules were heated at 150 °C for \@tlout
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solvent to prepare a wine red solid. The solid threpared
was washed with dichloromethane and water, then cruahed
dried to give a wine red powder. This powder was lteate 50
°C for 5 h without solvent to afford PI-Adi. A 20-30 mg
sample of PI-Audi was heated in a mixture of sulfuric acid and
nitric acid at 200 °C for 3 h, the mixture was cabl® room
temperature, and aqua regia was added. The ambgoidin
the resulting solution was measured by ICP anatgsitetermine
the Au loading (0.073 mmol/g).

4.4.8.Preparation of PI-Audj:

Copolymer 1 (800.0 mg) and NaBH (12.0 mg) were
dissolved in diglyme (12 mL) at room temperaturdo this
solution was slowly added chlorotriphenylphosphindd gg)
(31.0 mg) with 2 mL of THF. The solution then tudneine red.
The mixture was stirred for 3 h at room temperatarel diethyl
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adjusted to 50 mL, with water, to give a sample &P lanalysis,
for the measurement of the leaching of gold.

4.5.3.Preparation of trimethyl(1-phenylprop-1-
enyloxy)silane®®

To diisopropylamine (5.6 g, 55 mmol) in THF (100 )nb-
butyllithium (1.65 M hexane solution, 33 ml, 55 mijnevas
added at 0 °C. After the mixture was cooled to -8 °
propiophenone (6.7 g, 50 mmol) in THF (20 mL) and
trimethylsilyl chloride (5.97 g, 55 mmol) were addeépwise,
and the mixture was further stirred for 2 h at 0 °Saturated
aqueous ammonium chloride (150 mL) was added toajuére
reaction, and the aqueous layer was extracted witarige The
combined organic layers were dried over sodium sylfand the
solvent was removed in vacuo. The residue was pdrby flash
column chromatography and by distillation to affdite silyl

ether (30 mL) was slowly added to the mixture at roomenol ether (8.1 g, 80.4%)'H NMR (CDCk) &= 0.00 (s, 9H),

temperature. Brown coaservates enveloped the misaérsed
in the medium. The catalyst capsules were then wasglid
diethyl ether and water several times, and driedraam
temperature. Next, the catalyst capsules were heat@80 °C
for 5 h without solvent to prepare wine red solicheBolid thus

prepared was washed with dichloromethane and waten the

crushed and dried to afford a wine red powder. Pbisder was
heated at 150 °C for 5 h without solvent to affotdAR 4j. A
20-30 mg sample of PI-Adj was heated in a mixture of sulfuric
acid and nitric acid at 200 °C for 3 h, the mixtwas cooled to
room temperature, and aqua regia was added. Theranb
gold in the resulting solution was measured by I@Rlysis to
determine the Au loading (0.071 mmol/g).

4.4.9.Crushing and 2° heating of PI-Audi to PI-
Au 4k—4p:

PI-Au 4i was crushed using a pestle and a mortar.
PI-Au was placed into a round-bottom flask and heatelb0 °C
for 5 h without solvent to afford PI-Adl. The catalysts listed in
Table 5 were prepared by the same procedure as-fa Bl.

4.5. Oxidation reactions

4.5.1.A typical procedure for homo-coupling of
phenyl boronic acid catalyzed by PI-Au:

Phenyl boronic acid (60.6 mg, 0.5 mmol)adO; (196.8 mg)
and PI-Au4f (0.079 mmol/g, 1 mol%) were combined in water
(3.0 mL) and DCM (3 mL). The mixture was stirred #41 h
under air at room temperature. The catalyst wakeateld by
filtration and washed with EtOAc, then dried and reusddhe
aqueous layer was washed with EtOAc (20 mL). The yield
determined by GC analysis with reference to an ialestandard
(IS; anisole). After determining the yield, the soits of both
the aqueous and organic layers were removed in vaButfuric
acid and aqua regia were added to each residue.voltme of
the residue was adjusted to 50 mL, with water, to giwample
for ICP analysis, for the measurement of the leagbif gold.

4.5.2. A typical procedure for aerobic oxidation of
alcohols catalyzed by Pl-Au:

secPhenethyl alcohol (63.1 mg, 0.5 mmol),G0C; (206.8
mg) and Pl-Au4f (0.079 mmol/g, 3 mol%) were combined in
water (3.0 mL) and BTF (3 mL). After the mixture watgred

Crushe

1.60 (d, 3HJ = 6.9 Hz), 5.20 (q, 1H] = 7.0, 13.7), 7.09 (dd, 1H,
J=6.3, 13.8 Hz), 7.15 (dd, 2H,= 7.0 Hz), 7.32 (d, 2H] = 7.4
Hz); ®*C NMR 0= 0.5, 11.7, 125.1, 127.2, 128.5, 133.0, 149.8.

4.5.4. A typical procedure for aerobic oxidation of
silyl enol ether catalyzed by PI-Ad:
Trimethyl(1-phenylprop-1-enyloxy)silane (51.5 mg,.2D
mmol), PI-Au4l (0.240 mmol/g, 1 mol%), toluene (1.0 mL) and
water (1.0 mL) were combined in a round-bottom flaskhe
mixture was stirred for 11 h under, @t 80 °C. After cooling to
room temperature, the catalyst was collected byafiin and
washed with ethyl acetate, using a KiriyamarShfimnel. The
aqueous layer was extracted with ethyl acetate3@0nl). The
combined organic layers were dried over sodium wilfaThe
yield was determined by GC analysis with referenceamo
internal standard (anisole).

E.S.S.Aerobic oxidation of 2-hydroxy-1-
phenylpropan-1-one catalyzed by PI-Ai:

2-Hydroxy-1-phenylpropan-1-onedp(37.5 mg, 0.25 mmol),
PI-Au 4l (0.240 mmol/g, 1 mol%), toluene (1.0 mL) and water
(1.0 mL) were combined in a round-bottom flask. Thigture
was stirred for 12 h under,Cat 80 °C. The catalyst was
collected by filtration and washed with ethyl acetaising a
Kiriyamarohtd® funnel. The aqueous layer was extracted with
ethyl acetate (ZBB0 ml). The combined organic layers were
dried over sodium sulfate. The yield was determibgdGC
analysis with reference to an internal standards(de).

4.5.6.Aerobic oxidation of 1-phenylpropane-1,2-
dione catalyzed by PI-Adl:

1-Phenylpropane-1,2-dion8h) (37.0 mg, 0.25 mmol), PI-Au
41 (0.240 mmol/g, 1 mol%), toluene (1.0 mL) and w#ie® mL)
were combined in a round-bottom flask. After the tomig was
stirred for 18 h under £at 80 °C, the catalyst was collected by
filtration and washed with ethyl acetate, using ayéimaroht8
funnel. The aqueous layer was extracted with etlogtede
(2080 ml). The combined organic layers were dried over
sodium sulfate. The yield was determined by GC amahyith
reference to an internal standard (anisole).

4.5.7.Aerobic oxidation of propiophenone
catalyzed by PI-Aull:

for 24 h under @at room temperature, the catalyst was collected Propiophenone5¢) (33.5 mg, 0.25 mmol), PI-Adl (0.240

by filtration and washed with EtOAc, then dried andsegl The
aqueous layer was washed with EtOAc (20 mL). The yield
determined by GC analysis with reference to an I8s¢de).
After determining the yield, the solvents of bothuagus and
organic layers were removed in vacuo. Sulfuric aod aqua
regia were added to each residue. The volume aksidue was

mmol/g, 1 mol%), toluene (1.0 mL) and water (1.0 nigre
combined in a round-bottom flask. The mixture gtisred for
18 h under @at 80 °C. The catalyst was collected by filtration
and washed with ethyl acetate, using a Kiriyamarotitmnel.
The aqueous layer was extracted with ethyl acet@ie3® ml).
The combined organic layers were dried over sodiulfate.



The yield was determined by GC analysis with referelcan
internal standard (anisole).

4.5.8. Aerobic oxidation of 1-phenyl-2-
(trimethylsilyloxy)propan-1-one catalyzed by PI-Au
4]:

1-Phenyl-2-(trimethylsilyloxy)propan-1-one5ff (55.5 mg,
0.25 mmol), PI-Audl (0.240 mmol/g, 1 mol%), toluene (1.0 mL)
and water (1.0 mL) were combined in a round-bottaskil The
mixture was stirred for 15 h undep @ 80 °C. The catalyst was
collected by filtration and washed with ethyl acetaising a
Kiriyamarohtd® funnel. The aqueous layer was extracted with
ethyl acetate (ZBB0 ml). The combined organic layers were
dried over sodium sulfate. The yield was determibgdGC
analysis with reference to an internal standards@de).
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