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Stable Nickel Catalysts for Fast Norbornene Polymerization: Tuning Reactivity
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The air-stable complexes trans-[Ni(CgCl,F3),L5] (L = SbPhg,
1; AsPhj, 2; AsCyPh,, 3; AsMePh,, 4; PPhj3, 5) have been syn-
thesized by arylation of [NiBry(dme)] (dme = 1,2-dimethoxy-
ethane) in the presence of the corresponding ligand L (for
compounds 1-4) or by ligand substitution starting from 1 (for
compound 5). The structures of 1, 2, and 5 have been deter-
mined by X-ray diffraction and show an almost perfect
square-planar geometry in all cases. Their catalytic activity
in insertion polymerization of norbornene have been tested

showing a strong dependence of the yield and molecular
mass of the polymer on the ligand used and the solvent. High
yield and high molecular mass values are obtained using
complexes with ligands easy to displace from Ni' (SbPh; is
the best) and noncoordinating solvents. Complexes 1-3 are
suggested as convenient bench-catalysts to have available in
the lab.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The increasing interest in the polymerization of cyclic
olefins is due to the attractive properties of these polymers,
which show high glass transition temperatures, high optical
transparency, low dielectric constant and low birefringence.
Starting from norbornene (bicyclo[2.2.1]hept-2-ene) and
norbornene derivatives, different classes of polymers can be
obtained by selecting polymerization conditions that drive
the reaction by cationic or radical pathways, by ring-open-
ing metathesis, or by insertion routes (Scheme 1).[!!

Cationic polymerization of norbornene results in the for-
mation of low molecular mass polymers with rearranged
norbornanediyl units in the backbone (A). Metal catalyzed
ring-opening metathesis polymerization (ROMP) of nor-

cationic
or radical
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Scheme 1.
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bornene derivatives yields polymers containing unsatura-
tions in the backbone (B). Metal-catalyzed insertion poly-
merization of norbornene, either with early transition me-
tallocene complexes or with late transition organometallics
can lead to two different structures, one strictly linear con-
taining norbornanediyl units (C), and another in which
norbornanediyl and rearranged norbornanediyl with ap-
pended norbornanediyl units alternate (D).[!-?]

A number of nickel complexes are very efficient catalysts
for the vinyl polymerization of norbornene, for the copoly-
merization of functionalized norbornenes, and also for the
copolymerization of norbornene with ethene.l'-3>-1 Usually
the polymerization requires a nickel(ir) catalyst and an or-
ganometallic co-catalyst [typically methylaluminoxane or
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B(C4Fs)5],11378:101 but a few nickel organometallics (cat-
ionic allyl complexes such as [Ni(n>-crotyl)(1,4-COD)]PF,,
some phenyl derivatives, and [Ni(CgFs)»(n°toluene)]), are
very efficient without co-catalyst.['®% Noteworthy, al-
though the use of monodentate ligands, particularly phos-
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phanes, has been reported in the patent literature,!''! most
of the catalysts used are stabilized by multidentate chelating
ligands.

In this paper we report the synthesis of complexes trans-
[NI(C6C12F3)2L2] (L = SbPh3, ASPh3, AsCyth, ASMeth,
or PPh;) and their catalytic activity in insertion polymeriza-
tion of norbornene. In these compounds the monodentate
ligands are able to stabilize the complexes allowing their
manipulation as solids in the air, but are labile and weak
enough to give highly active catalytic systems in solution.

Results and Discussion

Synthesis and Behavior in Solution

The reaction of [NiBry(dme)] (dme = 1,2-dimethoxy-
ethane) with Li(CsCl,F5) and L (molar ratio 1:1:2.2) in di-
ethyl ether affords the yellow air-stable complexes trans-
[Ni(C4Cl,F3),L,] (L = SbPhs, 1; AsPhs, 2; AsCyPh,, 3;
AsMePh,, 4) (Scheme 2). With PPh; this procedure affords
trans-[Ni(CCl,F3),(PPhs),] (5) along with a number of by-
products, not further identified, which lowered the yield.
Thus, complex 5 is better prepared by the reaction of 1 with
PPh; in chloroform (molar ratio 1:2), followed by solvent
evaporation, and removal of the displaced ligand SbPhj
with diethyl ether. In fact trans-[Ni(C¢Cl,F3),(SbPhs),] is a
fairly general precursor for other [Ni(C¢Cl,F3),L,] com-
plexes.

L Complex
Cl F L F. Cl SbPhs 1
F‘Q’*‘Q’F AsPhy 2
o FL F o |ascyh| 3

AsMePh; 4

PPhs 5

Scheme 2.

All the complexes reported in this paper are trans iso-
mers. The structures of 1, 2 and 5 have been determined by
X-ray diffraction. They are very similar and only the struc-

Table 1. Selected bond lengths [A] and angles [°] for 1, 2 and 5.

ture of 5 is shown in Figure 1. Crystallographic data are
given in Table 3 (see Experimental Section). Selected in-
teratomic distances and angles are shown in Table 1. The
complexes crystallized in the P-1 group with one molecule
in the asymmetric unit for compound 5, and just half a
molecule in the asymmetric unit for compounds 1 and 2.
The three compounds are almost perfectly square planar,
with angles between adjacent donor atoms very close to 90°
and the two haloaryl ligands mutually trans. The Ni-C
bond lengths are very similar to those found in the two
trans-bis(pentafluorophenyl)nickel complexes reported to
date (1.939 A in both [Ni(CgFs)>,(PMePh,),] and [Ni(C4Fs),-
(CN7Bu),]).l'82%  The Ni-P distances [2.2467(9) and
2.2544(8) A] are in the upper limit of the range found in the
Cambridge Structural Database for trans-bis(triphenylphos-
phane)nickel complexes (2.220-2.253 A).'2 The Ni-As and
Ni-Sb distances cannot be compared to reference values in
the literature because the Ni complexes with AsPh; or
SbPh; reported (one with each ligand) are not structurally
similar.['>!4 The haloaryl rings are almost perpendicular to
the coordination plane in the three molecules, with tilting

Figure 1. ORTEP diagram of the molecular structure of complex
trans-[Ni(C¢Cl,F3),(PPhs),] (5). All hydrogen atoms have been
omitted for clarity. Atoms are shown as displacement ellipsoids en-
closing 30% probability density.

1 2 5
Ni(1)-C(31) 1.926(5) Ni(1)-C(1) 1.933(3) Ni(1)-C(61) 1.938(2)
Ni(1)-C(71) 1.951(2)
Ni(1)-Sb(1) 2.4480(6) Ni(1)-As(1) 2.3094(7) Ni(1)-P(2) 2.2467(9)
Ni(1)-P(1) 2.2544(8)
C(31)-Ni(1)-Sb(1)  88.36(13) C(1)-Ni(1)-As(1)  90.11(9) C(61)-Ni(1)-P(1) 91.03(6)
C(71)-Ni(1)-P(1) 90.45(7)
C(61)-Ni(1)-P(2) 89.33(7)
C(71)-Ni(1)-P(2) 89.21(7)
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angles ranging from 83.2(2) to 89.3(2)°. The phosphane li-
gands are staggered and one phenyl ring on each phos-
phane is parallel to one haloaryl ring.

The stereochemical preferences of complexes [Ni(aryl),-
L,] are strongly dependent on the nature of L. Electroni-
cally, the cis isomers, avoiding trans arrangements of sub-
stituents with high trans-influence, should be preferred, and
this is often determinant for Pd and Pt complexes.['>] How-
ever, steric factors seem important in the smaller Ni. In fact,
structures containing some of the ligands used here have cis
feature L-Ni-L angles noticeably larger than 90°,1'¢ indi-
cating steric repulsion between the ligands. This suggests
that the preference for the frans isomer found here must
be largely associated to a minimization of steric repulsions.
Related complexes with arylphosphanes also show a prefer-
ence for trams stereochemistry, as found for [Ni(C4Fs),-
(PMePh,),],17-18 and [Ni(4-C¢BrF,),(PMePh,),] in solu-
tion (CDCl; or CD,Cl,) and in the solid state.l'”] [Ni-
(4-C4BrF,),(PMePh,),] is formed as a mixture of the cis
and trans isomers which slowly converts completely into the
most stable trans isomer. On the other hand, for complexes
involving less sterically demanding ligands, such as
[PPhyMe][Ni(CeFs),Br(CO)l,  [Ni(CeFs)(CO)l,  and
[Ni(C4Fs)>(THF),], only the cis isomer is obtained.?”! The
NMR spectra of 1-5 in CDCl; show the presence of just
one compound in solution. The spectra at room tempera-
ture are coincident with those recorded at 213 K on samples
dissolved at low temperature, supporting the suggestion
that the signals arise from the trans isomer present in the
solid state.

Complexes 1-5 are stable in the solid state and can be
stored for long periods, but they decompose slowly in solu-
tion in CDCl; or [Dglacetone at 298 K (in times much
larger than the polymerization reactions). The decomposi-
tion is faster for 1 than for 2-4, and is very slow for 5. The
major F-containing decomposition product is the coupling
compound C¢Cl,F5-C4Cl,F; (6), along with small amounts
of C4ClLF3H (7) and other very minor noncharacterized
products. A similar decomposition pattern has been re-
ported for related pentafluorophenyl derivatives.?!

Catalyzed Polymerization of Norbornene

The catalytic reactions were carried out under nitrogen
at room temperature. In CH,Cl, the polymerization started
in seconds without cocatalysts, producing a white precipi-
tate of polymer. After 30 min the reactions were quenched
pouring the reacting mixtures over MeOH. Data concern-
ing the polymers obtained are reported in Table 2. No
attempts were made to optimize the yield or M,, of the
polymer. Polymerization runs using 1 as a catalyst under air
gave the same results.

The '3C NMR spectra of the polynorbornene obtained
in these experiments were identical to that reported by
Barnes et al. using [Ni(dpm),J/AIEt;/B(C¢Fs); (dpm =
2,2,6,6-tetramethyl-3,5-heptanedionate) and (pentafluo-
rophenyl)nickel complexes as catalysts. The absence of reso-
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Table 2. Norbornene polymerization catalyzed by 1-5 (reaction
conditions unless otherwise stated: 9.2 mmol of norbornene and
4.6 pmol of catalyst in 3 mL of CH,Cl,; reaction time: 30 min).

Entry Catalyst Yield [%)] M, /103 MM,
1 1 90 12.59 2.4

2 2 75 6.06 4.6

3 3 72 6.05 4.9

4 4 3 2.11 2.1

5 5 traces 0.1

6 12 _ _

7 10! 17 0.99

8 1lel 0 _

9 10 18 0.1

[a] Solvent: acetone. [b] Solvent: acetone; reaction time: 24 h. [c]
5-Norbornene-2-carboxaldehyde instead of norbornene. [d] A 3:1
mixture of norbornene/5-norbornene-2-carboxaldehyde instead of
norbornene.

nances in the 20-24 ppm region has been taken as indicative
of exo-enchained norbornene-based polymers, generated by
an insertion mechanism.” The '°F NMR spectra in CDCl;
showed mainly three 1:1:1 signals (-112.0, -115.3,
—115.5 ppm), together with signals due to the coupling pro-
duct 6 and smaller signals due to the hydrolysis product 7,
which remain adsorbed to the polymer, and to unidentified
products (-105.1, -106.0, —111.9 ppm). Repeated washing
with toluene removes the signals of 6 and 7, but not the
other minor signals. The chemical shifts of the 1:1:1 signals
are typical of a C4Cl,F3 group bonded to a carbon atom
and can be assigned to the perhaloaryl group bonded to
the polymer. The chemical shift of the C4Cl,F3 fluorine nu-
clei are very sensitive to the group substituents.??! A similar
effect has been observed in the '°F NMR of the pentafluo-
rophenyl group bonded to metal or to carbon atoms.”*3 The
presence of three signals indicates that the two F,,,,, atoms
are nonequivalent because the rotation of the C¢Cl,F3
group around the phenyl ipso-carbon—norbornene carbon
single bond is hindered according to the results reported by
Barnes et al.”! In the case of the C4Cl,F5 group the chemi-
cal shifts for F,,,,, and F,,, do not permit us to assign
them unambiguously and an attempt to correlate (hence
recognize) the F,,,, atoms by spin saturation transfer at
323 K was unsuccessful, revealing that there is no detectable
exchange of the two F,,,, signals at this temperature. In
our compounds we do not see a splitting of any of the F,,;,
signals, a phenomenon which was reported in the case of
C¢Fs by Barnes et al.’l This may well be because of the fact
that all chemical shift differences are smaller in our system.

A clear dependence of the yield of the polymer on the
ligand in the catalysts is observed: the yield in polymer is
high for complexes with SbPhs, AsPhs, and AsCyPh,, but
drops dramatically for AsMePh, and PPhs. The very high
yield and My found with complex 1 (SbPh; as the ligand)
are comparable to that found previously for the three com-
ponent catalyst [Ni(dpm),J/AIEts/B(C¢Fs)s.! The higher
stability in the solid state of 1 compared to [Ni(CgFs),-
(n°-toluene)], which is air and moisture sensitive, is advan-
tageous. The influence of the ligand on the reaction can
be understood assuming that equilibria 1 and 2 govern the
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concentration of the active species in solution. Ligands that
are better donors and have less steric requirement shift
these equilibria to the left, making the complexes inactive.

[Ni(CgCloF3)oLo] + NB

[Ni{CgCloF3)(NB)L] + L (1)

[N{CeCIoF3)(P)L,] + NB

[Ni(CgClF3)(PYNB)L] + L )

(P = polymer chain)

The effect of the bulkiness of the ligand on the properties
of the polymer has been studied by Lipian et al. for cationic
allylpalladium(11) complexes with selected phosphanes as
the catalyst.”*! For these catalysts the bulkier the phos-
phane the lower the molecular mass of the polymer, while
high conversion is always observed. The opposite trend is
observed here comparing complexes 3 (containing
AsCyPh,) and 4 (containing AsMePh,). This suggests a dif-
ferent ligand role for both types of catalyst. While no ligand
dissociation is required in the palladium complexes em-
ployed by Lipian et al. (the bulkier phosphane is simply
hindering more norbornene coordination or insertion), in
complexes 1-5 the displacement of one ligand by the enter-
ing norbornene is required to carry out the polymerization
process. For similar electronic characteristics displacement
of a bulkier ligand AsCyPh, in equilibria 1 and 2 is favored
compared to the displacement of AsMePh, and this turns
out to be the dominant fact. Similarly, the molecular mass
of the polymer increases with the same ligands that increase
the overall yield of the reaction.

The reaction between 1 and norbornene in CD,Cl, was
monitored by '’F NMR (norbornene:1 = 200:1). No signals
of Ni complexes containing C¢Cl,F3 other than 1 were de-
tected throughout the experiment. This suggests that 1 is a
precatalyst, from which the catalyst is formed in a small
nonobservable proportion. At low temperature (—60 °C) no
reaction takes place at an observable rate. At —10 °C the
white polymer starts to precipitate from the solution and
very broad C¢Cl,F; signals appear corresponding to the
ones mentioned earlier. At 0 °C the solution becomes very
viscous in a few minutes, giving rise to a broadening of all
the signals in the spectrum.

The polymerization of O-functionalyzed norbornenes
with Ni catalysts has been reported in the literature, al-
though using a higher catalyst/monomer ratio.®! Even in
these conditions the yield and M,, values are low, and the
authors attribute the low reactivity of O-functionalyzed
norbornenes in part to the coordinating ability of the oxy-
gen. Examples of the poisoning effect of palladium catalysts
due to the coordination of the O-donor groups of function-
alyzed norbornenes have been recently reported.*”]

The polymerization of 5-norbornene-2-carboxaldehyde
was attempted with 1 as the catalyst, but no reaction was
observed after 30 min, in agreement with the observations
just discussed. Moreover, 5-norbornene-2-carboxaldehyde
inhibits the polymerization in mixtures with norbornene
and only a small amount of oligomers is obtained (Table 2,
entries 8 and 9). The reaction of 5-norbornene-2-carboxal-
dehyde with 1 was monitored by '"F NMR spectroscopy.

3828 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In a I:1 ratio no reaction takes place. If the ratio of the
monomer is increased up to 100:1 no new signals of Ni-
bonded C4Cl,F5 groups appear, but weak peaks of organic
C¢Cl,F5 arise. Apparently, the aldehyde group is not able
to stabilize any Ni intermediate formed after norbornene
insertion into the C—Ni bond, nor is the carboxylic group
able to displace the SbPh; ligands coordinated to nickel, at
least in a detectable extension. At room temperature the
oligomerization of the monomer takes place slowly in the
NMR tube, giving very broad signals due to Cy4Cl,F;
bonded to carbon.

Further support of the detrimental effect of the presence
of O-donors in norbornene polymerizations, whether intra-
molecular (O-functionalyzed norbornenes) or external (O-
containing solvents) is provided by the results found for po-
lymerization of norbornene in acetone: No polymerization
of norbornene was observed after 30 min at 25 °C. Only
after 24 h could a small amount of polynorbornene be de-
tected (Table 2, entries 6 and 7). In other words, the cata-
lytic activity is severely reduced, although not completely
suppressed, in acetone. The small amount of white polymer
precipitated from the acetone solution after 24 h at 25 °C
was dissolved in CDCl; and showed in the '°F NMR spec-
trum the same signals of C¢Cl,F5 discussed for the poly-
mers obtained in CH,Cl,. However, the M, of this polymer
(Table 2 entry 7) is much lower than the M,, of the polymers
obtained in CH,Cl,.

19F NMR spectra of solutions of 1 in acetone revealed a
complicated equilibrium between four different complexes,
arising from partial substitution of SbPh; by acetone or
water, with only 2% remaining as complex 1.1 The in-
terpretation of this is that the most active catalyst in solu-
tion is complex 1, which has a lower concentration in an
acetone solution than in noncoordinating solvents, hence
showing a reduced activity. Moreover, the substitution equi-
libria 1 and 2, which give rise to the species on which inser-
tion takes place, are now further disfavored by the presence
of considerable concentrations of free ligand, displaced
from 1 by solvent or water. The rate corresponding to direct
catalysis by aquo or acetone complexes is likely to be negli-
gible, given the strong ligation of these O-donor ligands to
Ni. This interpretation fits well with the general hypothesis
that oxygen donors block the Ni catalyst.[3-24-26.27]

Conclusions

The results show that some frans diaryl nickel complexes
containing monodentate ligands, stable and easy to store
and handle, are very efficient catalysts for norbornene poly-
merization. There is a strong dependence of the yield and
molecular mass of the polymer on the ligand used: yields
and M,’s are higher for complexes with SbPh; (the best),
AsPh;, and AsCyPh,, which are ligands easy to displace
from Ni'l, but ligands more strongly bonded to the metal,
such AsMePh, or PPh; (the worst) give less efficient cata-
lysts. The inability of the complexes to polymerize substi-
tuted norbornene containing O-donor groups is related to
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the fact that the norbornene olefin bond is not able to dis-
place the O-coordinating ligands even under high concen-
tration conditions. Finally, the use of coordinating O-donor
solvents or water is extremely detrimental.

In view of their catalytic activity in norbornene polymeri-
zation, their thermal and air stability, and their easy prepa-
ration, compounds 1-3 are choice reagents to have avail-
able.

Experimental Section

General Methods: All reactions were carried out under N, except
when stated otherwise. Solvents were distilled using standard meth-
ods. The starting compound [NiBr,dme],”® the ligand
AsMePh,,*1 and solutions of LiC¢Cl,F5 were prepared by pub-
lished methods.*”) Combustion CHN analyses were made with a
Perkin—Elmer 2400 CHN microanalyzer. IR spectra were recorded
with a Perkin—Elmer FT 1720 X spectrophotometer. Molecular
masss of polymer were determined with a Waters SEC system
equipped with a refractive index detector, using a three-column bed
operating at 40 °C in CHCl; and calibrated to polystyrene narrow
distribution standards. GS-MS data were obtained with a Hewlett—
Packard 6890N gas chromatograph mass spectrometer (5973).

NMR spectra: 'H NMR (300.16 MHz), "°F NMR (282.4 MHz),
and *'P NMR (121.4 MHz) spectra were recorded with Bruker
ARX 300 and AC 300 instruments equipped with a VT-100 vari-
able-temperature probe. Chemical shifts are reported in ppm from
SiMe, ('H), CCI5F (*°F), or H3PO4 (85%) (3'P) with positive shifts
downfield, at ambient probe temperature unless otherwise stated.
J values are given in Hz. 3C NMR were registered as 'H-'3C corre-
lation experiments, which were made with a HMQC sequence with
BIRD selection and GARP decoupling during acquisition. Chemi-
cal shifts of quaternary carbons are not listed in the experimental
data.

Synthesis of AsBrPh,: A solution of LiAsPh, was prepared from
Li (0.557 g, 80.25 mmol), and AsPhjs (9.187 g, 30.00 mmol) in THF
(60 mL) as reported in the literature.>!! The solution was filtered
with a cannula, cooled to —80 °C and Br, (3.1 mL, 60.50 mmol)
was added very slowly. The solution was left to warm up to room
temperature whilst stirring, whereupon it changed from deep red
to orange. Then, solvent was removed and the resulting black resi-
due was treated with CH,Cl, (20 mL) and a saturated solution of
NH,Br in water (40 mL). The organic layer was decanted and the
aqueous layer was subsequently extracted with CH,Cl, (2 X
10 mL). Organic layers were dried with anhydrous MgSQOy,, filtered
and the solvent was vacuum evaporated. AsBrPh, (yellow oil) was
obtained from the resulting residue after distillation at 170 °C and
S mbar. Yield: 4.438 g (48%). C;,H¢AsBr (309.04): calcd. C 46.64,
H 3.26; found C 46.32, H 3.07. '"H NMR (CDCls, 293 K): J =
7.67-7.63 (m, 4 H), 7.44-7.40 (m, 6 H) ppm. *C NMR (CDCl;,
293 K): 0 = 134.5, 133.3, 130.8, 129.6 ppm.

Synthesis of AsCyPh,: A solution of MgCyCl in diethyl ether
(35 mL) was prepared refluxing Mg (0.509 g, 20.94 mmol) and
CyCl (2.0 mL, 16.86 mmol) for 6 h. The mixture was then cooled
in an ice bath and a solution of AsBrPh, (2.321 g, 7.51 mmol) in
THF (20 mL) was slowly added dropwise over 15 min. The stirring
was maintained for another 30 min. The system was opened to air
and acidified water (30 mL) was added. The organic layer was de-
canted and the aqueous layer was extracted with diethyl ether (3 X
10 mL). The organic solution was dried with anhydrous MgSO,
and filtered and the solvent was vacuum evaporated. AsCyPh, was
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obtained as a yellow oil. After one day at —20 °C it became a white
crystalline solid. Yield: 1.898 g (81%). C;gH,;As (312.29): caled. C
69.23, H 6.78; found C 68.79, H 6.57. 'TH NMR (CDCl;, 293 K):
0 =17.50 (m, 4 H, Ph), 7.38-7.31 (m, 6 H, Ph), 2.33 (m, 1 H, CH,
Cy), 1.77 (m, 5 H, Cy), 1.32 (m, 5 H, Cy) ppm. '3C NMR (CDCl;,
293 K): 6 = 139.4, 133.6, 128.4, 128.2 ppm.

Synthesis of trans-|[Ni(C¢Cl,F3),(SbPh3),] (1): n-Butyllithium
(8.5 mL of 1.2 M solution in hexane, 10.20 mmol) was added drop-
wise to a solution of 1,3,5-C4Cl3F5 (2.402 g, 10.20 mmol) in dry
Et,O (50 mL), at —78 °C. After the reaction mixture was stirred at
this temperature for 1h, SbPh; (4.322 g, 12.24 mmol) and
[NiBr,(dme)] (1.574 g, 5.10 mmol) were added, and the suspension
obtained was stirred overnight and allowed to warm to room tem-
perature. Wet Et,0 (20 mL) was added and the suspension evapo-
rated to dryness. The residue was extracted with CHCl; (60 mL)
and the filtrate was evaporated to 5mL, treated with ethanol
(20 mL), and concentrated to 20 mL. The resulting suspension was
filtered and the yellow solid washed with ethanol and air dried.
Yield: 2.94 g (50%). C4gH3oCl,FgNiSb, (1164.78): caled. C 49.50,
H 2.60; found C 49.14, H 2.76. '"H NMR (CDCls, 293 K): § =
7.34-7.25 (m, 30 H, Ph) ppm. '’F NMR (CDCls, 293 K): § =
—87.47 (s, 4 F, Fypupo), —119.46 (s, 2 F, F,,,,,,) ppm.

Synthesis of trans-|[Ni(C¢Cl,F3),(AsPhs),;] (2): To a solution of
LiC4ClL,F5 prepared from C4Cl3F; (1.181 g, 5.02 mmol) and BuLi
(5.02 mmol) at —78 °C, were added AsPh; (1.837 g, 6.00 mmol) and
[NiBry(dme)] (0.772 g, 2.50 mmol), the brown suspension obtained
was stirred for 12 h and allowed to warm to room temperature.
After that time the flask was opened to the air and wet diethyl
ether (15 mL) was added in order to hydrolyze the organolithium
excess. The solution was filtered and the resulting red solution was
concentrated until dryness. The residue was treated with CHCl,
(30 mL), the obtained suspension was filtered, and the resulting
orange solution was concentrated until dryness. The crude product
was recrystallized from CHCI/EtOH. Yield: 1.39g (52%).
CysH30As8,Cl4FgNi (1071.10): caled. C 53.82, H 2.82; found C
53.06, H 2.94. '"H NMR (CDCls, 293 K): 6 = 7.7-7.1 (m, 30 H,
Ph) ppm. ’F NMR (CDCls, 293 K): 6 = -89.05 (s, 4 F, Fon0),
-120.34 (s, 2 F, F,,,,) ppm.

Synthesis of trans-[Ni(C¢Cl,F3),(AsCyPh,),] (3): Prepared as de-
scribed for 2 but using AsCyPh, (1.891 g, 6.00 mmol) instead of
AsPh;. Yield: 1.323 g (49%). Cy4sH4rAs,CI4F¢Ni (1083.20): calcd.
C 53.22, H 3.91; found C 52.94, H 3.60. "H NMR (CDCl;, 293 K):
0 =174-7.0 (m, 20 H, Ph), 2.11 (m, 2 H, CH, Cy), 1.88-0.88 (m,
20 H, Cy) ppm. ’F NMR (CDCl;, 293K): = -88.75 (s, 4 F,
Fon0), —120.08 (s, 2 F, F,,,,) ppm.

Synthesis of trans-|[Ni(C¢Cl,F3),(AsMePh,),] (4): Prepared as de-
scribed for 2 but using AsMePh, (1.465 g, 6.00 mmol) instead of
AsPh;. Yield: 0.834 g (35%). CigH,6As,CI4FgNi (946.96): calcd. C
48.20, H 2.77; found C 47.82, H 2.71. '"H NMR (CDCl;, 293 K):
6 =7.31 (m, 20 H, Ph), 1.57 (s, 6 H, Me) ppm. '°’F NMR (CDCls,
293 K): 6 = -90.29 (s, 4 F, F,1,), —=119.69 (s, 2 F, F,,,,) ppm.

Synthesis of trans-|Ni(C¢Cl,F3),(PPhs),] (5): To a solution of PPhs
(0.0787 g, 0.30 mmol) in CHCl; (20mL) solid 1 (0.175g,
0.15 mmol) was added. After complete dissolution of the nickel
compound, the solution was stirred for 30 min, filtered through
Celite®, and then the solvent was evaporated to dryness. The solid
residue was washed with n-hexane (4 x 10 mL) to remove the
SbPh;, filtered and vacuum dried. Yield 0.128 g (87%).
CygH30CLFgNiP, (983.21): caled. C 58.64, H 3.07; found C 58.31,
H 3.00. '"H NMR (CDCls, 293 K): 6 = 7.50 (m, 4 H, Ph), 7.29 (m,
2 H, Ph), 7.19 (m, 4 H, Ph) ppm. "’F NMR (CDCl;, 293 K): J =
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89.04 (t, “Jp_p = 2.7 Hz, 4 E, E, ), —121.21 (¢, Jpp = 3.4 Hz, 2
F, F,..) ppm. *'P{'"H} NMR (CDCl;, 293 K): § = 22.4 (m) ppm.

Synthesis of CzCLF;~C¢cClLF; (6): A solution of 1 (1.400g,
1.20 mmol) in chloroform (250 mL) was refluxed for 12 h. The re-
sulting brown suspension was evaporated to dryness and the resi-
due was chromatographed (silica gel/hexane). The fraction corre-
sponding to the first eluted compound was evaporated to dryness
giving a white solid. Yield: 0.303 g (62%). C;,Cl4F4 (399.93): calcd.
C 36.04; found C 36.20. GS-MS: m/z = 397.8 [M]*. ’F NMR
(CDCl3, 293 K): 6 = -107.48 (m, 1 F, F,,,,), —110.78 (m, 2 F, F,,,)

Synthesis of C4ClLFzH (7): To a solution of LiC¢Cl,F; prepared
from Cy¢Cl3F5 (1.000 g, 4.25 mmol) and BuLi (4.25 mmol) at —78
°C, was added H,O (0.300 g, 16.65 mmol). The mixture was al-
lowed to warm to room temperature, dried with MgSQO,, and the
solvents evaporated to dryness, yielding a colorless oil. Yield:
0.717 g (84%). GS-MS: m/z (%) = 199.9 [M]*. 'H NMR (CDCl;,
293 K): 6 = 6.91 (td, *Jyr = 8.6 Hz, 3Jyr = 2.4 Hz, 1 H) ppm. '°F
NMR (CDCly, 293 K): ¢ = ~110.64 (m, 1 E, F,,,,), —112.04 (dd,
3Jur = 8.6 Hz, *Jr_r = 1.8 Hz, 2 F, F,,,,,) ppm.

Polymerization Experiments: All the polymerization catalysis reac-
tions were carried out under N», in Schlenk flasks (25 mL) reacting
norbornene with a monomer:catalyst ratio of 2000:1. In a typical
experiment norbornene (866.3 mg, 9.2 mmol) was dissolved in
deoxygenated CH,Cl, (3 mL). To the stirred solution the solid cata-
lyst (4.9 mg of 2, 4.6 umol) was added. The reaction started imme-
diately, giving polynorbornene as a white precipitate (the reaction
is better done in a round-bottomed flask, since the heat generated
by the reaction makes the solvent boil). The stirring was main-
tained for 30 min and the reaction mass was poured into MeOH
(100 mL). The polymer was filtered, washed several times with

Table 3. Crystal data and structure refinement for 1, 2 and 5.

MeOH and vacuum dried. Yield: 650 mg (75%). NMR spectro-
scopic data of the polymers. '*C DEPT NMR spectra (CDCls) of
the polymers were recorded, and in all cases a similar spectra were
obtained with broad signals at the following chemical shifts, 6 =
54-45 (CH), 45-38 (CH), 38-34 (CH,), 34-28 (CH,) ppm.

Experimental Procedure for X-ray Crystallography: Suitable single
crystals were mounted in glass fibers, and diffraction measurements
were made with a Bruker SMART CCD area-detector dif-
fractometer with Mo-K,, radiation (1 = 0.71073 A).132 Intensities
were integrated from several series of exposures, each exposure
covering 0.3° in w, the total data set being a hemisphere.*3! Absorp-
tion corrections were applied, based on multiple and symmetry-
equivalent measurements.**! The structure was solved by direct
methods and refined by least-squares on massed F? values for all
reflections (see Table 3).1331 All non-hydrogen atoms were assigned
anisotropic displacement parameters and refined without posi-
tional constraints. Hydrogen atoms were taken into account at cal-
culated positions and their positional parameters were refined. Re-
finement proceeded smoothly to give R; = 0.0423 based on the
reflections with 7 > 2¢(I) and wR, = 0.0965 for all data. Complex
neutral-atom scattering factors were used.®! Crystallographic data
(excluding structure factors) for the structures reported in this pa-
per have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publications with the following deposition
numbers: CCDC-262216, -262215, and -262214 for complexes 1, 2,
and 5, respectively. Copies of the data can be obtained free of
charge on application to the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (Fax: +44-1223-336-033; E-mail: deposit@ccdc.ca-
m.ac.uk).

Supporting Information: Two ORTEP figures for compounds 1 and
2 are provided as Supporting Information (see also the footnote on
the first page of this article).

1 2 5
Empirical formula C48H30C14F6Nisb2 C48H30A52C14F5Ni C48H30C14F6Nipz
Formula mass 1164.73 1071.07 983.17
Temperature 298(2) 298(2) K 293(2) K
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system triclinic triclinic triclinic
Space group P1 P1 P1
a[A] 10.045(3) 10.023(4) 10.062(5)
b [A] 11.066(3) 11.078(5) 13.769(5)
¢ [A] 11.733(3) 11.448(5) 15.780(5)
a[°] 95.747(6) 89.597(8) 86.905(5)
B ] 112.001(6) 69.929(8) 89.449(5)
v[°] 103.772(5) 67.957(8) 83.725(5)
V [A3] 1148.1(6) 1095.7(8) 2169.9(15)
Z 1 1 2
Deyica. [g cm™3] 1.685 1.623 1.505
Absorption coefficient [mm ] 1.864 2.245 0.828
F(000) 570 534 996

0.16 x 0.06 x 0.03
1.91 to 23.31°

Crystal size [mm]
Theta range for data collection

Reflections collected 5374

Independent reflections 3286 (R;,; = 0.0261)
Absorption correction SADABS
Maximum and 1.000000

minimum transmission factor 0.561030
Data/restraints/parameters 3286/0/277
Goodness-of-fit on F> 0.946

R, [I > 20(1)] 0.0347

WR; (all data) 0.0810

0.24 x 0.12 x 0.08
1.91 to 23.34°

0.35 x 0.22 x 0.09
1.49 to 23.27°

5185 10214
3139 (Riy = 0.0215) 6183 (Riy = 0.0197)
SADABS SADABS

1.000000 1.000000

0.720972 0.823285

3139/0/277 6183/0/551

1.006 1.037

0.0284 0.0423

0.0779 0.0965

3830 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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