Synthesis of Pd Nanoparticles Supported
Pd(Il) Complexes and Catalytic Olefin
Hydrogenation and Isomerization Reactions
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Types of Catalysts

Characteristics of catalysts Homogenous | Heterogeneous Hybrid
Cat. structure Known Unknown Known
Catalyst modification Easy Difficult Easy
Activity High Low High
Selectivity High Low High
Poisoning of cat. High risk Low risk Low risk
Mechanical strength Low High High
Cat. stabilities Low High High
Conditions of catalysis Mild Harsh Mild
Separation & recycle of cat. Difficult Easy Easy
Industrialization Difficult Accessible Accessible
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Heterogeneous Catalyst
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The Componemts of Hybrid

Catalyst
.
catalysts
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Metal oxide
Organicpolymer Soluble metal complex
Silica gel

O functional groups

(O coordination ligands

spacer linker




Phosphines Attached to Polymer-Supported Peptides
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Solid/Liquid Separations of Catalysts on Polymers
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Bergbreiter, D. E. Chem. Rev. 2002, 102, 3345-3384.



The Limitation of Phosphine Ligand

a. Oxidation
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Catalyst Design

O_O (O)—(_catalysts

Nanoparticles
P Soluble metal complex

with controllable solubility

O functional groups

(O coordination ligands

spacer linker
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Gold NPs-Supported and SiO,-Supported Catalysts

oTMS H O @
>PdCl,

% H TMs{o- Sl}-CHZ(CHZ)lolll b (5'
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N- P(2 py),PdCl
%”b”‘s s”‘”wﬁ o \cl) O
A Swnnnnn TMS—(O—Sio)—(Si-o)—
at i T owe
CloPd(2- py)zF“N % N P(2 PY)2PACl,  Cl,Pd(2-py)sP—N(CH,)10CH;  CHa(CHy);oN—P(2-Py),PdCl,
Au-HS(CHz)llN(H)(O)P(Z-py)deCIz (Au-L-Pd) Si0,-L-Pd
| R
. \/R Cat X
115°C/15h
TOF (h1)
R
Cat. COOMe COOEt COO"BU COO'Bu Ph
Pd(MeCN)2C|2 11100 15020 14500 13150 4250
Au-L-Pda 47333 48667 45333 44667 18667
SiO,-L-Pd 9000 10000 7111 9666 4366

2Pd/S(CH,),CH; = 1:1.4 (mole ratio) -



Catalytic [2+2+2] Alkyne Cyclotrimerization Reactions

R
_ catalyst R R
R-CEC-R —————
R R
R
Alkyne catalyst solvent T time conversion®
(°C) (min) (%)
R
Au-L-Pd 99
"Pr CDCl, rt 40
Pd(CH,CN),Cl, 53
SiO,-PdCl, b 6
Et CDCl, rt 30
Au-L-Pd 99

aReaction conditions: alkyne (0.075 mmol) in CDCI, (1 mL), catalyst loading = 4
mol%. Palkyne (0.56 mmol) in CDCl, (3 mL), catalyst loading = 4 mol%..
cConversions were determined by TH-NMR spectroscop 9Products were purified and
isolated by flash chromatography on SiO, with hexane/ethyl acetate. ¢lsomers ratios
were determined by GC.
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Motivation and Design

O@ O—~ catayst)
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Alternative supporting materials

o
PACl, \
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Palladium(ll) Catalyst immobilized on Pd NPs

HsC

HsC

CHs3
Hs

Pd-Ligand-PdCl,
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Synthesis of Spacer Linker

1. NaN3 / DMF
2. r.t./ 6hr 1. PBr3 / ether
Br(CH H » N5(CH,)1,0OH . N5 (CH Br
r(CHy)11,0 ) 3(CHy)11 > ice bath 16 hr 3(CH2)11
92 %
1 86 % 2
1. CS(NHy), / ethanol 1. P(2-py)s / CH3CH,CN
2. reflux , 16 hr 2.100°C /16 hr
» N3(CH;);;SH » HS(CH,).;N(H)(O)P(2-py),
3. 1M NaOH,q) / 5 min 75 0%
4. HCI /20 min 3 4
80 % spacer linker L
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Bi-phase Synthesis of
Octanethiol Protected Pd lilfl?

1. surfactant [CH3(CH,);]4,N"Br / CHClj

2. Sodium citrate / H,O
PdCI,(CH5CN), 2 -

3. reflux for 1 day

n-octanethiol -
rt/stirforlhr

Pd-SR
40%

Partlcle size dlstrlbutlon

=452 +1.32 nm 1o



Synthesis of Pd-Immobilized Pd NPs

(PY)2 (PY)2
TOAB
_ HS HS

@ Ligand(4) @ redispersed in EtOH qctanethiol

CHCI;/70°C . S, S
HS o "M
TOAB TOAB TOAB . (oY) (py)2
2

Pd-TOAB ppt. Pd-Ligand
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Single-phase Synthesis of Octanethiol Protected
Pd-SR NPs (6)

Br g
1. [CH3(CH,),N"Br / THF B“:;‘Eagf HS
> MN

2. LIEtsBH / THF N+M n-octanethiol

3. rt/stir for 12 hr E}NNV‘%E:::W
Br
Br 5%

Pd-TOAB NPs (5) 85%

PdCl,(CH3CN),

ri/surfor Lt gfy HS

M,

Pd-SR NPs (6)

Pd-SR (6)

Particle size distribution
=2.60+05nm Langmuir 2002, 18, 1413-1418



Surface Functionalization of Pd-SR NPs

§ (ng
HS
L (4 HS
CH,CI, /50 °C > @
SH HS see ref. SH HS"%.,.,!"
. T SH(CH,)11N(H)(O)P(2-py)s - PY):
Pd-SR NPs (6) Pd-L NPs (2)
'.-CH3
Pd-L (7) |
» cbcl, HINCH,

—272+05nm ref. : Phys. Chem. Chem. Phys. 2001, 3, 3377-3381%°



Immobilization of Soluble Pd(Il) Complexes

(PY)2
HS
s CH,Cl, -
M,
o (oY) L = SH(CH;)LN(H)(O)P(2-py)s
Pd-L NPs (7)

2 AN § oom
Particle size distribution
=2.411£0.5nm
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Pd(Il)-L :1.821x10> mol = 10.56 mg

de-DMSO thiol:1.214x10-5 mol = 1.77 mg

Pd NPs: 15.4-10.56-1.77= 3.07 mg
Pd-L-PdCl,: 15.4 mg

® —— 4-iodoanisole: 2.1 mg
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Calculation of Surface Pd NPs

b [

Particle size distribution
=2.41+05nm

H3pz A R+ @& o f ¢
Rxr=rygxnis3

1.2 =0.169 x n¥® — n = 362 atom
S =41mr2n?3

=411 (169 x 10-12)2 x3622/3

=1.82 x 1017 (m?)

Hipz A R+ B4 7+ #kc:
ng=S/1ry2=1.82x 10 /1 (169 x 10-12)?
= 203 atom

A B QU B - AN
=236 /455 =51.86 %
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IH-NMR #_£ ¥ 4= .15.4 mg=Pd-L-PdCl, (8)
F Fips 1.77 mg o
Pd(l)4s i & ## 10.56 mg
z ok + & =3.07.mg
R W kel
= 3.07 mg + 106420 mg / mol x 6.02 x 1023 atom/mol + 455 atom/particle
= 7.96 x10*° particles
F FifiE A
=1.77 mg + 146000 mg / mol x 6.02 x 1023 atom/mol = 7.29 x 108 atom
PA(I)& 1+ & 4 48
= 10.56 mg + 580000 mg / mol x 6.02 x 1023 atom/mol = 1.09 x 10°® atom
H3pss 2 3+ 20 7 ¢
% w45 o & #c = 203 atom
# - 3fPd NPsz 7 :
Pd(Il)4s i & #:1.09 x 1019 atom+(7.96x10*° particles)= 1369 atom/particle
EREE= 7.29 x 1018 atom-+(7.96x101° particles)= 915 atom/particle

X
z
z
4e

U b b +$ 3
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Analytical data of

Pd Nanoparticles (6), (7) & (8)

n-octanethiol / Ligand (4)

Nanoparticle Size (nm) ( mole ratio )
Pd-SR (6) 2.60+0.5 10/0
Pd-ligand (7) 2.72+0.5 9.1/ 13.6
Pd-ligand- 241105 45 | 6

PdCl, (8)
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Solution *H NMR Spectra of Pd NPs (6) & (7)

(@) HS(CH,)(CH,)(CH,)sCH5; (n-octanethiol, HSR)

B

(b) Pd-S(CH,),CH; (Pd-SR NPs) (6)
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IR Spectra of n-Octanethiol & Pd-SR NPs (6)

wavenumber (cm™)
3000 2500 2000 1500 1000 500

n-octanethiol
— Pd-SR (6) ;




IR Spectra of Ligand (4), Pd NPs (7) & (8)

wavenumber (cm™)
2800 2700 2600 2500 2400 2300 2200 2100 2000

—— HS(CH,),,NHP(O)(py), (Ligand(4))

— Pd-L (2)
—— Pd-L-PdCl (8)




IR Spectra of Ligand (4), Pd NPs (7) & (8)

wavenumber (cm™)

3000 2500 2000 1500
| : | : | : |

1000

500

13575 (py) K

1585 (py)

——HS(CH,) N(H)P(O)(2-Py), (@)
— Pd-L (7)
—— Pd-L-PdCI, (g)
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Hydrogenation Mechanism

C,H H
; 6\/ |_2Pdc3|2% i
LPdCl, L,PdCl,

\ RN
H H)\H
PACI,
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Catalytic Hydrogenation Reactions in Hexane

In Hexane

H,, Cat. Hy Hy
— - —C —C -H
rt, 1 hr, 100 psi

Reaction time conv

Cat. substrate product Pd,,s mol % (hr) %
@47 Q_/ 0.0482 1.0 92

O O 0.48b 1.0 67

Pd-SR (6)

Q O 0. 48b 1.0 4

— 100

@I Q_/_ 0.16¢ 1.0 a8)

aCat. = 0.3 mg, PCat. =3.0 mg, ¢Cat. = 1.0 mg
substrate = 3 mmol
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Isomerization Mechanism

trans-2-pentene H,C=CHCH,Et
Pd
Et h}t
H,C
i{/c\\ “ScH
Pd CH Pd—l

CH,

/ Et
) \C\H\‘ < / )
N\
H— Pd%/CH

H,C 13
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In Hexane
(homo.)

In Ethanol
(hetero.)

Hydrogenation Reactions
In Various Solvent Systems

Reaction time conv
0
Cat. substrate product Pd,s mol % (hr) %
@—’7 @—/ 0.048 1.0 92
O O 0.48 1.0 67
Pd-SR (6)
Q O 0.48 1.0 4
— 100
@I @I 0.16 1.0 (18)
Reaction time conv
Cat. substrate product Pdg, mol % (hr) %
@-’7 G_/ 0.08 1.0 99
O O 0.48 1.0 80
Pd-SR (6)
O O 0.16 1.0 6.5
— 100
G—/_ @—/_ 0.16 1.0 )
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PdCI,(CH,CN), vs Pd-L-PdCl, in Hydrogenation

o= Reaction time 0
Cat. substrate mg (Pd(I) & &) (hr) conv%
PdCL,(CH.CN), O 0.0023 mg (910 mmol) 1.0 43
Pd-L-PdCl, O 0.0050 mg (9*10-2 mmol) 1.0 42
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conv

Cat. substrate product Pd,,+ mol % | Reaction time (hr) %

)7

0.162 1.0 99

Pd-SR(6) 0.162 1.0 59

0.032

/ (0.06)

1.0 99

S
.
o

0.032

(0.06) 1.0 59

Pd-L-PdCl, (8) O

0.032

(0.06) 1.0 N.R.

W
()
Uad
9
)

.

aCat. = 1.0 mg, solvent system: ethanol

substrate = 3 mmol 24




Hydrogenation and Isomerization Reactions

Cat. substrate product Pd. ., mol % Reaction time conv | isomerization
(hr) %
100
B B N 0.162 1.0 ]
Pd-SR(6) (52)————> 48
_ 100
G—/_ @I 0.162 1.0 - 66
Reaction time conv
0,
Cat. substrate product Pd,,s mol % (hn) %
T g 0.032 1.0 100
Pd-L-PdCl, (0.06) (56) +——> 44
(§) @_/: @I 0.032 10 100
(0.06) ' (38) > 62

aCat. = 1.0 mg,solvent system: ethanol
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Conclusions

We have developed a method to successfully immobilize molecular
Pd(Il) complexes catalysts on the surfaces of Pd NPs.

Since the Pd NPs-Pd(ll) hybrid catalysts are highly soluble in organic
solvents, their structures and reactions could be easily studied by
simple solution NMR technique.

The Pd NPs-Pd(Il) complexes were proven to be catalysts for a
series of hydrogenation and isomerization reactions.
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