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[571 ABSTRACT 
Novel polymer supported catalysts are prepared by 
photo-irradiation of low valent transition metal com- 
pounds such as Coz(CO)8, Rh4(C0)12 or Ru3(C0)1~ in 
the presence of solid polymers containing amine ligands 
such as polyvinyl pyridine. Hydroformylation of olefins 
to aldehydes at ambient conditions has been demon- 
strated. 

19 Claims, 10 Drawing Figures 
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PHOTOCHEMICAL PREPARATION OF OLEFIN 
ADDITION CATALYSTS 

ORIGIN OF THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract and is sub- 
ject to the provisions of Section 305 of the National 
Aeronautics and Space Act of 1958, Public Law 83-568 

5 

(72 Stat. 435; 42 USC 2457). 10 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation-in-part of Ser. No. 
666,184, filed Mar. 12, 1976, now abandoned. 15 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The present invention relates to polymer supported 

transition metal catalysts and more particularly to the 20 
preparation of these catalysts by photoirradiation of the 
polymer support in the presence of a transition metal 
compound and to the use of the catalysts in chemical 
reactions under mild conditions. 

2. Description of the Prior Art 
The abundant reserves of coal, coupled with the 

rapid depletion of known oil reserves, mandates that 
new technology be developed for synthesis of synthetic 
fuels from coal gases. Hydroformylation, or the oxo 
reaction of an unsaturated o l e f ~ c  compound with hy- 30 
drogen and carbon monoxide to yield an aldehyde, has 
been known since 1938. This reaction is interesting since 
a second stage process using hydrogen can convert the 
aldehyde into the so-called oxo alcohols. 

mogenous in nature and the process was therefore de- 
veloped using homogenous catalysts such as dicobalt 
octacarbonyl, Coz(C0)8 or analogues thereof utilizing 
other low valent transition metals or replacing one or 
more of the carbonyl ligands with other ligands such as 40 
triphenylphosphine. The process is usually practiced at 
high temperatures and pressures. Examples of current 
industrial processes for forming products from coal 
based raw materials follows: 

25 

The catalytic mechanism of the oxo process is ho- 35 

2 
poisonous by-products or at extreme temperatures. Also 
corrosion of reactors by metal complexes is common. 

The advantages might be retained and the disadvan- 
tages removed if the homogeneous catalyst is either 
impregnated onto a solid support, or in some way chem- 
ically bonded to it. 

Most workers have used complexes in which phos- 
phine groups are used to link the metal to the solid 
support. Two types of polymer support, modified poly- 
styrene and silica, have been studied. With polystyrene 
the form of the polymer can be changed by changing 
the amount of c ros s - l i i g ,  a feature that appears to 
have important consequences on the type of catalyst 
produced. This is the type of support that has been most 
widely used. Complexes of cobalt carbonyls with 
polyvinylpyridine have been utilized to thermally cata- 
lyze hydroformylation at high temperature and pres- 
sure. It has been found that addition of polymer made 
the system resistant to poisons. However, the catalyst 
has been shown to be a solution of cobalt hydrocarbo- 
nyl and is dissociated from the polymer support. Thus, 
a disadvactage of thermal hydroformylation using 
metal polymer species is the gradual loss of metal from 
the polymer, rendering it commercially unfeasible to 
utilize expensive metals such as rhodium as a catalyst 
component. 

Hydroformylation under photochemical conditions 
in solution has also been observed. The overall stoichi- 
ometry utilizing Coz(CO)8 appears to be as follows: 

Zcs(CO)8 + 4RCH = CHz + 4Hz 2 
cO4(CO)lz + ~RCH~CH~CHO~CH(CHO~HCH,CH~/RCH~~H~ 

As in thermal catalytic systems, the reaction is inhib- 
ited by carbon monoxide. The cobalt dimer is converted 
in part to the tetramer and is consumed by the process 
which is therefore not catalytic in the homogeneous 
phase. The carbonyl group being added to the olefin 
therefore originates from the cobalt dimer. The tetra- 
mer absorbs in the visible at longer wavelengths than 
the dimer as well as in the same region with higher 
intensity. Consequently the photoreaction is self-ter- 
minating due to the internal filter effect. 

Transition metal-phosphinated polystyrene com- 

COAL GASIFWATTON PRODUCTS 

SYNTHESIS GAS c o ~ ~ c , c ! R ~ m ~ >  METHANOL 

SYNTHESIS GAS " " o ~ ~ $ ~ ~ & \ ~ R ~  > ACETIC ACID 

METHANOL + SYNTHESIS c o B ~ ~ ? ~ ~ ~ ~ ~  > ETHANOL 
GAS 

b ETHYLENE GLYCOL RHODIUM CARBONl 
UO'C,ZWBARS - 

COAL OXIDATION PRODUCTS 

PYROMELLITIC ACID coBcr$z 
200 

The relative merits of homogeneous and heteroge- 
neous catalysts are well known. Homogeneous catalysts Plexe have also been prepared in the presence of light. 
have better defined active sites, usually have all of the 60 However, these catalysts though useful in hydrogena- 
metal available for catalysis, and offer steric and elm- tion reactions, have not demonstrated hydroformyla- 
tronic environments of the metal atom that can, at least tion activity. 

SUMMARY OF THE INVENTION in principle, be varied at will. The major disadvantage 
of homogeneous catalysts is the need to separate them 
from reaction products without loss of their valuable 65 A new class of catalysts with profound implications 
metal content. This step can be both complex and ex- for the synthesis of chemical intermediates and fuels 
pensive. Other disadvantages are that these catalysts are from Coal based raw materials has been developed in 
relatively wi ly  deactivated through aggregation or by accordance with this invention. The catalyst is synthe- 
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sized by a photochemical reaction between a low valent for photoactivated and thermally activated m(C0) i .  
transition metal compound and a polymer having amine 2-PVP glass supported catalysts; and 
ligands within or pendant to the polymer backbone. FIG. 10 is a graph illustrating the variation of isomer 
Photochemically generated transition metal species are ratio with time with the ratio, r, of linear aldehyde to 
immobilized on polymer surface and are prevented 5 branched aldehyde as ordinate VS. Time in hours 8s 
from losing their activity through dimerization or reac- abscissa. 

DESCRIPTION OF THE PREFERRED tion with impurities. These polymer bound transition 
EMBODIMENTS metal species then act as catalysts for a wide variety of 

industrially important reactions e.g., hydrogenation, 
isomerization, hydroformylation, carbonylation, etc. 10 The low valent transition metal compounds are corn- 
These anchored catalysts show improved activity and Pounds of metals of Groups Iv, VI, VIIS or VI11 ofthe 
stability compared to the corresponding homogeneous Periodic Table having a valence lower than the maxi- 
phase catalysts or to prior photoirradiated heteroge- mum valence coordinated to ligand groups such as 
nous metal-polymer catalysts. Photochemical genera- carbonyl or trisubstituted phosphines such as triphenyl 
tion of the catalysts also eliminates the use of high tern- 15 phosphine. Typical metals are cobalt, nickel, iron, plati- 

catalyst thermally. 

operate at room temperature and atmospheric pressure 

currently in use, (b) it remains active for a long period 
of time, (c) it is easily separable from products. Other 

designed' porous and high area 
The relatively low pressures in the reaction enable 

synthesis gas to be introduced directly into the oxo 
plant and obviates the necessity to use high pressure 

peratures which is normally needed to generate the 

Other advantages of the new catalyst are: (a) it can 

num, rhodium, palladium, manganese, chromium, tita- 

The polymer is a solid support containing amine li- 

such as -cH2- 

nium, ruthenium, tantalum, and iridium. 

gands capab1e Of coordinating with the low valent t ' ~ -  

NMe2, -PhNMez, -pyridyl, and the like. The ligand 
is preferably pendant from the polymer backbone. Rep- 
resentative polymers are cross-linked polystyrenedivi- 

25 Preferred polymers are polyvinylpyridine, polyethyl- 
ene imine or polyvinylbenzimidazole~ Ph is phenyl and 
Me is 

The polymer must be insoluble in the irradiation reac- 

and thus compare favorably with the best catalyst 2o sition metal Preferably 

aspects Of the invention to Of nylbenzene copolymers substituted with -CH2NMe2. 
supPo*' 

equipment* This h turn reduces both 
operating costs, as might be expected from the 
simplicity of the techniques employed. The catalyst is 

cost and tion media and in the olefin addition reaction media. 
30 The polymer support may be in the form of particles, 

sheets, films, stands, hollow fibers or as a coating on a 
much easier to handle during operation. surface. The polymeric substrate is preferably a high 

area substrate such as porous particles having a diame- 

invention becomes better understood by reference to 35 glass 
the following detailed description when considered in vinyl polymers at least 30% by 
conjunction with the accompanying drawings. weight of vinyl pyridine monomer are preferred due to 

BRIEF DESCRIPTION OF THE DRAWINGS the ready availability of the pendant pyridyl POUP for 
coordination with the transition metal atom. 2-vinyl, 

FIG. 1 is a schematic view of the proposed mecha- 40 cvinyl or 2-methy1, 5+inY1 pyridine polymers are suit- 
nisms for the photo-oxo process and for the phototrig- able. ne polymers may be obtained comerci~y.  
gered catalyst process of this invention; The metal is found to be firmly bound to the poly- 

FIG. 2 is a graph of relative yield of aldehyde as mers. The polymer contains at least 0.1% metal, gener- 
ordinate vs (cO)/@z) a~ abscissa in SOlUtiOnS Contain- ally from 2 to 20% metal by weight. The invention is 
ing Photottggered Co-PolYmer and. free Co2(co)8; and 45 applicable to all prior homogenous phase transition 

FIG. 3 1s a graph of relative Yeld of aldehyde as metal coordination compound catalysts. The ligand 
ordinate vS. time Of reaction 85 abscissa showing Cata- coordination group can be supplied by the metal corn- 
bs t  stability for hYdroformYlation in hydrogen atmo- pound and/or by the polymeric support. Exemplary 
sphere in accordance with the invention; metal complex catalysts are provided in the following 

TABLE 1 ordinate vs. weight of Co2(CO)8 present as abscissa for 
hydroformylation in hydrogen atmosphere in the pres- 
ence or absence of poly4VP; 

FIG. 5 is a graph of total yield of aldehyde as ordi- 

These and many Other Objects and many attendant 
advantages ofthe invention will become apparent as the ter below 1OO() microns or coated onto a carrier such as 

FIG. 4 is a graph of relative yield of aldehyde as 50 table: 

RhCl 

KzPdC14 
Titanocene 

nate vs. initial irradiation period as abscissa; 55 RhCI$HPh33 
FIG. 6 is a graph of aldehyde yield as ordinate vs. 

yc$0wPh3)3 
time as abscissa; 

FIG. 7 is a graph illustrating variation of catalytic 
activity with polymer content of catalyst with Relative 

catalyst) as ordinate vs. % polymer on chips, a as ab- scissa; Mo(C6)5PPh3 

Rh4(cd Ph3)2 
Fe(cO)3@h3)2 

FeCO 
Rate cr(co)6 moles of aldehyde per hour per lOOmg of 60 

FIG. 8 is a graph illustration variation of catalytic 
activity with pressure with Relative Activity as ordi- 
nate vs. Pressure, P, in atmospheres; 

FIG, 9 is a graph of catalyst turnover rate (moles 
aldehyde formed per hour per mole of rhodium cluster 
on the polymer) as ordinate vs. time in hours as abscissa 

These light-activated, supported catalysts can also be 
65 utilized for hydrogenation, hydrosilylation, acetoxyla- 

tion, polymerization and oligomerization addition reac- 
tions as follows: 
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Hydrogenation 

Hydrosil ylation 

Hydroformy lation 

-CX=CX- + Hz -CXH-CXH- 

-CX=CX- + SiH -CX(Si)-CXH- 

-CX=CX- + CO + H2 
-CX(CHO)-CXH- or 

CX(C0H)-CXH- 
Acetoxylation 

-CX=CX- + RCOOH 
-CX{WOR)-CXH- 

Polymerization 
n(-CX=OX-) + -(cx-cx),- 

The substrate olefin may be an alkene of the formula, 
RlCH=CH R2 or an alkyne of the formula R1C E 
CR2 where R1 and R2 can be aliphatic, aromatic or may 
be a hydrocarbon or heterocarbon such as ether, ester, 
acid or the like or R1R2 groups may be joined to form a 
cyclic compound. The substrate olefin may be a short 
chain compound having less than 20 carbon atoms or 
may be of polymeric length. Representative olefin sub- 
strates are provided in the following table: 

TABLE I1 
ALKENE CYCLOALKENE ARENE 
ethylene 
propylene 
but- lane 
hex-lme 
pent-lcne 
vinyl acetate 
styrene 
isoprene 
butadiene 
soybean methyl ester 
trans -pent-l-ene 
vinyl ethyl ether 
i sob u te n e 

cyclohexane benzene 
A cholestene naphthalene 
cyclooctene styrene 
cyclododecene anthracene 
cycloocta-1,3diene 

ALKYNE 
acetylene 
hex-2-yne 
phenylacetylene 

The photochemical preparation of the catalyst is 
illustrated schematically in FIG. 1 as contrasted with 
the reaction in the homogenous phase in absence of 
ligand containing polymeric support. As shown in the 
vertical homogenous phase reaction the dimer 10 under 
the influence of light separates into fragments 12 which 40 
coalesce into the tetramer 14 which is an inactive form 
for addition reactions such as hydroformylation. How- 
ever, in the photochemical reaction the dimer 10 in the 
presence of polymer 16 under the influence of light 
forms a stable associated catalyst 18 in which the fran- 45 
ments 12 are believed to attach to the ligands 20. f i e  
hydroformylation reaction may then be practiced in the 
light or dark by addition of reactants 22 to form alde- 
hydes and regenerated catalyst 24. The catalyst is 
readily separated from the reaction media. 

The photochemical reaction is preferably conducted 
in a solvent for the transition metal compound which in 
the case of Co2(CO)8 can be a liquid alkane such as 
hexane. The polymer is suspended in the solvent and the 
dicobalt octacarbonyl or other transition metal com- 
pound is added. The metal compound may be present in 
excess over the amount that binds to the polymer. The 
excess compound may be removed from the reaction 
vessel before the addition reaction or may be allowed to 
remain to provide thermal addition reaction. A part of 
the excess will be converted to tetramer under the influ- 
ence of light. The solvent may also be removed by 
distillation after the metal-polymer adduct is formed. 
The metal-polymer adduct is sensitive to moisture and 
oxygen and therefore, the reaction vessel solution and 
polymer mixture should be rigorously degassed before 
the reaction. The metal-polymer reaction may also be 
conducted in the presence of hydrogen and carbon 

50 

55 

60 

65 

5 

10 

15 

20 

25 

30 

35 

6 
monoxide added to the vessel in the desired ratio. The 
frequency of the light is critical to formation of an ac- 
tive ambient catalyst. The frequency must be above 250 
nm but below 350 nm. 

The addition reaction may be conducted in the pres- 
ence or absence of light. The yield of addition product 
increases dramatically when the surface area is in- 
creased preferably by depositing the polymer or porous, 
inert, finely divided substrates such as glass beads hav- 
ing a diameter below IO00 microns, preferably 10 to 150 
micron, and pores from 50 to 500 nm, preferably no 
more than 150 nm. Carbon monoxide in great excess can 
poison the catalyst. The H2/CO ratio is preferably at 
least 1.5/1. 

Synthesis of Poly 4vinyl and 2-vinyl Pyridine 
4- and 2-vinyl pyridine were copolymerized with or 

without various cross-linking agents in the presence of 
water using 0.8 megarads Co-6Oy radiation. The poly- 
mer was obtained in the form of microspheres whose 
average diameter depended on the initial concentration 
of the monomer. It was found that presence of cross- 
linking agent made the beads smaller and regular in 
shape and less likely to agglomerate. Agglomeration 
was also reduced on adding 0.4% polyethylene oxide to 
the solution before polymerization or by increasing the 
cobalt gamma irradiation dose. 

TABLE I11 
Conc. of Wt by Wt 

Run 4 v P  Ratio of BAM* size of 
No. wt/wtc to4VP B e a d S C  

1 0.25 1:9 500 A 
2 .5 1:l 9008, 

5 1.8 1:9 1600 A 
3 .7 k2.33 950 di 
4 .9 1:3 1300 di 
6 2.7 1:9 2500 A 

%tuum distilled from solid KOH; polymerization carried out m degassed solution. 
$is acrylamide; ethylene dimethacrylate was also uscd and similar results were 
obtained. 
'Obtained by scanning electron microscopy; error f 54%. Average size obtained by 
taking the meen of 12-20 particles. 

Polymerization of 2-vinyl pyridine produced in gen- 
eral smaller beads more resistant to agglomeration even 
in the absence of cross-linking agents and polyethylene 
oxide. These polymers were centrifuged, washed in 
benzene and then the trapped water was removed by 
azeotropic distillation using benzene. They were then 
dried in vacuo for 24 hours, washed again in benzene 
and dried again for 24 hours to yield a white powder. 

2-vinyl pyridine was also polymerized on porous 
glass beads, obtained from Corning Glass Co. These 
beads were 20-5Op in diameter and had pores of diame- 
ter 150 nm. The glass beads were stirred in the presence 
of 2-vinyl pyridine for several hours and then wetted 
with water before being irradiated by Co-60 y rays. It 
was found that presence of water was essential for ap- 
preciable polymerization to occur via this technique. 
SEM pictures showed that the glass chips were well 
covered with polymer and the weight percent of poly- 
mer incorporated in the chips was obtained by thermo- 
gravimetric analysis. The ratio of weight of incorpo- 
rated polymer to the weight of chips varied from 1.7:l 
to 3.6:l. For successful use as a catalyst support system 
complete coverage of the glass surface by polymers is 
desirable, since the glass surface is acidic and is ex- 
pected to destroy catalytic species in contact with it. 
These were dried as before. 
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Commercial poly Cvinyl pyridine was dissolved in 

dichloromethane and precipitated in benzene. This pre- 
cipitation was repeated once, and occasionally twice. 
The polymer was dried as before. 

by varying the amount of cross-linking agent in a 3% 
total monomer aqueous system containing 4-vinyl pyri- 
dine (4 VP) and bis acrylamide (BAM) and subjected to 
a 0.6 megarad dose of radiation. 

methane and precipitated in benzene twice and dried as 
described above. The porosity of the microspheres was 
determined by the BET method and standard duration 
of size was f 10%. Results follow: 

TABLE IV 

Microspheres of differing porosity were synthesized 5 

Commercial poly4 VP was dissolved in dichloro- 10 

15 

Total Surface 
Diameter, 

A 
4VP, 

Ex. M 
1 3 95 1 2500 

3 3 
3 60 47.0 2500 

2500 
4 
5 3 50 102.0 
6 

Poly-4VP 0.3 

Wt.% 32 
2 3 70 85 

1 1.01 ;g 20 

Monomer 

Commend - 

25 The porosity dramatically increases with increasing 
amount of cross-linking agent as can be seen in Table IV 
and water absorption also increases with increasing 
amount of hydrophilic cross-linking agent as shown in 
the water absorption isotherms. 30 

Catalysis of Hydroformylation Reaction 
(1) Two Phase Experiments 
These experiments were carried out in quartz tubes 

containing a 20 ml solution of dicobalt octacarbonyl 35 
Co2(CO)8 in n-hexane, suspended polymer particles, 
and olefins, typically 0.5 M pentene-1. The tubes were 
prepared by first rigorously degassing the solution and 
polymer mixture and then irradiated with light from a 
medium pressure Hg lamp equipped with an IR filter. 
The tube was connected to a reservoir containing H2 
and CO in varying molar ratios. A sample of the gas 
mixture was withdrawn before and after the reaction 
for mass spectroscopic analysis. The products were 
hexanal-1 and hexanal-2 in the ratio of 1:(2.0-2.1). They 45 
were analyzed by gas chromatography and absolute 
yields were calculated by using an internal standard 
(n-nonane or decane). 

Yields were studied as a function of [H2]/[CO] molar 
ratios (initial). FIG. 2 shows that even relatively small 5o 
amounts of CO retards the reaction rate significantly. 
Table V gives the concentrations of reactants and other 
data on these runs. 

TABLE V 

tetramer is an inefficient hydroformylation catalyst. For 
this reason these reactions could be run starting with 
100% H2, since the CO needed to form aldehydes 
would come from decomposition of Coz(CO)8. Under 
these conditions yield was measured as a function of 
time of reaction (FIG. 3), weight of C02(CO)8 present 
(FIG. 4) and irradiation time (FIG. 5). 

Once the catalyst is formed the reaction is much less 
sensitive to CO poisoning, or in other words, presence 
of CO does not interfere with the action of the polymer 
bound catalyst, but with its formation. Otherwise, pres- 
ence of excess of Co2(CO)8 which leads to increased 
photoproduction of CO would have inhibited formation 
of aldehydes. This effect is seen to happen in homogene- 
ous solution phase experiments (in which no polymer 
was present) run parallel to the two phase experiments, 
also indicated in FIG. 4. The linearity of the plot in 
FIG. 3 also supports this conclusion. Experiments were 
run to demonstrate that the reaction is phototriggered. 
This was done by varying the period of irradiation 
followed by a dark reaction period, so that the sum of 
the total reaction period was constant. Total yield was 
then plotted (for 16 hours of reaction) vs the initial 
irradiation period (FIG. 5). The results indicated clearly 
that the reaction was phototriggered. The uncertainty 
at the zero time irradiation period probably arises from 
some dark reaction taking place in the solution phase. 
Such a dark reaction has been observed in homogene- 
ous phase experiments. 

Runs with Isolated Phototriggered Catalyst 
In an attempt to isolate the polymer bound catalyst 

CO~(CO)~ was removed from the tube after the catalyst 
was formed. These experiments led to the discovery of 
the conditions necessary to form the catalyst and also to 
the fact that the catalytic reaction is phototriggered, i.e. 
once the catalyst is formed through the reaction of 
Co,(CO)8 and the polymer in presence of light, it is an 
active hydroformylating agent in the dark at room tem- 
perature and atmospheric pressure. 

At fust a solution of Co,(CO)8 and the polymer was 
allowed to react in the dark, after which time the excess 
CO~(CO)~ was removed by sublimation along with the 
solvent. Fresh degassed n-hexane was then introduced 
in the tube along with the olefin. A mixture of H2 and 
CO in the ratio of 101 was fed into the reservoir. No 
aldehyde formation was observed whether or not the 
contents of the tube were irradiated. Since it is known 
that dicobalt octacarbonyl reacts with the polymer in 
the dark, it seems that the metal-polymer species formed 
in the dark is not a catalyst. It was expected that this 
species although not initially a catalyst would be con- 
verted to the active species on irradiation. It is possible 

H H CU LU 

89.0 
92.5 
94.1 

Run No. Initial dole  % Final dole % Initial Mole % Final Mole % t irr. (hr.) CoZ(CO)gmg. 
83.0 7.3 12.8 15 308 
85.6 7.1 0 300 11.7 
85.1 3.67 15 318 11.9 
94.4 0 16 430 4.4 

16 64 536 

1 
2 
3 
4 100 
5 100 84 0 

It is obvious that dicobalt octacarbonyl is in large 
excess since the percent metal attached to polymer is 
rarely more than 5%. This excess Co2(CO)8 undergoes 
photolysis which results in the formation of CO and 65 scattered away. 
formation of Co4(CO)12, since homogeneous phase ex- 
periments indicate that these are the principal products 
of photolysis of C02(CO)8. They also indicate that the 

that the cobalt species resting on the surface of the 
polymer may not receive much light most of which is 

Reaction of CO~(CO)~ solutions and polymer in pres- 
ence of light gave rise to a colored compound which 
was isolated as before and then tested for catalytic ac- 
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tivity in the dark M wellas in presence of light. It 
proved to be an active catalyst under both conditions. 
This catalyst could also be isolated from two phase 
experimental runs, by pouring out the solution after a 
typical 16 hour run, washing the solids left in the tube 
with n-hexane and introducing fresh solvent olefin mix- 
ture. Aldehydes were formed but the yields were poor, 
indicating that the catlyst which is known to be particu- 
larly air sensitive is being partly decomposed during the 
washing process. A similar air sensitivity of the phos- 
phinated polymer-cobalt catalyst has been observed. 
Some interesting wavelength effects were observed in 
this reaction by which the catalyst is formed. These are 
summarized in Table VI. 

TABLE VI 
Wavelength Dependence of Catalpt Formation" 

Light (Wavelength) 
Reaction' Reactiond Yield 
Dark Dark No 
Dark Light (AZ 250) No 
Light (AZ 360)' Dark No 
Light (AZ 360) Light (AZ 250) No 
Light (AZ 250) Dark YeS 
Light ( A t  250) Light (AZ 250) Yes 
k l l  rum were performed 3 or more times. 
6polymen used in thac rum wcre purified commaci.l poly 4VP. md poly 2-VP on 
porous g h .  Wavelen@ given in nanometers. 
'hitid nrction between Coz(CO), urd polymer. Raction period varied k twcm i 
bow md 1 hours. 
dHydmfonnybtion mtion:  racmtr we oldm, Hz + CO d the polymer bound 
species. No free co2(co)8 pruent Time of reaction = 16 hours. 
'Light of wavelength Z 360 nm was obtained by Using a Uranium glass ffler. 

5 

10 

15 

20 

25 

ciently under the conditione described above. Acrolein, 
the sole product, was identified by GC retention times 
and GC/mass spectroscopy. The conversion of acety- 
lene to acrolein at room temperature and pressure can 
be utilized in the manufacture of acrylonitrile, since 
acrolein is readily converted to acrylonitrile through 
reaction with NH3. Since all raw materials necessary 
for synthesis of acrylonitrile, e.g. synthesis gas, acety- 
lene and ammonia are available from coal gasification, it 
is conceivable that this important monomer can be eco- 
nomically manufactured from coal based chemicals. 

Spectroscopy of Co,(CO)8 in solution at room tem- 
perature and at low temperature (77" K.) indicate that 
the 250 nm absorption excites the molecule primarily to 
the u* state. Such an excitation leads primarily to pho- 
todissociation into a radical pair. In other metal carbon- 
yls, e.g. Mnz(CO)lo, the quantum yield of photodissoci- 
ation increases as the wavelength of excitation ap- 
proaches the position of the u* band. Hence it is be- 
lieved that the photocatalyst is formed by interaction of 
monomeric cobalt species with the polymer. 

Hydroformylation of irradiated hexane solutions con- 
taining 1-pentene and Co2(CO)8 under hydrogen and 
CO pressures of less than one atmosphere were con- 
ducted, the results being shown in the following table. 
A loo0 W Hg-Xe lamp was used for all these runs. 
Experiments were run in a quartz tube connected to 500 
ml gas reservoir. Yields are not corrected for the ther- 
mal formation of aldehydes. 

TABLE VI1 _ - __ __ __ 
molex moles 

Run [Coz(CO)rJ, M [I-pentenel, M CO(p,atm) Hz(p,atm) 'irrad! hexanal 2-methylpentanal 
1 1 7 X  IO-' 5 X 10-1 0 0.73 24.3 2.45 X lo-' 4.72 X lo-' 
2 1:s X IO-* 8 X lo-' 0.05 0.70 15.2 1.75 X IO-' 3.84 X lo-' 
3 2.4 X lo-' 1 0.12 0.63 16.9 1.06 X 19-' 2.72 X lq-' 
4 1.3 X lo-' 5 X 10-1 0.23 0.50 21.8 7 X 10- 9 X 10- 

These experiments prove conclusively that the reaction 
is phototriggered. It is also catalytic, since the amount Comparison of runs 2 and 4 shows that, as is true in 
of metal on the commercial polymer runs were of the 40 thermal catalytic systems, the reaction is inhibited by 
order of 1.4 X moles, whereas yields averaged 2 carbon monoxide. In fact, the fastest initial rates were 
x moles using polymer coated glass as support observed with no added carbon monoxide (Run 1). 
during the time in which the reaction was monitored. Irradiation of Co2(CO)8 at 254 nm in hexane solution 
The metal carbonyl-polymer species was not losing any containing either po ly4  or poly-2-vinyl pyridine yields 
sinnificant amount of CO since the moles of aldehyde 45 a brownish-grey powder (Co-PVP). The synthesis of 

the Co-PVP catalyst is accomplished by about 30 mins Gund bore en approximate (- 10%) correspondence 
with the amount of CO lost from the reservoir. Yields 
were measured up to 70% of the initial CO concentra- 
tion, the reactant present at the smallest concentration. 

Effect of Surface Area 
The yields of aldehyde rose dramatically (- 750%) 

when the commercial polymer was substituted by poly- 
mer on glass chips in the two phase experimental runs. 
It is believed that this is due to the increase of surface 
area of the polymer support systems. Increase in surface 
area of the polymer support could either result in a large 
amount of cobalt being bound to the polymer or it could 
stabilize the polymer bonded transition metal species by 
reducing aggregation caused by chelation of metal sites. 
Atomic absorption experimentp indicate no dramatic 
increase in cobalt content of the polymer when bound 
on glass and this indicates that the improved yield may 
be due to prevention of chelation effects. 

Reaction of Acetylene with H2 and CO 
In addition to olefins such as pentene-1, hexane-1 and 

heptene-1, acetylene was found to add H2 and CO e@- 

of irradiation using a 450 watt medium pressure Hg 
lamp. Care was taken to remove unattached Co2(CO)8 
from the Co-PVP sample. Attachment of cobalt car- 

50 bonyl species to polyvinylpyridme can be achieved 
thermally or by irradiation at longer wavelengths 
(h>350 nm), but the materials so produced do not cata- 
lyze the hydroformylation of olefms at room tempera- 
ture and atmospheric pressure. 

It is assumed that irradiation of Co,(CO)8 produces 
CO-deficient species that are trapped by the pyridine 
residues in the polymer. Gas analysis indicates that the 
formation of Co-PVP results in the evolution of two 
molecules of CO from each molecule of CO,(CO)~ ini- 

A hexane (20 ml) solution of 1-pentene (0.5 ml) and 
H i C O  (1 atm 0.9/0.1; vol. 106 ml) was hydrofor- 
mylated in the dark at 25" C. in the presence of Co-PVP 
(150 mg total/l.2 mg Co) at one atmosphere total pres- 

65 sure. The rate of aldehyde formation is shown in FIG. 
6. The phototriggered thermal hydroformylation reac- 
tion has been demonstrated to proceed at essentially 
constant rate for up to 73 hours during which period 3.8 

55 

60 tially present. 
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X 102 molecules of aldehyde had been formed per atom 
of cobalt attached to the polymer. The irradiated Co- 
PVP was also utilized to form aldehydes from 1-hexene, 
2-pentene and to catalyze the conversion of acetylene to 
acrolein under similar conditions. Ru-PVP and Rh- 5 
PVP prepared by ultraviolet irradiation Of R u ~ ( C O ) ~ ~  
and a 3 ( c 0 ) 1 2  and Poly 4-vp have also been shown to 
hydroformylate alkenes such as I-Pentene under similar 
conditions. 

polymer-glass ratio for the photoactivated catalyst. 
Furthermore, photoradiation is higher when the poly- 
mer glass ratio is from 1 to 40% by weight, preferably 
from 5 to 20% by weight. 

Hydroformylation of a mixture (95:s V/V) of n-hex- 
ane and l-pentene was carried out in the dark with 
rhodium-PVP-CPG catalyst (8% Rh-PVP and 10% 
PVP/CPG) irradiated for 16 hours as described above. 
The hydroformylations were conducted at 20" C., at 

The following experimental procedure is employed 10 H2:CP of 80:20 and at a range of pressures from 1 atm. 
to 11 atm. Relative activity increased with increasing 

1g of commercial po1y-2-viny1pyridine is dissolved in pressure. It has been observed that lowering the pres- 
to synthesize the Rh catalyst for batch reactor runs. 

50 m1 benzene and then filtered to remove sure from 90 psi to 20 psi after 24 hours of operation at 
impurities. The solution is added dropwise to 250 ml This indicates diethyl ether which is vigorously stirred at the same 15 that the catalyst is formed in situ on reaction between 
time. The polymer precipitates. It is settled, filtered and complex and H2/CO+ under pres- then dried* It was in benzene and re- sure, but once it is formed, pressure requirements are precipitated in ether. After drying, it is weighed. Yield reduced. An extraordinary pressure effect was observed on purification averages 690%. 2.5g of pure polymer 
is dissolved in benzene dl and 25.Og of ordinary 2o in this reaction as shown in FIG. 8. The rate at 90 psi is 
glass powder or of controlled pore glass (CPG) are about 100-looO times bher than the rate at l4 psi* 

with ne material is dried in vacuum at -500 activity than comparable cobalt catalysts. It has been 
C. and analyzed by TGA. shown that thermal reaction (at 25" C.) between 

psi drops the rate but by 

added to the solution. The solvent is driven off slowly, The rhodium exhibit higher 

100 mg ofthe polymer coated glass is taken in a clean 25 Rh4(co)12 solution and the PolYmer%lass system also 
quartz vessel, pumped in the vacuum line at 110" C. for produces a catalyst, but the activity of the thermal cata- 
1 hour and then backfilled with N2.25 ml of a solution lyst is substantially lower than the PhotochemicallY 
of Rh4(C0)12 in n-hexane (40 mg in 50 ml) is added to synthesized catalyst for Certain PolYmer-glass weight 
the polymer glass composite in the quartz vessel and a ratios. It has also been shown that while %(C0)12 is 
reservoir is attached to the vessel. The vessel and the 30 photochemically attached to the polymer, one mole of 
reservoir are then put in the vacuum line and the con- CO is evolved per mole of Rh4(C0)12 being attached, 
tents are degassed over 3 cycles. The mixture is then while no CO is evolved on thermal (dark) attachment. 
irradiated with light from a Hanovia 450 watt lamp Relative activity is illustrated in FIG. 9. The order of 
filtered through water for 16 hours with stirring. The activity being 10 times higher and the evolution of CO 
mixture is then allowed to settle and the supernatant 35 from the photochemically prepared catalyst further 
liquid withdrawn from the vessel under an inert gas. demonstrates that a different chemical structure is in- 
The solids are washed with fresh n-hexane in the vac- volved in the catalyst of this invention. 
uum line to remove unreacted Rh4(C0)12. Meanwhile It has also been observed that the metal carbonyls 
100 ml of a mixture of n-hexane and 1-pentene (95 to 5 yield an isomeric mixture of aldehydes which is rich in 
v/v) is degassed in the line. The dark brown Rh-PVP- 4o branched isomer in absence of the polymer. Addition of 
glass solid @-lo% by weight Rh on PVP) in the quartz polymer to these systems produces a 2:l mixture of 
vessel is then poured into a stirred Parr pressure reactor linear to branched aldehydes on continuous irradiation, 
whose temperature iS maintained at 20" c. The hexane- followed by a dark (thermal) reaction which yields 
alkene mixture is added and the reactor is filled with a almost exclusively the linear aldehyde. The isomer ratio 
H d c o  mixture (8020 V/V) to 76 PSig Pressure. The 45 increases in favor of the linear isomer with time. FIG. 
reactor is stirred ContinuouslY and samples are with- 10 is a plot of the isomer ratio vs. time. Since the overall 
drawn every two hours. The Products are analyzed on yield remains linear, it seems that the sites producing the 
a gas ChrOmatograPh Using a 6 feet x inch ucw-98 branched isomer are not decaying, but are undergoing a 
(5% on chrom The areas Of the peaks are subtle change in stereochemical environment so that 
estlmated by cutting and weighing. These are compared 5o linear isomers are produced. 
to calibration peak weights to determine molarity of the Hydroformylation experiments with polymer bound 
products. The concentration is then multiplied by the ruthenium catalysts were also conducted. photochemi- 

following table: 

volume to obtain absolute yields and these are normal- 
ked for catalyst weight* The are shown in the 

cal reaction of triruthenium dodecacarbonyl solutions 
~u3(CO)121 with polyvinylpyridine and an olefin such 

55 as 1-pentene leads to the formation of a yellow powder 
which can catalyze the hydroformylation reaction. 

Run Diameter, Pore Size, A. Ru3(CO)12 was dissolved in n-hexane (5 mg in 100 
ml) and 20 ml of this solution was added to 100 mg of 

60 solid polyvinylpyridine in a quartz tube. 1 ml of l-pen- 
tene was added and the mixture was degassed by freeze- 
pump-thaw (3 cycles). Then a 80:20 mixture of HdC0 
was fed into a reservoir connected to the quartz vessel. 
The vessel was brought to room temperature and irradi- 

65 ated with ultraviolet (Z250A) light while being stirred. 
The solution was analyzed for aldehydes after 16-24 
hours of radiation. Results: Aldehydes were formed in a 
2:l isomer ratio, the linear isomer being the dominant 

TABLE VI11 
Glass Glass Three types of runs were carried out: 

nm Activity No. Mesh 
1 20-80 150 reasonable 

?tZ%tter 
2 100-120 120-135 

than 1 
3 200 non-porous polymer did 

not attach 
to substrate 

The above batch runs were repeated varying the ratio 
a, of polymer to glass from 0 to 100%. As shown in 
FIG. 7 the catalytic activity is strongly dependent on 
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product. Control experiments carried out without radia- 3. A method according to claim 2 in which the metal 
tion produced no yield. Typical yields were of the order is rhodium. 
of 5 x lop5 moles (total) or a turnover of about 5. 4. A method according to claim 3 in which the low 

B. Ru3(C0)12~0lution~ (1 mg in 20 ml n-hexane) were valent transition metal compound is Rh4(co)12. 
irradiated in the presence of po~yviny~py~dine with 5 5. A method according to claim 1 in which from 2 to 

20% by weight of metal attaches to the polymer. ultraviolet light for 18 hours in a quartz vessel. The 6. A method according to claim in which the irradi- to ation step is conducted in the presence of a solvent for 
react with 1-pentene, H2 and CO. There was no alde- the transition 
hyde formation. 7. A method according to claim 6 in which the sol- 

C. Ru3(C0)12 solutions (1 mg in 20 ml n-hexane) were vent is a liquid alkane. 
irradiated in the presence of polyvinylpyridine and 8. A method according to claim 6 in which the poly- 
1-pentene with ultraviolet light in a quartz vessel. After mer is insoluble in the solvent. 
16 hours of irradiation, the yellow powder was washed 9. A method according to claim .1 in which the poly- 
and allowed to react with 1-pentene, H2 and CO. Alde- 15 mer is in the particulate form. 
hydes were formed in a 2:l (linear to branched) ratio. 10. A method according to claim 9 in which the poly- 
Total yields ranged from 1 x mer is deposited on a high area support* 
moles indicating turnover of 100-5 after 18 hours ther- 11* A method to lo in which the 

supports are porous glass particles having a diameter 
20 below lo00 microns and a pore diameter from 50 to 500 mal reaction. 

It is to be realized that only preferred embodiments of nm. the invention have been described and that numerous in which the 
substitutions, modifications and alterations are permissi- ratio of polymer to is from 1% to 4% by 
ble without departing from the spirit and scope of the weight. 
invention as defined in the following claims. 13. A catalyst composition produced by the method 

of claim 1. 
14. A composition according to claim 13 in which the 

polymer is in particulate form. 
15. A composition according to claim 14 in which the 

16. A composition according to claim 15 in which the 
supports are porous glass particles having a diameter 
below lo00 microns and a pore diameter from 50 nm to 
150 nm, 

powder was washed and 
 compound^ 

10 

moles to 5 X 

12. A m 5 ~ o d  according to claim 

25 
What is claimed is: 
1. A method of preparing a novel photoactivated 

irradiating a mixture of low valent transition metal 
coordination compound selected from a carbonyl 30 Polymer is deposited on a high area SUPPOrt. 
or phosphine of a metal selected from cobalt, 
nickel, iron, platinum, rhodium, palladium, manga- 
nese, chromium, titanium, tantalum, ruthenium or 

catalyst comprising the steps of: 

iridium and a solid polymer pohiny1pyfidine 35 17. A composition according to claim 16 in which the 
ratio of polymer to support is from 5% to 20% by having ligands capab1e Of ''Or- 

dinating with said metal with ultraviolet radiation 
having a wavelength Within the range of 250 to 350 
nm; and 

metal atoms to said ligands during said irradiation 
to form a photoactivated catalyst. 

2. A method according to claim 1 in which the metal 

weight and the ratio of metal catalyst to polper is from 
2% to 20% by weight. 
18. A method according to claim 1 in which the mix- 

19. A catalyst composition according to claim 13 in 
which the mixture is irradiated for at least one-half 
hour. 

attaching at least 0.1% by weight of said transition 40 ture is irradiated for at least one-half hour. 

+ * * + +  is cobalt, rhodium or ruthenium. 
45 
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