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FI Catalysts: super active new ethylene polymerization catalysts
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Abstract

Based on “ligand-oriented catalyst design”, group 4 transition metal complexes having two phenoxy—imine ligands, FI
Catalysts, were synthesized and investigated as olefin polymerization catalysts using ethylene at atmospheric pressure. As a
result, these complexes were found to exhibit very high activity using MAO as a cocatalyst. Among them, zirconium complexes
displayed the highest activity with moderate (Mv80&« 10%) to very high (Mv: 716 x 10*) molecular weight ranges. The
maximum activity exceeded 4 t-PE/(mmol-cat(superscript:)h) aC28/en at atmospheric pressure, the activity being two
orders of magnitude larger than that exhibited byZYEl,. Alternatively, by using boratéBusAl as a cocatalyst, a zirconium
FI Catalyst produced exceptionally high molecular weight polyethylene (Mv:»508*) displaying considerable activity.

As far as we know, this is one of the highest molecular weight values obtained from homogeneous polymerization catalysts.
These results indicate that FI Catalysts possess very high potential as olefin polymerization catalysts. © 2001 Elsevier Science
B.V. All rights reserved.
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1. Introduction Single-site catalysts possess potential for control-
ling polymer structure while displaying high poly-
Since the discovery of the Ziegler—Natta catalyst merization activity by changing the ligand structure
in the 1950s, highly active Mg@isupported Ti cat-  and cocatalyst. Thus, research and development of
alysts, displaying high catalytic performance, have transition metal complexes for olefin polymerization,
been developed to simplify the production process aiming at high performance single-site catalysts, has
in order to save resources and energy as well as tomade a dramatic impact on the polyolefin industry, as
improve properties of produced polymers [1-3]. By demonstrated by the discovery of highly active group 4
using these MgGlsupported Ti catalysts, many poly- metallocene catalyst systems [4—7]. So far, by employ-
mers, such as high-density polyethylene (HDPE), lin- ing group 4 metallocenes, the industrial production
ear low-density polyethylene (LLDPE) and isotactic of LLDPE, isotactic and syndiotactic polypropylene
polypropylene (i-PP), have been industrially produced. (i-PP, s-PP), etc., has been commercially successful.
However, the catalyst design for tailored polyolefins ~ Therefore, after the discovery of the group 4 met-
has not yet been perfected, because of the existenceallocene catalyst systems, transition metal complexes
of multiple active sites on these solid catalysts. have been intensively investigated as post-metallocene
candidates [8—14], and since 1995, some excellent new
" Coresponding author, Tels 81-438-64-2317; catalysts have been developed (Scheme 1). _
fax: +81.438-64-2375. ’ In 1995, Brookhart [15] reported that a nickel
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co-monomer with considerable activity for ethylene
polymerization. And, in 1996, Brookhart [16—-18] es-
tablished ethylene/methyl acrylate co-polymerization
using the corresponding palladium complex bear-
ing the same ligandbj, as the nickel complex.

This is the first example of ethylene/methyl acrylate
co-polymerization via coordination polymerization.

In 1998, Brookhart and Gibson [19,20] indepen-
dently discovered a new series of iron complexes pos-
sessing imine—pyridine ligands)( These complexes
displayed very high ethylene polymerization activity
comparable to that of metallocenes. This is fantastic,

alyst components, we believe ligands play the most
important role for polymerization and, subsequently,
ligand design is crucial when it comes to catalyst de-
sign. Therefore, we carried out “ligand-oriented cat-
alyst design” in order to acquire new and original
post-metallocenes.

The general requirements for a highly active poly-
merization catalyst are:

1. A catalyst must have high olefin-insertion ability.
2. A catalyst must have two availaldes-located sites
for polymerization.

since they say that metallocenes exhibit the highest 3. A catalyst must be stable enough under usual poly-

polymerization activity and that no catalysts can ex-
ceed metallocene activity.

Additionally, a titanium complex with a di-amide
ligand displaying excellent properties for higher
a-olefin polymerization ) [21-23], and a nickel
complex with a phenoxy—imine ligand exhibiting high
ethylene polymerization activity and high functional
group tolerancesd), have also been reported [24,25].

merization conditions.

Having these three general requirements in mind,
ligand design was conducted as follows:

With respect to general requirement (1), ligands
possessing moderate electron donating properties,
ligands having coordination sites such as phenoxy,
pyridine and/or a conjugated imine moiety, were

Thus, pioneering researchers have been makingconsidered since surplus electron donation lowers

great strides in the field of post-metallocenes [26—30].
In this paper, we would like to describe our R&D
activities within the post-metallocene field, and addi-
tionally, introduce our newly discovered olefin polym-
erization catalysts, named FI Catalysts, which are su-
per active new olefin polymerization catalysts [31-35].

2. Concept behind the catalyst design

catalyst reactivity and, on the other hand, poor elec-
tron donation insufficiently stabilizes the transition
state leading to olefin insertion. Regarding general
requirements (2) and (3), multidentate ligands capa-
ble by chelation of forming a five- or six-membered
ring were considered since these ligands are expected
to generate catalysts having two availabielocated
sites needed for polymerization [36,37] and, more-
over, these ligands should yield stable catalysts.
Additionally, in this study, we focused on non-

The purpose of this project was the development symmetric ligands which possess the above mentioned
of highly active post-metallocenes based on transition electronic and steric factors because transition metal
metal complexes. Normally, an olefin polymerization complexes bearing non-symmetric ligands have been
catalyst consists of a transition metal, a ligand, an investigated less as olefin polymerization catalysts
alkyl group, and a cocatalyst. Among these four cat- [38-43].
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As for metals, both early transition metals and late (mmolcath)). Alternatively, nickel complex2
transition metals were considered since all transi- having an imine—pyridine ligand exhibited an activ-
tion metals potentially possess olefin-insertion ability ity of 1.4 kg PE/(mmolcath) [46]. This activity was
[44,45].
Thus, transition metal complexes having multiden- activity was inferior to that of the nickel di-imine
tate and non-symmetric ligand(s) with moderate elec- complex @), displaying 3.0kgPE/(mmolcath) of
tron donating properties were considered to be viable activity.

post-metallocenes as a result of “ligand-oriented cat- With regard to early transition metal complexes,
alyst design”.

Ethylene polymerization using designed

transition metal complexes

lene at atmospheric pressure af@5n toluene. For

relatively high for a nickel complex, however, its

titanium complex3, and hafnium compleX, both
possessing two phenoxy—imine ligands, afforded high
activities of 3.3kgPE/(mmolcath) (Mv: 5% 10%
and 6.5kgPE/(mmolcath) (Mv: X 10%, respec-
tively. These activity values were comparable to the
value obtained from the nickel di-imine complex

Five designed transition metal complexes possess-(a). Surprisingly, zirconium compleX having the
ing multidentate and non-symmetric ligand(s) were same phenoxy—-imine ligands provided an activity of
synthesized and investigated as ethylene polymeriza-519 kg PE/(mmol cath) (Mv: 1x 10%). This activ-
tion catalysts using MAO as a cocatalyst under ethy- ity value was about 20 times larger than the value

obtained from CpZrCl,. To the best of our knowl-

comparison, the before mentioned Brookhart nickel edge, this activity was one of the highest for ethylene

di-imine complex §) and CpZrCl, were also evalu-

ated. Results are summarized in Table 1.
With respect to late transition metal complexes, 4 metallocenes. This fact has clearly demonstrated

cobalt complexl bearing a pyridine—imine—ether lig-

and displayed practically no activity<(Q.01 kg PE/

Table 1
Ethylene polymerization results (‘l)

> --T|C|2 /N"-\XZrCI2 NNCHIC,
CoBr2 / g2 dgl2
Ph Pr Br2 By t8y

polymerization among not only post-metallocenes but
also olefin polymerization catalysts including group

that zirconium complexd with two phenoxy—imine
ligands possesses a very high potential as an olefin

bo _

complex 1 complex 2 complex 3 complex 4 complex §
Entry Complex Complex concentratiop.N1) Yield (g) Activity (kg PE/(mmol cath)) Mvx 10°P
1° 1 20.0 0.18 <0.01 -
2c 2 20.0 3.44 1.4 ofl
3¢ 3 20.0 1.38 3.3 51
48 4 0.08 0.87 519.0 1
5® 5 20.0 2.69 6.5 3
6° a 20.0 1.25 3.0 7
7¢ CppZrCly 2.0 1.13 27.0 104

aConditions: temperature, 26; pressure, 0.1 MPa; solvent, toluene (250 ml); cocatalyst [MAO]; 1.25mmol (Al).

b See point 2 of Appendix A.

¢ Polymerization time: 30 min.
dMv = 280 determined by GPC.
€ Polymerization time: 5min.
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Table 2
Relative formation energies of compldxisomers based on isomer (A)
Isomeric structure - o fN - o i cl
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= 0] ! U ! — !
(o ér A R RN & c
Bu
(Y ®) © D) (B)
Formatio ome (4 | ©0kymol) | +253 k/mol | +19.5 kmol | +33.3 ky/mol | +37.3 k¥/mol

polymerization catalyst. Accordingly, zirconium com-
plex 4 was studied in greater detail in the light of its
stereochemical structure and catalytic performance.

4. Detailed study with respect to complex 4
4.1. Stereochemical structure

Since zirconium compler possesses five possible

cal arrangement: two oxygen atoms were situated in
the trans-position, while two nitrogen atoms and two
chlorine atoms were situated ais-positions.

The molecular structure of complex was de-
picted by X-ray crystallographic analysis, as shown
in Fig. 1(b). In the solid state, complekadopted a
distorted octahedral structure around the zirconium
center. Two oxygen atoms were situatédns to
one another (O-Zr-O angle, 1655 Alternatively,
two nitrogen atoms were locategis to one another

isomeric structures, (A)—(E), we ascertained what was (N-Zr-N angle, 74.9), and two chlorine atoms were

the most stable isomeric structure by means of DFT
calculation. Relative formation energies of the five iso-
mers, based on isomer (A), are summarized in Table 2
Consequently, comple was ascertained to exist
best as isomeric structure (A), in vacuo (Fig. 1(a)).

Theoretical calculations suggested this stereochemi-

also locatedcis to one another (Cl-Zr—Cl angle,
100.4). Subsequently, the calculated isomeric struc-

.ture (A) for complex4 was found to be in good

accordance with its X-ray crystallographic structure.
An active species of group 4 transition metal
complexes for olefin polymerization is known to

(a) Theoretical calculation

J

(b) X-ray analysis

Fig. 1. Structure of compled. (a) DFT calculation: see point 3 of Appendix A. (b) X-ray analysis: thermal ellipsoids are shown at
50% probability level. Hydrogen atoms and a diethyl ether molecule of crystal are omitted for clarity. Selected bond distance (A):
Zr-0 = 1.9852); Zr-N = 2.355(2); Zr-Cl = 2.42349).
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Fig. 2. Calculated structure of ethylene coordinated active species for codplex

be an alkyl cationic complex, having two available
cis-located sites needed for polymerization, generated
by the reaction of catalyst precursors; e.g., a dichloro
complex, with MAO. If two chlorine atoms, being
situated incis-position in zirconium complex, are

to be an alternative for a polymer-bonded site and
an ethylene coordinated site vis-a-vis polymeriza-
tion, the structure of the corresponding alkyl cationic
complex should have two availabés-located sites
needed for polymerization. Theoretical calculations

have suggested that an active cationic species gen-

erated from zirconium comple# has two available
cislocated sites for polymerization in the presence
of ethylene (Fig. 2). We believe that the high ac-
tivity displayed by zirconium complexX originates
from the facts that (1) a phenoxy—imine ligand pos-

15
= 1242 ¢
[%}
9 X J
T e
s [ 758 g .-="""
E 0"
<

ST 267g.""

f‘.'
"' 1 1 | 1 1 |
0 15 30

Polymerization Time (min)

Fig. 3. Relationship between polymerization time and polymer
yield. Conditions: temperature, 25; pressure, 0.1 MPa; solvent,
toluene (400ml); complex4, 0.08u. mol; cocatalyst [MAO];
1.25mmol (Al).

sesses moderate electron donating properties and,

at the same time, (2) an active species of com-
plex 4 has two availableis-located sites needed for
polymerization.

4.2. Catalytic lifetime

In order to investigate the catalytic lifetime of com-
plex 4, ethylene polymerizations were conducted for
5, 15, and 30 min. By plotting the polymerization time
vs. polymer yield, a nearly straight line was found
(Fig. 3). This fact indicated that compléxretains its
catalytic activity for at least 30 min.

4.3. Polymerization temperature effect

The effect of polymerization temperature on cat-
alytic activity vis-a-vis complex4 with MAO was
studied and the results thus obtained were compared
with those for CpZrClo/MAO (Fig. 4).

CpZrCl, exhibited practically low activity at
0°C, and the activity gradually increased as the tem-
perature increased. It reached the maximum value,
103 kg PE/(mmolcath), at 7&. Above 75C, the
activity decreased.

Alternatively, complex 4 provided 193kgPE/
(mmol cath) of activity even at“@ and this value
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Fig. 4. Relationship between polymerization temperature and ac-
tivity. Conditions: pressure, 0.1 MPa; polymerization time, 5min;
solvent, toluene (250ml); complex concentration: compkex
(%); 0.08-0.8.M, CpZrCl, (@); 2.0-8.0.M, cocatalyst [MAQ];
1.25mmol (Al).

was far higher than the maximum value forAZpCly.
Moreover, the activity increased as the tempera-
ture increased: e.g., 519 kg PE/(mmol cath) at@5
and the maximum value, 587 kg PE/(mmol cath), at
40°C. Above 40C, the activity decreased. How-
ever, complex4 was highly active over a tem-
perature range 0-7&, and provided more than
100 kg PE/(mmol cath) of activity. Generally speak-
ing, post-metallocenes are apt to rapidly lose their
polymerization activity at higher temperatures [47].
Nevertheless, zirconium compldxexhibited consid-
erable activity at relatively high temperatures.

4.4. Cocatalyst effect

Perfluoroborate is well known as an effective co-
catalyst for olefin polymerization, as is MAO. Thus,

S. Matsui, T. Fujita/Catalysis Today 66 (2001) 63—-73

complex4 using PhCB(GFs)4/'BuzAl as a cocata-
lyst was also investigated for ethylene polymerization
(Table 3).

In contrast with complex 4MAO, complex
4/PhsCB(CsFs)4/*BusAl produced polyethylene hav-
ing exceptionally high molecular weight, Mv: 505
10*, with considerable activity, 11 kg PE/(mmol cat h).
This Mv value is one of the highest Mv values dis-
played by homogeneous olefin polymerization cat-
alysts [13,48]. Considering the great difference in
catalytic performance as a result of using MAO and
PhCB(GFs)4/'BusAl as cocatalysts, the structures
of active species might be different depending on the
cocatalyst employed. This is probably the first exam-
ple of a great difference in catalytic performance as a
result of using different cocatalysts.

5. Catalytic performance of
bis(salicylaldiminato)zirconium complexes

As demonstrated, bis(3+4-butylsalicylidene)-
anilinato]zirconium(IV)dichloride 4) possesses high
potential for olefin polymerization. Hence, we inves-
tigated the catalytic performance of its derivatives. To
study the effect of the ligand structure of derivatives
of complex4, we changed the substituents, especially
changing the substituents'Rind F, both near the
polymerization reaction center, and investigated what
happened to the catalytic performance (Scheme 2).

5.1. Increase of molecular weight

Table 4 summarizes the catalytic performance of
bis(salicylaldiminato)zirconium complexes as a result

Table 3

Ethylene polymerization results )

Entry Complex Complex concentratiop.N1) Cocatalyst Yield (g) Activity (kg PE/(mmol cath)) My 10*P
1 4 0.08 MAO 0.83 496 1

2 4 10.0 Boraté 231 11 505

3 CpZrCl 0.8 MAO 1.13 68 54

4 CpZrCly 2.0 Boraté 0.87 21 36

aConditions: temperature, 50; pressure, 0.1 MPa; polymerization time, 5min; solvent, toluene (250 ml); cocatalyst [MAQ]; 1.25 mmol

(Al), cocatalyst [borate]; complg®hsCB(CgFs)4 = 1/2.
b See point 2 of Appendix A.
¢iBugAl: 0.25mmol.
diBusAl: 0.10 mmol.
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of introducing an alkyl group at thelRposition. Com-
plex 4, Rl = H, furnished an Mv value of 8 x 10%,
determined by GPC measurement. The introduction
of a methyl group at the Rposition, comple)s, dra-
matically boosted the Mv value to ZBx 10*. More-
over, the introduction of a larger alkyl group further
enhanced molecular weight. Thus, compxR! =

iPr, provided an Mv value of 76 x 10%, an Mv value
comparable to that for GZrCl,. These results have
indicated that the molecular weight values depend on
the bulkiness of the Rsubstituents; therefore, FI Cat-
alysts are capable of producing polyethylene of low
molecular weight (Mv: 8 x 10%) to high molecular
weight (Mv: 716 x 10%) with considerable polymer-
ization activity.

The increase in Mv values is rationalized as fol-
lows; namely, introduced alkyl groups diminished
chain transfer reaction, op-hydride elimination.
Theoretical calculations supported this rationaliza-

Table 4
Ethylene polymerization results €3)

.,

N- >-ZrCI2
Sl
'Bu
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tion. The stabilization energyAEg) as a result of
B-agostic interaction of the active species generated
from complex7 (model B, Fig. 5 right) was smaller
than that for complex (model A, Fig. 5 left), due to
the steric repulsion of g-hydrogen and an isopropyl
group. Thus, the introduced isopropyl group at the
R! position prevented the polymer chain from assum-
ing a conformation leading tB-hydride elimination,
which causes low Mv.

5.2. Increase of polymerization activity

Table 5 summarizes the catalytic performance of
bis(salicylaldiminato) zirconium complexes as a result
of introducing an alkyl group at theZRposition and
changing the alkyl substituent at thé Rosition.

Complex 10, R? Me, afforded 331kgPE/
(mmol cat h) of activity with an Mv value of.8 x 10°.
Thus, introduction of a methyl group at the Rosi-
tion lowered polymerization activity though it resulted
in no change vis-a-vis molecular weight.

Polymerization activity highly depends on the
alkyl substituents at the Rposition. Attachment
of a methyl or an isopropyl group, being sterically
smaller than at-butyl group, at the R position,
dramatically decreased polymerization activity and
slightly decreased Mv, based on comptexComplex
8 (R® = Me) and complex9 (R® = ‘Pr) displayed
activities of 0.4 kg PE/(mmolcath) (Mv:.® x 10%)

Entry Complex R Yield (g) Activity (kg PE/(mmol cat h)) Muwx 1040
1° 4 H 0.87 519 0.8
24 6 Me 1.68 40 23.0
ad 7 “Pr 2.41 58 71.6
4d CpZrCly - 1.13 27 63.6

aConditions: temperature, 26; pressure, 0.1 MPa; polymerization time, 5min; solvent, toluene (250 ml); cocatalyst [MAQ]; 1.25 mmol

(Al).

b Mv values were determined by GPC using polyethylene calibration.

¢ Complex concentration: 0.G8V.
d Complex concentration: 20M.
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Model A
AE|3 = -43 kJ/mol
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B-C

Model B
AEIfi =-29 kJ/mol

Fig. 5. The stabilization energies\Eg) as a result ofg-agostic interaction. Cation complex models A and B stand for active species
generated from complexgsand 7, respectively. All hydrogens except tiiehydrogen are omittech-Pr group is employed as a model of

ap

olymer chain.

Table 5
Ethylene polymerization results ¢4)

/(5[ -->J-ZrC|2

Entry Complex R R3 Yield (g) Activity (kg PE/(mmol cat h)) Mwx 100
1° 8 H Me 0.18 0.4 0.4
2c 9 H ipr 0.39 0.9 0.5
3d 4 H ‘Bu 0.87 519 0.8
4d 10 Me tBu 0.55 331 0.8
5d 11 Me Adamantyl 1.19 714 25
6° 12 Me Cumyl 1.75 2096 2.6

and 0.9 kg PE/(mmol cath) (Mv:.B x 10%), respec-

aConditions: temperature, 26; pressure, 0.1 MPa; polymerization time, 5 min; solvent, toluene (250 ml); cocatalyst [MAQ]; 1.25 mmol
(A.
b Mv values were determined by GPC using polyethylene calibration.

¢ Complex concentration: 20,M.
d Complex concentration: 0.G&M.

€0.04uM.

These results suggested that activity values depend

tively. Alternatively, attachment of an adamantyl or on the bulkiness of the substituent at thé sition.

a cumyl group, being sterically larger thart-autyl

Regarding this activity enhancement, our specula-

group, at the R position, enhanced polymerization tion is as follows: (1) the sterically large substituent

activity and slightly increased molecular weight,
based on complex0. Complex11 (R3 = adamanty
cumyl) displayed an activ-
ity of 714 kg PE/(mmolcath) (Mv: B x 10*) and
2096 kg PE/(mmol cat h) (Mv:.B x 10%), respectively.

and complex12 (R3

protected phenoxy oxygen from the coordination of
the cocatalyst, the coordination reducing room for
olefin’s movement, coordination and insertion, and
(2) the large substituent may effectively separate the
cationic active species and the anionic cocatalyst, the
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Table 6
Ethylene polymerization results €5)
/N'> rCly N> rCly

QL

complex 12 complex 13
Entry Complex Yield (g) Activity (kg PE/(mmol cath)) My 10*P
1°¢ 12 1.75 2096 2.6
2 13 1.80 4315 1.7

aConditions: temperature, 26; pressure, 0.1 MPa; polymerization time, 5min; solvent, toluene (250 ml); cocatalyst [MAQ]; 1.25 mmol

(Al).

b Mv values were determined by GPC using polyethylene calibration.

¢ Complex concentration: 0.G4V.
d Complex concentration: 0.G2M.

ion separation increasing the unsaturation degree of CB(CsFs)4/*BusAl. Having these excellent results,

the active species [49].

Surprisingly, changing the phenyl group on the
imine nitrogen to a cyclohexyl group further en-
hanced activity (Table 6). Complet3 having a
cyclohexyl group on the imine nitrogen afforded an
unprecedented activity, 4315 kg PE/(mmol cat h) (Mv:
1.7 x 10%. This activity corresponds to a catalyst
turnover frequency (TOF) value of8.x 108/h atm.

To the best of our knowledge, this TOF value is the
largest of catalytic reactions. Then, naturally, this
zirconium complex provided the highest ethylene
polymerization activity vis-a-vis other olefin poly-
merization catalysts [7,50,51].

6. Conclusion

We demonstrated that group 4 transition metal
complexes possessing two phenoxy-imine ligands,
FI Catalysts, display excellent catalytic performance.
Meaning, that exceptionally high activity (more than
4t-PE/(mmol-cat(superscript:)h)) was obtained us-
ing bis[N—(3-cumyl-5-methylsalicylidene)cyclohexyl-
aminato]zirconium(IV)dichloride/MAO. Moreover,
an exceptionally high molecular weight, (more than
500 x 10%) was attained using bis[(34t-butyl-
salicylidene)anilinato]zirconium(IV)dichloride/Bh

we have given the name FI Catalysts to our newly dis-
covered group 4 transition metal complexes after the
Japanese pronunciation of the ligand “Fenokishi-Imin
Haiishi”, since these complexes were discovered
based on “ligand-oriented catalyst design”. We be-
lieve that FI Catalysts have very high potential as a
new generation of olefin polymerization catalysts.
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Appendix A. Notes

1. General procedures for Fl catalyst synthesis
Treatment of am-substituented phenol compound
with paraformaldehyde in the presence of a base
produced a salicylaldehyde compound. This com-
pound reacted with a primary amine, via Schiff
base condensation, to afford a salicylaldimine
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ligand. Complexation of a group 4 transition metal
salt with 2 equiv. of a lithium salt of the ligand
yielded a desired FI catalyst [33—35].

. General procedures for ethylene polymerization
To a well stirred solution of ethylene in toluene
(250 ml) with a flow of ethylene gas (100 I/h), a so-
lution of a complex and a cocatalyst (MAO (Albe-
marle) or PRCB(CsFs)4/'BuzAl ) was added at
25°C. After the prescribed time, 10 ml of isobutyl
alcohol was added to terminate the polymerization.
To the resulting mixture, 1000 ml of methanol and
2ml of conc. HCI were added. The polymer ob-
tained was collected by filtration and washed with
acidic methanol and then methanol. The collected
polymer was dried in vacuo at 80 for 10 h. Mv
values were determined by a GPC measurement
at 145C using polyethylene calibration. Intrinsic
viscosity y] was measured in decalin at 1'&5us-
ing an Ubbelohde viscometer. Mv values were cal-
culated from the following equatiom] = 6.2 x
10-*Mvo7 [52].

. Theoretical calculation metho@FT calculation.
DFT calculations have been widely used for struc-
tural determination of transition metal complexes
[53]. All calculations were performed using the gra-
dient corrected density functional method BLYP, by
means of the Amsterdam density functional (ADF)
program [54]. We used the triplebasis set on the
metal center, the doublé basis set on the CI, N,
and O atoms, and the sindléasis set on the other
atoms.
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