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Several new arene—phosphine ligands were synthesized and used to prepare the following
series of tethered dialkylruthenium(Il) complexes: (%:7*-CsHsCH,CH,PR,)RU(CHj3),, where
R = Cy (1), Ph (2), Et (3). The structures of complexes 1 and 2 were determined by X-ray
diffraction. While complexes 1 and 2 were found to be more thermally stable than analogous
nontethered analogues, complex 3 was found to decompose at room temperature. In
preliminary studies, the use of complexes 1 and 2 as catalyst precursors for the polymeri-

zation of ethylene was examined.

Introduction

Early-transition-metal alkyl complexes have been
widely studied, at least in part, because they serve as
important catalyst precursors for the polymerization of
olefins.1? Recent research, however, has focused on the
development of new types of Ziegler—Natta catalysts
based on late transition metals because of the antici-
pated tolerance of these metals toward polar functional
groups.3~'8 In particular, several new catalysts that
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oligomerize and/or polymerize olefins have been recently
developed based on group VI11—X metals such as Fe,3~°
Co0,3758 Rh,10 Nij,11718 and Pd.}2714 Despite these ad-
vances, there are relatively few examples of ruthenium-
based Ziegler—Natta catalysts.19-22

Because ruthenium complexes have been shown to
exhibit a high tolerance toward polar functional groups
in the ring-opening metathesis polymerization (ROMP)
of cyclic olefins,23-28 we have been exploring the devel-
opment of ruthenium-based Ziegler—Natta polymeriza-
tion catalysts.??30 In particular, our research has found
that the abstraction of one of the cis methyl groups of
cis-(DMPE),RuMe; in the presence of ethylene affords
the cation trans-[(DMPE);RuMe(CH,=CH)]*, which
fails to insert ethylene into the remaining Ru—methyl
bond.3® One of the major drawbacks of this system
apparently derives from the rapid isomerization of the
bidentate phosphine ligand during cation formation,
which gives rise to an inaccessible trans location of the
Ru—methyl bond relative to the coordinated ethylene
group.

From these observations, we concluded that it should
be possible to lock the vacant orbital cis to an alkyl
group by employing a rigid ligand system incapable of
isomerization. To this end, we have designed a family
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of dimethylruthenium(ll) complexes containing the
unique arene—phosphine ligand, CsHsCH>CH,PR,, where
R = Cy, Ph, Et. We specifically targeted the study of
(7%: *-CeHsCH2CH,PR2)RU(CH3), complexes because
the abstraction of a single methyl group from these
substrates would necessarily afford a vacant site cis to
the residual methyl group. Moreover, the resultant
cationic intermediates would be isolobal with those
postulated in the catalytically active [CpCoH(CxHy,)-
PR3] olefin polymerization systems.3! Furthermore, we
believed that it might be possible to achieve stereo-
specific catalysis arising from the C; symmetry of the
metal center in specially designed analogues.32

In this paper, we describe the synthesis and charac-
terization of a new family of complexes, (7%: 1-CsHsCHo-
CH3PR2)RuU(CH3),, where R = Cy (1), Ph (2), Et (3).
Through a series of thermal decomposition studies, we
then compare the thermal stabilities of these complexes
to each other and to those of known nontethered
analogues such as (175-CsHg)RuMe,(PPh3) and (15-1,3,5-
CsHzMez)RuMe,(PMe,Ph).33 Furthermore, we conduct
preliminary experiments in which complexes 1 and 2
are examined for use as Ziegler—Natta catalyst precur-
sors for the polymerization of ethylene.

Results and Discussion

Synthesis of Complexes 1—3. Scheme 1 illustrates
the strategy used to synthesize complexes 1—3. In the
first step, a series of new arene—phosphine ligands were
prepared by the reaction of (2-phenylethyl)magnesium
bromide with the appropriate dialkylchlorophosphines
in diethyl ether. These ligands were subsequently
treated with [(p-cymene)RuCl;] in refluxing benzene to
give the orange-red nontethered complexes (p-cymene)-
RuCl,(PR,CH,CH,CsHs) (R = Cy, Ph, Et) in greater
than 90% yield. Subsequent heating of the nontethered
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complexes in refluxing chlorobenzene led to the replace-
ment of the cymene ligand with the phenyl moiety of
the phosphine ligand to give the tethered dichloro
complexes (1%:7*-CsHsCH,CH,PR2)RUCl; (R = Cy, Ph,
Et) in 60—95% yield. Alkylation of these complexes with
excess methyllithium in diethyl ether gave the targeted
dialkyl complexes (7%: 7'-CsHsCH,CH2PR,)RU(CH3),
(R = Cy, Ph, Et) in ~35% yield. We found that the use
of less than 5 equiv of methyllithium led to incomplete
alkylation (e.g., monomethylated Ru side products). We
isolated pure samples of (n%: #'-CsHsCH,CH,PCy,)Ru-
(CH3)2 (1) and (#5: n-CsHsCH2CH2PPhz)Ru(CHs3). (2) by
use of flash chromatography through particulate Al,Os.
We were, however, unable to isolate pure samples of (:
nt-CeHsCH,CH,PEt)RU(CH3), (3) due to its rapid
decomposition during flash chromatography. Complexes
1-3 were soluble in CHxClI,, benzene, and toluene and
slightly soluble in diethyl ether.

Characterization of Complexes 1—-3. Analysis by
IH NMR spectroscopy of 1—3 in CD,Cl, showed that the
coordinated arene exhibits three well-separated reso-
nances in the region 6 4.5—-5.5 (for 1, 6 5.13 (t), 4.97
(d), 4.53 (t); for 2, 6 5.42 (t), 5.10 (d), 4.88 (t); for 3, o
5.04 (t), 4.65 (t), 4.53 (d)). The doublets at 6 —0.02 for
1,6 —0.20 for 2, and 6 0.50 for 3 correspond to the Ru—
CHj3; protons coupled to the phosphine nucleus. The
coupling constants (Jnp) of these doublets were 4.8, 6.0,
and 5.7 Hz for 1—3, respectively, which is consistent
with values reported for related compounds such as (°-
CeHe)RUM@z(PPhg),BB (776-1,3,5-C6H3M63)RUMEQ(PMez-
Ph),33 (58-CeMeg)RuMe;(L) (where L = PMes, PMePhs,
PPh3),3* and [(#5-CsMeg)RuMe(PMejz)(CO)]*.%°

We performed X-ray structural analyses of crystals
of 1 and 2 generated by the slow evaporation of CH,ClI,
from concentrated solutions containing the respective
complexes. We were, however, unable to obtain crystals
of 3, despite using a variety of solvent and mixed-solvent
systems during crystallization trials. Thermal ellipsoid
plots and views perpendicular to the #8-phenyl ring for
compounds 1 and 2 are shown in Figures 1 and 2,
respectively. Selected bond distances and angles are
provided in Tables 1 and 2, respectively. The phenyl ring
and ethylene bridge of compound 1 were disordered
60:40 over two positions approximately related by a
mirror plane. In contrast, the structure of compound 2
was well ordered.

The Ru—C(1) and Ru—C(2) bond distances were
similar in both compounds (2.136(4) and 2.129(4) A for
1; 2.142(4) and 2.143(4) A for 2). These values are
comparable to those reported in the literature for
ruthenium alkyls.3334 The bond distances from Ru to
each carbon of the coordinated arene were as follows
for 1: 2.2108) A, Ru—C(5); 2.240(9) A, Ru—C(6);
2.27(1) A, Ru—C(7); 2.268(8) A, Ru—C(8); 2.238(6) A,
Ru—C(9); 2.209(7) A, Ru—C(10). The analogous dis-
tances were as follows for 2: 2.181(3) A, Ru—C(13);
2.250(4) A, Ru—C(14); 2.215(4) A, Ru—C(15); 2.237(4)
A, Ru—C(16); 2.239(3) A, Ru—C(17); 2.262(4) A, Ru—
C(18). In both complexes, the ruthenium metal lies
beneath the center of the coordinated arene. The
elongated Ru—carbon bonds trans to the bridge and the
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Figure 1. (A) Thermal ellipsoid plot of the complex
(1’]6:1’]1-CGH5CH2CH2PC)/2)RU(CH3)2 (1) at the 40% prob-
ability level and (B) a view perpendicular to the 5%-phenyl
ring.

Figure 2. (A) Thermal ellipsoid plot of the complex
(176:ﬂl-C5H5CH2CH2Pth)RU(CH3)2 (2) at the 40% prob-
ability level and (B) a view perpendicular to the r%-phenyl
ring.

shortened Ru—carbon bonds adjacent to the bridge
probably arise from distortion of the coordinated arene
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Table 1. Selected Bond Lengths (A) and Angles

(deg) for 1
Bond Lengths
Ru—C(1) 2.136(4) Ru—C(2) 2.129(4)
Ru—C(5) 2.210(8) Ru—C(6) 2.240(9)
Ru—C(7) 2.268(10) Ru—C(8) 2.268(8)
Ru—C(9) 2.238(6) Ru—C(10) 2.209(7)
Ru—P(1) 2.3070(11)
Bond Angles
C(1)—Ru—C(2) 81.20(18) C(1)—Ru—C(5) 146.4(3)
C(2)—Ru—C(5) 132.4(3) C(1)—Ru—C(6) 110.9(3)
C(2)—Ru—C(6) 163.5(2) C(1)—Ru—C(7) 90.3(3)
C(2)—Ru—C(7) 137.7(3) C(1)—Ru—C(8) 96.7(3)
C(2)—Ru—C(8) 103.9(3) C(1)—Ru—C(9) 125.7(3)
C(2)—Ru—C(9) 87.1(2) C(1)—Ru—C(10) 161.5(3)
C(2)—Ru—C(10) 99.3(3) C(1)—Ru—P(1) 90.78(11)
C(2)—Ru—P(1) 97.68(12)

Table 2. Selected Bond Lengths (A) and Angles

(deg) for 2
Bond Lengths
Ru—C(1) 2.142(4) Ru—C(2) 2.143(4)
Ru—C(13) 2.181(3) Ru—C(14) 2.250(4)
Ru—C(15) 2.215(4) Ru—C(16) 2.237(4)
Ru—C(17) 2.239(3) Ru—C(18) 2.262(4)
Ru—P(1) 2.263(1)
Bond Angles
C(1)—Ru—C(2) 81.65(16) C(2)—Ru—C(13) 136.25(14)
C(1)-Ru—C(13) 141.20(15) C(2)—Ru—C(15) 88.80(15)
C(1)—-Ru—C(15) 134.13(16) C(2)—Ru—C(16) 102.97(17)
C(1)—Ru—C(16) 102.22(15) C(2)—Ru—C(17) 136.70(16)
C(1)—Ru—C(17) 91.15(15) C(2)—Ru—C(14) 103.09(15)
C(1)-Ru—C(14) 168.32(14) C(2)—Ru—C(18) 166.69(16)
C(1)—Ru—C(18) 107.44(15) C(1)-Ru—P(1) 92.14(11)
C(2)—Ru—P(1) 90.42(12)

induced by the presence of the two-carbon bridge.
Similar distortion was observed in the related dichloro
complexes (78:71-CeHs(CH,)3PPh,)RUCI,* and (0-HOCH,-
7%m1-CsH4CHLCH,PPh,)RUCI,.3” While the three ligands
(CH3s, CHg, P) of compound 2 lie in an eclipsed confor-
mation relative to the coordinated arene, those of
compound 1 are either eclipsed or slightly staggered
relative to the coordinated arene, depending on the
nature of the disordered structure.

Thermal Stability of Complexes 1 and 2. We
examined the thermal stability of complexes 1 and 2
both in solution and in the solid state. Due to our
inability to purify complex 3 (vide supra) and the
unknown manner by which the impurities might influ-
ence its apparent thermal stability, we chose to exclude
complex 3 from these studies. Crystals of complex 1
were found to be stable over several months at room
temperature under an inert atmosphere. Crystals of
complex 2, however, gradually decomposed over a period
of 1 month under the same conditions. The stability of
the compounds in solution was monitored by 'H NMR
spectroscopy. Compounds 1 and 2 were dissolved in dry,
oxygen-free o-xylene-dip in an NMR tube. The NMR
tube was then sealed under vacuum and gradually
heated to 130 °C. The concentrations of 1 and 2 were
measured by integration of the peaks due to the 75-C¢Hs
moiety at ¢ 5.12 for 1 and at 6 5.32 for 2 using CsMeg
(0.001 M) as an internal standard. When the solution
was heated for several hours, its color gradually changed
from light yellow to orange and eventually to black.

(36) Smith, P. D.; Wright, A. H. J. Organomet. Chem. 1998, 559,
141.
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Figure 3. Thermal decomposition profiles of (#%:7'-CgHs-
CH,CH3PR2)RU(CHj3),, where R = Cy (@), Ph (m).

The intensities of all 'H NMR resonances attributed
to 1 and 2 were observed to gradually decrease with
heating over time. New resonances at 6 0.43 (s) and 7.5
(broad m) appeared after 22 h for 1 and 5 h for 2. Line
broadening over the range ¢ 0—3.5 was observed for
both species, perhaps suggesting the formation of
paramagnetic decomposition products. Figure 3 shows
that the decomposition of 1 and 2 exhibited first-order
kinetics, as measured quantitatively by H NMR spec-
troscopy. The rate constants at 130 °C were calculated
to be 2.21 x 1072 min~! with ty; = 31 min for compound
1land5.75 x 1072 min—t with ty; = 12 min for compound
2. While we were unable to characterize fully the
decomposition products, we believe that the decomposi-
tion reactions proceed via the formation of methane and
displacement of the coordinated arene, because of the
appearance of the singlet at 6 0.43 (corresponding to
free methane)3® and the broad multiplet at 6 7.5
(uncoordinated aromatic) as described above. It is
possible that the methane is generated via a-hydride
transfer from one methyl group to another and a radical
reaction—a process similar to that observed in studies
of the thermal decomposition of diethylruthenium(lV)
porphyrin complexes.3® Although we attempted to fur-
ther characterize the decomposition reactions by UV
spectroscopy, the stronger absorption band of the de-
composed products (Imax 267) overlapped that of the
starting materials (Amax ~270) and thus prevented a
detailed analysis.

Although the complexes (7%-C¢Meg)RuMe;(L), where
L = PMes, PMePh,, PPhs, were reportedly isolable at
room temperature,3* separate studies showed that the
related nontethered complexes (18-CsHg)RuMe,(PPhg)
and (n%-1,3,5-C¢HzMez)RuMe,(PMe,Ph) could not be
isolated at room temperature due to their facile decom-
position.3® Given that the structures of the last two
complexes more closely resemble the structures of 1—3,
the results presented here provide strong evidence that

(38) We measured the *H NMR spectrum of methane in o-xylene-
dio and observed a single resonance at ¢ 0.43. In *H NMR spectroscopy,
the singlet for ethane typically appears downfield of that for methane
by ~0.6 ppm. See, for example: Friebolin, H. Basic One- and Two-
Dimensional NMR Spectroscopy; VCH: New York, 1993; p 52.

(39) Collman, J. P.; McElwee-White, L.; Brothers, P. J.; Rose, E. J.
Am. Chem. Soc. 1986, 108, 1332.
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the new tethered arene—phosphine dialkylruthenium
complexes are more thermally stable than analogous
nontethered systems.

Attempted Polymerization of Ethylene Using
Complexes 1 and 2 as Catalyst Precursors. We
briefly examined the use of complexes 1 and 2 as
catalyst precursors for the Ziegler—Natta polymeriza-
tion of ethylene. Due to our inability to purify complex
3 (vide supra), we chose to exclude it from these
polymerization trials. A Fisher—Porter bottle was charged
with a solution of methylalumoxane (MAO) in toluene
under ethylene. Separately, the complexes were dis-
solved in toluene and then added to the reactor, which
led to an immediate color change in the solutions from
light yellow to slightly orange and then to yellow within
a few minutes. For both complexes, the following po-
lymerization conditions were employed: (a) pressure of
ethylene, 8.5 atm; (b) temperature, 25 and 50 °C; (c)
quantity of Ru complex, 10 and 20 umol; (d) Ru/MAO
ratio, 1/1000 and 1/3000. Even at the highest temper-
ature and concentration of reactants, only trace amounts
of polymer were produced upon reaction for 1-2 h.

In these polymerization trials, the use of large ex-
cesses of MAO prevented a detailed analysis of the
products formed when complexes 1 and 2 were treated
with MAO. We were thus unable to determine whether
any cationic alkyl complexes were formed as intermedi-
ates. In separate studies,*® however, we have examined
the reactivity of complexes 1 and 2 with [H(Et20),]-
[B(3,5-CsH3(CF3)2)4].4r In the presence of CO, we
were able to isolate the cationic alkyl complexes,
[(#®:n*-CeHsCH,CH2PR2)RU(CH3)(CO)][B(3,5-CeHa-
(CF3)2)4] (R = Cy, Ph).4042 The details of these synthetic
studies and an exploration of the use of the resultant
cationic alkyl complexes as olefin polymerization cata-
lysts are reported separately.

Regarding the inactivity of the cis-constrained com-
plexes toward the polymerization of olefins, Werner has
observed in similar systems ortho metalation of the
phenyl moiety attached to phosphorus,® which would
lead in our case to a Ru benzyl product that might fail
to insert ethylene. Another possibility is that a stable
Ru alkyl olefin complex having a high energy of inser-
tion is formed in the reaction. The latter can plausibly
occur if the olefin orients in a manner that precludes
insertion (e.g., perpendicular to the alkyl group).

Conclusions

We have synthesized a new family of arene—phos-
phine ligands, CsHsCH,CH,»PR;, (R = Cy, Ph, Et), and
used them to prepare the corresponding ruthenium(ll)
dichloride complexes, (1% #*-CeHsCH2CH2PR,)RUCI,.
Alkylation of these complexes with methyllithium af-
forded the novel dialkyl complexes (3: #1-CsHsCH,CH,-
PR2)RU(CHs),, where R = Cy (1), Ph (2), Et (3).
Complexes 1 and 2 were thoroughly characterized by
NMR spectroscopy, X-ray crystallography, and thermal

(40) Umezawa-Vizzini, K.; Lee, T. R. Organometallics 2003, 22,
3066.

(41) Brookhart, M.; Grant, B.; Volpe, A. F., Jr. Organometallics 1992,
11, 3920.

(42) In contrast to ref 30, where the boron activator abstracts a
methide moiety, ref 35 reports that PhsCX (X = PFs~, BF,~) abstracts
a hydride moiety from related late-transition-metal dimethyl com-
plexes.



(7]6:7]1-C6H5CH2C Hszz)RU(C H3)2

stability. Due to our inability to completely purify
complex 3, we were unable to characterize it fully, nor
were we able to evaluate its thermal stability. Analysis
of the thermal stabilities of complexes 1 and 2 revealed
that complex 1 is more stable than complex 2; further-
more, both complexes appear to be more thermally
stable than analogous nontethered systems described
in the literature. Preliminary studies of the use of
complexes 1 and 2 as catalyst precursors in the Ziegler—
Natta polymerization of ethylene revealed that neither
complex exhibited significant catalytic activity under the
limited polymerization conditions examined.

Experimental Section

Materials and Methods. All solvents were dried by
passage through alumina and degassed by freeze—pump—thaw
methods prior to use. The compounds methyllithium and
2-(bromoethyl)benzene were purchased from Aldrich Chemical
Co. and used as received. Similarly, the compounds bis(u-
chloro)bis[(p-cymene)chlororuthenium(I1)], dicyclohexylchloro-
phosphine (CIPCy;), diphenylchlorophosphine (CIPPh,), and
diethylchlorophosphine (CIPEt,) were purchased from Strem
Chemical Co. and used as received. All deuterated solvents
were purchased from Cambridge Isotope Laboratories. Nuclear
magnetic resonance (NMR) spectra were recorded on a General
Electric QE-300 spectrometer operating at 300 MHz (for *H),
75.5 MHz (for *3C), and 121 MHz (for 3!P). Elemental analyses
were performed by National Chemical Consulting.

Synthesis of CsgHsCH,CH,PCy,. To a cooled (0 °C) solution
of dry diethyl ether (60 mL) charged with dicyclohexylchloro-
phosphine (5.0 g, 2.1 x 1072 mol) was added 1.1 equiv (9.0
mL of a 2.6 M solution; 2.4 x 1072 mol) of CeHsCH,CH,MgBr
prepared by the reaction of magnesium and (2-bromoethyl)-
benzene in dry diethyl ether. The solution was warmed slowly
to room temperature and refluxed overnight under argon. The
excess Grignard reagent was destroyed by the addition of
degassed methanol, and the solution was concentrated under
vacuum. Due to apparent decomposition of the product during
attempted purification by column chromatography on silica gel,
the crude product was used in subsequent synthetic steps (vide
infra). 'H NMR (CDCl;; 300 MHz; 293 K): 6 7.26 (m, 5 H,
CeHs), 2.73 (m, 2 H, CsHsCH,CH.P), 1.2—-2.2 (m, 24 H,
C5H5CH2CH2P, Cyz)

Synthesis of CcHsCH,CH,PPh,. An aliquot (25 mL, 6.8
x 1072 mol) of a 2.7 M solution of CeHsCH,CH,MgBr in diethyl
ether was slowly added to a cooled (0 °C) solution of diphen-
ylchlorophosphine (10 g, 4.5 x 1072 mol) in 100 mL of dry
diethyl ether. The solution was slowly warmed to room
temperature and refluxed overnight under argon. The excess
Grignard reagent was destroyed by the dropwise addition of
1 N HCI solution. The solution was then adjusted to basic pH
by the careful addition of a saturated solution of NaHCOs. The
organic phase was separated, and the aqueous phase was
extracted with diethyl ether (3 x 60 mL). The combined
organic phases were dried over MgSO, and filtered. The
volatiles were removed under vacuum, and the product was
purified by column chromatography on silica gel using 40/1
hexanes/diethyl ether (Rs = 0.46, 10/1 hexanes/diethyl ether).
Yield of white solid: 7.4 g, 56%.'H NMR (CDClz; 300 MHz;
293 K): ¢ 7.15-7.69 (m, 15 H, Ar), 2.96 (m, 2 H, CeHs-
CH,CH,P), 2.59 (m, 2 H, CgHsCH,CH,P). 3'P{*H} NMR
(CDCl3; 121 MHz; 293 K): ¢ —15.3 (s). 1*C NMR (CDCl3; 75.5
MHZ; 293 K): o0 142.68 (d, Jep = 13.14 HZ, CeHsCHzCHzP),
138.72 (d, Jcp = 13.36 Hz, Ar), 132.91 (d, Jcp = 16.23 Hz, Ar),
132.70 (d, Jcp = 16.99 Hz, Ar), 128.56 (m, CsHsCH,CH,P, AI’),
126.08 (s, CeHsCH,CH:P), 32.25 (d, Jcp = 17.74 Hz), 30.30 (d,
Jep = 13.14 Hz).

Synthesis of C¢HsCH,CH,PEt,. This ligand was prepared
using a procedure analogous to that used to prepare CsHsCH,-
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CH,PPh,, except for the use of 1.98 M CgHsCH,CH;MgBr
(12.16 mL, 2.4 x 1072 mol) and diethylchlorophosphine (2.0 g,
1.6 x 1072 mol) in dry diethyl ether (20 mL). The crude oily
residue was purified by vacuum distillation. Yield: 1.00 g, 32%.
IH NMR (CDCl3; 300 MHz; 293 K): 6 7.28 (m, 5 H, CgHs),
2.77 (m, 2 H, C¢HsCH,CH2P), 1.73 (m, 2 H, C¢HsCH,CH,P),
1.48 (g, Jun = 7.8 Hz, 4 H, P(CHCHa),), 1.12 (m, 6 H,
P(CH2CHs)). 31P{*H} NMR (CDCls; 121 MHz; 293 K): 6 —21.3
(s). 3C NMR (CDCls; 75.5 MHz; 293 K): o6 143.06, 128.34,
128.03, 125.81, 32.28 (d, Jcp = 14.57 Hz), 28.20 (d, Jcp = 15.55
Hz), 18.64 (d, Jcp = 11.33 Hz), 9.50 (d, Jcp = 11.78 Hz).

Synthesis of (p-cymene)Ru(PCy,CH,CH,C¢Hs)Cl,. The
synthesis was performed using an adaptation of a related
literature procedure.3® An aliquot of [(p-cymene)RuCl;], (3.14
g, 5.13 x 1073 mol) was dissolved in 80 mL of benzene. To this
solution was added 2.5 equiv of crude CgHsCH,CH;PCy,
prepared as described above (note: the amount of C¢HsCH,-
CH,PCy, was estimated by integration using *H NMR spec-
troscopy). The solvent was evaporated, and the resultant red
residue was extracted into CH,Cl, and the extract filtered. The
solution was evaporated to dryness, and the resultant red solid
was washed with hexanes and diethyl ether and then dried
under vacuum. Yield: 4.63 g, 75%.'"H NMR (CDCl3; 300 MHz;
293 K): 0 5.55 (s, 4 H, %-CH3CsH4CH(CHs3)2), 2.82 (m, 2 H,
CeHsCH,CH,P), 2.29 (m, 2 H, CsHsCH,CH,P), 2.10 (s, 3 H,
Ar—CHjs), 1.40—2.03 (m, 23 H, Cy,, CH(CHs3)2), 1.28 (d, Jun =
6.9 Hz, 6 H, CH(CH3)y). 3P{*H} NMR (CD.Cl,; 121 MHz; 293
K): 6 25.5 (s). 13C NMR (CDCls; 75.5 MHz; 293 K): ¢ 141.65
(Ar), 128,56 (m, Ar), 126.10 (Ar), 108.69 (1°-CH3sCe¢H4CH-
(CH3)2), 94.11 (776-CH3C6H4CH(CH3)2), 88.94 (176-CH3C6H4CH-
(CHs3)y), 83.66 (178-CH3CsH4CH(CH3),), 37.88 (d, Jcp = 20.5 Hz),
31.10 (d, Jep = 5.1 HZ), 30.89, 29.45, 29.07, 27.74, 26.72, 22.55,
18.21. A satisfactory analysis could not be obtained. Anal.
Calcd for C3oH4ssRUPCl,: C, 59.20; H, 7.40. Found: C, 58.43;
H, 7.28.

Synthesis of (p-cymene)Ru(PPh,CH,CH,CsHs)Cl,. An
aliquot of [(p-cymene)RuCl;], (1.00 g, 1.63 x 1073 mol) was
dissolved in 50 mL of benzene. To this solution was added 2.1
equiv of CgHsCH,CH,PPh, (0.99 g, 3.4 x 1072 mol). The
solution was heated at 45 °C for 3 h, and then the solvent was
removed by evaporation. The resultant red residue was
extracted into CH,Cl,, and the extract was filtered and
evaporated to dryness. The resultant red solid was washed
with hexanes and diethyl ether, and then dried under vacuum.
Yield: 1.85 g, 95%. *H NMR (CDCls; 300 MHz; 293 K): 6 7.94
(m, 4 H, PPhy), 7.53 (m, 6 H, PPhy), 7.13 (m, 3 H, CsHs), 6.93
(m, 2 H, CeHs), 5.26 (d, Jun = 6.3 Hz, 2 H, 55-CH3C¢H4CH-
(CH3)2, 5.09 (d, Iy =6.3Hz, 2H, 176-CH3C5H4CH(CH3)2, 2.85
(m, 2 H, C¢HsCH2CH-P), 2.55 (m, 1 H, CH(CH3)2), 2.32 (m, 2
H, CsHsCH,CH,P), 1.90 (s, 3 H, Ar—CHj3), 0.83 (d, Jun = 6.9
Hz, 6 H, CH(CHa),). 3*P{*H} NMR (CDCls; 121 MHz; 293 K):
0 23.4 (s). 13C NMR (CDCls; 75.5 MHz; 293 K): 6 141.65 (d,
Jep = 12.16 Hz, Ar), 133.40 (d, Jcp = 8.23 Hz, Ph2), 133.28
(m, Ph2), 130.83 (Ph2), 128.35 (m, Ar), 126.02 (Ar), 108.39 (1°-
CH3C6H4CH(CH3)2), 93.94 (WG-CH3C6H4CH(CH3)2), 90.65 (776-
CH3CsH4CH(CH3)), 85.80 (77-CH3CsH4CH(CHs),), 30.15, 29.68,
25.19 (d, Jcp = 26.27 Hz), 21.48, 17.53. Anal. Calcd for CzoHas-
RuPCl;: C, 60.40; H, 5.54. Found: C, 60.65; H, 5.40.

Synthesis of (p-cymene)Ru(PEt,CH,CH,CsHs)Cl,. An
aliquot of [(p-cymene)RuCl;], (0.50 g, 8.2 x 107* mol) was
dissolved in 50 mL of benzene. To this solution was added 2.3
equiv of CgHsCH,CH,PEt; (0.36 g, 1.9 x 1073). The solution
was refluxed for 30 min, and the solvent was evaporated to
afford a red residue, which was extracted into CH,Cl,, filtered,
and evaporated to dryness. The resultant red solid was washed
with hexanes and diethyl ether and then dried under vacuum.
Yield: 0.78 g, 95%.*H NMR (CDCls; 300 MHz; 293 K): 6 7.27
(m, 5 H, CeHs), 5.45 (M, 4 H, 15-CH3CsH4CH(CHs),), 2.85 (m,
3 H, CH(CHj3),, C¢HsCH2CH,P), 2.26 (m, 2 H, CsHsCH,CH,P),
2.17 (M, 4 H, P(CH,CHy3)y), 2.11 (s, 3 H, Ar—CHs3), 1.26 (d, Jun
= 6.9 Hz, 6 H, CH(CHs)2), 1.17 (m, 6 H, P(CH,CHy),). 3'P{1H}
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NMR (CDCls; 121 MHz; 293 K): 6 21.2 (s). *C NMR (CDCls3;
75.5 MHz; 293 K): ¢ 142.12 (d, Jcp = 12.30 Hz, Ar), 128.74
(Ar), 128.17 (Ar), 126.36 (Ar), 107.54 (°-CH3CsH4sCH(CHs3)),
94.59 (176-CH3C6H4CH(CH3)2), 88.99 (ﬂs-CH3C6H4CH(CH3)z),
84.86 (175-CH3CsH4CH(CHs3)2), 30.75, 29.93, 26.98 (d, Jcp =
24.23 Hz), 22.40, 18.38, 18.21 (d, Jcp = 25.82 Hz), 7.99 (d, Jcp
= 6.88 Hz). Anal. Calcd for CxH33RUPCl,: C, 52.80; H, 6.60.
Found: C, 52.43; H, 6.47.

Synthesis of (%:7*-CsHsCH,CH,PCy,)RuUCl,. A sample
of 4.63 g (7.61 x 1073 mol) of (p-cymene)Ru(PCy,CH,CH,CsHs)-
Cl, was refluxed in 80 mL of degassed chlorobenzene for 6 h
under argon. Fine orange crystals, which formed during the
reaction, were isolated by filtration and washed with hexanes
and diethyl ether. The remaining solution was again refluxed,
and the crystals were collected. This process was repeated
three times until crystal formation was observed to cease. The
crystals were washed with hexanes and diethyl ether and dried
under vacuum. Yield: 3.40 g, 94%. 'H NMR (CDCls; 300 MHz;
293 K): 6 6.22 (td, Jyn = 5.7 Hz, Jun = 2.4 Hz, 1 H, 1%-CgHs),
5.84 (t, Jun = 5.7 Hz, 2 H, 55-CHs), 5.01 (d, Jun = 5.7 Hz, 2
H, 78-C¢Hs), 2.92 (m, 2 H, CsHsCH2CH,P), 2.63 (dt, Jun = 7.5
Hz, Jgem = 18.6 Hz, 2 H, CsHsCH,CH,P), 2.27 (m, 2 H, Cy,),
1.28—1.83 (m, 20 H, Cy,). 3'P{*H} NMR (CDCl3; 121 MHz; 293
K): 0 70.2 (s). *3C NMR (CDClg; 75.5 MHz; 293 K): ¢ 112.00
(17°-CeHs), 97.66 (1°-CeHs), 90.88 (1°-CeHs), 75.25 (1°-CeHs),
34.67 (d, Icp = 26.7 Hz), 34.15 (d, Icp = 21.3 Hz), 32.07, 26.06—
27.53 (m). Anal. Calcd for CyH3,RuUPCI,: C, 50.53; H, 6.74.
Found: C, 50.66; H, 6.81.

Synthesis of (#%5*-C¢HsCH>CH,PPh,)RUCI,. A sample
of 2.2 g (3.7 x 1072 mol) of (p-cymene)Ru(PPh,CH,CH,C¢Hs)-
Cl, was refluxed in 50 mL of degassed chlorobenzene for 24 h
under argon. The solvent was removed under vacuum, and the
reddish brown residue was washed with hexane, diethyl ether,
and cold CH,Cl,. The compound was recrystallized from CH.-
Cly/diethyl ether. Yield: 1.06 g, 62%. *H NMR (CDCls; 300
MHz; 293 K): 6 7.75 (m, 4 H, PPh,), 7.40 (m, 6 H, PPhy), 6.25
(td, JHH =57 HZ, \]HH =24 HZ, 1 H, HG-CGHs), 6.05 (t, JHH =
5.7 Hz, 2 H, 776-C5H5), 4.50 (d, Jun = 5.7 Hz, 2 H, 176-C5H5),
3.55 (m, 2 H, CeHsCH,CH,P), 2.64 (dt, Jun = 7.2 Hz, Jgem =
20.4 Hz, 2 H, CgHsCH,CH,P). 31P{*H} NMR (CDCls; 121 MHz;
293 K): 6 46.8 (s). 3C NMR (CDCls; 75.5 MHz; 293 K): 6
133.55 (PPhy), 131.99 (PPhy), 131.29 (PPh,), 128.84 (PPh,),
112.39 (776-(:5H5), 98.65 (7’]6-C6H5), 88.52 (776-(:5H5), 79.81 (7’]6-
C6H5), 44.83 (d, Jcp =33.3 HZ), 28.41. Anal. Calcd for C20H19-
RuPCl,: C, 51.95; H, 4.11. Found: C, 52.26; H, 3.88.

Synthesis of (%#*-CsHsCH,CH,PEt,)RuCl,. A sample of
0.5g (1 x 1073 mol) of (p-cymene)Ru(PEt,CH,CH,CsHs)Cl, was
refluxed in 50 mL of degassed chlorobenzene for 16 h under
argon. The solvent was removed under vacuum, and the
reddish brown residue was washed with hexane and diethyl
ether. The compound was recrystallized from CH,Cl /diethyl
ether. Yield: 0.29 g, 80%.*H NMR (CDCl3; 300 MHz; 293 K):
0 6.23 (td, Jun =5.7 Hz, Jyp = 2.4 Hz, 1 H, 776-C6H5), 5.89 (t,
Jun = 5.7 Hz, 2 H, #5-C¢Hs), 4.90 (d, Jun = 5.7 Hz, 2 H, -
CeHs), 2.98 (M, 2 H, CsHsCH,CH,P), 2.68 (dt, Jun = 7.2 Hz,
Jgem = 20.4 Hz, 2 H, C¢HsCH,>CHP), 2.05 (m, 4 H, P(CH»-
CHbs)), 1.19 (m, 6 H, P(CH,CHs)y). 3P{*H} NMR (CD,Cly; 121
MHz; 293 K): 6 63.7 (s). **C NMR (CDCls; 75.5 MHz; 293 K):
0 112.32 (5-CgHs), 98.86 (17°-CsHs), 88.58 (175-CgHs), 75.32 (1°-
CsHs), 38.69 (d, Jcp = 29.46 Hz), 30.49, 18.17 (d, Jcp = 26.50
Hz), 7.99. Anal. Calcd for Ci2H1oRUPCI,: C, 39.34; H, 5.19.
Found: C, 39.20; H, 5.04.

SyntheSiS of (ne:nl—CsHSCHZCHZPCyz)Ru(CH3)2 (1) The
corresponding dichloride, (35: 7*-CeHsCH,CH,PCy,)RuCl; (0.50
g, 1.1 x 107* mol), was suspended in 20 mL of dry diethyl
ether. To the above solution was added 6.2 equiv of methyl-
lithium (6.8 x 1073 mol) at —78 °C. The solution was gradually
warmed to room temperature and stirred for 1 h. The solvent
was evaporated, and the residue was extracted with benzene.
The brown solid obtained after evaporation of the benzene was
purified by column chromatography on particulate Al,O3 using
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Table 3. Crystal Data and Structure Refinement

Details for 1

compd MezRUPh(CH2)2P(CsH11)2
empirical formula Ca2H37PRuU
fw 433.56
temp 243 K
wavelength 0.710 73 A
cryst syst triclinic
space group P1
unit cell dimens

a 8.1930(1) A

b 8.334(1) A

c 15.904(3) A

o 98.95(3)°

B 98.77(3)°

y 102.76(3)°
\Y 1026.4(3) A3
z 2
density (calcd) 1.403 g/mL
abs coeff 0.843 mm1!
F(000) 456
cryst size 0.3 x 0.3 x 0.2mm
6 range for data collecn 2.56—27.49°
limiting indices —10<h <10,0 <k <8,

—20<1<20

no. of rflns collected 3159
no. of indep rfins 2831 (Rint = 0.0181)
abs cor 1 scans

max and min transmissn 1.0000 and 0.6824

refinement method full-matrix least squares on F2
no. of data/restraints/params  2822/6/239

goodness of fit on F2 1.041

final R indices (I > 40(1)) R1 = 0.0332, wR2 = 0.0916

R indices (all data) R1 = 0.0365, wR2 = 0.0952

largest diff peak and hole 0.605 and —0.554 /A3

diethyl ether as the eluant. The yellow fractions were collected
and subjected to slow evaporation of the diethyl ether to afford
yellow crystals of 1. Yield: 0.17 g, 37%.*H NMR (CDCl; 300
MHz; 293 K): 6 5.13 (t, Jun = 5.7 Hz, 2 H, 5-CgHs), 4.97 (d,
Jun = 5.7 Hz, 2 H, 55-CsHs), 4.53 (t, Jun = 5.7 Hz, 1 H, °-
C5H5), 2.46 (m, 2 H, C6H5CH2CH2P), 2.10 (dt, Juw =75 HZ,
Jgem = 16.5 Hz, 2 H, C¢HsCH,CH,P), 1.20—1.78 (m, 22 H, Cy»),
—0.02 (d, Jup = 4.8 Hz, 6 H, Ru(CHs)y). **P{*H} NMR (CD,-
Cly; 121 MHz; 293 K): 6 64.4 (s). **C NMR (CD,Cly; 75.5 MHz;
293 K): 0 110.65 (d, Jcp = 3.39 Hz, 1%-CgHs), 96.53 (d, Jcp =
3.02 HZ, 7]6-C5H5), 82.21 (7]6-C6H5), 78.54 (d, Jecp = 13.8 HZ,
7%-CgHs), 39.12 (d, Jcp = 25.3 Hz), 34.00 (d, Jcp = 17.7 H2),
31.36 (d, Jcp = 6.6 Hz), 28.40, 28.07 (d, Jcp = 11.48 Hz), 27.78
(d, Icp = 9.06 Hz), 27.53, 27.13, —12.67 (d, Jcp = 15.7 Hz). A
satisfactory analysis could not be obtained. Anal. Calcd for
Ca2HssRuP: C, 60.83; H, 8.75. Found: C, 61.31; H, 8.48.

Synthesis of (%:'-CsHsCH,CH,PPh,)RU(CHs), (2). The
synthesis of compound 2 was performed using a procedure
analogous to that used to prepare compound 1. Yellow crystals
of 2 were obtained by the slow evaporation of CH,Cl.. Yield:
48%.'"H NMR (CD,Cl,; 300 MHz; 293 K): 6 7.36 (m, 10 H,
PPhy), 5.42 (t, Jun = 5.7 Hz, 2 H, 1%-CgHs), 5.10 (d, Iun = 5.7
Hz, 2 H, 7’]6-C6H5), 4.87 (t, Jun = 5.7 Hz, 1 H, ﬂG-CeH5), 2.96
(m, 2 H, CéHsCH2CHP), 2.11 (dt, Jun = 7.2 HzZ, Jgem = 21.9
Hz, 2 H, C¢HsCH,CH,P), —0.19 (d, Jup = 6.0 Hz, 6 H, Ru-
(CHa),). 3*P{*H} NMR (CDCl,; 121 MHz; 293 K): ¢ 63.7 (s).
B3C NMR (CD,Cly; 75.5 MHz; 293 K): 6 135.24 (d, Jcp = 34.88
Hz, Ph,), 133.36 (d, Jcp = 9.66 Hz, Ph,), 129.67, 128.38 (d,
Jcp = 9.21 Hz, Phy), 108.46 (75-CgHs), 98.97 (75-CeHs), 84.87
(776-(:6H5), 76.68 (d, Jep = 15.2 HZ, (ﬂG-CGHs), 47.48 (d, Jep =
30.9 Hz), 28.64 (d, Jcp = 7.5 Hz), —10.82 (d, Jcp = 16 Hz).
Anal. Calcd for CxHzsRuUP: C, 62.71; H, 5.94. Found: C, 62.87;
H, 5.98.

Synthesis of (5%:3*-CsHsCH,CH,PEt,)Ru(CHs) (3). The
corresponding dichloride, (3% #*-CsHsCH.CH,PEt,)RuCl, (0.123
g, 3.34 x 107* mol), was suspended in 20 mL of diethyl ether.
To the above solution was added 5 equiv of methyllithium (1.69
x 1073 mol) at —78 °C. The solution was gradually warmed to
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Table 4. Crystal Data and Structure Refinement

for 2

compd MezRUPh(CHz)zp(CeHs)z
empirical formula Ca2H2sPRuU
fw 421.46
temp 213K
wavelength 0.710 73 A
cryst syst monoclinic
space group P21/n
unit cell dimens

a 11.210(2) A

b 14.089(3) A

c 12.143(2) A

o 90°

p 98.02(3)°

y 90°
\Y 1899.1(6) A3
VA 4
density (calcd) 1.474 g/mL
abd coeff 0.910 mm—1
F(000) 864
cryst size 0.40 x 0.35 x 0.30 mm
6 range for data collecn 2.23—-27.50°
limiting indices 0<h<12,0<k <18,

—-15<1<15

no. of rflns collected 3345
no. of indep rflns 3130 (Rint = 0.0448)
abs cor 1 scans

max and min transmissn 1.0000 and 0.9076

refinement method full-matrix least squares on F2
no. of data/restraints/params  3129/0/219

goodness of fit on F2 1.089

final R indices (I > 20(1)) R1 = 0.0328, wR2 = 0.0949

R indices (all data) R1 = 0.0432, wR2 = 0.0998

largest diff peak and hole 0.834 and —0.430 e/A3

room temperature and stirred for 1 h. The solvent was
evaporated, and the residue was extracted with benzene. The
brown solid obtained after evaporation of benzene was sub-
jected to column chromatography on particulate Al,O3 using
diethyl ether as the eluant. A yellow solution was collected,
which turned brown during evaporation of the diethyl ether.
The apparent decomposition precluded the isolation of the pure
samples of 3. 'TH NMR (CsDs; 300 MHz; 293 K): 6 5.04 (t, Jun
= 5.7 Hz, 2 H, 15-C¢Hs), 4.65 (t, Jun = 5.7 Hz, 1 H, 1%-CgHs),
4.53 (d, Juy = 5.7 Hz, 2 H, 776-C6H5), 1.87 (m, 2 H, CgHs-
CH,CHP), 1.60 (dt, Jun = 7.5 Hz, Jgem = 18.0 Hz, 2 H,
CeHsCH,CH,P), 1.34 (m, 4 H, P(CH,CHa),), 0.81 (m, 6 H,
P(CH2CH3)2), 0.50 (d, JHp =57 HZ, 6 H, RU(CHg)z)

X-ray Crystal Structure Determinations. The data were
collected using the TEXSAN“ automatic data collection series
on a Rigaku AFC5S diffractometer. The crystallographic data
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collection parameters for compounds 1 and 2 are summarized
in Tables 3 and 4, respectively. The data were corrected for
Lorentz and polarization effects and for absorption correction
using vy scans. Crystal and instrument stability were checked
by measuring 3 standard reflections every 150 observations.
Structures were solved using SHELXS-974 on a PC. Weighted
R factors (Rw) and all goodness of fit values (S) were based on
F2; conventional R factors (R) were based on F. The H atom
positions were refined using a riding model.

Trial Polymerizations of Ethylene Using MAO-Acti-
vated 1 and 2.5 These experiments were performed in a
Fisher—Porter bottle equipped with a pressure release valve,
a sample injection inlet, an ethylene and argon inlet, and a
pressure gauge. In a typical polymerization trial, a mixture
of MAO (1000—3000 equiv based on Ru) and toluene (30 mL)
were placed in the Fisher—Porter bottle, which was then
pressurized with ethylene at 40 psi for 5 min. The pressure of
ethylene was slowly reduced to 25 psi, and a solution contain-
ing the ruthenium complexes (10 or 20 umol) was injected by
syringe under a flow of ethylene. The reactor was pressurized
with ethylene (8.5 atm), and the reaction mixture was stirred
for 1—-2 h at temperatures adjusted to either 25 or 50 °C over
several independent runs. The reaction mixture was then
slowly poured into a methanolic solution containing 5% HCI
to precipitate any polyethylene formed in the reaction.

Acknowledgment. The Robert A. Welch Founda-
tion (Grants C-0976 and E—1320) and the National
Science Foundation (Grant CHE-9983352 and CAREER
Award to T.R.L., Grant CHE-9625003) provided gener-
ous support for this research. We thank Dr. James Korp
for technical assistance with the X-ray crystallographic
analyses.

Supporting Information Available: Tables giving X-ray
crystallographic data for complexes 1 and 2 and figures giving
'H NMR spectra for complexes 1—3. This material is available
free of charge via the Internet at http://pubs.acs.org.

OMO0300070

(43) Molecular Structure Corporation Single-Crystal Structure Analy-
sis Software (1995b); MSC, 3200 Research Forest Drive, The Wood-
lands, TX 77381.

(44) Sheldrick, G. M. Acta Crystallogr. 1990, A46, 467.

(45) The polymerization apparatus and reagents were examined for
possible contamination through control experiments using Cp,ZrHCI
as the catalyst precursor. In these experiments, ample amounts of
polyethylene were produced.



