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Introduction

The replacement of ubiquitous cyclopentadienyl-type li-
gands in early transition-metal complexes has been widely
investigated in recent years. Hard, electronegative, p-donor
ligands such as aryl oxides/alkoxides are attractive because
they form strong metal�oxygen bonds that are expected to
stabilize the complexes of these electropositive metals.[1]

Also, the great variety of these ligands, which can be con-
veniently obtained from alcohols, allows considerable ste-
reoelectronic variations. Accordingly, Group 4 metal com-
plexes of the type [MX2(OZ)2] and [MX2ACHTUNGTRENNUNG(OZZO)], where
OZ� and OZZO2� are monoanionic and chelating dianionic
ligands, respectively, still attract considerable attention. The
stereoselectivity of such octahedral coordination complexes
is of considerable interest, in particular, for the generation
of chirality at the metal center.[2] Some of these complexes
are also extremely performant a-olefin polymerization cata-
lysts.[3] The most successful developments in terms of syn-

Abstract: New catalysts for the isospe-
cific polymerization of 1-hexene based
on cationic zirconium complexes incor-
porating the tetradentate fluorous di-
ACHTUNGTRENNUNGalkoxy-diamino ligands [OC(CF3)2CH2N-
(Me) ACHTUNGTRENNUNG(CH2)2N(Me)CH2C ACHTUNGTRENNUNG(CF3)2O]2�

[(ON2NO)2�] and [OCACHTUNGTRENNUNG(CF3)2 ACHTUNGTRENNUNGCH2N-
ACHTUNGTRENNUNG(Me) ACHTUNGTRENNUNG(1R,2R-C6H10)ACHTUNGTRENNUNGN ACHTUNGTRENNUNG(Me) ACHTUNGTRENNUNGCH2C-
ACHTUNGTRENNUNG(CF3)2O]2� [(ONCyNO)2�] have been
developed. The chiral fluorous diami-
no-diol [(ONCyNO)H2, 2] was prepared
by ring-opening of the fluorinated oxir-
ane (CF3)2COCH2 with (R,R)-N,N’-di-
methyl-1,2-cyclohexanediamine. Pro-
ligand 2 reacts cleanly with [Zr-
ACHTUNGTRENNUNG(CH2Ph)4] and [Ti ACHTUNGTRENNUNG(OiPr)4] precursors
to give the corresponding dialkoxy
complexes [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ONCyNO)] (3)
and [Ti ACHTUNGTRENNUNG(OiPr)2ACHTUNGTRENNUNG(ONCyNO)] (4), respec-

tively. An X-ray diffraction study re-
vealed that 3 crystallizes as a 1:1 mix-
ture of two diastereomers (L-3 and D-
3), both of which adopt a distorted oc-
tahedral structure with trans-O, cis-N,
and cis-CH2Ph ligands. The two diaste-
reomers L-3 and D-3 adopt a C2-sym-
metric structure in toluene solution, as
established by NMR spectroscopy. Cat-
ionic complexes [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ON2NO)-
ACHTUNGTRENNUNG(THF)n]

+ (n=0, anion= [BACHTUNGTRENNUNG(C6F5)4]
� , 5 ;

n=1, anion= [PhCH2B ACHTUNGTRENNUNG(C6F5)3]
� , 6)

and [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ONCyNO) ACHTUNGTRENNUNG(THF)]+

ACHTUNGTRENNUNG[PhCH2B ACHTUNGTRENNUNG(C6F5)3]
� (7) were generated

from the neutral parent precursors [Zr-
ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ON2NO)] (H) and [Zr-
ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ONCyNO)] (3), and their
possible structures were determined on
the basis of 1H, 19F, and 13C NMR spec-
troscopy and DFT methods. The neu-
tral zirconium complexes H and 3 (L-
3/D-3 mixture), when activated with B-
ACHTUNGTRENNUNG(C6F5)3 or [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]

� , catalyze
the polymerization of 1-hexene with
overall activities of up to
4500 kgPHmolZr�1h�1, to yield isotac-
tic-enriched (up to 74% mmmm) poly-
mers with low-to-moderate molecular
weights (Mw=4800–47200) and mono-
disperse molecular-weight distributions
(Mw/Mn=1.17–1.79).
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thetic organometallic chemistry and catalysis have been ach-
ieved by using aryl oxide (phenolate) ligands (Scheme 1),
with significant contributions from the groups of Fujita,[4]

Coates,[5] Kol,[6] Okuda,[7] and many others.[8]

Comparatively, Group 4 metal [MX2(OZ)2]- and [MX2-
ACHTUNGTRENNUNG(OZZO)]-type complexes incorporating simple (amino-)alk-
oxide ligands have been studied much less (Scheme 2).[9,10]

This is mainly due to the aggregation problems traditionally

encountered with these relatively more basic ligands (rela-
tive to aryl oxides).[1] A valuable approach to overcoming
this problem involves the introduction of electron-withdraw-
ing CF3 groups a to the alkoxide moiety; this generates in-
creased intra- and intermolecular repulsions and a much less
basic alkoxide oxygen atom,
and in turn a much reduced
bridging ability. Based on this
principle, Jordan et al. have de-
veloped “fluorous” Group 4
complexes with two pyridine-
alkoxide ligands (G).[11] We
have also recently designed
tetradentate (ONnNO)2� li-
gands with an ethylene- (n=2)
or propylenediamine (n=3)
bridge flanked by two fluori-
nated tertiary alkoxides and
prepared neutral Group 3, 4,

and 13 metal complexes derived from these ligands (e.g.
H).[12,13, 14]

Herein, we describe the synthesis of a new chiral, nonra-
cemic, fluorous diamino-diol (ONCyNO)H2 based on a 1,2-

cyclohexanediamine backbone.
The objectives of this work
were to define the coordina-
tion properties of (ONCyNO)2�

in simple titanium(IV) and zir-
conium(IV) [MX2ACHTUNGTRENNUNG(ONCyNO)]
complexes, to prepare [M(R)-
ACHTUNGTRENNUNG(ONCyNO)]+ and [M(R)-
ACHTUNGTRENNUNG(ON2NO)]+ alkyl species, and
to explore the ethylene and 1-
hexene polymerization proper-
ties of these ionic species.

Results and Discussion

Proligand synthesis : The chiral fluorous diamino-diol
(1R,2R)-C6H10[N(Me)CH2C ACHTUNGTRENNUNG(CF3)2OH]2 [(ONCyNO)H2, 2]
was prepared by the ring-opening of two equivalents of the
fluorinated oxirane CF3)2COCH2, generated in situ from
hexafluoroacetone and diazomethane,[15] with one equivalent
of the corresponding (R,R)-N,N’-dimethyl-1,2-cyclohexane-
diamine [Eq. (1)].[16] This one-pot procedure leads to a mix-
ture of the desired disubstituted product 2 (ca. 35%) and
the monosubstituted alcohol 1 (ca. 65%). Fractional subli-
mation and subsequent recrystallization afforded pure 1 and
2 in 60 and 28% (unoptimized) yields, respectively, as crys-
talline solids.

The 1H and 19F NMR spectra of 2 at room temperature
(298 K) in [D6]benzene or [D1]chloroform solution feature
broadened resonances (Figure 1). This observation is indica-
tive of a dynamic phenomenon, which likely reflects restrict-
ed fluxionality due to intramolecular O�H···N hydrogen
bonding. The 1H and 19F NMR spectra at 323 K in
[D1]chloroform or at 338 K in [D6]benzene (Figure 1) show
much sharper resonances, in particular for the acidic OH
groups (dH=6.94 ppm), indicative of fast exchange on the
NMR timescale.

Scheme 1. Examples of aryl oxide based [MX2(OZ)2] and [MX2(OZZO)] complexes.

Scheme 2. Examples of (amino-)alkoxide-based [MX2(OZ)2] and
[MX2(OZZO)] complexes (Bn=benzyl).

www.chemeurj.org K 2007 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 923 – 935924

www.chemeurj.org


Synthesis and structures of [Zr-
ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ON

CyNO)] (3) and
[Ti ACHTUNGTRENNUNG(OiPr)2ACHTUNGTRENNUNG(ON

CyNO)] (4): The
dibenzylzirconium complex
[Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ONCyNO)] (3)
was prepared by alkane elimi-
nation from the 1:1 reaction of
[Zr ACHTUNGTRENNUNG(CH2Ph)4] and chiral diami-
no-diol 2 [Eq. (2)]. 1H NMR
spectroscopy indicated that the
reaction in [D6]benzene at
room temperature takes place
within minutes and leads to
the quantitative formation of 3
with clean release of two
equivalents of toluene. A
gram-scale synthesis carried
out in toluene, followed by
standard work up, afforded 3
in 91% yield. The hexafluoro
complex 3 is only poorly solu-
ble in aromatic solvents and
readily soluble in chlorinated
solvents.

The 1H, 19F, and 1H–13C
HETCOR NMR spectra of 3
recorded in [D8]toluene at
298 K showed the formation of
two C2-symmetric species in an
approximately 1:1 ratio
(Figure 2). As demonstrated
by X-ray diffraction studies

(vide infra), these isomers
arise because of different con-
figurations at the nitrogen and
metal centers, that is, they are
D and L diastereomers (see
[Eq. (2)]). The 1H NMR spec-
trum of the L-3 and D-3 dia-
stereomers features one singlet
for the NCHCHN bridge, one
singlet for the NCH3 groups,
two doublets for the NCH2C-
ACHTUNGTRENNUNG(CF3)2 groups (2JH,H=15.0 and
15.6 Hz, respectively), and one
doublet for the two ZrCHHPh
groups (2JH,H=9.8 and 10.3 Hz,
respectively). The cyclohexyl
hydrogen atoms appear as two
multi ACHTUNGTRENNUNGplets of equal intensity in
one diastereomer and as three
multiplets (0.5:0.5:1 ratio) in
the other diastereomer. The
13C resonances for the Cipso

atoms of the benzylic groups
are found at low fields (d=

Figure 1. 1H (left) and 19F (right) NMR spectra of (ONCyNO)H2 (2) in [D6]benzene at different temperatures.

Figure 2. NMR spectra of [Zr(CH2Ph)2(ONCyNO)] (3). Bottom: Aliphatic region of the 1H NMR spectrum
(500 MHz, [D8]toluene, 298 K). Top: 19F NMR spectrum (182 MHz, [D8]toluene, 298 K).
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145.9 and 144.9 ppm), which is indicates that the two benzyl
groups in each diastereomer are h1-coordinated to the metal
center in solution.[10a,17] In the 19F NMR spectrum, both spe-
cies exhibit two sharp quartets of equal intensity (4JF,F=

10.3 Hz) (Figure 2).
The thermodynamic barrier to the racemization of 3 by

interconversion between the L and D stereoisomers was as-
sessed by variable-temperature 19F NMR studies in
[D8]toluene. However, no change in the shape or intensity
of the resonances was observed upon heating up to 383 K.
By assuming, quite reasonably, that coalescence does not
appear up to 403 K, the lower limit for the racemization bar-
rier was estimated to be 19 kcalmol�1.[18] When compared
with the racemization energy barriers determined for related
dibenzylzirconium complexes G (8–9 kcalmol�1)[11] and H
(17 kcalmol�1),[12] this value suggests, as expected, a more
stereorigid character of the cyclohexyl-bridged ligand
system compared with unbridged and ethylene-bridged com-
plexes, respectively.

Crystals of 3 suitable for X-ray studies were obtained
from a toluene solution at room temperature. Selected bond
lengths and angles and crystallographic details are summar-
ized in Table 1 and Table 2. The crystal unit contains four

molecules composed of one pair of diastereomers, that is, D-
3 and L-3, which arise from chirality at the octahedral metal
center (Figure 3).[2] Both L-3 and D-3 feature distorted
hexacoordinate geometry with a noncrystallographic C2-
symmetry axis. Except for the trans O-Zr-O angles, which
differ by around 148, the geometrical parameters (bond
lengths and angles) are nearly the same for both diastereo-
mers and, therefore, the structure of only one of these iso-
mers will be described. The overall geometry of L-3 is remi-
niscent of that of the related ethylene-bridged complex H
previously characterized (L diastereoisomer described).[12]

The trans-like O231-Zr2-O251 angle in L-3 (148.688) is only
68 larger than that in L-H. The cis angles between the

oxygen and nitrogen atoms of the coordinated ligand and
the benzylic groups are within the range observed for com-
plex L-H. Also, the Zr�O (2.008(2), 2.005(2) Q) and Zr�N
(2.411(2), 2.618(2) Q) distances are similar to those ob-
served in L-H. Note the approximate 0.2 Q difference be-
tween the Zr2�N241 and Zr2�N261 bond lengths, which may
be caused by either unequal trans influence of the benzylic
groups positioned trans to the nitrogen atoms and/or steric
congestion within the coordinated ligand. The unequivocal
nonequivalence of the benzylic groups in L-3 is evidenced
by the difference in the Zr�Cipso distances (Zr2�C212
2.971(3) Q versus Zr2�C222 3.192(3) Q) and angles (Zr2-
C211-C212 101.09(16)8 versus Zr2-C221-C222 114.07(18)8),
which are indicative of a significant Zr···Ph interaction for
one of the benzyl moieties. The formal electron count is 16,
by considering the alkoxides as four-electron donors.

The above NMR and X-ray data confirm the formation of
diastereomers D-3 and L-3 in equal amounts and indicate
that the chiral N-methyl-substituted ligand backbone is not
effective at dictating the configurations at the nitrogen
atoms during the Zr�N bond-forming process. These results
are in line with recent reports by the groups of Walsh[19] and
Kol[20] on the synthesis of titanium isopropoxide complexes
with chiral N-methyl-tetrahydrosalen (salan) ligands, in
which poor or no diastereoselectivity was observed. Never-
theless, for NH (i.e., non-methylated) salan ligands, Kol and
co-workers did observe perfect chiral induction from the
ligand to the metal center with the formation of a single C2

diastereomeric complex. The low chiral induction observed
in the N-methyl ligands was tentatively rationalized in terms
of steric interactions between the nitrogen substituents and

Table 1. Selected bond lengths [Q] and angles [8] for the diastereomers
of [Zr(CH2Ph)2(ONCyNO)] (3).

D isomer L isomer

Zr1�O131 2.005(2) Zr2�O231 2.0077(19)
Zr1�O151 2.0603(18) Zr2�O241 2.0577(17)
Zr1�N141 2.448(2) Zr2�N241 2.411(2)
Zr1�N161 2.570(2) Zr2�N261 2.618(2)
Zr1�C111 2.285(3) Zr2�C211 2.294(2)
Zr1�C121 2.274(3) Zr2�C221 2.283(3)
Zr1�C112 2.960(3) Zr2�C212 2.971(3)
Zr1�C122 3.290(3) Zr2�C222 3.192(3)
N141-Zr1-N161 71.11(7) N241-Zr2-N261 71.32(7)
C111-Zr1-C121 105.39(10) C211-Zr2-C221 102.18(10)
O131-Zr1-O151 162.45(9) O231-Zr2-O251 148.68(8)
N161-Zr1-C111 148.89(8) N261-Zr2-C212 149.19(8)
N141-Zr1-C112 137.81(9) N241-Zr2-C211 137.23(9)
O131-Zr1-C111 94.40(11) O231-Zr2-C221 95.98(9)
O131-Zr1-C121 89.34(10) O231-Zr2-C211 91.78(9)
O151-Zr1-C121 108.20(10) O251-Zr2-C211 118.89(9)
Zr1-C111-C112 120.59(19) Zr2-C221-C222 114.07(18)
Zr1-C121-C122 101.74(17) Zr2-C211-C212 101.09(16)

Table 2. Summary of the crystallographic data for
[Zr(CH2Ph)2(ONCyNO)] (3).

3

formula C30H34F12N2O2Zr
crystal size [mm] 0.20R0.15R0.04
Mr [gmol�1] 773.81
crystal system monoclinic
space group P21

a [Q] 11.0996(6)
b [Q] 14.4130(10)
c [Q] 20.1886(12)
a [8] 90
b [8] 100.942(3)
g [8] 90
V [Q3] 3171.0(3)
Z 4
1calcd [gcm�3] 1.621
T [K] 100(2)
q range [8] 1.03–29.6
m [mm�1] 0.71073
no. of measured reflections 37737
no. of independent reflections 17706
reflections with I>2s(I) 14260
parameters 847
goodness of fit 1.006
R [I>2s(I)] 0.036
wR2 0.0739
largest difference [eQ�3] 0.589/�0.659
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the axial hydrogen atoms of the adjacent cyclohexane
carbon atoms. We were therefore also interested in prepar-
ing the titanium isopropoxide complex of ligand
(ONCyNO)H2 (2).

In line with the synthesis of parent ethylene-bridged com-
plexes [TiX2ACHTUNGTRENNUNG(ONCyNO)] (X=OiPr, Cl),[12] and, as is
common for simple exchange reactions between titanium
alkoxide complexes and alcohols,[20,21] the addition of titani-
um tetraisopropoxide to ligand 2 in toluene solution pro-
ceeded readily. The expected complex [TiACHTUNGTRENNUNG(OiPr)2ACHTUNGTRENNUNG(ONCyNO)]
(4) was isolated in quantitative yield [Eq. (3)]. The 1H and
19F NMR spectra of 4 feature sharp resonances and are also
consistent with the formation of two C2 diastereomers (4a,
4b). This is particularly evident from the observation of two
sets of two quartets in the 19F NMR spectrum (Figure 4),
which lie in the same chemical shift area of the spectrum as
those of 3. However, in contrast to 3, the room temperature

(298 K) spectrum of 4 indicates an approximate 1:6 ratio be-
tween the diastereomers (Figure 4).[22] One may assume that
the titanium complex 4 adopts an arrangement similar to
the related (and structurally characterized) complexes [Zr-
ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ONCyNO)] (3) and [TiX2ACHTUNGTRENNUNG(ON2NO)] (X=Cl,
OiPr),[12] as well as WalshSs[19] and KolSs[20] diaminobis(phe-
nolate) diisopropoxy titanium complexes; that is, the two
isomers observed in the NMR spectra correspond to chiral-
at-metal D-4 and L-4, with a trans-O,O, cis-N,N, cis-Oi-
Pr,OiPr disposition of the ligands (Scheme 3). However, one
cannot discard other configurational isomers such as cis-
O,O, cis-N,N, trans-OiPr,OiPr (Scheme 3). The latter type of
isomer has been proposed to co-exist in minor amounts
beside the former type of isomer at a low temperature in
the case of [Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ONCyNO)] (H).[12] Unfortunately,

Figure 3. ORTEP views of the two diastereomers of the complex [Zr(CH2Ph)2(ONCyNO)] (left: D-3 ; right: L-3), depicted with 30% thermal ellipsoids;
all hydrogen atoms have been omitted for clarity.

Figure 4. 19F NMR spectrum (182 MHz, [D8]toluene, 298 K) of [Ti(Oi-
Pr)2(ONCyNO)] (4). Descriptors a and b refer to the two observed iso-
mers of 4.

Scheme 3. Possible C2-symmetric isomers of [Ti(OiPr)2(ONCyNO)] (4).
The four entries in the descriptor (e.g. trans,cis,S,S) refer to the arrange-
ment of alkoxide and isopropoxide ligands and the configuration of Na

and Nb, respectively. Note that the amine ligands must be cis. For the top
two isomers, the descriptor in parentheses (L, D) refers to the absolute
configuration of the metal.

Chem. Eur. J. 2007, 13, 923 – 935 K 2007 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org 927

FULL PAPERFluorous Dialkoxy-Diamino Zirconium Complexes

www.chemeurj.org


no single crystal of 4 suitable for X-ray studies has been ob-
tained to date and NOESY data proved uninformative, and
so the exact nature of the isomers of 4 and their interconver-
sion remain unclear.

Generation of cationic benzyl-
zirconium species from [Zr-
ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ON

2NO)] (H) and
[Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ON

CyNO)] (3):
The structural investigation of
the cationic species formed
upon reaction of neutral
Group 4 metal complexes with
molecular activators is a diffi-
cult task owing to the high sen-
sitivity of these species, but it
may provide valuable informa-
tion. In the field of olefin poly-
merization, it is thus possible
to establish relationships for
the catalytic performances of
the neutral precursor/activator
binary system, in particular, its
single-site character, thermal
stability, and sometimes its ste-
reospecificity. We were there-
fore interested in investigating
the generation of cationic ben-
zylzirconium species from the
neutral achiral complex [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ON2NO)] (H,
Scheme 2) and the chiral complex [Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ONCyNO)]
(3).

Reactions of complex H with [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]
� ,

[HNMe2Ph]+[B ACHTUNGTRENNUNG(C6F5)4]
� , and B ACHTUNGTRENNUNG(C6F5)3, were monitored by

NMR spectroscopy. In all cases, benzyl abstraction proceed-
ed quantitatively at �40 8C in [D2]dichloromethane or
[D5]chlorobenzene. For instance, the 1H NMR spectrum
(298 K) for the reaction of H with [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]

�

showed the formation of one equivalent of Ph3CCH2Ph
(d(Ph3CCH2Ph)=3.96 ppm).[23] The corresponding 19F and
11B NMR spectra (298 K) contained a single set of resonan-
ces for the free borate anion [BACHTUNGTRENNUNG(C6F5)4]

� , suggesting the for-
mation of the cationic species [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ON2NO)]+ (5),
which is possibly coordinated by solvent molecules [Eq. (4)].
Variable-temperature 1H and 19F NMR spectroscopy showed
that this species exhibits fluxional behavior (Figure 5).[24]

The 19F NMR spectrum of 5 at 305 K features a single broad
resonance for the CF3 groups of the ligand. When the
sample is cooled, this signal decoalesces to give four multi-
ACHTUNGTRENNUNGplets of equal intensity at 220 K. In parallel, the 1H NMR
spectrum at 305 K contains three AB systems for the C-
ACHTUNGTRENNUNG(CF3)2CHH, ZrCHHPh, and NCHH groups, and the NCH3

groups appear as a broad singlet (d=2.56 ppm). Partial de-
coalescence is observed at 220 K, in particular with two sin-
glets of equal intensity observed for the NCH3 groups, while
the ZrCHHPh hydrogen atoms remain as an AB system.
All these features are reversible upon warming or cooling.
The high-field 13C resonance for the ipso-carbon atom in
ZrCH2Ph (d ACHTUNGTRENNUNG(220 K)=133.4 ppm) is consistent with a h2 co-
ordination mode.[25] Clearly, 5 adopts C1 symmetry at low

temperatures that averages on the NMR timescale to C2

symmetry at high temperatures, a phenomenon that likely
involves rapid exchange of the h2-benzyl group at the metal
coordination sites.

Reaction of 1 with (THF)·B ACHTUNGTRENNUNG(C6F5)3 in
[D2]dichloromethane resulted in the clean formation of the
cationic THF adduct [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ON2NO) ACHTUNGTRENNUNG(THF)]+

ACHTUNGTRENNUNG[PhCH2B ACHTUNGTRENNUNGACHTUNGTRENNUNG(C6F5)3]
� (6) [Eq. (5)]. Complex 6 is stable for days

up to �10 8C in [D2]diACHTUNGTRENNUNGchlo ACHTUNGTRENNUNGro ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGane, at which temperature

Figure 5. Variable-temperature NMR spectra of the 1:1 reaction mixture of [Zr(CH2Ph)2(ON2NO)] (H) with
[Ph3C]+[B(C6F5)4]

� in [D5]chlorobenzene at �30 8C which generates “[Zr(CH2Ph)(ON2NO)]+[B(C6F5)4]
�” (5).

Left: Low-field region of the 19F NMR spectra (470 MHz) (resonances for the [B(C6F5)4]
� anion are not

shown). Right: Aliphatic region of the 1H NMR spectra (500 MHz). The symbols g et c represent resonances
of unidentified byproducts or impurities.
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it exists as a fully separated
ionic pair, as evidenced by
NMR spectroscopy. The char-
acteristic resonances of the
free [PhCH2B ACHTUNGTRENNUNG(C6F5)3]

� ion are
found in the 1H NMR spec-
trum at d=2.78 ppm
(BCH2Ph) and in the 13C{1H}
spectrum at d=148.4 ppm
(ipso-carbon atom of the
benzyl group),[26] as well as in
the 19F and 11B NMR spectra.
The cationic part possesses C1 symmetry and is represented
in the 1H NMR spectrum by four doublets for the CHHC-
ACHTUNGTRENNUNG(CF3) hydrogen atoms, two singlets for the NCH3 groups,
multi ACHTUNGTRENNUNGplets for each ZrCHHPh moiety, and by the
NCH2CH2N AB-type hydrogen system (Figure 6). The coor-
dinated THF molecule also features as a C1-symmetric pat-
tern, with each pair of a- and b-hydrogen atoms appearing
as a multiplet. The 19F NMR spectrum at 243 K contains, be-
sides the resonances due to a free [PhCH2B ACHTUNGTRENNUNG(C6F5)3]

� ion,
four quartets (4JF,F=9.7 Hz) in a 1:1:1:1 ratio (of which two
overlap) arising from the cation.

The reaction of [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ONCyNO)] (3) in
[D2]dichloromethane at �40 8C with the aforementioned
molecular activators, including also (THF)·B ACHTUNGTRENNUNG(C6F5)3, unex-
pectedly led to complex mixtures of products, as indicated
by very complicated 1H NMR spectra in the temperature
range 233–298 K. No unambiguous assignments were possi-
ble. When (THF)·B ACHTUNGTRENNUNG(C6F5)3 was used to generate the putative
“[Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ONCyNO) ACHTUNGTRENNUNG(THF)]+ [PhCH2B ACHTUNGTRENNUNG(C6F5)3]

�” (7), the
19F NMR spectra at 243 and 298 K both revealed four differ-
ent sets of signals that account for >90% of the products,

of which two major sets in a 1:1.2 ratio were attributed to
C1- and C2- or Cs-symmetric species, respectively (see the
Supporting Information). Attempts to identify the cationic
entities have so far failed.

To gain a better insight into the solution structure of the
cationic species generated in situ from H and 3, a theoretical
DFT study was performed.[27] Eight possible limit structures
of the cations [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ON2NO) ACHTUNGTRENNUNG(THF)]+ (I, as in 6) and
[Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ONCyNO) ACHTUNGTRENNUNG(THF)]+ (II, as in 7), with different
arrangements of the ligands and overall symmetry, were
constructed and optimized at the BP86-RI/SV(P) level of
theory. The stable geometries obtained were then used in a
single-point energy calculation at the B3LYP/TZVP level of
theory (see the Supporting Information). In total agreement
with the experimental observations for 6, only one c-type
structure of I (as one pair of enantiomers) was found to be
reasonable (Figure 7); the total electronic energy minima of
all the other calculated structures are 11–26 kcalmol�1

higher. On the other hand, four different structures for II
were found to lie within 0–4.6 kcalmol�1 of the total elec-
tronic energy range (Figure 7), which is also consistent with

Figure 6. NMR spectra of [Zr(CH2Ph)(ON2NO)(THF)][PhCH2B(C6F5)3] (6) in [D2]dichloromethane at 243 K. Bottom: Aliphatic region of the 1H NMR
spectrum (500 MHz). Top: Low-field region of the 19F NMR spectrum (282 MHz) (resonances for the [PhCH2B(C6F5)3]

� anion are not shown).
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the experimental observation of several species in solution
for 7.

Polymerization catalysis : Combinations of neutral dibenzyl
complexes [Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ON2NO)] (H) and [Zr ACHTUNGTRENNUNG(CH2Ph)2-
ACHTUNGTRENNUNG(ONCyNO)] (3) with molecular activators were evaluated in
the polymerization of ethylene and 1-hexene.[28] Representa-
tive results are summarized in Table 3.

A 1:1 combination of [Ph3C]+[BACHTUNGTRENNUNG(C6F5)4]
� and H exhibits

moderate catalytic activity in ethylene polymerization at
room temperature (196 kgPEmolZr�1h�1, Ta ACHTUNGTRENNUNGble 3, entry 1).

An activity about twice as high
was observed when the poly-
merization was conducted at
0 8C (401 kgPEmolZr�1h�1,
Ta ACHTUNGTRENNUNGble 3, entry 2), which may
reflect the increased stability
of the cationic species under
these conditions. These activity
data are slightly higher than
those reported by Jordan and
co-workers for related fluorous
alkoxide-pyridino catalysts [Zr-
ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG({pyC ACHTUNGTRENNUNG(CF3)2O}2)]
(G),[29] but significantly lower
than those obtained with
imino-phenolate catalysts.[4a]

Low-molecular-weight materi-
als with somewhat broad poly-
dispersities and low melting
temperatures (ca. 116 8C) were
isolated in the experiments
conducted both at room tem-
perature and at 0 8C, a behav-

ior which is also similar to that of the catalyst system based
on G.[11]

The polymerization of 1-hexene catalyzed by H/activator
binary systems appears to be strongly dependent on the re-
action conditions; that is, the nature of the solvent and acti-
vator and the order of introduction of reagents play a cru-
cial role in the catalytic performances and polymer charac-
teristics. We first observed that dissolving separately the cat-
alyst precursor and activator (trityl, TurnerSs, or borane),
each in bulk 1-hexene, and mixing the resulting solutions
(protocol I,[6i] Table 3, entry 3) failed to give any polymer.

Figure 7. DFT-predicted geometries of the cationic species I and II derived from 6 and 7, respectively; only
the most stable structures (0–5 kcalmol�1 range) are shown (see the Supporting Information for further de-
tails).

Table 3. Ethylene and 1-hexene polymerization promoted by [Zr(CH2Ph)2(ON2NO)] (H)/activator and [Zr(CH2Ph)2(ONCyNO)] (3)/activator binary sys-
tems.[a]

Entry Monomer Complex
([mol])

Activator Protocol[b] T [8C] Time [min] Polymer [g] Yield [%] Activity[c] Mw [kgmol�1][d] Mw/Mn
[d] [mm] [%][e]

1 ethylene H (40.6) trityl IV 25 10 1.32 – 196 1940 3.16 –
2 ethylene H (29.0) trityl IV 0 10 1.93 – 401 2960 3.09 –
3 1-hexene H (13.8) any type I 25 30 0 0 0 – – –
4 1-hexene H (16.7) trityl II 25 30 0.52 15 62 5.2 1.17 50
5 1-hexene H (16.7) trityl II 0 30 0.13 4 16 14.1 2.15 54
6 1-hexene H (41.3) BF15 II 25 60 0.47 14 11 4.8 1.49 nd
7 1-hexene H (41.3) BF15 II 50 60 0.21 6 5 4.6 1.49 nd
8 1-hexene H (41.3) BF15 III 25 60 2.20 65 53 5.8 1.21 nd
9 1-hexene H (41.3) BF15 III 0 180 traces <1 – – – –
10[f] 1-hexene H (41.3) trityl III 25 60 traces <1 – – – –
11 1-hexene 3 (41.3) BF15 III 25 60 2.63 76 63 41.0 1.76 83
12 1-hexene 3 (41.3) trityl III 25 60 traces <1 – – – –
13[g] 1-hexene 3 (41.3) BF15 III 25 60 0.21 6 5 47.2 1.64 84
14 1-hexene 3 (41.3) BF15 III 50 10 3.36 99 488 39.9 1.77 nd
15 1-hexene 3 (41.3) BF15 III 50 5 3.34 98 969 39.8 1.79 nd
16 1-hexene 3 (41.3) BF15 III 50 1 3.12 92 4527 40.1 1.77 nd

[a] General conditions unless otherwise stated: Ethylene polymerization reactions were carried out in toluene (50 mL) at 6 bar pressure; [1-hexene]/
[Zr]=1000–3000, [B]/[Zr]=1, total volume=10 mL. [b] I : the precatalyst and activator were each dissolved in 1-hexene (5 mL) and the solutions mixed.
II : The cation was pregenerated in toluene (1 mL) and then added to 1-hexene (10 mL). III : The cation was pregenerated in hexane (5 mL) and then 1-
hexene (5 mL) was added. IV: The cation was pregenerated in toluene (1 mL) and added to a saturated solution of ethylene in toluene. [c] Average activ-
ity in kgPHmolZr�1h�1. [d] Determined by GPC in THF versus PSt standards. [e] Determined by 13C{1H} NMR spectroscopy. [f] Cationic species were
completely insoluble. [g] The temperature was kept to 25 8C by using a water bath.
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Also, the use of toluene as sol-
vent significantly decreases the
polymerization activity of cata-
lyst systems based on H (pro-
tocol II, Table 3, entries 4–7).
Better results were obtained
by activating the precatalyst
with B ACHTUNGTRENNUNG(C6F5)3 in hexane solu-
tion and by performing the
polymerization reaction with
this mixture (protocol III,
Table 3, entry 8). 1-Hexene
polymerization proceeds in-
stantaneously under these con-
ditions and is accompanied by substantial warming to yield
low-molecular-weight oily materials with narrow polydis-
persity. Adequate conditions for effective polymerization
are, however, strict. No polymer was recovered when the re-
action was performed at 0 8C (Table 3, entry 9), which indi-
cates that the exothermicity released in the very first stages
of the reaction is mandatory for activity (vide infra). Also,
the use of [Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]

� as activator in place of B-
ACHTUNGTRENNUNG(C6F5)3 led to completely insoluble ionic species (an orange
precipitate formed while the supernatant solution remained
colorless) and no polymerization took place (Table 3,
entry 10). The same observation was made when the cyclo-
hexyl-bridged precursor 3 was used in combination with
[Ph3C]+[B ACHTUNGTRENNUNG(C6F5)4]

� (Table 3, entry 12). The average activi-
ties determined with precatalyst H (16–
62 kgPHmolZr�1h�1) are of the same order of magnitude as
those observed with [Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG({pyC ACHTUNGTRENNUNG(CF3)2O}2)] (G)/B-
ACHTUNGTRENNUNG(C6F5)3 (90 kgPHmolZr�1h�1, Mn=840 gmol�1).[11]

The 3/B ACHTUNGTRENNUNG(C6F5)3 system exhibits much higher activity to-
wards 1-hexene than was observed with precursor H
(Table 3, entry 11). Strong exothermicity was also noticed
for polymerization reactions carried out at “room tempera-
ture” with this system. In fact, conducting the reaction with
effective temperature control at 25 8C led to modest poly-
merization activity (Table 3, entry 13). On the other hand,
improved performances were observed by heating at 50 8C,
with overall activities of up to 4500 kgPHmolZr�1h�1

(Table 3, entries 14–16). Note that molecular weights (Mw=

39800–42500 gmol�1) and polydispersities (Mw/Mn=1.69–
1.79) were almost invariable in this series of experiments.
These observations suggest that for both the H/B ACHTUNGTRENNUNG(C6F5)3 and
3/B ACHTUNGTRENNUNG(C6F5)3 systems 1) the same catalytic species operate(s)
at “25–50 8C”, 2) the first formed cationic species such as
[Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ONNO)]+ ACHTUNGTRENNUNG[(h6-PhCH2)B ACHTUNGTRENNUNG(C6F5)3]

� are not the
true active species, and 3) the “true” catalytic species re-
sponsible for the initiation is generated in an endothermic
step. We suggest that the additional energy required may be
associated with dissociation of the tight ion pair [Zr-
ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ONNO)] ACHTUNGTRENNUNG[(h6-PhCH2)B ACHTUNGTRENNUNG(C6F5)3] to form active free
cationic species [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ONNO)]+ (Scheme 4).[27b]

The microstructures of the poly ACHTUNGTRENNUNG(1-hexene)s were investi-
gated by 1H and 13C NMR spectroscopy. As expected for
low-molecular-weight polymers, resonances attributed to

end-groups, mostly of the vinylidene type, were observed in
all cases. Integration of the resonances in the C3 region of
the 13C{1H} NMR spectra of the polyACHTUNGTRENNUNG(1-hexene)s obtained
from precatalyst H (entries 3–10) (Figure 8a)[30] reveals an

isotactic-enriched microstructure with 50–54% mm triads
fitting an enantioselectivity parameter s of around 0.79–
0.81.[31] The higher intensity of the mrrm pentad (d=
33.8 ppm) relative to the mmrm, rmmr, and mmrr pentads
(d=34.4 ppm) is consistent with enantiomorphic site control
rather than chain-end control,[6i, 30a,32] that is, that the symme-
try of the active species and not the last inserted monomeric
unit is responsible for the stereoselectivity of the polymer.
In addition, 2,1-regioerrors (d=34.8 ppm) are visible in
these polymers. Gratifyingly, the poly ACHTUNGTRENNUNG(1-hexene)s obtained
from chiral precursor 3 (Table 3, entries 11–16) do not con-
tain such regioerrors (or in a very low amount) and feature
an improved isotacticity of 84% of mm triad abundance
(s=0.94), which is evidenced by the intense resonance at
d=34.5 ppm assigned to the mmmm pentad (74% content)
(Figure 8). The similar degree of isotacticity found for the
polymers obtained both at 25 8C (84% mm) and 50 8C (83%
mm) suggest that the stereoerrors arise from enantiofacial
misinsertion and not from chain epimerization reactions.[6i, 33]

Scheme 4. Dissociation of tight ion pairs as a possible way to produce active polymerization species (the back-
bone of the ligand is omitted for clarity).

Figure 8. C3 region of the 13C{1H} NMR spectra (125 MHz,
[D1]chloroform, 313 K) of isotactic-enriched poly(1-hexene)s obtained
with precursors a)H and b) 3.
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Conclusion

Dibenzylzirconium complexes with fluorous diamino-di-
ACHTUNGTRENNUNGalkoxy ligands have been converted into the corresponding
cationic species and their use as catalysts has been investi-
gated in 1-hexene polymerization. In the presence of THF
as a stabilizing Lewis base, benzyl abstraction from the neu-
tral 1,2-ethylenediamino complex H leads to a single cation-
ic species, as determined by NMR spectroscopy. Unexpect-
edly, benzyl abstraction from the neutral complex 3, which
bears a configurationally more rigid trans-1,2-cyclohexyl
bridge, generates a mixture of cationic species. DFT studies
conducted on a variety of possible cationic structures for
both achiral and chiral systems corroborate these observa-
tions. This suggests, in turn, that the co-existence of several
isomeric cations with the 1,2-cyclohexanediamino ligand is
an intrinsic feature of this system and does not result from
the instability/decomposition of the cationic species first
generated.

The role of the fluorous diamino-dialkoxy ligand in deter-
mining the regio- and stereoselectivity of 1-hexene polymer-
ization has been evidenced. Contrary to catalyst systems
based on H, those derived from 3 show almost no 2,1-re-
gioerrors. Also, the level of isotacticity of catalyst systems
based on 3 (up to 84% mm), though somewhat lower than
that achieved with related systems based on diamino-bis-
ACHTUNGTRENNUNG(phenolate)-zirconium catalysts such as D (up to 95%
mm),[6h] is significantly improved in comparison to that ob-
tained with the parent ethylene-bridged system H (up to
54% mm). Thus, the chiral trans-1,2-cyclohexyl systems, de-
spite the possible co-existence of active cationic species,
proved more stereoselective, which is evidently related to
the effect of the bridge on the stereorigidity of the catalyst.
In fact, the level of isotacticity in this series of fluorous di-
ACHTUNGTRENNUNGamino-dialkoxy-zirconium complexes is related to the ease
of D,L interconversion: JordanSs unbridged fluorous bis(alk-
oxide-pyridino) catalysts [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG({pyC ACHTUNGTRENNUNG(CF3)2O)2)] (G)
readily undergo such an interconversion (DG�=8–9 kcal
mol�1) and yield atactic poly ACHTUNGTRENNUNG(1-hexene)s.[11] Catalysts derived
from H (DG�=17 kcalmol�1) are less isotactic than those
derived from 3, which is stereorigid on the NMR timescale
at temperatures up to 100 8C (DG�@19 kcalmol�1).

Experimental Section

General considerations : All manipulations were performed under puri-
fied nitrogen or argon using standard high-vacuum Schlenk techniques or
in a glove box. Solvents (toluene, hexane, and diethyl ether) were freshly
distilled from Na/K alloy under nitrogen and degassed thoroughly by
freeze-thaw-vacuum cycles prior to use. Deuterated solvents (>99.5% D,
Eurisotop) were freshly distilled from Na/K amalgam under argon and
degassed prior to use. Anhydrous hexafluoroacetone was purchased from
SynQuest Fluorochemicals and used as received. [Ti ACHTUNGTRENNUNG(OiPr)4] and [Zr-
ACHTUNGTRENNUNG(CH2Ph)4] were purchased from Strem Chemicals and used as received.
Complex [ZrACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ON2NO)] (H) was synthesized as previously re-
ported.[12]

The NMR spectra of complexes were recorded on Bruker AC-300 and
AM-500 spectrometers in Teflon-valve NMR tubes at ambient probe

temperature (298 K) unless otherwise indicated. 1H and 13C chemical
shifts are reported in ppm relative to SiMe4 and were determined by ref-
erence to the residual solvent peaks. Assignment of 13C signals was made
from 1H–13C HMQC and HMBC NMR experiments. 19F and 11B chemical
shifts were determined by reference to external neat BF3·Et2O and an
aqueous solution of NaBF4, respectively. All coupling constants are given
in hertz. Elemental analyses were performed at the Microanalytical Lab-
oratory at the Institute of Chemistry of Rennes or at the NSC Regional
Instrumentation Center at National Chiao Tung University, Hsinchu,
Taiwan, and are the average of two independent determinations. Mass
spectra were obtained on a JEOL SX-102A instrument operating in fast
atom bombardment (FAB) mode. Gel permeation chromatography
(GPC) of polyethylene samples was performed on a Polymer Laborato-
ries PL-GPC 220 instrument using 1,2,4-trichlorobenzene as solvent (sta-
bilized with 125 ppm butylated hydroxytoluene (BHT)) at 150 8C with a
set of three PLgel 10 mm Mixed-B or Mixed-B LS columns. Polyethylene
molecular weights were determined by reference to polystyrene (PSt)
standards and are reported relative to polyethylene standards, as calculat-
ed by the universal calibration method using Mark–Houwink parameters
(K=14.1R10�5, a=0.70 for PSt, K=14.1R10�5, a=0.70 for PE).[34] GPC
of poly-1-hexenes was performed on a Waters instrument equipped with
the double detection methods of UV spectrometry and differential re-
fractometry using THF as solvent (1 mLmin�1) at ambient temperature.
The molecular weights of poly-1-hexene were determined by reference to
polystyrene standards. 13C NMR analysis of poly ACHTUNGTRENNUNG(1-hexene)s was per-
formed on a Bruker AM 500 spectrometer equipped with a 5 mm probe
at 40 8C in [D1]chloroform (number of scans=25600).

ACHTUNGTRENNUNG(ONCyNO)H2 (2): Anhydrous hexafluoroacetone (1.00 g, 7.03 mmol) was
slowly added to a diethyl ether solution of diazomethane etherate
(0.89 g, 21.2 mmol) in a 100-mL reaction flask equipped with a dry ice
condenser to produce the anticipated 2,2-bis(trifluoromethyl)oxirane.
The resulting solution was continuously stirred at room temperature for
6 h and then (1R,2R)-1,2-bis(methylamino)cyclohexane (0.50 g,
3.51 mmol) in diethyl ether (10 mL) was added dropwise over a period of
5 min and the solution stirred for a further 12 h. Volatiles were removed
under vacuum and the oily residue was separated by repeated fractional
sublimation. The monosubstituted product (1, 1.36 g, 60% based on
HFA) was collected at 50–55 8C (200 mm Hg), and the expected disubsti-
tuted compound (2, 0.99 g, 28%) was obtained at 70–75 8C. Subsequent
crystallization from CH2Cl2/diethyl ether (1:1) afforded colorless crystal-
line solids.

Analytical data for 1: 1H NMR (500 MHz, [D1]chloroform, 298 K): d=
5.90 (br, 2H; NH+OH), 3.02 (d, JH,H=16 Hz, 1H), 2.84 (d, JH,H=16 Hz,
1H), 2.41 (t, JH,H=12 Hz, 1H), 2.40 (s, 3H; Me), 2.37 (s, 3H; Me), 2.31
(t, JH,H=12 Hz, 1H), 2.05 (d, JH,H=12 Hz, 1H), 1.89–1.74 (m, 3H),
1.18 ppm (m, 4H).

Analytical data for 2 : 1H NMR (500 MHz, [D1]chloroform, 333 K): d=
6.84 (br s, 2H; OH), 2.98 (br, 4H), 2.39 (m, 2H), 2.37 (s, 6H; Me), 1.92
(br, 2H; CH2), 1.83 (d, JH,H=2.5 Hz, 2H; CH2), 1.35 (br, 2H), 1.21 ppm
(m, JH,H=3.5 Hz, 2H); 1H NMR (500 MHz, [D6]benzene, 338 K): d=6.80
(s, 2H; OH), 2.80 (s, 4H; CH2), 2.05 (m+ s, 8H; CH+Me), 1.35 (m, 4H;
CH2), 0.65 ppm (m, 4H; CH2);

19F NMR (188 MHz, [D6]benzene, 333 K):
d=�78.2 (q, 4JF,F=10.4 Hz, 6F), �77.5 ppm (br, 6F); MS (FAB): m/z ob-
served (actual) [assignment]: 503 (502) [M++1], 433 (433) [M+�CF3],
335 (335) [M+�C3F6OH]; elemental analysis calcd (%) for
C16H22F12N2O2: C 38.26, H 4.41, N 5.58; found: C 38.27, H 4.47, N 5.49.

[Zr ACHTUNGTRENNUNG(CH2Ph)2ACHTUNGTRENNUNG(ON
CyNO)] (3): In a glove box, solid diamino-diol 2

(0.383 g, 0.762 mmol) was added in small portions under vigorous stirring
to a solution of [Zr ACHTUNGTRENNUNG(CH2Ph)4] (0.347 g, 0.761 mmol) in toluene (30 mL)
cooled to �30 8C. The reaction mixture was allowed to warm to room
temperature and then stirred for a further 5 h. During this period of
time, a yellowish precipitate formed. Volatiles were removed under
vacuum, the residue was washed with hexane (2R5 mL) and dried under
vacuum to give 3 as a pale yellow microcrystalline powder (0.54 g, 91%).
Crystals suitable for X-ray diffraction were obtained from a concentrated
benzene solution at room temperature. The 1H, 13C{1H}, and 19F NMR
spectra at 298 K each show two sets of resonances, consistent with the ex-
istence of two diastereomers of 3 (a and b) in approximately equal ratio.
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1H NMR (500 MHz, [D8]toluene, 298 K): d=7.32 (m, 8H; o-H, a and b),
7.18 (m, 8H; m-H, a and b), 6.92 (t, 3J=7.3 Hz, 1H; p-H, a or b), 6.88 (t,
3J=7.3 Hz, 1H; p-H, a or b), 2.97 (d, 2J=15.0 Hz, 2H; NCHHC ACHTUNGTRENNUNG(CF3)2,
a), 2.91 (d, 2J=15.6 Hz, 2H; NCHHC ACHTUNGTRENNUNG(CF3)2, b), 2.70 (d, 2J=15.0 Hz,
2H; NCHHC ACHTUNGTRENNUNG(CF3)2, a), 2.52 (d, 2J=10.3 Hz, 2H; ZrCHHPh, a or b),
2.50 (d, overlaps the signals from the benzylic protons of the other diaste-
reomer and protons of the NCH3 group, 2J=10.3 Hz, 2H; ZrCHHPh, a
or b), 2.49–2.47 (d, 2J=10.3 Hz, 2H; ZrCHHPh, a or b), 2.49–2.47 (d,
overlaps the signal from the benzylic protons of the other diastereomer,
2J=9.8 Hz, 2H; ZrCHHPh, a or b), 2.49–2.47 (m, overlaps the signals
from the benzylic protons, 2H; NCHCHN, a), 2.33 (d, 2J=15.6 Hz, 2H;
NCHHC ACHTUNGTRENNUNG(CF3)2, a or b), 2.16 (m, overlaps the signals from toluene, 2H;
NCHCHN, b), 1.81 (s, 6H; NCH3, b), 1.64 (s, 6H; NCH3, a), 1.24 (brm,
2H; Cy, a), 1.16 (brm, 4H; Cy, b), 1.05 (brm, 2H; Cy, a), 0.48 (brm, 4H;
Cy, A), 0.32 ppm (brm, 4H; Cy, b); {1H}13C NMR (125 MHz,
[D8]toluene, 298 K): d=145.9 (Cipso, a or b), 144.9 (Cipso, a or b), 128.8 (o-
C, m-C, a or b), 128.4 (o-C, m-C, a or b), 128.2 (o-C, m-C, a or b), 127.9
(o-C, m-C, a or b), 125.5 (CF3, signals from a overlap signals from b),
122.8 (p-C, a or b), 122.1 (p-C, a or b), 85.0 (C ACHTUNGTRENNUNG(CF3)2, a), 84.9 (CACHTUNGTRENNUNG(CF3)2,
b), 72.5 (CH2Ph, a or b), 69.8 (CH2Ph, a or b), 66.1 (NCHCHN, Cy, b),
62.9 (NCHCHN, Cy, a), 57.5 (NCH2C ACHTUNGTRENNUNG(CF3)2, a), 54.7 (NCH2C ACHTUNGTRENNUNG(CF3)2, b),
44.2 (NCH3, b), 38.1 (NCH3, A), 24.2 (Cy, a), 23.3 (Cy, b), 23.1 (Cy, a),
22.7 ppm (Cy, b); 19F NMR (188 MHz, [D8]toluene, 298 K): d=�74.3 (q,
4JF,F=10.3 Hz, 6F; a or b), �76.7 (q, 4JF,F=10.3 Hz, 6F; a or b), �77.1 (q,
4JF,F=10.3 Hz, 6F; a or b), �78.0 ppm (q, 4JF,F=10.3 Hz, 6F; a or b); ele-
mental analysis calcd (%) for C30H34F12N2O2Zr: C 46.56, H 4.43, N 3.62;
found: C 45.98, H 4.12, N 3.54.

[TiACHTUNGTRENNUNG(OiPr)2 ACHTUNGTRENNUNG(ON
CyNO)] (4): A solution of diamino-diol 2 (0.100 g,

0.199 mmol) in toluene (2 mL), cooled to �30 8C, was added dropwise
over 5 min under vigorous stirring to a solution of [Ti ACHTUNGTRENNUNG(OiPr)4] (0.056 g,
0.199 mmol) in toluene (2 mL) cooled to �30 8C. The clear mixture was
slowly warmed to room temperature over 12 h under magnetic stirring.
Volatiles were removed under vacuum and the solid residue was washed
with pentane and dried in vacuo to give 4 as a white solid (0.121 g, 92%).
Elemental analysis calcd (%) for C22H34F12N2O4Ti: C 39.65, H 5.14;
found: C 40.11, H 5.05. At 298 K, two sets of signals were observed in
the 1H, {1H}13C, and 19F NMR spectra, consistent with the existence of
two isomers of 4 (a and b) formed in a ratio 1:6. 1H NMR (500 MHz,
[D8]toluene, 298 K): d=4.94 (sept, 2JH,H=6.2 Hz, 2H; CH OiPr, b), 4.91
(sept, 2JH,H=6.2 Hz, 2H; CH OiPr, a), 3.07 (d, 2JH,H=16.0 Hz, 2H;
NCH2CACHTUNGTRENNUNG(CF3)2, a), 3.04 (d, 2JH,H=14.8 Hz, 2H; NCH2C ACHTUNGTRENNUNG(CF3)2, b), 2.98 (d,
2JH,H=14.8 Hz, 2H; NCH2CACHTUNGTRENNUNG(CF3)2, b), 2.80 (m, 2H; (Me)NCHCHN(Me),
b), 2.67 (m, 2H; (Me)NCHCHN(Me), a), 2.60 (d, 2JH,H=16.0 Hz, 2H;
NCH2CACHTUNGTRENNUNG(CF3)2, a), 2.50 (s, 6H; NCH3, a), 2.23 (s, 6H; NCH3, b), 1.45
(brm, CH2 Cy, a and b), 1.38 (d, 2JH,H=6.3 Hz, 6H; CH3 OiPr, a), 1.37
(d, 2JH,H=5.6 Hz, 6H; CH3 OiPr, b), 1.31 (d, 2JH,H=6.3 Hz, 6H; CH3

OiPr, a), 1.26 (d, 2JH,H=5.6 Hz, 6H; CH3 OiPr, b), 0.65 ppm (brm, CH2

Cy, a and b); {1H}13C NMR (125 MHz, [D8]toluene, 298 K): d=125.2 (q,
1JC,F=299 Hz, CF3, a and b), 85.5 (br, C ACHTUNGTRENNUNG(CF3)2, a and b), 79.5 (CH OiPr,
a), 79.2 (CH OiPr, b), 65.3 (NCHCHN Cy, a), 60.4 (NCHCHN Cy, b),
58.1 (NCH2C ACHTUNGTRENNUNG(CF3)2, b), 54.0 (NCH2C ACHTUNGTRENNUNG(CF3)2, a), 45.7 (NCH3, a), 39.3
(NCH3, b), 25.0 (CH3 OiPr, a), 24.5 (CH3 OiPr, a), 24.4 (CH3 OiPr, b),
23.6 (CH2 Cy, a), 22.5 (CH2 Cy, b), 22.3 ppm (CH2 Cy, a). 19F{1H} NMR
(188 MHz, [D8]toluene, 298 K): d=�72.7 (q, 4JF,F=12.1 Hz, 6F; b), �74.4
(q, 4JF,F=11.9 Hz, 6F; a), �75.0 (q, 4JF,F=12.1 Hz, 6F; b), �76.6 ppm (q,
4JF,F=11.9 Hz, 6F; a).

Reaction of [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ON
2NO)] (H) with [Ph3C][B ACHTUNGTRENNUNG(C6F5)4]—Gener-

ation of ionic complex of [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ON
2NO)][B ACHTUNGTRENNUNG(C6F5)4] (5): A Teflon-

valved NMR tube was charged with [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ON2NO)] (H, 0.015 g,
18.9 mmol) and [Ph3C][B ACHTUNGTRENNUNG(C6F5)4] (0.017 g, 18.9 mmol), and
[D5]chlorobenzene (ca. 0.5 mL) was vacuum transferred into this mixture
at �50 8C. The tube was sealed and kept at �40 8C. A yellow solution
formed within 5 min. Its 1H NMR spectrum was recorded at 220 K and
indicated quantitative conversion of H to give mainly (>90%) 5. Com-
pound 5 is not soluble in hydrocarbons (toluene, pentane, hexanes). 1H
NMR (500 MHz, [D5]chlorobenzene, 290 K): d=3.39 (d, 2J=14.4 Hz,
2H; NCH2C ACHTUNGTRENNUNG(CF3)2), 3.34 (d, 2J=9.3 Hz, 1H; ZrCH2Ph), 3.31 (d, 2J=
14.4 Hz, 2H; NCH2CACHTUNGTRENNUNG(CF3)2), 3.07 (d, 2J=9.3 Hz, 1H; ZrCH2Ph), 2.91 (d,
2J=11.4 Hz, 2H; CH2CH2), 2.71 (d, 2J=11.4 Hz, 2H; CH2CH2), 2.56 ppm

(br s, 6H; NCH3);
1H resonances due to ZrCHHPh overlap those of

Ph3CCH2Ph; 19F{1H} NMR (376 MHz, [D5]chlorobenzene, 290 K): d=

�79.5 (brm, 12F; CF3), �134.2 (m, 8F; o-F B ACHTUNGTRENNUNG(C6F5)4
�), �164.6 (q, 3JF,F=

20.4 Hz, 4F; p-F BACHTUNGTRENNUNG(C6F5)4
�), �168.6 ppm (t, 3JF,F=19.0 Hz, 8F; m-F B-

ACHTUNGTRENNUNG(C6F5)4
�); 1H NMR (400 MHz, [D5]chlorobenzene, 220 K): d=8.00 (m,

1H; p-HACHTUNGTRENNUNG(ZrBn)), 7.80 (m, 2H; m-H ACHTUNGTRENNUNG(ZrBn)), 3.36 (d, 2J=9.4 Hz, 1H;
ZrCH2Ph), 3.06 (d, 2J=9.4 Hz, 1H; ZrCH2Ph), 2.74 (s, 3H; NCH3),
2.36 ppm (s, 3H; NCH3); resonances due to CH2CH2 are observed in the
range of 3.01–2.59 ppm and those of NCH2C ACHTUNGTRENNUNG(CF3)2 in the range of 3.47–
3.34 ppm, but are too broad to be attributed, resonances arising from o-
H ACHTUNGTRENNUNG(ZrBn) overlap those from Ph3CCH2Ph; 13C{1H} NMR (100 MHz,
[D5]chlorobenzene, 220 K): d=144.8 (p-C ACHTUNGTRENNUNG(ZrBn)), 139.7 (o-C ACHTUNGTRENNUNG(ZrBn)),
133.4 (ipso-C ACHTUNGTRENNUNG(ZrBn)), 130.3 (m-C ACHTUNGTRENNUNG(ZrBn)), 123.8 (q, 1JC-F=291 Hz, 2C;
CF3), 121.5 (q, 1JC-F=291 Hz, 2C; CF3), 81.5 (ZrCH2Ph), 62.7 (2C;
NCH2CACHTUNGTRENNUNG(CF3)2), 65.7 (1C; CH2CH2), 58.9 (1C; CH2CH2), 55.6 (1C;
NCH3), 50.9 ppm (1C; NCH3); resonances arising from CACHTUNGTRENNUNG(CF3)2, o-C6F5,
m-C6F5, and p-C6F5 were not observed; 11B NMR (128 MHz,
[D5]chlorobenzene, 220 K): d=�17.0 ppm (br s, B ACHTUNGTRENNUNG(C6F5)4

�); 19F{1H} NMR
(376 MHz, [D5]chlorobenzene, 220 K): d=�79.2 (m, 3F; CF3), �79.6 (m,
3F; CF3), �80.1 (m, 3F; CF3), �81.1 (3F; CF3), �134.4 (m, 8F; o-F B-
ACHTUNGTRENNUNG(C6F5)4

�), �163.8 (m, 4F; p-F B ACHTUNGTRENNUNG(C6F5)4
�), �167.9 ppm (m, 8F; m-F B-

ACHTUNGTRENNUNG(C6F5)4
�); resonances for Ph3CCH2Ph:[24] 1H NMR: d=7.40 (m, 12H; o-

H and m-H ACHTUNGTRENNUNG(CPh3)), 7.31 (m, 3H; p-H ACHTUNGTRENNUNG(CPh3)), 7.18 (t, 3J=8.0 Hz, 1H; p-
H(Bn)), 7.10 (t, 3J=8.0 Hz, 2H; m-H(Bn)), 6.72 (d, 3J=8.0 Hz, 2H; o-
H(Bn)), 3.96 ppm (s, 2H; CH2(Bn)); 13C{1H} NMR: d=146.6 (ipso-C-
ACHTUNGTRENNUNG(CPh3)), 141.2 (ipso-(Bn)), 135.1 (o-C(Bn)), 132.1 (o-C ACHTUNGTRENNUNG(CPh3)), 129.2 (m-
C ACHTUNGTRENNUNG(CPh3)), 128.5 (m-C(Bn)), 127.0 (p-C(Bn and CPh3)), 58.0
(CPh3CH2Ph), 45.6 ppm (CPh3CH2Ph).

Reaction of [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ON
2NO)] (H) with BACHTUNGTRENNUNG(C6F5)3—generation of

ionic complex [Zr ACHTUNGTRENNUNG(CH2Ph) ACHTUNGTRENNUNG(ON
2NO)ACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PhCH2B ACHTUNGTRENNUNG(C6F5)3] (6): A

Teflon-valved NMR tube was charged with complex H (0.030 g,
41.68 mmol) and (THF)·B ACHTUNGTRENNUNG(C6F5)3 (0.025 g, 42.80 mmol), and
[D2]dichloromethane (ca. 0.5 mL) was vacuum-transferred into the mix-
ture at �50 8C. The tube was sealed and kept at �40 8C for 1 h. The
NMR data indicated quantitative and clean conversion of H to ionic spe-
cies 6. 1H NMR (500 MHz, [D2]dichloromethane, 243 K): d=7.55 (br t,
2J=7.2 Hz, 2H; m-H, cation), 7.36 (t, 2J=7.2 Hz, 1H; p-H, cation), 7.23
(m, 2H; o-H, cation), 6.91 (t, 2J=7.3 Hz, 2H; m-H, borate), 6.83 (t, 2J=
7.3 Hz, 1H; p-H, borate), 6.72 (d, 2J=7.3 Hz, 2H; o-H, borate), 3.75 (d,
overlaps the signal from THF, 1H; NCH2C ACHTUNGTRENNUNG(CF3)2), 3.72 (brm, 2H; a-
CH2, THF), 3.59 (d, overlaps the signal from THF, 1H; NCH2C ACHTUNGTRENNUNG(CF3)2),
3.58 (brm, 2H; a-CH2, THF), 3.56 (d, overlaps the signal from THF, 2J=
15.8 Hz, 1H; NCH2CACHTUNGTRENNUNG(CF3)2), 3.43 (d, 2J=15.8 Hz, 1H; NCH2C ACHTUNGTRENNUNG(CF3)2),
3.20 (m, overlaps the resonances from the ZrCH2 group, 2H;
NCH2CH2N), 3.13–3.10 (m, 1H; ZrCH2Ph), 3.00 (m, overlaps the signals
from NCH2CH2N and NCH3, 1H; ZrCH2Ph), 3.98 (m, overlaps the reso-
nances from NCH3, 2H; NCH2CH2N), 2.95 (s, 3H; NCH3), 2.78 (br s,
2H; BCH2Ph), 2.51 (s, 3H; NCH3), 1.83 (brm, 2H; b-CH2, THF),
1.63 ppm (brm, 2H; b-CH2, THF); 13C{1H} HMBC/HMQC NMR
(125 MHz, [D2]dichloromethane, 233 K): d=148.4 (Cipso, Ph, borate),
131.1 (Ph, cation), 129.4 (Ph, cation), 128.6 (Ph, borate), 126.9 (Ph,
borate), 124.8 (CF3), 124.7 (CF3), 123.8 (CF3), 122.5 (Ph, borate), 121.2
(CF3), 85.0 (C ACHTUNGTRENNUNG(CF3)2), 84.8 (C ACHTUNGTRENNUNG(CF3)2, 80.3 (ZrCH2Ph), 77.1 (a-CH2,
THF), 64.5 (NCH2C ACHTUNGTRENNUNG(CF3)2), 62.7 (NCH2CACHTUNGTRENNUNG(CF3)2), 62.4 (NCH2CH2N),
57.6 (NCH2CH2N), 53.4 (NCH3), 46.9 (NCH3), 26.0 ppm (b-CH2, THF);
the quaternary ipso-C and another signal from the benzyl group of the
cation as well as C6F5 carbon signals were not observed; 19F NMR
(282 MHz, [D2]dichloromethane, 243 K): d=�77.3 (q, 4JF,F=9.7 Hz, 6F),
�77.8 (brq, 3F), �79.1 (q, 4JF,F=9.7 Hz, 3F), �131.5 (d, 3JF,F=20.8 Hz,
3F), �164.3 (t, 3JF,F=20.8 Hz, 6F), �167.3 ppm (t, 3JF,F=20.8 Hz, 6F);
11B NMR (128 MHz, [D2]dichloromethane, 243 K): d=�13.2 ppm (br s,
[PhCH2B ACHTUNGTRENNUNG(C6F5)3]

�).

Reaction of [Zr ACHTUNGTRENNUNG(CH2Ph)2 ACHTUNGTRENNUNG(ON
CyNO)] (3) with B ACHTUNGTRENNUNG(C6F5)3—generation of

ionic complex “[Zr ACHTUNGTRENNUNG(CH2Ph)ACHTUNGTRENNUNG(ON
CyNO)ACHTUNGTRENNUNG(THF)] ACHTUNGTRENNUNG[PhCH2B ACHTUNGTRENNUNG(C6F5)3]” (7): A

Teflon-valved NMR tube was charged with complex 3 (0.020 g,
25.85 mmol) and (THF)·B ACHTUNGTRENNUNG(C6F5)3 (0.016 g, 27.39 mmol), and
[D2]dichloromethane (ca. 0.5 mL) was vacuum-transferred into the mix-
ture at �50 8C. The tube was sealed and kept at �40 8C for 1 h. 1H and
19F NMR spectroscopy indicated quantitative conversion of 3 to a mix-
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ture of several species/isomers; characteristic data for only the two major
species/isomers (a and b, ca. 1:1.2 ratio) are given. 19F NMR (282 MHz,
[D2]dichloromethane, 243 K): d=�73.3 (q, 4JF,F=11.3 Hz, 3F; a), �76.1
(q, 4JF,F=11.3 Hz, 3F; a), �77.2 (q, 4JF,F=9.9 Hz, 6F; b), �77.9 (q, over-
laps a signal from species A, 4JF,F=9.9 Hz, 6F; b), �78.0 (q, overlaps a
signal from species b, 4JF,F=11.3 Hz, 3F; a), �78.5 (q, 4JF,F=11.3 Hz, 3F;
a), �131.6 (d, 3JF,F=22.5 Hz, 3F), �164.4 (t, 3JF,F=22.5 Hz, 6F),
�167.4 ppm (t, 3JF,F=22.5 Hz, 6F).

Crystal structure determination of 3 : A suitable single-crystal was mount-
ed onto a glass fiber using the “oil-drop” method. Diffraction data were
collected at 100 K using a Bruker APEX CCD diffractometer with graph-
ite-monochromatized MoKa radiation (l=0.71073 Q). A combination of
w and f scans were carried out to obtain at least a unique data set. The
crystal structure was solved by means of the Patterson method, remaining
atoms were located from difference Fourier synthesis followed by full-
matrix least-squares refinement based on F2 (programs SHELXS-97 and
SHELXL-97).[35] Many hydrogen atoms could be found from the Fourier
difference analysis. Carbon-bound hydrogen atoms were placed at calcu-
lated positions and forced to ride on the attached carbon atom. The hy-
drogen atom contributions were calculated but not refined. All non-hy-
drogen atoms were refined with anisotropic displacement parameters.
The locations of the largest peaks in the final difference Fourier map cal-
culation as well as the magnitude of the residual electron densities were
of no chemical significance. Crystal data and details of data collection
and structure refinement for compound 3 are given in Table 2.

CCDC-611997 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Typical procedure for the polymerization of ethylene : Polymerization ex-
periments were performed in a 150-mL high-pressure glass reactor equip-
ped with a mechanical stirrer (Pelton turbine) and externally heated with
a double mantle with a circulating oil/water bath as desired. In a typical
experiment (see Table 3), the reactor was filled with toluene (60 mL)
under argon and pressurized at 6 atm of ethylene (Air Liquide, 99.99%).
The reactor was thermally equilibrated at the desired temperature for
1 h. The ethylene pressure was reduced to 1 atm and the catalyst precur-
sor (30.0–40.0 mmol) in toluene (1.0 mL) was added through a syringe.
The ethylene pressure was immediately increased to 6 atm and the solu-
tion stirred for the desired time. Ethylene consumption was monitored
with an electronic manometer connected to a secondary 100-mL ethylene
tank, which feeds the reactor by maintaining a constant total pressure.
The polymerization reaction was stopped by making a vent in the vessel
and quenching the mixture with a 10% HCl solution in methanol
(30 mL). The polymer was collected by filtration, washed with methanol
(2R100 mL), and dried under vacuum overnight.

Typical procedure for the polymerization of 1-hexene : Polymerization ex-
periments were performed in a 50 mL Schlenk flask equipped with a
magnetic stirring bar. In a typical experiment (Table 3, entry 8) in the
glove box, a Schlenk flask was charged with a solid precatalyst (13.8–
41.0 mmol), an activator (13.8–41.0 mmol), and a solvent (hexane or tolu-
ene, 5 mL). The mixture was stirred at room temperature for 1–2 min
and then 1-hexene (5.0 mL) was added to the flask through a syringe.
The reactor was thermally equilibrated immediately at the desired tem-
perature and the solution was stirred for the desired time. The polymeri-
zation reaction was quenched by injecting a 10% HCl solution in metha-
nol (10 mL) into the reaction mixture. The polymer was collected by fil-
tration, washed with methanol (2R500 mL), and dried under reduced
pressure overnight.

The 1H NMR spectrum of the polyACHTUNGTRENNUNG(1-hexene) samples indicated that the
polymer was isotactic-rich (see Results and Discussion section) with vi-
nylidene type end-groups: 1H NMR (500 MHz, [D1]chloroform) d=5.6,
4.0–3.9 ppm.
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