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ABSTRACT

SYNTHESIS OF GROUP 4 METAL B-DIKETIMINE COMPLEXES
By

William J. Scanlon IV

Controlling stereochemistry in synthesis is important in many industries. Efficient
methods of separating readily available racemic modifications into their respective
enantiomers are in high demand. This thesis chronicles initial syntheses of a family of
group 4 transition metal compounds stabilized by B-diketimine ligands, which are
precursors to catalysts for use in kinetic resolution via polymerization.

Reaction of TTPH (TTP = 2-p-tolylamino-4-p-tolylimino-2-pentene) with
M(NMe,)s (M = Zr, Ti) affords (TTP)M(NMe,); and (TTP),Zr(NMe;),. (TTP)Zr(NMe;);
reacts further with p-toluidine to form the imine (TTP)Zr(=NC¢H4CH3)(NMe;) (IH
NMR). TTPH reacts with Zr(CH,C¢He)s to give (TTP)Zr(CH;Ph)s, which undergoes
ortho-metallation with elimination of toluene via direct 6-bond metathesis to form (n’—
MeC(NC;H)CHC(N-p-Tol)Me)Zr(n>~CH,Ph)( n'-CH,Ph) ((TTP*)Zr(CH,Ph),).
DDPH(HCI) (DDPH = 2-(2,6-diisopropyl)phenylamino-4-(2,6-diisopropyl)phenylimino-
2-pentene) reacts with Zr(NMe)s to yield (DDP)ZrCI(NMe),.

Metathesis reactions of Li(TTP) and Li(DDP) with group 4 tetrachlorides produce
LMCI; (L = TTP, DDP and M = Zr, Ti,) and L,MCl, (L = TTP, M = Zr).

All compounds were characterized using 'H and '>*C-NMR and in many cases

single crystal x-ray studies and elemental analysis.
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CHAPTER 1

INTRODUCTION

Methods of Asymmetric Synthesis

Obtaining optically pure reaction products (asymmetric synthesis) is often
paramount in fully realizing a compound’s practical utility. For example, pharmaceutical
compounds commonly have one active enantiomer and another that is inert, deactivating,
or even toxic." As a result, enantiospecific synthesis has evolved into an important
synthetic discipline.

There are basically two methods used to synthesize chiral molecules: kinetic
resolution and enantioselective synthesis from prochiral substrates (Figure 1). In kinetic
resolution, a chiral auxiliary is added to a racemic modification. The auxiliary selectively
reacts with one enantiomer leaving the other behind. This method is convenient because
racemic modifications are readily available. The inherent downside to kinetic resolution
is consumption of half of the starting material (ie., maximum yield is 50%). Direct
enantioselective synthesis does not have this problem. This method relies on interaction
between a chiral auxiliary and a prochiral substrate to produce only one enantiomer. In
this way, all of the starting material (in theory) can be converted to chiral product. This
approach requires that functionality be introduced with high regio and stereoselectivity,

whereas the desired funtional group is already in place in kinetic resolution schemes.






Prochiral
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Figure 1 (a) Kinetic Resolution and (b) E iosel

Both of these methods can proceed stoichiometrically or catalytically. Catalytic
reactions have one large advantage over using stoichiometric reagents, namely
stoichiometric amounts of chiral auxiliary are not required. For these reasons and others,
asymmetric catalysis has received considerable attention in recent years.“

Nature employs catalysts (such as enzymes or entire cells) that perform
asymmetric catalysis with a sublime mastery. These biocatalysts have been
“domesticated” by chemists and used for synthetic 1:u'0<:essn=.s.2 For instance, pig liver
esterase (PLE) is an enzyme that hydrolyzes the various of esters ingested by pigs. It is

hadia

the most widely used esterase in enzymatic asy ric it accepts such

a wide range of substrates. PLE is usually utilized in enantioselective synthesis via the
‘meso trick’. As exemplified in Figure 2 (bottom), PLE selectively hydrolyzes one of the
esters in a meso diester compound.’ The resulting chiral compound is recovered in high
yield and high enantiomeric purity. Using PLE, this approach has been extended to
kinetic resolution. In Figure 2 (top), PLE is added to a racemic modification of chiral
esters.’ It selectively hydrolyzes one of the enantiomers, which can be recovered in high

yield and high enantiomeric excess. The high yields and excellent enantiomeric excesses






enhance the appeal of PLE catalysis, but syntheses that exploit these systems are

sometimes limited.

COEt HO.C CO,Et
/3 PLE N
—
02M
o o} o

MeCN
(+/-) 40% yield 48% yield
96% ee 83% ce
W\COzMe PLE W\COMe
UL
“%c0o.Me “/CO.H
99% yield
>98% ee
Figure 2 PLE 'meso' Trick (b and Kinetic Resolution Via Hydrolysis (top)

In recent years, inorganic systems have begun to rival biological ones in their
utility. Noteworthy advantages of inorganic metal asymmetric catalysts over biological
catalysts are as follows: (i) metals can perform reactions natural systems will not; (ii)
chiral metal catalysts can be easily alterable through ligand modifications; (iii) metal
catalysts can be designed to withstand non-biological environments; and (iv) metal

catalysts can accept a wider variety of substrates than biocatalysls‘7






(a) ()

Figure 3 (a) (salen)MCI (b) Olefin Approach

Jacobsen has recently reported enantioselective epoxidation of cis-olefins® and
kinetic resolution of terminal epoxides via catalytic hydrolysis,g using metal complexes.
In the case of enantioselective epoxidation, changes in the enantiomeric excesses with
variations of the R, R’ and R” groups were observed (Figure 3(a)). The highest
enantioselectivity was obtained when the steric properties were adjusted such that olefin
interaction with the dissymmetric portion of the ligand was maximized (Figure 3(b)).
These results demonstrate the importance of controlling the steric properties of an
asymmetric catalyst. The simple reaction mechanism shown in Figure 4 was proposed for
epoxidation. It suggests that addition of an alkene (ex. cis-olefin substrate) to the oxo

moiety g aradical intermediate. In this intermediate, the alkyl group can collapse

(forming the cis isomer) or rotate and collapse (forming the trans isomer).
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Figure 4 Jacobsen Mechanism
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Jacobsen also demonstrated the dramatic effects of catalyst electronics on
asymmetric synthesis (at least in the case of epoxidation).'“ By varying the R’ group from
electron donating (ie., R’ = OCHj3) to electron withdrawing (ie., R’ = NO,), a change in

the enantioselectivity of the catalyst was observed. The electron donating groups were

found to i the ioselectivity. The proposed explanation p that the
high-valent (salen)Mn(IV)O-olefin intermediate influences the stereochemistry of the
epoxide in accord with the Hammond postulate in the following way. The electron
donating groups stabilize the intermediate, making it a milder oxidant so that the oxygen
to alkene transfer proceeds via a more product-like transition state. At the origin of the
reaction coordinate, the reactants do not interact at all. Therefore, a higher degree of

hemical ication might be expected in the later transition state. The

electron withdrawing substituents are expected to destabilize the intermediate, making it a
more reactive oxidant. Here a more reactant like transition state might be expected with

st anl

poorer c ication

This example emphasizes the importance of being able to control the electronic

and steric properties of a catalyst. Transition metal compounds have long been used to






catalyze several types of reactions including polymerizations and organic syntheses such

as hydroformylations, hydrogenations, hydrocyanations and hydroborations.'! In recent
years, they have become important tools in asymmetric syntheses. Their ability to
accommodate various ancillary ligand sets makes them ideal to obtain the electronic and

steric tuning requirements necessary to design efficient enantioselective catalysts.

A Word on Polymers and the Importance of Stereochemical Control

The importance of polymers is evident in almost every facet of daily life. For
example, polypeptides are important natural polymers composed by linking together
many amino acids. They are present in enzymes, and fill many other important roles in
natural biochemistry. DNA is another example of a very important natural polymer.
Natural polymers such as wool and silk, which are also polypeptides, have been used for
thousands of years.

In the twentieth century, chemists have developed numerous methods to
synthesize unnatural polymers. These polymers are used in more wide and varied
applications than any other class of chemical. Polymers are employed as fibers, plastics,
or elastomers. Fibrous polymers are strong, deformation resistant substances used in the
manufacture of clothing and ropes. Plastic polymers are classified as rigid plastics and
flexible plastics. Rigid plastics are hard, non-flexible materials that find applications
ranging from appliance housings to hardhats. Flexible plastics, conversely, are softer,
much more pliable substances. They find use as packaging films. Elastomers are
extremely flexible polymers that return to their original shape and size after being

stretched a great deal.'?






(hard flexibility, melting points, elasticity, etc.) of polymers

depend on several variables including the identity of the monomers, the molecular mass
of the polymer and the amount of branching in the polymer. Some monomers contain
stereocenters or have the potential to form stereocenters upon polymerization. In such

cases, orientation of relative stereocenters can have a marked effect on the properties of

the polymer.

H H H H CHgH H

CHgH CH3H H H CHg

CEE
HH (0)

SAME SIDE

H H HHHHH

CHgH CHgH CHgH CHg
(©

H H CHsH H H CHg

HH  Hh

OPPOSITE SIDE CHz3H H H CHzH H
(a) @

Figure 5 Tacticity in Polypropylene (a) Possible Configurations (b) Atactic (c)
Isotactic (d) Syndiotactic
Polypropylene is one of the simplest examples of a prochiral monomer. During
polymerization, the methyl group can adopt syn or anti configurations with respect to the
previous stereocenter (Figure 5(a)). The stereoregularity is termed tacticity. Three
different tacticities are possible. In the first situation, the configurations of the
stereocenters are distributed randomly (Figure 5(b)). The polymer is then said to be

atactic. In the second case, consecutive have identical configurati (ie. R

groups are on the same side (Figure 5(c))). These polymers are termed isotactic. In the



last case, polymers have consecutive Stereocenters with repetitive alternating

configurations (ie. each R group is opposite of the previous (and subsequent)(Figure
5(d))) and a syndiotactic polymer results.

Atactic polymers have difficulty in packing efficiently into a crystal lattice,
because of their irregular configurations. As a result, they tend to be amorphous
(noncrystalline), soft (‘tacky’) substances with little or no physical strength. Atactic
polymers find few applications in industry. On the other hand, isotactic and syndiotactic
polymers tend to pack well in crystal lattices, because their regular structures allow for
closer interaction of the polymer chains. The resulting polymers are highly crystalline
substances that are physically robust and display good resistance to solvents and

hemicals. I ic and syndi ic polymers have wide-ranging industrial applications.

Olefin Polymerization Catalysts Supported by Cyclopentadienyl Ligands
Ziegler-Natta catalysts (generally consisting of a Group 3-8 transition metal with a
Group 1, 2 or 13 organometallic) have been very successful in facilitating low
temperature-low pressure polymerizations. Some early, Ziegler-Natta catalysts gave
stereoregular polymers. For example, Natta found that the polymerization of propylene
using TiCl/Et;AICI gave a highly isotactic polymer.” These early Ziegler-Natta catalysts

were h geneous. In such sy , the control of the polymer stereochemistry is

derived from the chirality of the crystal lattice.'? Active sites are thought to be located at
defects on the crystal surface. Modifying the chirality of the crystal or adjusting the active
site is virtually impossible. Thus, heterogenous catalysts offer little real control of

polymer stereochemistry.
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Cyclopentadienyl (Cp) org: tallic compounds of the type Cp,MX, (when

activated with methylaluminoxane (MAO) or other Lewis acids ([Ph;C][B(C4Fs)s] or
B(CeFs);) have become extensively used as homogeneous Ziegler-Natta catalysts.
Polymerization in these species proceeds via olefin coordination and insertion of a
cationic transition metal species.'* The cation is generated in situ when MAO is used as a
cocatalyst. [Cp;MR*][BAr4’], however, can be synthesized upon reaction of Cp,MR; with
[Ph3C][B(CgFs)s] or B(CgFs)s and then used in polymerization. Either way, the formation
of a cationic species appears to be important to catalytic activity.'®

Some of these homogeneous systems have shown stereoselectivity. The
(Cp):Ti(Ph); / MAO system, for example, produces isotactic poly]:cmpylene."S This
system is unusual, as most stereoselective catalysts are chiral molecules, such as racemic

1,l'—ethylenedi-ns-indenylzirconium dichloride.'” Whereas polymer configuration in

hy genous catalysis depends on the chirality of the crystal lattice, the chirality of the
molecule of the transition metal compound dictates configuration in homogeneous
catalysis.

The effects of steric and electronic modification of Cp rings on olefin
polymerization has been reviewed.'® The wide range of polymerization conditions and a
lack of quantitative evaluations has hampered drawing definitive conclusions. However,
some general themes are apparent. In (CpR);MCl, catalysts, electronic effect of R on

polymerization activity dominate over steric effects. The electron withdrawing groups

h 1

y by i ing philicity of the metal,

enhance catalytic activity, p!
resulting in more facile olefin coordination and insertion. Steric effects play a minor role

in polymerization activity unless R or the olefin are rather large and the metal is small (Ti



.......




vs. Zr). Steric considerations are thought to be more important in controlling the tacticity

of the polymer.

Olefin Polymerization Catalysts Supported by Nitrogen Containing Ligands
Modification of Cp ligands is not trivial. For that reason, as well as the plethora of

patents on Cp systems, investigation into non-Cp Ziegler-Natta catalysts has intensified.

In the following section, some examples of ligands systems currently under consideration

are discussed. All of the systems mentioned have the ad ge of easily

electronic and steric properties. It should also be noted that in cases where polymerization

is observed, activities are usually far lower than that of metallocenes.

Ar—y N—Ar Ar—nH  N—A

i S0
ST
S

()

©
R R
R—nH HN—R R—N_ HN—R \s %
N a2 NH HN—Bsg
iy
@ © ®

Figure 6 Examples of Cp Alternatives
a-diimines
There are late transition metal catalysts supported by o-diimines ligands (Figure
6(a) L™), which are active for olefin polymerization.'>?! In the most significant instances,

Brookhart has successfully polymerized ethylene and other o-olefins to high molecular






weights (at 1-4 atm and 0-25 °C) with [(ATN=C(R)C(R)=NAr)M(CH;)(OEt,)] [B(3,5-
CgH3(CFs),)s] (M=Pd or Ni, Ar = 2,6-diisopropyl benzene, R = Me or H).* Using a
similar system, the first copolymerization of ethylene and propylene with polar-

vinyl s to high molecular weight was also reponed.“ These

results are improvements over most late metal Ziegler-Natta type catalysts which tend to
dimerize or oligomerize olefins due to B-hydride elimination.”> Brookhart found that
reducing the steric bulk of the ligand by replacing the 2,6-diisopropyl benzene with 2,6-
dimethylbenzene resulted in less branched, more linear polymer with a decreased
molecular weight. The mechanism proposed in Figure 7 was based on exhaustive NMR
studies. The rate of exchange of bound ethylene on L@®Pd(Me)(OEt,) with free ethylene is

dependent on ethylene concentration. Ethylene displacement of the o-olefin in formation

of D in Figure 7 was theref d to be a dissociative hanism requiring
coordination of the ethylene to an axial position on the metal. The ortho substituents on

the aryl groups are arranged as to interfere sterically with such an approach. As a result,

£, q

when the ortho substituents are large, the chain termination transition state is di

and longer polymer chains (ie., higher molecular mass polymers) are produced.
Brookhart’s system nicely demonstrates the importance that even small changes of ligand

steric properties can have on catalyst reactivity.
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Figure 7 Brookhart Polymerization Mechanism

B-diketimine

Similar to a-diimines, B-diketimine (or bis(ketenimine)) (Figure 6(b) L“’)) ligands
are prepared by reaction of P-diketones with primary amines.”> Most usage of B-
diketimines has been with late transition metals.'”*** There are examples of B-
diketimine main group compounds.zs'” Surprisingly, little work has been carried out with
early transition metals””®  Lappert synthesized L®*MCl; (@L®* =
'‘BuC(NR)CHC(NR)Ph, R = SiMe3, M = Zr, Hf)(1) in 1994.7 It is interesting to note that
the ligand synthesis for this compound is not the usual condensation of primary amines
and a B-diketone. Lappert found that reaction of LiCH(SiMe;), with ‘BuCN results in the
formation of [C(SiMe3)HC(‘Bu)CN(SiMes)Li], (Figure 8). Adding two equivalents of
PhCN to this complex results in the formation of [L“”*Li]z which was then reacted with

ZrClj to give L®"ZrCl5.
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Figure 8 Lappert Ligand Preparation

It was only recently that Collins prepared several B-diketimine compounds of the
type L¥ZrX; and (L™),ZrX, (Ar = phenyl, R = methyl in Figure 6(b)).*® Alkane
elimination reactions were used to prepare L®Zr(CH,Ph); from Zr(CH,Ph); and L®H.
Amine elimination reactions involving addition of one or two equivalents of L™H to
Zr(NMe,), were used to synthesize L®Zr(NMe;); and (L™),Zr(NMe), respectively. L®”
Zr(NMe,); (Ar = p-CF;C¢H, in Figure 6(b)) was prepared by the same methods.
(L“’)')ZZr(NMcz)z was not thermally stable and could not be isolated in pure form. Chloro
derivatives (L™ZrCl;, L®"ZrCl;, and (L™),ZrCl,) were prepared by reaction of the
dimethylamido compounds with Me,NH(HCI) or MesSiCl.

Collins was able to alkylate the chloro derivatives with MeLi or PhCH,MgCl to
give (L“’))zZr(CHzPh)z and (L®),ZrMe,. Reaction of the chloro derivatives with CpLi and
IndLi also gave L®ZrCpCl,, L®ZrIndCl,, and L™ ZrCpCl,.

After comparing X-ray structures of (L®),Zr(NMe); and L®ZrIndCl,, Collins
suggested that the B-diketimine ligands can modify their mode of coordination to the
metal in response to the donor properties of the ancillary ligands. For example, in
(L®),Zr(NMe,), with its strong m-donor ligands, the B-diketimine ligand presumably acts

as a 20, 4e” donor to give a 16 ¢ compound. On the other hand, in the more electron






deficient L®ZrIndCl,, hapticity of the B-diketimine ligand shifts from 1” to n° to increase

T coordination of the ligand to the metal . The 7t-donation from the B-diketimine ligand,

however, is assumed to be weak.

Octamethyltetraazaannulene (Mestaa)
Megstaa (Figure 6(c)), a macrocyclic analog of B-diketimines, has been used by

Jordan™ to stabilize group 4 transition metals. This ligand is prepared via a Ni-templated

cond ion of 24-p di and 4,5-dimethyl-1,2-phenylenediami Salt-

ion, alk: limination, and ine-elimination reactions similar to those

described previously were used to synthesize chloride, alkyl, and amide complexes of the
form (Megtaa)MX,, (X = Cl, Me, CH,SiMes, CH,Ph, CH,CMes, NMe;, NEt; M = Zr, Hf).

All of the resulting complexes have a cis out of plane structure (Figure 9).

Figure 9 cis-Out of Plane Structure

Migration of a Zr bound methyl group to an electrophilic Megtaa imine carbon
was observed for (Megtaa)ZrMe,. This migration is accelereated by a Lewis base to yield
(Mey.taa)MX (base). Alkyl migrations did not occur in the bulkier zirconium analog (R =
CH,SiMes) or in the analogous halfnium compounds (R = Me, CH,SiMes). Such
migrations have been observed for the similar (Mestaa)MR, and (Mestaen)MR,

complexes}‘






The cationic species [(Mestaa)MR'][B(CFs)s], formed by protonolysis of

(Megtaa)MR, with [HNMePhy][ B(C¢Fs)s] or [HNMe,Ph][ B(C¢Fs)s] polymerized
ethylene poorly. Jordan proposed that the [(Megtaa)MR*][B(C¢Fs)s] compounds have a
low tendency toward formation of m complexes with alkenes and alkynes.
Diamines

The first example of living polymerization of aliphatic a-olefins at room
temperature was reported by McConville.*? The cationic alkyl complex derived by methyl
anion abstraction from the diamine compound [ArN(CH,);NAr]TiMe, (Ar = 2,6-
diisopropylbenzene, 2,6-dimethylbenzene) is the catalyst that performs this living
polymerization. The diamine ligands in this report (Figure 6(d), L'”) were prepared by

reaction of two equivalents of LiNHAr with Br(CH,);Br (two equivalents of

tetr hylethylenediamine were y to prevent formation of an undesired
elimination product, AINHCH,CH=CH,).

McConville also reported the polymerization of aliphatic a-olefins by
[ATN(CH,)sNAr]TiX; (X = Cl, Me Ar = 2,6-diisopropylbenzene, 2,6-dimethylbenzene)
activated with methylaluminoxane (MAO).33 Zirconium analogs of the type L“”Zer X=
Cl, NMe,;, Me, CH,Ph) have also been synthesized.34 Polymerization (as well as
production of oligomers) of 1-hexene was observed when L9ZrMe, was activated with
MAO at 68 °C. Chain end analysis suggests that a cationic alkyl [L9ZP]* (P = polymer)
inserts 1-hexene in a 1,2 fashion (similar to the L“TiMe, system) followed by B-hydride
elimination. It appears that chain transfer to the aluminum (and not P-hydride

elimination) is the mechanism of chain termination in the titanium/MAO system, as



olefinic resonances have not been observed in the *C{'H}-NMR spectra of the polymer

or oligomers produced.

As opposed to L“TiMe,/B(CgFs)s, which produced a living polymerization at 23
°C, L'ZrMe,/B(CeFs); was not active for polymerization 1-hexene at 23 °C. Reaction of
equimolar amounts of L““ZrMez and {Ph3;C}[B(C¢Fs)s] did oligomerize 1-hexene at 23

°C, but no evidence of high polymer was found.

Amidinates

Amidinate ligands (Figure 6(e) L) are used frequently to prepare various types of
complexes with main gmup,35 transition®®®® and lanthanide® metals. These bidentate
ligands are four electron donors with a small chelating angle (~115°). The steric
properties are thought to lie somewhere between those of Cp and Cp*.¥’ Being “harder”

in ch than Cp, amidi should form highly polarized M-N bonds leading to a

more electrophilic metal.”*!

Eisen has reported that generation of ‘cationic’ compounds from reaction of
(L9),ZCl, (R = SiMe; and R’ = Ph or tolyl) with MAO resulted in polymer active
catalyst.*® It was observed that smaller ratios of MAO/catalyst improved the catalytic
activity and molecular weights of the polymer. The opposite is true of early transition
metal Cp systt:ms39 where the high amounts of MAO cocatalyst required can limit
economic viability. These increases are attributed to the role of MAO in chain
termination processes (alkyl transfer, etc.,).

Rausch has synthesized the titanium amidinate compounds L®Ti(O'Pr)s,

{L®TiCls},, L®TiCl3(THF), and L“TiCl3(PMes) (R = SiMe; and R’ = Ph) and found







them to be active in the polymerization of styrene when activated with MAO.* The

resulting polymer was highly syndiotactic. {L®TiCl;}, had the highest activity followed
by LOTi(O'Pr)s. LOTiCl3(THF), and L”TiCl;(PMes) had the lowest activities due to the
electron-donating THF and PMe; groups which greatly deactivate the metal. (L), TiCl,
did not polymerize ethylene.

{LOTiCl3},, LTi(O'Pr)s, (L)), TiCl, and (L*),ZrCl, when activated with MAO
were found to react very slowly with ethylene at 20 °C and not at all with polyethylene
under similar conditions.

Surprisingly, (L®),ZrtMe, and (L),TiMe, were found to be inactive for
polymerization of ethylene or propylene when activated with Ph3C[B(C¢Fs)s]. However,
Amold has isolated (L*),ZrMe[MeB(CFs);] from reaction of (L),ZrMe, with
B(CeFs);. This species was found to be moderately active toward ethylene
polymerization.*!

Richeson was able to prepare an amidinate family consisting of (L),MCl, (R =
cyclohexane, R’ = Me for M = Zr, Ti, Hf and tert-butyl for M = Zr) and (L),MMe; (R’
= Me, M = Zr).*? All compounds polymerize ethylene when activated with MAO.
Lowering the ratio of MAO/catalyst resulted in slight increase in molecular weight

similar to Eisen’s findings.

bis(borylamines)
Schrock has synthesized group 4 transition metal complexes stabilized by the
bis(borylamine) ligand [Mes;BNCH,CH,NBMes,]* (Ben”) (Figure 6(f)).* The Ben

ligand is made by reaction of H,NCH,CH,NH, with (1) 2LiBu/THF and (2) 2Mesityl,BF



to yield Mes,BNHCH,CH,NHBMes, (Hy(Ben)). Schrock was able to synthesize the
dichlorides (Ben)TiCl, and (Ben)ZrCl(THF). From the former, monoalkyl- and
dialkyltitanium derivatives were made ((Ben)TiRCl (R = CH,Ph, CH,CMe;) and
(Ben)TiR; (R = CH,Ph, Me) by reaction with corresponding Grignard reagents. Though
(Ben)ZrMe, was prepared analogously, it was less thermally stable than (Ben)TiR, and
was found to undergo metallation of an ortho methyl group to form a dicyclometalated
compound. Reaction of (Ben)TiMe;, with B(CgFs); results in [(Ben)TiMe][MeB(C4Fs)s]
which did not polymerized ethylene readily at 25 °C and 1-2 atm possibly in part due to a
strong binding of the anion to the metal. Schrock concludes that a steric increase on the
Ben ligand is required to expel the [MeB(CFs)s] in the presence of ethylene and also to

prevent the dimerization observed in (Ben)ZrMe;.
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Figure 10 Polylactides

Polylactide materials (Figure 10) are ideal for employment in a wide range of
medicinal applications from absorbable wound dressings and sutures to controlled release

degradable. As with

drug capsules, because they are bi pati i , and bi

any polymer, controlling the properties of the polymer to best fit the desired application is

paramount.






Tin and zinc octanoates, M(O,CR),, are the most common dilactide
polymerization catalysts.* Catalysts of this type offer little in the way of electronic or
steric adjustability. Also, they have several sites of polymer initiation leading to multiple
chain transfers and an ill-defined polymerization. A catalyst with tunable steric and
electronic properties and a single initiation site would be more ideal.

The cyclic monomer 3,6-di(alkyl or aryl)-1,4-dioxane-2,5-dione (dilactone)

contains two chiral centers and can form a polylactide by a ring-opening polymerization

(ROP). By ad the and steric i of the catalyst, one might
achieve kinetic resolution via polymerization of a racemic modification of dilactone.
Potentially, catalytically selective polymerization of one enantiomer (and the meso-
monomer (ex. R, R and R,S)) would leave the S,S monomer in solution (Figure 11). The

S,S monomer could then be polymerized into a stereoregular polymer (S,S) or hydrolyzed

H
oy
o

to produce the enantiomerically pure lactic acid derivatives.
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Figure 11 Kinetic Resolution of Polylactides Via Polymerization






In order to encourage and sustain polymerization, a highly electrophilic metal is

desired in an asymmetric catalyst. The ligand sphere is designed to control the reactivity
of that metal. It should ultimately be composed of two parts: an active moiety and an inert
moiety. The active moiety is responsible for initiating the reaction and should be easily
dissociated from the metal. The inert moiety should be unreactive and control the activity
and stereoselectivity of the reaction. This inert moiety must have adjustable steric and
electronic properties, so it can be customized to exclusively select (or exclude) a
particular substrate.

We are interested in exploring the polymerization activity of compounds with
group 4 transition metals. Plus four (d°) oxidation states yield a highly electrophilic metal.
As a consequence, they tend to form bonds that are more ionic in character. This
increased polarization causes these bonds to be innately more reactive (a beneficial
quality for ligands that might initiate polymerization (ie. active moiety)).

Bis mono- and diketimines ligands are employed as the inert components because
their facile synthesis from 2,4-pentadione and primary amines facilitates tuning steric and
electronic properties by varying the amine. The alkene proton (at ~ 6 — 4 ppm) and methyl
protons (at ~ 2 ppm) also provide diagnostic 'HNMR spectroscopic handles. A schematic

of the general synthesis is shown in Figure 12.
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Figure 12 General Ligand Synthesis

Initial stages of this project involve synthesizing a family of compounds of the
type L,MX, (Figure 13) and surveying their reactivity. Then, using different groups for R'
and R, chiral transition metal complexes may be synthesized. These chiral complexes
could ultimately be used as asymmetric polymerization catalysts.

As racemic mixtures of these compounds may be difficult to separate, utilization
of amino acids (L-phenylalanine, L-cysteine, L-valine, etc) and other chiral R groups are
of interest. Figure 13 demonstrates how a chiral metal produces a pair of enantiomers,
which may be difficult to resolve. On the other hand, a chiral metal with a chiral ligand

(R = L-phenylalanine) produces di bmers, which should be resolvable by fractional

crystallization.

21






Mirror

a) Enantiomers

Mirror
H (CHzPh Hoog,, H

Nkcoou phuzc’k /D
Now, | X Xo, 1 WN-
RN 70 Ze"N~R

b) Diastereomers

Figure 13 Synthesizing Diastereomers vs. Enantiomers

What follows are details of the syntheses and characterizations of a family of

compounds that show promise as precursors to asymmetric catalysts.
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Chapter 2

RESULTS AND DISCUSSION

Ligand Synthesis

Synthesis of diketimine 2b (Figure 14) was of interest because of the large
sterically demanding R groups. Figure 14 summarizes the results of this effort (see
Chapter 3 for experimental details).

The syntheses proceeded well with the exception of the final step (the second
amine condensation). The large bulk of the R group probably inhibits condensation of the
second amine. Successful synthesis of other sterically demanding ligand systems (namely
R' =R’ = mesityl or 2,6-diisopropylphenyl) suggest that this step may indeed be
achievable in good yields. Compound 2a (4-(bis 3,5-(3,5-di-tert-butylphenyl)-
phenylimino)-pent-4-en-2-one) is potentially useful as the monoimine or in combination
with a second less bulky amine (ie., p-tolyamine or alkylamines). The large R group
might be effective as a blocking group. At the very least, the preparation of compound 2a
demonstrates some of the versatility in amine synthesis that may be applied to ligand

design.
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Synthesis of LMX; and L,MX, Type Compounds via Lithium Salt Metathesis

Previously in our group, a family of monoketimines consisting of
(TP),ZrCly, (TP),TiCl, and (TMP),TiCl, (TP = 4-p-tolylimino-pent-4-en-2-one and TMP
= 4-(2,4,6-trimethylphenylimino)-pent-4-en-2-one) were synthesized via metathetic
reactions and fully characterized.* The general synthesis of L,MCIl, compounds was
achieved via a lithium salt metathesis method. The general scheme is shown in Eq (1)
(Li(L) = Li(TTP) and Li(DDP), M = Ti or Zr).

Eq(l) MCl+nLi(L) =< (L),MCly, + nLiCl

The lithium salts of the B-diketimine ligands were prepared in excellent yield by
reaction of the B-diketimine free base with n-butyl lithium. The ligand lithium salt was
collected from ether as light colored precipitate (white to yellow).

Addition of two equivalents of the lithium salt of the TTPH ligand (Li(TTP)) to a
stirred toluene suspension of ZrCl,(THF), resulted in the formation of (TTP),ZrCl, (3) in
50% yield. The significant shift of the backbone alkene proton resonance from 4.67 ppm
for Li(TTP) to 5.34 ppm was indicative of metal coordination. The room temperature 'H
NMR spectrum exhibits two methyl resonances, one corresponding to the tolyl moieties
and the other corresponding to the ligand backbone (Table 1). Upon cooling (-50 °C),
four methyl signals are observed suggesting cis-chloride configuration and a C;
symmetry. An X-ray crystal structure (Figure 16 and Appendices that contain X-ray
collection parameters and bond lengths and angles) indicates a C, symmetry with cis
arrangement of the chlorides in an octahedral metal environment. (TTP),ZrCl, obviously

interchanges between enantiomers at room temperature. An analogous compound,
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(PPP),ZrCl, (PPPH = 2-phenylamino-4-phenylimino-2-pentene), was prepared by Collins

via reaction of (PPP),Zr(NMe,), and two equivalents of [Me,NH,][CI].”® (PPP),ZrCl,
demonstrates similar spectroscopic characteristics. The Bailar twist mechanism*® (Figure
15) proposed for (PPP),ZrCl, also accounts for the observed fluxional behavior of
(TTP),ZrCl,. In both cases, the enantiomers interconvert rapidly on the NMR time scale
via a trigonal prismatic intermediate in which both backbone methyls (and both tolyl
methyls respectively in the case of 3 are equivalent).

/z,xc' V¥ — )

Figure 15 Bailar Twist Mechanism
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Table 1 '"H NMR Data for (TTP),ZrCl,, (TTP)TiCl;, and Li(TTP)

Compound 3 ppm Appearance Assignment
Li(TTP) 6.91 d,4H,/=80Hz aromatic
(CDCl3) 4.01 d,4H,/=8.0Hz aromatic

435 s,1H alkene
2.25 s,3H CH3 oyt
1.61 s,3H CH3 backbone

(TTP),ZcCl, 7.01 d,4HJ/=8.1Hz aromatic

(CDCl3) 6.71 brs,4H aromatic
5.34 s,1H alkene
228 s,6 H CH3 091
1.63 s,6 H CH3 backbone

(TTP)TiCl3 7.23-.13 m, 8 H aromatic
(CDCl3) 6.03 s,1H alkene

2.36 s,6 H CHj3 11
2.12 s,6 H CH3 vackbone
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Figure 16 ORTEP Diagram of (TTP),ZrCl,
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(TTP),ZrCl, was found to initiate the polymerization of 3,6-dimethyl-1,4-

dioxane-2,5-dione (dilactone) when combined with 4-tert-butylbenzyl alcohol at ~180
°C.*" Polymerization was identified by the appearance of a broad signals at ~5ppm and
1.53 ppm in '"H NMR.
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Figure 17 Cationic Mechanism of Ring Opening Polymerization

Figure 17 shows the probable mechanism for the polymerization.* Assuming this
mechanism, an alkoxide group would replace a chloride forming HCI. The generation of
HCI could destroy catalyst and is therefore undesirable. It also seems possible the alcohol
may displace the ligand instead of the chloride. Loss of ligand results in loss of any
possible reaction control. Complexes with alkoxides as initiating ligands are therefore
better candidates. Efforts to prepare L,M(OR), type compounds have met with success

(vide infra).
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Reaction of one equivalent of Li(TTP) with ZrCl4(THF); gives only (TTP),ZrCl,.

However, Collins was able to make (PPP)ZrCl; by reaction of (PPP)Zr(NMe,); with three

1.28 (TTP)ZrCl; was synthesized analogously.*®

equivalents of Me3SiC

Reaction of one equivalent of Li(TTP) with TiCls gives (TTP)TiCl; (4) as dark
purple crystals in 84% yield. The 'H NMR spectrum shows a larger downfield shift of the
backbone alkene proton (6.03 ppm) than in 3 (Table 1) An X-ray structure was obtained
(Figure 18 and Appendices). The titanium appears to be five coordinate square pyramidal
with chloride occupying the apical position and the other two chlorides and two nitrogens
at the basal positions. The metal is out the plane of the ligand and seems to interact with
the m-system of the diketimine in an “n®" fashion evidenced by the puckering of the
backbone. Lappert’s compound 1 is similar to 4. It also contains an out of plane metal,
which may indicate ns character for the diketimine. The metal environment, in contrast to
4, is described as distorted trigonal bipyramidal.”’

Reaction of one equivalent of Li(DDP) with freshly sublimed ZrCl, gives
(DDP)Z<Cl; (5) as yellow crystals in 51 % yield. The isopropyl methyls appear as a pair
of diastereotopic doublets in the 'H NMR spectrum (Table 2). An X-ray crystal structure
(Figure 19 and Appendices) was determined. It showed the arrangement around the
zirconium to be square pyramidal. One of the chlorides resides at the apical position with
the other chlorides and the nitrogens basal. Others in our group have found that reaction
of (DDP)ZICl; with three equivalents of MeLi gives (DDP)ZrMes in moderate yield.***°
The X-ray structure of this compound shows the atoms around the metal to be arranged in

a square pyramid with a methyl group at the apical position.
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Table 2 'H NMR Data for (DDP)ZrCls, (DDP)ZrCIl;(THF), (DDP)TiCl;, and

Li(DDP)
Compound 3 ppm Appearance [A
Li(DDP) 7.16 m, 6 H aromatic
(C6D¢) 4.86 s,1H alkene
3.10 sept,4H,/=6.9Hz | CH(CH;),
1.79 s,6 H CH3 backbone
1.17 d,12H,J=69 Hz CH3 isopropyl
1.14 d, 12H,J=6.9Hz | CHj3isopropyi
(DDP)ZrCls 7.43-20 m, 6 H aromatic
(CDCl3) 5.90 s,1H alkene
3.05 sept,4H,J=6.9 Hz CH(CHs;),
1.94 s,6 H CH3 vackbone
1.37 d,12HJ=69Hz CHj isopropyl
1.18 d,12H,J=6.9Hz | CH3isopropyl
(DDP)ZrCls(thf) 7.15 s,6 H aromatic
(CéDs) 543 s,1H alkene
3.90 m,4H THF
3.58 sept,4H,/=6.8 Hz | CH(CHs),
1.65 s,6 H CH3 backbone
1.54 d,12H,J=6.8Hz | CHj3isopropyl
1.10 d,12H,J=6.8Hz | CH3isopropyi
1.05 m,4H THF
(DDP)TiCl3 7.20 m,6 H aromatic
(CDCl3) 6.26 s,1H alkene
297 sept,4H,/=6.6Hz | CH(CHs),
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