8968 J. Am. Chem. So2000,122,8968-8976

A Kinetic Study of Ethylene and 1-Hexene Homo- and
Copolymerization Catalyzed by a Silica-Supported Cr(IV) Complex:
Evidence for Propagation by a Migratory Insertion Mechanism

Jamila Amor Nait Ajjou and Susannah L. Scott*

Contribution from the Centre for Catalysis Research and bation, Department of Chemistry, Urarsity
of Ottawa, Ottawa, Ontario, Canada K1N 6N5

Receied May 16, 2000

Abstract: The surface organometallic fragmert3iO),Cr—=CHCMe; initiates the polymerization of ethylene

and 1-hexene at room temperature in the absence of organoaluminum or other activators. The kinetics at the
gas-solid interface were studied by in situ IR spectroscopy in a constant volume, variable pressure reactor. At
low pressures, the reaction is first order in BG), first order in the number of moles of chromium, and
linearly dependent on the Cr loading on silica. The second-order rate constant for polymerizationdis3JL77
s1(mol Cr)1at 21°C, and is virtually unchanged upon subsequent additions of ethylene to the catalyst. The
kinetic isotope effectk(C,H4)/k(C2Dy), is @ meagre 1.29. The temperature dependence of the second-order
rate constants yieldAH¥,ps = (30.2 & 0.9) kJ/mol andASps = (—99 % 3) J/(K-mol). These values are
consistent with a propagation mechanism of agostically assisted migratory insertion at an alkylchromium(IV)
active site. They are inconsistent with an alternating alkylidene/metallacycle mechanism requiring rate-
determining C-H cleavage. The rate of polymerization is accelerated by a factor of 3.2 in the presence of 18
mol % H,. Homopolymerization of 1-hexene is only 4.7 times slower than that of ethylene, an effect attributed
to weaker preequilibrium binding of the substituted olefin which is partially compensated by faster migratory
insertion. Copolymerization of ethylene and 1-hexene is random. It results in slower incorporation of ethylene
but faster incorporation of 1-hexene relative to their respective homopolymerization rates.

Introduction successfully to create supported catalysts based on group IV

metallocenes and their derivativeslowever, such complexes

ylene has inspired an extraordinary effort from researchers in show high aCt'Y'ty only in the pre'sence of a.cocatalyst such as
an organoaluminum compound; in the resulting two-component

both industry and academia, due to the growing commercial systems, the interaction between the catalyst and the activator
importance of these materials. Global production currently stands: y ’ y

at just over 40 million tons annually, making polyethylene by 's complex and remains |ncompletely.understébtevertheless,

far the most widely used commodity polymeHowever, a and by analogy with well-behaved single-component homoge-
major challenge remains in rationalizing and ultimately predict- neous catalyst%,g Consensus h".’ls emerged that propagation
ing the differences in activity manifested by various catalyst OCCUrs by migration .Of an alkyl I_|gand at_the Group IV metal
formulations, stemming partly from problems in obtaining and to thg (not necgssa}rlly precoordinatedefin. .
interpreting kinetic data for polymerizations. Reactions can be Solid polymenzatmn ca_talysts can also be made by supporting
extremely rapid, and the fraction of propagation sites difficult early transition metal oxides (of V, Cr, Mo, and W) on silica

to establish. While catalyst activities (integral rates) are relatively and l;gla?ad C.’X'ge/ slu péP orrt_ls..hOf theset, t;y faL thf mostth;:gtlve
easy to obtain, they are highly dependent on the variable combination IS Lr/slica,which accounts for about one-

contributions of activation and deactivation processes, such thatOf current production of high-density polyethylene. These “one-

rate constants for the key propagation steps are not readiIyE?drge(?gri?ltieiﬁtggzzl’ ISntSUng]grntgﬁzzhéltI;B%:i iL:Intlr?g ;l:)asr(;nce
extractec? Multiple equilibria involving active sites, as well as ysts, poly Y

changes in the number of participating centers during the course&faat‘g'\g[t(;rls’S?Snda?t;]eohhu; rST:re'lfllgés'nfg?mz?rs't'an g::gozn'egée;ot
of the reaction, are additional complications, even for so-called . yStS, gn -~ prep
single-site catalysts yield well-defined material¥? Phillips-type catalysts can be

Solid rather than soluble catalysts are preferred for produc- made from almost any Cr salt in almost any oxidation state,

tion-scale polyolefin processes, in large part because polymer'maﬁ_%zi;eiog 2::22 f(;lllao;\geoté tigqhg;-;_eggeerature calcination
morphology replicates that of the catalyst partid&pporting (5) Chen. E. Y.-X.: Marks, T. JChem. Re. 200Q 100, 13911434
molecular complexes on solid oxide surfaces has been used (6) Bochmann, MJ. Chem. Soc., Dalton Tran&996 255-270.
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Propagation by a Migratory Insertion Mechanism

to give the catalyst precursor described as £3{,.13 This
ease of preparation and physical robustness (the individual
components as well as their mixture are thermally and air stable)
confer an important technological and economic advantage,
relative to the comparatively more fragile organometallic Group
IV catalysts. In addition, polyethylene properties can be varied
over a wide range by minor differences in catalyst activation
protocolst?

Catalytic activity depends on the fraction of metal atoms
which are active propagation sites. The number of such sites
on various Phillips-type catalysts is low, on the order of 0.01
to 10% of total CA214 All oxidation states between (ll) and

(V) may coexist and have been proposed at various times as

“the” active valence for Cri/silica catalyst3!® The nature of
the Cr propagation centers is (stilll) one of the most hotly
debated issues in the catalysis literati#r& The controversy

persists because the average valence is not necessarily the activ

one(s)’ Also, there is quite plausibly a difference between the
initial oxidation state of the propagation sites and the oxidation
state that is prevalent during polymerizatién.

The nature of the initiation step is also unresolved. Proposals
for initiation by in situ-generated (but not directly observed)
hydrido-, alkyl-, allyl-, or vinylchromium complexes are extant
in the literature'®1718and most researchers have interpreted
the behavior of Cr catalysts in terms of a migratory insertion
mechanisni; by analogy with 8 catalysts based on alkylmetal
complexes from Groups Il and IV. However, Cr catalysts are
potentially different because the active sites almost certainly
have & (n = 0) configurations. Although olefin binding is more
favorable!® the barrier to migratory insertion of the growing
polymer chain may be elevated for catalysts based"anetal
complexeg? Various carbene/alkylidene active sites have also
been propose# 26 Ethylene has been suggested to coordinate
to Cr(ll) sites, then rearrange to ethylidene on the propagation
centers>27 Although similar rearrangements have been docu-
mented for molecular compounés?® the involvement of
alkylidene complexes in ethylene polymerization over Cr/silica
catalysts remains to be convincingly demonstrated.

We showed previously that a bis(heopentyl)chromium(IV)
fragment bound to a silica surface, represented=&iQ),Cr-
(CH,CMes),, 1,3° undergoes clean intramoleculaH abstrac-
tion in vacuo at 70C to give a new chemisorbed surface species

(13) McDaniel, M. P.; Welch, M. BJ. Catal. 1983 82, 98—109.
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(15) Eley, D. D.; Rochester, C. H.; Scurrell, M. Broc. R. Soc., Ser. A
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5525.
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77.
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(24) Weiss, K.; Hoffmann, KJ. Mol. Catal.1985 28, 99—-105.

(25) Kantcheva, M.; Lana, |. G. D.; Szymura, J. A.Catal.1995 154,
329-334.

(26) Krauss, H. L.; Hagen, K.; Hums, E. Mol. Catal.1985 28, 233~
238.

(27) Zielinski, P.; Dalla Lana, |. GJ. Catal.1992 137, 368—376.

(28) Giannini, L.; Solari, E.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C.
J. Am. Chem. S0d.998 120, 823-824.

(29) Freundlich, J. S.; Schrock, R. R.; Davis, W. MAm. Chem. Soc.
1996 118 3643-3655.

(30) Amor Nait Ajjou, J.; Scott, S. LOrganomet.1997 16, 86—92.

J. Am. Chem. Soc., Vol. 122, No. 37, 3060

identified as a site-isolated Cr(IV) neopentylidene compgx,
eq 13132

70°C

(=Si0),Cr(CH,CMe,),
1
(=Si0),Cr=CHCMeg, + CMg, (1)
2

2 is a one-component olefin polymerization catalyst (i.e., it is
active in the absence of organoaluminum or other activatbrs).
The mechanism of its polymerization of ethylene is of interest
since, unlike metal catalysts with alkyl ligandsis not suited

to undergo migratory insertion. An alternating alkylidene/
metallacycle mechanism has been suggested as the propagation
sequence for heterogeneous catalysts with chromium(IV) alky-
idene active siteg®33However, the absence of H/D scrambling
uring polymerization of partially labeled ethylene was deemed
inconsistent with such a mechanisfrand the sole example to
date of a high-valent molecular alkylidene complex of Cr was
reported not to react with ethyledeNevertheless, complexes
of the heavier Group VI congeners (Mo, W) with alkylidene
ligands are highly effective olefin metathesis catalyétgia
metallacyclobutane intermediates. As we will sh@has much

in common with the Phillips catalyst. Thus the nature of olefin
polymerization by2 is of great interest.

In this paper, we report the kinetics of the reactiong wifith
ethylene and 1-hexene to give homo- and copolymers. Our
approach, using differential rates, is rarely applied to hetero-
geneous (or even homogeneous) polymerization catalysts, but
it has the potential to be more precise and informative about
the reaction mechanism than measurements of overall conver-
sion. Polymerizations initiated t®are kinetically well-behaved
and its active sites are compositionally homogeneous. The results
of our study clearly distinguish between two contending
mechanisms foa-olefin polymerization by Cr/silica catalysts.

Experimental Section

The syntheses and characterizatiod ahd?2 on silica surfaces have
previously been described in det#if? Since porosity of the catalyst
support and its ensuing fragmentation in the course of polymeriZation
may introduce additional complications in kinetics studies, a nonporous
silica (Degussa Aerosil-200, surface area 200ginwas used as the
oxide support in all our experiments. High-purityHG (Matheson),

Hz (Air Products), and €D4 (98% D, Cambridge Isotopes) were further
purified by passing each one through a trap containing a mixture of
BTS Deoxo Catalyst (Fluka) @8 A molecular sieves (Aldrich), then
stored in glass high-vacuum bulbs. The desired gas was transferred
into the in situ reactor containing the catalyst through a high vacuum
line (base pressure10~“ Torr) equipped with a capacitance manometer
reading absolute pressures. All IR experiments were performed in a
high-vacuum in situ reactor equipped with IR-transparent KCl windows.

Studies of gas-phase olefin polymerization kinetics were undertaken
in closed reactors under constant volume conditions. Sinsénighly
air-sensitive, and we used no organoaluminum scavenger for impurities,
strict standards of high-vacuum protocol and purification of reagents

(31) Amor Nait Ajjou, J.; Scott, S. LJ. Am. Chem. Sod 998 120,
415-416.

(32) Amor Nait Ajjou, J.; Rice, G. L.; Scott, S. lJ. Am. Chem. Soc.
1998 120, 13436-13443.
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1985 13, 315.

(34) McDaniel, M. P.; Cantor, D. MJ. Polym. Sci., Polym. Chem. Ed.
1983 21, 1217-1221.

(35) Coles, M. P.; Gibson, V. C.; Clegg, W.; Elsegood, M. R. J.; Porelli,
P. A.Chem. Commurl996 1963-1964.

(36) Feldman, J.; Schrock, R. Rrog. Inorg. Chem1991, 39, 1-74.



8970 J. Am. Chem. Soc., Vol. 122, No. 37, 2000 Amor Nait Ajjou and Scott

were necessary to obtain reproducible results. Addition of olefins T T
containing traces of water or oxygen results in inhibition of polymer-
ization. (We note that the commercial Phillips catalyst is also highly
sensitive to such impurities, after activation.)

In general, 400 to 600 mg of compacted (pressed into pellets then
ground in a mortar) silica were pretreated at 2@ then modified J
with tetraneopentylchromiud?,to give samples containing 0-:3.3 wt
% Cr (note that a loading of 1.0 wt % corresponds to 0.6 C#)nithe
modified silica was heated to gener&g* then divided into 70 to 80
mg portions and sealed under vacuum in glass tubes equipped with .
breakseals. Each tube containing catalyst was welded directly onto a *
glass reactor for in situ measurements. The desired pressure of olefin ..
was introduced into the reactor, which was placed inside the dry-air 'o...
purged sample compartment of a Mattson Research Series spectropho- )
tometer such that only the gas phase inside the cell was sampled by ‘ : : ‘
the IR beam. Once aligned, the reactor was not moved for the duration 0 80 160 240 320 400
of the experiment. The breakseal sidearm containing the catalyst was Time / min
placed in either a water bath or a preheated ceramic tube furnacerigure 1. Time-resolved consumption 0bB4( during polymerization
thermostated at the desired temperatuté (C). The breakseal was initiated by solid €SiO),Cr(CH:CMes),, 1, at 0.89 wt % Cr loading.
broken under vacuum, using a glass-encased metal rod, to initiate The temperature of the catalyst was ramped from 20 t6C7@uring
polymerization. The amount of ethylene present in most kinetics the course of the experiment.
experiments, ca. 1 mmol, was a 100-fold excess relative to the amount

P(C,H,)

of Cr, typically 10umol. ; ; T T T b

: a
The gas-phase IR absorbance spectrum was recorded at regular time

intervals, without moving the reactor, to obtain differential rate data.

The quantity of unreacted olefin present in the reactor was determined ;} E"

by integration of either the(CH) spectral region, 32662800 cn1?, o' o

or the »(CD) region, 2308-2000 cnt?l, as appropriate, to give an & a

intensity | which is directly proportional to the pressure of olefin in

the reactor. Nonlinear least-squares fits were performed with three

variable parameterdo( |, and k) to the first-order integrated rate s

i = — —kt ivati i I | ! L . L
equatlon_lt = I0_+ (le — lo)e™ . Activation parameters were _derlved 0 5 0 15 20 0 5 10 15 20
from a linear fit to a plot of Ink/T) versus 1T. The errors in the Time (min) Time (min)

activation parameters were calculated from error propagation formulas
derived from the Eyring equatiofi. ' ' r
Measurements of magnetization were made at 3000 G on samples
sealed under vacuum in quartz tubes. Data collection was performed
on a Quantum Design MPMS5S SQUID magnetometer. Background
subtraction was effected by making the same measurement on a tube
containing only silica. The slopes of plots of the corrected magnetic
moment vs IT were used to calculate the Curie constarand thence

38
MUeff. .

P(C,H,)
P(1-hexene)

Results ' ‘ J ' * L
0 2 4 6 8 10 0 50 100 150

There is no gassolid reaction between the silica-supported Time (min) Time (min)
bis(neopentyl)chromium(lV) complet, and low pressures of Figure 2. Time-resolved consumption ef-olefins during polymeri-
ethylene (ca. 60 Torr) at room temperature, regardless of Cr zation initiated by €£Si0),Cr=CHCMe;, 2, at constanT = 21°C. (a)
loading. However, when the temperature was slowly raised from polymerization of GHg; (b) polymerization of GD; (c) polymerization
20 to 70°C, a sudden rapid consumption of gas-phase ethylene of C;H, in the presence of 18 mol %,Hd) polymerization of 1-hexene.
was observed, Figure 1, and polyethylene was formed. The The solid curves are three-parameter fits to the first-order integrated
substantial induction period before the reaction with ethylene kinetic rate equation.
commences is associated with heating. Thus wheras first
transformed, by thermolysf,to 2, then exposed to 60 Torr of
ethylene at room temperature, we observed an immediate
consumption of ethylene without an induction period, Figure
2a. After a few minutes, the orange catalyst was covered by a
white film, confirmed by IR and NMR to be polyethylefg.

An initially fragile, transparent silica pellet became rigid and
opaque as it was transformed into a hard polymer disk. Ethylene
disappeared completely from the gas phase, although traces o
oligomerg® were detected by GC/MS. The properties of the
polyethylene formed closely resemble those of the HDPE  (40) The oligomers are even-numbered olefins, such as butenes, hexenes,

Kinetics of Polymerization. A powdered sample o2 was
thermally equilibrated in a reactor equipped for in situ IR
spectroscopy immersed in a ZC water bath. Following
addition of ethylene, the IR spectrum of the gas phase was
recorded at timed intervals. By integration of the IR intensity
in thev(CH) region (which decreases as ethylene is consumed),
we inferred the progress of the polymerization reaction occurring

n the surface. A typical data set is shown in Figure 2a. The
ecrease in ethylene pressure is described by a single-

produced by the Phillips cataly4t. ?yﬁitggr?jliztgﬁdas well as odd-numbered olefins which contain the neopen-
(37) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S. (41) The polyethylene produced over catalgss high-density, 0.967

Organometallics1994 13, 1646-1655. glen®, based on itsT, of 410 K as measured by DSC (Cowie, J. M. G.
(38) Wold, A.; Dwight, K. Solid State ChemistryChapman Hall: Polymers: Chemistry and Physics of Modern Materi@iackie: London,

London, 1993. 1991). It has less than two branch/end groups per 1000 C, f6GrMR.

(39) IR (in situ, cnml): 2924v,{CH,), 2850v{CH,), 1471, 1466 (sh) Its estimated crystallinity is 76%, from the relative intensities of the
0(CHy), 730, 7180(CHy). After extraction into hot 1,2,4-trichlorobenzene:  methylene rocking modes in the IR at 718 and 730 tiiKoenig, J. L.
IH NMR (6, ppm) 1.33, s¥C NMR (6, ppm) 30.13. Spectroscopy of Polymer#iley: Washington, DC, 1992).
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Table 1. Pseudo-First-Order Rate Constants fogHC
Polymerization Initiated by=£SiO),Cr=CHCMe;

tempfC wt % Cr mc/mg k,/min—1a
21 0.99 0.687 0.13% 0.006
21 0.45 0.756 0.14% 0.008
21 0.45 1.035 0.21% 0.006
21 0.62 1.048 0.208 0.008
21 0.78 1.303 0.27# 0.008
48 0.35 0.343 0.25% 0.003
48 0.62 0.572 0.425 0.002
48 0.78 0.741 0.566: 0.002
80 0.35 0.202 0.37# 0.002
80 0.62 0.281 0.542 0.003
80 0.78 0.468 0.925 0.004

J. Am. Chem. Soc., Vol. 122, No. 37, 300Q
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2Errors are from the three-parameter nonlinear least-squares fit to Figure 4. Eyring plot of the temperature dependence of second-order

one time series dataset.
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Figure 3. Dependence of the pseudo-first-order rate constanfer
ethylene homopolymerization initiated SIO),Cr=CHCMe;, 2, on
the quantity of Cr, at the temperatures indicated.

Table 2. Second-Order Rate Constants foHg Polymerization
Initiated by ESiO),Cr—=CHCMe; at Different Temperatures

tempfC k/min~t (umol Cry™*
21 0.0106+ 0.0002
48 0.0392+ 0.0004
80 0.1010+ 0.0002

exponential function. The value of the pseudo-first-order rate

constantk, is (4.6 £ 0.1) x 10°3 st in the presence of 1.30

mg of Cr supported on 167 mg of Si@i.e., 0.78 wt % Cir).
The dependence &, on the quantity of Cr was evaluated

by varying the amount of catalyst present at constant Cr loading,

and also by varying the Cr loading. The results are shown in
Table 1. At 21°C, k,, is directly proportional to the total amount

of chromium present regardless of loading, Figure 3. The rate

law for polymerization of ethylene at low pressure can therefore
be expressed as
—dP(CHy)/dt =k ne, P(CH,) =k, P(CH,) (2

whereng, is the number of moles of Cr present in the catalyst.

The second-order rate constant for polymerization of ethylene

initiated by ESIiOLCr=CHCMe; at 21°C isk = (177 &+ 3)
s 1 (mol Cr) L.

rate constants for ethylene polymerization initiated 86{0).Cr=
CHCMe;, 2.

2 4

P(C_H)

t |

|

30
Time (min)
Figure 5. Activity comparison for £SiO),Cr=CHCMe; (13.2umol
Cr, 0.99 wt % on silica) in sequential additions of ca. 65 Torr of
ethylene at 2EC. Solid lines are three-parameter fits to the first-order
integrated kinetic rate equation.

0 10 20 60

Table 3. Pseudo-First-Order Rate Constants fobg
Polymerization Initiated by=£SiO),Cr=CHCMe; at 21°C

wt % Cr me/mg k,/min~t
0.52 0.294 0.146 0.004
0.77 0.420 0.204: 0.008
0.99 0.547 0.24% 0.010

65 Torr of GH,4 at 21°C to a catalyst sample & containing
13.2umol of Cr gave pseudo-first-order rate constants of (2.32
+ 0.10), (2.264+ 0.07), and (2.18+ 0.05) x 1073 s
respectively, Figure 5.

Kinetic Isotope Effect. The polymerization of eD, was also
studied. The rate constants for polymerization initiate® at
21 °C were measured as described above, but with integration
of the absorbance in the(C—D) region to monitor the
consumption of monomer. The polymerization otDg is
pseudo-first-order, Figure 2b. The rate constdgtare given
in Table 3. The second-order rate constant for polymerization
of C;D4 at 21°C is (1374 3) st (mol Cr)™%, from the slope
of Figure 6¢. Polymerization of D, is thus slower than that
of C,H,4 by a factor ofk(CaH4)/k(C2D4) = (1.29+ 0.05).

Effect of Ho. A mixture of 10 Torr of B and 47 Torr of
C,H4 was added to samples @fat 21°C and the decrease in
intensity in the gas-phase IR spectrum gHZwas monitored

Similar kinetics experiments were performed at temperatures as a function of time. The polymerization followed pseudo-

of 48 and 80°C. The rate constants, are shown in Table 1.

first-order behavior, Figure 2c, with the rate constagtgiven

The second-order rate constants were extracted from thein Table 4. The magnitude &, once again exhibited a linear

dependence df, on nc, at each temperature, Figure 3, and are

dependence on the amount of Cr present, Figure 6a. The second-

summarized in Table 2. These values were used to constructorder rate constant is (5a6 13) st (mol Cr)™L. The presence

the Eyring plot in Figure 4. Its slope and intercept yidld*ps
= (30.2+ 0.9) kd/mol andASFops = (—99 + 3) J/(K-mol).
The catalyst is not significantly deactivated during the

of 18 mol % H thus causes the rate of polymerization of
ethylene to accelerate by a factor of 3.2.
Kinetics of Homo- and Copolymerization of 1-Hexene.

polymerization of ethylene. Sequential additions of 67, 69, and 1-Hexene (200 Torr) was polymerized yat 21 °C. The
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0.7 : e Table 6. Pseudo-First-Order Rate Constants for Copolymerization
a of C,D4/1-Hexene Mixtures Initiated by=SiO),Cr=CHCMe; at 21
06 1 °C
05 g ky/min-1a
.E 04 | 4 | wt % Cr me/mg GDs 1-hexene
s b 0.56 0.494 0.03%# 0.007 0.034+ 0.001
<03 A 0.89 0.813 0.05@ 0.008 0.055t 0.002
02 L c | 0.99 0.965 0.06% 0.007 0.063t 0.001
0.1 a2 Rate constants were derived from nonlinear least-squares fits to
T 3 i data from the first two half-lives only.
0 1 | | | | i
0 5 10 15 20 25 30 35 Table 7. Summary of Measured and Derived Second-Order Rate

Constants for Olefin Polymerization Initiated by

umol Cr :
(=Si0)Cr=CHCMse; at 21°C

Figure 6. Dependence of the pseudo-first-order rate constgntst

21 °C for polymerization of (a) gH, in the presence of 18 mol %,H reagent mixture K™ (mol Cr)™
(b) G:H4, (c) GD4, and (d) GD4 in the presence of 80 mol % 1-hexene, CoHy 177+ 3
initiated by ESiO),Cr=CHCMe;, 2, on the quantity of Cr. C:D4 137+ 3
0.82GH,+0.18 K 505+ 13
Table 4. Pseudo-First-Order Rate Constants foHE 1-hexene 382
Polymerization Initiated by=SiO),Cr=CHCMe; in the Presence of 0.20 GD4 + 0.80 -hexene GD4s: ke=58+3
18 Mol % H; at 21°C ko1 =38+ 52
) in-1 1-hexene:ky =57+ 2
wt % Cr mc/mg k,/min k= 133+ 16°

0.56 0.479 0.30% 0.002

0.81 0.739 0.40% 0.002 a Calculated fromke and ky.

1.27 1.10 0.63% 0.003

monitored by the change in absorbance in #@—H) region

Table 5. Pseudo-First-Order Rate Constants for 1-Hexene of the gas-phase IR spectrum, while the consumption84,C

Polymerization Initiated by=£SiO),Cr—CHCMe; at 21°C was monitored as the loss o{C—D) intensity. Experiments
were performed with 50 Torr of D4 and 200 Torr of 1-hexene

0, in—1
wt % Cr medmg ky/min at 21 °C. The ratio of monomers was chosen such that rate
0.52 0.268 0.0118 0.0004 constants for each are similar, Table 6, thereby maintaining the
0.77 0.390 0.0162 0.0003 C,D4/1-hexene ratio for most of the experiment. To minimize
0.81 0.516 0.021% 0.0010 S P . .
0.99 0.761 0.0333 0.0009 errors arising from drift in the €D4/1-hexene ratio during a
given experiment, the rate constants were derived from nonlinear
0.08 fits to data collected in the first two half-lives only.
Vo T T

Both sets of values df, are proportional to the amount of
Cr present. The overall second-order rate constants for copo-
0.06 + . lymerization ke for C;D4 andky for 1-hexene) are derived from
plots ofk, vs nc,, Figures 6d and 7b. D4 is polymerized 2.4

£ ‘ times slower in the presence of 80 mol % 1-hexene than in its
~ 0oer 7 absence, whereas the polymerization of 1-hexene is 50% faster
* in the presence of 20 mol %D, relative to its homopolym-

0.02 L , erization rate, Table 7.

Selectivity ratios for copolymerization were calculated from
the measured rate constants. Four possible (1,2) insertion

o | | | . A ” .
0 5 10 15 20 reactions and their rate constants are defined below:

pumol Cr

Cr]CH,CH,P + C,H, — [Cr]CH,CH,CH,CH,P; k 3
Figure 7. Dependence of the pseudo-first-order rate constanter [CrICHLCH, 2 [CrICH,CHCH.CH, n )
(a) 1-hexene homopolymerization and (b) 1-hexene copolymerization .,

with 20 mol % GDs at 21°C initiated by ESIO)Cr—CHCMe, 2, on  LCTICH2CHBUP+ CH,

the quantity of Cr. [CrICH,CH,CH,CHBUP; k;, (4)

consumption of l-hexgne is pseudo-first-order, F!gure 2d, with [Cr]CH,CHBUP+ CH,CHBU—
rate constants shown in Table 5. They depend linearly on the
amount of Cr, Figure 7a. The second-order rate constant at 21 [Cr]CH,CHBUCH,CHBUP; Kk, (5)
°Cis (384 2) s (mol Cr)~1. The rate of homopolymerization
of 1-hexene is therefore 4.7 times slower than the homopolym- [Cr]CH,CH,P + CH,CHBuU— [Cr]CH,CHBUCH,CH,P;
erization of ethylene. ki, (6)

To evaluate the selectivity for insertion of 1-hexene versus
ethylene, an examination of the kinetics of copolymerization where [Cr] represents an active site and P is a growing polymer
of a GD4/1-hexene mixture was undertaken. Deuteration of one chain, irrespective of composition. Since the monomers are
of the monomers allows us to monitor separately yet simulta- consumed at overall rates which are proportional to their
neously the incorporation of each substrate into the polymer, (constant) mole fraction, the propagation sites [Cr}CH,P
evaluating the individual rate constants for copolymerization and [Cr]CH.CHBUP are necessarily also present in a ratio
of each monomer rather than the apparent rate constant forcorresponding to the relative abundances of the respective
incorporation of both. The consumption of 1-hexene was monomers. Thus for a 20:80 ethylene/1-hexene mixture, the
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measured rate constamtsandky are weighted averages of the
homo- and crosspolymerization rate constants for each mono-
mer:

ke = 0.2k;; + 0.8k, @)

k, = 0.8k,, + 0.2k, (8)
Using the measured values kifi and ky, (vide supra)kz; =
(38%5) s (mol Cr)t andk;> = (133« 18) s (mol Cr)1

are derived. The perdeuterioethylene selectivity ratiois
thereforekii/kon = (3.6 £ 0.6), while the 1-hexene selectivity
ratio rz is koo/kiz = (0.29 £ 0.05). From these ratios, the rates
of polymerization for any mixture of the comonomers can be
predicted.

Oxidation State of the Propagation Sites.The oxidation
states of molecular Cr(Ci&Mejs)4,*? of the surface complex
(=SiO)Cr(CH,CMe3),, 1,3% and of the alkylidenestSiO),Cr=
CH,CMe;, 2,31 have all been shown to be (IV); moreover, the
supported complexes are not mixtures. However, since redox
processes may occur during initiation of polymerization, we
reinvestigated the oxidation state2éfter exposure to 20 Torr
of ethylene, Figure 8. The effective magnetic moments of 2.8
us/Cr before and 2.7g/Cr after polymerization are consistent
with retention of mononuclear and noninteracting @ (1V)
surface organometallic complexes during polymerization. Upon
subsequent additions of ethylene to the catalyst, polymerization

occurs with the same rate constant (vide supra), therefore we,

conclude that Cr(IV) is the oxidation state active in ethylene
polymerization in this system.

Discussion

The requirement for thermal activation df leading to the
marked induction period prior to its reaction with ethylene,
Figure 1, strongly suggests thatis first transformed intd2
which then initiates the polymerization. Indeed, reaction of
preformed2 with ethylene occurs at room temperature; this and

subsequent polymerizations with the same catalyst sample show

no detectable induction period. The catalyst is therefore “living”
with respect to its propagation sifégalthough it is not living

(42) Mowat, W.; Shortland, A.; Yagupsky, G.; Hill, N. J.; Yagupsky,
M.; Wilkinson, G.J. Chem. Soc., Dalton Tran$972 533-542.

(43) Odian, GPrinciples of Polymerizatigr3rd ed.; Wiley: New York,
1991.

J. Am. Chem. Soc., Vol. 122, No. 37, 300G

with respect to individual polymer chain&)Kinetic studies of
catalytic polymerization are greatly simplified when initiation
is rapid compared to propagation, therefore all our kinetic
analyses are based on the catalytic behavior starting 2vith
However, this does not imply th&t is the actual propagating
center.

Rate Law and Activity. First-order behavior with respect
to monomer pressure has previously been observed for poly-
merizations by heterogeneous Cr/silica catalists*>although
reports of other orders ranging from z&é’to seconé® have
also appeared; it has further been observed that the reaction
order is pressure dependéhPolymerizations initiated bg at
low pressures are cleanly pseudo-first-order in monomer for the
entire course of the reaction. Thus there is negligible diffusional
restriction” such that the reaction is always kinetically con-
trolled, despite our observation that, in the case of ethylene,
the catalyst particles become ensheathed in semicrystalline, high-
density polymer as a consequence of the readfidivst-order
behavior implies that only one monomer is required to form
the activated complex, although coordination of a second
monomer which induces insertion of a pre-coordinated monomer
(the trigger mechanisff®C is kinetically indistinguishable,
provided one of the two possible coordination sites is always
filled.50

The polymerization reactions are also first-order with respect
to total Cr, requiring that the fraction of active sites be
reproducible, constant, and independent of catalyst loadirrg.

In contrast, heterogeneous Cr/silica catalysts show increasing
activity with decreasing Cr loadiny, and the active site
concentration appears to increase as polymerization pro-
ceedg?51 Our observed first-order behavior im; rules out
potential mechanisms that require two surface Cr sites for the
activation of ethylen@’46:5354n addition, the magnetic proper-
ties of2 indicate that the major, even exclusive, surface species
is mononucleaf?3! We consider monomer-induced migration
of active sites to be unlikely since the magnetic behavior of the
still-active catalyst remains unchanged after polymerization. Our
results further imply that (1V) is the resting oxidation state of
Cr in the active catalyst.

To compare quantitatively to other Cr-based one-component
catalysts, the measured polymerization rate constant for ethylene
at 80 °C (approximating the operating temperature of com-
mercial reactors), (1682 3) s (mol Cr)~1, was converted to
an activity, 5.9x 10° g PE/(hmol Cr-atm)5® The maximum
activity of CrOs/SiO, operating at 80C was reported to be 5.0

(44) The polydispersities of the polymers generate@ laye high. The
origin of the heterogeneity, which was unexpected given the homogeneity
of the initiator, is the subject of a forthcoming publication.

(45) Groeneveld, C.; Wittgen, P. P. M. M.; Lavrijsen, J. P. M.; Schuit,
G. C. A.J. Catal. 1983 82, 77—91.

(46) Ayscough, P. B.; Eden, C.; Steiner, H.Catal. 1965 4, 278.

(47) Spitz, R.J. Macromol. Sci. Chenl972 6, 169.

(48) Yermakov, Y. I.; lvanov, L. PKinet. Katal. 1965 6, 889.

(49) Ystenes, MJ. Catal. 1991, 129 383.

(50) Blom, R.; Follestad, A.; Noel, Ql. Mol. Catal.1994 91, 237—
249.

(51) Zakharov, V. A.; Ermakov, Y. IJ. Polym. Sci. Part A-1971 9,
3129-3146.

(52) Smith, P. D.; McDaniel, M. PJ. Polym. Sci. A: Polym. Chem.
199Q 28, 3587-3601.

(53) Rebensdorf, B.; Larsson, B. Mol. Catal.1981, 11, 247.
(54) Groeneveld, C.; Wittgen, P. P. M. M.; Swinnen, H. P. M.; Wernsen,
A.; Schuit, G. C. AJ. Catal.1983 83, 346-361.

(55) The rate of formation of polymern(PE)/d, is expressed as(PE)/
dt = k n(CzHg) n(Cr). The activity, or rate of polymerization per mole of
Cr, is (h(PE)/d)/(n(Cr)) = k n(CzH.). At a pressure of 1 atm, the number
of moles of ethylenen 1 L is 0.035. Therefore the activity is (1683
(mol Cr)~1(3600 s/h)(0.035 mol of £H,)(28 g/mol)= (5.9 x 10°) g of
PE/(hrmol Cr-atm). Burwell, R. L., JrAdv. Catal. 1977, 26, 351—392.
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x 10° g PE/(hmol Cr-atm)3® A comparable activity was
reported for Cr@SiO,—Al,03 at 0.001% Cr loading and 500
psi GH4.1° Clearly, the activity of2 resembles that of the
Phillips catalyst for which it is proposed as a model. The high
activity of 2 even at relatively high Cr loadings and a low silica
pretreatment temperature (200) is likely a consequence of a
higher fraction of active sites due to its relatively homogeneous

Amor Nait Ajjou and Scott

H

P
P <>
2+2 -H shi
[Cr]< + CoHy 22 e L3:H shitt [Cr]</\/P (11)
<&

Propagation by repeated insertions into a metallacycle without

nature (although the fraction does appear to be Ioressure_regeneration of the alkylidene would, however, exhibit overall

dependentj?57In contrast, one-component homogenédasad
supported Cr complexes (other than chromocene derivatives)
show low or no activity unless treated with organoaluminum
activators?®

Propagation Mechanism. There are several mechanisms
which are consistent with overall second-order kinetic behavior.
Direct olefin insertion into a metalcarbono-bond would, of
course, qualify, as would migratory insertion in an olefin
catalyst adduc®® eq 9. In the parlance of heterogeneous

O
/\P KB /\ /
v CHy—e cnl P % jon P ©
\<> N % NN

[Cr]

catalysis, these possibilities correspond to the ERigeal
(polymerization from the gas phase) and Langmiiimshel-
wood (polymerization of adsorbed ethylene) mechanisms,
respectively. In the latter case, the formation of an olefin adduct
as a nonobservable preequilibrium intermediate follows satura-
tion kinetics:

—dP(C,H,)/dt = Kgkp ne, P(olefin)/(1+ Kg P(olefin))
(10)

whereKg is the binding constant of olefin to the active site and
ke is the rate constant for the rate-determining incorporation of
the olefin into the growing polymer chain. If the binding constant
Kg is small (as is typical of high-valent early transition metal

second-order kinetics, creating in the process a growing cyclic
polymer chain with no end-groups. The failure to observe
polymer chain termini by in situ IR is unfortunately not
conclusive for this mechanism because of their low abund&nce.
We conclude that olefin insertion into a €€ o-bond is the
mechanism most consistent with the observed kinetic behavior.

Interpretation of Activation Parameters. The enthalpic
barrier for propagation of polymerization initiated Byis 30
kJ/mol. At low pressures and temperature8Q °C), the Phillips
catalyst also shows an activation energy for ethylene polym-
erization of ca. 30 kJ/mdP This value is much too low to be
consistent with 1,3-H transfer within the chromacyclobutane
intermediate, for which a barrier of over 200 kJ/mol has been
calculated

For Ziegler—Natta catalysts, the activation barrier (typically
20—70 kJ/mol}3is presumed to be a composite reflecting both
adsorption of ethylene on the active site and the barrier for the
rate-determining propagation step. For the mechanism shown
in eq 9, the temperature dependence of the polymerization rate
constant is that described by eq %2:

In(k/T) = In(RINh) + (AS® + ASH)/R—
(AHG® + AH/RT (12)

where AHp* and ASS* are activation parameters for the rate-
determining propagation step amiiHg® and AP are the
enthalpy and entropy of olefin binding to the active site,
respectively. The Eyring plot, In(k/T) vs~T, is linear. Since

complexes) and the olefin pressure low, the measured secondyefin binding, if it occurs, is exothermit®, AH*,ps is smaller

order rate constark is a composite described y= Kgkp.t*
Experimental rate laws which show this behavior are consistent
with the failure to detect metablefin complexes in early
transition metal catalyst systerfiéit very high pressures, the
dependence orP(olefin) should disappear as the rate law
becomes zero-order i¥(olefin), as reported for heterogeneous
Phillips catalystd%47.62Unfortunately, such pressure ranges are
beyond our current experimental capabilities to test.

A mechanism which is unlikely to display the observed
overall second-order rate law is the alternating alkylidene
chromacyclobutane mechanism, eq 11. The observed first-orde
dependence on olefin pressure requires one of the urfikely
scenarios that cycloaddition be an unfavorable rapid preequi-
librium step or rate-determining, rather than H-migration.

(56) Zakharov, V. A.; Yermakov, Y. ICatal. Re.-Sci. Eng.1979 19,
67—103.

(57) Amor Nait Ajjou, J.; Scott, S. L. Manuscript in preparation.

(58) Britovsek, G. J. P.; Gibson, V. C.; Wass, D.Axgew. Chem., Int.
Ed. 1999 38, 428-447.

(59) Gibson, V. C.; Newton, C.; Redshaw, C.; Solan, G. A.; White, A.
J. P.; Williams, D. JJ. Chem. Soc., Dalton Tran$999 827—829.

(60) Cossee, Rl. Catal. 1964 3, 80. Ariman, E. JJ. Catal. 1964 3,
89. Cossee, P.; Arlman, E. J. Catal. 1964 3, 99.

(61) We note that a pseudo-first-order or second-order rate law does not

{

than AHpF by |AHg?|. Likewise, the negative value afSps
partly reflects the loss of entropy upon binding gas-phase
ethylene to the catalysfSz°.67-68

Agostic Assistance of Olefin Insertion. Two prominent
candidates for propagation mechanisms, migratory insertion and
alkylidene/metallacyclobutane alternation, should be readily
distinguishable by the magnitudes of their kinetic isotope effects.
The observed rati&(CzH4)/k(C2D4), at 1.29+ 0.05, is clearly
not consistent with the substantial primary kinetic isotope
effect expected for €H cleavage by 1,3-H shift, as required
n the latter mechanism, nor is it consistent with simple
migratory insertion, for which the effect is expected to be
secondary but inverse, arising from rehybridization of the
olefinic carbon$?

(64) Zecchina, A.; Spoto, G.; Ghiotti, G.; Garrone, E.Mol. Catal.
1994 86, 423.

(65) Bade, O. M.; Blom, R.; Dahl, I. M.; Karlsson, A. Catal. 1998
173 460-469.

(66) Espenson, J. HChemical Kinetics and Reaction Mechanisms
McGraw-Hill: New York, 1981.

(67) Rix, F. C.; Brookhart, M.; White, P. §. Am. Chem. Sod.996
118 4746-4764.

(68) The true value oASF depends on the number of Cr sites which are

require that all active sites polymerize ethylene at the same rate. If the rate active. The value reported here was calculated with the assumption that all
is site-dependent, the measured rate constant is a weighted average of alites are active. As a fraction of the Cr sites is inactive, the real activation

the microscopic rate constants, iles Y Kgikei. However, all active sites
must exhibit the same reaction order.

(62) Clark, A.; Bailey, G. CJ. Catal. 1963 2, 241-247.

(63) Schmid, R.; Ziegler, TCan. J. Chem200Q 78, 265-269.

entropy is greater than our reported value. We estimate the fraction of active
sites at low pressures (e.g., 60 Torr) to be ca. 20%.

(69) Barta, N. S.; Kirk, B. A.; Stille, J. RI. Am. Chem. S0d.994 116,
8912-8919.
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Small positive kinetic isotope effects have been interpreted CrOs/SiO, catalysts, as well ag, generate traces of o2
as evidence for agostic assistance of migratory insertion into ethylene oligomef3:7°during homopolymerization of ethylene.
metal-alkyl bonds’® Stronga-agostic interactions confer partial  The subsequent incorporation of these high@lefins into the
alkylidene character on the alkyl ligaidd! stabilizing the polyethylene chain is a plausible explanation for the origin of
electron-deficient transition staféA secondary kinetic isotope  low levels of chain branchingf;2 since these catalysts do not
effect of 1.25 was predicted far-H vs a-D agostic transition cause isomerization to give methyl branchés.

states in migratory insertioff. Kinetic isotope effects of this Copolymerization Behavior. CrOs/SiO; is a catalyst for the
magnitude have also been inferred from differences in the copolymerization of ethylene with-olefins, producing linear
molecular weights of D- vs H-substituted polymétsSuch low-density polymers which are compositionally heteroge-
interactions have been documented fory[CH,SiMes)e]?~,37 neous®! Copolymerization of ethylene with a small quantity of

were calculated for the ethylene insertion transition state in CrCl- a substituted olefin, commonly 1-hexene, increases the frequency
(H20)(CHz)*,"4 and have precedent in some Group Ill and IV of chain branching (which enhances processability of the
catalyst ground-state structurés’> polymer) and decreases the average molecular wéighte

H> Acceleration. The addition of H during catalytic po- latter effect has been ascribed to an higher rate of termination
lymerization by Cr@/SiO, moderates the molecular weight of ~ of growing polymer chains containingsubstituents#
polyethylenel* The origin of the effect is obscure, since it The addition of am-olefin other than ethylene sometimes
appears not to be exerted via acceleration of chain trafsfer, results in an acceleration of the rate of ethylene polymeriza-
as is the case for G@r/silica and Group IV catalys®. In tion.8283 The origin of this “comonomer effect” is poorly
contrast to the dramatic effect obldn CpCr/silical? Phillips- understood. Stronger coordination of the comonomer seems
type catalysts generally exhibit only a minor response td unlikely 82 given the relative binding strengths discussed
addition, the activities of ZieglerNatta and chromocene earlier® No rate acceleration was reported for homogeneous
catalysts are generally depressed in the presencg Gfithereas catalysts in which there is no requirement for reduction by olefin

Phillips catalysts respond with ancreasein catalyst activity. during the induction perio® The absence of comonomer
The reason for the observed acceleration of ethylene polym-acceleration for2 confirms that reduction of Cr(IV) is not
erization initiated by2 in the presence of His still not clear. required to generate the propagation sites. With regard to

One possibility is that krevives deactivated sites. However, copolymerization, we conclude th& behaves more like a
the evidence suggests that there is not much deactivationhomogeneous than a heterogeneous catalyst.

occurring under our reaction conditions, since readdition of When two monomers such as ethylene and 1-hexene are
ethylene to a used catalyst sample caused polymerization to recupresent, they compete for the open coordination site on the
with virtually the same rate constant. We suggest thatatises ~ supported Cr catalyst. The copolymerization mechanism for
propagation sites which are less active (or inactive) in its absenceCzD4/1-hexene mixtures is shown in egs 13 and 14, where P
to become more active. It is conceivable that hydrogenolysis

occurs to eliminate stalled polymer chains with branch points P K P /<>D b R

close to the metal center. The replacement of a polymer chain [Cr]<\/+ CoD—L [’ ! e, [ch (13)

which is slow to undergo insertion by a more reactive hydride > R \ D A P
D~ DD

ligand could account for the observed rate acceleration. The

D
origin of such chain branches in the homopolymerization of P K P /O"Bu R
ethylene is discussed below. el )+ rhexene L [cq/\ﬂ/ ey [Cr]MM)
Polymerization of a Substituted Olefin, 1-HexeneHet- O \/\ngu P

erogeneous Cir/silica catalysts polymerize substituted olefins
provided there is no branch point closer than the 4-posifion,
although such reactions are slower than ethylene polymeriza-
tion.*2 Homopolymerization of 1-hexene initiated Ryyields
poly-1-hexene. At low hexene pressures and °Zl, the
composite second-order rate constant for polymerization, _ —

(38 & 2) s (mol Cr)™, is surprisingly only 4.7 times lower dP(CDIA = KegoefloP(CD(L + KeeP(CD0)
than the rate constant for ethylene incorporation into polyeth- (15)

ylene. —dP(1-hexene)/t=

In general, the binding of substituted olefins to metal ) )
complexes is weaker than that for ethylene; however, migratory KagokpgaNciP(1-hexene)/(T K, P(1-hexene)) (16)

insertion is fastef® We suggest that the slightly slower

polymerization of 1-hexene initiated & relative to ethylene

reflects a compensation effect created by these opposing trends. (78) Doherty, N. M.; Bercaw, J. B. Am. Chem. Sod985 107, 2670~
2682.

represents a growing polymer chain which may or may not
contain a 2-butyl branch, i.e., R is H &Bu. The rate laws for
competing substrates are shown in eq 15 and 16:

As the value of each denominator approaches 1, the kinetics

(70) Grubbs, R. H.; Coates, G. Wcc. Chem. Redl996 29, 85-93. (79) Weiss, K.; Krauss, H. LJ. Catal. 1984 88, 424—430.
(71) Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B. Chem. Soc., (80) The polyethylene obtained from exposur@d ethylene contains
Chem. Commuril982 1410-1411. exclusively even-numbered carbon branches such as ethyl, butyl, hexyl,
(72) Prosenc, M. H.; Janiak, C.; Brintzinger, H. Brganomet.1992 etc., as shown by3C NMR.
11, 4036-4041. (81) Karol, F. J. InTransition Metal Catalyzed PolymerizatioQuirk,
(73) Leclerc, M. K.; Brintzinger, H. HJ. Am. Chem. Sod.995 117, R. P., Ed.; Cambridge University Press: Cambridge, 1988; Vol. 2, pp 702
1651-1652. 718.
(74) Jensen, V. R.; Borve, K. @rganometallicsl997, 16, 2514-2522. (82) Karol, F. J.; Kao, S.-C.; Wasserman, E. P.; Brady, RNéw J.
(75) Burger, B. A.; Thompson, M. E.; Cotter, W. D.; Bercaw, JJE. Chem.1997, 21, 797—-805.
Am. Chem. Sod99Q 112, 1566-1577. (83) Rangwalla, H. A;; Lana, I. G. D.; Szymura, J. A.; Fiedorow, R. M.
(76) Margl, P.; Deng, L.; Ziegler, 0. Am. Chem. So4999 121, 154~ J. Polym. Sci.: Part A: Polym. Chert996 34, 3379-3387.
162. (84) Hartley, F. RChem. Re. 1973 73, 163.
(77) Keii, T. Kinetics of Ziegler-Natta PolymerizationChapman & (85) Chien, J. C. W.; Nozaki, T. Polym. Sci.: Part A: Polym. Chem.

Hall: London, 1972. 1993 31, 227-237.
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become pseudo-first-order with respect to each substrate, eqsScheme 1

17 and 18. BulL H
T o =
—dP(C,D)/dt = Kge)keecP(C.Dy) = K, gP(C.D,)  (17) ?/C'\? _ ?/Cf\ o
—dP(1-hexene)/ti= Kgyko(yNcP(1-hexene)= o\‘ji\o/sg"o 0“gSi\O/Sg'O
K,¢P(1-hexene) (18) , u
n CoHy

Since pseudo-first-order behavior is indeed observed for each (GHCHz)n-1
substrate during copolymerization, the olefin binding constants
must be small, such that each substrate behaves kinetaslly C|H2
if the other is absent Bu! CHz /n Bu! M

However, the presence of a comonomer does cause the O/C'\o O/C'\o
magnitudes of the rate constahige) andk, to change. The o4 44
ethylene polymerization rate decreases while the 1-hexene o*‘g ~o” }; "0 o“g ~o” g’o

polymerization rate increases, relative to each homopolymeri-

zation rate. When deuterated ethylene inserts into a polymer!n the case of reactions witb-olefins such as ethylene and
chain whose most recent insertion was 1-hexene, the rate is 3.6L-hexene, subsequent insertions into the metallacycle generate
times slower compared to insertion into a chain which most larger rings, for whom a likely fate j§-H elimination, Scheme
recently inserted ethylene. For 1-hexene, insertion into a 1. Hydridochromium(lV) complexes may then undergolefin
perdeuterioethylene-terminated chain is 5.3 times faster than intomigratory insertion at CrH to generate the alkylchromium(1V)

a 1-hexene-terminated chain. The explanation that 1-hexenePropagation center as required by the kinetics. The inability of
adsorption prevents ethylene from binding at the activéite the bis(neopentyl)chromium(IV) fragmedtto initiate polym-

is not borne out by the kinetic behavior described by egs 17 €rization is attributed to steric hindrance at the metal center.

and 18. Analysis of the volatiles produced during reactions with
The second_order rate constants for homopo'ymenzakﬁn( stoichiometric doses of ethylene SuggeStS that insertion does
and kyp) may differ from those for cross-polymerizatioky£ not occur when there is &@rt-butyl substituent in thex-posi-

andk»1) because of variations ip and/orKg. The presence of tion.57 . .
a 2-butyl substituent in the growing polymer chain presumably ~ This study has not addressed the important issue of how
exerts a steric effect which reduces both the binding constantsPolymerization is initiated over the Phillips cataly$tiowever,

and the insertion rate constants. if ethylidene complexes of Cr(IV) are formed by the interaction
The selectivity of the catalyst based @rfor perdeuterio- ~ Of silica-supported Cr(ll) with @H,?>2¢ then subsequent
ethylene is lowr; = 3.7, in accord with the ability of Phillips-  initiation reactions may resemble those in Scheme 1.

type catalysts to produce linear low-density polyethylenes. The

selectivity for unlabeled ethylene is 177/38 4.7, assuming Conclusions

that onlyky; and notkp; exhibits a significant kinetic isotope We have shown that the behavior of a well-defined silica-
effect due to agostic interactions. For comparison, ¥ACIBuz supported Cr(IV) polymerization catalyst resembles that of the
catalysts show much highei values, which for @H4/CsHg activated Phillips catalyst, reproducing its activity, activation
mixtures range from 16 (M= V) to 76 (M = Hf).86 Cp,Cr/ barriers, response to,Hand level of discrimination between

SiO, catalysts show very poor propylene incorporation, with ~ ethylene and highea-olefins. In addition, the polyethylene
= 7211 The reactivity ratio for insertion of 1-hexene vs ethylene produced by? is similar in many of its properties to the polymer
into an unlabeled polyethylene chairkis’/k;; = 0.75, compared  generated by activated CgS3iO,, including its melting point,

to 0.7 reported for incorporation of 1-butene vs ethylene by branching frequency, and end group identity. Indeed, the

CrOs/Si0,.4° similarities manifested by catalysts based on a wide variety of

Mechanism of Initiation of Polymerization by 2. The Cr precursors suggest that all non-Cp-containing, silica-sup-
kinetic evidence accumulated thus far forolefin polymeri- ported Cr catalysts ultimately tend toward a common propagat-
zation initiated by the alkylidene compleR points to a ing intermediate. Our results suggest that this intermediate is

mechanism of agostically assisted migratory insertion at an an alkylchromium(lV) fragment, bound to the silica surface via
alkylchromium(lV) active site, and is inconsistent with mech- two covalent “siloxide” linkages. The absence of an induction
anisms that require regeneration of an alkylidene as a propaga#eriod and the reproducibility of the rates of reactiong wiith

tion step. Nevertheless, the first interactior2afith the a-olefin olefins have made possible a study of the kinetics of polym-
must be a reaction within the purview of transition metal erization using methods usually not applicable to heterogeneous
alkylidene complexes, and is likely to bedf2] cycloaddition systems, hence new insight into the controversial propagation
to generate a chromacyclobutaiidn the case of the reaction =~ mechanism of a widely used catalyst.
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