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Abstract

The nickel compound, Ni(Ph, PCH=C(Ph)O)(PEt)Ph, is a catalyst precursor for
ethylene homopolymerization and the alternating copolymerization of ethylene with
carbon monoxide. In the absence of ethylene, CO is a catalyst poison. In an effort
to understand the mechanisms of these reactions, we have investigated the chemistry
of the compounds with pure CO. The crystal structures of the catalyst precursor and
the benzoyl product resulting from the insertion of CO into the Ni~Ph bond are
presented. Several zero-valent complexes of Ni and an organic product based on the
coupling of the chelating ligand and the benzoyl group have been isolated and
characterized. A brief description of the polymerization mechanism is presented.

Introduction

The alternating copolymerization of CO [1,2] with ethylene has intrigued polymer
scientists for some time. Sen has investigated the reaction employing “naked
palladium” [3] catalysts and has reviewed much of the relevant literature [4]. In the
course of our investigation of the copolymerization of ethylene with polar mono-
mers using nickel catalysts derived from ylid 1 and related species, we discovered
that these nickel catalysts would catalyze the rigorously alternating 1 /1 ethylene/ CO
copolymerization under certain circumstances. The unusual feature of these copo-
lymerizations is that the polymerization must be initiated in the absence of CO
which poisons the catalyst precursor. Once the polymerization has been initiated,
the CO can be admitted to the ongoing polymerization and the polymer formed
from that point on is the alternating copolymer. Thus the polymer chains are
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sequential blocks of polyethylene followed by ethylene / CO. These unique polymers
are the subject of a separate publication in this series [5].

/Ph . /P—h
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The catalysts, 2-5, used in this study, are of the same general class as those which
form the basis for the well-known SHOP process whereby Shell oligomerizes
ethylene to higher olefins [6,7]. More recently [8], the catalysts have been shown to
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homopolymerize ethylene to high molecular weight, high density polyethylene
(HDPE) when there is no phosphine ligand, L, in the fourth coordination site of
these square planer species. The vacant coordination can be “lightly stabilized” with
a ligand such as pyridine which is a good leaving group, or by the dimerization of
two of the coordinatively unsaturated complexes through oxygen bridges.

We have been investigating the use of these catalysts to prepare functionalized
linear low density polyethylene (FLLDPE) by the copolymerization of ethylene with
functionalized polar monomers [9]. Such monomers are catalyst poisons for normal
Ziegler-Natta catalysts, though the expected polymers have been prepared experi-
mentally by deactivating the polar groups with a large excess of aluminum alkyl and
carrying out the polymerization in a normal Ziegler-Natta manner. Commercial
polymers of this type are prepared by very high pressure, free radical copolymeri-
zation [10] which yields functionalized low density polyethylene (FLDPE). These
polymers fill an important, high-value niche in the polymer industry. Examples of
commercial products are in the Vamac®, Elvax®, and Surlyn® resins which are
ethylene/vinyl acetate, ethylene/acrylic, and an ionomerically crosslinked ethyl-
ene/ acrylic acid, respectively. It would be of considerable interest to the industry to
be able to prepare these functionalized copolymers by a low pressure route from
monomers as inexpensive as CO; such a process would lead to considerable savings
in the initial investment in equipment and in the operating costs of the process.

Results and discussion

The chelated nickel complexes, 2-5, are readily prepared by the oxidative
addition of the appropriate phosphorus(V) alkylidenephosphoranes to bis(1,5-
cyclooctadiene)nickel(0) in the presence of a tertiary phosphine. This procedure,
which yields the phenyl derivative of the phosphine chelate complex, has been
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detailed in a number of publications [6,11]. Alternatively, the phosphorus(IlI)

R
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(6) (7)
species, 6, can be added to preformed nickel(II) species to give a variety of catalysts
or catalyst precursors [12].

It was of interest to investigate further the nature of the reactions of these
chelated nickel complexes with carbon monoxide. Compound 2 reacts rapidly and
reversibly with carbon monoxide to give the benzoyl species, 7. Keim [13] has
reported CO insertion in a closely related complex. The observed rate of reaction is
much faster than the observed rate initiation of polymerization in ethylene homo-
polymerization. Thus, CO insertion takes place more rapidly than ethylene inser-
tion. The 600 MHz "H NMR spectrum of 7 shows diastereotopic methylene protons
in the PEt, ligand. They appear as a pseudo-octet at 1.17 ppm and a pseudo-heptet
at 1.34 ppm with a 7 Hz separation between the lines. On heating to 50°C, the two
multiplets begin to coalesce, and this behavior is reversed if the temperature is
lowered. The room temperature ['H]>'P NMR spectrum is an AB spin system with
very second-order doublets at 19.23 and 17.65 ppm (J(PP) 198 Hz) and is invarient
on heating to 80° C. This NMR behavior is consistent with a hindered rotation of
the benzoyl group creating a top and bottom side to the complex. This solution
structure was confirmed in the solid state by an X-ray crystallographic determina-
tion,

The details of the structural determination of compound 7 and also of compound
2 which was done for comparison, are tabulated in Table 1. The results for
complexes 2 and 7 are tabulated in Tables 2 and 3. Perspective views of the two
complexes are shown in Figures 1 and 2. Selected bond distances and angles are
compiled in Table 4. Both of the complexes adopt the square planar geometry
expected for nickel(II). The phosphorus ligands are trans to one another in both
complexes. The chelate ring is planar in each of the complexes, and the delocaliza-
tion of the w-system which has been noted previously [13] is once again observed.
The delocalization is reflected in the ring distances and angles. Minor differences
between the corresponding parameters in complexes 2 or 7, and complex 5 {14]
presumably result from the increased bulk of the triphenylphosphine ligand and the
differing chelate substitution patterns. There are only minor differences between the
inner coordination parameters of complexes 2 and 7. A slight elongation of the
Ni-O(1) distance upon carbonylation is accompanied by small decreases in the
chelate ring distances, possibly indicating increased delocalization. Also note the
lack of conjugation between the chelate ring and the attached phenyl rings in
complex 7 (50° dihedral angle) which is in contrast to complex 2 in which these
groups are nearly coplamar. In both complexes, the phenyl or benzoyl group is
oriented perpendicularly to the coordination plane. Close intermolecular contacts
suggest that rotation about the Ni-C bond would be unfavorable. It is this
impediment to rotation of the benzoyl group in complex 7 which gives rise to the
observed diastereotopism of the PEt, methylene resonances in the 'H NMR
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Table 1
Summary of X-ray diffraction data
2 7

Complex Ni(Ph, PC(Ph)=C(OMe)O)PEt,;)}Ph) Ni(Ph, PC(Ph)}=C(OMe)O)PEt,)COPh)
Formula C33H4NiO,-1/2(C,Hy) Ci4,H;;NiO,;P,
fu 587.33 615.34
space group P2, /n(No. 14) PI(No. 2)
a, A 16.259(3) 10.970(2)
b A 21.627(4) 15.979(2)
¢, A 9.729(1) 9.670(3)
a, deg 90 102.51(1)
B, deg 105.15(1) 109.73(1)
v, deg 90 88.36(1)
v, A® 3302(2) 1556(1)
z 4 2
p(caled), gem™? 1181 1.31
Cryst dimens, mm  0.23X0.25%0.28 0.24x0.25 X0.30
Temp., °C —100 -100
Radiation Mo-K, (0.71069 A from graphite monochromator)
g, cm™! 7.10 7.592
20 limits, deg 4-50 4-55
Total no. of unique

observations 5813 7417
Data, F2 > 3a(F2) 3576 4815
Final no. of

variables 343 361
R 0.087 0.037
R, 0.137 0.036

spectrum. One should also note the interaction between the benzoyl phenyl group
and the nearby phenyl group of the chelate. The dihedral angle between these two
groups is 16° and there is a marked bending at the ipso carbon atom which results
in a displacement of P(1) of 0.32 A from the phenyl plane.

Changing the nature of the ligands coordinated to the nickel center has a
profound effect on the course of the resulting polymerization reactions [8]. Simi-
larly, it has an effect on the course of reactions with carbon monoxide. The
triphenylphosphine analog of 2, complex 3, can be prepared by the conventional
technique, and its reaction with CO is analogous to that of 2. If, instead of changing
the ligand, L, the chelate ligand is changed, different behavior is observed. Complex
4 containing triethylphosphine and a new chelate ring reacts with excess CO in

{Continued on p. 151)
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Fig. 1. Perspective view of Ni(Ph, PCPhC(OMe)OXPEt,;)Ph with atom labeling scheme. Hydrogen atoms
are omitted for clarity.

Fig. 2. Perspective view of Ni(Ph,PCPhC(OMe)OXPEt,)COPh with atom labeling scheme. Hydrogen
atoms are omitted for clarity.
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Table 4
Selected bond distances (A) and angles ( °) in compounds 2 and 7
Compound 2 Compound 7
Distances
Ni—P(1) 2.189(2) 2.195(1)
Ni-0(1) 1.914(4) 1.938(1)
Ni(PQ2) 2.184(2) 2.202(1)
Ni-C(41) 1.867(6) -
Ni-C - 1.859(2)
C-C(4) - 1.513(3)
C-0 - 1.221(3)
P1)-C(1) 1.797(6) 1.763(2)
C(1)-C2) 1.392(7) 1.390(3)
CQ2)-0(2) 1.321(7) 1.363(2)
0(2)-C(3) 1.441(T) 1.426(3)
C(2)-0(1) 1.308(7) 1.276(3)
C(1)-C(51) 1.453(8) 1.481(3)
P(1)-C(61,71) 1.822(6) 1.820(2)
1.826(6) 1.8232)
C—C(arom) 1.34 1.373
1.41(1) 1.399%(4)
Angles
P(1)-Ni-P(2) 167.1(1) 175.41(3)
P(1)-Ni-O(1) 85.2(1) 85.70(5)
P(1)-Ni-C(41) 93.0(2) -
P(1)-Ni-C - 92.02(7)
P(2)-Ni-0(1) 93.6(1) 92.78(5)
P(2)-Ni—C(41) 89.6(2) -
P(2)-Ni-C - 89.65(7)
O(1)-Ni-C(41) 173.12) -
O(1)-Ni-C - 176.94(9)
Ni-P(1)-C(1) 101.5(2) 100.49(8)
P(1)-C(1)-C(2) 108.7(5) 109.8(2)
P(1)-C(1)-C(51) 124.8(5) 125.6(2)
C(2)-C(1)-C(51) 126.4(6) 124.1(2)
Ni-C(1)-C(2) 119.9(4) 117.31)
0(1)-C(2)-C(1) 124.7(6) 126.5(2)
O(1)-C(2)-0(2) 114.5(5) 116.6(2)
C(1)-C(2)-0(2) 120.8(6) 116.9(2)
C(2)-0(2)-C(3) 119.5(5) 116.5(2)
Ni-C-C(41) - : 116.2(2)
Ni-C-O - 124.6(2)
0-C-C(41) - 119.3(2)
Ni—P(1)-C(61.71) 109.7(3) 113.41(7)
119.7(3) 117.07(7)
Ni-P(2)-C(11,21,31) 111.6(2) 111.72(9)
112.2(3) 113.48(8)
118.8(3) 116.42(9)
Ni—C(41)-C(42,6) 117.6(5) -
126.0(5) -
C(1)-C(51)-C(52,6) 120.2(6) 121.12)

123.3(6) 122.6(2)
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Fig. 3. Proposed mechanism for reaction of nickel complex with CO. The five-coordinate carbon
monoxide complexes are not observed but the other species are.

toluene to give the expected benzoyl complex, but the reaction continues. The final
products are Ni(CO);(PEt;) and the unusual ester, Ph,PCH=C(PhyOCOPh (8),
formed by the coupling of the chelate ring and the benzoyl group. Compound 8 is
isolated by precipitation with hexane and recrystallization from toluene/hexane.
The 'H NMR spectrum shows only one ethylenic resonance as a doublet at 6.65
ppm with J(PH)) 1.1 Hz and absorptions consistent with four phenyl groups. The
3'p NMR spectrum of 8 consists of a single resonance at —26.63 ppm, and the
infrared spectrum contains a strong ester band at 1730 cm™!. These data are
consistent with a single isomer which we believe is the Z-isomer arising from the
cis-reductive elimination of the two groups. The isomer assignment is supported by
alternate syntheses and NOE-difference NMR.

Complex 5 reacts in a manner similar to that of 4, but the nickel(0) species
obtained are slightly different. In this case, there is only a small quantity of the
Ni(CO);PPh;. The predominant species are dicarbonyls. Removal of solvent and
recrystallization of the resulting solids from methylene chloride/ ethanol yields a
mixture of three Ni(CO),L  (PPh,),_, where x =0, 1, and 2. The second phosphine
ligand, L, is again the ester 8.

The temperature dependent 3'P NMR spectra of 2, 3, and 4 do not indicate
phosphine dissociation. We believe that the mechanism of the reaction with CO is
associative as shown in Fig. 3. Such a mechanism would be in accord with that
proposed by Yamamoto for related CO reactions with nickel aryl and alkyl species.

The gross features of both ethylene homopolymerization and ethylene/CO
copolymerization can be divided into three separate steps: initiation, propagation,
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Fig. 4. Proposed mechanism for the alternating copolymerization of ethylene with CO.

and termination. There are features common to both systems, but the details of the
energetics of the various species on the catalytic cycles play a crucial role. In the
ethylene homopolymerization, the limiting step in initiation is insertion of ethylene
into the relatively stable Ni—phenyl bond. Once this occurs, propagation begins or
B-hydride elimination liberates styrene and the resulting nickel hydride initiates
polymerization. Insertion into a preformed Ni-methyl bond is much easier so
propagation is initiated at a lower temperature. Attempted initiation of polymeriza-
tion in the presence of CO takes the chemistry off in a different direction. Insertion
of CO into the Ni-phenyl bond to yield a benzoylnickel compound is more facile
than insertion of ethylene, and the resulting benzoyl compound is more stable than
the phenyl compound. Once the benzoyl species is formed, ethylene insertion
becomes impossible and no polymerization occurs. If, on the other hand, the phenyl
group has already been removed by ethylene homopolymerization, then CO inserts
into a Ni-alkyl bond yielding a acylnickel. The fact that copolymer is obtained
demonstrates that ethylene is able to insert into a nickel-acyl bond. We presume
that copolymerization proceeds as indicated in Fig. 4. One of the acyl species is
probably the resting state of the catalyst with ethylene insertion being the rate
limiting step. We expect that CO insertion into the NiCH,CH,COR species would
be facile. It is likely that chelation by the S-carbonyl of the propagating chain
contributes to the stability of the ethylene insertion product [15*).

Catalyst decomposition in the ethylene homopolymerization systems usually
occurs by disproportionation of the nickel species to divalent Ni(chelate), and

* This and other references marked with asterisks indicate notes occurring in the list of references.
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unknown nickel(0) species. In the ethylene/ CO copolymerization system, zerovalent
nickel carbonyl species are readily available thermodynamic sinks for the active
catalyst. Thus, reductive elimination of the chelate ligand and the benzoyl, or
presumably acyls in actively propagating systems, yield the nickel(0) species ob-
served.

Experimental

Many of the compounds are moderately moisture- or air-sensitive materials and
were handled in the prepurified nitrogen atmosphere of a Vacuum Atmospheres
drybox. Operations outside the drybox were carried out using standard Schlenk
techniques [16]. Solvents were dried by standard techniques [16]. Di(1,5-cyclo-
octadiene)nickel was prepared by the method of Schunn [17]. The phosphorus ylids
were prepared by literature methods [18] or are commercially available.

NMR spectra were recorded on Bruker HFX-90, Nicolet NT-300 or Nicolet
NT-360 spectrometers. The 600 MHz spectra were recorded at Carnegie-Mellon
University at 140.96 kG.

Preparation of 2. To a solution of 1 (2.1 g) and 0.65 g of PEt; in 100 ml of
toluene was added 1.37 g of Ni(COD),. The honey-brown solution was stripped on
a vacuum line to give an oil which upon addition of 100 ml hexane yielded yellow
crystals. The product was collected, washed with hexane, and dried under N,. Yield
2.75 g (94%). The crystal structure determination is reported below. Anal. Found: C,
69.42; H, 6.69; O, 4.88. 1-1/2 C,;H,C,, ;H,,NiO,P, (639.41) calcd.: C, 69.50; H,
6.62; 0, 5.00%. *'P{'H} NMR: AB spin system, 415.84 ppm, B 14.13 ppm, J 276
Hz.

Preparation of 3. 2.80 g of Ni(COD), was added to 75 ml toluene which
contained 4.3 g of Ph,P=CPhCO,CH, and 2.8 g of PPh,. The resulting dark red
solution was stirred overnight. The solvent was stripped on a vacuum line. The
residue was slurried in hexane and filtered to give a yellow powder (7.5 g).
Recrystallization from toluene/hexane gave a deep yellow crystalline solid. Anal.
Found: C, 73.70; H, 5.16. C,sH;zNiO,P, (731.36) calced.: C, 73.90; H, 5.24%.
3P('H) NMR: 4B spin system, 4 25.67 ppm, B 21.16 ppm, J 273.6 Hz.

Preparation of 4. In the drybox, 7.6 g of Ph,P=CHCOPh, 5.5 g of Ni(COD),,
and 2.4 g of PEt; were allowed to react in 150 ml of toluene. After stirring
overnight, the mixture was filtered and stripped to dryness on a vacuum line. The
resulting solids were slurried in hexane and collected by vacuum filtration. The
microcrystalline yellow product (10.8 g) was dried under vacuum. *P{'H} NMR:
AB spin system, A 21.22 ppm, B 17.99 ppm, J 286.5 Hz.

Complex 5 was prepared analogously. 3'P{'H} NMR: A4 25.76 ppm, B 24.10
ppm, J 284.5 Hz.

Reaction of 2 with CO. A solution of 2.7 g of 2 in 50 ml toluene was allowed to
react with 50 psig of carbon monoxide. The orange solution darkened slightly.
Stirring was continued overnight. Most of the solvent was removed under vacuum
giving a dark yellow oil. On addition of hexane, a yellow powder formed and was
isolated by vacuum filtration. The compound was recrystallized by dissolving in a
minimum amount of toluene, filtering, and then adding 60 ml of hexane. At
—20°C, crystals of 7 formed. They were collected, washed with hexane, and dried
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at room temperature under vacuum. The crystal structure determination is reported
below. Anal. Found: C, 66.83; H, 6.36; O, 7.58. C,,H;;;NiO,P, (615.34) calcd.: C,
66.37; H, 6.22; O, 7.80%. *'P{’H} NMR: AB spin system, 4 19.23 ppm, B 17.65
ppm, J 1989 Hz.

Reaction of 4 with CO. A 10 ml toluene solution containing 2.40 g of 4 was
pressurized to 50 psig with carbon monoxide and stirred for 2 h. After relieving the
pressure and purging with nitrogen, the solvent was removed under reduced
pressure and the light yellow oil extracted with hexane to give a white solid which
was dissolved in a minimum amount of toluene. Addition of an equal amount of
hexane and allowing the solution to stand at —25°C yielded a white solid,
identified as 8, which was collected, washed with hexane, dried at 0.1 mmHg 20°C
for 2 h. M.p.: 118-120°C. Anal. Found: C, 79.2; H, 5.18; O, 7.56. C,;H,,O,P
caled.: C, 79.4; H, 5.18; O, 7.83%. The 'H NMR spectrum in benzene-d, showed a
doublet =CH proton at 6.65 ppm, J(PH) 1.7 Hz and the phenyl protons as
multiplets centered at 7.0, 7.5, and 8.1 ppm. The IR spectrum (Nujol mull) showed
CO,R absorption at 1730 cm™ .

Reaction of 5 with CO. A solution 2.0 g of § in 100 ml toluene was stirred for 45
min under 20 psig CO. After releasing the pressure, 100 ml hexane was added and
the pale yellow solution was stored at —20°C for 18 h. The solvent was removed
under reduced pressure and the resulting pale yellow solid was dissolved in 75 ml of
methylene chloride to which ethanol (50 ml) was added. Reducing the solvent
volume yielded 1.8 g (93%) pale yellow crystals in two crops. The crystals were
washed with ethanol and ether and dried in vacuo. *P{'H} NMR analysis indi-
cated that the isolated material was a mixture of Ni(CO),L (PPh,),_, (x=0,1, 2)
where L is 8.

Confirmation of structure of 8. As an alternative synthesis of the ester 8, the
thallium salt 6, was treated with benzoyl chloride to give the identical compound.
Phosphorus NMR indicated that only a single isomer was obtained from this
synthesis and that it was identical with that obtained by reductive elimination from
the nickel complex. The ortho protons on the phosphine phenyls and the vinylic
phenyl show strong Nuclear Overhauser Enhancement from the vinylic proton while
the benzoic phenyl does not [19]. If the E-isomer had been obtained, the vinylic
phenyl would not be expected to show enhancement and the benzoic phenyl might
show some enhancement.

X-Ray data collection and structure solutions and refinements

Crystals of compound 2 were grown from toluene/hexane by cooling to —30°C.
A suitable crystal was encapsulated in a glass capillary under an atmosphere of N,.
The crystal was then placed on a Syntex P3 diffractometer and cooled to —100°C.
After the cell and space group had been determined (see Table 1), the unit cell
parameters were refined on the basis of 50 computer-centered reflections.

The w-scan technique was used for collecting the intensity data (variable scan
rate, 3.0-10.0° min~!, 1.0° range). Four standard reflections were chosen, and
their intensities were remeasured every 200 reflections; no significant deviations in
these standard intensities were observed. Empirical corrections for absorption were
derived from the intensities of several reflections measured every 10° about the
diffractor vector. The data were processed by using counting statistics and a p value
of 0.02 to derive standard deviations [20].
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The solution and refinement of the structure were carried out by using local
modifications of programs supplied by the Enraf-Nonius Corp. [21]. The structure
was solved and refined by the usual combination of Patterson and Fourier syntheses
and full matrix least-squares refinements. In the least-squares refinements, the
function minimized was w( | F, | — | F, |)%, where | F, | and | F, | are, respectively,
the observed and calculated structure amplitudes and where w=1/0%(F,). The
atomic scattering factors and anomalous dispersion terms were taken from the
standard compilations [22]. Hydrogen atoms were located, placed in idealized
positions, and included as fixed contributions in the final cycles of refinement. The
hemi-toluene of solvation was badly disordered about the center of inversion. No
chemically reasonable model could be defined, but the R factor decreased to less
than 0.05 when C atoms were placed in this vicinity. These were not included in the
final refinement.

The positional and isotropic thermal parameters for the atoms are listed in Table
2, with tables of anisotropic thermal parameters and hydrogen atom positions
available directly from the authors, as are observed and calculated structure factor
amplitudes. Final values for the agreement indices are in Table 1. The four highest
peaks in the final difference-Fourier map were 0.78 to 3.8 € A3 near the center of
inversion. All other peaks were less than 0.6 ¢ A 2.

Crystals of complex 7 were grown similarly. Data collection and processing and
structure solution and refinement were carried out in a manner analogous to that
above, except that the variable scan rate was 4.0-10.0° min~" over a 1.0° range.
Crystallographic data are included in Table 1. Positional and isotropic thermal
parameters of the atoms of compound 7 are listed in Table 3. Anisotropic thermal
parameters and hydrogen atom positions are available as supplementary material
from the authors, as is a listing of observed and calculated structure factor
amplitudes. The agreement indices are listed in Table 1. The highest peaks in a final
difference-Fourier were less than 0.4 e A ™.

Acknowledgements

We would like to thank L.F. Lardear, G. Watunya and T. Corle for their skilled
technical assistance in the execution of this work. We also thank Dr. Gade Reddy
for his assignment of the ester geometry by NOE-difference NMR. Acquisition and
development of the 600 MHz spectrometer was supported by a generous instrument
grant from the National Institutes of Health (RR00292) to Carnegie-Mellon Univer-
sity.

References

1 M.M. Brubaker, D.D. Coffman and H.H. Hoehn, J. Am. Chem. Soc., 74 (1952) 1509.

2 (a) D.M. Fenton, 1970, U.S. Patent 3,530,109; (b) K. Nozaki, 1974, U.S. Patent 3,835,123.

3 A. Sen and T.-W. Lai, J. Am. Chem. Soc., 104 (1982) 3520.

4 (a) A. Sen, Chemtech., (1986) 48; (b) A. Sen, Adv. Poly. Sci., 73 /74 (1986) 126.

5 U. Klabunde and S.D. Ittel, J. Poly. Sci., Chem. Educ., submitted.

6 W. Keim, F.H. Kowaldt, R. Goddard and C. Kruger, Angew. Chem. Int. Ed., 17 (1978) 466.

7 (a) ER. Freitas and C.R. Gum, Chem. Eng. Prog., (1979) 73; (b) W. Keim, Chem. Ing. Tech., 56
(1984) 850.



156

8 (a) U. Klabunde, R. Mulhaupt, T. Herskovitz, A.H. Janowicz, J.C. Calabrese and S.D. Ittel, J. Polym.
Sci., Polym. Chem., 25 (1987) 1989; (b) U. Klabunde and S.D. Ittel, J. Mol. Catal. (Proceedings 5th
Int. Symp. Homo. Catal.; Kobe, Japan, September 1986), 41 (1987) 123.

9 U. Klabunde, J.C. Calabrese, W.C. Fultz, T. Herskovitz, A H. Janowicz, R. Mulhaupt, D.C. Roe,
T.H. Tulip and S.D. Itttel, Int. Symp. Trans. Met. Catal. Polymn., Akron, Ohio, U.S.A. June, 1986.

10 N.L. Zutty, J.A. Faucher and S. Bonnotto, In Encyc. Poly. Sci. Tech., Vol. 6 (1967) 387-431.

11 U. Klabunde, U. S. Patent, allowed.

12 A.H. Janowicz, private communication.

13 W. Keim, A. Behr, B. Gruber, B. Hoffmann, F.H. Kowaldt, U. Kurschner, B. Limbacker and F.P.
Sistig, Organometallics, 5 (1986) 2356.

14 Huang Qichen, Xu Minzhi, Qian Yanlong, Xu Weihua, Shao Meicheng and Tang Yougqi, J.
Organomet. Chem., 287 (1985) 419.

15 J.C. Calabrese, U. Klabunde and S.D. Ittel, The results of a crystal structure in which a nickel
catalyst bearing an ortho-carbomethoxyphenyl group displays a Ni-C-C-C-~O chelate interaction
will be published elsewhere.

16 D.F. Shriver, The Manipulation of Air-Sensitive Compounds, McGraw Hill, New York, 1969.

17 R.A. Schunn, Inorg. Synth., 13 (1972) 124.

18 (a) F. Ramirez and S. Dershowitz, J. Org. Chem., 22 (1957) 43.

19 G. Reddy, private communication.

20 P.W.R. Corfield, R.J. Doedens and J.A. Ibers, Inorg. Chem., 6 (1967) 197.

21 B.A. Frenz, In H. Schenk, R. Olthof-Hazelkamp, H. Van Koningsveld, G.C. Bassai (Eds.), Computing
in Crystallography, Delft University Press: Delft, Holland, 1978; p. 64-71.

22 International Tables for X-ray Crystallography; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Tables 2.2B, 2.3.1.



