Available online at www.sciencedirect.com

SCIENCE‘&DIREOT°

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

e nSlies
ELSEVIER Journal of Molecular Catalysis A: Chemical 222 (2004) 27-45

www.elsevier.com/locate/molcata

N,N,N-Tridentate iron(Il) and vanadium(lll) complexes
Part Ill. UV—vis spectroscopic studies of reactions of
ethene-oligomerization and polymerization catalysts

with methyl aluminoxane cocatalyst

Roland Schmidt*, Paritosh K. Da& M. Bruce WelcR, Ronald D. Knudséh

a ConocoPhillips Company, Research and Development Center, Bartlesville, OK 74004, USA
b Chevron Phillips Chemical Company, Research and Development Center, Bartlesville, OK 74004, USA

Received 4 June 2004; received in revised form 16 June 2004; accepted 16 June 2004
Available online 9 September 2004

Abstract

The ethene oligomerization and polymerization activitidd,N-tridentate pyridine-diimine vanadium(lll)- and iron(Il)-complexes showed
aremarkable time and temperature dependence after their activation with methyl aluminoxane (MAQO). It was observed that the complex/MAO
ratio and the time elapsed after MAO-addition to the catalyst precursor are critical factors for its overall performance. Different results were
obtained from the same catalyst depending on the time that had passed from the time the catalyst was prepared until it was tested. Similarly. It
was also found that an increase in reaction temperature decreased the catalytic activity. In order to investigate these observations, we employec
UV-vis absorption spectroscopy on two representative vanadium(lil)- and two iron(Il)-baNddtridentate pyridine-diimine complexes
activated with MAO. On time-scales of minutes to days, we have observed growths and decays of spectral band-systems, some of which are
presumably related with chemical changes leading to active catalyst forms for ethene polymerization/oligomerization. Tentative explanations
of the spectral changes that were observed for one of the vanadium systems under varying conditions of relative MAO concentrations are
proposed. While the chemistry of the reactions of the complexes with MAO has still remained ill understood, the kinetic data based on spectral
changes would be of empirical value to monitor and possibly correlate catalyst performances. This is the first glance into causes due to changes
in the activated catalyst depending on concentration and time.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction As reported in parts | and Il of this serig40,11]
the N,N,N-tridentate vanadium(lll)- and iron(ll)-complexes
Oligomerization of olefins to specific products, ecg. show promising results for the oligomerization and polymer-

olefins with high selectivity, has been pursued for along time. ization of ethene. They may have the potential to improve
Several processes have been developed and commercializedommercial processes. The vanadium(ll)-complexes are es-
Often, the commercial process conditions involve high tem- pecially superior at producing high purity, linearolefins
peratures with high-energy consumption and high pressuresunder mild condition$10,11]

[1-9]. Economically viable ways to improve the productivi- We employed UV-vis spectroscopy to investigate our
ties and/or selectivities of the commercial catalysts have beenearlier observation§10,11] that the activity of tridentate
investigated. vanadium(lIl)- and iron(Il) diiminopyridyl complexes, when

activated with methyl aluminoxane (MAQO), showed a re-
* Corresponding author. Tel.: +1 918 661 3506; fax: +1 918 662 2445. Markable dependence on elapsed t.ime after MAQO addition,
E-mail addressroland.schmidt@conocophillips.com (R. Schmidt). temperature, and complex/MAOQ ratio. We tried to correlate

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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[38-40] Direct evidence for this proposed pathway has yet to

I U\v{iin . N (,:,) be found. As Reardon showed, the ligand system of the V(IIl)
N/ \N M;_'—' / complex is altered along with changes at the metal center.
! Ny, ] MAO N In organometallic chemistry only few examples are known
] where similar reactions with the ligand system rather than the
o () CHy involved metalg41-43]are observed.
/emsq SR Taking these facts into consideration, along with our own
CH, CH; or MeLi observations and investigations on activated V(1) and Fe(ll)
_ ) ‘i}m, ‘ complexes[10,11], the generally accepted “metallocene-
ctive Spectes: - activation-mechanism” may be more complex than pre-
Tj . sumed.
‘ R
(1) CH;
Excess MeL 2. Results and discussion
N
s ./ ‘ = Reardon et a[12] conducted experiments that helped re-
T £ veal the activation pathway of a V(lll) complex after the ad-

dition of MAO. They were also able to obtain single-crystals
of different species during this activation process.
| = After the removal but not substitution of one labile

av) ) & chloride-atom, the pyridine-moiety is methylated and the
aromatic system is interrupted before the remaining two

Fig. 1. Products isolated and identified by Reardon §14].from reactions chloride-atoms are substituted by methyl-groups. Further ad-

of IA with MAO and MelLi. dition of methylating reagents lead to a double-substitution

at the pyridine-ring, a reduction of vanadium from the oxida-

these observations with changes detected in the UV-spectraion state +3 to the oxidation state +1 and thus the formation

and get these changes aligned with other published resultof an anion Fig. 1).

[12]. In order to compare Reardon'’s results with our own find-

In order to better understand this catalyst system, theings, we chose to investigate the bis(diisopropyl)diiminopy-
UV-vis absorption spectra of representative vanadium(lll)- ridyl vanadium(lll) complex as well and compare it to the
and iron(ll)-complexes were investigated and compared.  structurally identical iron(Il) complex.

We synthesized several vanadium and iron cata[{€fs Of special interest was the 2-methyl substituted vanadium
based on diiminopyridyl ligand systems and showed that they catalyst due to the fact that it was found to be highly active
can be used as oligomerization and polymerization catalystsas an ethene oligomerization catalyst. We then compared this
after activation with MAQ[13-16] During the course of our  compound with its related iron(ll)-complex.
investigations, Reardon et.4ll2] published their findings
on a diiminopyridyl vanadium comple¥{g. 1) that was ac- 2.1. UV-vis studies on MAO activated V(lll) and Fe(ll)
tive for ethene polymerization after activation with MAO or complexes
methyl lithium.

In theory, the activation of metallocene and other Fe-, In this work, we experimentally studied the reactions
Co-, Ni-, and Pd-based catalysts for olefin polymerizations/ of four representative diiminopyridyl metal complexes (two
oligomerizationg17—36]usually involves the abstraction of vanadium- and two iron-based) with methyl aluminox-
an auxiliary ligand leading an active species that is electron- ane (MAO) in toluene solution. MAO acts as a cocata-
deficientand coordinatively unsaturated, relative to the parentlyst causing activation of the complexes to catalyze ethene
precatalyst. Thus, the activation process results in a substanpolymerization/oligomerization in homogeneous solutions.
tial change in the electronic environment of the metal center We observed different results depending especially on the
of the catalyst system, which in turn manifests itself in a elapsed time from MAO addition to the actual oligomer-
considerable shifting of UV—vis absorption spe¢83]. The ization/polymerization experiment. We concluded that there
electronic spectral changes offer convenient means to mon-must be a dynamic, structure impacting relationship between
itor the kinetics of the activation process as well as a way the complex and the cocatalyst.
to quantify the number of active catalyst species eventually  On time-scales of minutes to days, we have observed
formed. growths and decays of spectral band-systems, some of which

In “metallocene-chemistry”, activation with MAO is as- are presumably related with chemical changes leading to ac-
sumed to form a cation after double-substitution of the tive catalystforms. The kinetic data based on spectral changes
chlorides with methyl-groups and subsequent abstraction of should be of empirical value to monitor and possibly correlate
one of these methyl-groups to form an MAO counter-anion catalyst performances.
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Cl\Cl &) c1\C1£c1) 2.2. Results
/I\/i\ (I /l\"l\ The absorption spectral changes were monitored at various
N ‘ N I ‘ 1 time intervals following the mixing of the reactants. The fol-
NS )\ENj/K lowing figures Figs. 3—27 illustrate the spectra and changes
| - / over time. It should be noted that for the sake of clarity not all
TA: M = V() IB: M = V(III) obtained spectra are presented. The absorbances correspond-
IIA: M = Fe(Il) 11B: M = Fe(1l) ing to all of the recorded, time-resolved spectra of a given
experiment have been included in the plots.
Fig. 2. Structures of investigated complexes. The important features of both absorption spectra and
of spectral changes over short and long time-scales are de-
scribed.

In all four cases, the reactions with MAO lead to color
changes that can be conveniently followed by UV-vis spec- 2.2.1. Vanadium
trophotometry on time-scales of minutes to days. The naturescomplex—bis(diisopropyliminopyridyl-) derivativié\(:
as well as the rates of the spectral changes are strongly dereaction with MAO
pendent on MAO concentration. For one of the complexes At sub-millimolar concentrations|A dissolves com-
(bis(diisopropyliminopyridyl) vanadium trichloridé ), the pletely in toluene giving a red solution. The spectrum of a
changes are considerably cleaner than for the other three; foi0.25 mM solution shows two absorption maxima at 332 and
this system, the prominent spectral changes that occur atlongs20 nm Fig. 3) with molar extinction coefficients of 5.2
time-scales (days) and at relatively high MAO concentrations 10° and 5.1x 10°M~1cm™1, respectively. The spectrum
have been interpreted in terms of activation of the catalyst. remains essentially unchanged in shape and intensity over a
The same vanadium complex and its ligand react with methyl 2-day period following the preparation of the solution. Over a
lithium leading to color changes that, at the initial stage, are longer period (4 days), a small drop by approximatey0%
attributable to methylation of the ligand as shown by Rear- in intensity is noticedKig. 3). These observations suggest
don. that the complexA is fairly stable in toluene at room tem-
The UV-vis spectrophotometry offers itself as a practi- perature.
cal method to monitor the progress of reactions of ethene-
oligomerization precatalysts in the course of their activation 2.2.2. Short time-scale—spectral changes immediately
by MAO cocatalyst and to correlate their performance (e.g., after mixing with MAO
activity and product profile) with conditions used for activa- 2.2.2.1. JA] = 0.25mM; [IA][MAQO] = 1:12. The spec-
tion (e.g., MAO concentration, temperature and aging). trum observed immediately after mixing has two maxima
The major objectives of part Il of this seri¢s0,11] on at 320 and 580 nm, respectively, and a prominent shoulder
vanadium(lll)- and iron(ll) diiminopyridyl complexes were at ~400nm Fig. 4). Also, a maximum at >750 nm is in-
to gain insight into the chemistry of their activation and to dicated. Over a period of about 1.5h after mixing, growth
determine the time frames of occurrence and completion of of absorption is observed at 340 and 656 nm while decay
catalyst/cocatalyst interactions. with similar kinetics occurs at 406 nriig. 4). The product
The structures of the precatalysts under study are shownat the end of this short-time-scale reaction has maxima at
in Fig. 2 330 and 660 nm and a shoulder at 420 nm. Monitored over
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Fig. 3. Absorption spectra of 0.25 mM at different times following the preparation of the solution in toluene.
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Fig. 4. Absorption spectra of 0.25 mN¥] + MAO at [IA]:[MAO] = 1:12 at different times (shown) following mixing of solutions, and plots of absorbances
at three selected wavelengths. Solvent: toluene.

~100 h, the solution suffers only very slight spectral changes 2.2.2.2. JA]=0.25mM; [IA]:[MAO] = 1:120. The initial
over time Fig. 4). There is a hint of a very slow growth  spectrum observed immediately upon mixingofand MAO

of absorption at 340 and 406 nm and a very slow decay at (Fig. 5) is similar to that observed in the case B [:[MAQO]
=1:12 Fig. 4). On a short time-scale, decay of absorption is

656 nm.
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Fig. 5. Absorption spectra of 0.25 mM + MAQO at [IA]:[MAO] = 1:120 following mixing of solutions, and plots of absorbances at three selected wavelengths

(shown). Solvent: toluene.
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Fig. 6. Absorption spectra of 0.25 mM + MAQO at [IA]:[MAO] = 1:600 at different times following mixing of solutions, and plots of absorbances at three

selected wavelengths. Solvent: toluene.

observed at 380 and 410 nm while growth is seen at 650 nm.
These processes are complete in abeQt3h (i.e., faster
than JA]:[MAQ] = 1:12). The spectrum at the end of the

of the five investigated concentration levels. Growths of ab-
sorption are observed in the spectral region of 340-560 nm
while decays of absorption are seen at >600 nm. Well-defined

short time-scale reaction is different from that seen in the caseisosbestic points were observed in all five cases at 320 and

of [IA]:[MAQ] = 1:12 (above). For example, no prominent
shoulder is observed at 420 nm. On a long time-scale (100 h),
slow growthis observed at 380 and 410 nm while concomitant
decay occurs at 650 nm.

2.2.2.3. |[A] = 0.25mM; [IA]:[MAQ] = 1:600. The short
and relatively long time-scale spectral changeig.(6) are
similar as for lower [1A]:[MAQ] ratios as shown iRig. 5.
However, these occur much faster. For example, the initial
decay processes at 380 and 410nm as well as the growt
process at 650 nm become complete within 0.15 h. Similarly,

the longer-time growth processes at 380 and 410 nm and the

580 nm. The kinetics of spectral changes is strongly depen-
dent on the concentration of [MAQ].

At a low molar ratio ([A]:[MAO] = 1:120), the spec-
tral changes continue to occur beyond 170h. Increasing
the [MAO] concentration to IA]:[MAO] = 1:600 expe-
dites the reaction, and the kinetics is complete within 100 h
(Figs. 5 and & Further increase in the [MAO] concentration
([IA]:[MAO] = 1:1700 (Fig. 7); [IA]:[MAO] = 1:2500) leads
to a completion of the reaction within 40 and 30 h, respec-

ﬁively. At very high molar ratios (A]:[MAO] = 1:12 000),

the kinetics are complete within 10 h (for a better overview
only selected spectra’s are shown).

concomitant decay at 650 nm become essentially complete

in the approximately~100 h of observations.

A series of spectral measurements was also made for

changes immediately following the mixing of a 0.27 mM so-
lution of IA in toluene with MAO at [A]:[MAQ] at 1:60.

The spectral and kinetic data are reminiscent of those ob-
served withFig. 5, except that the kinetics are slower for
[IA]:[MAQ] at 1:60 (spectra not shown).

2.2.3. Long time-scale: observation of spectral changes
started~0.5 h after mixing

Experiments were conducted at five differd@.[MAO]
molar ratios. The spectral changes were very similar in all

2.3. Iron complex—nbis(diisopropyliminopyridyl)
derivative (IA): reaction with MAO

Like IA, at sub-millimolar concentrationdA dissolves
entirely in toluene. The solution ofA is blue in color. The
spectrum of a freshly prepared 0.31 mM solution shows two
absorption maxima at 334 and 738 nm, with molar extinc-
tion coefficients of 1.6x 10° and 1.7x 10®M~1cm™1,
respectively Fig. 8). Surprisingly, the spectrum changes
significantly over time. While the absorbances at long wave-
lengths near 738 nm decrease progressively, those at short
wavelengths near 334 nm increase concomitantly.
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Fig. 7. Absorption spectra of 0.25 mM + MAO at [IA]:[MAQO] = 1:1700 at different times following 0.5 h after mixing of solutions, and plot of absorbances

from spectral sets at three selected wavelengths. Solvent: toluene.
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Fig. 8. Absorption spectra of 0.26 mMNA at different times following 0.5 h after preparation of solutions, and plot of absorbances at selected wavelengths.

Solvent: toluene.
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Fig. 9. Absorption spectra of 0.26 mNA + MAO at [lIA ]:[MAQ] = 1:12 at different times immediately following mixing of solutions, and plot of absorbances
at three selected wavelengths. Solvent: toluene.

2.3.1. Short time-scale—spectral changes immediately served at 330, 400 and 560 nm. This is followed by decay at
after mixing with MAO 330 and 400 nm over the following15 h. At longer times
2.3.1.1. [IA]1=0.26 mM in toluene; [IA]:[MAQO] = 1:12. (beyond 20 h), the spectra remain essentially unchanged from
The spectrum observed immediately after mixing shows two the~15 h spectrum.

maxima at 330 and 570 nm, respectively. An additional shoul-

der at approximately 400 nniig. 9) is also visible. In the  2.3.1.2. [IA]=0.26 mMintoluene; [IA ]:[MAO] = 1:120.

first 10 min after mixing, fast growth of absorption is ob- The initial spectrum Kig. 10 observed immediately upon
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Fig. 10. Absorption spectra of 0.26 mNA + MAO at [IIA ]:[MAQ] = 1:120 at different times immediately following mixing of solutions, and plot of
absorbances at four selected wavelengths. Solvent: toluene.
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mixing of 1A and MAO is similar to that observed in the
case of [IA ]:[MAO] =1:12 (above). However, unlike above,
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Increasing the molar ratio furthetifp 1:[MAQ] = 1:2400)
leads to a fast, initial growth at 354 nm which is faster than

decay of absorption is observed on short time-scale (1 h) atwith [lIIA ]:[MAQO] = 1:1820. The same is true for follow-up

318, 360, 420, and 550 nm. Beyond the first hour, slight and
slow growth is observed at 318 and 360 nm (complete in
~60 h). Atlonger time (beyond 60 h), the absorption at about
318 nm undergoes a slight decay (beyond 120 h).

Increasing the molar ratio tdlp J:[MAQO] = 1:580, has
minor impact on the UV-spectrum. The observations are sim-
ilar to those with [IA J:[MAO] = 1:120 (above), except that
the kinetics of the processes are faster.

2.3.2. Long time-scale: observation of spectral changes

started~0.5 h after mixing
At the five different [IA J:I]MAQO] molar ratios investi-

gated, the spectra showed similarities. The observed spec

tral differences, that reflect differences in the kinetic profiles,

were strongly dependent on the MAO concentration.
Atamolar ratio of [IA J:[MAQO] = 1:120, a very fast decay

(over~1h)is indicated at 318 and 354 nm. This is followed

by slight, slow growth at 318, 354, and 566 nm (ow€50 h,

Fig. 10(above)).

2.3.2.1. JIA]=0.24mM; [IA]:[MAO] = 1:630. Spectral
changes are similar to those ¢4 ]:[MAQO] = 1:120. How-

decay at 318 nm. At very high molar ratio$ld ]:[MAQ] =
1:11 800), the growth is very fast (<1 h) at 318 and 354 nm, as
well as the concomitant decay at 566 nm (spectra not shown).

2.4. Vanadium complex—methyl derivatil@)
reaction with MAO

Even at sub-millimolar concentration® dissolves only
partially in toluene. For the short time-scale experiments,
sonicating 5.2mg of the sample in 25ml toluene made a
‘solution—suspension’. The absorption spectriig (13 of
this turbid solution, distorted by light scattering, indicates the
presence of a maximum at330 nm. The decrease in inten-
sity of this spectrum over time is a reflection of the settling
of the suspended particles, leading to attenuated scattering.
For long time-scale experiments, the complex was dissolved
directly in MAO solutions.

2.4.1. Short time-scale—spectral changes immediately
after mixing with MAO
2.4.1.1. |IB]=0.33mM; [IB]:[MAO] =1:9. The spectrum

ever, kinetics are faster. Decay in absorption occurs at 318 nmobserved immediately after mixing shows two maxima at

at longer times (over170 h,Fig. 11).

At a molar ratio of [IA J:[MAO] = 1:1820, the growths
at 318 and 354 nm (over 10 h) are followed by decays over
170h Fig. 12.

0.78000 4

0.52000

ABSORBANCE

326 and 630 nm, respectivelkfify. 14). Over about 0.5 h af-

ter mixing, a progressive decay of absorption is observed at
all wavelengths, except in the spectral region, 340-420 nm,
where an initial rise was evident in the first 5min following
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Fig. 11. Absorption spectra of 0.24 mNA + MAO at [IIA ]:[MAO] = 1:630 at different times immediately following mixing of solutions, and plot of

absorbances at three selected wavelengths. Solvent: toluene.
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Fig. 12. Absorption spectra of 0.24 mM\ + MAO at[lIA ]:[MAQ] = 1:1820 at different times following 0.5 h after mixing of solutions, and plot of absorbances
at selected wavelengths. Solvent: toluene.

the changes in the first half h, the spectra remain essentially2.4.1.3. [B] = 0.33mM; [IB]:[MAQ] = 1:460. The short

unchanged over about 75 h. time-scale spectral changdsd. 15 are similar (above), ex-
cept that these occur much faster (in <5 min). On the longer

2.4.1.2. |IB] = 0.33mM; [IB]:[MAO] = 1:90. The initial time-scale (75 h), distinct growth processes are observed at

spectrum (spectra not shown) observed immediately upon320 and~460 nm (apparently complete 50 h). In addi-

mixing of IB and MAQ is broadly similar to that observed in tion a concomitant decay at long wavelengtk$80 nm) is

the case ofIB]:[MAQ] = 1:9 (above). On short time-scale  observed, too.

(0.5h), a slight decay of absorption is observed at 340 and

400 nm while there is an indication of growth at 636 nm. The 2.4.2. Long time-scale: observation of spectral changes

spectrum at the end of the short time-scale reaction is similarbeginning at~0.5 h after mixing

to that seen in the case dB[:[MAO] = 1:9. On a long time- Experiments were conducted at five differd&][[MAO]
scale (75 h), very slow growth is observed at 340 and 400 nm. molar ratios, ranging from 1:75 to 1:7600. As discussed be-
The absorption at 636 nm remains practically constant. low, the spectral changes atloiB[|:[MAQ] ratios (e.g., 1:75)
2.0000-
00h [IB] < 0.33 mM
1.00004 :
4 — 726h
P
& 1.20001
a sy
o)
@ 0.30000-
<
0.40000-
0.0000 -y ey r
300 400 500 600 700
WAVELENGTH

Fig. 13. Absorption spectra af0.33 mMIB at different times after dissolving/suspendiigin toluene.
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Fig. 14. Absorption spectra of 0.33mM + MAO dB[J:[MAQ] = 1:9 at different times following preparation of solutions, and plots of absorbances at two
selected wavelengths. Solvent: toluene.

show some differences with respect to those at high ratios~100 h,Fig. 16. There is a hint of slow decay in the ab-
(e.g., 1:1100 and above). sorption intensity at a wavelength of 638 nm.

2.4.2.1. |B] = 0.40mM; [IB]:[MAQ] = 1:75. Very slow 2.4.2.2. |IB] = 0.40mM; [IB]:[MAO] = 1:380. Spec-
growths are observed at 316 and 460nm (incomplete intral changes (spectra not shown) are similar to those
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Fig. 15. Absorption spectra of 0.33mM + MAO at [IB]:[MAQ] = 1:460 at different times following mixing of solutions, and plots of absorbances at three
selected wavelengths. Solvent: toluene.
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Fig. 16. Absorption spectra of 0.40 m8 +MAQ at [IB]:[MAQO] = 1:75 at different times following 0.5 h after mixing of solutions, and plot of absorbances
at three selected wavelengths. Solvent: toluene.

for [IB]:[MAO] = 1:75 (above). The kinetics prove to iments were carried out using a solution—suspension made
be faster, and are complete within 50h. There is an by sonicating 5.3 mg of the complex in 25 ml toluene. The
indication of decay in absorption at 318nm beyond absorption spectra of this solution/suspenskeig.(18) indi-
50h. cate two maxima at 340 and 725 nm, respectively. Again, as
with IB, the decrease in the absorbance over time is attributed
2.4.2.3. |B] = 0.40mM; [IB]:[MAO] = 1:1100. Growth primarily to the settling of the scattering particles.
processes at 318 and 460 nm and concomitant decay process
at 638 nm are complete in approximately 20g( 17). On a 2.5.1. Short time-scale—spectral changes immediately
longer time-scale (beyond 30 h), a shoulder slowly develops after mixing with MAO
around 380 nm. This shoulder is not observed in the spectra2.5.1.1. [IB] = 0.36 mM; [IIB ]:[MAO] = 1:8. The spec-
at relatively low [B]:[MAQ] ratios (above). trum (Fig. 19 observed immediately after mixing exhibits a
maxima at 325 anet550 nm. Growth of absorption occurs at
2.4.2.4. IB] = 0.40mM; [IB]:[MAQ] = 1:1520. Initial 330, 390, and 560 nm over approximately a 2 h period after
kinetics of spectral changes (spectra not shown), similar mixing. The initial growth is followed by a precipitous drop in
to those with [B]:[MAO] = 1:1100 (above), are complete  absorption at the three wavelengths ov&0 h. The spectra
within 15 h. At longer times, a prominent shoulder gradually remain essentially unchanged over longer times (120 h).
develops at about 380 nm.
2.5.1.2. [IB] = 0.36 mM; [IIB]:[MAQ] = 1:84. A slight

2.4.2.5. |B] = 0.40mM; [IB]:[MAO] = 1:7600. Spectral

decay of absorption occurs at 320, 354, and 408 nm over

changes (spectra not shown) are similar to those observed aabout 1 h following mixingFig. 20). Atlonger times, growth

[IB]:[MAO] =1:1100 and 1:1520. Initial kinetics is complete
within a time period of <4 h.

2.5. Iron complex—methyl derivativiéR ): reaction
with MAO

Like 1B, even at sub-millimolar concentratiort8 dis-

is observed at 320, 354, and 408 nm (complete30 h). No
significant spectral changes are observed beyond 30 h.

2.5.1.3. [IB]=0.36 mM; [IIB ]:[MAQO] = 1:420. Spectral
changesKig. 21) are similar to those seen with ]:[MAO]

= 1:84 (above). The kinetics are slightly faster. There is also
a slow decay indicated at 320 and 408 nm at long times (over

solves only sparingly in toluene. The short time-scale exper- 120 h).



38 R. Schmidt et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 27-45

3.00001

[IB] = 0.40 mM
[IB]:[MAO] = 1:1100

ABSORBANCE

v — — y
300 400 500 600 700
WAVELENGTH

Absorbance
(8;]

'1 480 nm
0.5 g éqé
0 T T T T |
0 25 50 75 100 125

Time, h

Fig. 17. Absorption spectra of 0.40 mi + MAO at [IB]:[MAO] = 1:1100 at different times following 0.5 h after mixing of solutions, and plot of absorbances
from spectral set at three selected wavelengths. Solvent: toluene.

2.5.2. Long time-scale: observation of spectral changes [1IB ]:[IMAO] = 1:84 except the growth at 394 nm is faster
started~0.5 h after mixing (over~10h).
For long time-scale experiments, the iron complex was

dissolved directly in MAO solutions (0.15 or 3.1M in 2523, [IB] = 0.43mM; [IIB]:[MAO] = 1:1050. The
toluene) and spectral measurements were initiated approx-spectra and kinetic&{g. 23 resemble those folB ]:[MAO]
imately 0.5 h after the mixing of the reactants. Well-defined = 1:360 (above). The growth at 394 nm is accelerating and
isosbestic points were observed at 390 a&¥0 nm, partic- attains the same level at half the time (ove5 h).
ularly at the high [IB ]:[MAQ] molar ratio of 1:7200.

2.5.2.4. 0.43mM;IIB ]:[MAQO] = 1:1430. A slow growth
25.2.1. [IB] = 0.43mM; [IIB]:[MAQ] = 1:84. Initial is observed at 316 nm (spectra not shown) over a 50 h period.
growths (spectra not shown) are observed at 316, 394, andn contrast to a relatively fast growth, which occurs at 394
546 nm (over~20 h) is followed by slow decays over longer  and 546 nm over &2 h period.
times (~100 h).

2.5.25. [IB] = 0.43mM,; [lIB]:[MAQ] = 1:740. The ki-
2.5.2.2. [IB]=0.43mM;[lIB ]:[MAO]=1:360. The spec- netic behavior is characterized by slow growth at 316 nm
tra and kineticsKig. 22) are similar to those observed for (over ~25h) and a concomitant decay at 394 and 546 nm

0.0h
0.54000 - / 72.6 h

[11B] < 0.36 mM
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0. 15000 -

o ——

u-m T ¥ L] Li
300 400 500 600 700 800
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Fig. 18. Absorption spectra ofiB] <0.36 mMIIB at different times following 0.5 h after preparation of solution in toluene.
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Fig. 19. Absorption spectra of 0.36 miMB + MAQO at [IIB ]:[MAO] = 1:8 at different times following 0.5 h after mixing of solutions, and plot of absorbances
from spectral set at four selected wavelengths. Solvent: toluene.
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Fig. 20. Absorption spectra of 0.36 mNB + MAO at [lIB ]:[MAO] = 1:84 at different times immediately following mixing of solutions, and plots of
absorbances from spectral set at four selected wavelengths. Solvent: toluene.
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Fig. 21. Absorption spectra of 0.36 miMB + MAO at [IIB ]:[MAQO] = 1:420 at different times following mixing of solutions, and plots of absorbances at four
selected wavelengths. Solvent: toluene.
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Fig. 22. Absorption spectra of 0.43mB + MAO at [IIB ]:[MAO] = 1:360 at different times following mixing of solutions, and plots of absorbances at three
selected wavelengths. Solvent: toluene.
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Fig. 23. Absorption spectra of 0.43mNB + MAO at [IIB ]:[MAO] = 1:1050 at different times following 0.5 h after preparation of solutions, and plot of
absorbances from spectral set at three selected wavelengths. Solvent: toluene.

(Fig. 24. At long times, a prominent shoulder develops
around 360 nm.

2.6. Vanadium complexes—bis(diisopropyliminopyridyl)
and methyl derivativedA andIB): effect of two-stage
addition of MAO

For all of the four metal complexes under study, the spec-
tral changes observed for reactions with MAO at the low

4.0000

[substrate]:[MAO] molar ratio of~10 are distinct from those
at higher molar ratios. For example, compare the spectra of
Figs. 4 and nthe case of compldA . The spectrum at97 h
following the mixing of MAO andIA at [IA]:[MAQO] = 12
(Fig. 4) has two maxima at 325 and 650 nm and a prominent
shoulder at420 nm. None ofthe time resolved specfajrb
corresponding tolA ]:[MAO] = 120 have these features.

This suggests that the eventual product at the low [MAQ]
(on the time-scale of our experiments) is either not formed
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Fig. 24. Absorption spectra of 0.43mNMB + MAO at [IIB ]:[MAO] = 1:7140 at different times following 0.5 h after preparation of solutions, absorbances at

three selected wavelengths. Solvent: toluene.
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Fig. 25. Absorption spectra of 0.32 mM + MAO, initially at [IA]:[MAO] = 1:10 and allowed to react for 2 h, followed by addition of more MAO to make
[IAT:[MAO] = 1:200 (final). The spectral measurements were started immediately after the second addition of MAO.

at high [MAO]s or very rapidly reacts with the cocatalyst at perature. A similar temperature effect has been observed for

high MAO concentrations. IB (spectranot shown) where the rate of formation of the char-
To shedlightonthe above, we performed experiments with acteristic band system at 420-500 nm is shown to increase at

IA andIB in which the reaction with MAO was initiated at  the higher temperature of 6€&.

the low molar ratio of 1:10. When the reaction was essentially

complete (over 2 h), an additional amount of MAO was added _ o . )

to increase the ratio to 1:200. The spectral changes resultin92'8'_ Vgnadmm complex—.bls(dusop.ropyllmlnopyrldyl)

from the increased [MAO] in the case b& are shown in  derivative (A): reaction with methyl lithium

Fig. 25 Clearly, the formation and the progressive enhance-

ment of the band system &390 nm are reminiscent of the

behaviors seen witth atrelatively high[MAQ]s Figs. 5-7.

The observations in the case Bfare similar, that is, the band

system at 420-500 nm, characteristic of the spectral change

at high concentrations of MAO (sd€gs. 14-17, develops

and becomes gradually enhanced as a result of the second a

dition of MAO. These results suggest that the product at the

end of the reaction of MAO at the molar ratio of 10 is an inter-

mediate that reacts further with MAO when the concentration

of the cocatalyst is relatively high.

Several experiments were conducted to record the absorp-
tion spectra of product(s) of the reactionléf with methyl
lithium (MeLi) as described by Reard$h7]. The results ob-
Jained with a 0.40 mM solution dA in toluene, to which a
methyl lithium solution (1.4 M in diethyl ether) was added to
dpake it 14.0 mM in methyl lithium, are representative. Upon
mixing the reactants, the solution turns emerald green.

As shown inFig. 27, immediately after mixing the spec-
trum has two band maxima at about 325 and 640 nm and
a shoulder at 330 nm. With time, the long-wavelength band
system at 550-700 nm gradually becomes blue-shifted and
the shoulder at 400—480 nm disappears. Remarkably, the ini-

2.7. Vanadium complexes—bis(diisopropyliminopyridyl)  tial spectrum from the reaction ¢A with methyl lithium
and methy' derivativeg/(\ and|B): effect of temperature is almost identical to that of the pI’OdUCt at the end of the
reaction oflA with MAO at [IA]:[MAO] = 10 (Fig. 4).
In another series of experiments with andIB, the effect
of temperature close to that used for ethene oligomerization
was studied. Ata[complex]:[MAO] molar ratio of 95and ini- 3. Discussion
tial concentration of [complex] = 0.32 mM, the reaction with
MAO was allowed to proceed for 1 h at room temperature  Based on the isolation and X-ray crystallographic identi-
(25°C). The cell containing the reaction mixture was then fication of products formed from reactionsiéf with MAO
warmed at 65C for approximately 5min and then cooled and MeLi under various conditions, Reardon et al. proposed
back to room temperature before the spectrum was recordedhe reaction sequence according to the schefige (). In
again. This procedure of warming/cooling and recording the order to reveal the activation pathway after the addition of
spectrum was repeated four times. MAQO, Reardon et al. were able to obtain single-crystals of
The data obtained withA are shown irFig. 26 Not sur- different species during the activation process.
prisingly, the rate of the reaction leading to the intense band  The species of central interest is the methylated interme-
systemaround 390 nm becomes enhanced atthe elevated tenthiate Il (seeFig. 1), which serves as the precursor for an
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Fig. 26. Absorption spectra of 0.32 mi + MAO at [IA]:[MAQ] = 1:95 at different times after the mixing of solutions. The five spectra marked with asterisks
correspond to warming for 5min at 6&. Plots of absorbances at 384 nm against time; the points marked with asterisks correspond to warming for 5 min at
65°C.
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Fig. 27. Absorption spectra of 0.40 mM + MeLi at [IA]:[MeLi] = 1:35 at different times after the mixing of solutions. Solvent: toluene.
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active catalyst form. After the removal but not substitution 4. Summary

of one labile chloride-atom from the catalyst precursor I, the

pyridine-moiety is methylated (see Il) and the aromatic sys- We employed UV-vis spectroscopy to investigate our
tem is interrupted before the remaining two chloride-atoms earlier observation$10,11] that the activity of tridentate

are substituted by methyl-groups. Further addition of methy- vanadium(lll)- and iron(ll) diiminopyridyl complexes, when
lating reagents lead to a double-substitution at the pyridine- activated with methyl aluminoxane (MAO), showed a re-
ring (see IV), a reduction of Vanadium from the oxidation markable dependence on elapsed time after MAO addition,
state +3 to the oxidation state +1 and thus the formation of temperature, and complex/MAQ ratio. We tried to correlate
an anion. these observations with changes detected in the UV-spectra

The species of central interest is the methylated intermedi- and get these changes aligned with other published results
ate lll, which serves as the precursor for an active catalyst that[12].
mediates ethene polymerization. The two anionic complexes  The activity of the iron complexes was found to be highly
IV and V formed from reaction with excess of methyl lithium dependent on the elapsed time after adding MAO to the com-
and containing vanadium in the reduced oxidation state of +1, plex and on the MAO concentration. In view of work done
are inactive with respect to ethene polymerization. by Reardon et al., it is possible that the ligand of this iron(Il)

For several reasons, the discussion that follows is confinedcomplex undergoes oxidation in the presence of MAO to yield
to the vanadium compleXA . First, the spectral changes for a new complex with different catalytic behavior. The ultravi-
this complex are considerably cleaner than those for the otherolet spectrum of this iron(ll) complex was, therefore, studied
three (i.e.|B andllA , 1IB). Thisis partly due to the factsthat  to determine if changes in the spectrum could be observed
theinitial solutions of A are homogeneous (unlike inthe case that would be consistent with a change in the structure of the
of IB andlIB) and thatlA is stable in toluene solution over complex with time. The results indicated that there are spec-
days (unlikellA ). Second, some information on the chem- tral changes that are time and MAO concentration dependent,
istry of complexIA is available from a recently published but changes inthe spectrum were not correlated with changes
paper17]. to the structure of the ligand.

Based on the similarity of the absorption spectrum of the  Unlike the corresponding iron(ll) complex the activity of
product §¢max = 325 and 640 nm and shoulder at 330nm, the vanadium(lll) complex did not decrease rapidly with the
Fig. 4 at the end of the reaction dA with MAO at mixing time. Similar to the iron(ll) complex, the ultravio-
the very low ratio {10) of [IA]:[MAQO] with that of the let spectrum of the MAO activated vanadium(lll) complex
product immediately formed from its reaction with MeLi changes with time but again the spectral changes could not
(Fig. 27, we propose that this product is the methylated be correlated with ligand structure changes.
derivative, I, formed via an intermediate (unidentified) that In the experimental work described here, we have inves-
is characterized by a prominent band system (shoulder) attigated the UV-vis spectral changes associated with the re-
370-460 nmKigs. 4 and b We speculate that with excess action of methyl aluminoxane (MAQO) cocatalyst with two
MAO, lll is rapidly converted into the dimethide derivative V/(lll)-based and two Fe(ll)-based ethene-oligomerization
IV and that on a longer time-scale, under excess MAQO, IV catalysts containing diiminopyridyl-ligands. We have found
undergoes charge separation (ionization) leading to an ac-that the spectral changes on long as well as short time-scales
tive, cationic form of catalyst, with an intense absorption are strongly dependent on the MAO concentration, suggest-
maximum at 390 nmKigs. 5—7. An alternative explana- ing that the nature of reaction with the cocatalyst and hence
tion for the growth of absorption at 390 nm (under excess the active catalyst species can be different under different
MAO) in terms of formation of species similar to IV and V  conditions of activation.
is ruled out on the basis of lack of observation of similar
spectral change in the course of reactionfdfwith methyl
lithium. 5. Experimental

To put the above interpretation on a firm basis, one has to
compare the UV-vis absorption spectra of complexes I, IV, Methyl aluminoxane solutions in toluene (MAO, 30 wt.%,
and V, withthose observed inthe present study for reactions 0f3.05 M in Al) were freshly obtained from Albemarle. Toluene
IA with MAO. Also, evidence should be sought from studies (Aldrich) was dried by distilling over calcium hydride and
based on other physical methods. then stored under nitrogen. All manipulations, namely, prepa-

Finally, a correlation of the kinetic data with the behavior ration of catalyst solutions and the mixing of reagents were
of MAO-activatedIlA as a polymerization/oligomerization  performed under argon atmosphere in a glove box. For exper-
catalyst at room temperature would help to identify a given iments with methyl lithium, a 1.4 M solution in diethyl ether
spectral change with the catalyst activation process. In spite of (Aldrich) was used; the solutions with this reagent were pre-
all these, the discussion below is largely speculative and un-pared in a nitrogen-filled glove box.
dermines the strong need for supporting structural and related  For UV—vis absorption spectra, an HP8452A diode-array
information (e.g., by NMR/IR/ESR, synthesis, and catalyst spectrophotometer was used. All of the spectra were recorded
performance studies). in quartz cells of 1cm path length. Each cell was fitted
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with a stopcock and a side arm leading to a glass bulb;
this allowed for keeping the reagents (e.g., precatalyst and

MAO solutions) separate from each other and for mixing

them a few seconds before the start of measuring the SPectq
tra. Some spectral measurements (i.e., relatively short time-
scale) were initiated immediately after mixing the reactants,

while in other cases (i.e., relatively long time-scale), the mix-
ing of the reactants was followed by a delay 980 min

before the spectral measurements were carried out (vide

infra).
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