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CHAPTER 6

Catalysis with Pyridine Alcohols and Thiols.*

Abstract: A combinatorial approach for the diethylzinc addition to four different aldehydes

was used to test the pyridine alcohols and thiols described in Chapter 2 and 3 as chiral

catalyst in enantioselective reactions. Moderate to high enantiomeric excesses were obtained.

The enantiomeric composition of the reaction mixture was analyzed by means of chiral GC.

Best results were obtained with cis-2.3g as ligand. A pure heuristic explanation for the results

was used to devise a possible mechanism with its intermediates 6.15. With these postulated

intermediate structures it was also possible to explain the inactivity of the trans-2.3g ligand.

The pyridine diols 2.1e and cis-cis-2.1g were found to be completely inactive whereas the

dithiol 3.1f was found to give the alcohols only in very low yield. A tightly bound zinc ion in

the cavity of the ligands is thought to be the reason for this.

A dibenzyl zirconium compound 6.17 of pyridine diol cis-cis-2.1g was synthesized.

The ligand binds in a meridional fashion to the metal center, inducing a C2-symmetric

geometry. Reaction of the dibenzyl zirconium complex 6.17 with tris(pentafluorophenyl)-

borane resulted in the formation of a cationic benzyl species 6.18. In d8-toluene, the electron

deficient metal center is stabilized by coordination of the benzyl borate anion. In d5-

bromobenzene, a solvent separated ion-pair 6.18b is formed in which the remaining benzyl

�����������
2-coordinated to the metal center. Treatment of the dibenzyl zirconium compound

with trityl tetrakis(pentafluorophenyl)borate results in the formation of a similar solvent

separated ion pair 6.19. Both the solvent separated and the contact ion-pair are active in the

polymerization of �	
������; resulting in the formation of fully atactic polyolefins (Activity:

0.9 kg·mol-1·h-1 for 6.19 in the polymerization of propene).
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6.1 Asymmetric 1,2-Addition of Diethylzinc to Aldehydes.

6.1.1 Introduction.

One of the most intensively studied catalytic asymmetric transformation in organic

chemistry is the 1,2-addition of dialkylzinc reagents to aldehydes like benzaldehyde 6.1a.

Several catalysts have been found to give high enantioselection (>98%) in the formation of

the addition product 6.2a (Scheme 6.1).

Ph H

O

Ph

OH
Et2Zn

1) chiral catalyst

2) H3O++

6.1a 6.2a

Scheme 6.1 Asymmetric 1,2-addition of diethylzinc to aldehydes.

Although the product of this type of reaction is of little practical interest, this well

documented reaction today has become a standard test reaction to study the catalytic

properties of newly prepared ligands. The reaction of Scheme 6.1 is easy to perform,

reproducible and in absence of the catalyst the reaction proceeds sluggishly and often

reduction of the aldehyde to the alcohol is observed.1 Many types of ligands such as

diamines,2 titanium alkoxides,3 chinchona alkaloids,4� 
������ �
���� �	����
� ���
�
���
5

proline derivatives,6 TADDOLs,7 bipyridines,8 and ephedrine derivatives9 catalyze this

reaction. Amino alcohols are the most often used and best studied ligands.10 The analogous

amino thiols have been a subject of study in our group.11

The mechanism of the addition of diethylzinc to aldehydes for the use of amino

alcohols as ligand is well known because of the work of Soai12 and Noyori13 (Scheme 6.2). In

a first step the diethylzinc reacts with an amino alcohol to form a monomeric zinc alkoxide

6.3, which is in equilibrium with the dimeric alkoxide 6.4. The dimeric alkoxide 6.4 is

inactive and dissociates easily to the active monomeric zinc alkoxide 6.3. This alkoxide

subsequently forms the monoalkoxide diethylzinc complex 6.5 upon reaction with another

equivalent of diethylzinc or the monoalkoxide-aldehyde complex 6.6. Addition of the

aldehyde to 6.5 leads to the formation of intermediate 6.7, which can also be formed from 6.6

by addition of an equivalent of diethylzinc. Attack of the aldehyde at the carbonyl carbon in

intermediate 6.7 yields the alkoxide 6.8, which is converted back to the complex 6.5 or 6.6

upon addition of diethylzinc or aldehyde, respectively. The zinc alkoxide 6.9 is split off

during this conversion. Workup of this alkoxide 6.9 affords the alcohol 6.2.
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Scheme 6.2 Proposed mechanism for the diethylzinc addition to aldehydes.

Intensive research on the intermediate 6.7 let to various proposed structures. Evans

and Corey postulated 6.7a as an intermediate in which a six membered transition structure is

adapted.14,9a Itsuno and Fréchet proposed a �-O transition structure 6.7b in which the

aldehyde is bridged between two zinc ions.5 Noyori proposed a �-R transition structure 6.7c,

which involves bridging of alkyl groups.15
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Theoretical studies have been carried out by Noyori using MP2/HF ab initio methods

to compute the transition structures with 2-aminoethanol as ligand in a model reaction

between ZnMe2 and formaldehyde. Two low energy �-O transition structures, syn and anti,

were located, but no �-R structures as proposed before were found.16 Similar results were

�
��������������������
����
���
����
����������	����
����
�
���
17
��
����������
����������	

amino alcohols four possible transition structures 6.10 were found. The Phin geometries of �-

O transition structures were highly disfavored both for syn and anti structures due to strong

steric repulsions. These unfavorable interactions arise for syn structures from the close

distances between the Phin groups and the zinc chelate ring and for the anti structures from

the close distances between the Phin groups and the alkyl groups (R) attached to zinc.
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A remarkable non-linear correlation between the enantiomeric excess of the catalyst

and the product was observed by Noyori.15 With optically pure (-)-3-exo-

(dimethylamino)iosborneol (DAIB) as chiral ligand the formation of 6.2a proceeded in an ee

of 99%. However, using the catalyst in an ee of only 15% the product 6.2 is obtained in an ee

of 95%. The reason for this behavior can be found in the formation of a stable meso-dimer

6.12 between the minor and major monoalkoxides 6.11 of DIAB (Scheme 6.3). The meso-

dimer 6.12 is relatively stable and does not catalyze the reaction. The major isomer at the

same time forms a chiral dimer 6.13, which easily dissociates to the reactive monomer 6.11.

The relative stability of the meso-dimer 6.12 enhances the enantiomeric purity of the actual

catalyst and so enhances the enantioselectivity in the formation of the product 6.2a. Similar

non-linear effects in the diethylzinc addition to aldehydes were also found by others.18
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Scheme 6.3 Non-linear effects in the enantioselective diethylzinc addition

6.1.2 Combinatorial Approach.

Thus far many compounds have been tested as ligands in the enantioselective addition

of diethylzinc to aldehydes and it was of obvious interest to test our pyridine alcohols and

thiols in this reaction as well in order to gain information in the transfer of chirality of the

ligand onto the substrate. In chapter 5 it was shown that in the palladium catalyzed allylic

substitution the enantiomeric outcome was greatly affected by small changes in the ligand as

was predicted based on the proposed intermediates.19 With insight into the well studied

mechanism for the diethylzinc addition important features of substituents of the pyridine

alcohols and thiols can be examined.

However, testing the selectivities of chiral catalysts in the conversion of various

substrates is a time-consuming work. Therefore Gennari20 and Liskamp21 introduced a

method for testing ligands on a library of substrates. A library of four aldehydes was added to

a catalyst in the presence of diethylzinc (Scheme 6.4). After workup of the reaction mixture

the products mixture was subjected to chiral GC and the conversions and enantioselectivities

of the individual alcohols were determined. Using this method only ¼ of the number of single

substrate reactions has to be carried out and information on substituents and their effects on

the enantioselection can be obtained quickly.
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Scheme 6.4 Combinatorial approach for the diethylzinc addition.

6.1.3 Results with Pyridine Alcohols and Thiols.

Our pyridine alcohols and thiols exhibit the same functional groups as the amino

alcohols and thiols: a nitrogen for complexation of the zinc (although embedded in a pyridine

ring) and an alcohol or thiol function which can form a bond with the zinc atom. Therefore

these ligands were expected to behave analogously to the amino alcohols already known.

Application of these ligands in the combinatorial approach of the diethylzinc addition to a

mixture of aldehydes indeed afforded the corresponding alcohols (Table 6.1). When camphor

based pyridine alcohol 2.3e was used as ligand the alcohols 6.2 were obtained in moderate to

good ee. The products were all formed as the R-enantiomer.22 The best selectivities were

found for the aldehydes 6.1a, 6.1b and 6.1d with the phenyl or cyclohexyl group directly

adjacent to de aldehyde functionality. It seems that steric bulk is important for the selectivity

and a drop in the ee is expected when this bulk is linked with a (CH2CH2) spacer. When the

pyridine alcohol 2.11e, which lacks the methyl group on the pyridine ring, was used as ligand

the same configuration of the alcohols 6.2 was observed, but the enantiomeric excesses were

much lower than for ligand 2.3e. This observation is in accordance to the results found for the

pyridine sulfides in the palladium catalyzed allylic substitution (see Chapter 5). Again the

methyl group seems to have a great influence on the enantiomeric outcome of the reaction.

Table 6.1 Test results with pyridine alcohols.

Ligand Enantiomeric excess of alcohols 6.2 (configuration)

6.2a 6.2b 6.2c 6.2d

2.3e 76 (R) 76 (R) 46 (R) 75 (R)

2.11e 37 (R) 17 (R) 31 (R) 22 (R)

2.3f (exo/endo) 74 (S) 63 (S) 32 (S) 65 (S)

2.11f (exo/endo) 41(S) 23(S) 34(S) 26(S)

2.11f (exo) 45 (S) 20 (S) 36 (S) 20 (S)

2.3g (cis) 87 (S) 58 (S) 44 (S) 62 (S)

2.3g (trans) l.c.a l.c. l.c. l.c.

2.3g (cis/trans) 83 (S) 56 (S) 41 (S) 58 (S)

a) l.c. = low conversion
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The fenchone based pyridine alcohol 2.3f was synthesized as a mixture of exo and endo-

isomers (1:1), which could not be separated (see Chapter 2). Application of this mixture of

isomers in the catalytic reaction afforded the alcohols 6.2 as the S-enantiomer in good

enantiomeric excesses. Although this mixture was used as a mixture of isomers there still is a

preference for the formation of one of the enantiomers of the products. When the pyridine

alcohol 2.11f  was used as a mixture of isomers (endo/exo = 2:3) the same configuration of

the products was obtained and lower enantioselection was observed. The use of the purified

exo-2.11f in the catalytic reaction gave rise to nearly the same results as for the mixture of the

enantiomers. From this can be concluded that the endo-isomer hardly influences the reaction

probably because it has a mismatched configuration. The same phenomenon was found when

both isomers of the menthone base pyridine alcohol 2.3g were used. The cis-isomer led to a

high enantiomeric excess of the alcohols 6.2 whereas trans-2.3g hardly gave any product at

all. A mixture of both isomers in turn gave comparable results as the cis-isomer. For this

system the trans-isomer is an extreme mismatched isomer that does not lead to a catalytic

reaction at all.

When pyridine thiol 3.11f was applied in the combinatorial catalytic reaction the products

were found in a low enantiomeric excess with best results for benzaldehyde. The products all

were formed as the S-enantiomer. When the pyridine thiol 5.8, which lacks the methyl group,

the products were formed as the R-enantiomer. As was seen in this reaction before for the

camphor based pyridine alcohols 2.3e and 2.11e the methyl group has a large influence on the

enantiomeric outcome. In the case of the pyridine thiols lack of the methyl group gives rise to

the other enantiomer and also to an increase in the enantioselectivity. The pyridine sulfides

5.4 ((-)-5.4e shown as an example) did not give any conversion in the catalytic reaction. This

is not surprising as these ligands lack the necessary thiol/alcohol functionality to activate the

zinc.

Table 6.2 Test results with pyridine thiols.

Ligand Enantiomeric excess of alcohols 6.2 (configuration)

6.2a 6.2b 6.2c 6.2d

3.11f 35 (S) 19 (S) 12 (S) 15 (S)

5.8 47 (R) 57 (R) 31 (R) 31 (R)

(-)-5.4e - - - -

When pyridine diols 2.1e and cis-cis-2.1g were used in the catalyzed reaction no

conversion was observed. The diethylzinc probably deprotonated both alcohol functionalities

and forms a stable zinc-complex that is not catalytically active. When pyridine dithiol 3.1f

was used as ligand the products were found with only low conversion (3-5%) and with a low

ee. Here again the diethylzinc deprotonates the thiol groups and forms a stable zinc complex.
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Activation of the diol or dithiol ligands by the addition of TMEDA, as nitrogen activator, as

described by Mikami, did not lead to any improvement of the conversions.23 The addition of

a diamine does not lead to the formation of an active catalyst probably because the zinc is too

firmly embedded in the ligand.

Table 6.3 Test results with pyridine diols and dithiols.

Ligand Enantiomeric excess of alcohols 6.2 (configuration)

6.2a 6.2b 6.2c 6.2d

2.1e - - - -

cis-cis-2.1g - - - -

3.1f 22 (S) 3 (R) 10 (R) 8 (R)

6.1.4 Proposed Intermediate.

The best results were obtained with the menthyl pyridine alcohol cis-2.3g. We have

made attempts to explain this induction of the chirality using the methyl derivative cis-2.3g

based on other proposed anti and syn transition structures in literature.16,17 No efforts were

made to gain mechanistic evidence on the basis of possible intermediates. A pure heuristic

explanation for the results was used to devise a possible mechanism with its intermediates.
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Addition of diethylzinc to the pyridine alcohol cis-2.3g leads to the deprotonation of the

hydroxyl group forming a six-membered intermediate in which the zinc is also coordinated to

the pyridine nitrogen. The most probable conformation of the menthyl moiety is that the

cyclohexane ring attains a chair conformation with the methyl, isopropyl and benzyl groups

in an equatorial position and the hydroxylate in an axial position. The boat conformation of

the nitrogen-zinc-oxygen ring is forced, by steric hindrance of the menthyl moiety and the

pyridine ring, to attain such a conformation that the oxygen and the menthyl carbon-atom are

below the plane of the pyridine ring. The ethyl-group on the zinc atom is forced upwards by

steric interactions with the pyridine methyl. Complexation of a second equivalent of

diethylzinc and of the aldehyde theoretically leads to the formation of 6.15-syn or 6.15-anti
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both in the Phin and Phout forms.  In the 6.15-anti structures steric hindrance between the

isopropyl group and the bridging ethyl group is expected. Because of this steric hindrance

this structure will contribute to a minor extent in the formation of the product 6.2a. The

structures 6.15-syn lack this steric hindrance, though steric repulsion between the pyridine

methyl and the Ph of the aldehyde in the structure Phin 6.15-syn also disfavors this

intermediate structure. These unfavorable interactions are absent in the Phout 6.15-syn

structure, which therefore is expected to contribute mostly in the formation of the alcohols

6.2a. After addition of the ethyl group to the aldehyde in the intermediate structure Phout

6.15-syn the S-conformation of the product 6.2a is formed in accord with the catalytic

reactions.

Compound trans-2.3g was found to have no catalytic activity in the addition of

diethylzinc to aldehydes. By having a closer look at the proposed intermediate this

observation can be explained. Addition of diethylzinc to the pyridine alcohol trans-2.3g leads

to the deprotonation of the hydroxyl group forming a six-membered intermediate 6.16. The

conformation that is attained by the menthyl moiety has the methyl, isopropyl and

hydroxylate in an equatorial position and the benzylic group in an axial position. The boat

conformation of the nitrogen-zinc-oxygen ring is forced by interference of the isopropyl

group and the pyridine ring to attain a conformation in which the oxygen and the menthyl

carbon-atom are above the plane of the pyridine ring. Addition of the aldehyde to the zinc

leads to a shielding of the oxygen and addition of another equivalent of diethylzinc leads to

shielding of the other zinc. Hence a complete transition structure can not be obtained.

6.16

N

Et

Zn
O

Me

6.1.5 Conclusions.

Application of the pyridine alcohols and thiols in a combinatorial approach of the

diethylzinc addition led to interesting results. Moderate enantiomeric excesses were obtained

in the screening of four different aldehydes. The enantiomeric composition of the reaction

mixture was analyzed by means of chiral GC. Based on experimental data from literature a

rational explanation for the enantiomeric outcome in the use of cis-2.3g as ligand was

proposed. With the postulated intermediate structure it was also possible to explain the

inactivity of the trans-2.3g ligand. The pyridine diols 2.1e and cis-cis-2.1g were found to be
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completely inactive whereas the dithiol 3.1f was found to give the alcohols only in very low

yield. A tightly bound zinc ion in the cavity of the ligands is thought to be the reason for this.

6.2 Pyridine Diols as Polymerization Catalyst.

6.2.1 Introduction.

Over the past decades many advances have been made in designing new olefin

polymerization catalysts that have maximum control over the polymerization process.24 As a

result metallocene catalysts have been developed for the stereospecific polymerization of

�	
����������� ������� ������
������
�� ���� ������� ����� ��������� 
�� ����������� �������� 
�� ���

ligand bound to the electrophilic metal ion, the microstructure of the resulting polymer can be

controlled efficiently.24a,f Non-cyclopentadienyl based ancillary ligand systems are attracting

increasing interest. These ligands give rise to new olefin polymerization catalysts that can

have interesting polymerization properties.24d-e,25 Only few examples are known of complexes

with non-cyclopentadienyl based ligand systems that are able to control the stereochemistry

of the resulting polymer as do many of their metallocene counterparts.25a,e

The use of pyridine diols as polymerization catalyst has been reported before; with

metals like Zr and W active catalysts are formed.26 With the use of the chiral pyridine diol

2.1g we hoped to synthesis a chiral dibenzyl zirconium compound that can induce isotactic

polymerization. Dianionic tridentate ligands can bind to group 4 metals in a facial or a

meridional bonding mode depending on the donor function, the rigidity of the backbone and

the steric demand of the substituents on the anionic functions (Figure 6.1).24e, 27 Ligands with

������������������	�
�
���������������������������������������������
���������
����������
��

are preferably meridionally bound. The pyridine-diolate ligand is therefore likely to bind in a

meridional conformation. This will induce a C2-symmetric coordination sphere at the metal

center comparable to the ansa-metallocene complexes that are used as precursors for the

��
�������
����������
��
���	
�������

meridional facial

N

MO O
R R

X X

N

MO O
R R

X X

Figure 6.1 Meridional and facial binding of dianionic tridentate pyridine diol 2.1g.



Catalysis with Pyridine Alcohols.

121

6.2.2 Results and Discussion.

Treatment of a toluene solution of tetrabenzyl zirconium with the neutral pyridine diol

cis-cis-2.1g at room temperature leads to the formation of cis-cis-2.1g·Zr(CH2C6H5)2 6.17

(Scheme 6.5). Cooling a pentane solution of compound 6.17 to –60°C results in precipitation

of a yellow solid, which was isolated in a 50% yield. The modest isolated yield of the

compound is caused by its high solubility. This resulted in a significant loss of product during

work-up procedures. The formation of compound 6.17 in d8-toluene was followed by 1H

NMR spectroscopy. This revealed the quantitative formation of compound 6.17.

+   2 C6H5CH3+   Zr(CH2C6H5)4

N

OH HO

N

Zr OO

Ph Ph

cis-cis-2.3g 6.17

toluene
RT

Scheme 6.5 Complexation of tetrabenzyl zirconium with diol cis-cis-2.3g.

The 1H NMR spectrum of the compound at room temperature shows one set of

doublets at 2.96 and 2.33 ppm for the diastereotopic pyridine methylene protons of the

backbone of the ligand and two doublets at 2.59 and 2.24 ppm for the benzyl methylenes.

Furthermore, one set of signals is observed for the menthyl protons. This reveals a C2-

symmetric binding of the ligand to the metal center. This can be the result of a meridional

binding of the ligand or a rapid interconversion of the two possible fac-isomers.27b At low

temperature (-60°C) a second set of signals for the menthyl protons appear. This is probably

caused by a ring-inversion process rather than the above mentioned interconversion, because

the resonances for the pyridine and bridge protons remain virtually unchanged.

Compound 6.17 was studied with semi-empirical calculations using a PM3(tm) model

(Figure 6.2).28 This suggested a distorted trigonal bipyramidal geometry of the metal center

with the anionic functions at the axial positions. The calculated structure is in agreement with

NOESY spectroscopy. In the NOESY spectrum a long-range interaction was observed for the

i-propyl methyn with the pyridine methylene protons, and for the i-propyl methyl with both

the methylene and the aryl of the benzyl ligand.
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Figure 6.2 Result of semi-empirical calculations using a PM3(tm) model.

Addition of a d8-toluene solution of compound 6.17 to one equivalent of

tris(pentafluorophenyl)borane results in the abstraction of a benzyl ligand by the Lewis-acidic

borane yielding {2.3g·ZrCH2C6H5 !�
6-C6H5CH2B(C6F5)3} (6.18a, Scheme 6.6).

N

Zr OO

Ph Ph

N

Zr OO

C6H5CH2B(C6F5)3

N

Zr OO

Ph

B(C6F5)3

+ B(C6F5)3

d5-bromobenzene, RT

+ B(C6F5)3

d8-toluene, RT

6.17

6.18a

6.18b

Scheme 6.6 Formation of the close contact ion pair 6.18a and the solvent separated

ion pair 6.18b.

The 1H NMR spectrum of the pale-yellow reaction mixture at room temperature in d8-

toluene reveals resonances for the aryl protons of the benzyl borate anion at 6.7 and 5.94

ppm. These resonances are shifted upfield compared to compound 6.17�� ����������� ����6-



Catalysis with Pyridine Alcohols.

123

coordination of the aryl group of the borate anion to the cationic zirconium complex. The

formation of a contact ion pair is in agreement with observations made in the 19F NMR

spectrum of compound 6.18a. The difference in chemical shift of the para and meta fluorine

resonances is 4.06 ppm.29 In the 1H NMR spectrum two broad resonances at 3.5 and 3.6 ppm

are observed for the two diastereotopic methylene protons of the anion. The methylene

carbon of the zirconium bonded benzyl group shows a resonance at 71 ppm with a JCH

�
�������
�������
��""#�$�%���&���������������������������
1-bonded to the metal center.

When the reaction is repeated in d5-bromobenzene, a solvent separated ion pair is

formed instead of a contact ion pair (6.18b, Scheme 6.6). The 19F NMR spectrum of the

�
�
���������������!�'m	�(��'p-F)} of 2.76 ppm for the benzyl borate anion.29 In this case,

����������
�������������������������������������������
2-bonding of the remaining benzyl ligand.

The 13C NMR spectrum of compound 6.18b shows a resonance for the methylene of the

benzyl ligand at 69.42 ppm (JCH= 142.3 Hz).

Another route to a solvent separated ion pair is the reaction of compound 6.17 with

trityl tetrakis(pentafluorophenyl)borate in d8-toluene (Scheme 6.7). The trityl reagent

abstracts a benzyl ligand resulting in {2.3g·Zr(CH2C6H5)}{B(C6F5)4} and 1,1,1,2-

tetraphenylethane. Even though the 1H NMR spectrum of the compound is not conclusive,

the 19F NMR spectrum consists of three distinct resonances that are consistent with the

tetrakis(pentafluorophenyl)borate anion. This counter ion is considered to be weakly

coordinating.30

+    Ph3CCH2Ph

6.17 6.19

N

Zr OO

Ph Ph

toluene-d8

RT
+  [Ph3C][B(C6F5)3]

N

Zr OO

Ph

B(C6F5)4

Scheme 6.7 Formation of the solvent separated ion pair 6.19.

6.2.3 ��������	
�����������������������������

A propene polymerization experiment in toluene at 0°C (2 bars of propene, compound

6.19 as a catalyst) resulted in fully atactic polypropene. The productivity of the catalyst is 900

g·mol-1·h-1. The resulting polymer has a molecular weight of ~8000 with a polydispersity of

1.7. A small fraction of high molecular weight polypropene is formed as well (Mw = 1.5·106;

PDI=1.3).
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When compound 6.18a in an NMR tube was treated with a large excess of 1-hexene

in a high concentration the reaction mixture turned highly viscous. 1H NMR spectroscopy

revealed the conversion of the monomer to poly(1-hexene). A propene polymerization

experiment with compound 6.18a as a catalyst using the same conditions as described above

for 6.19 did not yield the polymer. This could be an effect of the lower concentration

compared to the hexene polymerization.

6.2.4 Conclusions.

Treatment of tetrabenzyl zirconium with pyridine diol cis-cis-2.1g yields the

corresponding bisbenzyl zirconium complex 6.17. Various NMR spectroscopic studies

together with semi-empirical calculations reveal a C2-symmetric binding of the ligand to

zirconium. The reaction of the compound with tris(pentafluorophenyl)borane results in the

formation of a cationic benzyl complex 6.18. In d8-toluene, the benzylborate anion is

coordinating to the metal center giving complex contact ion pair 6.18a. Abstraction of the

benzyl ligand in d5-bromobenzene afforded the solvent separated ion pair. 6.18b. A similar

ion pair was prepared using tetrakis(pentafluorophenyl)borate in d8-toluene. Application of

these complexes in the polymerization of propene was successful for 6.19 but failed for

6.18a. However, this complex was capable of polymerizing 1-hexene. Polymerization of

propene with this pyridine diol as ligand unfortunately led to atactic polymer. This suggests a

rather open coordination sphere of the metal center. The absence of sufficient steric bulk of

the menthone unit or the high fluxionality of the ligand makes the system unsuitable for the

�����
��������
����������
��
���	
�������

6.3 Experimental Section.

General Remarks: See Chapter 2. All reactions concerning the polymerization catalyst were

carried out by Marco Bouwkamp. These reactions were carried out under nitrogen

atmosphere using standard Schlenk-line and glovebox techniques. Reagents were purchased

from commercial suppliers and used without further purification, unless stated otherwise.

Zr(CH2C6H5)4 were prepared according to literature procedures.31 Except for d5-

bromobenzene (dried on 4Å molsieves) the solvents were dried by distillation from Na/K

alloy at nitrogen atmosphere.

General procedure for Et2Zn addition to the aldehyde mix: To a solution of the ligand

'$�)���
�(� ���*��+�
�� �
����������������&�',iPr)4 (1M, 0.12 mmol) and the mixture was

stirred for 30 min at 40°C. After cooling to –40°C diethylzinc (1M solution in hexanes; 0.22

mmol) was added. The mixture was stirred for 30 min and the mixture of aldehydes in 1 mL


���
����������������'*-���
���������������)�"���
������
���(��&�����.������������
�����
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reach –20°C and stirred for  18h. The reaction was quenched with NH4Cl and extracted twice

��������������������&���
����������������������������������
��)�*��+��������/�������
�01

��������� '��������� �
����2� ����
��.	�	��3� *-� �� .� )�*-� ��3� 
���� ����������� --41� 5

1.5°C/min �� �
� "-)413� ��/���
�� ����������� *-)413� ������
�� ����������� *-)413� �
����

head pressure 120 kPa). TR of 6.1a 17.7 min; 6.1b 20.2 min; 6.1c 37.9 min; 6.1d 39.9 min;

6.2a(S) 39.7 min, 6.2a(R) 40.3 min; 6.2b(R) 46.5 min, 6.2b(S) 47.4 min; 6.2c(S) 56.7 min,

6.2c(R) 56.8 min; 6.2d(R) 63.0 min, 6.2d(S) 64.6 min..

 Cis-cis-2.1g·Zr(CH2C6H5)2 6.17. To a Schlenk vessel charged with Zr(CH2C6H5)4 (529 mg,

1.16 mmol) in 25 mL of toluene and a stirrbar, a 25 mL solution of cis-cis-2.1g (480 mg, 1.16

mmol) in toluene was added while stirring. This resulted in a pale yellow solution. After

stirring for 15 minutes at room temperature, the solvent was

removed at reduced pressure. The compound was extracted twice

with 20 mL of pentane. The combined organic layers were cooled

to –60 °C. The compound precipitated yielding 6.17 after

decanting the supernatant solution and evaporating the solvents at

reduced pressure (401 mg, 0.58 mmol, 50%). 1H NMR  (Figure

6.3, d6	����������))�%���6&(���#�"�'���6H, m-Ph, p-Ph), 6.9 (m,

4H, o-Ph), 6.90 (t, JHH = 7.5 Hz, 1H, H3), 6.44 (d, JHH = 7.7 Hz, 2H, H2), 2.96 (d, JHH = 13.9

Hz, 2H, H4), 2.59 (d, JHH = 9.2 Hz, 2H, H15), 2.33 (d, JHH = 13.9 Hz, 2H, H4), 2.24 (d, JHH =

9.2 Hz, 2H, H15), 2.08 (d sept, JHH = 1.8, 6.7 Hz, 2H, H11), 1.9 (m, 2H, H9), 1.7-1.9 (m, 4H,

H8, H7), 1.5-1.6 (m, 2H, H7), 1.2-1.4 (m, 2H, H10), 1.08 (d, JHH = 6.6 Hz, 6H, H12/13), 1.0 (m,

2H, H6), 0.95 (d, JHH = 7.0 Hz, 6H, H12/13), 0.90 (t, JHH = 7.1 Hz, 2H, H8), 0.85 (d, JHH = 6.6

Hz, 6H, H14), 0.73 (t, JHH = 12.5 Hz, 2H, H10); 
13C NMR (d6	��������� "*-��%��� 6&(� �

161.83 (s, Cq-Ph), 144.53 (s, C1), 138.57 (d, JCH = 158.4 Hz, o-Ph), 130.90 (d, JCH is not

determinable due to overlap, m-Ph), 128.10 (d, JCH is not determinable due to overlap, p-Ph),

124.72 (d, JCH = 164.8 Hz, C2), 121.94 (d, JCH = 161.1 Hz, d, C3), 79.99 (s, C5), 58.26 (t, JCH

= 128.2 Hz, C15), 52.33 (d, JCH = 129.2, C6), 51.70 (t, JCH = 104.4 Hz, C4), 48.97 (t, JCH =

121.5 Hz, C10), 35.86 (t, JCH = 124.5 Hz, C8), 28.32 (d, JCH = 129.4 Hz, C9), 26.10 (d, JCH =

124.5 Hz, C11), 24.95 (q, JCH = 125.8 Hz, C12/13), 23.01 (t, JCH = 126.3 Hz, C7), 22.77 (q, JCH

= 124.5 Hz, C14), 19.45 (q, JCH = 126.2 Hz, C12/13). Anal. Calcd for C41H57NO2Zr: C, 71.67;

H, 8.30; N, 2.04; Zr, 13.28. Found: C, 71.45; H, 8.45; N, 1.92; Zr, 13.18.

{cis-cis-2.1g·Zr(CH2C6H5����
6-C6H5CH2B(C6F5)3} 6.18a. A solution of [cis-cis-

2.1g·Zr(CH2C6H5)2�'*#�*�����$)���
�(����)�#��+�
��d8-toluene was added to B(C6F5)3 (20.0

�����7���
�(��&���������
����.����������������������
����8�6�������
1H NMR (d8-toluene,

-))��%���6&(���#���'���*%��o-ZrBz), 7.0 (m, 3H, m-ZrBz, p-ZrBz), 6.84 (t, 1H, JHH = 7.8

Hz, p-Py), 6.7 (m, 3H, m-BBz, p-BBz), 6.4 (d, 2H, JHH = 7.7 Hz, o-Py), 5.94 (d, 2H, JHH =

7.0 Hz, o-BBz), 3.6 (br, 1H, BCH2), 3.5 (br, 1H, BCH2), 2.6 (br d, JHH = 13.6 Hz, 1H,

N

Zr OO
5

4

1

2

3

6

7

8

9

10

11

14

3 12

15

Ph Ph

6.17
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ZrCH2), 2.1 (partly covered by solvent resonances, 1H, ZrCH2), 0.3-2.5 (multiple broad

resonances for the menthone group); 19F NMR (d8	�
�������"99��%���6&(���	"*-�$:�'���JFF =

20.3 Hz, o-F), - 162.32 (t, JFF = 20.3 Hz, p-F), - 166.38 (d, JFF = 19.2 Hz, m-F).

{cis-cis�����	
���2-CH2C6H5)}{C6H5CH2B(C6F5)3} 6.18b. To B(C6F5)3�'*"�����$"���
�(��

solution of cis-cis-2.1g·Zr(CH2C6H5)2 '*#�:�����$)���
�(����)�#��+�
��d5-bromobenzene was

added. The pale-yellow solution was transferred to an NMR tube. 1H NMR (500 MHz, d8-

�
������� 	$)41�� ��
� �
��
�����
��(� �� #���� #�*�� #�)� '���������� ������ �
������ ��� �
�����

resonances, ZrBz and BBz), 6.9 (covered by solvent resonance,1H,  p-Py), 6.83 (d, 1H, JHH =

7.1 Hz, p-Py), 6.6 (br, 2H, o-Py), 6.4 (br, 2H, o-Py), 3.5 (br, 4H, BCH2), 3.23 (br d, 1H, JHH =

13.2 Hz, H4), 2.96 (br d, 1H, JHH = 14.8 Hz, H4), 2.85 (br d, 1H, JHH = 14.8 Hz, H4), 2.7 (br,

1H, ZrBz), 2.6 (br, 1H, ZrBz), 2.42 (br d, 1H, JHH = 13.6 Hz, H4), 1.9 (m, 2H, H11), 1.5 (m,

2H, H9), 0.1-1.6 (multiple broad resonances for the menthone group); 1H NMR (500 MHz,

d8	�
�������6&(� �� #�$�� #�*�� #�)� '���������� ������ �
������ ��� �
������ ���
�������� ;���� ���

BBz), 6.8 (m, 1H, p-Py), 6.7 (br, 2H, o-Py), 3.4 (br, 2H, BBz), 2.61 (dd, 2H, JHH = 23.9 Hz,

ZrBz), 0.1-3.4 (multiple broad resonances for the menthone group and the methylene of the

backbone of the ligand); 19F NMR (d8	�
�������"99��%���6&(���	"�"�"9�'���JFF = 22.5 Hz, o-

F), -164.36 (br, p-F), -167.17 (br, m-F).

{cis-cis-2.1g·Zr(CH2C6H5)}{B(C6F5)4} 6.19. A solution of cis-cis-2.1g·Zr(CH2C6H5)2 (6.9

����")���
�(� ��� )�#���� 
��d8-toluene was added to trityl tetrakis(pentafluorophenyl)borate

'7�)�����7�9���
�(��&���������
����.����������������������
����8�6�����3�
19F{1H} NMR (d8-

�
�������"99��%���6&(���	"�*�:$�'����o-F), -163.54 (t, JFF = 20.8 Hz, p-F), -167.66 (br, m-F).

Polymerization of propene with 6.19. An autoclave was charged with cis-cis-

2.1g·Zr(CH2C6H5)2� ':�#�����7�9���
�(�� ������� �����<��'�������
�
�����(�
����� '7�*�����7�7

��
�(�����������������&
���������������:�-��+�
���
������������������������������
��	����
�

oil. The reaction mixture was exposed to 2 bars of propene during one hour, while stirring at

0°C. The reaction mixture was quenched with 5 mL of methanol. The solvents were removed

by rotary evaporation and the product was dried at 80°C and reduced pressure, yielding 1.37

g of polypropene. Activity: 0.9 kg·mol-1·h-1; Mw = 8000

Polymerization of 1-hexene with 6.18a. An excess of 1-hexene (0.2 mL, 3.5 mmol) was

added to a solution of {2.3g·Zr(CH2C6H5( !�
6-C6H5CH2B(C6F5)3 �'"9���
�(� ���d6-benzene

(prepared in situ). The 1-hexene was converted to poly(1-hexene) according to NMR.

Polymerization of propene with 6.18a. To of tris(pentafluorophenyl)borane (5.0 mg, 9.8

��
�(�����cis-cis-2.1g·Zr(CH2C6H5)2� ':�9�����7�7���
�(������������ ���:�-��+�
�� �
������
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The reaction mixture was exposed to 2 bars of propene during one hour, while stirring at RT.

No consumption of propene was observed.
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