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Abstract

Polysiloxane-supported ferrocenyl selenoether platinum complex was prepared from 1, [’-bis(undecenylseleno)ferrocene via hydrosily-
lation with triethoxysilane, followed by immobilization on fumed silica and then reaction with potassium chloro-platinite. Fumed
silica-bound (undecenylseleno)- or 1,1-bis(undecenylseleno)ferrocene platinum complexes were also synthesized from triethoxysilane and
(undecenylseleno)- or 1,I'-bis(undecenylseleno)ferrocene platinum complex directly. The platinum complexes of ferrocenyl selenoether
and polymer-supported ferrocenyl selenoether were efficient catalysts for hydrosilylation of olefins with triethoxysilane. The catalytic
activity of polysiloxane-supported platinum complexes (prepared by the method of immobilization after coordination) was similar to those
of the corresponding ferrocenyl selenoether platinum complexes and higher than those of catalysts prepared by the method of

coordination after immobilization.
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1. Introduction

Polymer-supported metal complexes have the advan-
tages of high activity and selectivity of homogeneous
catalysts and ease of separation of heterogeneous cata-
lysts. These ‘third generation’ catalysts [1,2] have re-
ceived much attention [3—11], and several reviews on
the area are available [1,12,13]. In the preparation of
supported catalysts a wide variety of support materials
have been used including cross-linked polymers [14,15],
silica [4], and high surface area glasses [16]. Inorganic
supports possess a rigid structure which is not deformed
by solvent swelling during catalytic reactions. Fumed
silica is a better support because they have large surface
area, high mechanical strength, heat and chemical stabil-
ity.

The chemistry of ferrocene and its derivatives has
attracted much interest, mainly because of their stability
and unusual reactivity. Ferrocenyl selenoethers are
among the interesting derivatives of ferrocene [17]. It
has been used to prepare Pd, Pt complexes that are
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catalytically active for hydrogenation, isomerization,
Grignard cross-coupling and hydrosilylation {17-19].
Thus it is interesting to immobilize these complexes. No
paper concerned with supporting them has been re-
ported until now. Cullen and coworkers [20] have pre-
pared cross-linked polystyrene-supported ferrocene
derivatives from lithioferrocenes Fe(n’-CH,Li)(xn’-
C,H;), Fe(n’-C,H,Li),, Fe[n’-CsH(CHMeNMe, )Li-
1,2][m°-CsH,], and lithium ferrocenylphosphines.

The catalytic activity and selectivity of polymer-sup-
ported complexes are dependent on their intrinsic struc-
tures, which is related to the method of preparation. We
have used two different methods to prepare silica-sup-
ported ferrocenyl selenoether platinum complexes. The
hydrosilylation catalytic properties of the polymer-sup-
ported complexes were investigated. Since symmetri-
cally 1,1'-bis(undecenylseleno)ferrocene is a rigid
chelating ligand, the structure around the metal center
of the polymer-supported platinum complex may be
similar to the I,1-bis(undecenylseleno)ferrocene plat-
inum complex. It is possible for us to obtain more
information about the influences of immobilization. So
we investigated the catalytic behavior of both the plat-
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inum complexes of ferrocenyl selenoethers and poly-
mer-supported ferrocenyl selenoethers. The conclusions
may be applicable to other silica-attached catalytic sys-
tems prepared by using linking agents.

2. Experimental

Infrared spectra, nuclear magnetic resonance spectra,
mass spectra, and X-ray photoelectron energy spectra
were obtained on a PE-983 [R spectrometer, a Bruker
ARX-300 NMR spectrometer, a ZAB HF-HF mass
spectrometer and a KRATOS XSAM 800 electron en-
ergy spectrometer respectively. Elemental analysis was
performed on a MOD 1106 elemental auto-analyzer.
GLC was carried out on a 102G model chromatograph
using a thermal conductivity detector, SE-30 stationary
phase and silylanized 101 white matrix.

Air-sensitive reagents were manipulated in a pre-
purified argon atmosphere by using standard Schlenk
techniques. All solvents were carefully dried and freshly
distilled under nitrogen before use.

Undecenyl diselenide was prepared according to
Syper and Mlochowski’s procedure [21], 92% yield.
MS: m/e 466 (M), 233 (CH, =CH(CH,),Se ™), 149,
135, 109, 95, 81, 69, 55, 41. 'H NMR (CCl,, TMS) &
(ppm): 1.23-1.99 (m, 32 H), 2.66-2.88 (t, 4 H), 4.67,
4.87, 495 (m, 4 H), 5.34-5.97 (m, 2 H). IR (cm™");
3075 (=C < H), 2926 (-CH,-), 2853 (-CH,-), 1640
(> C=C <). 1460 (-CH,-), 992, 909, 720.

2.1. Synthesis of 1,I'-bis(undecenylselenolferrocene (1)
and (undecenylseleno)ferrocene (2)

Ferrocene (4.65g, 25 mmol) was added to a 500 ml
round-bottomed flask equipped with a side-arm and a
magnetic stirrer. After the neck was sealed with a
rubber septum, the flask was evacuated and refilled with
argon. A solution of n-butyllithium in hexane (26 ml,
1.93 M, 50 mmol) was added to the flask via a cannula.
The suspension was rapidly stirred and freshly distilled
N,N,N’,N’'-tetramethylethylenediamine (TMEDA)
(5.8¢g, 50mmol) was added dropwise. The reaction
mixture was stirred for 3h at room temperature, and
then a solution of undecenyl diselenide (23.3 g, 50 mmol)
in 100ml of benzene was added dropwise at —40°C.
The mixture was then stirred for 12h at room tempera-
ture and filtered. The filtrate was washed with H,O, and
the organic layer was separated and evaporated to give a
red—brown oil. The oil was separated on a silica gel
column with petroleum ether (30-60°C) as the eluent to
give a red—brown oil (2.7 g, monosubstituted compound
2) and an orange-yellow solid (9.4g, disubstituted
compound 1, m.p. 39-40°C). 2: 'H NMR & (ppm):
1.26-1.34 (m, 12 H), 1.54-1.62 (m, 2 H), 1.99-2.06
(g, 2 H), 2.55-2.59 (1, 2 H), 4.18, 428 (d, 9 H),

4.91-5.02 (m, 2 H), 5.73-5.87 (m, 1 H). MS: m/e 418
(M%), 322(M—-C,H,,)", 265 (C;H;FeC H,Se)™. 1:
"H NMR & (ppm): 1.27-1.35 (m, 24 H), 1.53-1.62 (m,
4 H), 1.98-2.08 (q, 4 H), 2.56-2.61 (t, 4 H), 4.21, 4.31
(d, 8 H), 4.92-5.00 (m, 4 H), 5.73-5.87 (m, 2 H). MS:
m/e 650 (M™*), 554 (M — C,H,,)*, 342
(Fe(CsH,Se),)". Anal. Found: C, 59.06; H, 7.88.
C,,H,,Se,Fe Calc.: C, 59.27; H, 7.77%.

2.2. Synthesis of dichlorol 1,I'-bis(undecenylseleno)fer-
rocenelplatinum(1I) (3)

A mixture of 1,I-bis(undecenylseleno)ferrocene
(0.713¢g, 1.1 mmol) and potassium chloro-platinite
(0.415g, 1.0mmol) in 20ml acetone was stirred at
65°C for 36h under nitrogen. The yellow precipitate
formed was collected by filtration, washed with distilled
water, benzene and petroleum ether, and dried in vac-
uum. The product was purified by column chromatogra-
phy on silica gel with dichloromethane as the eluent.
MS (FAB): m/e 916 M + 1)*, 879 (M — HCD*, 843
(M —2 HCD™, 789 (M — CyH )", 650 (M — PtCl,)*.
Anal. Found: C, 41.86; H, 5.45; CIl, 8.0l.
C4, H, Cl, Se, FePt Cale.: C, 42.03; H, 5.51; Cl, 7.76%.

2.3. Synthesis of dichlorol(undecenylseleno)ferrocene]-
platinum(1I) (4)

A mixture of (undecenylseleno)ferrocene (0.417 g,
1.00mmol) and potassium chloro-platinite (0.436 g,
1.05mmol) in 20ml acetone was stirred at 65°C for
36h under nitrogen. The brown-—yellow precipitate
formed was collected by filtration, washed with distilled
water, and dried in vacuum. The product was purified
by column chromatography on silica gel with
dichloromethane as the eluent. MS (FAB): m/e 418
(M = PtCl,)*, 265 (PtCl,)". Anal. Found: C, 36.86; H,
4.35; Cl, 10.00. C,,H,,Cl,SeFePt Calc.: C, 36.92; H,
442, Cl, 10.38%.

2.4. Synthesis of silica-bound 1,1'-bis(undecenylsele-
nolferrocene platinum complex (5), coordination after
immobilization

A mixture of 1,I'-bis(undecenylseleno)ferrocene
(0.40¢g, 0.62mmol), triethoxysilane (4.9g, 30 mmol),
tetra(triphenylphosphine)platinum complex (2.0mg, 1.6
X 107? mmol) was stirred at 90°C for 60 h under nitro-
gen atmosphere. The cooled mixture was passed through
a sinter glass filter in which an alumina layer 2 cm thick
was packed. The alumina was washed three times with
absolute ether. The filtrate and washings were combined
and then concentrated. No peak of proton attached to
the double bond (4.8-5.8 ppm) was found and a new
peak around 0.5ppm due to the Si—CH, proton ap-
peared in the NMR spectra of the residue. The residue
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was added to a suspension of 0.5g of fumed silica
(150-200m? g~ ') in 10 ml toluene, stirred at 100°C for
10h, and then an additional 5h after addition of 5ml of
distilled water. The solid was filtered, washed three
times with acetone, dried under nitrogen at
90°C /26.7 Pa, then transferred to a Soxhlet apparatus
and extracted with acetone for 24h. After drying at
90°C/26.7 Pa for 4h, the product was ground to pow-
der. Silica-bound 1,1-bis(undecenylseleno)ferrocene
was obtained as a black—brown powder. Anal. Found:
Fe, 1.15%.

A mixture of silica-bound 1,1'-
bis(undecenylseleno)ferrocene (391 mg), K,PtCl,
(37 mg, 0.089 mmol) and acetone (50ml) was stirred
under argon at reflux temperature for 72h. The solid
product was filtered by suction, washed with acetone,
distilled water and acetone successively and dried at
90°C /26.7 Pa under argon for 3h. 5 was obtained as a
black—brown powder. Anal. Found: Pt, 2.01; Fe, 1.12%.

2.5. Synthesis of silica-bound 1,I'-bis(undecenylsele-
nolferrocene platinum complex (6), immobilization after
coordination

Dichloro[1,1-bis(undecenylseleno)ferroceneJplati-
num(II) (3) (17.2 mg, 0.019 mmol) was allowed to react
with triethoxysilane (1.7 g, 10.4 mmol) at 80°C for 10h
under nitrogen atmosphere. Distillation under reduced
pressure to remove extra triethoxysilane provided
110mg of brown-yellow oil. The disappearance of a
specific peak of the carbon—carbon double bond
(1642cm™") indicated that the carbon—carbon double
bond had reacted.

Toluene (4 ml) and fumed silica (100 mg) were added
to the above resulting oil. The mixture was stirred at
90°C for 45h under nitrogen atmosphere, and then an
additional S5h after addition of distilled water. The
cooled mixture was filtered by suction, washed with
acetone and dichloromethane, dried at 90°C /26.7 Pa
under argon for 3h. 6 was obtained as a grey powder.
Anal. Found: Pt, 3.63; Fe, 1.10%.

2.6. Synthesis of silica-bound (undecenylselenolferro-
cene platinum complex (7), immobilization after coordi-
nation

Dichloro(undecenylselenoferrocene)platinum(Il)  (4)
(11.5mg, 0.0168 mmol) was allowed to react with tri-
ethoxysilane (0.8 g, 4.9mmol) at 80°C for 12h under
nitrogen atmosphere. The reaction mixture was distilled
under reduced pressure to remove extra triethoxysiliane
to give 139mg of dark brown-yellow oil. Toluene
(4ml) and fumed silica (100mg) were added to the
above resulting oil, and the mixture was stirred at 80°C
for 8h under nitrogen atmosphere, and then an addi-
tional 5h after addition of 0.5 ml of distilled water. The

cooled mixture was filtered by suction, washed with
acetone and dichloromethane, and dried at 90°C /26.7 Pa
under argon for 3h. Silica-bound (undecenylseleno)fer-
rocene platinum complex (7) was obtained as a grey
powder. Anal. Found: Pt, 0.79; Fe, 0.28%.

2.7. Hydrosilylation of olefins

Hydrosilylation was carried out in a 5ml plane-bot-
tomed flask equipped with a magnetic stirrer and a
reflux condenser to the upper of which a drying system
was attached. Olefin and platinum complex were stirred
at the reaction temperature for 0.5h before triethoxysi-
lane was added. The structure and yield of hydrosilyla-
tion products were determined based on a standard
sample and a standard curve by GLC at regular inter-
vals. Typical reaction conditions are as follows: olefin
5.0mmol, triethoxysilane 5.0 mmol. platinum complex
107?~10~* mmol Pt.

3. Results and discussion

3.1. Preparation and characterization of metal com-
plexes

The following synthetic route is adopted: (a) prepara-
tion of 1,I'-bis(undecenylseleno)ferrocene and 1-
mono(undecenylseleno)ferrocene; (b) hydrosilylation of
undecenylseleno- or 1,1-bis(undecenylseleno)ferrocene
with triethoxysilane; (¢) immobilization on fumed silica
and then reaction with potassium chloro-platinite. Fumed
silica-bound (undecenylseleno)- or 1,1-bis(undecenyl-
seleno)ferrocene platinum complexes were also synthe-
sized from triethoxysiliane and (undecenylseleno)- or
1,1-bis(undecenylseleno)errocene platinum complex
directly without addition of another platinum catalyst.
The synthetic scheme is shown in Scheme 1.

The results of elemental analysis of 3 and 4 indicated
that 1 or 2 coordinates with platinum in the molar ratio
1:1. The IR spectrum of 4 showed no bands assignable
to »(C=C) in the region around 1640cm ™', indicating
that the double bond had participated in coordination.
On the other hand, the IR spectrum of 3 showed an IR
band at 1640cm™' assignable to »(C=C) which is
close to that observed for 1. These data indicate that the
double bond had not participated in coordination. The
'"H NMR spectra of the above mentioned compounds
confirmed these results. The chemical shifts for the
vinyl protons at 5.80 (m), 5.01 (m), 4.92 (m)ppm for
the platinum complex 3 are almost identical to those of
1. However, the chemical shifts for the vinyl protons
changed from 5.80 (m), 5.01 (m), 4.92 (m) ppm for 2 to
4.87-5.29 ppm (broad multiplet) for 4.

The new complexes were also characterized by XPS.
Table 1 lists the XPS data of 1, 3, 5 and 6. A compari-
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Scheme 1.
son of the binding energy of the elements in ligand and These results indicate that complex formation caused
platinum complexes showed that the binding energy of the electron pair transfer from selenium to platinum.
Pty ,» 15 0.30~-0.4€V less than that in K,PtCl,, but The difference of Cl,, binding energy can also be
1.4—1.5eV larger than that in Pt foil; the Se,, binding explained as the result of the formation of platinum

energy increased by 0.3-0.5eV after coordination. complex, or coordination of selenium to platinum atom.
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The binding energy of platinum complexes
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tion rate became faster with the increase of the tempera-
ture. In the range 70 to 110°C, the catalytic reaction

finished within 40 min.

Sample Binding energy (eV)

Ptitr,2 Seqy Cly,
Pt foil 71.3
K,PtCl, 73.1 198.9
1 56.0
3 72.8 56.4 198.6
5 72.7 56.5 198.4
6 72.7 56.3 198.5

3.3. The catalytic behavior of 5 and 6

The hydrosilylation of 1-decene with triethoxysilane

3.2. The catalytic behavior of 3

Allyl phenyl ether, 1-decene, and 1-dodecene were
used as substrates to test the catalytic activity and
selectivity of 3. Decene, allyl phenyl ether and do-
decene were hydrosilylated with HSi(OEt), to give the
saturated products in 87%, 83%, and 76% respectively.
Speier’s catalyst was not so effective when HSi(OF),
was used. It was reported that the yield of decyltri-
ethoxysilane was only 40% in the case of using H, PtCl,
as catalyst [22].

The catalytic activity of the platinum complex at
different temperatures was also investigated using the
hydrosilylation of 1-decene with tricthoxysilane as the
model reaction. The experimental results show that no
remarkable induction period was observed, and the reac-

was examined to investigate the catalytic activity of §
and 6 at different temperatures. For 5, the yield of
decyltriethoxysilane varied little in the reaction tempera-
ture range from 90 to 110°C. At 70°C, the supported
complex had a long induction period (about 60 min) and
the yield of decyltriethoxysilane was low. For 6, the
reaction rate became faster; the induction period became
shorter; the yield of decyltriethoxysilane became higher
with the increase of temperature. The catalytic activity
of 6 prepared by the method of immobilization after
coordination was higher than that of 5 prepared by the
method of coordination after immobilization. The yield
of decyltriethoxysilane catalyzed by 6 at 110°C was
similar to that by 3 at 90°C. The results are shown in
Fig. 1.

The hydrosilylation of 1-decene with triethoxysilane
was examined to evaluate the reusable property of 5. It
was demonstrated that the supported platinum complex
could be recovered and reused several times. However,
under identical conditions the yield of decyltriethoxysi-

100
L 70 °C
80 90.7¢
110 °C
—

(=} 70 °C
&~ eor; 7/ S - A
L /j//y 90 OC
s - e
?5 -~ 110 °C
- 40 [ P .
> - 90 °C

20
O * i 4 ]

!
100

]
150 200 250

Time (min)

Fig. 1. Plot of the yield of decyltriethoxysilane vs. time with 5 (---), 6 (- - - ) and 3 (— - -) as catalysts. Conditions: !-decene 5.0 mmol,

HSi(OEt); 5.0 mmol, catalyst 5.0 X 10~* mmol Pt.
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lane decreased with increasing runs. The yields of de-
cyltriethoxysilane from the first to the 50th run were
80%, 74%, 67%. 55% and 42%. The most likely reason
for the reduction of activity is the leaching of platinum
from the support. The supported platinum complex 6
had better reusable properties than 5. The yields of
decyltriethoxysilane from the first to the 50th run were
82%, 79%, 75%, 78% and 76%. The better reusable
properties of 6 may be due to the fact that Pt is chelated
with Se in 6, whereas the structure of 5 is less defined,
and probably some of them are not chelated.

3.4. The catalytic behavior of 4 and 7

Triethoxysilane was respectively added to allyl phenyl
ether, 1-decene, and 1-dodecene to explore the catalytic
activity and selectivity of 4. The yields of the adducts of
allyl phenyl ether, decene and dodecene were 83%,
77%, and 76% respectively. The catalytic activity of 4
was similar to that of 3, but the yield of decyltri-
ethoxysilane catalyzed by 4 was 77% and that by 3 was
87%.

1-Decene was used as a probe to investigate the
influence of temperature on catalytic activity of the
monosubstituted ferrocenyl selenoether platinum com-
plex 4 and its supported product 7. The catalytic activity
was characterized by the reaction rate of 1-decene with
tricthoxysilane and the yield of decyltriethoxysilane.
For 4, the reaction rate increased with the increase of
temperature, but the final yields of decyltriethoxysilane
were similar within the temperature range from 80 to
100°C, the final yields were 84%. For 7, the reaction
rates were distinctly different at 70 and 90°C: at 70°C,
an induction period of about 25 min was observed, the
final yield was 72%; at 90°C, no obvious induction
period was observed, the final yield was 83%. The
catalytic activity of 7 was similar to that of 4 when the
reaction temperature was 90 °C. Increasing the tempera-
ture, the yield as well as the reaction rate of decyltri-
ethoxysilane increased. At 110°C the yield was 86%.

As expected, the reusable property of 7 was not
good, since the platinum is coordinated with only one
Se. The yields of decyltriethoxysilane from the first to
the 50th run were 84%, 70%, 58%, 41% and 32%.
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