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Abstract

The B-diketiminato fluoride complex (LTiF3) (1) (L = HC(CMeN(2,6-iPr,CgHs3)),, “NacNac”) has been obtained using two synthetic routes,
interaction of TiF, and NacNacK-2THF in toluene and interaction of LTiCl; and 3 equiv. of Me;SnF in toluene. The trifluoro complex (LTiF5) (1) is
soluble in the non-polar solvents toluene and hexane and moderately active in polymerization of ethylene; the activity is higher than that of LTiMe;
and comparable with that of the oxo-bridged complexes LTiCl(u-O),TiCIL and LTiMe(w-O),TiMeL-toluene. Compound 1 was characterized by
single crystal X-ray structural analysis, elemental analysis, NMR spectroscopy, and mass spectrometry. Complex 1 in the solid state is a
centrosymmetric dimer containing two LTiF, moieties connected by two bridging fluorines, whereas C¢Dg and CD3CN solutions of 1 contain the

monomeric complex at room temperature.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium fluoride complexes have been attracting contin-
uous attention for use in several fields including synthetic
methodology [1,2], theoretical studies [3] and catalysis. The
catalytic activity of Ti(IV) fluoride complexes has been
documented in asymmetric organic synthesis [4] and olefin
polymerization [5]. The corresponding chloride complexes are
less active [4a,d,e,5b].

Most of the known titanium fluoride complexes are supported
by the cyclopentadienyl or substituted cyclopentadienyl ligands
[1,6,7]. These complexes are usually soluble in less polar
solvents such as toluene and hexane, which is important for
catalytic applications. The compound CpTiF; is active in
syndiospecific styrene polymerization in the presence of
methylaluminoxane (MAO) [5b]. Non-cyclopentadienyl Ti(IV)
fluoride complexes, in contrast, are normally only soluble in
donor solvents or halogenated alkanes, although there are a few
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exceptions such as [(Me,N),TiF,]4 [8], [(Me,N),TiF;]¢g [9], [1-
BuyN][(iPrO);Ti(u-F),(u-OiPr)Ti(OiPr);] [10], and [(THF),
Li(p-F),Ti(OR¢)>(-F)1, [11]. Therefore, it is highly desirable to
expand this family of compounds and to study the influence of the
fluorine atom in these complexes on the activity for polymeriza-
tion reactions. Herein we report the synthesis using two different
routes, characterization, and catalytic properties of a toluene-
and hexane-soluble Ti(IV) trifluoro complex supported by the
bulky B-diketiminato ligand (L = HC(CMeN(2,6-iPr,CcH3)),,
“NacNac™).

2. Results and discussion
2.1. Synthesis and characterization

The complex (LTiF3) (1) was obtained using two synthetic
routes, interaction of TiF, and NacNacK-2THF [12] in toluene
and reaction of LTiCl; with 3 equiv. of Me;SnF in toluene
(Scheme 1). The L2K2 [13], and dark brown product 1 (isolated
yield of 1 was ca. 10%) were isolated in the first reaction.
Despite the low yield of 1, this reaction is of fundamental
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Scheme 1. Ar = 2,6-iPr,C¢Hs.

importance because it shows that the Ti(IV) fluoride complex
can be obtained in toluene solution directly from TiF, and the
potassium salt of the ligand. In contrast, the reaction of
LiOCPh(CF3), in boiling toluene produced only the alkoxide
Ti(OCPh(CF3),)4 [11].

The second reaction afforded 1 in 90% isolated yield,
showing that Me;SnF is a good fluorinating agent for non-
cyclopentadienyl Ti(IV) complexes.

Complex 1 is thermally stable (decomp. 197 °C) and does
not change its appearance on storage in sealed ampoules at
room temperature for several months. The largest cation
detected in the mass spectrum of 1 corresponds to [LTiFs]" (m/z
522). Further cations are formed by elimination of F, CHy, and
iPr from [LTiFs]*. The F NMR spectrum of 1 dissolved in
C¢Dg or CD3CN showed one resonance at room temperature
(rt), while the proton spectra exhibited resonances attributed to
the NacNac moiety. Thus, the NMR data are consistent with the
presence of the LTiF3 monomer in C¢Dg and CD3;CN solution
at room temperature. The low temperature (230 K) '°F NMR
spectrum of 1 in CD;CN exhibited a mixture of complexes
including the [Ti4F18]2* anion [14], an unassigned fluoride-
bridged complex and the LTiF;. A solution of 1 in toluene-dg
allowed a study of the equilibria over a wide temperature range.
Only one '’F NMR resonance of the monomeric LTiF; was
observed in the temperature range from 300 K to 230 K in a
toluene solution, while below 220 K resonances of monomeric
LTiF; and dimeric (LTiF3), are detected. The relative
intensities of both complexes depended on the temperature,
and allowed the determination of the thermodynamic
equilibrium constants (2LTiF; & (LTiF3),) using In(K) =
—AH/RT + AS/R (Fig. 1). The determined data are
AH=—-58(7)kImol™ !, AS=—24(4)Imol 'K !, AG*® =
+1.4kImol™ ', AG'® = —1.4 kJ mol .

The single crystal structure of 1 has been determined by X-
ray crystallographic methods. Complex 1 is an inversion-

symmetric dimer in the solid state and contains two LTiF,
moieties, connected by two bridging fluorine atoms. The Ti(IV)
center is located in a distorted octahedral environment, formed
by two terminal and two bridging fluorine atoms and two
nitrogen atoms of the NacNac ligand (Fig. 2). The Ti atom lies
0.71 A out of the NNCCC plane; the angle between this plane
and the TiN, plane is 28°. It is noteworthy that the trichloride
complex LTiCl; with the similar ligand [17] is monomeric with
the Ti(IV) center in a distorted square pyramidal environment.

The Ti—N and Ti-F bond lengths in 1 are in the normal
range [6,15,16]. Ti—Feminar distances are almost equal, while
the Ti—(p.-F) bond lengths (1.9733(15) and 2.0679(15) A) differ
somewhat. The Ti—N distances are also slightly different from
each other (2.077(2) A and 2.028(2) A), the shorter Ti—(.-F) is
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Fig. 1. Eyring plot for the disappearance of LTiF; vs. time; (1)o=1.53
x 1072 mol/L, 1/In(K) = —2.9(4) + 693(82) (1/T).
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Fig. 2. Molecular structure of 1 with the selected labelled atoms. Ellipsoids represent 50% probability level. Selected bond distances (A) and angles (°): Ti-F(3)
1.8012(15), Ti-F(2) 1.8047(15), Ti-F(1)#1 1.9733(15), Ti-N(2) 2.028(2), Ti-F(1) 2.0679(15), Ti-N(1) 2.077(2), F(3)-Ti-F(2) 165.40(8), F(3)-Ti—F(1)#1 89.26(7),
F(3)-Ti-N(2) 100.27(8), F(2)-Ti-N(2) 93.03(8), F(3)-Ti-F(1) 82.50(7), F(2)-Ti-F(1) 86.26(7), N(2)-Ti-F(1) 164.69(8), F(3)-Ti-N(1) 87.27(8). Symmetry

transformation used to generate equivalent atoms #1: —x + 1/2, —y + 1/2, —z + 1.

located trans to the longer Ti—N bond, consistent with the trans
effect in octahedral complex of d° transition metals [3b—f].

2.2. Polymerization experiments

The trifluoro complex (LTiF3) (1) is moderately active in
polymerization of ethylene, although the activity is definitely
higher than that of LTiMe; and comparable with that of the oxo-
bridged complexes LTiCl(-O),TiCIL and LTiMe(-O),TiMe-
L-toluene [17]. The trichloride complex LTiCl; and the
dichloride complex LTiCl, are inactive in the polymerization
of ethylene. A similar trend of activities in polymerization of
styrene was observed for the chloride, alkyl, oxo-bridged and
fluoride complexes supported by the cyclopentadienyl ligand
[5a,b]. The high activity of the oxo-bridged cyclopentadienyl
complexes has been explained by the oxygen effect. It enhances
the Lewis acidity at the metallic centers in the oxo-bridged
complexes and in turn leads to an increase in the catalytic
activity. The most electronegative element fluorine might also
enhance the Lewis acidity at the Ti(IV) center in 1 compared to
that of LTiCl; and LTiMes;, which might result in an increase of
the catalytic activity.

3. Conclusion

Complex (LTiF5) (1) has been obtained using two synthetic
routes, reaction of TiF, and NacNacK-2THF in toluene and
interaction of LTiCl; with 3 equiv. of MesSnF in toluene. The
first method allowed facile generation of the Ti(IV) fluoride

complex in toluene by reaction of TiF, with NacNacK-2THF,
while the second method afforded complex 1 in high yield.
Complex 1 is a dimer in the solid state, and the monomer was
the only detected species in C¢Dg and CD;CN solution,
respectively at room temperature. The stabilization of 1 can be
rationalized by the facile formation of the Ti — (uw-F)-Ti
coordinative bond, whose energy is higher than that of
Ti — (u-Cl)-Ti. Consequently, the corresponding trichloride
complex LTiCl; is a monomeric species in the solid state. The
trifluoro complex (LTiF3) (1) is moderately active in
polymerization of ethylene; the activity is higher than that of
LTiMe; and LTiCl,, and comparable with those of the oxo-
bridged complexes LTiCl(w-O),TiCIL and LTiMe(w.-O),TiMe-
L-toluene. The increased activity is attributed to the higher
electronegativity of fluorine, compared to that of Me, Cl, and
oxygen. Therefore the fluorine atom attached to the titanium
enhances the Lewis acidity of the Ti(IV) center.

4. Experimental

All operations were performed under an atmosphere of dry,
O,-free N, employing both Schlenk line techniques and
MBrown MB-150B inert atmosphere glove box. Solvents
toluene, hexane, and tetrahydrofuran were dried over Na/
benzophenone and distilled under nitrogen prior to use. C¢Dg
was dried over K and degassed, CD3CN was dried over CaH,
and distilled prior to use. The compounds LH with the ligand
L = (2,6-iPr,CcH3NC(Me)),CH, NacNacH), Me;SnF, LTiCl;
were prepared by known literature methods [17-20]. The purity
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of all compounds was checked by 'H and '>C NMR spectra.
TiF4; (Acros Organics 99%) was used as received. KH
suspension in mineral oil (Acros Organics) was filtered and
then thoroughly washed with n-hexane. 'H, 13C and 'F NMR
spectra were recorded using Bruker Avance DPX 200, Bruker
Avance DRX 500, and Varian INOVA-600 spectrometers.
Chemical shifts are reported in § ppm to high frequency of
Me,Si with the solvent as the reference signal. Mass spectra
were recorded using a Finnigan MAT 8230 mass spectrometer,
and elemental analyses were carried out at the Analytical
Laboratory of the Institute of Inorganic Chemistry at the
University of Gottingen. Melting points were measured in
sealed capillary tubes under nitrogen and were not corrected.

4.1. Compound (LTiF5), (1)

Toluene (50 mL) was added to solid LTiCl; (0.88 g,
1.5 mmol) and Me;sSnF (0.85 g, 4.6 mmol). The resulting
solution was stirred for 16 h at room temperature, then filtered
and all volatiles were removed under vacuum. The resulted
solid was washed with n-hexane (3x 10 mL). Yieldof 10.71 g
(90%). Elemental analysis CyoH4F3N,Ti: caled. C 66.67, H
7.85, N 5.36; found C 66.81, H 7.94, N 5.24. mp 197 °C. EI-
MS: miz (%) =522 (25) [M]*, 503 (45) [M—F]*, 487 (5)
[M—F-CH,]", 482 (20) [M—2HF]", 479 (25) [M—iPr]". 417
(100) [L]*. "TH NMR (200.131 MHz, C¢De, 1t), § (ppm) =7.15—
6.90 (m, 6H, aryl), 5.13 (s, 1H, C(CH3)CHC(CH3)), 3.16 (sept,
4H, J=6.70 Hz, CHMe,), 1.43 (d, 6H, J = 6.70 Hz, CHMe,),
1.39 (s, 6H, C(CH3)CHC(CH3)), 1.10 (d, 6H, J=6.70 Hz,
CHMe,). *C NMR (50.33 MHz, C¢Dq, 1t), (ppm) = 167.29
(C(CH3)CHC(CH3)), 148.13 (Cg¢Hs3), 141.68 (CeHz), 124.35
(CgH3), 103.56 (C(CH3)CHC(CH3), 28.84 (CHMe,), 25.08
(CHMe,), 24.94 (C(CH3)CHC(CH;), 24.46 (CHMe,). '°F
NMR (188.34 MHz, Cg¢Dg, rt), § (ppm)=247.9 (Aw,,
> =332 Hz). Complex 1 in toluene-dg. F NMR (470.65
MHz, toluene-ds, rt), § (ppm) = 246.6 (s, LTiF;). '°’F NMR
(470.65 MHz, toluene-dg, 183 K), & (ppm) = 243.3 (s, LTiF3),
241.8 (br, 4F, F terminal of (LTiF;),), 3.6 (br, 2F, F bridging of

(LTiF3),). Complex 1 in CD;CN. '""F NMR (188.34 MHz,
CD;CN, rt), 8 (ppm)=209.1 (s, LTiF;). '"F NMR (188.34
MHz, CD;CN, 230K), 8 (ppm)=261.6 (m, Fieminaln
[TisFi]* ), 417-405 (br, weak), 232.9 (m, oligomer, unas-
signed), 220.0 (m, oligomer, unassigned), 204.9 (br, Aw,,
»=1093 Hz, LTiF3), —14.2 (br, oligomer, unassigned), —22.1
(br, oligomer, unassigned), —24.68 (br, u-F, [Ti4F18]2*).

4.2. Reaction of LK-THF, with TiF,

Dry THF (50 mL) was added to a mixture of LH (1.41 g,
3.4 mmol) and KH (0.135 g, 3.4 mmol) in a 100 mL Schlenk
flask. The mixture was stirred until all KH dissolved and then
the THF was removed under vacuum leaving a solid residue
(LK-THF,, x~2 according to 'H NMR [12]). The TiF,
(0.418 g, 3.4 mmol) was added to this residue together with
50 mL of toluene. A dark brown color appeared upon addition
of toluene. The resulting suspension was stirred for 5 days and
then filtered. The toluene was removed under vacuum and the
resulting solid was dissolved in n-hexane. Finally the n-hexane
solution was concentrated and left at O °C for 3 days. During
this time a colorless solid and small dark crystals of 1 deposited.
Compound 1 was separated from the colorless solid by washing
with n-hexane (5x 5 mL). Yield of 1 0.2 g (10%), Analytical
data for 2. mp 306 °C, decomposition. EI-MS: m/z (%) = 835
(75) [M—2K]*, 792 (10) [M*—2K—iPr], 658 (100) [M"—2K~
C6H3(ZPF)Q—MC], 643 (20) [M+—2K—C6H3(1Pr)2—C2H6], 614
(5) [M*"—2K-C¢H;(iPr),—iPr—-CH,] 481 (70) [M*—2K-
2C¢H;(iPr),—C,Hgl, 457 (15) [M*—2K-2CgH;(iPr)»—C4Hg).
'"H NMR (200.13 MHz, CgDs, rt), 8 (ppm) =7.18-7.05 (m,
12H, C¢H3), 5.91 (s, 2H, C(CH3)CHC(CH3)), 3.16 (br, 4H,
CHMe,), 2.86 (sept, 4H, J = 6.85 Hz, CHMe,), 2.20 (s, 12H,
C(CH3)CHC(CH3)), 1.23-1.08 (m, 24H, CHMe,).

4.3. Polymerization of ethylene

In a 500 mL Schlenk flask containing 60 mL of toluene,
MAO, and then catalyst were combined (MAO:metal = 500:1,

Table 1
Ethylene polymerization data for the complex 1, activity of LTiMes;, LTiCl(u-O),TiCIL, and LTiMe(p-O),TiMeL toluene is given for comparison
Complex Co-catalyst: MAO® T.? (°C)

25°C 80 °C 25°C 80 °C
(LTiF5), (1) 6.4 x 10°° 8.2 x 10° 122.0 123.0
LTiMe; [17] 1 x10°° - 123.7 -
LTiCl(p.-O),TiCIL [17] 1% 10° 7 % 103 125.8 122.2
LTiMe(p.-O),TiMeL-toluene [17] 14 x 10° 4-8 x 10° 1234 119.9
TiBz,* 1.4 x 10* 1 x 10* 126.2 123.5
Z1Bz,° 3.8 x 10° 2.5 x 10° 2.8 x 10* 121.0 1235

? Conditions: time, 2 h; pressure, 1 bar, Al:Ti and Al:Zr, 500:1; volume, 60 mL; 15-20 pmol of complex was used in different runs.

® Determined by DSC.
¢ Activity, g(polymer)/mol catalyst h bar.
4 TiBz,.

¢ TiBz4 and ZrBz, were studied as references under the same conditions. Polymerization of ethylene using TiBz4 was studied in Ref. [24]. The reported activity of
TiBz4—AlEt,Cl in n-heptane solution 7 x 10% g(polymer)/(mol catalyst h bar) [25]. The reported activity of ZrBz;~MAO in n-heptane solution at 50 °C was
5.2 x 107 g(polymer)/(mol catalyst h) (P(C,Hy) =3 kg cm™2, time 0.5 h) [26]. The activity of ZrBz, is ~10° times lower in our case than in Ref. [20], the same
reference reported activity of Cp,ZrMe, 2.97 x 107 g(polymer)/(mol catalyst) (Al:Zr = 10,000), while the reported activity of Cp,ZrMe, was 1.02 x 10° g(polymer)/

(mol catalyst h bar) (Al:Zr = 400) in toluene solution [27].
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15-20 pwmol of catalyst). The resulting mixture was stirred for
15 min, then the solution was degassed, and finally the system
was connected to an ethylene atmosphere (1 bar pressure).
After stirring the resulting suspension for an appropriate time,
the mixture was added to a solution of ethanol and aqueous
HCI. The polyethylene (PE) was collected by filtration, washed
with ethanol, then with n-hexane and finally dried. The results
are shown in Table 1.

4.4. X-ray crystallography

X-ray data were collected on a Bruker APEX2 CCD
diffractometer. The data were reduced (SAINT) [21] and
corrected for absorption (SADABS) [22]. The structure was
solved by direct methods, and refined against F* with anisotropic
non-hydrogen atoms. Hydrogen atoms were included using rigid
methyl groups or with a riding model. All calculations were
carried out using SHELXTL software [23]. Crystal data for 1
(CsgHgoFeN,Tiy) at 100(2) K: M, = 1045.08, crystal dimensions
0.19 mm x 0.08 mm X% 0.08 mm, monoclinic, space group
C2lc, a=24.1842(19) A, b=15.3141(12) A, ¢ = 14.6800(10)
A, B=96.6983)°, V=53998(7) A’ Z=4, peaed =
1.286gcm73, w=0.357 mm~!, of the 60,284 reflections
measured (1.58 < 6 < 26.37°), 5533 were independent
(Rin. =0.0911). Refinement led to wR2 =0.1283 (all data),
R1 =0.0485 (for reflections with I > 20([)), data/parameters
5533/326, GooF = 1.03. CCDC-669769 contains the supple-
mentary crystallographic data for 1. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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