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Abstract

[(°-CsHs)ZrCly(n°-CsH4)CMey(CsHs)] reacted with Co,(CO)s to produce a heterodinuclear Zr(IV)-Co(I) complex [(n’-
CsHs)ZrCly(n3-CsHy)CMey(n°-CsH4)Co(CO),] (3). Complex 3 underwent oxidative addition of I, to give [(1n>-CsHs)ZrCly(n’-
CsH4)CMe,(1°-CsHy)Col,(CO)] (4) having Zr(IV) and Co(IIl) centers. The carbonyl ligand of 4 was easily replaced with
P(OMe); and PPh; to afford [(n’-CsHs)ZrCly(n’-CsH,)CMes(n’-CsH4)Colo(L)] (5: L = P(OMe)s, 6: L = PPhs). Structures of 5
and 6 were determined by X-ray crystallography. These Zr—Co heterodinuclear complexes catalyzed polymerization of ethylene

and propylene.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recent studies on single site catalysts of olefin poly-
merization revealed that polymerization of ethylene
and propylene were catalyzed not only by Ti and Zr
complexes [1] but also by the complexes of late transi-
tion metals such as Ni, Fe, and Co [2]. The catalysts that
contain two transition metal centers were also reported
to show unique properties in the polymerization. Ethyl-
ene polymerization by tandem catalysts, prepared by
mixing the Ti and Ni complexes, afforded branched pol-
ymer formed via chain transfer reaction of the ethylene
oligomer from Ni complex to Ti complex [3]. Gibson
and co-workers [4] reported reversible chain transfer of
the growing polyethylene between Fe, Ni and Zn in
the reaction using these metal complexes as the catalyst.
Marks and co-workers [5] designed the Ti—Zr catalyst in
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which Ti and Zr complexes exhibit different roles in the
ethylene polymerization. Erker and co-workers [6] re-
ported preparation of dinuclear Zr complexes by using
olefin metathesis reaction and the catalytic activity as
the catalyst for ethylene and propylene polymerization.
Early-late heterodinuclear complexes [7] also polymer-
ize ethylene and propylene. These reactions using the
early and late heterodinuclear complexes as the catalyst,
however, were actually catalyzed only by the early tran-
sition metal center of the dinuclear complexes [8—11].
More extensive studies of the heterodinuclear catalysts
for olefin polymerization would provide new catalytic
system which involves the cooperative effect of the two
metal centers in the polymer growth or chain transfer
of the growing polymer between the different active sites
of the catalyst.

In this study, we conducted preparation of Zr-Co
heterobimetallic complexes with Cp—Co unit. Cyclopen-
tadienyl Co(I1I) complexes show catalytic activity for
polymerization of olefin and polar vinyl monomer.
[12]. Herein, we report synthesis of novel Zr(IV)-Co(I)
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and Zr(IV)-Co(III) heterodinuclear complexes and their
catalytic behavior for olefin polymerization.

2. Results and discussion

2.1. Synthesis and characterization of Zr—Co heterodinu-
clear complexes

2,2-Bis(cyclopentadienyl) propane can be used as a
bridging ligand to form the thermodynamically stable
heterodinuclear complexes [13-16]. The reaction
of Li)[Me,C(CsHy),] and CpZrCls;(dme) (dme = 1,2-
dimethoxyethane) and subsequent treatment with HCI
produce a [(1n°-CsHs)ZrCly(n’-CsH4)CMey(CsHs)] (1).
The 'H NMR spectrum contains six signals due to olef-
inic hydrogens of uncoordinated cyclopentadienyl group
(6 6.38, 6.33, 6.21, 6.13, 5.97 and 5.76), indicating the
presence of equimolar isomers in the product (Scheme 1).
The isomers correspond to 1a and 1b in Scheme 1 but
the assignment of the structure was not feasible.
1 remaining cyclopentadiene moiety was used as a build-
ing block of heterodinuclear complex. The reaction
mixture before treatment with HCI contains
[Zr{Me,C(CsHy4),}(n>-CsHs)CI] (2), as reported by
Green and co-workers [17].

The reaction of 1 with Coy(CO)s gave [(n’-
CsHs)ZrCly(n’-CsH4)CMey(n’-CsHy)Co(CO),] (3) con-
taining Zr(IV) and Co(I) centers in 70% yield (Eq. (1))
[18]. "TH NMR spectrum of 3 shows four signals of the
bridging cyclopentadienyl protons at ¢ 6.05, 5.70, 4.36
and 4.34. The former two signals were assigned to protons
bound to Zr center, whiles the latter two signals are due to
those bonded to Co center based on the comparison of the
chemical shift with those of homodinuclear complexes,
[(C4Hg)C(n’-CsHa),)[Zr(n -CsHs)CLy], [8¢] and [CH,-
(n°-CsH4)»][Co(CO)]» [19]. The IR spectrum of 3 shows
strong absorption at 2006 and 1956 cm ™' due to (CO)
stretching. The peak positions are similar to those of
[CH,(1’-CsHy),][Co(CO),], (2017 and 1952 cm ™).

\
Clu, L SCl Li*5[MesC(CsHa)ol®
PYAN
MeQ” | “Cl
(OMe

toluene

\

Zr—
\
Cl
2

J. Kuwabara et al. | Journal of Organometallic Chemistry 690 (2005) 269-275

COQ (CO) 8

1a ol O
')":\\ toluene, 60 °C Q%jr;m Co (1)
N il / \

= oC
o< > s o

%r‘m
1b

An attempt to prepare a Zr—Co heterodinuclear com-
plex by the reaction of 2, generated in situ, and
CoCl(PPh3); gave a mixture of the products composed
of paramagnetic Co species, and did not lead to the
desired complexes.
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Addition of I, to a solution of 3 causes oxidative addi-
tion to Co center to give 4 [20]. During the reaction, gas
evolution and color change from red to dark purple were
observed similarly to the reaction of CpCo(CO),. Recrys-
tallization of the product from THF/hexane gave [(n’-
CsHs)ZrCly(n’-CsHy)CMex(n’-CsHy)Coly(CO)] (4) as
deep purple crystals in 93% yield (Eq. (3)). IR spectrum
of 4 shows strong absorption at 2056 cm ' The lower fre-
quency of the CO stretching vibration than that of 3 is as-
cribed to more significant electron deficient character of
Co(III) center than Co(I) center. 'H NMR signals of
cyclopentadienyl group bound to Co of 4 appeared at
downfield (6 5.82 and 4.48) in comparison with those of
3 (6 4.36 and 4.34). Signal of unsubstituted Cp ligand
of 4 were also observed downfield (6 6.46) from that of
3 (0 5.88).

HCI

Scheme 1.
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Lewis basic P(OMe); easily substitutes CO ligand on
the electron deficient Co center of 4 to give complex [(n’-
CsHs)ZrCly(n>-CsHy)CMey(n°-CsHa)Col(P(OMe)s)] (5)
in 82% yield (Eq. (4)). The IR spectrum of 5 shows

absence of the CO ligand.
')\‘ P(OMe)g
Cl CO
% . | “P(OMe);

4 5

(4)

Addition of excess PPh; to CDCl; solution of 4 gave
[(n’-CsH5)ZrCly(n’-CsH4)CMex(n-CsHy)Coly(PPh3)] (6)
quantitatively. Complex 6 could be also synthesized
from the direct reaction of I, with 3 in the presence of
PPh; (Scheme 2). The reaction using P(OMe); instead
of PPh;, however, did not give 5 but a complex mixture.
The "H NMR spectrum of 6 shows the signal of cyclo-
pentadienyl group bound to Co center at é 3.65 and
5.54. The much higher magnetic field position of the for-
mer peak to the latter can be ascribed to a shielding ef-
fect of a phenyl ring of the PPh; ligand. Close contact of
the Cp hydrogens and a phenyl plane is observed also in
the crystal structure.

Fig. 1 shows molecular structures of 5 and 6 deter-
mined by X-ray crystallography. Both complexes have
Zr and Co centers bound to cyclopentadienyl ligand
with 1° fashion. The metal-ligand distances are similar
to each other except for the Co-P distance, which differs
between 6 (2.284(7) A) and 5 (2.167(2) A) because of
large corn angle of PPh;. The conformation of the com-
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Fig. 1. (a) ORTEP drawing of 5 at the 30% ellipsoidal level. The
hydrogen atoms are omitted for simplicity. Selected bond distances (A)
and angles (°): Zr-Cll, 2.425(2); Zr-Cl2, 2.459(2); Co-I11, 2.586(1);
Co-12, 2.584(1); Co-P, 2.167(2); Cl1-Zr1-Cl2, 96.01(9); 11-Co-12,
97.22(4); 11-Co-P1, 90.81(7); 12-Co-P, 91.11(7). (b) ORTEP drawing
of 6 at the 30% ellipsoidal level. The hydrogen atoms are omitted for
simplicity. Selected bond distances (A) and angles (°): Zr—Cll, 2.43(1);
Zr—Cl12, 2.40(1); Co-11, 2.583(4); Co-12, 2.588(4); Co-P, 2.284(7); Cl1-
Zr1-Cl2, 100.7(6); 11-Co-12, 95.6(1); 11-Co-P1, 94.0(2); 12-Co-P,
92.2(2).

plexes are different caused by the bulkiness of
phosphorous ligand; each dihedral angle of Zr-C-C-C
and Co-C-C-C including bridging carbon of 6 is almost
180°, while that of Zr-C-C—C of 5 is closed to 90°. The
molecular structure of [(n5 -C5H5)ZrClz(n5-C5H4)CMez
(n’-CsH4)Rh(cod)] (cod = cyclooctadiene), which has
bulky bidentate cod ligand, shows similar conformation
of 6, and the dihedral angles Zr-C-C—-C and Rh—C-C-C
are closed to 180°. Although heterodinuclear complexes
which contain group 4 metal and Rh [8,15¢c,16b] or Ir
[16a] were known, [(1n°-CsHs)ZrCly(n’-CsH4)CMex(n’-
CyHg)Co(CsMes)] is the sole known Zr—Co(II) heterod-
inuclear complex with bridged cyclopentadienyl ligands
[8c].

2.2. Olefin polymerization

Zr—Co heterodinuclear complexes (3—6) promote the
polymerization of ethylene (1 atm) in the presence of
1000-fold amount of MAO at room temperature to give
polyethylene. 3 has moderate catalytic activity but, 4-6
show low catalytic activity. These heterodinuclear com-
plexes show the lower catalytic activity than that of
Cp,ZrCly(Table 1). It has been reported that Zr-Rh



272 J. Kuwabara et al. | Journal of Organometallic Chemistry 690 (2005) 269-275

Table 1
Ethylene polymerization catalyzed by Zr-Co heterodinuclear
complexes®

Run Complex Activity (g mmol~' h™!) M, My /M,
1 3 296 429000 2.8
2 4 142 251000 3.1
3 5 34 256000 3.5
4 6 82 285000 4.9
5 Cp.ZrCl, 872 370000 3.1

% Reactions were carried out by stirring the solution of catalyst
under atmospheric pressure of ethylene for 1 h. [Al}/[cat.] = 1000,
[cat.] = 16.7 uM in toluene.

heterodinuclear complexes having C1-bridged cyclopen-
tadienyl ligand also show low catalytic activity [8—11].
Molecular weights of obtained polymers are 251000-
428000. The highest molecular weight polyethylene
was obtained by using 3 as catalyst (run 1). Co moieties
of heterobimetallic complexes are considered to have
very low or no catalytic activity in this polymerization.
Molecular weight distribution was broadened as the
bulkiness of ligand bound Co center increases
(6>5>4>3). 3C NMR spectra of the obtained poly-
ethylene show linear structure.

Propylene polymerization catalyzed by the heterobi-
metallic complexes combined with MAO produces the
polymer with broader molecular weight distribution
than that prepared by the reaction catalyzed by
Cp,ZrCl, (Table 2). '*C NMR spectra of the polypro-
pylene show atactic structure. Zr—Co(I) heterobimetallic
complex 3 was found to be more active than Cp,ZrCl,.
It was reported by Mukaiyama and co-workers [10] that
ferrocenyl substituted zirconocene catalyst has higher
activity than Cp,ZrCl, at around room temperature.
This is accounted for by intramolecular electron-dona-
tion from ferrocenyl group to Zr center. Co(CO), moi-
ety of 3 also enhances the polymer growth by the
stabilizing the Zr" species during the reaction. The cat-
alyst prepared by mixing equimolar amounts of CpCo
(CO), and Cp,ZrCl, also promote the polymer growth
in enhanced rate and produces the polymer with narrow
molecular weight distribution (M,/M,=1.8) (run 5).

Table 2
Propylene polymerization catalyzed by Zr—Co heterodinuclear
complexes®

Run Complex Activity M, MM,
(gmmol'h™h)
1 3 40 1900 4.8
2 4 6 1270 4.8
3 5 12 1690 4.0
4 6 13 1880 5.2
5 Cp,ZrCly:CpCo(CO), = 1:1 52 1740 1.8
6 Cp,ZrCly:CpCo(CO), = 1:10 20 900 1.5
7 Cp,ZrCl, 20 1250 2.3

# Reactions were carried out by stirring the solution of catalyst
under atmospheric pressure of propylene for 5 h. [Al}/[cat.] = 1000,
[cat.] = 167 uM in toluene.

Addition of a larger amount of CpCo(CO), to Cp,ZrCl,
did not increase the catalytic activity (run 6). CpCo
(CO), may scavenge oxygen that is contained in a small
amount in the solution and retards the reaction cata-
lyzed by the Zr complex in these cases. Further studies
of the early—late heterobimetallic complexes in which
the two metal centers are linked by a long tether would
form a new catalysis containing two metal centers func-
tion cooperatively.

3. Experimental
3.1. General

All manipulations of the complexes were carried out
using standard Schlenk techniques under argon or nitro-
gen atmosphere. Toluene, THF and hexane were dis-
tilled from sodium benzophenone ketyl prior to use.
CpZrCly(dme) [21], Li;[Me,C(CsHy),] [17], and CpCo
(CO), [18] were synthesized according to the reported
procedure. MAO was purchased from TOSOH-FINE-
CHEM and stored under argon. Cp,ZrCl,, Co,(CO)g,
and other chemicals were used as received from com-
mercial suppliers. NMR spectra (‘H, '*C{'H}) were re-
corded on JEOL JNM LA-500 or Varian Mercury 300
spectrometers. IR spectra were recorded on Shimazu
FTIR-8100A. Elemental analyses were carried out with
a Yanaco MT-5 CHN autocorder. Gel permeation chro-
matography (GPC) was performed on a TOSOH
HPLC-8121GPC/HT using orthodichlorobenzene (152
°C) as eluent for polyethylene, and a TOSOH HLC-
8020 high-speed liquid chromatograph using THF as
eluent for polypropylene.

3.1.1. Preparation 0f[(175—C5 H;)ZrCl(y’-Cs Hy) CMe>-
(CsHs)] (1)

Lip[Me,C(CsHy)y] (499 mg, 2.7 mmol) and
CpZrCly(dme) (956 mg, 2.7 mmol) were stirred in tolu-
ene (20 mL) for 60 h at room temperature. HCI in
Et,O (1 M, 1.90 mL, 1.9 mmol) was slowly added to
the suspension at room temperature, and the mixture
was stirred for 5 min. After filtration, the yellow solu-
tion was concentrated. The hexane was added to the
solution to cause separation of solid. The resulting solid
was washed with hexane and dried under reduced pres-
sure to give 1 as white solid (712 mg, 66%, mixture of
isomers). "H NMR (300 MHz, C¢Ds): & 6.38 (dq, 1H,
J =5 Hz, 2 Hz, olefinic), 6.33 (dq, 1H, J =5 Hz, 2 Hz,
olefinic), 6.33 (dq, 1H, J=5 Hz, 2 Hz, olefinic) 6.13
(m, 1H, olefinic), 6.11 (t, 2H, J=3 Hz, H, o ), 6.02
(t, 2H, J=3 Hz, H, o ), 5.97(m, 1H, olefinic), 5.93
(s, SH, Hy), 5.92 (s, 5H, Hy), 5.77 (t, 2H, H, o v), 5.76
(m, 1H, olefinic), 5.73 (t, 2H,, J=3 Hz, H, + ), 2.67
(q, 2H, J =2 Hz, H,), 2.52 (q, 2H, J =2 Hz, H,), 1.74
(s, 6H, Hy), 1.58 (s, 6H, Hy). (see Chart 1).
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3.1.2. Preparation of [(i’-CsHs)ZrCl(n’-CsH,) CMes-
(m7-CsHy)Co(CO),] (3)

A toluene solution (50 mL) of 1 (853 mg, 2.1 mmol)
and Co,COg (803 mg, 2.4 mmol) was stirred for 10 h at
60 °C. The volatiles were evaporated to dryness. The res-
idue was washed with hexane and extracted with toluene.
Evaporation of the solvent formed 3 as a red solid (860
mg, 70%). Anal. Calc. for C,0H;90,Cl,CoZr: C, 46.78;
H, 3.74. Found: C, 46.88; H, 3.95%. 'H NMR (300
MHz, C¢Dg): 6 6.05 (t, 2H, J =3 Hz, H¢ o, o), 5.88 (s,
5H, Hy), 5.70 (t, 2H, J=3 Hz, H; . o), 4.36 (d, 2H,
J=2Hz H, o v), 434 (d, 2H, J=2 Hz, H, o v), 1.55
(s, 6H, H;). "C{'HINMR (75 MHz, C¢D¢): 6 202.6
(br, Ccoy), 140.5 (s, Co), 120.6 (s, C), 116.0 (s, Cy),
115.8 (5, Ct or o), 113.0 (5, Ct o1 o), 83.2 (s, Cy or 1), 83.0
(s, Cq or b)s 36.2 (s, Cy), 30.5 (s, Cj). IR: 2006, 1956
cm ™! (CO).

3.1.3. Preparation of [(i’-CsHs)ZrCl(n’-CsH,) CMes-
(5’-CsHy) Col,(CO) | (4)

To a solution of 3 (204.1 mg, 0.40 mmol) in THF (2
mL) was added a THF solution (5 mL) of I, (101.9 mg,
0.40 mmol). The reaction mixture was stirred for 30
min at room temperature. Hexane was added to the solu-
tion to cause separation of purple crystals of 4. The prod-
uct was collected by filtration and washed with hexane to
give 4. (242.2 mg, 93%). Anal. Calc. for CyoHoCl,-
Co0O,Zr: C, 30.91; H, 2.59. Found: C, 30.57; H, 2.81%.
'"H NMR (300 MHz, CDCl5):d 6.47 (s, SH, Hy), 6.46
(t, 2H, J =3 Hz, H¢ o o), 6.35 (t, 2H, J =3 Hz, H , ),
582 (t, 2H, J=2 Hz, H, o v), 448 (t, 2H, J=2 Hz,
H, or ), 1.92 (s, 6H, H;). “C{'"H}NMR (75 MHz,
CDCly): 6 137.7 (s, Co), 118.1 (s, Cy o o), 116.4(s, C,),
1163 (s, Cn), 110.3 (s, Cr or ), 89.5 (s, Cy or b), 88.0 (s,

Ca or 1), 36.7 (5, Cg), 29.5 (s, C;). IR: 2056.4 cm ™! (CO).

3.1.4. Preparation of [(n’-CsHs)ZrCly(n5’-CsH,;) CMe>-
(n’-CsHy)Col,(P(OMe)3)] (5)

To a solution of 4 (104.5 mg, 0.14 mmol) in CH,Cl,
(5 mL) was added a CH,Cl, solution (5 mL) of
P(OMe); (16.7 uL, 0.14 mmol) dropwise at 0 °C. After

C% (o] h%

OC CO

Zr‘\CI
h% el Ny Co
4-6
Chart 1.

it was stirred for 5 h, the reaction mixture was concen-
trated. Hexane was added to the solution to cause sep-
aration of the crystals. The formed purple crystals were
collected by filtration and washed with hexane (96.8
mg, 82%). Anal. Calc. for C, H,3Cl,Col,OsPZr: C,
30.23; H, 3.38. Found: C, 30.50; H, 3.60%. '"H NMR
(300 MHz, CDCly): ¢ 6.74 (t, 2H, J=3 Hz H; o ),
6.47 (s, SH, Hy), 6.38 (t, 2H, J=3 Hz, Hf o »), 5.28
(br, 2H, H, . v), 448 (br, 2H, H, ., ), 3.87 (d, 9H,
Jp 11=10 Hz, P(OMe);), 2.15 (s, 6H, H;). *C{'H}NMR
(75 MHz, CDCls): 6 137.7 (d, C., Jp_.c =7 Hz), 118.1
(d, C., Jp_c =16 Hz), 116.7 (s, Ct or o), 116.2 (s, Cp),
113.0 (s, Cr or o) 92.0 (5, Cy or b)s 76.0 (5, Cy or b),
56.8 (d, P(OMe), Jp_c =8 Hz), 38.1 (d, Cq, Jp.c=3
Hz), 29.6 (s, C)).

3.1.5. Preparation of [(’-CsHs)ZrCl(n’-CsH,) CMes-
(r’-CsHy) Col,(PPhs) ] (6)

To asolution of 3 (111 mg, 0.22 mmol) and PPh; (56.9,
0.27 mmol) in CH,Cl, (1 mL) was added a THF solution
(1.5 mL) of I, (55.1, 0.0.22 mmol). After 20-min stirring,
the reaction mixture was concentrated and allowed to
stand overnight. Formed purple crystals were collected
by filtration and washed with hexane (100 mg, 53%).
Anal. Calc. for C3sH34ClL,Col,PZr: C, 44.46; H, 3.52.
Found: C, 44.09; H, 3.56%. 'H NMR (300 MHz,
CDCly):6 7.9-7.2 (br, 15H, PPhj), 6.68 (t, 2H, J = 3 Hz,
Hy or ), 6.45 (s, SH, Hy), 6.35 (t, 2H, J =3 Hz, Hy o, o),
5.54 (br, 2H, H, o v), 3.65 (br, 2H, H, o v), 2.26 (s, 6H,
H;). PC{'H}NMR (75 MHz, CDCl5): § 140.2 (s, C.),
134.7-127.2 (m, Cpp), 116.7 (s, C¢ o o), 116.1 (s, Cy),
113.2 (s, Cr o1 o), 91.9 (5, Cy or b), 76.4 (5, Cy or b), 38.3
(s, Cq), 29.7 (s, C;), >*'P{'HINMR (162 MHz, CDCl5):
0 30.2.

3.2. Olefin polymerization

A mixture of complex (0.50 pmol) and MAO (0.50
mmol Al) in toluene (30 mL) was stirred at room tem-
perature for 15 min. After freeze-pump-thaw cycles,
ethylene or propylene (1 atm) was introduced to the
flask at room temperature. After stirring for specified
time at room temperature, MeOH and 5 M HCI-
MeOH were subsequently added. Separated polyethyl-
ene solid was filtered, washed with MeOH, H,O and
hexane, and dried in vacuo. Polypropylene was ex-
tracted with toluene and washed with H,O and dried
in vacuo.

3.3. Crystal structure determination

Crystals of 5 and 6 were mounted in glass capillary
tubes under Ar. Intensities were collected for Lorentz
and polarization effects on a Rigaku AFC-7R auto-
mated four-cycle diffractometer by using Mo Ko radi-
ation (4 =0.71069 A) and o — 20 scan method, and
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Table 3
Crystal data and details of structure refinement of complexes of 5 and
6
5 6

Empirical formula C,1HpClL,Col,O3PZr  C36H34CoCLI1,PZr
Formula weight 834.29 972.51
Crystal system Triclinic Orthorhombic
Space group P1 (No. 2) Pbca (No. 61)
Unit cell dimensions

a (A) 14.671(4) 25.84(1)

b (A) 14.787(4) 26.454(9)

cA) 7.0114(8) 10.493(4)

o (°) 93.89(2)

Q) 99.954(1)

7 (©) 62.493(1)
V(A% 1328.6(4) 7172(4)
VA 2 8
u(em™h 36.33 26.93
F(000) 800 3776
Deaie (2em™) 2.085 1.801

Crystal size (mm)
20 Range (°)

0.50 % 0.20 x 0.15
5-55.0

0.50x0.30x0.20
5-55.0

Scan rate (deg min~") 8.0 8.0-4.0

No. of unique 6098 8535

reflections

No. of used reflections 4477 3423
(I>3a(D)

No. of variables 280 388

R(F,) 0.040 0.090

R,(F,) 0.039 0.099

Goodness-of-fit 2.40 3.40

an empirical absorption correction (¢ scan) was ap-
plied. Calculations were carried out with a program
package teXsan for Windows. Atomic scattering fac-
tors were obtained from the literature. A full matrix
least-squares refinement was used for non-hydrogen
atoms with anisotoropic thermal parameters. Hydro-
gen atoms were located by assuming the ideal geome-
try and included in the structure calculation without
further refinement of the parameters [22]. Crystallo-
graphic data and details of refinement of the com-
plexes are summarized in Table 3. Crystallographic
data (excluding structural factors) have been deposited
with the Cambridge Crystallographic Data Center as
Supplemental Publication Nos. CCDC 233764—
233765. Copies of this information may be obtained
free of charge from The Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (Fax: +44-1223-
336-033; e-mail: deposit@ccdc.cam.ac.uk or www:
http://www.ccdc.cam.ac.uk).
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