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Trialkyl aluminum compounds have been in commercial use for some time, and their reactions with
simple alkenes have been studied in detail. In this paper, we present kinetic data at 95, 140, 150, and
160°C for the neat liquid-phase reactions ofrtrdctyl aluminum and 1-dodecene, showing the emergence
of octene, hexadecene, eicosene, and docosene isomers, as well as the isomerization of octenes and
dodecenes. We used a comprehensive kinetic model and data from eight experiments to calculate four
rate constants and one key equilibrium constant for the system. In addition, we estimated relative rates
for a number of other fast reactions in the system and obtained sets of rate constants that accurately
reproduced our kinetic data at each temperature. These results permitted us to calculate Arrhenius
parameters for the system and therefore predict reaction rates for each reaction in this complex system
across a broad range of temperatures and reactant concentrations.

Introduction dimerization of an alpha olefin. Other catalysts are also known
to effect the same types of dimerizatidhs.
Aluminum alkyls are important industrial chemicals com-
monly used in the manufacture of olefins and olefin polymers. R R C1oH21
oo ; . AN
In combination with other compounds, such as Ti@ey are AN AN Al
key components of ZiegleiNatta polymerization catalystBut AI——CgHir + = CyoHy
on their own, they catalyze other olefin chemistries, such as R
the oligomerization of ethylene to make linear alpha oléfins CgH1z
and the dimerization of linear alpha olefins to make vinylidenes +
(i.e., 2-alkyl-1-alkenes) These later chemistries typically require
temperatures in excess of about 280to proceed at reasonable R\
rates. Al CsHyz

This paper focuses on the reactions of aluminum alkyls with R/
linear alpha olefins. A number of transformations are possible. CoH21
Each aluminum alkyl bond can effectively exchange its alkyl
group with an olefin, forming a new aluminum alkyl and
releasing a new olefin.

R

Detectable isomerization of linear alpha olefinscie- and
trans-2-alkenes (internal olefin) is also possible, and with
extended reaction times, further isomerization of 2-alkenes to

R R
Ny 3-alkenes occurs.
\Al—CsH" + /\CmHn - /Al—C12H25 + /\CGH“
R R R R
AN =
\A'_C8H17 + /\01(;”21 /AI*C&H" +\/\C9H19
Primary, linear aluminum alkyls can also react with linear R R

alpha olefins in an addition reaction to form a new aluminum

alkyl in which the alkyl can be either linear or branched. These  Triethylaluminum (TEA) is a unique case, and it is therefore

new alkyls can eliminate aluminum hydrides to yield either acommon catalyst for the oligomerization of ethylene, because
linear internal olefins or vinylidenes; the net effect is the it can undergo linear chain growth by repeated additions of
ethylene into the aluminum alkyl bond. Other aluminum species
have been shown to catalyze olefin polymerization or oligo-
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Figure 1. Reactions for a starting mixture of aluminum alkyls and
a linear alpha olefin.

aluminum alkyls and a number of olefifig.hey concluded that
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Figure 2. Exchange corresponding #.q

andk_s ~ 0.0&_,, indicating that the rate of aluminum hydride
addition decreases in the order linear alpha olefingnylidenes

> internal olefins’ Ziegler and co-workers also estimated the
equilibrium constant at 12TC for the exchange shown in Figure

2 to be about 46.Therefore, at 120C, Keq= (ka/k-3)/(ko/K-2)

~ 40. Egger investigated the elimination of isobutene from
triisobutyl aluminum in the gas phase in the presence of excess
ethylene, concluding that the elimination was first-order in
aluminum alkyl and occurred through a cyclic, four-center
transition staté.

In addition to the reactions noted in Figure 1, aluminum alkyls
also undergo reversible dimerizatiditComplete dimerization
of the aluminum alkyl would effectively reduce by one-third
the number of aluminum alkyl bonds available for reactions
noted in Figure 1. The aluminum alkyl bonds participating in
the bridging bonds of the dimer are no longer available to
participate in reactions-16.

In this paper, we report the results of our work to estimate
values for the 10 rate constants noted in eg®$ &t 95, 140,
150, and 160C for mixtures of trin-octyl aluminum (TNOA)
and 1-dodecene (C12 NAO) in the liquid phase. We considered
models that assumed either complete association of aluminum

aluminum hydride species are intermediates in the exchangealkyls into dimers or no association of the aluminum alkyls into

reactions and that exchange occurs by elimination followed by

dimers. We are not aware of other reports that describe the

addition. Figure 1 illustrates the main reactions expected to occursimultaneous estimation of the rate constants for these elimina-

when an aluminum alkyl with at least four carbons per alkyl
group is combined with a linear alpha olefin having at least
four carbons; for simplicity, only one alkyl group is shown for
each aluminum.

Not all conceivable reactions are included in this list. For
example, following reaction 3, we do not include the reaction
in which aluminum hydride reacts with a vinylidene to form a
tertiary alkyl. Such a species would eliminate to form trisub-
stituted olefins, which are not observed in these systems.
Similarly, we do not observe products expected to form from
an addition reaction between a linear alpha olefin (or other
olefin) and the branched aluminum alkyl shown in reaction 3,
so these reactions are not shown in Figure 1.

There are a number of published reports on the kinetics of

tion and addition reactions. Our goal was to construct a model
for the entire system and use one data set to calculate rate
constants for as many rate-limiting (or slow) reactions as

possible.

In eight separate experiments, we combined TNOA and C12
NAO so that initially the moles of C8 chains and the moles of
C12 chains were the same. Because the starting olefin and the
starting alkyl group were of different chain lengths, we could
easily monitor the exchange, addition, and isomerization reac-
tions using gas chromatography. Extended reaction times gave
mixtures containing C8, C12, C16, C20, and C24 products.

As each mixture heated under a nitrogen atmosphere at the
target temperature, we periodically withdrew small aliquots of
reaction mixture and immediately quenched them in aqueous

these reactions. Based on investigations using diethyl aluminumNaOH solutions for several minutes at-985 °C. The quench-

hydride and a number of olefins, Ziegler reported ~ 2k_3,
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ing reactions converted aluminum alkyls to aluminate salts and
paraffins but did not alter the distribution of olefins in the

mixtures. (Quenching reactions involving short chain alkyls have
reportedly led to some formation of olefin rather than paraffin,

but such olefin formation requires temperatures approaching
180—-200°C. Our quenching reactions occurred at temperatures
below 100°C, and we have observed only alkanes and no
alkenes when hydrolyzing these type aluminum alkyls in our
laboratory.}° Using gas chromatography, we analyzed the
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organic phases of the quenched mixtures, thus determining R R
compositions of the reaction mixtures at several reaction times. R R
Figure 4 shows example chromatograms of the C8 and C20 kg NN /

products. The C8 and C12 products contained linear alpha and » Al I Al Al
internal olefins, along with linear paraffin. The C16, C20, and ( ¥R kg / \( \
C24 products contained vinylidene olefins, methyl alkanes,

linear internal olefins, and perhaps some linear paraffin, which R

coeluted with the linear internal olefins for these chain lengths. Figure 3. Monomer/dimer equilibrium for aluminum trialkyls.
The GC data showed not only the carbon number distributions

in the product mixtures but also the isomer distributions within (excluding reactions for monomer/dimer equilibria of aluminum
each carbon number set. GC data did not show aluminum alkyls for the moment) are shown below:

hydride concentrations directly, but addition of mtridecane

internal standard to the reaction mixtures permitted the calcula- _ } _ ) ;
tion of total moles of olefin and paraffin in each mixture, d[AI-C8,J/dt = I [Al-C8,JIC1Z] + Iy[A-CB,JIC8,] +

confirming that [Al-H] < [AI-R]. KJ[AI-C8,] — k_[AI-H][C8 ;] + k¢[Al-C8,][C8,] +

In many kinetic studies, investigators design their experiments ks[AI-C8 ][C12,]
so that they can observe the behavior of perhaps just one reactant
or product in the system. They may use a large excess of one
or more reagents, effectively keeping the concentrations of these_d[Al'Clza]/ dt = ky[A-C12,][C12,] +
species constant throughout a particular experiment and enabling K [AI-C12 ]J[C8,] + kj[Al-C12,] — k_,[AI-H][C12 ] +
the measurement of the concentration changes of just one kg[Al-C12_][C8,] + kAl-C12,][C12,]
reactant. Rate constants are then commonly estimated by
measuring slopes of lines (e.g., slope of a plot of In(concen-
tration) versus time in a first-order systet). —d[C8,J/dt = k,[A-C8 ][C8,] + k,[Al-C12,][C8,] +

In other systems, such as the one we wished to study in this
work, a number of reactions occur simultaneously, and several K_o[AI-H][C8 ;] — K,[AI-C8;] + k_[AI-H][C8 ] —

different species are involved. We set out to model the entire k,[AI-C8, ] + k[AI-C8_][C8,] + ks[Al-C12 ][C8 ]
system and estimate several rate constants from a common data

set. While each of our experiments started with essentially two

reagents (tri-octyl aluminum and 1-dodecene), as reactions —d[C12 ]/dt = k,[Al-C12 ][C12] + k,[AI-C8 ]J[C12 ] +
proceeded, several other reactive species began to accumulate. K_[A-H][C12 ] — K[AI-C12] + k_,[Al-H][C12 ] —

The predominant ones were as follows:
k,[AI-C12,] + ki[AI-C8 J[C12,] + kg[Al-C12,][C12 ]

Al-(primary C8 alkyl) (yieldsn—octane upon
AL dary C8 alky) q?e_nlcdhlng)t —d[Al-C16v]/dt = K;[AI-C16V] — k_g[Al-H][C16Vv] —
-(secondary C8 alky! yields-octane upon
guenching) kl[AI'CBa][CBa]
1-octene
2-octenes
Al-(pri C12 alkyl ieldsn-dod
(primary C12 alky) éﬁfmﬁ‘mg‘; ecane upon ~d[C16v]/d = k_[AI-H][C16V] — k[Al-C16V]
Al-(secondary C12 alkyl) (yields-dodecane upon
guenching)
1-dodecene — - = - — - —
2 dodecenes d[Al-C20v,]/dt = K;[AI-C20v,] — k_;[Al-H][C20v ]
Al-(C16 vinylidene alkyl) (yields methyl pentadecane k,[AI-C8 ][C12,]
upon quenching)
Al-(C16 secondary alkyl) (yields-hexadecane upon
guenching)
C16 vinylidene (2-hexyl- —d[C20v)/dt = k_g[AI-H][C20v ] — kj[AI-C20v,]
1-decene)
C16 linear internal olefin
Al-(C20 vinylidene alkyl)-two types (yields methyl nonadecane .
upon quenching) —d[AI-C20v,J/dt = K;[AI-C20v,] — k_,[Al-H][C20v,] —
Al-(C20 secondary alkyl) (yields-eicosane upon k [Al—C12 ][C8 ]
quenching) 1 o o

C20 vinylidene (2-octyl-1-dodecene
and 2-hexyl-1-tetradecene)

C20 linear internal olefin —d[CZOVD]/dt = k_3[A|-H][C20Vb] — k3[A|-C20Vb]
Al-(C24 vinylidene alkyl) (yields methyl tricosane

upon quenching)
Al-(C24 secondary alkyl) (yields-tetracosane upon

quenching) —d[Al-C24v]/dt = k;[AlI-C24v] — k_g[Al —H][C24v] —
C24 vinylidene (2-decyl-1-
tetradecene) k[AI-C12,][C12,]

C24 linear internal olefin

; i ; (11) For example: Lowry, T. H.; Richardson, K. Blechanism and
FoII_owmg the general re_actlons—B, W.e can write the rate Theory in Organic ChemistnBrd ed.; Harper and Row: New York, 1987;
equations for the changes in concentration of each of the abovep, 199-211. Laidler, K. JChemical Kinetics3rd ed.; HarperCollins: New

species-and for Al-H as well. The differential equations  York, 1987.



96 Organometallics, Vol. 26, No. 1, 2007
—d[C24v]/d = k_5[Al-H][C24V] — kj[Al-C24v]

—d[A-C8]/dt = k,[AI-C8,] — k_,JAI-H][C8 ] +
KJAI-C8] — k_(AI-H][C8 ]

—d[C8]/dt = k_JAI-H][C8,] — kJAl-C8]]

—d[A-C12)/dt = k,JAI-C12] — k_,JAI-H][C12 ] +
kJA-C12] — k_JA-H][C12]

—d[C12]/dt = k_JAI-H][C12]] — kJA-C12]

—d[Al-C16]/dt = kJAI-C16,] — k_JAI-H][C16/] —
kJAI-C8,][C8,]

—d[C16i/dt = k_JAI-H][C16] — kJAI-C16]]

—d[A-C20]/dt = kJAI-C20,] — k_JAI-H][C20,] —
kJAI-C8,][C12,] — kJAl-C12,][C8,]

Gee and Hickox

calculations across small time incremektsor example, if
—dA/dt = rate, for a sufficiently smallAt, —(A; — A))/At =

rate, andA, = —At(rate)+ A;. Successive iterations can give

A at any desired time The size ofAt obviously has a significant
effect on the accuracy of the results, and there are methods
available for optimizing its size and minimizing the number of
function evaluations required to complete a set of calculations.
In our work, we found that the elementary method proposed
by Euler and the more sophisticated Run¢f@itta method gave
identical results foAt < 0.002 h. For a given set &f, ka, k-2,

ks, k-3, ks, k—4, ks, k_s5, andks, we could use either method to
solve the above equations simultaneously and calculate theoreti-
cal concentrations of all reactants in the mixture at any desired
time.

For modeling purposes, we chose 10 quantities calculated
for each experimental sample. An appropriate set of rate
constants therefore had to reproduce not just one experimental
curve; it had to reproduce all 10 curvesyvalues for the curves
were composition data from GC analysksvalues were the
reaction times associated with each sample. Ywalues for

each curve are shown in the list below:
. % alpha olefin in C8
. % paraffin in C8
. % alpha olefin in C12
. % paraffin in C12
. % vinylidene in C24 (or C16 or C20)
. % paraffin in C24 (or C16 or C20)
. wt % total C8 in mixture
. wt % total C12 in mixture
. wt % total C20 in mixture

10. wt % total C24 in mixture

Including the % internal olefins in the C8 and C12 fractions
would have been redundant, as those values become fixed once
the alpha and paraffin quantities are determined. We observed
far less internal olefin than either alpha olefin or vinylidene, so
we chose the two most abundant species within each carbon
number for our analyses. The distribution curves for C16, C20,
and C24 were essentially identical, and we included just one
set of distribution curves in the subset of C16/C20/C24. For
each time point, we therefore had 10 experimeNtablues to
use in fitting the rate constants. In each experiment, we collected
data on about 25 samples and therefore had about 225 data

—d[C2q]/dt = k_JAI-H][C20,] — kJA-C20]

—d[A-C24)/dt = kJAI-C24] — k_JAl-H][C24 ] —
kJAI-C12,][C12,]

—d[C24]/dt = k_JAI-H][C24 ] — kAl-C24]

O©CO~NOUEAWNPE

—d[Al-H)/dt = k_,[AI-H][C8 ] — kj[AI-C8,] +
K JAI-H][C12 ] — k[A-C12,] + K_JAl-H][C16v] —
KJAI-C16v] + k_[AI-H][C20v ] — k[Al-C20v] +
k_4JAl-H][C20v,] — kJA-C20v,] + k_J[Al-H][C24v] —
KJAI-C24v] + k_[AI-H][C8 ] - kJAI-C8,] +
k_JA-H][C12,] — k[A-C12] + k_dJAl-H][C8 ] —
KJAI-C8] + k_JAI-H][C12 ] — kJAI-C12] +
K_J[AI-H][C16,] — kJAI-C16] + k_oAl-H][C20 ] —
KJAI-C20] + k_JA-H][C24,] — kJAI-C24]

where C8 represents l-octene; Al-g8&epresents a linear,
primary C8 aluminum alkyl; C8represents 2-octene; Al-C8  noints in each model.

represents a secondary C8 aluminum alkyl; £ipresents We used two base models, one that assumed no association
1-dodecene; Al-Cl2represents a linear, primary C12 aluminum  of aluminum alkyls into dimers, and one that assumed that
alkyl; C13 represents 2-dodecene; Al-GI@presents a second-  essentially all the aluminum (tri) alkyl existed as dimers. In the
ary C12 aluminum alkyl; C16v represents C16 vinylidene; Al- case of dimers, for any trialkyl aluminum species, the two alkyl
C16v represents an aluminum alkyl with alkyl being a precursor groups participating in the bridging bonds were unavailable for
to C16 vinylidene; Cl@represents linear internal hexadecenes; elimination or addition reactions. To simplify calculations, the
Al-C16; represents a secondary C16 aluminum alkyl; G20v dimer model did not consider dimers having secondary alkyl
represents C20 vinylidene (isomer a); Al-C20gpresents an  groups in the bridging bonds; only primary or vinylidene type
aluminum alkyl with the alkyl being a precursor to C20 alkyls were allowed to form bridges. This assumption appeared
vinylidene (isomer a); C2Q@wepresents C20 vinylidene (isomer to be reasonable, because secondary alkyls proved to be of low
b); Al-C20\, represents an aluminum alkyl with the alkyl being concentration in our experiments. Eliminating these secondary
a precursor to C20 vinylidene (isomer b); G&&presents linear  alkyls greatly reduced the number of possible dimer structures.
internal eicocenes; Al-C20@epresents a secondary C20 alumi- In the model that assumed reversible dimerization of alumi-
num alkyl; C24v represents C24 vinylidene; Al-C24v represents num trialkyls, we assumed the extreme case in which the
an aluminum alkyl with alkyl being a precursor to C24 aluminum trialkyls are completely associated into dimers. For
vinylidene; C24represents linear internal tetracocenes; AlC24 the starting concentrations used in our experiments, usirg
represents a secondary C24 aluminum alkyl; and Al-H represents4 (or 25) andk-7 = 16 (or 100) effectively established a fast
aluminum hydride. monomer/dimer equilibrium and maintained a 4:1 ratio of

We can solve these equations using a humerical approach:
A b f ical q thod I? f Vi PP h (12) See Chapter 15 of: Press, W. H.; Flannery, B. P.; Teukolsky, S.
' number of numerical Methods are known for Solving SUCN A - vetterling, W. T.Numerical Recipes in PascaCambridge University
differential equations, and they typically involve iterative Press: Cambridge, 1986.
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Figure 4. Example chromatograms showing the different types of olefins and paraffins detected in quenched reaction mixtures.

aluminum alkyl species to dimers. To model no dimerization, theoretical concentrations of the individual chemical species to
we assumelt; = 0. Mathematically, we included dimerization calculate the values we could measure using the GC data. To

terms analogous to the following: find the set of rate constants that brougtsguare to a minimum,
we used the method of Levenberlylarquardtt® For compari-
—d[AC8a)/d = son, we also used the simplex method according to Nelder and
2(k,[AC8a][AC8a]) + k,[AC8a][AC12a]+ Mead?4

kJAC8a][AC16v] + k[AC8a][AC20va] +

k,[AC8a][AC20vb] + k[AC8a][AC24v] — 2(k_,[D11]) — Results and Discussion

k_[D12] — k_,[D13] — k_,[D14] — k_-[D15] — k_,[D16] The model of Al-H intermediates appeared to explain the
-7 7 -7 -7 7 experimental data. For each temperature, we identified sets of
—d[D11)/dt = k_,[D11] — k,[AC8a][AC8a] rate constants that reproduced the experimental curves quite well

(all R2 > 0.99). The two basic models, one assuming all

where D11 represents dimer formed by bridging between two &uminum alkyls to exist in monomer form and one assuming
Al-C8a alkyl bonds; D12 represents dimer formed by bridging &/l aluminum trialkyls to exist as dimers, described the
between an Al-C8a alkyl bond and an Al-C12a alkyl bond; D13 experimental data equally well but gave slightly different values
represents dimer formed by bridging between an Al-C8a alkyl fOr the individual rate constants. Not surprisingly, the model
bond and an Al-C16v alkyl bond; D14 represents dimer formed identified some reactions as rate limiting and others as quite
by bridging between an Al-C8a alkyl bond and an Al-C20va fast. Rate constants calculated for the slow reactions appeared
alkyl bond; D15 represents dimer formed by bridging between [0 bé much more accurately determined than those for the fast
an Al-C8a alkyl bond and an Al-C20vb alkyl bond; and D16 '€actions. The elimination reactions and the additions of

represents dimer formed by bridging between an Al-C8a alkyl &luminum alkyls with olefins were much slower than the
bond and an Al-C24v alkyl bond. reactions of aluminum hydrides with olefins.

There were 21 different dimer species included in the model 1 he LevenbergMarquardt method proved to be superior to

(D11-D16, D22-D26, D33-D36, D44-D46, D55-D56, and the simplex method in minimizing-square for this model. Final
D66). ' ’ ' ’ ' parameter sets returned by the simplex method generally did

¢ not fit experimental data extremely well but were excellent
starting points for the LevenberdMarquardt method, which
would return realistic rate constants when given a good set of
starting parameters.

The aim was to find sets of rate constants that minimize
x-square for both models, whegesquare was given by

(experimentay — theoreticaly)?

Z (standard errof) (13) See Chapter 14 of: Press, W. H.; Flannery, B. P.; Teukolsky, S.
A.; Vetterling, W. T.Numerical Recipes in Pascalambridge University
i ; i Press: Cambridge, 1986.
For_atnal set of rate cc_)nstants, we |terat|vel_y sol_ved the rate (14) See Chapter 10 of: Press, W. H.: Flannery, B. P.: Teukolsky, S.
equations up to the maximum observed reaction time. At each a - 'etterling, W. T.Numerical Recipes in PasgaCambridge University

time for which we had experimental points, we used the Press: Cambridge, 1986.
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Figure 5. Representative experimental and fitted points for 1€0

Multiple fits were required to identify the best sets of rate The product distributions for C16 and C20 were essentially like
constants. No fit was successful if all 10 (or 12) rate constants those of C24, and we have omitted those graphs for brevity.

were fit simultaneously. Judicious choices of which parameters  Table 1 summarizes the best fit rate constants determined at
to fit and which to hold constant in a given fit eventually led to  the four temperatures for both base models. Reported values
a good set of fitted parameters. For example, fitktagndk-, are averages of rate constants determined for two separate
simultaneously (or any other pair of forward and reverse rate experiments at each temperature. The table also includes values
constants) was never a viable approach. There were too manyfor Keq = (ka/k—3)/(ka/k—2), Which, again, is the equilibrium
mathematically equivalent results, and individual rate constants constant for the exchange shown in Figure X4 > 1 indicates
would often increase or decrease by huge, unrealistic values.a preference of Al-H to react with and remain bound to linear
In practice, we found that the model was not particularly alpha olefins rather than vinylidenes. The nonlinear correlation
sensitive to the absolute values of the rate constants for the (fastkoefficients R2), which reflect “goodness of fit” for the model,
reactions of aluminum hydride with olefins (i.&.,2, k-3, k-4, were >0.99 for all fits.

k-s), but that their relative values were important. We generally  There were some clear limitations of the model and these
heldk-; fixed at a constant value and performed a number of exneriments. While we could obtain reasonably good fits to our

iterative fits. We could simultaneously fit ak's for the experimental curves, we could determine only some of the 10
elimination reactions and addition reactions not involving rate constants with rather high confidence; for the remaining
aluminum hydride Ki, ko, K, ks, ks, ke), then fitk's for all the constants, we could determine only relative values. For example,
addition reactions involving aluminum hydridk-¢, k-4, k-s) within each set of best rate constants, we could not determine
plusks andks. Results would converge after two or three cycles apsolute values for the rate constants describing the reactions
through these loops. of Al-H with any of the olefins (the rate constants denoted with

In Figure 5, we present representative graphs showing thenegative subscripts). Within each set of rate constants, if we
experimental and fitted curves for the carbon number distribu- simultaneously multiplk—,, k-3, k-4, andk_s by any constant
tions, the C8 product distributions, the C12 product distributions, >1, the quality of the fitted curves does not change. We
and the C24 product distributions for one experiment at°2l0 therefore could not determine the exact values of these particular
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Table 1. Summary of Best Fit Rate Constants andeq

Assuming Free Aluminum Alkyls

95°C 140°C 150°C 160°C
ki (M~th™1) 0.00251+ 0.00017 0.074% 0.0015 0.109t 0.011 0.221 0.0010
ko (h™1) 0.00251+ 0.000368 0.654: 0.019 1.3%+0.70 3.68+ 0.016
k2(M~th™1) 125 1000 2000 2000
ks (h™1) 0.0828+ 0.00412 7.240.70 13.5£ 6.12 22.8+0.13
k3(M~th™) 51.6+16.1 409+ 29.5 831+ 63.4 605+ 10.5
ks(h™1) 0.389+ 0.540 45.94+ 26.7 7.08+ 0.534 63.5+ 85.1
ka(M~th™1) 9.93+5.16 63.9+ 0.926 40.0+ 4.29 15.9+ 8.06
ks (h™1) 1.33+0.136 58.5+ 36.1 22.8+21.2 1059+ 1331
k-s(M~1h™) 578+ 454 203+ 35.2 66.4+ 37.3 221+ 287
ks(M~th™1) 0.000116+ 0.000028 0.00473 0.00099 0.0081% 0.00086 0.0169% 0.0011
Keq 79.4+8.80 27.2+£0.16 23.4+0.43 20.4+ 0.33

Assuming Aluminum Alkyls as Dimers

95°C 140°C 150°C 160°C
ki (M~th™1) 0.00361+ 0.00017 0.115t 0.0017 0.178+ 0.018 0.334+ 0.0033
ko (h™1) 0.00361+ 0.000566 1.063 0.036 2.06+ 0.88 5.60+ 0.67
k-2(M~th™1) 125 1000 2000 2000
ks (h™1) 0.110+ 0.0041 10.11.36 19.0+ 7.65 33.3+£3.28
ks(M~th™1) 28.8+ 3.68 377+ 32.1 878+ 50.7 637+ 40.6
ka (h™Y) 0.0620+ 0.0877 8.90t 5.12 12.0+1.18 456+ 67.1
k-a(M~1h™) 26.4+29.2 85.9+ 1.40 63.7+ 4.38 18.3+4.36
ks (h™1) 0.0772+ 0.0845 7.233.38 10.5+ 0.665 1964+ 50.8
k-s(M~th™1) 500+ 707 185+ 39.8 50.4+ 3.53 345+ 22.1
ks (M~1h™1) 0.000315+ 0.00005 0.00843 0.00088 0.013% 0.00117 0.025% 0.00164
Keq 132+ 8.80 25.2+0.38 21.0+ 0.68 18.7+0.81

Table 2. Arrhenius Parameters Table 3. Best Fit Parameters for Simulated Data

Assuming Free Aluminum Alkyls actual fitted actual fitted
Ea (kd/mol) Ea (kcal/mol) A Artheniusr? setl setl % error  set2 set 2 % error
ke (M- h-) 90.9 217 203 1010 0.998 ke 0.108 0.107 -1.0 0.15 0.16 3.6
ko (hY) 149 357 4.2% 108 0.998 ko 0.821 0.825 0.5 0.90 0.95 5.8
ke (h~1) 117 28:1 4:00< 105 0:995 k> 256 1112 334.2 30.0 40.0 33.2
ke(M-2h-3) 101 4.2 > 81 100 0.999 ks 11.8 11.7 -1.2 13.0 12.2 -6.5
K Zogm ~6.80 734% 103 0.996 k-3 147 623 323.7 20.0 23.0 15.0
q ' ’ ' ' ka 9.46 325 243.7 15.0 23.1 53.8
Assuming Aluminum Alkyls as Dimers ks 6.01 115.7 18252 0.50 0.82 64.5
- ks 252 10.8 —95.7 150.0 164.3 9.5
Ea (kJ/moI) Ea (kcal/mol) A Arrheniusr? k75 429 107 —751 5.00 9.06 81.2
ky(M~1h™D) 92.7 221 5.20< 100 0.998 ks 0.00704 0.00696 -—1.1 0.00900 0.00947 5.2
ko (h™1) 151 36.0 9.14¢ 10'8 0.997 Keq 25.0 25.2 0.7 217 22.2 2.3
ks(h™1) 119 28.4 9.02< 10% 0.996 - -
ke(M~1h1) 89.4 21.4 1.55¢ 10° 0.999 actual fitted actual fitted
Keq —416 ~10.0 1.57x 1074 0.986 set 3 set3 % error set4 set4 % error
aThis value is obviously not a formal activation energy,kag is an ke 0.090 0.091 1.0 0.02 0.0202 0.9
equilibrium constant not a rate constant. But it is mathematically related to ::2 58)'3)5 8%316 6%)2 12%04 22?1'0400 822
the relati tivati ies f&s, ko, ks, andk-s. -2 : : : :
e relative activation energies feg, ko, k3, andk-3 ks 9.00 939 13 08 0.800 0.0
rate constants. Howevep-square dropped rapidly ak_» Ef ig'g ‘3‘2'% 183'1 58 4 9(7)';08 _2293'9
increased from 100 to 1000 (for temperaterel 40-160°C); k. 200 6.07 203.6 7 132 88.9
further increases ik—, did not affecty-square significantly, ks  5.00 6.98 39.6 1 0.881 —11.9
and we keptk_, at 1000 or 2000 for temperatures of 40 ks 2.00 5.65 182.3 45 111 146.3
160°C and 125 for 95C ke 0.00200 0.00203 1.6  0.0008  0.000682-14.8
’ Keq 22.0 22.2 0.9 48.0 45.9 —4.4

Not surprisingly, the model is sensitive to rate-limiting
reactions but not to the fastest ones. The rate-limiting reactionsthe moles of paraffin was about 3 times the moles of TNOA
here are clearly the eliminations of Al-H and olefin from added at the start, consistent with a low, steady-state concentra-
aluminum alkyls, as well as the addition reactions of aluminum tion of Al-H.
alkyls with olefins; the reactions of Al-H with alpha olefins Arrhenius plots (Ink) versus Kelvin temperature) for the 10
and vinylidenes are much faster than the corresponding elimina-rate constants andeq showed linear behavior fda, ko, ks, Ke,
tion reactions. andKeq Conversely, plots for the remaining constants were not

While our gas chromatographic analytical method did not particularly linear. Asks and ks relate to behavior of internal
provide a direct measure of the Al-H concentrations in our olefins (i.e., linear olefins other than alpha olefins), we can
samples, we could confirm that the concentrations of Al-H were perhaps explain the lack of linearity for their Arrhenius plots
quite small and essentially constant throughout the experiments.on the basis of the relatively low concentrations of internal
By using ann-tridecane (i.e., inert) internal standard, we could olefins in our experimental samples: Alpha olefins and vi-
calculate the total moles of paraffin and olefin in each of the nylidenes dominated the olefin populations throughout the
samples. Data confirmed that the total moles of paraffin experiments, and the model was well suited to determining rate
remained nearly constant throughout each experiment and thaiconstants for the elimination reactions involving alpha olefins
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Figure 6. Representative calculations showing effect of time increment. Theoretical curves out to 225 h converget fe020a h.

and vinylidenes, as well as rate constants for the additionto k = Ae(“E4RD_ However, because the model accurately
reactions between aluminum alkyls and olefins. Table 2 sum- determineseq but not necessarillg_, andk-s, we recommend
marizes the Arrhenius parameters obtained from our data. Theusing the Arrhenius parameters to calculatek—s, ko, andKeg
21.7-22.1 kcal/mol activation energy determined frdmfor Thenk-, = Kedok-3/ka. For the model assuming no dimerization
addition of NAO to primary aluminum alkyl is in excellent of aluminum alkyls, we note that our Arrhenius parameters
agreement with the 20 kcal/mol estimate reported for the predict Keq at 120 °C to be 43.6, in close agreement with
addition of 1-hexene to triethyl aluminufdFurthermore, the Ziegler's estimate of 40.For the model assuming complete
28.1-28.4 kcal/mol activation energy determined frd@for dimerization of aluminum alkyls, the predictédq at 120°C
elimination of vinylidenes from aluminum alkyls agrees well increases to 53.
with the previously reported 26.6 kcal/mol for elimination of
isobutene from tri-isobutyl aluminufh. Conclusions

To estimate the accuracy of the fitting procedure, we applied
it to sets of simulated data. Table 3 shows the fitted sets of rate  The model fit the experimental data well, wik¥ at each
constants alongside the actual sets R&ffor fitted sets of curves ~ temperature exceeding 0.99. From one data set at each temper-
were >0.99. The procedure generally estimatedks, ks, ke, ature, in two separate base models, we determined rate constants
andKeq to within 5%, but it failed to estimate the other constants for the rate-limiting reactionsk(, ko, ks, and k), and we
accurately, even though the procedure reproduced the simulatedletermined the equilibrium constaiiteq for the exchange
curves. ThroughKe, the process accurately determined the reaction between vinylidene type alkyls and primary, linear
relative sizes ok_, andk_s, but a wide range of absolute values alkyls. Rate constants for the fast reactions between aluminum
for k_, andk_3 gave identical values fdke, and fit observed hydride and olefins were difficult to determine accurately, but
data equally well. In short, a wide range of valueskos, k_s, they are clearly at least-23 orders of magnitude larger than
k4, and k_s permit equally good fits to the simulated (or the rate constants for the corresponding elimination reactions.

experimental) data, so we could not determine these rateInternal olefins were present in only low concentrations, and

constants with high confidence. The case was similakfand ~ the rate constants associated with their reactiémsk(a, ks,
ks, and the analyses of simulated data indicate we should haveandk-s) were not accurately determined from our data. The
little confidence in the reported values fioy and ks. rate of aluminum hydride reaction with olefins decreases in the

The Arrhenius parameters permit calculation of a set of orderlinear alpha olefins vinylidenes> linear internal olefins.

appropriate rate constants for any desired temperature, accordingrlimination to form aluminum hydride and olefin occurs faster
rom vinylidene type alkyls than from linear, primary alkyls

(15) Allen, P. E. M.J. Chem. Sac1963 2080. and appears to be fastest from secondary alkyls.
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Experimental Section in degrees Celciug{ = 0.96). The starting molar concentrations
of 1-dodecene and At-octyl were determined to be about 2.5 M
for each temperature we used in our kinetic experiments. During

bottomed flask with 1-dodecene, a small amounndfidecane data analysis, we let the computer program adjust these starting
internal standard, and a stir bar. We fitted the flask with an ncentrations within a window of about 5% around 2.5 M.

electronic thermal probe, sealed the necks with rubber septa, and

purged the flask with dry nitrogen. In a dry box of nitrogen

atmosphere, we charged a 100 mL addition funnel witih-oetyl T(°C) density (g/mL)
aluminum (TNOA) so that the moles of TNOA 0.33 x moles of

Kinetic Experiments. We charged a four-neck, 500 mL round

1-dodecene in the flask. Outside the dry box, we fitted the addition ?gg 8:;22
funnel to one neck of the flask and heated and stirred the liquid 89.5 0.761
inside the flask to a few degrees below the desired reaction 99.3 0.750
temperature, while maintaining a nitrogen purge for another 30 min. 111.3 0.754
Then we added the TNOA from the addition funnel to the flask i;g-g 8-;3‘11

and proceeded to maintain the desired reaction temperature using

a heating mantle and a J-KEM electronic controller. Periodically,  pata Analysis. We analyzed data using a program we wrote
we used a syringe to withdraw about 1 mL of reaction mixture and ith Borland's Delphi compiler. One curve-fitting routine was based
add it directly to about 5 mL of 20 wt % aqueous NaOH solution g the method according to Levenberg and Marqurdnother
in a glass vial. We capped the vial and heated it with agitation 10 otine was based on the simplex method described by Nelder and
about 95°C, until the initially formed gel-like mixture had turned  \jead14 Code for the fitting procedures was based on that provided
to a clear, free-flowing liquid. Once the aqueous and organic phasesj, refs 13 and 14. We did not have multiple samples for each time
had separated, we analyzed the organic phase by gas chromatogneasurement, so we had no data sets from which to calculate
raphy using an HP 6890 gas chromatograph with a split injector standard errors for our measurements. Data points were therefore
and flame ionization detector. The column was a 5&18.2mm — equally weighted with the same standard error value of 1. The Euler
x 0.5um HP-5. The oven temperature began at@@nd increased  ang Runge Kutta numerical integration methods gave identical
2.5°/min to 100°C, then 3/min to 300°C, where it remained  egyits out to 225 h of reaction time for time incremets.002 h.
constant for 12 min. . , Our fitting procedures used time increments of 0.000002 and
Starting Concentrations. To calculate starting concentrations g 0o2 h in Euler type calculations, obtaining identical results for
for 1-dodecene and At-octyl, we calculated densities for mixtures  gjther time increment. Figure 6 shows some example curves and
of 1-dodecene and tri-octyl aluminum at several temperatures. oy they changed with increasing values for the time increment.
Under a nitrogen atmosphere, we combined a magnetic stir bar, The curves in Figure 6 were calculated using the best rate constants
80.02 g (475 mmol) of 1-dodecene, and 58.11 g (158 mmol) of yetermined for reactions at 9& and starting concentrations of
tri-n-octyl aluminum in & 250 mL round bottomed flask. With the 2 5 M for 1-dodecene and Al-octyl. Reaction time at this
flask sealed by a rubber septum, we stirred the mixture and heatediemperature was about 225 h, the longest for any temperature we
it at constant temperature using a heating mantle and J-KEM ,geq.
electronic controller. At a number of temperatures, we used a
syringe to quickly withdraw 10.0 mL of liquid, and we determined
the mass of the liquid using an electronic balance. Linear least-
squares slope and intercept indicated the density of the mixtures
as follows: p = —0.000510 + 0.8061, wherd is the temperature =~ OM0601551
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