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Synopsis

Light induced addition of diphenylphosphine (DPP) to methylvinylcyclotetrasiloxane
(MVS) yielded poly(2-diphenylphosphinoethyl) cyclotetrasiloxane (DPPS). Similar treatment of
allyldiphenylphosphine (ADPP) with linear poly(methylhydrogenosiloxane)-co-hexamethyl-
disiloxane (PMS) led to formation of poly(3-diphenylphosphinopropyl)methylsiloxane-co-
hexamethyldisiloxane (PPMS). DPPS and PPMS were condensed by acid treatment to give
insoluble rubbery phosphine bearing materials P, and P,, respectively. Iridium and rhodium
complexes were immobilized on P, and P,. The ability of a high molecular weight substrate (PMS)
to migrate to active catalytic centers within support matrix was examined. The effect of varying
metal: phosphine ratio and total percentage metal on the support were examined during catalysis
of O-silylation of ethanol with PMS and triethoxysilane (TES).

INTRODUCTION

A variety of rigid polymer backbones such as polystyrenes,! cellulose,? and
silica? have been used to immobilize transition metal complexes. Purely
organic resins used as supports tend to swell in organic solvents which
constitute the medium of application of the resins. Pore sizes of swollen resins
become narrower and this in turn hinders free diffusion of substrate within
the polymer matrix.# Inorganic supports such as silica interact with the active
centers and renders identification of active centers difficult. In an earlier
report® we stated that immobilized platinum complexes on silica were associ-
ated with an induction period during catalysis of hydrosilylation. Such induc-
tion period was shown to occur when the form of the metal complex on the
support is transformed into an active catalytic species before catalytic cycle
can be initiated.

It has been observed that ease of diffusion of high molecular weight
substrates into the matrix of supports during catalysis can limit the rate and
extent of reaction.? Other workers® have reported that rhodium(I) phosphine
complexes attached to soluble polyphenylsiloxane which in turn was impreg-
nated on macroporous silica showed superior activity compared to the silica-
immobilized or the homogeneous analogue of the complex. This and other
reports®’ have dealt with the characteristics and possible advantages of
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soluble polysiloxane ligands. However insoluble polysiloxanes have not been
investigated as potential support materials, we have addressed these problems
by synthesis of insoluble “rigid” polysiloxanes, which unlike silica itself should
permit easier diffusion due to wider pores. We also expect lower solvent
swelling index when compared to polystyrene and other organic based resins.

EXPERIMENTAL

All reagents were of commercial reagent grade: methylvinylcyclotetra-
siloxane (MVS), poly(methylhydrogenosiloxane)-co-hexamethyldisiloxane
(PMS) were supplied by Dow-Corning Ltd., Barry, Wales as DC 1100 98% and
DC 1107, respectively. Diphenylphosphine (DPP), allyldiphenylphosphine
(ADPP), p,p’-dichlorobis(dicyclooctadiene)diiridium(II) and p,p’-dichloro-
bis(dicyclooctadiene)dirhodium(1I) were prepared according to reported proce-
dures.®® Cobalt chloride hexahydrate (Aldrich), triphenylphenylphosphine
99% (Koch-Light), and triethoxysilane (TES) (Aldrich) were used as supplied.
All solvents were purified and deoxygenated by standard procedures.!® In-
frared spectra were obtained on a Perkin-Elmer 197 and a Beckman IR720M.
Elemental analysis was performed by (UMIST) services.

The following synthetic procedures are typical:

Immobilized High Density Phosphine Ligands, P,

MYVS (8.6 g) [0.1 mol CH,~CHSi(Me)O] taken in 20 mL dichloromethane
(DCM) was treated with 55.8 g (0.3 mol) DPP in 30 mL. DCM. The mixture
stirred under nitrogen was kept under high intensity UV lamp for 48 h.
Solvent was flashed off and product distilled to remove excess DPP (150°C,
0.5 mm Hg). Fractions distilling between 190 and 230°C (0.5 mm Hg) (12 g)
were collected. Analysis showed this to contain (DPPS):

CH, CH,
CH2=CH——|Si—-O—|Si— CH=CH,

(l) cl) + HPPh, —
CH2=CH2—éi—-O—|Si— CH=CH,

|CH3 |CH3 CH, CH,

I |
PhZPCHchzlSi— 0— lSiCH2CH2PPh2
0 0

MVS

thPCHchZ‘Si— o— lSiCHZCHZPPhQ
CH, CH,

DPPS

DPPS (10 g) taken in 50 mL tetrahydrofuran (THF) was deoxygenated and
treated under nitrogen with 80% sulfuric acid (5 mL). The mixture was kept
under reflux for 2 h, and filtered under nitrogen with a Schlenk-type appara-
tus. The white rubbery residue (P,) was washed with THF and DCM and
dried in vacuum (0.5 mm Hg) at 50°C.
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Immobilized Low Density Phosphine Ligands, P,

PMS (3.86 g) (0.002 mol) in 20 mL. DCM was treated with ADPP (22.6 g)
(0.1 mol) in 30 mL DCM. The mixture taken under nitrogen was allowed to
react while being stirred under a UV lamp for 5 days. The solvent was flashed
off. The -viscous product was subjected to flash chromatography over acti-
vated alumina using a 1:1 mixture of chloroform and DCM as eluent.
Fractions containing silane were collected, pooled, and freed of solvent. Analy-
sis showed this to contain PPMS:

CH,

(CH,),8i—0 lSi—o Si(CH,); +
B ko
PMS

x(CH,=CH— CH,PPh,) —»

ADPP
[ CH, 71 [CH;
(CH;)38i—O0 1~ lSi—e——- ]Si—O Si(CHy),
(|3H2 I[I (30 x)
oH,
L (|JH2PPh2_ .

PPMS (10 g) taken in THF 30 mL was treated with 80% sulfuric acid (5 mL).
After a 3 h reflux a white rubbery residue P, was filtered out, washed with
THF and DCM, and dried in vacuum (0.5 mm Hg) at 50°C. The properties of
P, and P, are shown in Tables I and II.

TABLE 1
Elemental Analysis of Prepolymers and Their Condensates
Observed Expected
Resin %C %P %C %P
DPPS 28.1 7.4 66.2 11.4
P, 23.9 2.8 28.1 114
PPMS "44.6 2.3 66.6 10.6

P, 24.3 1.6 446 2.3
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TABLE II
Physical Properties of Insoluble Siloxanes P, and P,
Py B

Bulk density (g/L) 310 320
Surface area (m?/g)* 410 380
Average pore
Diameter (A) 120 115
Pore volume® (ecm® /g) 1.3 1.0
Particle size

On 1.2 mm 0% 2%

On 1.0 mm 5% 7%

On 0.2 mm 95% 85%

Thru 0.2 mm 5% 3%

“BET (nitrogen adsorption).
®Mercury porosimeter.

Immobilized Rhodium and Iridium Complexes

The following description represents a typical procedure:

P, (4.714 g) taken in DCM (15 mL) was treated with p,p’-dichloro-bis(di-
cyclooctadiene)dirhodium(II) (0.18 g) in DCM (10 mL). The mixture kept
under nitrogen was stirred for 48 h. The brown solid product was filtered and
washed under nitrogen with DCM, toluene, and THF, and then dried in
vacuum (0.5 mm Hg) at 35°C.

Soluble Cobalt Complexes Containing Polymeric Ligands

Cobalt complex with DPPS as ligand was prepared by treating CoCl,, - 6H,0
(2 g (0.014 mol) in ethanol (10 mL) with DPPS (3.8 g) (0.014 mol) in DCM
10 mL. The solution was chromatographed on activated alumina. The solvent-
free product had the following for infrared signals: 186 and 150 cm ™! »(Co-P)
and 106 cm™! §(Co-Cl)." Similar signals were obtained when P, was treated
with a large amount of CoCl,, - H,0.

Catalytic Activity of Supported Complexes

The activity of immobilized complexes were evaluated as catalysts for
O-silylation of ethanol at 25°C.

(i) Ethanol (0.5 mL) (0.014 mol) was treated with PMS 0.3 m (5 X 10™* mol)
in dry toluene (10 mL). An amount of catalyst containing 5 X 10~ % mol metal
was used. The mixture of silane and catalyst taken in a sealed flask connected
to a 100 mL gas burrette was deoxygenated. The deoxygenated ethanol was
introduced to the stirred mixture with a syringe via a septum cap. The rate of
evolution of hydrogen was monitored. Occasionally samples were withdrawn
from the reaction flask, quenched in a mixture of pyridine and decane, and
analyzed by GLC. Decane was used as internal standard for GLC.

(ii) Ethanol (0.5 mL) (0.014 mol) and triethoxysilane 0.7 mL (4.5 x 102
mol) were allowed to react as described above.
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RESULTS AND DISCUSSION

Prepolymer Preparation and Condensation

The elemental analysis for the soluble prepolymers DPPS and PPMS are
given in Table 1. The figure for DPPS indicates 64.9% reaction between the
vinyl moities and DPP. The molar ratio 1:3 maintained for the reaction was
intended to ensure a high yield of DPPS and to suppress polymerization
between the vinyl groups. Unreacted vinyl groups were identified by weak
infrared signals at 1500 cm™!. At 3050 cm ™! phosphorus phenyl vibrations
were recorded. Previous workers’ have reported similar photoinduced addi-
tions. Elemental analysis for carbon and silicon was subject to some uncer-
tainty due to formation of “SiC” species in the furnace.

In accordance with the mechanism proposed in the literature!? for acid-
catalyzed condensation of alkylsiloxanes, the formation of silanol groups
constitute the first important step:

CH;, CH,
R— lSi—O——éi—- CH,CH,PPh, 0

(]) (|) +HO— g— OH —
R—Si—O0—Si— CH,CH,PPh, (t)

|CH3 ([JH3

(|_‘,H3 lCH3 (1)H3 CH,4 T
HO*ISi— 0— ?i—O— ]Si— 0—8i—0—S—OH
R R R R 0

R = CH,CH,PPh,

These silanols may now condense intermolecularly by dehydration between
the terminal hydroxyl groups. The first of such condensation would result in a
linear molecule capped with sulphate groups:

Lo
HO— ﬁ—O 1Si-—O |[S—OH
0 R 80

Condensation can also occur between the terminal sulfate groups and the
silanols. These processes lead to increased chain length. In the presence of
acid, however, the reverse process (rupture of silicon-—oxygen bonds) will also
occur. At equilibrium, however, under the conditions maintained rubbery gels
are formed. These gels bear hydroxyl groups which cure to produce high
molecular weight porous solids. The material consists of linear units of the
functionalized siloxanes.

Lower than expected percentage phosphorus was observed due to cleavage
of silicon—carbon bonds of 2-(diphenylphosphino)ethyl siloxane. Such clea-
vage'? was shown to be enhanced when a hetero-atom is attached to the
carbon atom B to the silicon. Enhanced cleavage of silicon—vinyl bonds in
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TABLE III
Weight Swelling Ratios (WSR) of Siloxane Condensates?
Solvent P, P,
Toluene 0.1 0.0
Benzene 0.1 0.0
Hexane 0.0 0.0
Ethanol 0.1 0.1
THF 1.8 0.3

%P, and P, swelled at 25°C for 24 h, WSR = (V, — V,)/W, where V, = volume (inL) of polymer
before swelling, V, = volume (mL) of polymer after swelling, and W = weight (g) of polymer.

sulfuric acid has also been reported.* Under our conditions some cleavage is
advantageous because the linear chains can be crosslinked by such mechanism.
Crosslinking conferred greater rigidity to the products. Extensive cleavage
would lead to formation of silica within the polymer matrix.

Only 21.7% of the silicon—hydrogen bonds of PMS reacted with ADPP to
give PPMS. This was as expected because of the high molecular weight of the
siloxane substrate. This product was intended to serve as a support with a
lower density of phosphine moities. Infrared absorptions at 750, 1475, and
3050 cm ! indicate presence of phenyl phosphine groups.

The physical properties of the condensates are presented in Table II. The
surface area and pore volumes are both higher than that of silica supplied by
manufacturers of Grace silica gels,'® which in turn are higher than figures for
most polystyrene based resins. Table IIT shows the weight swelling ratios of
the resins in various solvents. The values are quite low, which suggests that
crosslinkage index must have been high. This agrees with the rather high
cleavage of the silane substituents observed in Table 1. The ability of organic
polymers to swell in solvents when they are not highly crosslinked is one of
their less desirable features as supports. However, highly crosslinked organic
polymers tend to have low pore volumes, which limits diffusion. These results
would suggest that the better features of inorganic and organic polymeric
supports have been achieved in this synthesis.

Anchorage of Metal Complexes on Siloxane Polymers

Insertion of diphenylphosphine species into the complexes [IrCHCgH;5),15
and [RhCI(CgH,,),], occurred during equilibration of solutions containing
these complexes with the polymers P, and P,. The level of metal required for
catalytic activity is usually very Iow SO that infrared spectra have very low
intensities, which we could not resolve without specialized instruments. The
reaction of cobalt complex (a d® metal) with P, and P, and DPPS to show that
in this case soluble ligands (DPPS) and P, have the same kind of response in
infrared excitation. It is therefore concluded that phosphine-—metal bonds
were formed during anchorage of iridium and rhodium on P, and P,. The
amount of iridium on P, and P, is presented in Tables IV and V. These
supported metal complexes have been designated C,-C,. Similar data for
rhodium are presented in Tables VI and VII. The catalysts here have been
designated B,-B,.
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TABLE IV
Iridium Catalysts Immobilized on High Density Phosphine Polymer P,*
Iridium /phosphine
Catalyst % Iridium ratio Rate® Yield®

C, 1.2 1:11.5 394 95
C, 1.6 1:109 38.6 95
Cy 2.3 1: 72 40.7 95
C, 3.1 1: 56 45.3 95
Cs 35 1: 51 57.5 90

®Silane substrate is PMS; substrate/catalyst ratio 100: 1.
®Mol of product (hydrogen),/mol of catalyst/time (min).
“Determined by GLC of ethanol left unreacted.

TABLE V
Iridium Catalyst Immobilized on Low Density Phosphine Polymer P,*
Iridium /phosphine
Catalyst % Iridium : ratio Rate® Yield®
Ce 0.9 1:11 375
c, 14 1: 7.1 422
Cy 2.1 1: 47 38.6
Co 26 1: 38 52.7

#Silane substrate is PMS; substrate/catalyst ratio 100: 1.
® Mol of product (hydrogen)/mol of catalyst/time (min).
“Determined by GLC of ethanol unreacted.

TABLE VI*
Rhodium Catalyst Immobilized on High Density Phosphine Polymer P,
Rhodium /phosphine
Catalyst % Rhodium ratio Rate® Yield®

B, 1.0 1:93 32.4 85
B, 1.3 1:7.2 34.3 88
B, 1.8 1:5.2 32.6 87
B, 2.7 1:34 38.6 86
B, 3.6 1:2.6 40.4 —

®Silane substrate is PMS; substrate/catalyst ratio 100: 1.
"Mol of product (hydrogen)/mol of catalyst/time (min).
“Determined by GLC of ethanol unreacted.

Evaluation of Immobilized Iridium and Rhodium Complexes

The results of catalysis with immobilized complexes are presented in Tables
IV-VII. The test reaction is the transformation of the silicon—hydrogen
bond to silicon—ethoxide bond (O-silylation):

| |
—&I‘,i—H + CH,CH,0H —— —]Si— OCH,CH, + H,
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TABLE VII®
Rhodium Catalyst Immobilized on Low Density Phosphine Polymer
Rhodium /phosphine
Catalyst % Rhodium ratio Rate? Yield®

Bg 0.7 7.6 36.9 70
B, 11 48 38.7 72
By 17 3.1 442 95
B, 2.0 2.7 46.3 95

*Silane substrate is PMS; substrate/catalyst ratio is 100: 1.
®Turnover number = mol of product /mol of catalyst /time (min).
°Determined by GLC of ethanol unreacted.

When the silane substrate is PMS, the turnover number is less than for
triethoxysilane (TES) substrate (Table IX). Other workers* have also recorded
diminished catalytic activity in relation with polymeric substrates. These
workers used homogeneous catalysts. In our work we note that, although we
have used polymeric catalysts, the decrease in activity is not as dramatic as
that in reference? above. This is due to the excellent characteristics of the
support material, being similar and compatible with the high molecular
weight substrate. Therefore, these macroporous rubbery solids appear in this
respect to permit unhindered diffusion of reagents within its matrix. Tables
IV and VII illustrate increased activity with increase in total percentage
metal and lower metal-phosphine ratio of the support within each table. This

TABLE VIII
Repeated® Use of Catalysts®
Catalyst % Metal® %P Rated
C, 0.6 2.1 26
C, — — 32
Cy — — 2
C, 2.0 2.3 30
Cs 2.0 2.4 35
Ce 0.3 0.9 22
C, 0.7 1.0 25
Cs — — 28
Cy 1.2 1.3 41
B, 0.8 2.6 28
B, — e 12
B, — — 10
B, — —e 17
B, 25 2.1 22
B, 0.2° 2.3 7
B, 0.3 0.9 8
By — — 7
B, 0.9 — 7

“Three runs.

bGilane substrate is PMS; substrate/catalyst ratio is 100 : 1.

“After use.

4TPurnover number, mol of product (hydrogen),/mol of datalyst/time (min).

°Five runs.
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TABLE IX
Influence of Polymer Matrix on Diffusion of Substrate °
Catalyst?® % Metal® Rate® Yield?
Cuo 1.0 76
Cy 1.6 84
C, 3.3 73
Ce 0.9 78
Ce 2.1 109
B, 1.0 55
By 2.3 78

#Catalyst labeled C contain iridium while those labeled B contain rhodium.
P Initial percentage metal.

“Turnover number = mol of product/mole of catalyst/time (min).

495% in all cases presented, determined by GLC of ethanol.

“Silane substrate is TES; substrate/catalyst ratio is 100: 1.

finding agrees well with the mechanism!'® generally accepted for catalysis by
transition metal complexes.

The difference in activity between iridium and rhodium complexes is proba-
bly fundamental involving less steric hindrance in the larger iridium atom
which shares the same d® configuration with rhodium. Both metals, however,
exhibit similar characteristics as the density of ligands on the support is
increased —compare Tables IV and VI; V and VII where rate increases in the
latter.

There was no induction period associated with the reaction. This means
that the active form of the complex must be already present on the support.
The ability of the support to stabilize such active forms is noteworthy.
Many ! catalytically active complexes go through an induction period during
which process the complexes are rearranged to the active form. Table VIII
shows that catalysis is associated with loss of metal from support, which leads
to lower rates on subsequent use. This has been somewhat controlled by use of
a mixture of the supported complex and the support without any metal.!” The
problem appears to involve ligand /substrate insertion and deinsertion'® on the
metal. This particular system of polymer support would appear to deserve
further attention especially for substances like enzymes, where activity could
be removed from the point of attachment to support.

CONCLUSION

The physical properties of P, and P, confer good support properties on them
as shown by the nearly equivalent ease of diffusion of two substrates with
molecular weight ratio of about 2000 (see Table IX). Enhanced diffusion
within the polymer matrices is also due to inertness of the support material
with respect to the substrates. The polymers do not swell in either hydropho-
bic or hydrophilic solvents which makes choice of solvent easy during applica-
tion of these polymers.

This work was supported by Dow-Corning Litd., Barry, Wales and a research scholarship by
University of Benin, Nigeria.



280 EJIKE, PARISH, AND JIDEONWO

References

1. K. G. Allum, R. D. Hancock, I. V. Howell, S. McKenzie, R. G. Pitkethly, and P. J.
Robinson, J. Organomet. Chem., 87, 203 (1975).
2. H. Pracejus and M. Bursian, East Ger. Pat. 92031 (1972); Chem. Abstr., 78, 72591 (1973).
3. E. N. Ejike and R. V. Parish, J. Organomet. Chem., 321, 135 (1987).
4. J. P. Collman, K. M. Kosydar, M. Bressan, W. Lamana, and T. Garrett, J. Am. Chem. Soc.
106, 2569 (1984).
5. A. Guyot and M. Bartholin, Inf. Chim., 166, 221-224, 227-228 (1977); Chem. Abstr., 87,
91256Y (1977).
6. R. A. Aw], R. N. Frankel, J. P. Friedrich, and C. L.. Swanson, J. Polym. Sci., Polym. Chem.
Ed., 18, 2663 (1980). ’
7. V. Kavan and M. Capka, Coll. Czech. Chem. Commun. 45, 2100 (1980).
8. L. Porri, A. Lionetti, and A. Immizi, Chem. Commun., 336 (1965).
9. M. L. Vania, Ph.D. thesis, UMIST, Manchester (1983).
10. A. L. Vogel, A Textbook of Practical Organic Chemistry, 3rd ed., Longman, I.ondon, 1975,
p. 163.
11. J. Bradbury, K. P. Forest, R. H. Nutall, and D. W. Sharp, Spectrochim. Acta, 23A, 2701
(1967).
12. W. Patnode and A. F. Wilcock, J. Am. Chem. Soc., 68, 358 (1946).
13. F. B. Dean and C. Eaborn, J. Chem. Soc., 2299, 2303 (1959).
14. M. Kanazashi, Bull. Chem. Soc. (Jpn.), 28, 44 (1955).
15. Grace GmbH-638 Bad Homburg v.d.H., Postfach 251.
16. A. J. Chalk and J. F. Harrod, J. Am. Chem. Soc., 87, 16 (1965).
17. R. V. Parish and M. I. Vania, J. Organomet. Chem., 263, 139 (1984).

Received June 21, 1988
Accepted June 21, 1988





