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Reaction of diphenylphosphinated macroreticular polystyrene w i t h  (CH3CN)ZPdClz gives a polymer-supported 
palladium(I1) chloride which is an active catalyst for the conversion of quadricyclane to  norbornadiene. However, 
the act iv i ty  of th is  catalyst is less by factors of 2-85 than t h a t  of the soluble catalyst [(CsH5)3P]zPdC12. The new 
polymer-supported pal lad ium catalyst, l ike previously reported polymer-supported catalysts for th is  reaction, loses 
some of i ts  act iv i ty  upon repeated recycling. 

A promising system for the storage of solar energy is 
based on the photosensitized conversion of norbornadiene (I) 
to quadricyclane (11) as the energy-storage step followed by 
the catalyzed exothermic reversion of quadricyclane to nor- 
bornadiene as the energy-release Ideal catalysts for 
this reversion reaction must meet stringent criteria including 

I Il 

long-term stability as well as the ability to  effect rapid quan- 
titative conversion with no side reactions. In addition, in an 
actual energy storage device based on this principle, the c a t -  
alyst must be immobilized to prevent dispersion of the catalyst 
throughout the system. 

Several catalyst systems are known which catalyze the 
conversion of quadricyclane (11) to norbornadiene (I). These 
include soluble complexes of r h ~ d i u m ( I ) , ~  nickel(II),6 cobal- 
t(II),6 iron(II),G and p a l l a d i ~ m ( I 1 ) ~ ~ ~  and the soluble metal 
dithiolenesa [(CF3)&&]2Ni and [ ( C F ~ ) ~ C ~ S ~ ] ~ M O .  However, 
most of these complexes do not lend themselves readily to  
immobilization onto an insoluble polymer. Thus the most 

0022-3263/79/1944-1092$01.00/0 0 1979 American Chemical Society 



Polymer- Anchored Palladium( 11) Complexes J .  Org. Chem., Vol. 44, N o .  7, 1979 1093 

common immobilization method for transition-metal com- 
pounds involves binding to polymeric phosphine ligands? but 
most of the metal complexes cited above lose their catalytic 
activities in the presence of phosphines. 

One class of active catalysts for the conversion of quadri- 
cyclane to norbornadiene which is adapted to a non-phosphine 
route of immobilization includes the metal porphyrins.6J0 
Polyst,vrene-anchored cobalt(I1) porphyrins were shown to 
be active catalysts in previous work from this laboratory." 
However, a major difficulty of these catalysts is their sensi- 
tivity toward deactivation through oxidation of cobalt(I1) to 
cobalt(II1). A similar potential risk of oxidation of palladi- 
um(0) to palladium(I1) also exists in the polystyrene-anchored 
palladium(0) bipyridine complexes recently reported by Card 
and Neckers.I2 

The objective of the work described in this paper was the 
development of an immobilized catalyst for the conversion of 
quadricyclane (11) to norbornadiene (I) which would not be 
sensitive toward oxidation. Palladium(I1) complexes were 
attractive candidates for such a catalyst since they are not 
particularly sensitive toward oxidation and were known to be 
active catalysts for the conversion of quadricyclane to nor- 
b ~ r n a d i e n e . ~ . ~  In this work we used a polymeric palladium(I1) 
tertiary phosphine complex because of the easy availability 
of polymeric phosphine ligands. Even though phosphine 
palladium(I1) complexes had not been reported to be catalysts 
for the conversion of quadricyclane to norbornadiene, these 
complexes were known to be effective for similar ring opening 
reactions.I3 

Results and Discussion 
The polymer-anchclred phosphinepalladium(I1) chloride 

catalysts were prepared by stirring diphenylphosphinated 
macroreticular polystyrene beads1* with palladium(I1) chlo- 
ride in acetonitrile solution. The resulting lemon yellow beads 
were active catalysts for the conversion of quadricyclane (11) 
to norbornadiene (I). Two independent samples of beads 
prepared by this gener a1 method gave the following elemental 
analyses: Polymer A: Pd, 0.70; P, 0.28; C1,0.39. Polymer B: Pd, 
1.36; P, 0.97; C1, 1.08; N, 0.026. These analytical data are in- 
sufficient to define an exact structure for this polymer. 
However, the absence of significant amounts of coordinated 
acetonitrile is indicated by both the low nitrogen analysis and 
the absence of nitrile bands in the infrared spectra of the 
polymers. Polymer B has a considerably higher phosphine 
loading on the polystyrene but a smaller percentage of palla- 
dium-complexed phos,phines. 

The rates of the conversion of quadricyclane (11) to nor- 
bornadiene (I) catalyzed by these polymers were measured 
at  30 'C in benzene or xylene solution using vapor-phase 
chromatography to analyze the reaction mixtures. The re- 
sulting kinetics were analyzed as pseudo-first-order reactions 
since only the quadricyclane concentration changes in the 
course of the experiment. The pseudo-first-order rate con- 
stants k ,  were obtained from a linear least-squares plot of In 
[quadricyclane] vs. reaction time in seconds and normalized 
to 1 g of catalyst in 1 1, of solution. These h ,  were converted 
to normalized rate coiistants based on metal content k ,  by 
the equation: 

k ,  = k,V/E 

where 'V is the volume of the solution in liters and E represents 
the equivalents of palladium used per run based on the ele- 
mental analyses of the polymer quoted above. 

Representative kinetic data obtained in this manner are 
summarized in Table I .  These data include runs obtained by 
successively recycling the same batch of catalyst in different 
reactions. Before such recycling the polymer was washed three 
times with fresh solvent. 

Table I. Kinetic Data for the Conversion of 
Quadricyclane to Norbornadiene by Palladium(I1) 

Chloride Catalysts 

K,, s-l 
K,, s-l (g atom Pdl 

catalyst (g/L 1-1 L) -1 

(A) [ICtjHs)d']2PdC12' 1.2 X 80 
(B) polymer A (0.70 % Pd) 

freshb 2.0 x 10-1 0.30 

last 9 data points 1.3 x 10-4 0.20 
first 9 data points 3.1 X 0.47 

1st recycle 1.5 x 0.23 
2nd recycle 1.6 X 0.24 
3rd recycle 0.41 X 0.062 
4th recycle 0.18 X 0.028 
fresh catalyst after 1.4 X 0.21 

norbornadiene equilibration 
fresh catalystC 2.9 x 0.44 

(C) polymer B (1.36 % Pd) 
fresh' 9.4 X 0.63 
1st recycle 3.6 X 0.24 
2nd recycle 1.9 X 0.13 
3rd recycle 1.0 x 10-4 0.07 

' 0.5 M quadricyclane, 6.2 X M Pd, benzene solvent. b 1.0 
1 0 M quadricyclane, M quadricyclane, mixed xylenes as solvent. 

benzene solvent. 

Recycling studies on the conversion of quadricyclane (11) 
to norbornadiene (I) using polymer A indicate that the initial 
activity of the fresh catalyst decreases slightly on the first 
recycle but that  this slightly lowered activity is maintained 
in the second recycle. However, extensive losses of catalytic 
activity were found to occur during the third and fourth re- 
cycles. 

When a portion of fresh polymer A was preequilibrated with 
a solution of norbornadiene (I) and then used as a catalyst for 
the conversion of quadricyclane to norbornadiene, the ob- 
served rate constant (Table I) was found to match most closely 
that of the untreated palladium catalyst after the first recycle. 
Thus exposure to norbornadiene has an inhibiting effect on 
polymer A. This could arise either from formation of a nor- 
bornadiene-palladium complex with reduced catalytic activity 
but still bound to the polymer or to metal leaching by dis- 
placement of the polymeric phosphine ligands by norborna- 
diene with formation of a soluble palladium complex. 

If the first and last portions of the data from the kinetic 
study on fresh polymer A (Table I) are analyzed separately, 
a change is observed in the apparent rate constant during the 
course of the run. The initial value for the rate constant is high 
but this decreases to a value matching that observed for the 
first recycle by the end of the run. This eliminates metal 
leaching from the support as the cause of the catalyst deacti- 
vation, since a rate increase during the course of a run would 
be expected if this were the case. 

The cause of the drastic rate decreases during the third and 
fourth recycles of polymer A is unclear. Possibly upon re- 
peated recycling oxygen or peroxides oxidize some of the 
polymer-anchored phosphorus atoms to phosphine oxide 
units, which can lead to metal leaching from the polymer, and 
this becomes an important factor after the catalyst is recycled 
several times. 

Recycling studies on polymer B indicate that this catalyst 
is almost twice as active as polymer A during the initial run 
but that  this activity is rapidly lost on recycling. Insufficient 
information is available to explain this rapid loss of activity 
for polymer B upon recycling. 

Comparison of the rate constants for polymer B and the 
analogous soluble complex [(C6H5)3P]2PdC12 (Table I) shows 
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that  the soluble complex is more than 100 times as active as 
polymer B. A major cause of this rate difference is likely to  be 
the slower diffusion of the quadricyclane to  the catalyst sites 
inside the polymer matrix. Similarly large rate decreases 
(factors of 2 to  85) were observed with polystyrene-anchored 
(RnP)3Rh(CO)H relative to  analogous soluble monomeric 
rhodium(1) catalysts when these catalysts are used in hydro- 
formylation reactions.'S 

It is also instructive to compare the relative activities of the 
new polymer-supported palladium(I1) catalysts for the con- 
version of quadricyclane (11) to norbornadiene (I)  with the 
previously reported polymer-supported catalysts for this re- 
action. A fresh batch of the polystyrylbipyridinepallad- 
ium(0) catalyst containing 7.59% palladium was reported to 
have a half-reaction time of 40 min12 which is, within experi- 
mental error, essentially identical to the observed half-reac- 
tion time for our new polystyrene-anchored phosphine pal- 
ladium(I1) catalyst containing only 0.70% palladium. Thus 
our new polymer-supported palladium(I1) catalysts are con- 
siderably more efficient on a metal content basis than the 
recently reported12 polymer-supported palladium(0) catalyst. 
Even more striking is the reported1' complete lack of catalytic 
activity of a polystyrene-anchored bipyridinepalladium(I1) 
acetate catalyst compared with the considerable activity of 
the polystyrene-anchored phosphine palladium(I1) chloride 
catalysts reported here. Thus the complement of ligands 
around the palladium(I1) in these polymer-supported cata- 
lysts is very critical in affecting their catalytic activities for 
the conversion of norbornadiene to quadricyclane. 

The  new polymer-supported palladium(I1) catalysts re- 
ported in this paper are considerably less active on a metal 
content basis than the previously reported1' polymer-sup- 
ported cobalt(I1) tetraarylporphyrin catalysts. For the cobalt 
catalysts the rate constants k ,  fall in the range 1.8 to  3.9 s-l 
(g atom/L)-l depending upon the precise conditions used, 
whereas for the palladium catalysts reported here (Table I) 
the corresponding rate constants k ,  are 0.63 s-l (g atom/l)-' 
or lower. For this reaSon and because of the higher cost of 
palladium relative to cobalt, the polystyrene-supported 
phosphinepalladium(I1) chloride catalysts are considerably 
less promising than the polystyrene-supported tetraaryl- 
porphyrincobalt 111) catalysts for use in a practical solar energy 
storage system based on the norbornadiene-quadricyclane 
interconversion. We have therefore discontinued further de- 
velopment of the polymer-supported palladium(I1) catalysts 
reported here. 

Experimental Section 
All reaction solvents were distilled under a nitrogen atmosphere 

from an appropriate drying agent before use (metallic potassium for 
tetrahydrofuran and cyclohexane and calcium hydride for benzene 
and xylene). Microanalyses on the polymers were performed by 
Schwarzkopf Microanalytical Laboratory, Woodside, N.Y. 

Diphenylphosphinated Polystyrene. A 50-mL flask fitted with 
a septum and magnetic stirrer and connected to a positive pressure 
nitrogen system was charged successively with 7 mL (5.4 g, 47 mmol) 
of N.N,N',N'-  tetramethylethylenediamine, 10 mL of aromatic-free 
cyclohexane, and 15 mL of 1.6 M n-butyllithium solution (24 mmol). 
The resulting mixture was heated at 50 "C for 15 min and then cooled 
to room temperature It was then added with a syringe to a flask 
containing 15 g of macroreticular polystyrene beads (Dow No. 4022, 
20 to 50 mesh) and 100 mL of aromatic-free cyclohexane. The re- 
sulting mixture was heated with stirring at 50 "C for 2 h under a ni- 
trogen atmosphere. After cooling to room temperature the cyclo- 
hexane solution uas removed with a syringe. The lithiated beads were 

then washed with six 25-mL portions of aromatic-free cyclohexane 
with all transfers made through a septum using a syringe. The beads 
were then washed once with 50 mL of tetrahydrofuran before being 
suspended in another 50 mL of tetrahydrofuran. This suspension was 
treated slowly with 8.0 g (36.3 mmol) of freshly distilled (CsH&PCI 
in 25 mL of tetrahydrofuran. Some evolution of heat was observed 
at this point. After addition was complete, the slurry was allowed to 
stir overnight. The next day 10 mL of methanol was added to the 
slurry to destroy any excess lithated sites. Up to this point the lithiated 
beads must contact only inert atmospheres and dry oxygen-free sol- 
vents to prevent loss of the lithiated sites and introduction of phenolic 
functionalities. The beads were then recovered on a filter and washed 
by stirring overnight successively in 200 mL each of methanol, 1:1 
methanol-tetrahydrofuran, and pure tetrahydrofuran. The beads 
were then vacuum dried. 

Preparation of the Polystyrene-Anchored Phosphinepalla- 
dium(I1) Chloride Catalysts. A mixture of 0.5 g (2.8 mmol) of pal- 
ladium(I1) chloride and 10 mL of acetonitrile was stirred overnight 
to form yellow (CH&N)ZPdC12. This solution was treated with 50 mL 
of benzene and 10 g of diphenylphosphinated polystyrene. The re- 
sulting slurry was stirred for 2 days under nitrogen. The beads were 
recovered on a filter and washed by stirring overnight in 100 mL of 
benzene. After vacuum drying the beads were analyzed and used for 
the catalytic studies. 

Kinetic Studies on the Polystyrene-Anchored Phosphi- 
nepalladium(I1) Chloride Catalysts. To a 10-mL flask fitted with 
a septum and magnetic stirrer was added approximately 0.1 g of the 
desired catalyst. The flask was then allowed to  equilibrate in a 30 "C 
(f0.1 " C )  water bath. In a separate flask 10.0 mL of a benzene or xy- 
lene solution which was 1.0 M in quadricyclane and 0.5 M in an in- 
ternal standard (p-xylene or benzene) was equilibrated in the same 
water bath. After equilibration was complete the benzene solution 
was transferred to the flask containing the catalyst. Ten-microliter 
aliquots were removed periodically from the reaction solution, diluted 
to 0.2 mL in pentane, and analyzed by vapor-phase chromatography 
on a Varian Series 2700 chromatograph with flame ionization detec- 
tion. Separations were carried out on a 6 ft X l/g in. stainless steel 
column packed with 7.8% SF-96 Apiezon N on 60-80 mesh Chromo- 
sorb W. Quantitative data were obtained using internal standard 
calculation techniques from a Varian C D C - I l l  or Perkin-Elmer 
Model 1 digital integrator. The rate constants were calculated using 
equations generated by a linear least-squares computer program. 
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