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The syntheses and structures of the discretallyl)nickel iminophosphonamide (RNcomplexes
2a—d from the reaction ofs-allyl)nickel bromide and the corresponding Pijands3ab or from the
reaction of {r-allyl),Ni and phosphorané are reported. Complexeza,b are characterized by having
long Ni—N distances coupled with an acute bite angle for the IRfdnd. Ther-allyl ligands in complexes
2a—d are not fluxional on the NMR time scale at room temperature, although chemical exchange between
the isomeric complexe&c,d occurs via PMligand reorientation. Purified complex2a—d are not active
for ethylene polymerization; it is only when complex2sd are generated in situ in the presence of
monomer that highM,, branched poly(ethylene) is formed. A variety of indirect evidence suggests that
the active catalyst arises from the reaction of Ni{@)kene complexes with phosphorafg either
preformed or generated in situ through decompositionredllyl) ,Ni. A bona fide PNNiPh(PPhR) complex,
5, was prepared from NiPh(PBREBr and the PN ligand 3a and was structurally characterized. This
complex is active for 1-hexene isomerization in the absence of an activator. During hexene isomerization,
variable amounts of the paramagnetic bisfPddmplex4 are produced along with ligarh. In addition,
the fluxional intermediaté, containing both a PNigand and coordinated PRis present during catalysis.
Reaction of with an equimolar amount of propene providesnethylstyrene, the product of 1,2-insertion
followed byf-H elimination. Comple) is not effective for polymerization or oligomerization of ethylene
under a variety of conditions. The reactions of comf@exth various phosphine scavengers were studied,
and of these only Rh(acac)}{d.), is both effective and selective for PRIHard Lewis acids, including
AlMe 3, B(CsFs)3, and PMAO, have a pronounced tendency toward abstraction of therRither anionic
ligands in these unhindered complexes. All of the complexes reported in this paper are extremely active
for ethylene dimerization in the presence of PMAO. In the presence of stoichiometric Rh(l), cainplex
rapidly isomerizes 1-hexene and in the presence of ethylene produces branched PE oligomers at modest
activity.

Introduction from both an experimentabnd theoreticdlperspective. More

There has b iderable i in the devel frecently attention has been focused on zwitterionic analogues
at tere _tgs eert\ (I:onS| (Tra e mteretstl |ntt f ?r‘]’e oplment Olof these complexésas well as neutral Ni catalysts based on
ate-transition-metal compiexes as catalysts 1or thé polymer- p;,jeoq salicylaldimirfe or anilino—troponaté ligands. In

zation of olefins. In particular, a variety of cationic anpl neutral addition, sterically hindered, cationic, chelating diphosphine
group 10 complexes have been shown to be effective for the - -

. complexes are competent polymerization catalysts, provided the
production of branched poly(ethylene) from ethylene monomer, chelate ring size is smdll,while there has been attention
although the catalyst stability and thus activity at elevated 9 ’

temperature has proven problematic with some of these systems:
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redevoted to neutral phosphinenolate or analogous complexes
of Ni,® originally investigated by Keim and co-workel.
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competes with coordination (trapping) and insertion of mono-
mer. It is therefore of interest to note that the occurrence of

Branched poly(ethylene) is produced using these catalystthis process was first postulated in the early work of Fink and

systems because chain-walking isomerization of the chain,

involving a reversibles-H elimination/reinsertion sequence,
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Killian, C. M.; Johnson, L. K.; White, P. S.; Brookhart, Mlacromolecules
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1996 118 11664-11665. (I) Johnson, L. K.; Killian, C. M.; Brookhart,
M. J. Am. Chem. S0d.995 117, 6414-6415.

(4) (a) Michalak, A.; Ziegler, TOrganometallic003 22, 2069-2079.

(b) Michalak, A.; Ziegler, T.Macromolecules2003 36, 928-933. (c)
Michalak, A.; Ziegler, T.J. Am. Chem. So@002 124, 7519-7528. (d)
Michalak, A.; Ziegler, TJ. Am. Chem. So@001, 123 12266-12278. (e)
Michalak, A.; Ziegler, TOrganometallic200Q 19, 1850-1858. (f) Woo,
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(10) Reviews: (a) Heinicke, J.; Peulecke, N.; Koehler, M.; He, M.; Keim,
W. J. Organomet. Chen2005 690, 2449-2457. (b) Heinicke, J.; Koehler,
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co-workerst! using a catalyst formulation first reported by Keim
et all?

This catalyst formulation was generated in situ in the presence
of ethylene through the reaction of either Ni(CQDr (n-
allyl)oNi with the sterically hindered phosphorane (86,N—
P(E=NSiMes), (1) and provided poly(ethylene) which was said
to resemble low-density poly(ethylene) in its propertiedn
the case ofs-allyl),Ni and phosphorang, the product of this
reaction in the absence of monomer was shown to besthe (
allyl)Ni —iminophosphonamide (PINcomplex2 (eq 1). The Pd
analogue o2 was structurally characterized but was inactive
for ethylene polymerizatio#?

MosSIN SiMe;
o Np=NSM . CoSING N
(Me3S|)2N—P\\NSiII\A:3 + (13-C3Hg),Ni —> Nz ‘Ni—> M
3 o-CiHs N -
SIMea
1 2

Subsequent work from the group of Yano in Japan established
that Ni(COD) in combination with phosphorant could be
activated for ethylene polymerization using@wolefin and that
the polymers formed had Me and #bbranching in roughly
equal amounts, as judged from théfC NMR spectra3
Branches of intermediate length were not detected int¥@e
NMR spectra, while some of the longer branches present were
of sufficient length to influence the hydrodynamic radius of the
polymer in solution (i.e.d = [#lo/[7]in = 0.6-0.7). In a
subsequent patent application, Yano et al. demonstrated that the
reaction of, for example, Ni(acacyvith phosphorand gave
rise to an active catalyst formulation in the presence of
alkylaluminums; the polymers formed had similar properifes.

Finally, in some mechanistic work reported by the group of
Fink, the reactions of both Ni¢E,); and Ni(acac) with
phosphorané were examined, and the products were character-
ized by X-ray crystallograph¥i¢ In the former case, atable
Ni(alkyl)(C2H4) complex was formed, while the latter reaction
provided a PMNi(acac) complex (Scheme 1). The former

Scheme 1
H,C=CH, )
' ' SiM
I\lli Ni(CzHq)s _ Niacac), (Me,Si),N NI 0
MesSiN ~—— (MeySipN-PZNSMes 5 N
\ 3Si)2N—PSH WG
e NSiMe; o
(Me3Si), NsiMes 1 M 3
CoHe RsAl | CoH,
. SiMe3E‘ MesSIN SiMeaR,
(Messl)zN«P,:,N«Ni/ .......... »> branched PE <--------- (MesSINg /f'N\Ni/
o \'-N, . - \'-N/ \/
I Sive,” Sive;”

compound was said to rearrange to a,RNC,Hs)R complex
in the presence of monomer, while the latter could be activated

(11) (a) Mthring, V. M.; Fink, G.Angew. Chem1985 97, 982-984.

(b) Fink, G.; Mthring, V. M. Eur. Pat. Appl. EP 01/94456 A2, 1986. (c)
Schubbe, R.; Angermund, K.; Fink, G.; GoddardMRcromol. Chem. Phys.
1995 196, 467—478.

(12) Keim, W.; Appel, R.; Storeck, A.; Kruger, C.; Goddard,Agew.
Chem., Int. Ed. Engl1981], 20, 116-117.

(13) (a) Yano, A.; Yamada, S.; Yamada, K. Catalytic manufacture of
polyethylene. U.S. Patent 28,799, 1994, 7 pp (cont.-in-part of U.S. Ser.
No. 662,167, abandoned). (b) Yano, A.; Naito, Y.; Yamada, K.; Ohtsuru,
M. Production of branched poly(ethylene). Eur. Pat. Appl. 0381495, 1990,
7 pp.
(14) Yano, A.; Yamada, S.; Yamada, K. Polyethylene and process of
production thereof. Eur. Pat. Appl. 0446013, 1991, 8 pp.
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for ethylene polymerization by the addition of an alkylaluminum
compound. The activity of the formulations derived from Ni-
(0)—alkene precursors and phosphoranes analogolismere
shown to be a sensitive function of both the phosphorane and
Ni(0O)—alkene structuresc

The poly(ethylene) formed using the Keim family of catalysts ci
is interesting from a materials perspectivéis has variable
crystallinity depending on botM,, and branching but should -
melt-process like low-density PE. However, the activity and
stability of these catalyst formulations are too low for practical ci3l

use. As we had earlier developed flexible synthetic routes to
PN, ligands and investigated the synthesis and chemistry of
some group 4 PNcomplexes? including their use as ethylene
polymerization catalyst$, we were motivated to develop
syntheses of discrete BNi(L)R complexes with a view to
improving the catalytic activity of these interesting systems. We
report here synthetic, structural, and mechanistic studies of this
interesting class of polymerization catalyst.

Figure 1. Molecular structure of compleRa, depicted with 50%
thermal ellipsoids and with hydrogen atoms omitted.

Results and Discussion

Synthesis and Structure ofz-Allyl Complexes. On the basis
of the early report of Keim, we initially targeted the synthesis
of discrete w-allyl PN, complexes as catalyst precursors.
Complexeg can be prepared in high yield through the reaction
of [(sr-allyl)NiBr] > with the salt of the corresponding RNgand
(eq 2) or through the reaction aof{allyl),Ni with phosphorane

Phe NR 1.BuLiELOOrTHF ph. R
p LNEPAN )
S N ,Ni—> @)
Ph™ NHR 2 [(n3-C3Hg)NiBI],  PH' N -
3a: R = SiMe; 2a: R = SiMe;
3b: R = p-CH3-CgHy 2b: R = p-CH3-CgHy

1, as reported by Keim and co-workers (eq 1). CompleXes ;
are reasonably air-stable, crystalline solids that can be handledrigure 2. Molecular structure of compleb, depicted with 50%

in the open laboratory for short periods of time. thermal ellipsoids and with hydrogen atoms omitted.

The complex originally reported by Keim exists as a 60:40 . ) .
mixture of stereoisomer®c,d that differ in the orientation of The 2D NOESY spectra were informative with respect to
the unsymmetrical PNigand with respect to the-allyl group the nature of an exchange process involving these two isomers

(eq 3). In solution, separate and shérpand3 NMR signals (eq 3). In particular, while in-phase exchange correlation was
seen between the resolved-&-allyl protons (both €, and

CH), and theanti-zz-allyl protons {H2") of the two different

. H,C , _ ) |
(Me,Si)N AMes H Lon  slow ,_}}3_22\ AMe3 H | joyn isomers, there was no evidence for exchange betweesmtire
N . N > . .
_C/P\'-N,NI—H N~ ' /P\"«N,N|? Lant 3) mw-allyl and/orsynsr-allyl protons on the same/different isomers,
no Hy  SiMe; - (MesSIN' Sivtes 1y despite the use of a variety of mixing times.
2 . . .
2% 2d We thus conclude that the-allyl ligand is not fluxional
Protons in italics, bold or underline are resolved and (involving a conventionakt—o—a allyl isomerization mecha-

show observable EXSY correlation nism) on the NMR time scale and that the observed exchange
process arises from either rotation of the,Rigand about the
are seen for each isomer, indicating that isomerization is slow Ni- - -P axis (as is observed for early-metal Riémplexesp—16
on the NMR time scale at room temperattite.chemical shift or from reversible dissociation into aj form. Given the long
assignments for each isomer could be made through a combinaNi- - -N distances observed in the solid-state structure of these
tion of 2D DQF-COSY and NOESY spectra (see the Supporting complexes (vide infra), the latter hypothesis is more reasonable
Information for details), but it was not possible to deduce the for these late-metal systems.
structure of the major stereoisomer from these data. Complexe=2ab were characterized further by X-ray crystal-
lography, and molecular structure plots appear in Figures 1 and
(15) Vollmerhaus, R.; Tomaszewski, R.; Shao, P.; Taylor, N. J.; Wiacek, 2, respectively, while Tables 1 and 2 contain selected crystal-
K. J.; Lewis, S. P.; Al-Humydi, A.; Collins, SOrganometallic2005 24, lographic data and selected metrical data, respectively.

49?I;O(L)a{‘,%l{;f:rrﬁgjgséh.e;eégaszewski R.; Qinyan, W.: Al-Humydi Both of these complexes display similar structural character-

A.; Taylor, N. J.; Collins, S.Can. J. Chem.jn press. (b) Collins, S.; istics—they differ principally in that the PpNi ring is slightly
Vollmerhaus, R.; Qinyan, W. U.S. Patent 6,268,448, 2001, 20 pp. (c) puckered in the case @b. In both cases, the-C3Hs group is
Vollmerhaus, R.; Shao, P.; Taylor, N.; Collins, Stganometallics1999 disordered in the solid state (“emlown” disorder with respect

18, 2731-2733. . . .
(17) Preliminary communication: Stapleton, R. A.; Nuamthanom, A.; 0 the PN ligand), but with grossly unequal occupancies such

Rinaldi, P. L.; Taylor, N. J.; Collins, SPolym. Prepr.2004 45, 93—94. that the disorder could not be accurately modeled.
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Table 1. Selected Crystallographic and Refinement Data for PANi Complexes

2a 2b 5
emp formula 61H33N2NiPSi2 ngHngzNiP C42H48N2NiP28i2
formula wt 459.35 495.22 757.65
T (K) 180(1) 180(1) 150(1)
cryst syst monoclinic triclinic orthorhombic
space group P2,/c P1 P212:2;
unit cell dimens

a(A) 14.6477(7) 8.7003(3) 12.3383(8)
b (A) 9.5088(4) 10.5517(4) 13.5161(9)
c(A) 18.5319(9) 14.7301(6) 23.308(2)
o (deg) 106.076(1)
p (deg) 110.413(1) 102.483(1)
y (deg) 98.836(1)
V (A3) 2419.07(19) 1235.39(8) 3887.0(4)
z 4 2 4
p(caled) (Mg/n?) 1.261 1.331 1.295
abs coeff (mm?) 0.976 0.869 0.675
F(000) 976 520 1600
cryst size (mr) 0.32x 0.23x 0.22 0.37x 0.34x 0.31 0.34x 0.30x 0.24
6 range (deg) 1.4828.28 1.56-30.00 1.74-27.88
no. of rflns coll 26 195 15544 21869
no. of indep rfins 6014R(int) = 0.0693) 7207R(int) = 0.0273) 9250R(int) = 0.0316)
completeness ifl, % 100.0 99.8 100.0
max/min transmissn 0.843/0.754 0.818/0.714 0.857/0.798
no. of data/restraints/params 6014/0/250 7207/0/301 9250/0/448
GOF F?) 1.821 2.621 1.301
R(I > 2a(l)) R1=0.0488 R1=0.0369 R1=0.0311
wR2=0.0871 wR2=0.0857 wR2=0.0539
R (all data) R1=0.0581 R1=0.0399 R1=0.0353
wR2=0.0888 wR2=0.0862 wR2= 0.0546
diff peak/hole (e A3) 0.754/-0.549 0.987+0.667 0.312+0.252

aData were collected using Modradiation withA = 0.710 73 A. A face-indexed analytical absorption correction was applied. Refinement was full-

matrix least squares based B

Table 2. Selected Bond Lengths and Angles for NiPNComplexes with Estimated Standard Deviations in Parentheses

complex2a

complex2b

complex5

Bond Lengths (A)

Ni(1)—N(1) 1.973(2) Ni(1)3-N(1) 1.941(1) Ni(1)y-N(1) 2.055(2)
Ni(1)—N(2) 1.968(2) Ni(13-N(2) 1.959(1) Ni(1)-N(2) 1.976(1)
P(1)-N(1) 1.594(2) P(1yN(1) 1.610(1) P(1)N(1) 1.599(1)
P(1y-N(2) 1.599(2) P(1yN(2) 1.618(1) P(1)XN(2) 1.596(2)
P(1)-C(4) 1.819(2) P(LyC(4) 1.809(2) P(1yC(13) 1.816(2)
P(1)-C(10) 1.819(2) P(%)C(10) 1.806(1) P(3)C(19) 1.826(2)
Si(1)—N(1) 1.707(2) N(1)-C(16) 1.402(2) Si(yN(1) 1.732(2)
Si(2)—-N(2) 1.715(2) N(2y-C(23) 1.401(2) Si(2rN(2) 1.725(1)
Ni(1)—C(1) 2.011(2) Ni(1)-C(1) 1.991(2) Ni(1)-C(1) 1.885(2)
Ni(1)—C(2) 1.946(2) Ni(1)-C(2) 1.943(2) Ni(1)-P(2) 2.157(1)
Ni(1)—C(3) 1.989(2) Ni(1}C(3) 1.999(2)

C(1)-C(2) 1.332(4) C(1yC(2) 1.352(3)

C(2)-C(3) 1.370(4) C(2yC(3) 1.371(3)

Bond Angles (deg)

N(2)—Ni(1)—N(1) 78.1(1) N(1)-Ni(1)—N(2) 75.9(1) N(2)}-Ni(1)—N(1) 76.9(1)
N(1)—P(1)-N(2) 102.0(1) N(1)y-P(1)y-N(2) 96.0(1) N(1)-P(1)-N(2) 103.3(1)
P(1)-N(1)—Ni(1) 89.9(1) P(1)N(1)—Ni(1) 92.9(1) P(1)N(1)—Ni(1) 88.4(1)
P(1)-N(2)—Ni(1) 90.0(1) P(1)N(2)—Ni(1) 92.0(1) P(1)N(2)—Ni(1) 91.3(1)
C(4)-P(1)-C(10) 102.9(1) C(10yP(1)-C(4) 106.7(1) C(13yP(1)-C(19) 106.3(1)
C(1)—Ni(1)—C(3) 73.2(1) C(1)Ni(1)—C(3) 72.4(1) C(1yNi(1)—P(2) 87.6(1)
N(1)—Ni(1)—C(1) 103.9 (1) N(1yNi(1)—C(1) 102.9 (1) C(2yNi(1)—N(2) 93.9(1)
N(2)—Ni(1)—C(3) 104.4(1) N(2)>-Ni(1)—C(3) 108.8 (1) N(1)Ni(1)—P(2) 101.6(1)
C(1)—-C(2)-C(3) 123.9(1) C(1yC(2)-C(3) 119.8(2)

The Ni- - -C distances are in the range expected for neutral (2) and 1.943(2) A irRab, respectively, are significantly shorter
(7r-allyl)nickel complexes, especially those featuring anionic than either of the distances to the terminal C atoms (Ni(1)

amido-/imino-based ligand$.The z-allyl ligand is bonded to
the metal center such that the NiA¢(2) distances of 1.946-

(18) (a) Walther, D.; Dhbler, T.; Theyssen, N.; Gts, H. Eur. J. Inorg.

Chem.2001, 2049-2060. (b) Shirasawa, N.; Nguyet, T. T.; Hikichi, S.;

Moroka, Y.; Akita, M. Organometallic2001, 20, 3582-3598. (c) Akita,
M.; Shirasawa, N.; Hikichi, S.; Moro-oka, YChem. Commurl.998 973—

974. (d) Lehmkuhl, H.; Nger, J.; Mehler, G.; Keil, T.; Danowski, F.; Benn,

R.; Mynott, R.; Schroth, G.; Gabor, B.; Kger, C.; Betz, PChem. Ber.
1991, 124 441. (e) Chong, K. S.; Rettig, S. J.; Storr, A.; TrotterCan. J.
Chem.1981 59, 996-1006.

C(1) = 2.011(2), 1.991(2) A; Ni(1¥C(3) = 1.989(2), 1.999-
(2) A). This type of distortion, which is fairly pronounced in
this case, is common in electron-rick-&llyl)Ni complexes'819
It can be attributed tar back-bonding between a filled metal
dx; orbital and the highest energy-MO of the allyl ligand,
where the largest orbital coefficient is located at G2).
Bonding within thes-allyl ligand appears somewhat local-
ized, with C(1-C(2) = 1.332(4), 1.352(3) A being significantly
shorter than C(2}C(3) = 1.370(4), 1.371(3) A. Since there is



2518 Organometallics, Vol. 25, No. 10, 2006

limited or at least no systematic variation in the corresponding
Ni- - -C distances, this may reflect the positional disorder
primarily associated with C(2), which has the largest thermal
parameters of the three atoms.

Stapleton et al.

catalysis under these conditions. We note that the crude reaction
mixtures formed from sg-allyl),Ni and phosphorané in the
absence of monomer are inactive for ethylene polymerization

in fact, this reaction is quite clean on the basis of NMR analysis

The most characteristic features of these structures are thef freshly prepareds-allyl).Ni is employed.

long Ni- - -N distances of 1.941(3)1.973(2) A, which approach
or even exceed the sum of the single-bond covalent radii of Ni
and N (1.96 A@! The P- - -N distances show minor variation
in these two structures (1.5942).618(1) A), with those of
2abeing on average significantly shorter than thos2anThese
values are intermediate in length betweerlN\Pand P=N bonds
in P(V) compoundg?

In addition, the PN ligand engages the metal Ba,b with
characteristically narrow bite angles of 78.1(1) and 759(1)

A variety of evidence suggests that the culprit is in fact (
allyl),Ni, which is known to be thermally unstable in solution
or even in the solid staf.In particular, the use of the more
thermally stable and easily purifiedr{methallylyxNi2® as a
catalyst precursor does not give rise to a very active catalyst,
even though it reacts analogously (though more slowly) with
phosphorané to furnish a g-methallyl)NiPN, complex?’ Also,
though not systematically studied, “aged” solutions af (
allyl),Ni which had clearly started to deposit Ni(0) gave rise to

respectively, while the endocyclic angles at P, and to a lessermore active formulations than did those that were freshly

extent N, show significant variation (N(&P(1)-N(2) = 102.0-
(1), 96.0(1); P(1)-N(1)—Ni(1) = 89.9(1), 92.9(1%; P(1)-
N(2)—Ni(1) = 90.0(1), 92.0(1). As would be expected, the
variation in the N(1)-P(1)-N(2) angles is compensated by
changes to the exocyclic CEJP(1)—C(10) angles of 102.9(1)
and 106.7(1), respectively.

The picture that emerges from a consideration of these two
structures is one where theallyl moiety is functioning as a
weak-acceptor ligand while the PNigand is weakly bound
to Ni in comparison. Since the BNigand is a three-electron
o-donor, with fourr electrons largely localized on the N atoms
and minimal w-acceptor properties, one would expect the
bonding between Ni and N to be somewhat repulsive. The
bindings of these two ligands to the metal appear to be importan
in a consideration of the chemical reactivity of these complexes.

Attempted Ethylene Polymerization. When purenoneof
theser-allyl complexes are active for ethylene polymerization
under a variety of conditions af andP reported by Keint223
Instead, highvl,, (My, &~ 10°—1C° with PDI ~ 2—3 based on
SEC-MALLS) poly(ethylene)Tm = 98 °C) is produced, albeit
at low activity (~10° g pf PE/((mol of Ni) h)), only when
phosphoranel and (z-allyl),Ni are combined in a reactor
previously saturated with ethylene at 450 psig ancd®@58217
The material is branched (ca. 3@0 total branches/1000 C

atoms) and has a microstructure consistent with that reported

by Yano and co-workers;*which will be discussed in more
detail elsewheré?

These two findings taken together suggest that it is either an
impurity formed and/or intercepted by ethylene during chemical
reaction of the precursor components or possibly an impurity

already present in either starting material that is responsible for

(19) (a) Quisenberry, K. T.; Smith, J. D.; Voehler, M.; Stec, D. F.;
Hanusa, T. P.; Brennessel, W. \&.. Am. Chem. So®005 127, 4376~
4387. (b) Hodson, B. E.; McGrath, T. D.; Stone, F. G.lAorg. Chem.
2004 43, 3090-3097. (c) Brunkan, N. M.; Jones, W. D. Organomet.
Chem.2003 683 77—82. (d) Alberti, D.; Goddard, R.; Rufinska, A.;
Poerschke, K.-ROrganometallics2003 22, 4025-4029. (e) Mullica, D.
F.; Sappenfield, E. L.; Stone, F. G. A.; Woollam, SGan. J. Chem1995
73, 909-14. (f) Goddard, R.; Kiger, C.; Mark, F.; Stansfield, R.; Zheng,
X. Organometallics1985 4, 285.

(20) (a) Curtis, M. D.; Eisenstein, @rganometallicsl984 3, 887. (b)
Davies, S. G.; Green, M. L. H.; Mingos, M. Petrahedronl 958 34, 3047.

(21) Suresh, C. H.; Koga, NI. Phys. Chem. 2001, 105 5940-5944
and references therein.

(22) (a) Niecke, E.; Flick, WAngew. Cheml974 86, 128. (b) Scherer,
0. J.; Kuhn, N.Chem. Ber1974 107, 2123. (c) Pohl, S.; E. Niecke, E.;
Krebs, B.Angew. Cheml975 87, 284. (d) Pohl, S. Krebs, BZhem. Ber.
1977, 110, 3183.

(23) For some related work involving-allyl imino—pyrrole complexes
of Ni which were also inactive, see: Bellabarba, R. M.; Gomes, P. T.; Pascu,
S. |. Dalton Trans.2003 23, 4431-4436.

(24) Stapleton, R. A.; Nuamthanom, A.; Rinaldi, P. L.; Collins, S,;
Ziegler, T.; Soares, J. C. Manuscript in preparation.

prepared and uséd.

It is known that in the presence of donors (e.g. COgPR
alkenes) f-allyl),Ni decomposes in solution via reductive
elimination of 1,5-hexadiene to form Ni(@};a Ni(0)-hexadiene
compleX® is a likely intermediate in this process. Given that
Ni(COD), or other Ni(O}-alkene complexes and phosphorane
1 also give rise to (more) active catalyst formulatidfs.3 it
seems reasonable to conclude that this same reaction is also
responsible for polymerization activity when one starts with the
(7r-allyl)2Ni precursor.

Since it was unclear from these studies what was the active
species in ethylene polymerization involving phosphorbaad
Ni(0) or Ni(ll) precursors, we elected to prepare a bona fide

t (PNNIR(L) complex and study its chemistry.

Synthesis, Structure, and Chemistry of a Discrete PBNi-
(PPhg)Ph Complex.Mono- and bis-PBcomplexes of Ni have
been reported in the literature. Both were formed in low yield
from the reaction of sterically hindered P8&lts and Ni halides
in ethereal solutioR? In our hands and using an Li or K salt of
ligand 3a, we have discovered that this reaction proceeds in
higher yield and generally affords the deep blue and paramag-
netic bis(PN) complex4 as the sole product, regardless of
stoichiometry or mode of addition (eq 4). The same result was

Ph_ NSiMe; 1.BuLi, or KH, ether  Ph ,_IBI\ /ﬁ\ LPh
K R —— ~PENiL P “
PR "NHSiMe; 2. L,NiXy PR N N “Ph
L, =dme, X =Br R R
3a L = PPh;, X=CI 4:R = SiMe;
50-80%

observed when usingansNiCl,(PPh), as a reagent, suggesting
than the intermediate mono(PNi(L)Cl complex must be more
reactive toward further substitution than the starting material.
In view of this, the use of a preformedNiR(X) precursor
appeared necessary, and the metathetical reaction eP)%Ph

(25) (a) Jolly, P. W. InComprehensie Organometallic Chemistry
Wilkinson, G., Stone, F. G. A,, Abel, E., Eds.; Pergamon: Oxford, U.K.,
1982; Vol. 6, pp 145182. (b) Henc, B.; Jolly, P. W.; Salz, R.; Stobbe, S.;
Wilke, G.; Benn, R.; Mynott, R.; Seevogel, K.; Goddard, R.; Krueger, C.
J. Organomet. Chen198Q 191, 449-475. (c) Jolly, P. W.; Wilke, GThe
Organic Chemistry of NickelAcademic: New York, 1974; Vol. 1. (d)
Wilke, G.; Bogdanovic, B.; Hardt, P.; Heimbach, P.; Keim, W.; Kroner,
M.; Oberkirch, W.; Tanaka, K.; Walter, DAngew. Chem., Int. Ed. Engl.
1966 5, 151-164. (e) Walter, D.; Wilke, GAngew. Chem., Int. Ed. Engl.
1966 5, 897—-898. (f) Wilke, G.; Bogdanovic, BAngew. Cheml961, 73,
756.

(26) Boennemann, H.; Bogdanovic, B.; Wilke, @ngew. Chem., Int.
Ed. Engl.1965 6, 804.

(27) Stapleton, R. A. Ph.D. Thesis, The University of Akron, 2005.

(28) Bonrath, W.; Poerschke, K. R.; Michaelis,Agew. Chem1990
102 295-297 and references therein.

(29) (a) Mink, H. J.; Schmidtke, H.-HChem. Phys. Lett1998 291,
202—-206. (b) Boese, R.; Duppmann, M.; Kuchen, W.; PetersZ\WAnorg.
Allg. Chem.1998 624, 837—845.
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Scheme 2
Ph
SiMe; /I\ SiMe;
K<<1 [Ph_ N_ Ph Rph N H
5+ AR PNl 2. oy T N
PR N B
SiMe3/\R SiMeg/\
R =Me or Bu
3-Hx 2-Hx
R=Bu
SiMe; SiMes SiMes
Ph{ N H Ph{ N H Ph{ N, H
PO NIZTTH>—Et PENTH —— P NIiZT>—Bu
PR N PR N PR N
SIMe3Et SlMe3Bu SiMe;
PPhs PPhs PPhs
SiMe; SiMe; SiMe;
Figure 3. Molecular structure of comple% depicted with 30% PNy T Pha oMy TP Ph N PPN
thermal ellipsoids and with hydrogen atoms omitted. PR ON i Pt N Mo PR N M
p ydrog SiMe33 CeH13 SiMe32 CeHis SiMe31 CgHis
NiPh(Br) with the K salt of ligand3a proceeded uneventfully 6 6 6

in high yield to furnish the expected BNomplex5 (eq 5).
and AS" = —4.7 + 0.5 eu, respectively. The entropy of

Phe NSiMe, 1. KH,THF Pho ﬁ _ph activation, thoggh negative, is not particularly diagnostic of the
B - - “PEONT 5) mechanism, given that its value is close to zero.
Ph"  NHSiMe; 2. LzNiS’:hI)DBthtoluene PR N “Pphg The rate of this exchange process was unaffected in the
3a : 5. R = SiMe, presence of free PRhThis observation allows us to rule out a
80% phosphine substitution mechanism for the dynamic behavior

seert! Instead, we believe, as with teallyl complexes2c,d,
This complex is again crystalline and reasonably air stable that reversible dissociation of the hemilabile Phyand or
in the solid state. Its molecular structure is depicted in Figure rotation of this ligand about the Ni- - -P vector is responsible
3, while selected crystallographic and refinement data and for fluxional behavior.
selected metrical data appear in Tables 1 and 2, respectively. Complex5 catalyzes the isomerization of 1-hexene (1-Hx)
In comparison with the other structures reported here, the Ni- to a mixture of 2- and 3-hexene at room temperature. Under
(1)—N(1) and Ni(1)-N(2) distances of 2.055(2) and 1.976(1) pseudo-first-order conditions ([1-Hx}= 5.9 M; [5] = 0.051
A, respectively, are even longer in this structure and show the M), isomerization of 1-Hx occurs with an initial TOF of 5.7
expected variation with the trans influence of the remaining h-! at 25°C, while the initial rate of reaction of complex
ligands. The P- - -N distances are essentially equivalent to thosewith 1-Hx hasky,s = 6.4 x 1074 s = k[1-Hx]o. Monitoring
observed in the structure @& The bite angle of the PNigand of this reaction by?’P NMR spectroscopy (Figure 4) revealed
at 76.9(1) is intermediate between that seerReb, while the the gradual consumption of both signals dueStand the
endocyclic angles at P and N largely resemble those in the appearance of a signal at ca. 0 ppm which corresponds to that
structure of complea. The coordination geometry about Ni  of ligand 3a It is also evident from this figure that an
is rigorously planar, with an angle between-¥h and Ni- - - intermediate is formed which has both a Phgand and
PPh of 87.6(1). coordinated PPy although the signals are line-broadened in
The structure of this compound can be compared to that of comparison to those of the starting material. In theNMR
a neutral ¢-imino-amido)Ni(PMg)CH;Ph complex reported by spectrum, signals due to ligar&h grow in over time at the
Bazan and co-workef$. In that structure, which adopts a expense of those &, while variable amounts of the paramag-
coordination geometry intermediate between square planar anchetic complex4 also appear during this peri@dA series of
tetrahedral, the NiN distance involving the imine N is 2.001-  multiplets are seen in the region of3 ppm during catalysis,
(3) A, while that involving the amido N is 1.936(2) A. Suffice  although the signals are line-broadened.
it to say that the Ni- - -N distances in compl&are significantly Our interpretation of these results is that intermedides
longer than the average of these two distances (1.968(3) A),featuring a 1-, 2- or 3-hexyl group, and coordinated $Rre
highlighting the repulsive nature of the NN interactions in formed by reversible insertion/elimination into a f—H
this structure. bond, where the latter, unobserved species (reHNiesonances
Complex5 is fluxional in solution with a single resonance were detected despite the use of a 40 ppm sweep width) is
for the N-SiMes groups at 25°C. However, on cooling,  formed from initial insertion of hexene into NiPh followed
decoalescence occurs and two signals in a 1:1 ratio are observeg@y -elimination (Scheme 2). That the latter step actually occurs
at low T, consistent with the inequivalence of these groups in was revealed by a NMR experiment involving the reaction of
the solid-state structure (see the Supporting Information). 5with ca. 1.0 equiv of propene at 2&; the expected product,
Analysis of the line shapes over a 100 T range using the  o-methylstyrene (Scheme 2, R Me), could be isolated by

program DNMR 4.8 providesAH* = 10.1+ 0.5 kcal mot? vacuum transfer of the volatile materials following consumption
of 5.
(30) Bushweiler, C. H.; Letenare, L. J.; Brunelle, J. A.; Bilorsky, H. J.; The formation of3a by reductive elimination from a PN

Whalon, M. J.; Fiels, S. H. Calculation of Chemically Exchanging Spectra . . h is of hanisti
(QCPE Program No. 466); Department of Chemistry, University of Vermont, Ni—H complex is expected on the basis of recent mechanistic
Burlington, VT 05401. work from both the Grubbs and Brookhart groups on related
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Figure 4. 3P NMR spectra (121 MHz, D¢) of a mixture of complexs and 1-hexene at 25C over a period of 1.44 h.

Scheme 3
SiMe; SiMe.
Me, /Ph phed N AIM AMesPh, N_ P B(CsFsls phypeB(CoFs); + PN,NIPH(L)
N + e {‘ IN D — N
*PPh ’ 2T W ppp.  1-Hx  and PANILSIR-B(CoFs)il (?)
3 S|Me3 SlMe 3 (R=PN
; 2)
l- Ni(0), PPh3 .
Rh(acac)(CzH4)2 Ni(COD),
Me—Ph 1-Hx
S|Me3
Rh(acac)(PPhj), + thP N| 5+ Ni(0)} [no Ni(PPh3), detected]
N
SiMe;

neutral Ni catalyst8-7 The formation of the bis(PY complex system in the3’P NMR spectrum of the mixture (see the

4 could arise from subsequent ligand substitution5adr 6, Supporting Information). The corresponditf§ NMR spectrum
according to the mechanism proposed in the literature for this (see the Supporting Information) revealed a mixture of mainly
process. unreacted borane (which was in exchange with phosphine

Complex5 was inactive for ethylene polymerization under a borane) and evidence for BNor perhaps even NiPh)
variety of conditions at typical reactor concentrations ([¥i] abstraction, as signals due to a tetrahedral borate moiety were
1-4 mM). We attribute this negative finding to the generally present. In the presence of 1-hexene, isomerization to 2- and
unfavorable equilibrium for displacement of phosphine by alkene 3-hexene was somewhat faster; here, however, there was
(vide supra) coupled with the low equilibrium solubility of evidence for formation of species bearing—0sFs groups

ethylene in solution at various values Bfand T. In view of probably arising via abstraction of an anionic ligand by borane
this, our attention was focused on the efficacy of various followed by back-transfer of adEs group® (see the Supporting
phosphine scavengers for activation of this compound. Information).

Summarized in Scheme 3 are the reactions of comp&und Clearly, the activation chemistry exhibited by this scavenger
with a variety of scavengers. These NMR experiments were is complicated and quite unselective; however, when complex
usually conducted in the presence of 1-Hx so as to judge whether5 was activated with 1.0 equiv of B¢Es)s in the presence of
enhancement of catalysis was observed. Perhaps unsurprisinglyethylene (150 psig, 25C), rapid (ca. 18g of GH4/((mol of
the reaction ob with AlMe3 results in effective scavenging of  Ni) h)) though short-lived € 10 min) consumption of monomer
the PN ligand, forming the known compound FH{NSiMe;)»- was observed. No polymer was formed, but a mixture of 1-
AlMe;22 and toluene (see the Supporting Information). The latter and 2-butenes was produced; the interpretation of this result is
compound presumably is formed from reductive elimination of not clear, as many Ni(ll) alkyls are known to be effective for
the unstable (PP)NiPh(Me) complex formed. 1-Hx is not ethylene dimerization.

isomerized in the presence of AlMand comple)s. With a view to focusing on softer Lewis acié&sthe reactions
The use of B(GFs)s as scavenger in the absence of 1-Hx led of complex5 with 1-hexene in the presence of both Ni(C@D)

to formation of the expected phosphinleorane®* However, (which is a source of 16e RNi3) and Rh(acac)(¢4)> were

in addition, major amounts of a unidentified\fPPh)s complex investigated. In the former case, there was no evidence for

were generated, as judged from the appearance of 4K 4gin enhanced isomerization of 1-Hx and the only obvious chemical

reaction involved plating out of Ni(0). In the latter case, the
(31) The signal due to free PPtvas line-broadened due to exchange, rate of 1-Hx isomerization was dramatically enhanced, while

while both signals due t& are sharp in thé'P NMR spectra of these 1
mixtures (see the Supporting Information). We believe this arises from rapid, the formation of Rh(acac)(PB)a was evident in thé'P NMR

though unfavorable, association of RRb form a five-coordinate square-  Spectrum of the mixture (see the Supporting Information). Even
pyramidal complex wherein the two PHigands are apical and equatorial
and only the apical PRhis able to undergo rapid (but degenerate) (34) (a) Jacobsen, H.; Berke, H.; Doering, S.; Kehr, G.; Erker, G.;

dissociation. Thus, free PRis not in exchange with bound PFih complex Froehlich, R.; Meyer, O.Organometallics1999 18, 1724-1735. (b)

5. This process would have to be independent of that which exchanges theMassey, A. G.; Park, A..J. Organomet. Chenl964 2, 245-50.

NSiMe; groups to account for the observed behavior. (35) Kalamarides, H. A.; lyer, S.; Lipian, J.; Rhodes, L. F.; Day, C.
(32) The®'P NMR shift of complex is paramagnetically shifted to very ~ Organometallics200Q 19, 3983-3990.

high field (ca. —1500 to —2000 ppn® and is not detected in these (36) (a) Klabunde, U.; Mulhaupt, R.; Herskovitz, T.; Janowicz, A. H.;

experiments. Calabrese, J.; lttel, S. . Polym. Sci., Part A: Polym. Cherh985 25,

(33) Schmidbaur, H.; Schwirten, K.; Pickel, H. Bhem. Ber1969 102 1989-2003. (b) Klabunde, U.; Ittel, S. Ol. Mol. Catal.1985 41, 123~
564—7. 34,
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Figure 5. H NMR spectrum (300 MHz, §D¢) of ethylene
oligomers prepared using complgx2.0 mM) and Rh(acac){Els).

(2.0 mM) at 25°C and 150 psig of €Hs. The sample is
contaminated with toluene and dissolved water (indicated by
asterisks).
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under these concentrated conditions, [NiR[Rh] = 0.025 M
with [1-Hx] ~ 0.25 M, complete consumption of compléx
required about 30 min at 28, highlighting the sluggishness
of the initial phosphine displacement reaction.

Thus, only Rh(l) appears selective (and effective) for phos-

phine abstraction. In the presence of stoichiometric Rh(acac)-

(CaHa)2, at 25°C and 150 psig of €Hs, complex5 (2 mM)
slowly oligomerized ethyleneA(~ 10?—10° g of PE/((mol of
Ni) h)) to form branched material, whosel NMR spectrum
(Figure 5) revealed signals due to terminal vinyl and internal
vinylene protons and enhanced intensity for terminal Me groups.

By comparison of the integrated intensities of these signals to

those of the main chain protons, it was determined khat=
530 X = 19) with a branching frequency corresponding to 80
Me groups/1000 C atoms (e¥3 Me groups per chain in this
case).

It is thus clear that a bona fide BNiR(L) complex is
competent for ethylene oligomerization and that the microstruc-

ture of the oligomers formed correspond to those observed using

catalysts derived from phosphorarieand Ni(0) or Ni(ll)
precursors. The differences are that the discrete &¥hplex

Organometallics, Vol. 25, No. 10, 288l

My material in these reactions (branched or otherwise), and the
selectivity for butene (1-butene acs-/trans-2-butene) gener-
ally exceeds 90%.

In our view, given the earlier work of Keim, Fink, and Yano,
as well as our own studies reported here, this chemistnpis
characteristicof a bona fide §2-PN;)NiR complex. In fact, in
view of the very clean reaction of AIMavith complex5 (vide
supra), we suspect that PMAO reacts with these complexes
through PN ligand abstraction, perhaps coupled with ionization,
to furnish LiNiR™ species (e.g. &= PPh, n-[R3Al —N(SiMes)-
PR,=N(SiMe3)] 7). It would be expected that such complexes
are active and selective for ethylene dimerization, providing
neutral (or anionic) L is unhindered.

Conclusions

(7r-allyl)Ni(PN2) complexes do not appear to be viable catalyst
precursors for ethylene polymerization, even though they are
the major product formed on reaction of phosphoréngith
(r-allyl)2Ni. Instead, it seems likely that thermal or ethylene-
mediated decomposition of the latter material forms N#0)
alkene complexes in situ and that these give rise to the active
catalyst by analogy to work using preformed Ni@lkene
complexedl—14

On the other hand, a bona fide fNNR(PPh) complex can
be activated for ethylene polymerization usingselective
phosphine scavenger. Under these conditions, it produces
branched, oligo(ethylene) materials that closely resemble those
formed using the phosphorane/Ni(0) or Ni(ll) formulations. In
view of this result, as well as prior mechanistic watkt thus
is clear that the active species involved in the formation of
branched PE is a sterically hindered R (L) complex. Our
synthetic studies thus set the stage for further development of
these interesting catalysts.

Finally, we briefly note that activation of late-metal systems
with PMAO (or related hard Lewis acids such as AlRhay
not always have the intended effect of scavenging soft donor
ligands such as phosphine. In the present case, it is quite clear
that a sterically unhindered, and weakly bound, hard Lewis base
(i.e. the PN ligand) is more susceptible to abstraction by
alkylaluminum compounds.

Experimental Section

All materials were obtained from Aldrich Chemical Co. or Strem
Chemical Co. Ltd. and purified as required, unless otherwise noted.

is less active (by about an order of magnitude) and provides s synthetic procedures were conducted under2aNnosphere

much lowerM,, material with a higher branching frequency.

using Schlenk techniques or in a MBraun MB-150 glovebox.

Of course, all three of these differences may be related to theTetrahydrofuran, diethyl ether, toluene, hexane, and dichlo-
presence of phosphine in this reaction (phosphine inhibits the romethane were purified by passage through activated La Roche

activity of the Keim-based catalydfy although it seems

A-2 alumina and Engelhard CU-0226s Q-5 colurfhs.

reasonable to expect that the less hindered nature of this discrete  RoutinelH, 19F, and'*C NMR spectra were recorded on Varian

complex is also a contributing factéf.

Finally, in view of recent reports describing the generation
of high-activity ethylene oligomerization catalysts from the
reaction of isoelectronic Ni(lramidinate complexes and excess
methylaluminoxane (PMAOY, we briefly investigated the
behavior of all of the complexes reported here under similar
conditions. Complexe8a—d, 4, and especially are all very
active catalysts for ethylene dimerization, with activities ¢f10
10" g of GH4/((mol of Ni) h) at 150 psig of gH4 and 200:1
Al:Ni at 25 °C. There is no evidence for formation of any high-

(37) (a) Nelkenbaum, E.; Kapon, M.; Eisen, M.J53Organomet. Chem.
2005 690, 3154-3164. (b) Nelkenbaum, E.; Kapon, M.; Eisen, M. S.
Organometallic2005 24, 2645-2659.

Mercury or Gemini 300 MHz instruments. Tetrahydrofugyrwas

dried over molecular sieves. Benzeatigtolueneds, and bromoben-
zeneds were distilled from Na or Na/K alloy prior to use.
Acetonitrile-d;, methylened, chloride, and chlorofornat were
distilled from RBOs and stored ove4 A mole sieves!H NMR
spectra were referenced with respect to residual protonated solvent,
while 13C NMR spectra were referenced with respect to deuterated
solvent. 1% NMR spectra were referenced with respect to tet-
rafluorop-xylene (TFX: 0 —145.69 in toluenal). 3P NMR
spectra were referenced to a phosphoric acid external standard.
Variable-temperature experiments were performed using a Varian

(38) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K,
Timmers, F. JOrganometallics1996 15, 1518-1520.
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Inova 400 MHz instrument. The spectrometer thermocouple was to 28.28 () using graphite-monochromated Maktadiation ¢
calibrated to within 5% of the actual temperature using a sample = 0.710 73 A) at 180 K. The reflections were collected using

of MeOH. IR spectra were obtained on a DigiLab Excalibur FTS

scans. Unit cell dimensions were based on data collected using

3000 spectrometer and were not calibrated. Elemental analyses wer&MART and indexed using the SAINT algorithm. The total number
performed by either Oneida Research Services or Galbraith of reflections collected was 6014 between 1.73 and 2589.

Laboratories.

Tris(perfluorophenyl)borane was predried in a hexane solution
containing activate 4 A molecular sieves and recrystallized from
hexane at-30 °C. The compounds Ni(COBRJ® (3-CsHs),Ni,?>
[17%-(2-Me)GsH4] 2N, %6 [(173-C3Hs)NiBI] 2, [(MesSi),N—PENSiMes)
(1), [PhP(NHTOoIl)=NTol)] (3b),*> and (PPH).Ni(Ph)Br* were
prepared according to literature procedures.

N,N'-Bis(trimethylsilyl)diphenyliminophosphonamide (3a).
PhbP(NHTMS)E=NTMS) was prepared using a modified literature
preparatiorf? Diphenylphosphine (6.6 g, 30 mmol) was dissolved
in 75 mL of hexane. Trimethylsilyl azide (8 g, 72 mmol) was added
and the solution heated under reflux for 12 h. The solution was
pumped to dryness and the product distilled at600°C at 0.001
mmHg. The product (11.4 g, 90%) was a clear colorless ligitid.
NMR (300 MHz, benzenek, 298 K): 6 0.19 (s, 9H, NHSiEl3),
0.36 (s, 9H, NSi€Els), 1.88 (bs, 1H, M), 7.04-7.10 (m, 6H,p-/
M-Ar), 7.67-7.75 (m, 4H,0-Ar). 3P NMR (121.4 MHz, benzene-
ds, 298 K): 6 0.70.

Potassium N,N'-Bis(trimethylsilyl)diphenyliminophosphon-
amide. The potassium salt dda was prepared by slow dropwise
addition of3a (6.0 g, 16.6 mmol) to a stirred suspension of KH
(1.4 g, 35 mmol) in 25 mL of THF with stirring continued for 1 h.
Caution! Addition of 3a must be done slowly to prevent rapidg H
formation. The resulting solution was filtered through Celite and

Structure solution, refinement, and modeling were accomplished
using the Bruker SHELXTL package. The structure was solved by
Patterson and Fourier methods and refined by full-matrix least-
squares refinement df?. Allylic hydrogen atoms were found and
refined from a Fourier difference map. The remaining hydrogens
were fitted with a riding model. The final cycles of refinement
converged withR = 0.0488 andr,, = 0.0871.
(173-Allyl)[diphenylbis(4-methylphenyl)phosphorato]nickel (2b).
Ligand 3b (1.00 g, 2.31 mmol) in 10 mL of THF was cooled to
—80°C, and 1 equiv ofBuLi in hexanes (1.85 M, 1.25 mL, 2.31
mmol) was added by syringe. This solution was warmed t860
In a separate flask §-C3sHs)NiBr], (539 mg, 1.15 mmol) was
dissolved in 10 mL of THF. The ligand solution was cooled to
—80°C, and the [3-C3sHs)NiBr]; solution was added via cannula.
The resulting red solution was pumped to dryness and the residue
dissolved in toluene. The product was filtered through Celite and
the solvent evaporated. Compoudlolwas isolated as red crystals
(842 mg, 74%) by crystallization from Ggl, at —30°C.H NMR
(300 MHz, benzenels, 298 K): 6 1.94 (dd,J = 13.2 Hz, 2H anti
1-/3-allyl CHy), 2.07 (s, 6H, ArG3), 2.92 (dd,J = 7.9 Hz, 2H,
syn1-/3-allyl CHy), 5.26 (tt,J = 6.5 Hz, 1H, allyl H), 6.82 (m,
6H, o-/m-ArCHs), 7.00 (m, 6Hp-/m-Ar), 7.91 (m, 2H,0-Ar), 8.10
(m, 2H,0-Ar). 3P NMR (121.4 MHz, benzends, 298 K): 6 41.7.
IR (KBr, cm™1): 3019 (w), 2913 (w), 1606 (s), 1504 (s), 1434

dried under vacuum. The product was recrystallized from toluene (sh), 1286 (s), 1267 (sh), 1176 (m), 1105 (s), 997 (s), 906 (m), 815

(8 mL) layered with hexane (20 mL). [K][BR(NTMS),] formed
colorless crystals (4.92 g, 75%). More material could be isolated
from the supernatantH NMR (300 MHz, benzenel, 298 K): 6
0.06 (s, 18H, Si€l3), 7.78 (m, 4H,0-Ar), 7.20 (m, 6H,p-/m-Ar).
31P NMR (121.4 MHz, benzends, 298 K): ¢ 5.67. This material
was used directly for the preparation of compkex
(n3-Allyl)[diphenylbis((trimethylsilyl)imino)phosphorato]-
nickel (2a). Ligand 3a (708 mg, 1.97 mmol) in 10 mL of THF
was cooled to-80 °C, and 1 equiv ofBuLi in hexanes (2.62 M,
0.752 mL, 1.97 mmol) was added by syringe. This solution was
warmed to 20°C. In a separate flask#ff-C3Hs)NiBr], (353 mg,
0.982 mmol) was dissolved in 10 mL of THF. The ligand solution
was cooled t-80°C, and the [3-C3Hs)NiBr], solution was added

via cannula. The resulting red solution was pumped to dryness and
the residue dissolved in hexane. The product was filtered through

Celite and crystallized by slow evaporation to yield dark red crystals
(720 mg, 80%)*H NMR (300 MHz, benzenek, 298 K): 6 0.04
(s, 18H, SiG3), 1.67 (dd,J = 12.9 Hz, 2H,anti 1-/3-allyl CH,),
2.86 (ddJ = 7.5 Hz, 2H,syn1-/3-allyl CH,), 5.01 (tt,J = 6.0 Hz,
1H, allyl CH), 7.04 (m, 3Hp-/m-Ar), 7.12 (m, 3H,p-/m-Ar), 7.79
(m, 2H,0-Ar), 8.06 (m, 2H,0-Ar). 3P NMR (121.4 MHz, benzene-
ds, 298 K): 6 40.1. IR (KBr, cnml): 2948 (m), 2892 (sh), 2360
(m), 2341 (sh), 1587 (w), 1498 (m), 1481 (sh), 1434 (s), 1398 (sh),
1245 (s), 1139 (s), 1101 (sh), 854 (s), 831 (sh), 520 (m). Anal.
Calcd for GiH33NoNiPSk: C, 54.91; H, 7.24. Found: C, 54.62;
H, 7.14.

A red crystal of2a with dimensions 0.33 0.23 x 0.22 mm

was coated in PEK and mounted on a glass fiber, which was placed

under a stream of nitrogen on the goniometer head of a Bruker L .
d benzeneds, 298 K): major isomery 0.21 (s, 18H, NSi€l3), 0.52

Apex CCD diffractometer. The full sphere of data was collecte

(39) Krysan, D. J.; Mackenzie, P. B. Org. Chem199Q 55, 4229~
4230.

(40) Niecke, E.; Oberdorfer, R.; Bajorat, 8ynth. Methods Organomet.
Inorg. Chem.1996 3, 84—85.

(41) Hidai, M.; Kashiwagi, T.; Ikeuchi, T.; Uchida, Yd. Organomet.
Chem.1971, 30, 279-282.

(42) Paciorek, K. L.; Kratzer, R. HJ. Org. Chem.1966 31, 2426~
2427.

(s), 688 (s), 597 (m), 507 (s). Anal. Calcd fopgH33N,NiP: C,
69.76; H, 6.66. Found: C, 70.04; H, 5.99.

A red crystal of2b with dimensions 0.3% 0.34 x 0.31 mm
was coated in PEK and mounted on a glass fiber which was placed
under a stream of nitrogen on the goniometer head of a Bruker
Apex CCD diffractometer. The full sphere of data was collected
to 30.30 (0) using graphite-monochromated MaxKadiation ¢
= 0.710 73 A) at 180 K. The reflections were collected using
scans. Unit cell dimensions were collected in SMART and indexed
in SAINT. The total number of reflections collected was 7207
between 1.50 and 28.886). Structure solution, refinement, and
modeling were accomplished using the Bruker SHELXTL package.
The structure was solved by Patterson and Fourier methods and
refined by full-matrix least-squares refinement &8. Allylic
hydrogen atoms were found and refined from a Fourier difference
map. The remaining hydrogens were fitted with a riding model.
The final cycles of refinement converged wih= 0.0369 andR,
= 0.0857.

(73-AllyD)[( o-allyl)(bis(trimethylsilyl)amino)bis((trimethylsilyl)-
imino)phosphorato]nickel (2c,d).A modified procedure, based on
that reported by Keim? was used to prepare compoun2sd.
Compoundl (1.00 g, 2.73 mmol) was dissolved in 4.5 mL of
hexane. In a separate flask 1 equiv g¥-CsHs),Ni was dissolved
in 4.5 mL of hexane. The two solutions were mixed to form a deep
red solution, which upon evacuation at 0.01 mmHg yielded an
orange powder (1.5 g, 95%) @€,d. H and3P NMR spectra agreed
with those reported in the literatut&éDeep red crystals were grown
from evaporation of a hexane solutiotd NMR (300 MHz,

(s, 18H, N(Sit3),), 1.49 (dd,J = 12.7 Hz, 2H,anti 1-/3-allyl
CHy), 2.51 (ddt,J = 14.3, 6.6, 1.7 Hz., 2H, Pd), 2.81 (dd,J =
12.7 Hz, 2H,syn1-/3-allyl CH,), 5.05-4.85 (tt,J = 6.7, 12.7 Hz,
1H, allyl CH), 5.05-4.85 (dt, 1H, P-allyl cis @&,), 5.24-5.16 (dt,
1H, P-allyl trans ®&,), 6.13 (m, 1H, P-allyl ®); minor isomer
0.22 (s, 18H, NSi€El3), 0.40 (s, 18H, N(Si€ls),), 1.59 (dd,J =
12.7 Hz, 2H,anti 1-/3-allyl CHy), 2.72 (ddt,J = 14.3, 7.0, 1.3
Hz., 2H, RCH,), 2.78 (dd,J = 7.0 Hz, 2H,syn 1-/3-allyl CH,),
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5.05-4.85 (m, 1H, allyl G), 5.24-5.16 (dt, 1H, P-allyl cis €l,),

5.34 (dt, 1H, P-allyl trans B5), 6.71 (m, 1H, P-allyl €). 3P NMR

(121.4 MHz, benzends, 298 K): major isomery 34.26 (s, 1P,
P); minor isomer, 33.25 (s, 1FP). By integration of the3P

spectrum, the ratio of major to minor isomer was 1.5:1.

Phenyl(triphenylphosphine)[diphenylbis((trimethylsilyl)imino)-
phosphorato]nickel (5).[K][Ph,P(=NTMS),] (1.06 g, 2.53 mmol)
in 5 mL of toluene was mixed with a dispersion of (BRNi(Ph)-

Br (1.87 g, 2.53 mmol) in 15 mL of toluene for 2 h. The resulting
deep red solution was filtered through Celite, and the solvent was
reduced to ca. 13 mL in vacuo. Upon layering with hexane, the
concentrate yielded dark red cubic crystals (1.6 g, 83¢ANMR
(300 MHz, benzenek, 298 K): 0 —0.29 (s, 18H, Si€l3), 6.48-
6.53 (m, 3H,m-/p-ArNi), 7.99-7.01 (m, 9H,m-/p-PArz), 7.21—
7.31 (m, 6H,m/p-Ar(PNy)), 7.44-7.48 (m, 2H,0-ArNi), 7.84—
7.90 (m, 6H,0-PArs), 8.16-8.22 (m, 4H,0-Ar(PN,)). 3P NMR
(121.4 MHz, benzends, 298 K): 6 37.3 (s, 1PPNy), 29.2 (s, 1P,
PPhs). IR (KBr, cm™%): 3031 (s), 2890 (s), 2678 (w), 2582 (w),
2316 (w), 1957 (s), 1887 (sh), 1668 (w), 1558 (s), 1434 (s), 1243
(s), 1083 (s), 831 (m). Anal. Calcd fory€14gN,NiP,Si;: C, 66.58;

H, 6.38. Found: C, 66.37; H, 6.21.

A red crystal of5 with dimensions 0.3% 0.30 x 0.24 mm was
coated in PEK and mounted on a glass fiber which was placed
under a stream of nitrogen on the goniometer head of a Bruker
Apex CCD diffractometer. The full sphere of data was collected
to 27.88 (0) using graphite-monochromated MaxKadiation ¢
= 0.710 73 A) at 150 K. The reflections were collected using
scans. Unit cell dimensions were collected in SMART and indexed
in SAINT. The total number of reflections collected was 9250
between 1.74 and 27.886). Structure solution, refinement, and
modeling were accomplished using the Bruker SHELXTL package.
The structure was solved by direct methods and refined by full-
matrix least-squares refinement 84 All hydrogens were fitted
with a riding model. The final cycles of refinement converged with
R = 0.0331 andr, = 0.0539.

Synthesis of Bis[diphenylbis((trimethylsilyl)imino)phosphorato]-
nickel (4). The synthesis of the paramagnetic compfensed a
procedure modified from that reported by the Kuchen gris@p.
(Dimethoxyethane)nickel bromide (140 mg, 0.18 mmol) and [K]-
[PRPENTMS),] (54 mg, 0.36 mmol) were mixed in 3 mL of THF,
and this mixture was stirred for 12 h. The THF was evaporated

Organometallics, Vol. 25, No. 10, ZB¥3

80 min period. During this time the red solution turned brown and
IH NMR resonances due to 2-/3-hexene appeared. Selected spectra
are shown in Figure 4 or in the Supporting Information, and the
data were analyzed, assuming pseudo-first-order kinetics for the
disappearance & and the consumption of 1-hexene.

Reaction of Complex 5 with PropeneA stock solution of TFX
(1.0 M) in toluenedg was made. In a septum-equipped 5 mm NMR
tube,5 (25 mg, 34umol) and 500 mg (ca. 53AL) of the stock
solution were added. In a separate 5 mm septum-capped NMR tube,
495 mg (ca. 52&L) of the stock solution was added and saturated
with propene at 7 psig ([{s] = 0.34 M). The solution ob was
cooled t0o—80 °C, and 1.8 equiv (10QL) of the propene solution
was added. The cool NMR tube was agitated and lowered into a
precooled 30 °C) NMR probe. The reaction was monitored with
controlled warming of the probe to 2&. All volatile products of
this reaction were vacuum-transferred into a clean 5 mm NMR tube
using an NMR tube manifold®H NMR spectra of the resulting
clear solution indicated the presencecefnethylstyrene (see the
Supporting Information).

Reaction of Complex 5 with Al(CH3)s. In a 5 mm NMRtube,
5(11.5 mg, 15.2«mol) was dissolved in 308L of benzeneds. In
a separate vial, Al(CH3 (20 mg, 28Qumol) was dissolved in 1.05
mL of benzeneads. To the solution ob was added 55 mg (1 equiv)
of the AI(CHg)s solution. The solution turned black, and Ni(0)
precipitated. ThéH NMR spectrum of the products were consistent
with a mixture of toluene and (BR(NTMS))AIMe,, an authentic
sample of which was prepared as described below.

[N,N'-Bis(trimethylsilyl)diphenyliminophosphonamido]-
dimethylaluminum. The compound was synthesized by dissolving
3a(0.673 g, 1.87 mmol) in 3 mL of hexane and adding 1.5 equiv
of Al(CH3)3.2% Once the exothermic reaction mixture was allowed
to bubble and was cooled to 2C, the solvent and residual Al-
(CHs); were removed by vacuum evaporation. Adding ca. 0.4 mL
of hexane and cooling t6-30 °C for 12 h yielded colorless crystals
of PP(NTMS)AIMe, (700 mg, 90%), whose spectral data agreed
with those reported in the literatu?&!H NMR (300 MHz, benzene-
ds, 298 K): 6 —0.06 (s, 18H, SiEl3), —0.09 (s, 6H, AlG3), 7.71—

7.81 (m, 4H,0-Ar), 6.99-7.12 (m, 6H p-/m-Ar). 3P NMR (121.4
MHz, benzeneds, 298 K): 6 30.49.

Reaction of Complex 5 with B(GFs)s. In a 5 mm NMRtube,

5(11.5 mg, 15.2«mol) was dissolved in 308L of benzeneds. In

from the resultant bright blue solution, and the residue was dissolved a separate vial, B(§s)s (40 mg, 28Qumol) was dissolved in 1.05

in a 1:1 (v:v) hexanetoluene solvent. This was filtered through
Celite and the solvent evaporated in vacuo. The blue crystalline
product (72 mg, 55%) was recrystallized from warm hexahke.
NMR (300 MHz, benzenel, 298 K): 6 —6.72 (bs, 8H,0-Ar),
—0.29 (bs, 4Hp-Ar), 7.12 (bs, 8HmM-Ar), 13.91 (bs, 36H, Sis).
1:1 Reaction of [Li][Ph,P(=NTMS),] and (DME)NiBr ,. In 10
mL of ether ligand3a (300 mg, 0.832 mmol) was dissolved. The
solution was cooled te-80 °C, 1 equiv of BuLi (in hexanes; 2.61
M, 0.319 mL, 0.832 mmol) was added, and the solution was
warmed to 20°C. Meanwhile a dispersion of (DME)NiB{(265
mg, 0.832 mmol) in 10 mL of ether was cooled+@0 °C. The
ligand solution was then transferred by cannula into the (DME)-
NiBr, dispersion, and the mixture was warmed to ZD. The
solution turned deep blue, and blue crystals began to fdirilMR
spectroscopy indicates that the principal product wasPPh
Reaction of Complex 5 with 1-Hexeneln a septum-equipped
5 mm NMR tube,5 (23 mg, 31umol) and 170uL of tolueneds
were added. After dissolution, the solution was cooled-8D °C
and 300uL of 1-hexene was added. The cool NMR tube was
agitated and lowered into a precooled60 °C) NMR probe. The
reaction was monitored by slowly warming the probe td°25'H
and3P NMR spectra were recorded at 10,20, —40, and—60
°C, but no obvious change was evident. Once the solution was
warmed to 25°C, 'H and3!P NMR spectra were recorded over an

mL of benzeneds. To the solution o6 was added 194 mg (1 equiv)
of the B(GsFs)3 solution. The solution darkened, and a mixture of
products was observed in thd, 3P, and!®F NMR spectra. These
are included in the Supporting Information.

Reaction of Complex 5 with B(GFs); and 1-Hexene.ln a 5
mm NMR tube,5 (22 mg, 29umol) was dissolved in 358L of
benzeneds and 200uL of 1-hexene. In a separate vial, Bfts)s
(10 mg, 70umol) was dissolved in 42&L of benzeneds. To the
solution of5 was added 300L (53 umol) of the B(GFs)3 solution
by syringe in 100uL increments. The solution darkened, and a
mixture of products was observed in thd, 3P, and!®F NMR
spectra. Isomerization of 1-hexene commenced immediately on
adding the first aliquot of borane.

Reaction of Complex 5 with Ni(COD), and 1-Hexene.ln a
septum-capped 5 mm NMR tulfe(15 mg, 2Qumol) was dissolved
in 689 uL of benzeneds. In a separate vial, Ni(COR)5 mg, 54
umol) was dissolved in 100L of 1-hexene and 100L of benzene-
ds. The two solutions were mixed by syringe. The solution turned
black, and Ni(0) precipitatedH and3!P NMR spectra were taken
during the conversion of 1-hexene to 2-/3-hexenes. TFhalIMR
spectral line broadened as Ni(0) formed, but there were no Ni(0)
phosphine complexes detected, and the rate of hexene isomerization
was unaffected.

Reaction of Complex 5 with Rh(acac)(GH,), and 1-Hexene.
In a Teflon valve capped 5 mm NMR tube, Rh(acagi{$). (14
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mg, 54umol) was dissolved in 55zL of benzeneds and 14uL evaporated. Polymer was washed with acidic methanol and dried
of 1-hexene (8mol). A 'H NMR spectrum was taken of this  in a vacuum oven for 12 h. This polymerization yielded 1.3 g of
starting solution, to confirm the absence of 2-/3-hexenes. To this polyethylene over 4 h. The activity is calculated on the basis of
solution was added 0.5 equiv of solid comp&®{ 9 mg, 25«mol). the dry mass of the polymer. Details of the polymer microstructure
After dissolution, 'H and 3P NMR spectra were taken, and and related polymerization experiments will be reported else-
formation of 2-/3-hexene was observed. Spectra are summarizedwherel”.24

in the Supporting Information. In Situ Generation of (TMS,N)(o-(2-CH3)C3Hs)P(N-TMS),Ni-
(73-2-Methallyl)[( o-2-methallyl)(bis(trimethylsilyl)amino)bis- (7%-(2-CH3)C3H5s) in the Presence of EthyleneThis reaction was

((trimethylsilyl)imino)phosphorato]nickel. CompoundL (25 mg, preformed in the same manner describedifand Ni¢3-(CsHs)..

68umol) was dissolved in 570L of benzeneds in a 5 mmseptum- In this case Nif3-(2-CHs)(C3H,)]2 was used in place of Nj-

equipped NMR tube. To this solution was addg#(@-CHs)CzHs),- (CsHs))2. This polymerization yielded 190 mg of polyethylene after

Ni (11.5 mg, 68«mol). The yellow solution deepened in color as 2 h.

the reaction progressed over 2'H.NMR (300 MHz, benzenels, Activation of Ni Complexes with PMAO. A solution of the

298 K): major isomerp 0.23 (s, 18H, NSi€l3), 0.56 (s, 18H, Ni complex Qa—d, 4, or 5 in 100 mL of toluene, 0.1 mM) and
N(SiCH3),), 1.44 (s, 2H,anti 1-/3-methallyl G4), 2.00 (s, 3H, PMAO (0.02 M) was prepared and transferred to a 300 mL
P-methallyl GH3), 2.23 (m, 3H, methallyl €3), 2.58 (s, 2H,syn autoclave fitted with a glass insert in the glovebox. The autoclave
1-/3-methallyl GH,), 2.60 (d,J = 11, 2H, P€H,), 4.86 (m, 2H, was sealed, connected to a gas manifold, briefly evacuated, and
P-methallyl GH,); minor isomer,6 0.23 (s, 18H, NSi€l3), 0.41 then refilled with ethylene at 150 psig and 25. Rapid monomer

(s, 18H, N(Sit3),), 1.49 (s, 2H,anti 1-/3-methallyl G4,), 2.04 consumption was noted using a calibrated mass flow meter
(s, 3H, P-methallyl €i3), 2.62 (m, 3H, methallyl €l3), 2.62 (s, (corresponding\ > 1C° g of C;H4/((mol of Ni) h)), and a significant

2H, syn 1-/3-methallyl GH,), 2.80 (d,J = 15 Hz., 2H, PEH,), exotherm ¢ 10 °C) generally ensued. After 1 h, the autoclave was
5.05 (m, 2H, P-methallyl 8,). 31P NMR (121.4 MHz, benzene-  vented to the atmosphere, and an aliquot of the clear orange solution
ds, 298 K): major isomer¢y 34.26 (s, 1PP); minor isomer, 31.04 removed and filtered through a short plug of silica to remove
(s, 1P,P). By 3'P integration, the ratio of major to minor isomer catalyst and aluminoxane, washing with toluene. Analysis of the

was 1.2:1. eluant by GC revealed the presence of dissolved ethylene and a
Polymerization Procedure. Detailed procedures for polymer- ~ mixture of 1- and 2-butenes. .
ization are given in the literatufé Polymerizations were conducted Reaction of 5 with B(GsFs)s and Ethylene.In a 300 mL reaction

in a 300 mL stainless steel autoclave. The autoclave was dried invessel within a gloveboxs (155 mg, 200umol) and 10 mL of
a 120°C oven overnight and then brought directly into a glovebox, toluene were added to make a 23 mM solution. A magnetic stir
and scrubbing agent (if used), catalyst (if not added by syringe), bar was added to aid agitation. In a Teflon cup which was wired to
magnetic stir bar, and solvent were added. the thermowell of the autoclave was placed Bt (104 mg, 200
The solvent toluene and monomer ethylene were purified as #mol). The reactor was sealed and removed from the glovebox.
described elsewhefé The total impurity level in the reactor was ~ With stirring, 300 psig 0.2 M) of ethylene was added at 3G.
determined by saturating 100 mL of toluene with ethylene at 28 Addition of borane was performed by inverting the sealed reactor
psig and 25 C with stirring. After venting excess monomer inside  (and thus the Teflon cup containing Bg%s)s), and the contents
a glovebox, titration of a 16 g aliquot with 166 of a 21 mM were allowed to react at 3%C for 0.75 h. The soluble material
standard solution of potassium and benzophenone in xylenes Was analyzed by GC-MS after passing through a short plug of silica
tetraglymé? gave a total impurity level of 9gM (expressed as to remove catalyst. Activity was calculated on the basis of the total

[H,0]). integral of the mass flow curve vs time. 1- and 2-butene were
Attempted Reactions of 2a-d with Ethylene. In a 300 mL produced, but no polymer was formed. . .

reaction vessel within a glovebo2¢,d (200 mg, 400umol) and Reactlon_ of 5 with Ni(COD), and Ethylene.Thls rgactlon was

100 mL of toluene were added to mela 4 mM solution. A performed in the same manner as above, using Ni(G@3}ead

magnetic stir bar was added to aid agitation. The reactor was sealed®f B(CeFs)s. No ethylene consumption was observed, and no
and removed from the glovebox. While stirring, 450 psig of ethylene Polymer was formed.

was added fo4 h at 30°C. The same reaction was also performed ~ Reaction of 5 with Rh(acac)(GH,). and Ethylene. Twenty

at 70°C. No ethylene consumption was observed using a calibrated Milligrams (77umol) of Rh(acac)(€Ha)z, a magnetic stir bar, and

mass flow meter, and no p0|ymer was formed. 0.95 mL of benZendB were added to a vial. After dissolution, 30
Screening of complexeZa,b was performed in the same manner Mg (40umol) of 5was added and dissolved over 8 min. Thereafter
and concentrations were as described for compl@ggkat 30°C. 150 psig of ethylene was added tbh inside a 300 mL autoclave
No ethylene consumption was detected, and no polymer was at 20°C. The solution was degassed and transferced & mm
formed. NMR tube.*H and®'P NMR spectra were subsequently recorded.
In Situ Generation of 2¢,d in the Presence of Ethyleneln a The activity of polyme.rization was based on the integrated mass
300 mL reaction vessel within a glovebox, phosphoran@11 of polymer, as determined from tiel NMR spectrum.

mg, 400umol) and 100 mL of toluene were added to make a 4
mM solution. A magnetic stir bar was added to aid agitation. The
reactor was sealed and removed from the glovebox. While the
mixture was stirred, 450 psig of ethylene was added &Q0an a
25 mL stainless steel sample vessel were placeg®NEsHs))»
(56 mg, 400umol) and 5 mL of toluene. The solution of Wi
(CsHs)) was injected, and the reactor contents were allowed to reac
at 17 °C. The resulting solution was degassed and solvent
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