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The catalytic activities of palladium(O, I, I)-diphosphine complexes were investigated in styrene oxidation using H:0.
as terminal oxidant. The rates showed a dependence on the chelate ring patterns of complexes (PdCLL); 5-membered
ring (L=dppe: 12-bis(diphenylphosphino)ethane)<6-membered ring (L=dppp: 1,3-bis(diphenylphosphino)propane)<4-
membered ring (L=dppm: bis(diphenylphosphino)methane). This sequence correlates with the ligand field strength
and interactions between metal and phosphine ligands. Pd(II, I)-diphosphine complexes which are capable of making
4-membered chelate ring showed an enhancement of catalytic activities for styrene oxidation. The catalytic activities
of Pd(Q, 1, ID-diphosphine complexes are described in terms of electronic and steric factors.

Introduction

Soluble transition metal complexes have been used exten-
sively in industry to catalyze syntheses of organic com-
pounds.! Especially, the phosphine complexes are used in
the control of selective and partial oxidation of alkenes and
olefins.? The direct oxidation of olefins with transition metal
complexes has been attempted during the years® It is
generally recognized that unsaturated ketones, aldehydes or
other electronegatively substituted alkenes can be easily oxi-
dized with H;O, under basic conditions.! The nucleophilic
addition of hydroperoxide anion to carbon-carbon double
bond can be promoted by the electron withdrawing substi-
tuents. From this point of view, transition metal ion is also
capable of activating unsubstitutied alkenes toward nucleo-
philic attack.’

In this paper, the catalytic activities caused from the na-
ture of metal complexes such as ring size, ring shape, oxida-
tion state, steric and electronic structure of chelating diphos-
phine complexes are examined. This objective led us to the
choice of palladium complexes with a wide variety of diphos-
phine ligands. The catalyst systems are designed to employ
diphosphine ligands possessing appropriately selected elec-
tronic and steric properties. A discussion is also included
concerning the origin of selectivity and yield in this class
of catalysts based essencially on steric and electronic factors.

Experimental

Preparation of Compounds

[PACL(P'P)]® and [NiCl:(PP)]*" Complexes. K,-
PdCly (0.3 gr, 0.72 mmol) was dissolved in 1 mL hot water
and 0.5 mL conc. HCL. n-Propanol (60 mL) was added and
stirred for 15 min. The equimolar diphosphine ligand (0.72
mmol) was added and stirred for 30 min, and then the solu-
tion was refluxed for 2 hr. The pale yellow solid [PdCl(PP)]
formed was cooled and collected by vacuum filteration. The
solid was washed with an ice-water and an ether and dried
in vacuo for 12 hr. [NiCl{PP)]complexes were prepared by

similar procedures. [MCLFPP)]complexes (M=Pd or Ni)
were air stable in the solid state and they all gave satisfac-
tory elemental analyses(C, H) for the proposed structures.®

FP= Pth‘(CHg)I]'Pth

n=1, bis(diphenylphosphino)methane (dppm)
n=2, 12-bis(diphenyiphosphino)ethane (dppe)
n=23, 13-bis(diphenyiphosphino)propane (dppp)
n=4, 14-bis(diphenylphosphino)butane (dppb)
PP=(CH:)»,P-CH;CH,-P(CHs),
1,2-bis(dimethylphosphino)ethane (dmpe)
PP=Ph,P-CH=CH-PPh,
12-bis(diphenylphosphino)ethylene (dppety)

Pd(0) and Pd(I) Diphosphine Complexes. The com-
plex of [Pdx{p-dppm)s] was prepared according to literature
method.*4® The complex of [Pd;Cl{p-dppm),] was obtained
by the reaction of [Pd.(u-dppm)] with [PdCl{dppm)].*
Samples of [Pdxdppm);] (02 g 0.088 mmel) and [PdCl,
{dppm)] (0.099 g 0.175 mmol) were dissolved in 10 mL of
dichloromethane. After 2 hr of standing the solution was
filtered and the product was precipitated through the addi-
tion of ether {vields 82%).

Materials and Instruments

Styrene (Aldrich) was purified by passing it through neu-
tral alumina and distilled and stored under N, in the dark.
Diphosphine ligands such as dppm, dppe, dppp, dppb, dppety,
and dmpe (all from Aldrich) were commercial products and
used without purification. Potassium tetrachloropalladate was
prepared by adding potassium chloride in palladium chloride
solution and used after recrystallization. Hydrogen peroxide
(Junsei) was commercial product. GC measurements were
taken on a Hewlett-Packard 5890 gas chromatograph equip-
ped with a HP-FFAP capillary column and a Hewlett-Packard
3390A integrator. Identification of products was made with
Hewlett-Packard 5970 GC-MASS. UV-visible spectra were
recorded on a Shimadzu Model 2100 spectrophotometer. Ele-
mental analyses were taken on a Hewlett-Packard Model
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185B elemental analyzer.

Catalytic Reactions

Catalytic oxidations were carried out in a 25 mL round
bottom flask equipped with side arm fitted with a screw cap-
ped silicon septum for periodic sampling. Constant tempera-
ture (25 T) was maintained by water circulation through
an external jacket connected with a thermostat. In a typical
experiment, [PdCly{(dppm}] (56 mg, 0.1 mmol) was put into
a flask. Solvent (10 mL) was added and followed by a styrene
(15 mmol). After stirring a few minutes, 35% H,0, solution
(0.5 mL. 5 mmol) was injected and the temperature was con-
trolled and the time was started. The reaction was monitored
with GC by periodic sampling.

Results and Discussion

The Pd-diphosphine complexes were prepared by adding
diphosphine ligand to a suspension of K,PdCl, in the distilled
n-propanol as shown in equation 1. Binuclear complexes
were also prepared according to a modified synthetic method
outlined in the following sequence of reactions (2)-(3).

n-PrOH

K;PdCl,+PP HCKHL,O0) [PdCI(FP)]+2 KCI )
2 [PdCl{dppm)]+dppm EtOh, [(Pd{u-dppm)s]+2 NaCl
2 NaBH4 u 3
2
(PdAp-dppm);]+2 [PdClL{dppm)]—2 [Pd.ClAp-dppm).]
3

The prepared complexes have been characterized by 'H
NMR, *'P NMR, UV-visible spectroscopies and in most cases
elemental analyses™® When 35% H,0, was added to a di-
chloroethane solution of Pd-diphosphine complex containing
an excess of styrene, direct oxidation of olefin took place.
Identification of oxidation products was made with GC-Mass
and GC by comparision with authentic samples. It was plot-
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Flgure 1. Reaction profiles for acetophenone formation catalyzed

by Pd(I)-diphosphine complexes PdCl.dppm (@—m), PdCldppp

(+—+) and PdCl.dppe (x—x).

ted the conversion of styrene to main product, acetophenone
vs. reaction time by varing complexes as shown in Figure
1. The reaction rates showed a dependence on the chelate
ring patterns of complexes; 5-membered ring(dppe)<6-mem-
bered ring (dppp)<4-membered ring (dppm). For further in-
vestigation on catalytic activities of Pd-diphosphine comple-
xes, the electronic and steric properties of these catalysts
were considered in a systematic way by varing the substitue-
nts on phosphorus, chelate ring size and oxidation state of
Pd metal.

Almost catalysts listed in Table 1 performed ketone selec-
tive oxidation. The rates of styrene oxidations were too slow
in dichlorometane solution. The reaction rates were increa-
sed by using dichloroethane solvent at 83 T (reflux tempe-
rature). Pd(Il, [)-dppm complexes which have 4-membered
chelate ring showed an enhancement of catalytic activities,
while the complexes which are making 5-membered chelate

Table 1. Catalytic activities of Pd-diphosphine complexes for styrene oxidation

Run Complexes Solv. T (C) A BTurn Oveé NumberD T t(';: ; S:;Ie;l T{;g
1 PdCldppm dem 25 58 0.1 02 15.0 211 72 711
2 PdCldppe dem 25 40 05 6.5 11.0 72 59.1
3 PdCldppp dem 25 6.0 15 01 9.1 16.7 72 54.5
4 PdCldppety dem 25 08 0.1 0.9 72
5 PdCi.dppb dem 25 17 03 - 01 22 43 72 512
6 PdCldppm dce 83 5.1 01 0.1 182 235 2 774
7 PdCLdppe dce 83 38 05 64 10.7 2 59.8
8 PdCldppp dce 83 41 21 05 80 147 2 544
9  PdClhdppety dee 83 25 09 06 40 2
10 PdCl,dmpe dee 83 0.7 0.7 2
11 PdClp-dppm), dee 83 51 02 0.7 268 32.8 2 81.7
12 Paxu-dppm): dce 83 0.9 0.9 0.1 14 34 2 4.1

Experimental conditions: complex, 0.1 mmol; styrene, 15 mmol; H;O; 5 mmol; solv., dem=dichloromethane, dce=dichloroethane,
TON=rproduct mmol/Pd mmol A; benzaldehyde, B; styreneoxide, C; phenylacetaldehyde, D; acetophenone, T; total amount of pro-

duct
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Figure 2. UV-visible spectra of NiCl:dppm (-+-), NiCldppp (—)
and NiCkdppe (-} in acetonitrile solution.

ring found to be worst catalysts. The catalytic activities de-
pend on the steric and electronic parameters of the transition
metal complexes which react with olefin, The electronic and
steric effects are intimately related and difficult to separate
in any pure way. For example, increasing the chelate ring
and bulkyness of alkyl substituent will decrease the percent-
age of s character in phosphorus lone pair, changing the
electronegativity of atoms can also affect bond distance and
angle. One can consider the ring size effect of catalytic acti-
vities which is ascribed mainly to steric reasons, because
a more hindered site for the coordination of olefin is more
difficult to form the activated complex. In a point of steric
view, the catalytic activity should be decreased in a sequence
of dppm, dppe, dppp, and dppb. On the contrary the chelating
patterns are extremely important to olefin activation. In for-
ming chelate complexes, the optimum ring size for metal
having natural bond angle is five. It has long been known
that the dppe is an excellent chelate ligand. The dppm can
chelate but the four membered ring so formed is strained.
The chelating tendency also decreases as the chain lenghth
increases, so that for the ligands Ph,P(CH.),PPh; the tend-
ency to chelation is greatest for =2 One can consider
that the complex having higher electron density on the metal
is much available for back donation (M—olefin) in the metal-
olefin complex formation, so that the olefin is less activated
for nucleophilic attack. However, for the Pd-diphospine com-
plexes, electron density on the metal are rare in literature.
X-ray crystallographic data on P-M bond distances for homol-
ogous series of metal complexes have been reported by Stef-
fen and coworkers.”® On square planar [PdCIL{F'P)] comple-
xes, where PP=dppm, dppe and dppp. P-Pd bond distances
were 2234, 2233, and 2.244 ﬁ, respectively. The electronic
transitions of phosphin: complexes are affected by chelating
pattern, ligand field strength and the length of P-M bonds.
Unfortunately, the electronic spectra of Pd-diphosphine com-
plexes are difficult to assign because the d-d bands are ob-
scured by intense charge transfer band. However the elect-
ronic spectra of Ni(f[)-diphosphine complexes clearly showed
d-d transition bands in the range of 460-477.5 nm (Figure
2). From these electronic transition spectra, the ligand field
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Table 2. Catalytic activities of Ni-diphosphine complexes for
styrene oxidation

Turn Over Number selectivity of

Run Complexes A B C D T A% B®

1 NiChdppm 65 58 05 03 131 496 443
2 NiCl,dppe 30 09 39 769 231
3 NiCldppp 43 22 04 02 71 606 310
4 NiCldppety 26 04 30 867 133

Experimental conditions: complex, 0.1 mmol; styrene, 15 mmol;
H.0;, 5 mmol; solvent; dichloroethane, temp.; 83 T, reaction
time; 2 hr, A; benzaldehyde, B; styreneoxide, C; phenylacealdeh-
vde, D: acetophenone, T; total amount of product

strength goes in the order; dppe (21,739 cm ™ ')>dppp (21,168
cm™)>dppm (20,942 cm™ ). The sequence of catalytic activi-
ties of Ni{II) complexes observed in Table 2 was consistent
with the reverse sequence of ligand field strength: dppe<
dppp<dppm. Therefore, the five membered ring complexes
(MCLdppe, M=Pd, Ni) which might have higher electron
density on metal was found to be worst catalysts.

A second observation can be made when different pattern.
in five membered ring is considered. To compare the catalyi-
ic activites, the turn over rates (TON/hr) of these five mem-
bered ring complexes for styrene oxidation in dichlorcethane
at 83 € were calculated. According to the shape of ligand,
the turn over rates were varied in a sequence of PdCl,
dppe=5.4>PdCl,dppety = 2,0>PdCl,dmpe =0.35, respectively.
This trend strongly suggests that the rich n-electron in un-
saturated ligand results in a higher electron density on the
metal. The complexes of dppety(b) and dmpe(c), therefore,
have lower activities for the nucleophilic attack. These re-
sults offer some interesting insight into the origin of activity
in the oxidation of olefin.

p Ph Ph == CH3\

P v
N [
L e o
Phph Phph CH, CHy

(a} b) (c)

It is generally known that tertiary phosphine ligands act
as a n-acceptor, with the strength of back bonding (M—phos-
phine) increasing in the series of L=Et;P<Ph;P<(CF3)Ph,
P<(PhO),P."' Based on n-acceptor property of phosphine li-
gands, one can deduce the catalytic activities for olefin oxi-
dation. The phosphorus atom of activated species(a) act as
a n-acceptor, which can increase the back donation (M
—phosphine). Therefore, the n-electron of olefin readily tra-
nsfer through metal to phosphine, while the nm-electron of
unsaturated ligand(b) and electron donating methyl group(c}
prevent metal from back donatin (M—phosphine). Thus the
electron density on the metal is increased.

A third observation can be made when the binuclear com-
plexes™® are considered. The results of acceleration for ole-
fin oxidation by binuclear complexes (run 11 in Table 1)
are reasonable. Especially it is interesting to compare the
catalytic activity with oxidation state; the sequence of Pd(ID),
Pd(l) and Pd(O).
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The way that an olefin bind to a Pd-diphosphine complex
has substantial differences in coordination number and ori-
entation.® Pd{I) has some advantage to accelerate the olefin
oxidation in comparision with Pd{ll} analogue; i} there are
two active metal centers ii) Pd(I} has three coordination
number, and thus the four coordinate activated species are
easily formed through vacant orbital. However, Pd(I) also
has the steric hinderence between two metal centers and
bridging ligands. The results of run 11 in Table 1 seems
to be compensated for these two aspects. Pd(I} accelerated
the oxidation while Pd{O) was less active under the same
experimetal conditions (run 12 in Table 1). It has been repo-
rted that electron-withdrawing substituent on the metal pro-
mote nucieophilic addition to the olefin.? Activity decline
in Pd(O)-phoshine complex occurs due to the loss of chloride
ligand. In binuclear complexes, the role of diphosphine ligand
is to prevent dissaciation of dimer to monomer and to pro-
mote binuclear reactions involving the formation and clea-
vage of metal-metal bonds. Unfortunately these properties
of [Pds(u-dppm):] complex suppressed the styrene activation
for the nucleophilic attack. It appears that there is a substan-
tial back donation (M—olefin) when the activated species,
[PA(FP)(olefin)], is formed.
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Passive films formed on chromium surface in citrate buffer solution were investigated by means of three-parameter
ellipsometry. The citrate buffer was found to be a suitable medium in which oxide film on chromium could be removed
by cathodic treatment, providing a reference surface for the optical study. The passive film effectively protecting
the chromium surface from corrosion was found to have thicknesses in the range 0.65 to 1.25 nm depending on
the potential in the range of —0.20 to 060 V (0.1 M KCI calomel electrode). The complex refractive index of the
passive film did not show significant potential-dependent changes, indicating that the composition of the film material

does not depend on potential.

Introduction

Chromium is a extremely corrosion resistant metal due

*Present address: Division of Electrical Materials, Korea Elect-
rotechnology Research Institute, Changwon 641-600, Korea.

to its passivating property. The corrosion resistance of many
chromium containing alloys including the stainless steel is
due to the chromium content in the surface region. However,
studies on the passivating film on the chromium surface have
not been very extensive. Ellipsometry,~ Auger spectroscopy,’



