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Andrea D. Warren

Abstract

Three new tetrafluoropyridyl-substituted cyclopentadienes were synthesized. Reactions
of pentafluoropyridine (€FsN) with sodium cyclopentadienide (NaCp) in THF with
excess NaH present afforded mixtures of (4-tetrafluoropyridyl)cyclopentadignk, 3-
bis(tetrafluoropyridylcyclopentadiene) 2)( and  1,2-bis(tetrafluoropyridylcyclo-
pentadiene) 3). Selectivity for mono- and diarylation was controlled by varying the
reaction time. Each of the three cyclopentadiede2,(and 3) was converted to its
corresponding substituted sodium cyclopentadiendle5( and 6, respectively) by
treatment with NaH in THF.

Reaction of the monoarylated sodium cyclopentadierylevith M(CO)Br in THF (M

= Mn, Re) afforded the corresponding substituted CpMg@0Onplexes{Mn and7Re).
The diarylated sodium cyclopentadienidés and 6) likewise afforded the diarylated
complexes8Mn, 8Re 9Mn, and 9Re Infrared spectroscopic measurements of
[(CsF4N),CsHs.JM(CO)s (M = Mn, Re; n = 0 — 2) revealed an increase of about 6iom
the A-symmetric C-O stretching mode pesFN group, which is significantly higher
than the average increase (4 9rfound earlier for @ groups.

Reaction of 2 equiv of with FeBg in THF afforded the 1,1'-diarylated ferroceri@®)(
Analogous reactions starting withand 6 afforded tetraarylated ferrocenesl @nd12,
respectively).

Reaction of 2 equiv of with ZrCl, afforded (GFsNCp),ZrCl, (13), whereas the reaction
of CpZrCk with 1 equiv of4 afforded (GFsNCp)CpZrC} (14). Metallocene 13) was
found to be moderately active for ethylene/1-hexene copolymerization (1 ataHgf C
toluene solvent, methylalumoxane cocatalyst).
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Chapter 1: Introduction

Overview. The goals of the research presented in this thesis were to:

e Synthesize and characterize cyclopentadienes bearing a novel substituent,
CsFuN.

e Synthesize and characterize transition metal cyclopentadienyl (Cp)
complexes bearing thessN substituent.

e Determine the electronic effects ofFgN substituents on the physical,
spectroscopic, and electrochemical properties of transition metal Cp
complexes.

e Evaluate the effects ofs€;N substituents on the behavior of single-site
metallocene olefin polymerization catalysts.

This chapter introduces the chemistry of Cp complexes and describes the effects of
substituents on them. Chapter 2 presents the synthesis of three new Cp ligands bearing
the tetrafluoropyridyl substituent. These ligands are used to synthesize tricarbonyl "piano
stool" complexes of manganese and rhenium, which are discussed in Chapter 3. The
synthesis of substituted ferrocenes is discussed in Chapter 4. Chapter 5 presents the
synthesis of substituted zirconocene dichlorides and the use of these complexes as
catalyst precursors for olefin polymerization. Chapter 6 reports the experimental
procedures for all of the compounds that were synthesized as well as all of the
spectroscopic and reactivity studies.

Cyclopentadienyl Complexes. The n°-cyclopentadienyl (Cp) ligand is used
extensively in organometallic chemistry. Complexes containing this ligand exist for all
the transition metals and many of the f-block metaEhere are three general categories
of metal complexes containing the Cp ligand (Figure 1). One category comprises the
metallocenes (GM) or "sandwich" compounds. These compounds contain two parallel
Cp ligands. A second category contains the bent metallocengddl(Qpor "clamshell”
compounds, in which the two Cp rings are not parallel. In these compounds, the number

(x) of ligands (L) may vary from one to three. The third category consists of the half

! Collman, J. P. Hegedus, L. S.; Norton, J. R.; Finke, Reri&ciples and Applications of
Organotransition Metal ChemistryJniversity Science Books, CA987, 164-169.



metallocenes (CpMJ), sometimes referred to as "piano stool" complexes. In these
complexes, the number (y) of ligands may vary from one to four.
Figure 1: Examples of Cp complexes.
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Cp is a pentahapto ligand, meaning that the metal binds to all five carbons of the
ring. Cp is an electron rich, aromatic, six-electron species that creates a stable, strong
metal-Cp bond with five roughly equal metal-carbon distances. The reactive
cyclopentadienyl anion is easily prepared by the reaction of cyclopentadiene with sodium
hydride, as illustrated in eq 1. Other bases used to deprotonate cyclopentadiene range
from amines and hydroxides to alkyllithium compounds and Grignard reagents. The
wide range of reactions that can be performed on Cp complexes illustrates the stability of
the metal-Cp bond. These reactions can functionalize the ring or modify other ligands

without disturbing the Cp-M borfd.

@ + NaH ——> Ng +  H, 1)

cyclopentadiene cyclopentadienyl
anion

Substituent Effects. The attachment of substituents to Cp ligands affects metal
complexes in several ways. Substituents may affect the molecular structure, physical and
chemical properties, spectroscopic properties, electrochemical properties, and catalytic
activity and selectivity of a complex. Both the steric bulk and the electronic quality of
the substituents affect the metal complex. Steric and electronic effects must both be
taken into account when determining a substituent's effect on a complex. For this reason,
studies that evaluate the steric effects of different groups must use groups with similar
electronic qualities. Likewise, studies that evaluate electronic effects must use groups of

comparable size and shape.



Steric effects occur when the Cp substituent is bulky enough to control the
orientation of reacting molecules as they approach the metal. For example, complexes
that contain triisopropylcyclopentadienyl ligands @%)sCsH2].M, M = Ca, Sr, Ba, Sn)
are highly air sensitive, low-melting solids, waxes or oils. The
tetraisopropylcyclopentadienyl analogues 3H&4CsH].M, however, are less reactive
toward air and nucleophiles and exist as crystalline solids. These differences are
attributed to steric crowding in the tetraisopropylcyclopentadienyl complexes. In the
ligand, the four isopropyl groups lie nearly perpendicular to the Cp ring. This
arrangement causes the isopropyl groups to block the metal center from reactants, and
restriction of the isopropyl-Cp torsionsal freedom leads to crystalline materials.

Controlling the size and position of substituents on a metallocene catalyst affects
the molecular weight and tacticity of polyolefins. Marks and coworkers found that by
increasing the "wingspan" of one of thg ligands of a metallocene, the average
molecular weight and isospecificity could both be increased. Polymerization studies of
propylene using cataly#t and catalysB, which contains a bulkier ligand, found thag M
increased from 2,170 to 18,900 g/mol and that the isotacticity increased from 35% to

85%. The authors concluded that the catalyst with the larger "wingspan” allowed
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propylene to coordinated in only one direction, leading to stereoregular, isotactic

polypropylené”

2 Crabtree, R. HThe Organometallic Chemistry of the Transition Metatsd ed., John Wiley &
Sons, NY,1994 pp. 121-122.

3 Burkey, D. J.; Hays, M. L.; Duderstadt, R. E.; Hansusa, Dr§anometallics1997, 16, 1465.
4 Obora, Y.; Stern, C. L.: Marks, T. J.; Nickias, P Mganometallics1997, 16, 2503.

® Giardello, M. A.; Eisen, M. S.; Stern, C. L.; Marks, TJ.JAm. Chem. Sqcl995 117, 12114.



The electronic character of substituents, either electron-donating or electron-
withdrawing, also influences the properties and reactivities of Cp metal complexes.
Electron-donating groups increase the electron density around the metal center, making
the metal less electrophilic. Electron-withdrawing groups draw electron density away
from the metal center, making the metal more electrophilic. Electronic effects can be
measured by several techniques, including NMR spectroScoly spectroscopy? X-
ray photoelectron spectroscopy (XPSglectrochemistry®'* and gas-phase electron
transfer equilibrium (ETE).

Using IR spectroscopy, Lyatifov et. al showed that the CO stretching frequencies
of substituted CpRe(C@Fomplexes decrease as methyl substitution incréasgtidies
conducted by Coville confirm this trend with different Cp substituents on
CpFe(CO)(PPYI complexes>'* Substituents also affect the reaction rates of metal
carbonyl complexes. By studying the kinetics of the reactions between substituted
CpRh(CO) complexes and PRhwhich gives substituted CpRh(CO)(RPhomplexes,
Basolo found that electron-withdrawing substituents increase reaction rates while
electron-donating substituents decrease reaction'rates.

Cp substituents also affect the electrochemical properties of metal complexes.
For example, CpM complexes are more easily oxidized and have lower oxidation
potentials than the corresponding.Mpcomplexes, due to the electron-donating methyl

groups on the Cp ring. Therefore, the oxidized @pmplexes are more stable than their

® Meier, E. J. M.; Kozminski, W.: Linden, A.: Lusenberger, P.; von Philipsborn, W.
Organometallics1994 15, 2469.

! Lyatifov, I. R.; Gulieva, G. I.; Babin, V. N.; Materikova, R. B.; Petrovskii, P. V.; Fedin,E. I.
Organomet. Chem1987, 326, 93.

8 Shen, J.; Basolo, F.; Nombel, P.: Lugan, N.; Lavignén@g. Chem.1996 35, 755-759.

® Gassman, P. G.: Deck, P. A.: Winter, C. H.; Dobbs, D. A.; Cao, Drétanometallics1992

11, 959.

10 Langmaier, J.; Samec, Z.; Varga, V.; Horacek, M.; Machl, Kirganomet. Cheml999 579,
348.

" Langmaier, J.; Samec, Z.; Varga, V.; Horacek, M.; Choukroun, R.; Mach &¢ganomet.
Chem; 1999 584 323.

12| yatifov, I. R.; Gulieva, G. I.; Babin, V. N.; Materikova, R. B.; Petrovskii, P. V.; Fedin,E. I.
Organomet. Chem1987, 326, 93.

Bdu Plooy, K. E.; Ford, T. A.; Coville, N. J. Organomet. Chenil992 441, 285.

1 du Plooy, K. E.; du Toit, J.; Levendis, D. C.; Coville, N.JJOrganomet. Cheni996 508
231.

> Rerek, M. E.; Basolo, B. Am. Chem. Sqd 984 106, 5908.



unmethylated counterparts. The cationic speciesNTP, for example, is fairly stable
and well characterized, while @i** is very reactive. This stability trend illustrates the
conflict between steric and electronic effects. Because bofiNEpand CpNi** are 18
valence electron complexes, both may be expected to be stable. Therefdx @pay
be stabilized not only by electronic effects, but also by the bulky methyl substituents
blocking the coordination sphere from any nucleophiles. Electrochemistry has also been
used to quantify the electronic effects of substituents on ferrocen&e)Cp Mason
measured the oxidation potentials of several phenylferrocenes that contained different
groups in thepara-position of the phenyl rind® He found that electron-donating groups
decreased the oxidation potential while electron-withdrawing groups such as NO
COMe, and Br raised the oxidation potential. Kuwana also studied ferrocenes bearing
different substituentS. Electron-donating substituents such as alkyl groups attached
directly to the Cp ring lowered the oxidation potential while electron-withdrawing
substituents increased the oxidation potential.

The catalytic activity of Cp complexes is also affected by the electronic abilities
of substituents. For example, ethylene polymerization studies usingZeRYR = H,
Me, Et,i-Pr,t-Bu, SiMe, CMe,Ph) precatalysts show that electron-donating substituents
increase catalytic activity while electron-withdrawing substituents decrease attivity.

History of Pentafluoropyridine and the Tetrafluoropyridyl Substituent.
Pentafluoropyridine was first prepared in low yields by the defluorination of
perfluoropiperidine, which is obtained by the fluorination of pyridine or piperidine (eq 2).
A higher vyielding process was later developed that involved the direct replacement of
chlorine by fluorine (eq 3). This process is the standard reaction used for making

pentafluoropyridine®®

8 Mason, J. G.: Rosenblum, NIl. Am. Chem. Sqd96Q 82, 4206.

" Kuwana, R.; Bublitz, D. E.; Hoh, G. L. K. Am. Chem. Sqcl96Q 82, 5811.
8 Mohring, P. C.; Couville, N. Journal of Molecular Catalysjg992 77, 41.
19 Brooke, G. M.J. Fluor. Chem.1997 86, 1.
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Perutz and coworkers studied the activation of C-F bonds using
pentafluoropyridiné®**  They found that the reaction of Ni(CQDJCOD = 1,5,-
cyclooctadiene) with pentafluoropyridine in the presence of triethylphosphine yields the
2-pyridyl isomer oftransNi(PEt)2(CsFsN)F (eq 4). This reaction is regioselective in
that the nickel center attachegho to the nitrogen atom.Ortho-attack is unusual for
pentafluoropyridine: most nucleophiles attack at phea-position® The authors also
compared the rates of C-F activation using pentafluoropyridine, hexafluorobenzene, and
pentafluorostyrene. The reaction represented in eq 4 was found to be much faster than
the analogous reaction using hexafluorobenzene. Altering the ring slightly has dramatic
effects on the reactivity. The nitrogen atom of the pentafluoropyridine is thought to be
responsible for the accelerated reaction rate and the regioselectivity of the reaction. The
authors suggest that the nickel center initially attacks the nitrogen atom, which leads to

ortho-substitution and increased reaction rates.

F
F >\ F
N F o | 4)
NicoD)2 + | LS I L
N7 F

EtSP—ll\Ii—PEg
F
In 1990, Chambers and coworkers reported the syntheses of fluorinated

cyclopentadienes and cyclopentadienyl anions bearing the tetrafluoropyridyl

substituent? The cyclopentadienes were produced by an electrocyclic ring closure

2% Cronin, L.; Higgett, C. L.; Karch, R.; Perutz, R.®rganometallics1997, 16, 4920.
! Braun, T.; Parsons, S.; Perutz, R. N.; VoithQganometallics1999 18, 1710.
22 Chambers, R. D.; Greenhall, M. P.Chem Soc., Chem. Commu29Q 1128.



followed by elimination of fluoride ion. Loss of cyanide ion results in tetrafluoropyridyl-

substituted Cp anions (Scheme 1).

Scheme 1
E CF3 Cs CXY CF3
Ch - CsF CF;
CsCHXY — >
FC MeCH FsC
FsC F X = CN FiC
Y= CFN
X Y
F
FoC
CFRy -
FoC CF,
-F
X Y z
Cs+
F.C CF, oy F.C @ CF,
—_—
FoC CR, FoC CFR,

Z=CNorGFN
Objective. The synthesis of new tetrafluoropyridyl-substituted Cp ligands

complexes will be presented in the following chapters. The electron-withdrawing effect
of the GF4N substituent will be analyzed using IR spectroscopy. The effect of this

substituent on olefin polymerization will also be discussed. Several comparisons of
electronic effects will be made of thgFgN substituent to the s substituent, which is

similar in size and shape but differs in electron-withdrawing ability.



Chapter 2: Ligand Synthesis and Characterization

Introduction. Perfluoroaryl-substituted cyclopentadienes are generally prepared
by nucleophilic aromatic substitution. In this process (Scheme 2) a cyclopentadienyl
anion displaces a halide from an aromatic ring by a two-step addition-elimination
mechanism. In the first stepso attack by the cyclopentadienyl anion results in a
"Meisenheimer" intermediate bearing a negative charge that is delocalized and/or
inductively stabilized by one or more electron withdrawing groups (E). Electron-
withdrawing groups, such as nitro or sulfonyl, locateithio or para to the leaving group,
activate this reaction. An electron-withdrawing group such as fluorine, that stabilizes
neighboring anions inductively, also activates this reaction, but several fluorines are
necessary to make this process practical under reasonable reaction conditions. These
electron-withdrawing substituents stabilize the intermediate anion by further dispersing
the charges on carbon in the three canonical resonance f@pstsattack is fastest for
fluoride (X = F) due to the polarity of the C-F bond. For this reason, the fluoride anion is
the best leaving group for nucleophilic aromatic substitution. In the second step, the
aromaticity of the ring is restored by the departure of the leaving grou (X).

Several different perfluoroaryl-substituted cyclopentadienes can be synthesized
using nucleophilic aromatic substitution.  The prototypical reaction of sodium
cyclopentadienide (NaCp) with hexafluorobenzengF{C and excess NaH in THF
(Scheme 3) results in a mixture of mono-, di-, and triarylated cyclopentadfefies.
intermediate arylated cyclopentadienes are deprotonated by the excess $imHand
then arylated again, each time more slowly than the last. For this reason refluxing

diglyme, which has a higher boiling point than THF, is needed to produce the tetra-

28 \/ollhardt, K. P. C.; Schore, N. Bxrganic Chemistry: Structure and Functiddrd ed., W. H
Freeman and Company, New Yoil©98§ pp. 992-995.

* Thornberry, M. P.; Slebodnick, C.; Deck, P. A.; Fronczek, Foiganometallics200Q 19,
5352-5369.



Scheme 2
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arylated cyclopentadienés. All of these substituted cyclopentadienes are readily
converted into their corresponding sodium salts upon treatment with NaH.

The reactions described above can be applied to other cyclopentadienes, including
indenes, which are cyclopentadienes containing a fused benzer@ fiig. reaction of
sodium indenide with £ in THF results in 3-(pentafluorophenyl)indene or 1,3-
bis(pentafluorophenyl)indene, depending on the reaction conditions and ratios of starting
materials (Scheme 4). These compounds can be converted to their corresponding sodium
indenides by reaction with NaH in THF. Another example is the reaction of
tetramethylcyclopentadienyl sodium withsFg (eq 5). In this reaction the aryl group
attaches to the carbon that does not contain a methyl group. A third example is the
reaction oftert-butylcyclopentadienylsodium with ¢€ (eq 6), where the aryl group

attacks the carbons farthest away fromtdrebutyl group due to steric effects.

%> Thornberry, M. P.; Slebodnick, C.; Deck, P. A.; Fronczek, Foiganometallics2001, 20,
920-926.
%% Deck, P. A.; Fronczek, F. ROrganometallics200Q 19, 327-333.



Scheme 3
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NaH
@ Nt CFe pE * (6)

CeFs CeFs CgFs CgFs

25°C, 20 h 35% 4%
65°C, 60 h 4% 49%

Substituted cyclopentadienes bearing different fluoroaromatic substituents can
also be made (Scheme 5). The reactivity of other perfluoroarenes, however, changes
compared to gFs as one or more fluorine atoms are replaced with different groups. With
these substituents the Cp nucleophile tends to replace the fluorine et i® the
differing group. One example is the reaction of pentafluorotoluene with NaCp, which is
a much slower reaction than that afF¢and NaCp. The reaction of decafluorobiphenyl
(CeFsCsFs) with NaCp is another examplé.Thepara (4 and 4') positions are substituted
almost as quickly as withg€s, suggesting that replacing F withFg causes little or no
loss in activation. This chapter explores the reactivity of NaCp with pentafluoropyridine
as the first "heterocyclic" extension of this synthetic method.

Scheme 5
F F

1. (I}IaH THF,
65 C,15h

O O oes
2. aq. workup

F F
R F R F
1. NaH, THF,
Q) OO e DA
Na'
2. aq. workup
F F F F

Results and Discussion. As shown in Scheme 6, the reaction of NaCp with
pentafluoropyridine (€FsN) in refluxing THF affords either mono- or diarylated
cyclopentadienes, depending on the ratio of starting materials and the reaction time. The

reaction of NaCp with a limiting amount (60 mol%) ofFeN in refluxing THF for 15

" Hollandsworth, C. B.; Hollis, W. G.; Slebodnick, C.; Deck, POtganometallics1999 18,
3610-3614.
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hours affords compound. The reaction of NaCp with slightly more than two
equivalents of gN in refluxing THF for 4 days affords a mixture of disubstituted
isomers. NMR data shows no evidence of any monosubstituted compound in this
mixture. Compound&a and2b are separated from compourgsand3b by silica gel
chromatography and are isolated as white solids. The low yields of the diarylated
compounds are likely due to the production of some black intractable tar that is always

observed in the reaction mixtures.

Scheme 6
1. NaH, THF,
Na+ + E reflux 15 h CsFN 1%
2. aq. NI—ACI
1
F F
S 1. NaH, THF, C-F,N
Na+ + 2R N el Adays NCSFA@CSFAN @ T 2w
//
2 . 2. aq. NHCI NC<F,
2a 2b
C<F,N 18%
CEN NCsF, CsFuN
3a 3b

All of the tetrafluoropyridyl-substituted cyclopentadienes are characteriz&d by
and'®F NMR. The chemical shift and integration data is useful in identif§m@b, 3a,
and3b. In the’H NMR spectrum o, the allylic methylene protons @a and2b are
found at 4.26 and 3.96 ppm. The more downfield of these signals corresponds to the
major isomer2a, in which both of the &N groups are adjacent to the £Hroup.
Likewise, the CH signals at 3.80 and 3.62 ppmd3rare assigned t8a (major) and3b,
respectively. Compound was further characterized BYC NMR, but the isomer
mixtures of2 and3 would produce spectra too complicated to be useful.

All of the tetrafluoropyridyl-substituted cyclopentadienes are efficiently
converted to their corresponding sodium salts, as shown in Scheme 7. The miare of
and2b is converted to a single sodium s&lt gpon treatment with NaH. The mixture of
3aand3b is also converted to the common $aiipon treatment with NaH. The sodium

salts were characterized By and**F. The'H NMR spectrum o6 shows a peak at 7.54

12



ppm for the proton that is adjacent to twgF§N groups. ThéH NMR spectrum o6
shows the signal for the hydrogens that are adjacent to only 45 Group is farther
upfield at 6.49 ppm, as expected. These shifts help to confirm the structural assignments

of 2 and3.

Scheme 7

0,
CsFN THE, 25°C, CsFN
+ NaH ———M > . 71%

Na
1 4

NCsF4@/C5F4N @/ CRN- THF, 25°C, NCsF4 CFN 2504
4h
.

NaH ————  »
NCsF,4 Na

2a 2b 5

CsFuN THF, 25°C, CsFuN
+ 4h 59%
NaH —_— 0

.
CsFuN NCsF;  CsFaN Na CsFIN

3a 3b 6

Conclusions. Mono- and disubstituted tetrafluoropyridyl cyclopentadienes and
their corresponding sodium salts were successfully synthesized. NMR spectroscopy

revealed the structures of all new compounds.
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Chapter 3: Piano Stool Complexes

Introduction: Metal carbonyl complexes are important and interesting due to
their reactivity. A broad range of reactions can be performed with carbonyls, including
migratory insertion, substitution of CO for other ligands, and the addition of nucleophiles
to CO ligands to form Fischer carbenes (Scheme 8). By replacing one or more of the CO
groups on a metal with a different ligand, the range of different CO complexes and their
reactivities becomes highly diverse. Some ligands that may be used to replace carbonyls
include phosphines, arenes, and cyclopentadiene (Cp). Properties of metal complexes
bearing these ligands may be altered by changing one or more of their substituents,
allowing those complexes to be "tuned" to possess desirable characteristics. Cp is an
especially useful ligand because it is anionic, and therefore a good donor ligand. It can
stabilize metals in +1 and +2 oxidation states that may normally be too electron deficient
to form stable CO complexes. Examples of the change in reactivity of Cpifi(CO)
complexes as a function of Cp substituents were already discussed in Chapter 1.

Scheme 8
R
L | L |
M—L -——m M—CO ———>» M_H_R
-CO - H
Nu
e.g.L=PR
I
O
M ﬁ R e.g. Ni= CHaLi
o E = CHyl
E@
L
|\|/|:c/o E
N\
Nu

Cyclopentadienyl tricarbonyl complexes, commonly referred to as piano stool
complexes, can be prepared with both manganese and rhenium?-
Cyclopentadienyltricarbonylmanganese(l)m5-C5H5)Mn(CO)g, known commonly as

"cymantrene,” is an important compound in organomanganese chemistry, and exists as a

14



pale yellow, air-stable crystalline solid. This compound can be prepared by several
different methods. These traditional methods include the reaction giCKh, with
cyclopentadiene (eq 7), the carbonylation 9f-CsHs)-Mn (eq 8), and the reaction of
MnCly(py), and CO under pressure (eq 9). Substituted cyclopentadienyltricarbonyl
complexes can also be made using similar reactiong-Méthylcyclopentadienyl)-
tricarbonylmanganese(l),n1-CsHsMe)Mn(CO), used as an antiknock additive in
gasoline, is prepared commercially using the method shown in eq 9, involving
MnCly(py), and methylcyclopentadierie. A range of structural analogues derived from
substituted Cp ligands can also be prepared using the more general anionic substitution
method shown in eq 10. This method was used by Thornberry et. al to prgpsre C
substituted piano stool complexes that are analogues to the compounds described in this

chapte*?°

Mny(CO)o + GHe 1°>-CsHs)Mn(CO); )

(>CsHs):Mn + 3 CO nP-CsHs)Mn(CO)s ®

2 MnChL(CsHsN),Mn + Mg + 2 GHsMe + 6 CO_PME _ {#-CsH Me)MN(CO)  (9)
H,

MnBr(CO)l + Na(GFs)nCsHs.n £>-CsHs.(CsFs)]MN(CO)3 (10

Piano stool complexes may also be prepared with rhenium as the metal center by
similar methods. For example, cyclopentadienyltricarbonylrhenium(i>- (
CsHs)Re(CO), is made by the treatment of R&O), o with dicyclopentadiene (eq 11).

This compound is also prepared by reacting ReBr{@@th sodium cyclopentadienide

(eq 12). The reaction of REO) o with pentamethylcyclopentadiene (eq 13) affords a
substituted analogue of the tricarbonyl complex, albiet under forcing condfions.
Pentafluorophenyl-substituted rhenium piano stool complexes can also be synthesized by
a method analogous to eq 12, showing that the anionic substitution method works well
for electron deficient ligand$:?

This chapter describes the synthesis of tetrafluoropyridyl-substituted analogues of
CpM(CO) (M = Mn, Re). Our goals were to demonstrate the synthetic utility of the

?8 Komiya, SanshiroSynthesis of Organometallic Compounds: A Practical Guiden Wiley &
Sons Ltd, West Sussex, England97, 144-148.
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Re(COyo + [/ —>  @>-CHsRe(COy (1D

ReBr(CO) + Na+ —>  (>-CsHs)Re(CO) (12

Re(COpo + GMesH 130210C . coMes)Re(CO}) (13)

ligands described in Chapter 2 and to use the spectroscopic qualities of the tricarbonyl
complexes as a tool for estimating the electronic effects of dadN@roups.

Results and Discussion. Substitution reactions of sodium tetrafluoropyridyl-
cyclopentadienyl ligands with Mn(C¢€Br or Re(CO3Br in refluxing THF for 24 hours
yield the corresponding piano stool complexes (Scheme 9). The monoarylated piano
stool complexes7Mn and 7Re were separated from impurities using silica gel
chromatography. The diarylated complex&dii, 8Re, OMn, and9Re) were purified by
recrystallization from mixtures of hexane and toluene. All of the manganese complexes
were isolated as yellow or orange solids, and the rhenium complexes as colorless solids.
The vyields of these compounds are low to moderate, most likely due to incomplete
substitution reactions or partial hydrolysis of the ligantld.and**F NMR analysis of
the crude products show evidence of unreacted hydrolyzed ligands. One way to avoid
this problem in the future and possibly improve the yield would be to include NaH in the

reaction mixture as a scavenger for adventitious moisture.

Scheme 9
—
CsF“N _ M(CORBr ! 7Mn, 75%
Na" M = Mn, Re N\,
oc” \ 0 7Re 37%
NC5F4\©/C5F4N
NCsF, CsFN M(CO)sB
Qe _weow 8Mn, 38%
Na M= Mn, Re < \Nco
oc M 8Re 40%
CsFN
C5F4N C5F4N
@ CFN  MCONBr | 9Mn, 50%
Na" M. 9Re 57%

M = Mn, Re 1y,
oc” \“co
CcO

The anionic substitution method was chosen for these syntheses due to the ease of

the synthetic process and the ability of these reaction conditions to work well for a series
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of different ligands. The method shown by eqs 7 and 11 is undesirable because it
involves oxidation and reduction of the metal, which may not work well with electron
deficient Cp ligands. The synthetic routes shown in eqs 8 and 9 are not used because
they require high pressures of CO, which is an inconvenience in the laboratory.

Infrared spectra of the tricarbonyl species shows the expected pattern of strong
bonds for the symmetric and asymmetric carbonyl stretching modes (Table 1). Although
the complexes are only sparingly soluble in hydrocarboeukgcane was used to record
the infrared spectra to minimize solvent interactions and to enable direct comparisons
with other compounds in the literature. The asymmetric bands are split for the
disubstituted complexes due to perturligég symmetry. Inspection of the symmetric
stretches shows that the frequencies increase as substitution of the ring increases. This
trend reveals that the tetrafluoropyridyl substitutent is electron-withdrawing. As
electron-withdrawing groups are added to a Cp ligand, electron donation by the ring
decreases. With less electron density at the metal center, backbonding to the carbon of
the carbonyl group is slightly diminished. With decreased backbonding, the C-O bond is
strengthened and vibrates at a higher frequency.

Table 1. Carbonyl Stretching Wavenumbers of Piano Stool Complexes
((CsFaN)nCp)M(CO) 3
(n=1,2; M = Mn, Re}f

Wavenumbers) (cm

Entry Complex veo (A) veo (E)

1. (GF.NCp)Mn(CO} (7Mn) 2035 1959

2. (1,2-(GFaN).Cp)Mn(CO) (8Mn) 2041 1972, 1965

3. (1,3-(GF4N).Cp)Mn(CO) (9Mn) 2041 1974, 1968

4.  (GF.NCp)Re(CO) (7TRe) 2037 1951

5. (1,2-(GF.N).Cp)Re(CO) (8Re) 2043 1964, 1956

6.  (1,3-(GF:N),Cp)Re(CO)} (9Re) 2043 1964, 1961

#Recorded in decane solvent
The tetrafluoropyridyl substituent can be quantitatively compared to the
pentafluorophenyl substituent by comparing the shifts in their respective symmetric IR
wavenumberé® A plot of the wavenumbers for the manganese tricarbonyl complexes
(Figure 2) shows that the slope of the tetrafluoropyridyl line (Ar sF,8) is
approximately 50% greater than the slope of the pentafluorophenyl line (& 0he

slope of the line represents the average effect of that substituent. For the rhenium
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tricarbonyl complexes (Figure 3), the slope of the tetrafluoropyridyl line is about 60%
greater than the slope of the pentafluorophenyl line. From these data it can be concluded
that the tetrafluoropyridyl substituent is about 50-60% more electron-withdrawing than
the pentafluorophenyl group.

Crystal structures forRe and8Mn were obtained, as shown in Figures 4 and 5,
respectively. Crystallographic data is presented in Table 2, and selected bond lengths and
angles are shown in Table 4. Inspection of the metric parameters shows that there are no
significant structural aberrations. All of the M-CO bonds are equidistant, and the Cp-M-
CO angles are all approximately®@0The distances from the metal to each of the Cp
carbons are approximately equal in each crystal structure, indicating that there is no
"slipped" or "folded" character to the Cp rirfgs.Packing diagrams do not show any
arene stackirtj or hydrogen bonding effects.

Structures 7TRe and 8Mn can be compared to crystal structures for the
pentafluorophenyl-substituted piano stool compleéxeB, andE. The Cp-Re distance in
7Reis within experimental error of the Cp-Re distanceS sndD. In addition, the Cp-

Mn distance irBMn is within experimental error of the Cp-Mn distancéin These data
show that the electron-withdrawing character of the Cp substitutents is not strong enough
to have a large influence on the Cp-M bond distances.

Conclusions A range of manganese and rhenium piano stool complexes bearing
the tetrafluoropyridyl substituent were successfully synthesized and characterized.
Crystal structures of two of the compounds showed that this substituent does not distort
their "piano stool" structures. The carbonyl stretching frequencies of these complexes
were compared to known values in order to show that the electron-withdrawing effect of
this substituent is about 50 - 60% more than that of ke Sibstituent.

?® Marder, T. B.; Calabrese, J. C.; Roe, D. C.; Tulip, TOFHjanometallics1987, 6, 2012.

¥ Blanchard, M. D.; Hughes, R. P.; Concolino, T. E.; Rheingold, &Hem. Mater.200Q 12,
1604.

31 Deck, P. A.: Lane, M. J.: Montgomery, J. L.; Slebodnick, C.; Fronczek, Brgadnometallics
200Q 19, 1013.
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Table 3. Crystallographic Data

compound
empirical formula
fw

diffractometer
cryst dimens (mm)
cryst system
a(A)

b (A)

c(A)

o (deg)

B (deg)

v (deg)

V (A)3

space group

z

Dcalc (g Cms)

abs coeff (mr)
I:OOO

A (Mo Ka) (A)
temp (K)

6 range for collection

no. of reflns colld
no. of indep reflns
abs corr method
max, min transm.

data / restrs / params

R[> 20(1)]

Ry [I'> 26(1)]
GoF onF?

peak, hole (e A)

7Re
GHFNOsRe
484.37
Siemens P4
0.18x 0.20x 0.30
Triclinic
8.2654(18)
8.4144(13)
10.7775(14)
107.799(11)
101.246(16)
107.108(15)
2467.78(8)
P-1
2
2.483
9.440
448
0.71073
293
2.09 — 27.49
2837
2837
Empirical
0.1808, 0.3327
2837/0/ 215
0.052
0.080
0.923
1.284,-1.148

8Mn
C]_8H3F8 N203Mn
502.16
Siemens P4
0.42< 0.26x 0.19
Orthorhombic
7.1125(8)
7.5902(10)
32.773(4)
90
90
90
1769.2(4)
k2.2,
4
1.885
0.854
984
0.71073
293
2.49-25.0
3111
3111
Empirical
0.6208, 0.6660
3111/0/301
0.043
0.080
0.866
0.126, -0.321
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Table 4. Selected Bond Lengths (A) and Angles (deg)

compound 7Re 8Mn
Cp-M 1.962(9) 1.773(7)
Ci-M 2.295(7) 2.155(5)
C2-M 2.303(8) 2.138(6)
C3-M 2.311(9) 2.151(5)
C4-M 2.296(9) 2.139(6)
C5-M 2.314(8) 2.144(6)
C6-M 1.917(9) 1.780(7)
C7-M 1.924(9) 1.785(7)
C8-M 1.917(8) 1.765(6)
C6-06 1.130(10) 1.159(6)
C7-07 1.132(10) 1.150(7)
C8-08 1.145(9) 1.168(6)
C6-M-C7 89.7(4) 92.9(3)
C7-M-C8 89.2(3) 91.7(3)
C8-M-C6 87.3(3) 91.5(3)
Cp-C5F4N 23.6(12) 4.4(8), 29.0(6)

“Interplanar torsion angle

21



2046

2042 /%
Slope = 6.5
Ar = CF,N
Slope = 4.1
Ar = CgF5
2030 /

2026

N
o
w
oo

)
o
@
g

Wavenumbers

-1 0 1 2 3 4 5
Number of Aryl Substituents

Figure 2. Carbonyl Stretching Wavenumbers for (ARCp)Mn(CO) 3 Complexes.
(.) Ar = CsF4N; (O) Ar = CgFs.
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Figure 3: Carbonyl Stretching Wavenumbers for (Ar,Cp)Re(CO); Complexes.
(.) Ar = CsF4N; (O) Ar = CgFs.
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Figure 4: Thermal ellipsoid plot of 7Re shown at 50% probability.
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Figure 4: Thermal ellipsoid plot of 8Mn shown at 50% probability.
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Chapter 4: Ferrocenes

Introduction: Dicyclopentadienyliron complexes, commonly known as
ferrocenes, consist of an iron atom that is bonded innanfashion to two
cyclopentadienyl ligands. The discovery in 1951 of ferrocene, the first known compound
to containn’-bonded Cp ligands, transformed the field of organometallic chemistry.
Ferrocene may be synthesized by several routes, including the reaction of
cyclopentadiene with anhydrous iron dichloride in the presence of diethyfartenel4)
and the anionic substitution reaction of sodium or lithium cyclopentadienide with
anhydrous FeGlin THF (eq 15)°

CH 14
FeCh ———»  Fe(GH) 14
Et,NH
2NaGHs + FeChb —— " o+ Fe(GHy), * 2NaCl (19)
reflux

Ferrocene is an important compound in organometallic chemistry. Due to its
stability and its ability to maintain the iron-Cp bond under harsh reaction conditions,
many organic reactions may be performed on the Cp ring. Some examples of these
reactions include Friedel-Crafts acylation (eq 16), the Mannich reaction
(aminomethylation) (eq 17), and metallation, in which a ring hydrogen atom is replaced

by a metal atom such as lithium (eq 18).

I i
- — Toh T Tk (16)
CH-COCI
||:e 3—> ||:e + ||:e 0
AlCl, I

& s Sl

32 Johnson, O. H.; Nebergall, W. H.; Harris, D. Morg. Synth.1957, 5, 76.

% Green, M. L. H.Organometallic Compoungdsd. 3, vol. 2, Butler & Tanner Ltd., Great
Britain, 1968 91.

34 Long, N. J.Metallocenes: An Introduction to Sandwich CompleBésckwell Science Ltd.,
Osney Mead, Oxfordt998 pp. 126-129.
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Altering the substituents on the Cp ring affects the reactivity of ferrocene

(18

complexes. Ferrocene itself is readily oxidized to dicyclopentadenyliron(lll), also known
as ferrocenium. This cation can be obtained electrochemically, photochemically, or by
using various oxidizing agents such as benzoquinone g, Fa@ N-bromosuccinimide.

The oxidation of ferrocene (eq 19) is electrochemically and chemically reversible and the
potential is sensitive to the nature of the substituents. When alkyl groups, which are
electron donating, are added to ferrocene, the complex is more easily oxidized. E
decreases by about 0.05 V for each alkyl group attached. Electron withdrawing groups
have the opposite effect. Phenyl and,B@ubstituents decrease ferrocene's ability to be
oxidized, and increase & by 0.023 and 0.280 V, respectively, when compared to
unsubstituted ferroceri&. A pentafluorophenyl group on each of the Cp rings increases
E.» by about 0.16 \#°

— == |"

-e |

o= | L (19)
@ i.EEE’?éQ’CN) @
18 VE 17 VE

This chapter describes the synthesis of tetrafluoropyridyl substituted analogues of
CpFe. Our goals were to demonstrate the synthetic utility of the ligands described in
chapter 2 by making a range of substituted ferrocene complexes, and to examine the
effects of the substituents electrochemically.

Results and Discussion. Substitution reactions of sE;N-substituted
cyclopentadienyl ligand4, 5, and6 with FeBg in THF at room temperature for 15 hours
yield the corresponding ferrocenes (Scheme 10). These compounds are synthesized using

the anionic substitution method because the synthetic process is straightforward and this
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method has been shown to work well for other ferrocenes made in our laboratory. All of
the ferrocenes were purified by recystallization from mixtures of hexane and toluene and
isolated as dark red or orange solids. The low yields using the diarylated ligands are
attributed to incomplete reactions or partial hydrolysis of the ligands, which is common
when reactions are done on a small scale. NMR analysis of the crude products shows
evidence of some unreacted, hydrolyzed ligands. Including NaH in the reaction mixture
could help improve future yields by scavenging adventitious moisture and keeping the
ligand in its anionic form.

Electrochemical studies performed @ and 11 showed that the reduction of
these complexes are reversible (Figure 6). As tetrafluoropyridyl groups are added to each
ring, the oxidation potential increases, showing that this substituent is electron-
withdrawing (Table 5). A comparison of the oxidation potentials of tetrafluoropyridyl-
substituted ferrocenes to pentafluorophenyl-substituted ferrocenes was made to quantify
the electron-withdrawing ability of the tetrafluoropyridyl substituent. A plot of these
potentials shows that the slope of the tetrafluoropyridyl line (As&ND is 55% greater
than the slope of the pentafluorophenyl line (Ar zF4{), which reveals that the
tetrafluoropyridyl substituent is about 55% more electron-withdrawing than the
pentafluorophenyl group (Figure 7). These results are in agreement with the results of
the IR studies discussed in Chapter 3.

Table 5. Electrochemical Data for Aryl-substituted Ferrocenes

E°x VS. Ferrocene

No. of substituents &N CeFs”
2 520 350
4 985 680
6 945

©@Data from Ref. 24
Conclusions. Several tetrafluoropyridyl-substitued ferrocenes were successfully

synthesized and characterized, showing that the tetrafluoropyridyl Cp ligand is useful for

the synthesis of substituted ferrocenes.
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Scheme 10

csaN FeBp, L 10, 66%
_— 1
y THF, 25°C

|
— Fe

NC5F4\./C5F4N FeBp, . 11 70%
THF, 25°c
@ THF, 25°C C
CsFaN CsFuN
54
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Figure 7. Oxidation Potentials for (Ar,Cp).Fe Complexes.
(O) Ar = C5F4N; (.) Ar = C6F5.
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Chapter 5: Zirconocene Dichlorides

Introduction. Metallocenes of the group 4 metals, especially zirconium, are
useful as polymerization catalysts. Unlike conventional Ziegler-Natta catalysts,
metallocenes tend to form homogeneous solutions of the catalytically active species.
Solubility is advantageous because an active site is formed from every molecule in
solution, resulting in high activities per mole. Metallocenes also have the potential to
yield stereospecific polymers. For example, catalysts may be designed to give isotactic,
syndiotactic, or hemitactic polypropylene. Group 4 metallocene catalysts function as
"single site" catalysts, producing polyolefins with narrow molecular weight distributions
(Mw/M,, = 2) and regularly distributed short or long chain branches. Finally, these
catalysts are versatile in that they can be attached to a solid support, which alters the
activity and the properties of the resulting polyriter.

Metallocene dichlorides, the focus of this chapter, are not catalysts themselves,
but catalyst precursors. These catalyst precursors are typically made by the reaction of a
cyclopentadienyl-metal complex with the metal tetrachloride (Scheme 11).

Scheme 11
CsHeMgBr + MCl ——  (6Hs)MCl;
NaGHs + MCL —» (6Hs):MCl, (M =Li, Na)

The catalyst precursor must then be activated with a cocatalyst before
polymerization can occur (Scheme 12). The most commonly used cocatalyst is
methylalumoxane (MAO). MAO performs several functions in a polymerization,
including alkylation of the dichloride, abstraction of a methyl anion, stabilization of the
activated catalyst, and elimination of impurities such as oxygen and water from the
reaction®® The activation reaction occurs in two steps. First, MAO replaces the
chlorides with methyl groups. Second, MAO abstracts one methyl group to produce a
monomethyl metallocene cation containing a "free coordination site." This cationic
species is the active catalytic species. For best catalyst performance, large molar

excesses of MAO are needed, typically about 2000 times as much MAO as catalyst.

% Alt, H. G.; Koppl, A.;Chem. Rey200Q 100, 1205-1221.
% Mohring, P. C.; Coville, N. JJ. Organomet. Chenil994 479, 1-29.
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Scheme 12. Activation of Catalyst

Me-
ﬂ MAO @ (Me
‘\\\\C | LW
r\ —_— I.
N N
\ Free coordination site

Chain propagation occurs by the insertion of an olefin molecule, usually ethylene,

S,
MAO

into the metal-Me bond of the catalyst. The chain grows by the repeated insertion of
monomer into the metal-carbon bond. Scheme 13 shows the polymerization of ethylene.
Chain termination occurs mainly iyhydride elimination (Scheme 14), but may also be
caused by the addition of molecular hydrogen, which can compete with the olefin for the
free coordination sites. Other termination routes include chain transfers to aluminum and
to the monomer and decomposition of the catdRyst.

Scheme 13. Chain Propagation

?Z Q Z e o
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Scheme 14. Chain Termination

©
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The metallocene dichloride complex can be altered to control polymer properties

polyethylene

by introducing substituents to the Cp ligand or by altering the metal center (M = Ti, Zr,
Hf). The introduction of substituents affects the steric and electronic properties of the
complex as well as the symmetry of the catalyst, which is important in producing

stereospecific polyolefins. Adding steric bulk to Cp ligands tends to increase catalyst
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activity (up to a point) and molecular weight of the resulting polymer. These increases
may be due to the substituents partially blocking the free coordination site on the catalyst,
inhibiting thep-hydride elimination and other chain termination reactions. In the area of
electronic effects, most of the literature has focused on electron donating substituents,
because these groups tend to increase catalyst activity. Electron donating groups increase
the electron density around the metal, weakening the bonds between the metal and the
other ligands. The unstable M-R bond is especially weakened, causing that bond to
become more reactive to olefin insertion. Conversely, electron withdrawing groups on
Cp increase the positive charge on the metal, strengthening the bonds between the metal
and the other ligands and causing the M-R bond to be less rective.

The ability to "tune" the electronic character of Cp ligands is important in
designing catalysts that produce polyolefins with desirable activities and physical
properties. Polymerization studies in our laboratories with pentafluorophenyl-substituted
zirconocene dichlorides show that as the electron withdrawing character of the ligand
increases, the catalytic activity decreases, the average molecular weight of the polymer
decreases, and the amount of 1-hexene incorporation in a copolymerization increases.

This chapter focuses on the synthesis of two tetrafluoropyridyl-substituted
zirconium dichlorides and explores the effect of the tetrafluoropyridyl substituent on the
polymerization of ethylene and the copolymerization of ethylene and 1-hexene.

Results and Discussion. Substitution reactions of sodium tetrafluoropyridyl-
cyclopentadienyl ligands with ZrgTHF), or CpZrCg(DME) in toluene at 110C for 15
hours yield the corresponding zirconocene dichloritiésand 14 (Scheme 15). Both
metallocenes were obtained in good vyield (around 65%), which indicates that the
tetrafluoropyridyl substituent does not impede the formation of a group 4 metallocene.
Other (as vyet unpublished) results in our laboratories suggest that some
pentafluorophenyl-substituted and indenyl ligands do not readily form complexes with
titanium or zirconium via ligand substitution reactions such as those shown in Scheme
15. The white solid products were purified by washing with hexanes to remove any
unreacted hydrolyzed ligand. These compounds slowly decompose when exposed to air
and must be stored in a glovebox.
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Scheme 15

+ Toluene E i
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110°c 15h Q{ cl
4

14, 69%

13 and14 are characterized usiftgl and*®F NMR spectroscopy. Théd NMR
spectra of both complexes show two peaks around 7 ppm in a 1:1 ratio that corresponds
to the hydrogens on the substituted Cp ring. The structures may be differentiated,
however, by the peak representing the 5 unsubstituted Cp ring hydrogédsthat
occurs farther upfield°F NMR spectra of each complex show two peaks in a 1:1 ratio,
as is expected.

The new arylated metallocenés3 and 14) were used as catalyst precursors in
several olefin polymerization reactions. The resulting polymerization data was compared
to results already obtained in our laboratories using precatdfys®& and H. All
polymerizations were conducted using the same reaction conditions so that accurate
comparisons could be made.

Ethylene hompolymerization was conducted with precatdlg@stwith MAO as
the cocatalyst. The polyethylene produced was a white, brittle solid. Table 5 shows the
resulting average catalytic activity and molecular weight distribution/NV) for
polymerizations using3, F, andG. The activities reported below representdlierage
rates of reaction over the entire duration of the polymerization. Activities of at Iéast 10
at 50°C are needed to be industrially viable.,/M,, also called the polydispersity index
(PDI), is a measure of the breadth of the molecular weight distributiqiiM Mralues of

around 2.0 are typical for a metallocene-catalyzed ethylene polymerization,,dkid M
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values of below 1.1 are typical for some of the newer "living" single-site catalysts.
Importantly, precatalysi3 does not behave as expected. Although a slightly lower
activity is expected, the activity observed i&is lower than that of andG by a factor

of 100. The polydispersity of the polyethylene made ugidgs very broad, due to a
bimodal molecular weight distribution (Figure 8). This bimodal molecular weight
distribution suggests that more than one different kind of catalyst is active in the
polymerization process, and thd3 may be decomposing during activation or
polymerization to produce these unexpected results.

Table 5: Ethylene Homopolymerization Results.

Precatalyst Activit§ Mw/Mp,
13 6.6 x 10 63
F 5.3x 16 2.5
G 1.4 x 16 2.6

g of polymer)/[(mol Zr)*p(GH4)*h]

Ethylene/1-hexene copolymerizations were performed using precatbBysisd
14. The resulting copolymers were colorless, rubbery solids. The activities,
polydispersities, and comonomer incorporations (mole %) found using these complexes
were compared to precatalydts G, andH (Table 2). Precatalysi4 follows the
expected trends, giving a slightly lower activity and higher 1-hexene incorporation.
Precatalystl3, however, has an activity that is dramatically lower than thdt of G,
and the polydispersity of the copolymer is large, due again to a bimodal molecular weight
distribution (Figure 9). The 1-hexene incorporation is also lower than expected. Again,
these data reveal that the precataly®imay be decomposing under the polymerization

conditions.
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Table 6: Ethylene/1-Hexene Copolymerization Results.

Precatalyst Activit§ Mw/Mp % 1-hexene
13 49 x 1d 8.4 12
14 0.4 x 10 - 11
F 2.6 x 10 2.5 6
G 1.0 x 10 3.1 13
H 1.2 x 10 - 7

¥g of polymer)/[(mol Zr)*p(GH4)*h]

For use as ethylene or ethylene/l1-hexene polymerization catalysts, there is no
advantage to the s€,N substituent over the ¢€s substituent. 13 and 14 both give
comonomer incorporations of about 12%, which is similar to the results @ing
Precatalyst G, however, is much more active and yields polymers with lower
polydispersities.

Conclusions.  Tetrafluoropyridyl-substituted zirconocene dichlorides were
successfully synthesized and characterized. The polymerizations using these precatalysts
were interesting but offered no practical advantages over the corresporghgg C
substituted metallocenes. As a result, no other zirconocene dichlorides were made using
the disubstituted Cp ligands, and no additional polymerization experiments were

conducted.
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Figure 8. GPC trace for polyethylene produced using 13 as catalyst
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Figure 9. GPC trace for an ethylene-1-hexene copolymer produced using 13 as
catalyst.
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Chapter 6: Experimental

General Procedures. Standard inert-atmosphere techniques were used for all reactions.
Pentafluoropyridine, FeBr Mn(CO}Br, and Re(CQBr were used as received from
Aldrich. NaH was purchased as a 60% mineral oil dispersion from Aldrich, washed with
hexanes, dried under vacuum, and stored in a glovebox. NaCp was made by the reaction
of freshly distilled cyclopentadiene and NaH in THF. NMR spectra were recorded on a
Varian Unity 400 or JEOL Eclipse 500 instrument. Té§Fwas vacuum-transferred

from Na/K alloy. Infrared spectra were recorded on a Midac M-series instrument
operating at 1 cfhresolution. Elemental analyses were performed by Desert Analytics
(Tucson, AZ).

Cystallography of  Tricarbonyl[n>-1,3-bis(tetrafluoropyridyl)cyclopentadienyl]-
manganese(l). Glass-like yellow multicrystalline needles with poorly defined faces were
crystallized by slow evaporation of hexanes. A single crystal (~0.4x0.3x0%} was

cut from a needle cluster, mounted on a glass fiber with epoxy, and centered on the
goniometer of a Siemens (Bruker) P4 diffractometer. Unit cell parameters were
determined by least squares refinement of 37 reflections that had been automatically
centered on the diffractomet&r. The Laue symmetry and systematic absences were
consistent with the orthorhombic space group2E2Z2. The structure was solved by
direct methods and refined using the SHELXTL-NT v. 5.10 program packagde

final refinement involved an anisotropic model for all non-hydrogen atoms. All
hydrogen atom parameters were refined independently.

Cyrstallograpy of Tricarbonyl[ n°>-(tetrafluoropyridyl)cyclopentadienyl]rhenium(l).

One large colorless plate (5 x 5 x .4 Miwas grown by slow evaporation of a toluene
solution at room temperatures. The crystal was cut, mounted on a glass fiber with epoxy,
and centered on the goniometer of a Siemens (Bruker) P4 diffractometer. Unit cell
parameters were determined by least squares refinement of 41 reflections that had been
automatically centered on the diffractométerntensity data were collected, proce$Sed

and corrected for absorptidh. The structure was solved by direct methods and refined

3" XSCANS v2.1, Siemens Analytical X-ray Instruments: Madison, WI, 1994.
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using the SHELXTL NT v5.10 program packafeUnit cell dimensions were consistent
with the triclinic system, and the space grodpwas assigned. The final refinement
involved an anisotropic model for all non-hydrogen atoms. All hydrogen atom
parameters were refined independently. The program package SHELXTL-NT was used
for the ensuing molecular graphics generatfon.

Electrochemical Measurements Single-sweep cyclic (CV) and Osteryoung square-
wave (OSWV) voltammograms were obtainedX6rand11 at nominal concentrations of
about 2 mM in CHCI, using 0.10 M tetrafbutylammonium) hexafluorophosphate at the

electrolyte and activated alumina as an internal desiccant. The apparatus was a
BioAnalytical Systems BAS-100B automated digital potentiostat with a platinum disk
working electrode, a platinum wire auxiliary electrode, and an [Ag|AgCI] reference
electrode. The cell was purged thoroughly with argon prior to measurement. CV sweeps

were initialized at 0 mV, scanned to +1800 mV, and reversed to O mV, at a scan rate of

100 mV sl. Wave parameters (E- Eed, I/l similar to internal ferrocene suggested
substantially reversible Eg=é" couples forl0 and 11. Shifts in oxidation potential
relative to internal ferrocene were obtained using OSWV. The cell voltage was swept
from O mV to 1700 mV with a step resolution of 4 mV, a square-wave amplitude of 25
mV, a frequency of 15 Hz, and 256 samples per point. Voltammograms were analyzed
using BAS100W software, version 20.We thank Prof. Karen J. Brewer for the use of
her electrochemical equipment.

(Tetrafluoropyridyl)cyclopentadiene (1). Sodium cyclopentadienide (9.6 g, 0.11 mol),
and NaH (3.8 g, 0.16 mol) was stirred in 150 mL of THF. Pentafluoropyridine (10.5 g,
0.062 mol) was slowly added to the flask by syringe. The mixture was stirred under
reflux for 15 h. The mixture was cooled, and the THF was evaporated. Hexanes (100
mL) was added to the residue, and the sides of the flask were scraped with a spatula. An
ice-cold 20% aqueous NBI solution (100 mL) was then added to the mixture to
hydrolyze any unreacted NaH, and the mixture was stirred for 20 min. The organic layer

was separated, and the aqueous layer was extracted with additional hexanes. The organic

% Sheldrick, G. M. SHELXTL NT ver. 5.10. An Integrated System for Solving, Refining, and
Displaying Crystal Structures from Diffraction Data; Bruker Analytical X-ray Systems:
%9 BAS100W, version 2.0 BioAnalytical Systems: West Lafayette, Indiana, 1995.
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layers were combined and dried over MgSOhe mixture was filtered through alumina

and evaporated to afford 9.6 g (0.045 mol, 72%) of a pale yellow SHIiSIMR (400

MHz, CDCk): & 7.56 (m, 1 H), 6.84 (m, 1 H), 6.76 (m, 1 H), 3.62 (m, 2 HF NMR

(376 MHz, CDC}): & -94.10 (ddd, 2 F), -144.04 (ddd, 2 F)*H} *C NMR: & 141.5 (t,

Jocr = 8.4 Hz, CH), 138.95 (tcd = 3.8 Hz, CH), 133.0 (s, CH), (C missing), 44.2 {3

4.6 Hz, CH). Satisfactory elemental analysis was not obtained.

Sodium (Tetrafluoropyridyl)cyclopentadienide (4). (Tetrafluoropyridyl)cyclopenta-
diene (5.44 g, 0.0253 mol) was dissolved in 100 mL THF. This solution was added by
pipet to NaH (0.911 g, 0.0380 mol), stirred for two hours at room temperature, and then
filtered to remove excess NaH. The filtrate was evaporated, and the product residue was
dried overnight in a high vacuum (1®orr) at 80°C. Pentane (100 mL) was then added

to the residue to extract any unreacted ligand or its dimer. The mixture was filtered, and
the product collected on the filter to afford a 71% yield (4.26 g, 0.0180 mol) of a tan solid
after drying."H NMR (400 MHz, THFés): & 6.69 (m, 2 H), 6.02 (m, 2 H)*F NMR

(376 MHz, THFds): § -98.7 (m, 2 F), -148.58 (m, 2 F).
1,3-Bis(tetrafluoropyridyl)cyclopentadiene (2). Sodium cyclopentadienide (1.23 g,
0.0140 mol) and NaH (2.3 g, 0.096 mol) was stirred in 100 mL of THF.
Pentafluoropyridine (5.11 g, 0.0302 mol) was added to the flask slowly by syringe. The
mixture was stirred and refluxed for 4 days. The solvent was evaporated, and
dichloromethane (100 mL) was added to the residue. An ice-cold 20% aquegGs NH
solution (100 mL) was then added to the mixture to hydrolyze any unreacted NaH, and
the biphasic mixture was stirred for 30 min. The biphasic mixture was filtered through
Celite, and the organic layer was separated. The aqueous layer was extracted twice with
additional dichloromethane, and the organic layers were combined and dried over
anhydrous magnesium sulfate. The mixture was then filtered through alumina and
evaporated to afford a yellow solidH-NMR analysis showed that the solid comprised a
mixture of GF4N-substituted cyclopentadienes. The solid was dissolved in 15/85 ethyl
acetate/hexanes and was loaded onto a (4 cm x 30 cm) column of silica gel, which was
eluted with the same ethyl acetate/hexanes mixture. The first band eluted from the
column afforded 1,3-bis(tetrafluoropyridyl)cyclopentadiene (1.16 g, 3.19 mmol, 23%) as
a pale yellow solid. NMR analysis revealed the presence of two hydrogen shift isomers
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in a 5:1 ratio.Data for major isome2a: *H NMR (400 MHz, CBCl,): & 7.70 (m, 2 H),

4.26 (m, 2 H).*F NMR (470 MHz, CRCl,): & -91.34 (m, 4 F), -139.27 (m, 4 F). Data

for minor isomer2b: *H NMR (400 MHz, CDCl,): § 7.84 (s, 1 H), 7.49 (m, 1 H), 3.96

(s, 2 H). % NMR (470 MHz, CBCl,): 6 -90.63 (m, 2 F), -91.48 (m, 2 F), -139.88 (m, 2

F), -140.61 (m, 2 F). Anal. Calcd forgEl4FgN2: C, 49.47; H, 1.11; N, 7.69. Found: C,
49.38; H, 0.93; N, 7.70.

1,2-Bis(tetrafluoropyridyl)cyclopentadiene (3). From the chromatographic separation
described above, a second band was eluted to yield 1,2-bis(tetrafluoropyridyl)-
cyclopentadiene (0.80 g, 2.20 mmol, 15%). NMR analysis revealed the presence of two
hydrogen shift isomers in a 3.5:1 ratio. Dataar'H NMR (400 MHz, CDQCly): § 7.01

(dt,J = 5.2, 2 Hz, 1 H), 6.82 (dt, J = 5.2, 1.2 Hz, 1 H), 3.80 (s, 2 ¥F.NMR (470

MHz, CDCL,): § -90.20 (m, 2 F), -90.52 (m, 2F), -141.83 (m, 2 F), -142.42 (m, 2 F).
Data for3b: *H NMR (400 MHz, CRCl,): § 7.07 (s, 2 H), 3.62 (s, 2 H}’F NMR (470

MHz, CD,Cl,): 6 -89.51 (m, 4 F), -140.77 (m, 4 F). Anal. Calcd fegHGFgN>: C, 49.47;

H, 1.11; N, 7.69. Found: C, 49.55; H, 0.92; N, 7.70.

Sodium 1,3-Bis(tetrafluoropyridyl)cyclopentadienide (5). A solution of 1,3-
bis(tetrafluoropyridyl)cyclopentadiene (1.5 g, 0.0041 mol) in THF (20 mL) was added
slowly by pipet to 1.5 g of NaH (0.062 mol). The mixture was stirred for 4 h &€25

and then filtered to remove excess NaH. The filtrate was evaporated. Pentane (50 mL)
was added to the residue to dissolve unreacted 1,3-bis(tetrafluoropyridyl)-
cyclopentadiene, and the mixture was stirred for 30 min. The mixture was filtered, and
the precipitate was washed twice with 15 mL of pentane and dried to afford 1.18 g of a
bright yellow solid (0.00306 mol, 75%H NMR (500 MHz, THFdg): & 7.54 (septet) =

2 Hz, 1 H), 6.69 (m, 2 H)'%F NMR (470 MHz, THFég):  -100.32 (m, 4 F), -149.29 (m,

4F).

Sodium 1,2-Bis(tetrafluoropyridyl)cyclopentadienide (6). A solution of 1,2-
bis(tetrafluoropyridyl)cyclopentadiene (0.41 g, 0.0011 mol) in THF (20 mL) was added
slowly by pipet to 1.1 g (0.046 mol) NaH. The mixture was stirred for 4 h &C2ind

then filtered to remove excess NaH. The filtrate was evaporated. Toluene (20 mL) was

added to the residue, and the mixture was stirred for 30 min. The mixture was filtered,
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and the precipitate was washed with 10 mL of toluene and then dried. A brown solid was
obtained (0.28 g, 0.72 mmol, 65%) NMR (500 MHz, THFdg): & 6.49 (d,J = 3.5 Hz,

2 H), 6.05 (tJ = 3.5 Hz, 1 H)."%F NMR (470 MHz, THFég): & -99.90 (m, 4 F), -149.76

(m, 4 F).

Tricarbonyl[ n°-(tetrafluoropyridyl)cyclopentadienyllmanganese(l)  (7Mn). A
mixture of Mn(CO)Br (0.23 g, 0.87 mmol), sodium (tetrafluoropyridyl)-
cyclopentadienide4( 0.23 g, 0.97 mmol), and THF (30 mL) was stirred under reflux for
24 h. The THF was evaporated, and the residue was dissolved in 40 mL of hot toluene.
The solution was filtered, and the toluene was then removed by evaporation to afford a
bright orange solid. This solid was then purified by column chromatography using a 1
inch x 10 inch column of silica gel with toluene as the mobile phase. The initial band
afforded 0.22 g of a yellow solid (0.630 mmol, 75%). IR (decang):(cm*) = 2035

(A, 1959 (E). *H NMR (500 MHz, CDCJ): & 4.80 (s, 2 H), 3.90 (s, 2 H)*F NMR

(470 MHz, CDCl,): 6 -91.78 (m, 2 F), -140.86 (m, 2 F). Satisfactory elemental analysis
was not obtained.

Tricarbonyl[ n°-(tetrafluoropyridyl)cyclopentadienyl]rhenium(l) (7Re). A mixture of
Re(CO}Br (0.23 g, 0.57 mmol), sodium (tetrafluoropyridyl)cyclopentadienide (0.145 g,
0.612 mmol), and THF (30 mL) was stirred under reflux for 24 h. The THF was then
evaporated, and the resulting crude product was dissolved in 30 mL of hot toluene. The
solution was filtered, and the solvent was evaporated. The product was purified by
column chromatography using a 1 inch x 10 inch silica gel column and eluted using
toluene, followed by further purification by recrystallization from a hexanes/toluene
mixture to afford 0.11 g of a white solid (0.23 mmol, 37%). IR (decang){cm?) =

2037 (A), 1951 (E). 'H NMR (360 MHz, CDCJ): & 6.16 (s, 2 H), 5.52 (s, 2 H\°F

NMR (470 MHz, CDCJ): & -89.87 (m, 2 F), -140.46 (m, 2 F). Anal. Calcd for
Ci3H4F4NOsRe: C, 32.24; H, 0.83; N, 2.89. Found: C, 32.48; H, 0.54; N, 2.86.
Tricarbonyl[ n°-1,3-bis(tetrafluoropyridyl)cyclopentadienyllmanganese(l) (8Mn). A
mixture of Mn(CO)}Br (0.146 g, 0.531 mmol), sodium 1,3-bis(tetrafluoropyridyl)-
cyclopentadienide (0.20 g, 0.52 mmol), and THF (30 mL) was stirred under reflux for 24
h. The solvent was then evaporated, and the residue was dissolved in 30 mL of hot
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toluene. The solution was filtered, and the toluene was evaporated to afford an orange
solid. The product was recrystallized from a hexanes/toluene mixture to afford 0.10 g of
a bright yellow solid (0.20 mmol, 38%). IR (decang) (cmi?) = 2041 (A), 1974, 1968

(E). 'H NMR (500 MHz, CDCY): & 6.35 (s, 1 H), 5.77 (s, 2 H)!*F NMR (470 MHz,
CDCl3): 6 -91.10 (m, 4 F), -141.22 (m, 4 F). Anal. Calcd fagHzFsN,OsMn: C, 43.05;

H, 0.60; N, 5.58. Found: C, 43.05; H, 0.33; N, 5.49.

Tricarbonyl[ n°-1,3-bis(tetrafluoropyridyl)cyclopentadienyl]rhenium(l) (8Re). A
mixture of Re(CQOPBr (0.24 g, 0.60 mmol), sodium 1,3-
bis(tetrafluoropyridyl)cyclopentadienide (0.23 g, 0.59 mmol), and THF (25 mL) was
stirred under reflux for 24 h. The solvent was evaporated, and the residue was dissolved
in 25 mL of hot toluene. The solution was filtered, and the toluene was then evaporated.
The crude product was further purified by dissolving it in toluene and filtering it through
alumina. 0.12 g of a colorless viscous oil was obtained (0.19 mmol, 40%). IR (decane):
veo (cm?) = 2043 (A), 1964, 1961 (E)*H NMR (500 MHz, CDCY): & 6.86 (s, 1 H),

6.29 (s, 2 H). 1% NMR (470 MHz, CBCl,): & -88.96 (m, 4 F), -139.96 (m, 4 F).
Elemental analysis was not obtained.

Tricarbonyl[ n°-1,2-bis(tetrafluoropyridyl)cyclopentadienyllmanganese(l) (9Mn). A

mixture of Mn(CO3Br (0.11 g, 0.40 mmol), sodium 1,2-bis(tetrafluoropyridyl)-
cyclopentadienide (0.31 g, 0.80 mmol), and THF (25 mL) was stirred under reflux for 24
h. The solvent was evaporated, and the residue was dissolved in 25 mL of hot toluene.
The solution was filtered, and the toluene was evaporated to afford an orange solid. This
solid was recrystallized twice from a toluene/hexanes mixture to afford 0.10 g of a yellow
solid (0.20 mmol, 50%). IR (decane)o (cm*) = 2041 (A), 1972, 1965 (E)'H NMR

(500 MHz, CDC}): 6 5.43 (d,J = 3.5 Hz, 2 H), 5.12 (t, J = 3.5 Hz, 1 HF NMR (470

MHz, CDCb): 6 -88.56 (m, 4 F), -137.26 (m, 4 F). Anal. Calcd fQgHzFsN,OsMn: C,

43.05; H, 0.60; N, 5.58. Found: C, 43.31; H, 0.49; N, 5.58.

Tricarbonyl[ n°-1,2-bis(tetrafluoropyridyl)cyclopentadienyl]rhenium(l) (9Re). A
mixture of Re(COPBr (0.25 g, 0.66 mmol), sodium 1,2-bis(tetrafluoropyridyl)-
cyclopentadienide (0.26 g, 0.64 mmol), and THF (50 mL) was stirred under reflux for 24

h. The solvent was evaporated, and the resulting crude product was dissolved in hot
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toluene (50 mL). The solution was filtered, and the toluene was evaporated to afford a
pale yellow solid. This solid was recrystallized from a hexanes/toluene mixture to afford
0.23 g of a white solid (0.36 mmol, 57%). IR (decane) (cm*) = 2043 (A), 1964,

1956 (E).*H NMR (500 MHz, CDC}): § 5.99 (d, J = 3.5 Hz, 2 H), 5.68 (t, J = 3 Hz, 1

H). *F NMR (470 MHz, CDGJ): & -87.93 (m, 4 F), -136.95 (m, 4 F). Anal. Calcd for
Ci1gH3FsN2OsRe: C, 34.13; H, 0.48; N, 4.42. Found: C, 33.65; H, 0.21; N, 4.27.
1,1'-Bis(tetrafluoropyridyl)ferrocene (10). A mixture of iron(ll) bromide (0.300 g,

1.39 mmol), sodium (tetrafluoropyridyl)cyclopentadienide (0.34 g, 1.43 mmol), and THF
(50 mL) was stirred under reflux for 24 h. The solvent was evaporated, and toluene (50
mL) was added to the crude product. The mixture was then heated and filtered. The
toluene was evaporated, and the crude product was recrystallized from a hexanes/toluene
mixture to afford 0.23 g of a red solid (0.48 mmol, 668d) NMR (500 MHz, CDCJ): &

4.97 (s, 4 H), 4.57 (s, 4 HIF NMR (470 MHz, CDG)): 6 -91.88 (m, 4 F), -141.86 (m,

4 F). Anal. Calcd for gHgFsNoFe: C, 49.62; H, 1.67; N, 5.79. Found: C, 49.81; H,
1.44; N, 5.83.

1,1',3,3"-Tetrakis(n>-tetrafluoropyridyl)ferrocene (11). A mixture of iron(ll) bromide

(0.061 g, 0.28 mmol), sodium 1,3-bis(tetrafluoropyridyl)cyclopentadienide (0.17 g, 0.44
mmol), and THF (25 mL) was stirred under reflux for 5 h. The solvent was evaporated,
and the residue was dissolved in 25 mL of toluene. The solution was heated and filtered,
and the toluene was evaporated to afford 0.12 g of an orange solid (0.15 mmof:t70%).
NMR (500 MHz, CDC}): 8 5.68 (s, 2 H), 5.30 (s, 4 H}’F NMR (470 MHz, CDGJ): 5 -

89.64 (m, 8 F), -140.68 (m, 8 F). Anal. Calcd faptzFieNsFe: C, 46.06; H, 0.77; N,

7.16. Found: C, 45.87; H, 0.85; N, 7.24.
1,1',2,2"-Tetrakis[n>-(tetrafluoropyridyl)cyclopentadienyl]ferrocene (12). A mixture

of iron(ll) bromide (0.06 g, 0.3 mmol), sodium 1,2-bis(tetrafluoropyridyl)-
cyclopentadienide (0.21, 0.54 mmol), and THF (50 mL) was stirred under reflux for 24 h.
The solvent was evaporated, and the residue was dissolved in 50 mL of toluene. The
solution was heated and filtered, and the toluene was evaporated. The resulting solid was
purified by recrystallization from a hexanes/toluene mixture to afford 0.07 g of an orange
solid (0.09 mmol, 33%)'H NMR (500 MHz, CDGJ): § 5.07 (s, 4 H), 5.03 (s, 2 H}°F

46



NMR (470 MHz, CDCJ): 6 -89.11 (m, 8 F), -139.28, (s, 8 F). Satisfactory elemental
analysis was not obtained.
Dichlorobis[n>-(tetrafluoropyridyl)cyclopentadienyl]zirconium(lV) (13). A mixture

of ZrCly(THF), (1.03 g, 2.73 mmol), sodium (tetrafluoropyridyl)cyclopentadienide (1.23

g, 5.19 mmol) and toluene (400 mL) was stirred at1@or 3.5 h. The hot solution was
filtered, and the filtrate was evaporated. Hexane (200 mL) was added to the crude
product, and the mixture was stirred for 1 h and then filtered. The white solid was
collected on the filter and dried (0.99 g, 1.7 mmol, 65%)NMR (500 MHz, THFes): &

7.20 (m, 2 H), 6.91, (] = 2.5, 2 H). % NMR (470 MHz, THFés): 5 -93.63 (m, 4 F), -
141.76 (m, 4 F). Elemental analysis was not obtained.
Dichloro(cyclopentadienyl)in’-(tetrafluoropyridyl)cyclopentadienyl]zirconium(lV)

(14). A mixture of CpZrC}(DME) (1.23 g, 3.49 mmol), sodium (tetrafluoropyridyl)-
cyclopentadienide (0.79 g, 3.33 mmol) and toluene (400 mL) was stirred &C1fb0

2.5 h. The hot solution was filtered, and the toluene was evaporated. Hexane (200 mL)
was added to the crude product, and the mixture was stirred for 1 h. and then filtered.
The white product was collected on the filter and dried (1.07 g, 2.43 mmol, 69%).
NMR (500 MHz, THFdg): 8 7.56 (s, 2 H), 7.10 (m, 2 H), 6.60 (s, 5 HfF NMR (470

MHz, THF-dg): 6 -94.93 (m, 2 F), -144.00 (m, 2 F). Elemental analysis was not obtained.
Polymerization studies. All catalyst activations and polymerizations were conducted as
described below. The [€E;N)CplZrCl, precatalyst is used as an example. In a glove
box, 20.2 mg of precatalyst was weighed into a 10-mL volumetric flask and toluene was
added to give a 0.00342 M precatalyst stock solution. 1.53 mL of this stock solution was
injected by syringe into a separate 10-mL volumetric flask containing 603 mg of solid
MAO. The flask was filled with additional toluene to give a 0.00053 M solution. This
solution was stirred for 20 minutes, after which 9.0 mL of the activated Zr/MAO solution
was loaded into a syringe. The reactor was a 1-L glass vessel fitted with a thermal
resistor, motorized stir bar, condenser, gas dispersion tube, and septum. The reactor was
dried in an oven for at least 24 h before use, evacuated (50 mtorr), and refilled with
nitrogen. Dry, deoxygenated toluene was added to the reactor under nitrogen flow from a
pressurized solvent column. The reactor was placed in a temperature regulated water

bath and stirring was begun. When the temperature equilibrated@ 50 mg of solid
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MAO was added under a nitrogen purge to scavenge any unwanted moisture. In a
copolymerization, 20 mL of freshly distilled 1-hexene was then added by syringe through
the septum. Ethylene was bubbled into the solution and exhausted to an oil bubbler.
When the temperature of the reactor equilibrated t6G0the 9 mL of the Zr/MAO
solution was injected through the septum. After 10 minutes the polymerization was
terminated by injecting 20 mL of acidified methanol (5% HCI). In a copolymerization,
the polymerization mixture was rotary-evaporated until about 20 mL of liquid was left, to
which 150 mL of acidified methanol (5% HCI) was added to precipitate any dissolved
polymer. In a homopolymerization, the polymerization mixture was added directly to
300 mL of the acidified methanol solution. The mixture was then filtered, and the
polymer collected on a Buchner funnel. The polymer was dried in a vacuum oven (50
mtorr) at 8C°C for 24 h.

The **C NMR spectra of the copolymer samples were obtained at@260 10-
mm tubes using a trichlorobenzene/1,1,2,2-tetrachloroettha(@s:5) solvent mixture.
Hexene incorporation (mol%) was determined according to the mthod described by
Randall’> GPC analysis was done at Dow Chemical using a Waters Alliance GPCV
2000 instrument. 1% 1.0 mg of the sample was dissolved in 13.0 mL of 1,2,4-
trichlorobenzene containing 300 ppm w/w lonol (used as a marker). The solutions were
shaken at 160C for 2 h and then filtered. A flow rate of 1.0 mL/min. was used at a
temperature of 50C. The injector was set to inject 20Q at 135°C. The columns
were heated to 13%C and included Polymer Laboratories & Mixed B, SN 10 M-
Mixed B-113-158, 131-55 and 131-57. A refractive index detector was used.

40 Hsieh, E. T.; Randall, J. ®acromolecules1982 15, 1402.
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