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Summary

The reactions of polymeric analogs of benzyl-diphenylphosphine and
-triphenylphosphine with a variety of metal carbonyls have been examined
using both thermal and photochemical techniques. Metal derivatives of both
linear polymers and swellable cross-linked resins have been synthesized in this
manner. The catalysis of hydrof rmylation and isomerization reactions have
been studied using a polymeric derivative of dicobalt hexacarbonyl. The cata-
lyst could be very easily recycled and gave product yields in the hydroformyla-
tion of pentenes quite similar to those reported earlier using the corresponding
homogeneous species. The cyclization of ethyl propiolate has also been carried
out using a new polymeric nickel complex. Benzene isomers are isolated during
the initial use of this catalyst whereas cyclooctatetraene isomers, in addition,
are observed using the recycled catalyst.

Introduction

A survey of the very recent literature dealing with organometallic catalysts
quickly reveals that possibly the most exciting new area of endeavor in this
field concerns the enormous synthetic utility of homogeneous catalysts bound
to polymeric matrices. Indeed, these new systems, although heterogeneous in
nature, display many of the desirable characteristics indigeneous to homoge-
neous catalytic systems.
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** Ajr Force Postdoctoral Fellow, 1971—1973. Presented address: Department of Chemistry, State
University College, Fredonia, New York, 14063.
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=*x=* Research participant employed at Tuscaloosa County High School, Northport, Alabama.
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Although a number of biochemical studies have appeared in the last
decade in which the action of enzymes (i.e. biochemical catalysts) bound to
organic polymeric or glass supports have been studied [1], the concept of
binding known homogeneous catalysts to solid-phase supports was introduced
more recently by the work of Haag and Whitehurst, of Mobil Oil, who demon-
strated the catalytic utility of salts of Pt(NH;)3* with polymeric sulfonate
counterions [2] and more recently the catalytic applications of heterogeneous
species obtained by the coordination of RhCl; to polymers containing pendant
phosphine units [3].

Other advances in this area have been recorded by Moffat, who in 1969,
reported the catalysis of hydroformylation reactions utilizing a poly-2-vinyl-
pyridine/Co, (CO)g system [4]. A more recent report has emphasized the use
of this system as a “‘catalyst reservoir’’ suitable for the release of small amounts
of cobalt carbonyl under hydroformylation conditions followed by its uptake
after completion of the reaction {5].

Manassen, in addition, has reported the catalysis of hydroformylations
and hydrogenations using polymeric phosphine ligands coordinated to rhodium
complexes [6]. The catalysis of hydrosilation, hydrogenation, and hydrofor-
mylation reactions has been described by Capka et al. also by employing rho-
dium complexes coordinatively bonded to polymeric phosphine ligands [7].

Grubbs and co-workers [8] uniquely demonstrated the hydrogenation
selectivity as a function of substrate molecular bulk afforded by a form of
Wilkonson’s catalyst [i.e. CIRh(PPh;);] when bonded to a rigid polymeric
matrix. More recently, they have prepared an unusual monomeric titanium
catalyst generated and stabilized by coordination to a polymer matrix [9}].
Bailar’s group has also reported the selective hydrogenation of soybean methyl
ester to monoene and diene products effected by the use of palladium(II) and
platinum (II) chlorides bound to a polymer with pendant phosphine units {10].

Collman and co-workers [11] have examined coordination characteristics
and catalytic activity of numerous homogeneous complexes of iridium, rho-
dium, and cobalt bound to polymeric resins and have, in addition, prepared a
very novel arene hydrogenation catalyst through the aerial oxidation of a
polymer-supported polynuclear rhodium carbonyl.

That research efforts in this field have received much emphasis may be
further concluded from the publication of several recent reviews {12 -14]
discussing the ramifications of research in this nebulous ‘“‘grey’’ region which
promises to bridge the gap between the formerly distinct areas of homogeneous
and heterogeneous catalysis. Hopefully, these will provide a clearer under-
standing of the molecular function of the truly heterogeneous systems.

We would now like to report recently completed work dealing with the
preparation of numerous metal carbonyl derivatives of both linear and cross-
linked polymeric phosphine ligands. Three of these derivatives have been found
to display very useful hydroformylation, isomerization and oligomerization
catalytic properties which compare favorably with those of the corresponding
purely homogeneous species, although several distinct differences have been
noted.
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Results and discussion

Due to the wide variety of known transition metal organometallic species
containing coordinated phophines, a vast array of polymer-bound catalysts may
be envisioned in which the active metal is directly coordinated to an insoluble
polymeric phosphine ligand. However, since the paths of a number of these
homogeneously catalyzed reactions are known to be very dependent upon the
amount of free ligand (i.e. phosphine) present, it was of foremost interest to
study the coordination properties (i.e. substitution and exchange) of a variety
of preformed metal complexes in the presence of polymeric ligands.

Hence, we have examined a large number of reactions of metal carbonyls
with polymeric analogs of both benzyl-diphenylphosphine and -triphenyl-
phosphine in terms of the extent of metal incorporation onto the polymers and
the properties of several of these species as catalysts in organic reactions.

Preparation of polymeric ligands

Both the linear and cross-linked polymeric analogs of benzyldiphenylphos-
phine (I and II) were synthesized by the reaction of lithium diphenylphosphide
(LiPPh, ) with the corresponding chloromethylated polystyrene and styrene/
divinylbenzene resin, respectively (Scheme 1 and Table 1). Elemental analyses
of the products indicated that the reactions proceeded nearly to completion
with typically only a small amount of residual chlorine (i.e. < 0.08%) remaining
on the polymer. A sample of the corresponding polymeric analog of triphenyl-
phosphine, ITI, had been prepared by the reaction of LiPPhs and brominated
styrene/divinylbenzene resin* but was found to contain a significant amount of
residual bromine, indicative of the greater difficulty inherent in carrying out
nucleophilic displacements on halogenated arenes.

CICH,0C,Hg .
Snci, Li'PPn;

N CH,CL T CH=PPh
linear O.I' 2 Li + CLPPhy 2z 2
cross-linked (I linear

(Il)resin
Br,/Fe Litpen;
—_— >
Br PhyP:

(II)resin

SCHEME 1. Methods used in the preparation of polymeric ligands of types I, 11, and 1I1.

* Kindly provided by R. Hanes of this laboratory.
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TABLE 1
PROPERTIES AND ELEMENTAL ANALYTICAL DATA FOR POLYMERIC LIGANDS

Compound?® Per cent Mesh Exclusion Elemental
cross-linking Mmit analyses found
P Cl Br
I 0 (linear) 4.95 0.07
IIa 2 200 - 400 2700 2.47 0.06
I1b 1 200 - 400 14600 3.43 0.08
Ic 1 200 - 400 14000 3.00 0.05
iia 1 200 - 400 14000 1.76 0.30
I 1 200 - 400 14000 3.22 1.15

“CompoundsI and II are diphenylphosphinomethylpolystyrene derivatives while IiI is diphenylphosphino-
polystyrene.

Reactions of polymeric ligands with metal carbonyls

In all systems studied (Table 2, Scheme 2) the reactions of the metal
carbonyls with the polymeric ligands were found to proceed smoothly in a
manner not unlike the reations between the carbonyls and monomeric phos-
phines themselves. Both the linear polymer, I, and the cross-linked resins, II,
were found to be quite reactive and, in general, a high percentage of metal was
incorporated onto the polymers based upon the available phosphine present
(Table 2).

Although thermal methods have previously been shown to be effective in
the preparation of polymeric substitution products, we now report the first
instances in which metals have been bound within the pores of a transparent
swollen resin, utilizing photochemical techniques. Reactions of Mo(CO)g and
W(CO)g with Ila were carried out both thermally and photochemically and the
latter method appears to have been at least equally as efficient in incorporating
the metal. Similar results were observed when Cr(CQO); was reacted thermally
and photochemically with the linear polymer, I.

All polymers were characterized by their infrared spectra recorded in KBr
pellet form, and elemental analytical data. The form of the CO stretching spec-
tra of these polymeric derivatives, as expected, were found to be quite similar
to the related derivatives earlier prepared using monomeric phosphines. Al-
though the reactions were carried out using a molar excess of the metal car-
bonyl, the CO stretching spectra of the resin-bound derivatives of the Group VI
hexacarbonyls and iron pentacarbonyl (Fig. 1) clearly indicated that significant
amounts of the t#rens-disubstituted derivatives had formed. This observa-
tion attests to the high degree of mobility of the coordination sites within these
matrices containing a low degree of crosslinking. Collman and co-workers [11]
earlier emphasized this mobility and the general tendency toward chelation in
the reactions of resin-substituted triphenylphosphine with IrCl(CO)(PPhj ),
and RhC](CO)(PPhg),.

This tendency toward chelation was more clearly pronounced in the reac-
tion of Co,;(CO)s with the cross-linked polymeric ligand, IId. The initial pro-
duct in this reaction, which forms very rapidly, was found to be the brown
polymeric analog (XXIII) (Scheme 2) of [Co(CO)3;(PPh;).]"{Co(CO). 1"
which is known to form in the reaction of PPhy and Co,(CO)s [15]. In
analogy to the latter compound, the polymeric ionic derivative could easily be

{Continued on p. 302)



299

a

—

* : s —— : > v : : N . : .
2200 20001900 1600 2200 2000 19001800 2200 2000 1900 1800 2200 2000 1900 1800

Fig. 1. CO stretching spectra (cm™!) of linear and cross-linked polymeric derivatives of Fe(CO)s5 (X1l and
XVII, respectively) and Cr(CO)g (V and XIII, respectively) indicating the relative amounts of monosub-
stituted (unlabeled bands) and disubstituted (bands labeled a) species.
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3CHEME 2. Typical reactions which occurred between metal carbonyls and polymeric ligands
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converted, upon heating in dimethoxyethane at 70°, to a neutral derivative
(XX1V), which is an analog of Co,(CO)g (PPhj ), . This was confirmed by the
similarity of the CO stretching spectra of these two compounds [16]. Both
exhibit a single major absorption, although it is found to be quite broad in the
case of XXIV. XXVI and XXXI were prepared in a similar manner.

Moreover, the reaction between Co,(CO)g and the linear soluble poly-
meric ligand, I, gave rise to an analogous brown ionic complex, VIII, which
rapidly precipitated upon mixing the reagents, presumably due, in part, to
the cross-linking introduced by the coordination of the Co(CO); moiety to
different chains. This compound could also be converted to the neutral form,
IX, which displayed low solubility in organic solvents.

In addition to carbonyl substitution reactions, phosphine exchange reac-
tions were employed in binding both Ni(CQ), (PPhj3), and RhCl(CO)(PPh;),
to polymeric resins. Both species were of interest due to their potential cata-
lytic applications. With the former compound, both photochemical and ther-
mal means were found to be effective in promoting the exchange reactions with
the polymeric ligand Ila giving XIX and XX, respectively. The rhodium com-
pound which, in a report by Collman [11], had been attached to a polymeric
analog of triphenylphosphine, was bound te Ilc by stirring the reactants at
room temperature for three days yielding XXVII. Heating the reactants at 60°
for five days was found to only slightly affect the rhodium content.

The polymeric nickel and rhodium derivatives displayed two and one CO
stretching bonds respectively, indicative in the former case that very litile of
CO substitution had occurred giving a monocarbonyl derivative. Measurements
of the amount of phosphine displaced per mole of metal incorporated, how-
ever, were not made, although Collman has reported that the degree of chela-
tion was very high in his rhodium derivative [11].

Hydroformylation reactions using polymeric cobalt and rhodium catalysts

It has long been known that Co,(CO)g is a very useful catalyst for the
hydroformylation of olefins [17]. However, much attention has been directed
recently towards the conditions required and the yields obtained when phos-
phine substitution products of this catalyst were used [18 - 22]. In general, it
has been found that, although the rate of hydroformylation is decreased, the
use of Co,(CO)g(PR3)2 (where R = alkyl or aryl) leads to significantly greater
ratios of linear/branched aldehydes and alcohols. In addition, it has also recent-
ly been shown that the disubstituted derivatives are catalytically active under
much lower pressures [21] than the unsubstituted form. Furthermore, based
on the very similar linear/branched product ratios observed when 1-hexene and
2-hexene have been studied, the substituted catalysts appear to be very effec-
tive isomerization agents, presumably due to the formation of HCo(CO); (PR3)
intermediates [18,19]. Likewise, HCo(CO), has long been known to be an
active isomerization catalyst [23]. We have thus examined the hydroformyla-
tion of 1- and 2-pentene using the new polymeric cobalt derivatives XXIV,
XXVII, and XXXI with a view toward determining any significant differences
in catalytic behavior between these and their purely homogeneous analogs.

Reactions typically carried out at total pressures of approximately
1000 psi (1/1; H,/CO) for about 7 hours using XXVII as the catalyst, revealed
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that at temperatures in the range of 145 - 150° 1-pentene undergoes nearly
complete conversion to a mixture of isomeric aldehydes accompanied by a
small amount of pentane (< 4%) (Table 3). Under these conditions the linear/
branched ratio of products is generally of the order of 2/1, a result not unlike
that found using homogeneous phosphine-substituted cobalt carbonyls. Very
similar results were obtained when polymer XXIV, containing a smaller amount
of phosphorus and cobalt, was used.

The polymeric catalysts, which may be recovered simply by filtering the
reaction mixture in air and washing with benzene, may be immediately recy-
cled in subsequent reactions with essentially no change in catalytic behavior
(Table 3). However, washing of the resin must be completed rather hastily;
otherwise, the recovered polymer oxidizes readily to a greenish-colored com-
pound which exibits no CO stretching bands.

Moreover, XXVII has been found to be active in the hydroformylation of
1-pentene at the relatively low pressure of 400 psi (1/1; H, /CO) much below that
required for Co,(CO)g and similar to results reported for Co; (CO)g(PR3)s
[21]. However, the majority of reactions were carried out at 1000 psi because
of the excessive pressure drop during the reaction. When the reaction
temperature was increased above 150 -155° catalyst XXVII was found to
promote the formation of the corresponding linear and branched alcohols.
This, however, is not surprising in view of the fact that Slaugh and Mullineaux
[21] have reported high conversions of 1-pentene to alcohols using Co; (CO)g -
(PR;), derivatives in the range of 150 - 195°. The ratio of linear/branched
products appears to decrease considerably at higher temperatures and was
found to be only about 1.4/1.0 at 171°. The formation of high molecular
weight compounds, presumably due to condensation reactions, also becomes
noticeable at higher temperatures.

Use of catalyst XXXI, the cobalt carbonyl derivative of the polymeric
analog of triphenyvlphosphine, was found to give results similar to those ob-
served for catalyst XXVII (Table 3). The ratio of linear/branched products at
146° was observed to be about 1.5/1, somewhat lower than that observed for
XXVII. It also is observed to decrease with increasing reaction temperatures
(Table 3). Furthermore, this ratio is significantly less than that reported by
Slaugh and Mullineaux [21] using Co,(CO)g(PPh3), at 195° (3.0/1.0). This
latter observation is somewhat surprising in view of the fact that a sterically
hindered polymer-bound cobalt hydride intermediate, in contrast to the purely
homogeneous species, would be expected to exhibit an even greater preference
for the formation of a normal alkyl intermediate and thus a greater linear/
branched product ratio. Furthermore, the presence of the polyethylene back-
bone bound to the triphenylphosphine ligands would be expected to reduce the
acidity of a cobalt hydride intermediate somewhat, leading to more anti-Mar-
kownikov addition in the heterogeneous species, also favoring the linear pro-
ducts. Reasons for the observed behavior are not presently understood.

The hydroformylation of 2-pentene using XXVII as the catalyst was also
found to proceed guantitatively and result in a linear/branched product ratio of
2.1/1.0, very similar to that observed using l-pentene as the substrate. This
result is not unexpected in view of Tucci’s report that nearly identical product
distributions were obtained from 1-hexene (3.0/1.0) and 2-hexene (3.0/1.0)
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using HCo(CO); (PBuy) as a catalyst [18]. Indeed, this strongly suggests that
the active intermediate in our reactions, most probably a polymeric cobalt
hydride (i.e. polymer—Co(CO)3H), can function as an effective isomerization
catalyst (see isomerization reactions).

The form of the organometallic moiety on the recovered catalyst was of
foremost interest to us since it exhibited a CO spectrum (five bands; see Foot-
note d, Table 3) significantly different than that of the starting polymers,
which exhibit a single major broad band. Although there is some chance that
the catalyst may be isolated from the reaction mixture at least partially in the
form of a cobalt hydride (i.e. polymer—Co(CO); H), previous work with mono-
meric species of this type has shown that they are generally unstable at room
temperature. However, the fairly rapid oxidation of our resins if left standing in
the atmosphere for short periods of time before washing may, indeed, suggest
the initial presence of hydrido species stabilized by pockets of H, and CO
within the matrix. Moreover, it has been shown that Co, (CO)g (PPhj ), is readi-
ly converted under a CO atmosphere to Co,(CO);(PPhs) which reportedly
exhibits CO stretching bands at 2079 m, 2026 m, 2010 sh 1996 s and 1964 m
em~ ! {24]. Furthermore, direct evidence has been reported for this species
under hydroformylation condition when Co,(CO)g (PPhy), was introduced as
the catalyst [25,26]. Hence, we strongly feel that, on the basis of the similarity
of the CO stretch spectrum of our recovered catalyst with that of Co, (CO);-
(PPh,), that it consists primarily of a mixture of the dicobalt heptacarbonyl (i.e.
polymer—Co, (CO)-; ) derivative along with some of the initial disubstituted
species. This, however, does not rule out the possibility that a hydrido species
is initially present upon isolation of the resin from the autoclave.

Conversion of the original disubstituted complex to a monosubstituted
under CO immediately suggests that some cobalt carbonyl may in fact be
released from the support under reaction conditions. Indeed, in nearly all of
the experiments described above, a small amount of Co,(CO)g is found to be
released, resulting in the formation of yellow to yellow-brown product solu-
tions. This, in fact, does become more apparent in the reactions carried out at
elevated temperatures. Accordingly, the cobalt content of XXVII was reduced
from 5.68% to 3.32% during its use in three sequential reactions (Table 3,
Footnote e). It seems feasible that this loss of Coy(CO)g could be minimized
by the equilibration of the reaction mixture following release of the CO and H,
pressure. In this way the Co,(CO)g could rapidly recoordinate with free phos-
phine sites within the polymer in much the same manner described hy Moffat
[5] in a poly-2-vinylpyridine/cobalt carbonyl system. Such studies are in progress.

Preliminary hydroformylation studies of 1-pentene utilizing polymeric
catalyst XXVIII, derived from RhCI(CO)(PPh3), [27] and the polymeric
ligand Ilc, revealed that this species is quite active under considerably milder
conditions. Reactions carried out at 70° and 400 psi total pressure (H, / CO;
1/1) have resulted in complete conversion of 1l-pentene to a mixture of
aldehydes. The linear/branched product ratio was observed to be about 3.0/1.0
with no alcohols observed. Both the unaltered CO stretching spectrum of the
recovered catalyst and the clear reaction solutions suggest that the rhodium
moiety remains firrnly bound to the polymer during the reaction.
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The major drawback to the widespread use of homogeneous rhodium
catalysts, although often active under mild conditions [27], has been their
initial expense coupled, of coursz, with the loss of metal during recovery. The
latter problem, it seems, may now be largely circumvented using this matrix
technique, very possibly signaling the advent of widespread usage of more costly
metal species in such systems.

Oligomerization of ethyl propiolate with polymeric catalyst XXV

Ni(CO)2 (PR3 )2 (R = alkyl or aryl) complexes serve as active catalysts for
the oligomerization (i.e. cyclotrimerization and polymerization) of a wide
variety of acetylenic compounds [28,29]. Ethyl propiolate has been found to
be one of the most reactive substrates with Ni(CO), (PPhg )., reportedly being
converted in 95% yield to a mixture consisting of 6% 1,3,5-tricarbethoxyben-
zene and 89% of the 1,2,4-trisubstituted isomer [30]. In reactions of this
type, the spent catalyst has been reportedly recovered in the form of nickel
oxides and phosphine oxides during work-up of the reaction mixtures. Hence,
we have examined the oligomerization of ethyl propiolate in the presence of
resin XXV, containing bound nickel dicarbonyl phosphine units, in view of its
possible recycling characteristics and to examine the product yields.

Reactions were carried out by stirring a suspension of the catalyst beads in
the presence of ethyl propiolate using either benzene or THF as a solvent under
N, . In either case, the catalyst (initially light yellow) gradually acquired a dark
brown color during a 15 - 20 minute induction period. However, when benzene
was used as the solvent, this culminated in a highly exothermic reaction accom-
panied by considerable gas evolution presumably caused by rapid displacement
of the CO ligands. The solutions were then heated for eight hours at about 70°.
Work-up of the THF reaction mixture led to a yield of 5.8% 1,3,5-tricar-
bethoxybenzene and 74.5% of the 1,2,4-tricarbethoxybenzene by weight
based on the amount of ethyl propiolate used (Table 5). The use of benzene as
solvent led to lower yields as did the use of THF when stirred at room tempera-
ture.

The dark brown catalyst recovered under N, from the initial THF reac-
tion mixture was found to be active in a second reaction converting only a
slightly lower percentage of ethyl propiolate. However, now the product mix-
ture surprisingly consisted of cyclooctatetraene isomers, identified by NMR
and mass spectrometry, in addition to the two benzene isomers. Further recy-
cling of the catalyst led to significantly decreased conversions of the substrate
but the yield of the cyclooctatetraenes relative to the benzene isomers in-
creased. Moreover, recovery of the resin in the air from an initial THF reaction
led to large reductions in the conversion in subsequent reactions using this
catalyst although the cyclooctatetraene products were still observed. Yields of
sequential reactions carried out in benzene, in contrast to THF, seemed to be
little influenced by the method used for catalyst recovery, but the 8-membered
rings were still observed in these systems in the second and succeeding runs.

An attempt to elucidate the structure of the organometallic moiety on the
recovered catalysts has met with little success. These dark brown resins contain
no coordinated CO ligands but do exhibit intense ester CO absorptions in the
IR. No evidence is observed in the IR for a C=C stretching vibration. Most
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TABLE 5

RESULTS FROM THE ISOMERIZATION OF ALLYLBENZENE WITH POLYMERIC CATALYST
XXVIie

Cata.lystb- d Substrate Temperature Products®

® (mb) o Allylbenzene cis-Propenyl trans-Propenyl-
benzene benzene

0.5 5.0 1316 89.5 1.3 9.2

0.5 5.0 136 15.2 6.7 78.1

0.5 5.0 146 123.8 6.8 79.4

none 5.0 176 95.0 1.0 4.0

@Reactions carried out in autoclave under 150 psi H, for 6 hours. PContains 5.68% Co. Mole per cent.
dco stretching spectrum of recovered catalysts: 1988(m-s), 1922(s).

surprisingly, however, elemental analysis of a resin recovered after having recy-
cled it three times in the THF reaction mixtures was found to contain a very
high percentage of oxygen compared to that in the initial catalyst (Table 4,
Footnote e). Analysis of a resin recovered from a single reaction in benzene was
also found to have a comparable percentage of oxygen (11.93%). This high
oxygen content i‘mmediately suggests that each metal must be coordinated in
some manner byVseveral of the ethyl propiolate molecules (ca. 4 or 5 mole-
cules). Indeed, these possibly may be bound in the form of a macrocyclic ring
system. Work is now proceeding on the study of similar derivatives of the linear
polymers in hopes that additional structural information may be obtained in
order to understand the reasons for the formation of the cyclooctatetraene
derivatives.

Isomerization of allylbenzene )

HCo(CO),4 has been known to be an active isomerization catalyst for some
time [23], although the exact mechanism by which it acts, whether of the
addition-elimination or w-allyl type, is still not certain. Results of our hydro-
formylation studies using XXVII have suggested that under H, this catalyst
also may promote olefin isomerization. Hence, we have examined the isomer-
ization of allylbenzene in the presence of XXVII under H, at several tempera-
tures (Table 5). We have found that indeed, above 130 - 135° allylbenzene is
effectively isomerized over a six hour period to a mixture of cis- and trans-
propenylbenzene with some residual allylbenzene. The yields, of course, are
found to be temperature dependent although little difference exists between
the results of reactions at 146 and 171°. The form of the organometallic
moiety of the recovered olive-colored catalyst is yet unknown. The two car-
bonyl stretching bands of catalyst XXVII (Table 5, Footnote d) are less intense
in the spectra of resins recovered from the high temperature reactions.

Experimental

Samples of all organometallic compounds were obtained from Pressure
Chemical and used with no further purification. THF and benzene were dried
over calcium hydride and distilled immediately before use. Ethyl propiolate
(Columbia Organics) was distilled under vacuum and a center cut collected.
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Allylbenzene (Columbia Organics), 1-pentene (99%, Chemical Samples) and
2-pentene (Columbia Organics) were used as purchased.

Infrared spectra, recorded on a Beckman IR—33 instrument, were ob-
tained using KBr pellets of both the linear and cross-linked polymer samples.
NMR spectra of the products from oligomerization studies were recorded on a
Hitachi—Perkin—Elmer R20B (60 MHz) instrument using TMS standards.

Mass spectra of products from the catalytic reactions were recorded on a
CEC 21-—104 instrument at 70 ev using a direct probe inlet. The molecular
weight of the linear polymeric ligand, I, was measured on a Waters Associates
GPC/ALC 301 gel permeation chromatograph. A universal calibration tech-
nigue was used.

VPC chromatograms were recorded for product mixtures from hydro-
formylation and isomerization reactions on the Varian Aerograph Model 90-P.
An 8 ft. column consisting of 15% SE-30 deposited on Chromosorb P (non-acid
washed) was used. Mixtures of allylbenzene, cis-propenylbenzene, and trans-
propenylbenzene were effectively separated at a column temperature of 150°.
Pentane and 1-pentene were separated at 50° while the mixtures of six-carbon
linear and branched aldehydes and alcohols were separated at 125° - 135°.

Preparation of polymeric ligands

Preparation of polymeric ligands was carried out according tc methods
[7,8,31] very briefly outlined in the literature involving the reaction of lithium
diphenylphosphide (i.e. Li*PPh, ) with linear and cross-linked chloro-
methylated polystyrene to give polymers I and II respectively. Polymer III*
was prepared by the reaction of Li*PPh, ™~ and brominated polystyrene.

Linear diphenylphosphinomethylpolystyrene. Linear chloromethylated
polystyrene (M, = 18,000*%*) was prepared by the method of Pepper, Paisley,
and Young {32] involving the reaction of chloromethylethyl ether with poly-
styrene using a SnCl, catalyst. It was purified by precipitating THF solutions
of the polymer into large volumes of petroleum ether. The dried polymer (15.9 g,
7.49% Cl; 31.6 mmol Cl) was then stirred with an excess of Li*PPh,~ (0.10
mol) for 22h. Following hydrolysis with 70ml of saturated NH,Cl
solution, the mixture was transferred to a separatory funnel under N, and the
aqueous layer removed. The THF layer was then slowly added to 1700 ml of
petroleum ether, resulting in the precipitation of the white polymer. After
allowing the precipitate to settle overnight the product was collected by filtra-
tion and stirred in water for one day and was again filtered and redissolved in
150 ml of THF and reprecipitated in 1200 ml of petroleum ether. A third
reprecipitation was carried out and the recovered polymer was dried under
vacuum for twc days yielding 14.8 g of product.

Cross-linked diphenylphosphinomethylpolystyrene. Chloromethylated
styrene/divinylbenzene resin (30g, Bio-Rad SX—1, 1% cross-linking,
1.29 m. eq. Ci/g) swollen in 200 ml of THF was slowly added to 120 ml of a
THF solution of Li*PPh, ™ (0.14 moles). After stirring for 24 hours, the mix-
ture was added to 500 ml of wet acetone under N,, hydrolyzing excess

* Furnished by Ronald Hanes of this laboratory.
** By gel permeation chromatography.
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Li*PPh, . After filtration, the resin was washed with 300 ml acetone followed
by 200 mi water and 200 ml THF. The final two washings were repeated and
finally the resin was washed with liberal amounts of petroleum ether. After
drying under vacuum for two days, 33.0 g of dry resin was collected.

Preparation of polymeric metal carbonyl derivatives

Due to the large number of derivatives which have been prepared using
both linear and cross-linked polymeric ligands, we have included below des-
criptions of typical reactions of each type. These reactions are classified accord-
ingly as (i) carbonyl substitution reactions, (ii) phosphine exchange reactions
and (iii) the reaction of Co,(CO)s with polymeric ligands, somewhat unusual
in its behavior. Conditions for other similar reactions are included in Table 2.

(i) Carbonyl substitution reactions

Photochemical reactions

The compounds M(CO)g (M = Cr,Mo,W), CpMn(CO);, and Mns(CO); ¢
were bound to polymeric ligands by photochemical techniques. Included below
are typical reactions of CpMn(CO); and Cr(CO)g with the linear and cross-
linked polymers, respectively.

Cross-linked polymeric ligands. 1la (0.50g; 0.40 mmol P) and
Cr(CO)s (1.0 g; 4.55 mmol) were added to 25 ml of toluene with stirring. After
purging the solution with N5, a water-cooled cold finger was introduced, and
the suspension irradiated for 24 h with a Hanovia Type SH mercury arc lamp at
a distance of 6 in. After termination of the reaction, the mixture was filtered
and washed with liberal amounts of toluene and then strred in 25 mi of toluene
overnight. The filtered yellow resin was dried under vacuum (0.55g).

Linear polymeric ligand. MeCpMn(CO); (1.0 g; 4.9 mmol) and 0.40 g of
the linear polymeric ligand, I (0.32 mmol P), were dissolved in 30 ml of
toluene. A water-cooled cold finger was introduced and the N, purged solution
irradiated for 21.5 h with stirring. After filtering off some decomposition pro-
ducts, the polymer was precipitated by slowly adding the solution to 800 ml of
petroleum ether. The light brown polymer, collected by filtration, was redis-
solved in 25 ml of toluene and reprecipitated into petroleum ether. The
polymer was then dried under vacuum for 24 h giving 0.40 g of the light brown
powder.

Thermal Reactions

Cross-linked polymeric ligand. Cr(CO)¢(1.00 g; 4.55 mmol) and 0.50 g of
cross-linked resin, IIa (0.40 mmol P); were added to 20 ml of diglyme with
stirring. The flask was equipped with a reflux condenser and the contents
heated under N, at 100° for 1.25 h during which time the sublimed carbonyl
was manually returned to the flask. After cooling to room temperature the
suspension was filtered and washed liberally with toluene. After drying under
vacuum 0.75 g of light green resin was recovered.

Linear polymeric ligand. Cr(CO)g(0.90 g; 2.5 mmol) and 0.50 g of linear
polymer, I (0.78 mmol P), were added with stirring to 25 ml! of diglyme. This
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solution was heated for 1.25h under N, at approximately 100° while the
sublimed carbonyl was manually returned to the flask periodically. The filtered
reaction solution was added to 700 ml of rapidly stirred petroleum ether and
the resultant precipitate collected by filtration after settling overnight. The
polymer was reprecipitated by adding a 50 ml THF solution to 600 ml of
petroleum ether. The precipitate was collected and dried under vacuum for
24 h, yielding 0.64 g of whife polymer.

(ii) Phosphine exchange reactions

The two metal carbonyl phosphines, Ni(CO),(PPhs)s and RhCI(CO)-
(PPhj),, were bound to the cross-linked polymeric ligands by phosphine ex-
change reactions. With the former, reactions were carried out both photochemi-
cally and thermally whereas with the latter, reactions were performed only
thermally.

Photochemical reactions

Ni(CO), (PPh3)5(0.90 g; 1.41 mmol) and 0.30 g of ligand Ila (0.24 mmol
P) were irradiated for 21 h under N, according to the method outlined above
in (i). The resin was filtered and washed with 100 ml of toluene and then
stirred for one day in 50 ml of THF. It was then recovered by filtration,
washed with THF and dried under vacuum, giving 0.35 g of off-white resin.

Thermal reactions

RhCl(CO)(PPh3)5(1.0 g; 1.5 mmol) and 4.8 g of Ilc (4.7 mmol P) were
stirred in 55 ml of benzene at 27° for three days under N, . The suspension was
filtered and after washing with benzene, the resin was stirred twice in 50 ml
portions of benzene under N, for periods of 1 and 24 h. The filtered resin
washed with benzene and petroleum ether, was dried under vacuum yielding
4.47 g of the very light yellow product.

(iii) Reactions of Co,(CO)g with polymeric ligands

Cross-linked ligands. IIb (15.0 g; 16.6 mmol P) was suspended in 200 ml of
toluene uncer N,. To this was slowly added with stirring a 100 ml toluene
solution containing 9.0 g of Co,(CO)g (26.4 mmol) during a 15 minute period.
The dark brown solution was then stirred an additional three h. The dark
brown resin (XXVI) was collected by filtration and washed with 300 ml of
toluene and 200 ml of petroleum ether. This material was then heated under
N, at 69° for 27 h. The product was colleted by filtration and washed with
250 m! of petroleum ether. After drying under vacuum 17.7 g of the red-brown
material (XXVII) was collected.

Linear polymeric ligand. During a 15 minute period, a 50 ml solution con-
taining 1.20 g of Co3(CO)g (3.51 mmol) was added under N, to a stirred
100 ml solution consisting of 1.0 g of I (1.6 mmol P) dissolved in 100 ml of
toluene. A brown precipitate rapidly formed upon mixing. After stirring an
additional 0.5 h, the precipitate was collected by filtration and washed with
toluene and petroleum ether. This light tan material, VIII (1.3 g), was collected
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after drying under vacuum. Compound VIII (1.10 g) was suspended in 100 ml
of DME under N, and heated at 75° for 4 h. Filtration of the resin followed by
washings with toluene and petroleum ether and drying under vacuum led to
isolation of 0.60 g of the medium brown resin, IX.

Hydroformylation of pentene

In a typical reaction, 8 ml of dry benzene and 1.0 g of catalyst XXVII
(0.97 mmol Co) were introduced into a 160 ml Hoke bomb under N, . Follow-
ing the addition of 4.0 ml of 1-pentene (36.4 mmol) and the attachment of the
head, the system was evacuated three times while the contents were frozen in
liquid N, . The bomb was then pressurized to 980 psi with H, and CO(1/1) and
heated in an oil bath at 152° for 7 h. with shaking. During this period a 185 psi
pressure drop occurred. After cooling to room temperature the vessel was
vented and the contents filtered in the atmosphere, yielding a clear golden
filtrate along with the red-brown resin.

A sample of filtrate was injected into the gas chromatograph with the
column temperature at 40° in order to separate the pentane reduction product
from any unreacted 1l-pentene. The column temperature was then increased to
130° and the linear and branched hydroformylation products separated (see
Table 3). A column temperature of 250° was used to verify that no higher
boiling condensed products were obtained.

Isomerization of allylbenzene

Typically 5.0 ml of allylbenzene (37.9 mmol) and 0.50g of XXVII
(0.48 mmol Co) were charged into a bomb under N,. The system was then
evacuated during three freeze-thaw cycles using liquid N, . The vessel was then
heated for 6 h at 146° after filling with H, to a pressure of 155 psi. The bomb
was then cooled to room temperature and the pressure released. The contents
were then filtered in the atmosphere and the clear filtrate chromatographed at
150° by VPC (Table 4) and the relative amounts of allylbenzene, cis-propenyl-
benzene, and frans-propenylbenzene measured by integration.

The olive green catalyst was washed with 25 ml of benzene and 25 ml
petroleum ether and the dried under vacuum. An IR spectrum of the recovered
resin indicated the presence of two CO stretching bands (Table 5, Footnote d).

Oligomerization of ethyl propiolate

Reaction using catalyst in THF. In a typical reaction, 0.50 g of catalyst
(0.43 mmol Ni) was introduced into a side-armed flask containing 5.0 ml of
THF under N,. After stirring the resin for about 15 minutes, 2.0 ml of ethyl
propiolate (1.91 g; 19.5 mmol) was injected and the solution was further
flushed with N, for about one minute. During 15 min, the light yellow resin
gradually acquired a dark brown coloration. The suspension was then heated at
68° for 8 h. After cooling to room temperature, 100 ml of THF purged with
N, was introduced to the flask and after stirring for several minutes the suspen-
sion was filtered through a glass frit. The recovered resin was dried partially
under a stream of Ny on the frit. The viscous oily material, obtained by
concentrating the brown filtrate under vacuum, was then extracted with
320 m! of a refluxing CCl, /petroleum ether (1/4) mixture. The yellow extract
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was filtered, the soivents removed under vacuum, and the dark yellow oil
collected (1.54 g) corresponding to 80.5% conversion based on the weight of
ethyl propiolate used. An integrated NMR spectrum of the oil revealed that the
product consisted of 93% 1,2,4-tricaroethoxybenzene and 7% of the sym-
metrical isomer.

Recycling of catalyst Approximately 10 ml of THF purged with N, was
used to wash the recovered resin back into the flask. The solvent volume was
reduced to 5 ml under a stream of N, and 2.0 ml of ethyl propiolate was then
injected. After flushing the solution again with N, for one minute, the stirred
mixture was immediately heated at 69° for 1 hour. After cooling to room
temperature, 100 ml of THF was introduced and as above the solution filtered
through a frit. The products were worked up in an identical manner, but the
NMR of the recovered oil (1.44 g, 75.5% conversion of ethyl propiolate) re-
vealed that the products consisted of 8.1% of the symmetrical benzene deriva-
tive, 61% of the unsymmetrical benzene derivative and 30.9% of cycloocta-
tetraene isomers.

Benzene solution The procedure used was basically the same as that des-
cribed above for THF solutions. However, approximately 15 - 20 min after the
addition of ethyl propiolate, a highly exothermic reaction occured accom-
panied by considerable gas evolution (This however was not observed in reac-
tions using the recycled catalyst). Heating of the system was commenced there-
after. Yields of these reactions are contained in Table 4.
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