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Conformationally dynamic titanium and zirconium cationic complexes of bis(naphthoxy)pyridine ligands:

structure, "oscillation" and olefin polymerization catalysis

Introduction

Geometrically conformable ("oscillating") polymerization catalysts, which exhibit a dynamic interconversion between several geometrically stable isomers, are of fundamental interest as unique systems granting access to controlled synthesis of stereoblock polyolefins using single monomer feed. 1 Pioneering studies by Waymouth 2 and others 3 on the atropisomeric metallocenium cations [(2-Ph-(R-Ind))2ZrMe] + indicated that those species presumably exist under rac and meso conformational states in a "quasi-controlled" equilibrium; yet, further studies by Busico et al. 4 and others 5 revealed a more complicated nature of such interconversion in metallocene catalysts. More recently, several post-metallocene systems were designed with the aim to gain a better control over the "oscillation" process. For example, geometrically conformable complexes of group 4 metals incorporating different pincer LX2-type ligands were scrutinized by Bercaw et al. 6 in polymerization of propylene and shown to produce atactic polymers due to a fast exchange between species of different symmetry.

In a previous contribution, we have reported neutral group 4 metal (Ti, Zr, Hf) complexes of sterically demanding silyl ortho-substituted tridentate 2,6-bis(naphthoxy)pyridine ({ONO SiR3 } 2-, SiR3 = SiPh3, SiMe2tBu) and 2,5-bis(naphthoxy)thiophene ({OSO SiPh3 } 2-) ligands. 7 In particular, we have shown that coordination of the {ONO SiR3 } 2-ligands onto the metal center gives rise to conformationally stable complexes existing either as rac-like or meso-like stereoisomers, whose structures were established both in the solid state and in solution. These stereoisomers featuring either C2-or Cs-symmetry, respectively, interconvert relatively easily in solution (Scheme 1) with the following activation parameters: H ≠ = 12.9(7)13.4(8) kcalmol 1 and S  = -3(1)--7(1) calmol -1 K -1 .

R e v i s e d m a n u s c r i p t

Scheme 1. Reversible interconversion between rac-like and meso-like geometries for neutral group 4 metal (M = Ti, Zr, Hf) complexes of the type{ONO}MBn2.

Considering that these interconversion barriers are, in principle, slightly larger than those for propylene insertion (G ≠ 173 = 11.5(2) kcal•mol 1 for (C5Me5)2YCH2CH2CH(Me)2, as determined by NMR spectroscopy), 8,9 the titled {ONO}MBn2 systems may have been anticipated to produce polymers incorporating relatively long stereoblocks. However, only low molecular weight polypropylenes with a regioirregular, atactic microstructure were systematically obtained instead. 7 In this contribution, we report on the synthesis of titanium and zirconium ion-pairs from the reaction of neutral complexes ONO SiMe2tBu Ti(CH2Ph)2 (1-Ti) and ONO SiMe2tBu Zr(CH2Ph)2 (1-Zr) with B(C6F5)3. 10 The solution and solid-state structures and the interconversion/reorganization processes have been investigated by experimental (X-ray crystallography, NMR spectroscopy) and DFT methods. Also, the catalytic performance of these cationic systems has been preliminarily explored in propylene and styrene polymerization reactions (see the SI).

Results and Discussion

Generation of ion-pairs {ONO SiMe2tBu }M(CH2Ph)(( 6 -Ph)CH2B(C6F5)3) (M = Ti, Zr). The difference in the chemical shifts of the meta-and para-F resonances ( (m,p-F)) in the room-temperature 19 F NMR spectrum of 2-Ti (Fig. S3) of 2.6 ppm suggests that this complex dissociates in solution converting to outer-sphere ion-pairs (OSIP). 12 Upon cooling a toluene-d8 solution of 2-Ti (Fig. S4), the signals in the 1 H NMR spectrum broadened and decoalesced (Tcoal = ca. 30 °C for H 4 at 500 MHz); however, subsequent gradual cooling to 70 °C only resulted in significant broadening of all signals, thus, hampering their proper integration and interpretation of the global data. A clearer picture was obtained from the VT 29 Si{ 1 H} NMR studies (Fig. S5). The signal from the SiMe2tBu groups decoalesced at 18 °C and split and sharpened giving rise to three sets of signals assigned to three species of different symmetry. Two of them (found in ca. 5:1 molar ratio), both of C1-symmetry, are represented each in the 29 Si{ 1 H} NMR spectrum (Fig. S6) by two singlet resonances of equal intensity, while the third minor one apparently exhibits Cs-symmetry as it displays only one singlet resonance shifted upfield for equivalent SiMe2tBu groups. 13 Upon raising the temperature up to 60 °C, the resonances of 2-Ti in the 1 H NMR spectrum broadened again (Fig. S4), and other signals from unidentified species appeared. This may be indicative of possible degradation of this cationic complex upon heating.

Treatment of 1-

Complex 2-Zr also adopts an average symmetric structure on the NMR time scale at room temperature in toluene-d8, as judged from the corresponding 1 H and 

Synthesis and Structure of Neutral Dichloro Complex {ONO SiMe2tBu }ZrCl2(Me2NH) (3).

A catalytic system incorporating a dichloro precursor 3 was also targeted with the aim to compare its catalytic behavior (with MAO as activator) with those of discrete alkyl cationic complexes. The synthesis of the neutral dichloro congener 3 was performed according to Scheme 3. Thus, an amine-elimination reaction of proligand 1-H2 with (Me2N)2ZrCl2(DME) 19 precursor, monitored by 1 H NMR spectroscopy at room temperature in CD2Cl2, afforded quantitatively 3; the pure complex was isolated in high yield in a preparative reaction.

Scheme 3. Synthesis of 3.

Both the 1 H and 13 C NMR spectroscopic data for 3 at room temperature in CD2Cl2 are consistent with the existence, on the NMR time scale, of a single Cs-symmetric species (Fig. S13 and S14, respectively). No additional resonances that would account for the presence of another S2 andS3). The combination 3/MAO showed a modest productivity in propylene polymerization (135 kg(PP)•mol(Zr) 1 •h 1 over 1 h at 50 °C; Table S2, entry 2). The material recovered was an oily product, readily soluble in toluene and hardly precipitated by addition of methanol. This product was analyzed by GPC and 1 H and 13 C{ 1 H} NMR spectroscopy.

In contrast with the 1-Zr/MAO analogue, which afforded polypropylenes with bimodal distributions (typically composed of two relatively narrow fractions with Mn = 720800 and 116,000140,000 g•mol 1 , respectively, and Mw/Mn = 1.21.5), 7 the polymer obtained with 3/MAO featured narrow monomodal distribution consistent with a single-site behavior. Intense olefinic resonances in the downfield regions of both 1 H (Fig. S15) and 13 C NMR spectra at  4.74 and 4.67 ppm ( 144.9 and 111.2 ppm) 7 are diagnostic of vinylidenic CH2=CH(CH3) end-groups and, hence, predominant termination reaction by β-H elimination. Assuming that each chain of this low molecular weight polymer (Mn,GPC = 1,400 g•mol 1 ) is vinylidene-terminated, the Mn value estimated by NMR was 920 g•mol 1 . The complex pattern of signals in the aliphatic region of the 13 C NMR spectrum at  27.027.8 ppm (Fig. S16) was found to be very similar to that of low R e v i s e d m a n u s c r i p t molecular weight polypropylenes obtained with 1-Zr/MAO, 7 and also corresponds to a regioirregular microstructure.

Activation of 3 with MAO at 50 °C afforded a system more active towards styrene (Table S3, entry 15) that produced low molecular weight polystyrene (Mn = 9,900 g•mol 1 ). Interestingly, the relatively narrow polydispersity (Mw/Mn = 1.2) suggests a "living" character of the catalytic system. In the aromatic ipso-carbon region of the high-field 13 C{ 1 H} NMR spectrum of this sample (Fig. S17), 20 the pattern of the four distinct signals from rrmrrr, rmrrr, rrrrrr and mrrrrr heptads is fully consistent with the one of syndiotactic-enriched polystyrenes obtained via chain-end control mechanism. 20,21 A moderate but significant syndioselectivity in terms of [r] 6 heptad content of 58% was calculated from the relative intensities of the corresponding signals. No melting transition was observed by DSC for this polymer, likely a consequence of its low molecular weight. However, despite these stereoselective abilities of the 3/MAO system in styrene polymerization, no correlation between the dynamic behavior of the compounds and their polymerization behavior could be established thus far.

Conclusions

Cationic ion-pairs 2-Ti and 2-Zr derived from their parent neutral complexes 1-Ti and 1-Zr have been prepared and their structures in solution and in the solid state have been investigated.

The ISIP 2-Zr retains in solution the associated structure, observed in the solid state; on the other hand, the 2-Ti analogue, also associated in the solid state, apparently dissociates in solution. The latter fact was also corroborated by thermochemical DFT calculations. The complex dynamic behavior observed for 2-Ti in solution, likely involving several species, may comprise at least two phenomena: rearrangement of the ion pair and interconversion ("oscillation") between different forms having either rac-or meso-like coordination modes of the {ONO SiMe2tBu } 2 ligand. For the ion pair 2-Zr, such interconversion between two isomeric forms featuring C1-and Cs-symmetries was found to proceed without dissociation. The corresponding DFT calculated interconversion R e v i s e d m a n u s c r i p t barrier, E ≠ CsC1 = 13.8 kcal•mol -1 , is somewhat superior to that calculated for the neutral 1-Zr precursor (12.5 kcal•mol -1 ). 7 No similar process was detected for neutral dichloro Me2NH-adduct 3. This may be tentatively accounted for the saturated coordination sphere of this neutral complex, which, in contrast to ionic-pairs or 5-coordinated neutral precursor 1-Zr, cannot promote the aforementioned rearrangement and/or interconversion processes.

The isolated cationic complexes 2-Ti and 2-Zr and their in situ generated versions were found poorly active in polymerization of propylene and styrene. On the other hand, 3/MAO was capable to produce low molecular weight atactic regioirregular polypropylene and syndiotacticenriched polystyrene, yet with low productivities.

Further modifications of the {ONO} 2 ligand systems and investigations on the reactivity of cationic species derived thereof are underway in our laboratories.

Experimental Section

General Considerations. All manipulations were performed under a purified argon atmosphere using standard Schlenk techniques or in a glovebox. Solvents were distilled from Na/benzophenone (THF, Et2O) and Na/K alloy (toluene, pentane) under nitrogen, degassed thoroughly and stored under nitrogen prior to use. Deuterated solvents (benzene-d6, toluene-d8, THF-d8; >99.5% D, Eurisotop) were vacuum-transferred from Na/K alloy into storage tubes;

CD2Cl2 was dried over molecular sieves 3A and kept under argon. (Me2N)2ZrCl2(DME) 19 and 132.7, 131.9, 131.4, 131.3, 131.2, 131.1, 129.9, 129.5, 128.9, 128.5, 128.1, 127.0, 126.7, 125.0, 122.5, 117.7, 96.0 (PhCH2B) {ONO SiMe2tBu }ZrCl2(HNMe2) (3). Protocol A. In the glovebox, a Teflon-valved NMR tube was charged with {ONO SiMe2tBu }H2 (0.039 g, 0.066 mmol) and ( Me2N)ZrCl2(DME) (0.023 g, 0.066 mmol). To this mixture, CD2Cl2 (ca. 0.6 mL) was vacuum-transferred in and the tube was shaken for 30 min at room temperature. 1 H NMR data indicated that 3 formed quantitatively. 5, 133.7, 129.4, 128.9, 128.2, 127.8, 127.0, 123.5, 123.3, 118.3, 71.8 ), 140.8, 137.6, 134.2, 129.7, 129.0, 127.6, 127.5, 127.2, 123.2, 123.1, 118.5, 39.7 (br s, NCH3), 27.3 (CCH3), 17.8 (CCH3), -3.8 (SiMe2). Anal. calcd. for C39H50Cl2N2O2Si2Zr: C, 58.76; H, 6.32; N, 3.51. Found: C, 59.02; H, 6.99; N, 3.78.

{ONO SiMe2tBu }H2 (1-H2), {ONO SiMe2tBu }M(CH2Ph)2 (M = Ti (1-Ti),
Crystal Structure Determination of 2-Zr and 3. Crystals of 2-Zr and 3 suitable for X-ray diffraction analysis were obtained by recrystallization of purified products (see the Experimental section). Diffraction data were collected at 150 K using a Bruker APEX CCD diffractometer with graphite-monochromatized MoK radiation (= 0.71073 Å). A combination of  and  scans was carried out to obtain at least a unique data set. The crystal structures were solved by direct methods, remaining atoms were located from difference Fourier synthesis followed by full-matrix leastsquares refinement based on F2 (programs SIR97 and SHELXL-97). 22 For 3, the contributions of the disordered solvents to the calculated structure factors were estimated following the BYPASS algorithm, 23 implemented as the SQUEEZE option in PLATON. 24 New data sets, free of solvent contribution, were then used in the final refinement. All non-hydrogen atoms were refined with anisotropic atomic displacement parameters. H atoms were finally included in their calculated positions. Crystal data and details of data collection and structure refinement for the different compounds are summarized in Table S1. Main crystallographic data (excluding structure factors) are available as Supporting Information, as cif files.

Computational Details. The calculations were performed using the Gaussian 09 25 program employing B3PW91 26 functional, and using a standard double- polarized basis set, namely the LANL2DZ set, augmented with a single polarization f function on titanium and zirconium (1.506 and 0.875, respectively). The solvent effects, in our case for toluene, were taken into account during all the calculations by means of the SDM model. 27 All stationary points were fully characterized via analytical frequency calculations as either true minima (all positive eigenvalues) or transition states (one imaginary eigenvalue). The IRC procedure was used to confirm the nature of each transition state connecting two minima. 28 Zero-point vibrational energy R e v i s e d m a n u s c r i p t corrections (ZPVE) were estimated by a frequency calculation at the same level of theory, to be considered for the calculation of the total energy values. Pictures of orbitals were generated using the program MOLEKEL 5.4.0.8. 29 Typical procedure for propylene polymerization. A 300 mL high-pressure glass reactor was charged with 80 mL of freshly distilled toluene under argon flash. Mechanical stirring (Pelton turbine, 1000 rpm) was started, the reactor was then purged with propylene and loaded with a solution of MAO or TIBAL (when used) at atmospheric pressure, and then kept at the desired temperature by circulating water in the double wall. A solution of [Ph3C] + [B(C6F5)4]  (when relevant) in 2 mL of toluene was injected in by syringe, followed by injection a solution of the precatalyst in 2 mL of toluene. The gas pressure in the reactor was maintained immediately and kept constant with a back regulator throughout the experiment. After a given time period, the reactor was depressurized and the reaction was quenched by adding ca. 5 mL of a 10% solution of HCl in methanol. Since oligomers of propylene were formed, the toluene solution was washed twice with a water/HCl solution and, then, with water. An aliquot of the toluene solution (1 mL) was then analyzed by GLC to probe the presence of light oligomers. The rest was evaporated and dried under vacuum to afford oily materials.

Typical procedure for styrene polymerization. In a typical experiment (Table S3, entry 1), a 50 mL Schlenk flask equipped with a magnetic stirring bar was charged subsequently with the desired amount of the group 4 metal complex, toluene, the desired co-activator, and styrene. The mixture was stirred vigorously at the required temperature for the desired time, during which an increase of viscosity was observed. 14

The following atom numbering of the naphtholate unit is used:

15

The fact that the ratio between the two isomers is thermodynamically controlled was confirmed by the following experiment: an NMR tube with the desired sample was re-heated at room temperature over 1 h and 1 H NMR spectroscopy was recorded again at -50 °C. The same ratio between the two isomers was observed, whatever the cooling rate.

16

The Maxwell-Boltzmann statistical equation was used: 

1

  For the Table of Contents entryConformationally Dynamic Titanium and Zirconium Cationic Complexes of Bis(naphthoxy)pyridine ligands: Structure, "Oscillation" and Olefin Polymerization CatalysisThe interconversion and reorganization processes occurring in cationic Ti and Zr complexes were studied by NMR techniques and DFT computations.
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 71 Scheme 2. Generation of ion-pairs 2-Ti and 2-Zr by reactions of dibenzyl complexes 1-Ti and 1-Zr

  Solution Structure and Dynamic Properties of Cationic Complexes. For complex 2-Ti, resonances in the room-temperature 1 H and 13 C{ 1 H} NMR spectra in toluene-d8 (Fig.S1 and S2, respectively) are all consistent with a single average symmetric structure on the NMR time scale.
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 2 Figure 2. 1 H NMR (500 MHz, toluene-d8, 223 K) spectrum of {ONO SiMe2tBu }Zr(CH2Ph)(( 6 -

Figure 2 .

 2 Figure 2. Molecular structure of {ONO SiMe2tBu }ZrCl2(NHMe2) (37/3C6H6) (all hydrogen atoms,

  , CD2Cl2, 25 °C):  7.96 (m, 3H), 7.92 (d, J = 8.0, 2H), 7.72 (d, J = 8.5, 2H), 7.49 (t, J = 8.0, 2H), 7.41 (t, J = 8.5, 2H), 3.53 (s, 4H, CH2OCH3, DME), 3.38 (s, 6H, CH2OCH3, DME), 3.37 (br s, 12H, NCH3), 1.10 (s, 18H, tBu), 0.73 (br s, 6H, Me), 0.59 (br s, 6H, Me). 13 C{ 1 H} NMR (125 MHz, CD2Cl2, 25 °C) (signals from the quaternary carbon atoms of the tBu groups were not observed):  160.1 (CN), 159.2 (C-O), 141.0, 138.
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  Experiments using molecular activators [Ph3C] + [B(C6F5)4]  and [PhNMe2H] + [B(C6F5)4]  in the reactions with 2-Ti and 2-Zr, monitored by NMR spectroscopy in toluene-d8 in the temperature range of 70-+25 °C, resulted in intractable mixtures of unidentified compounds. 12 Typically, the corresponding  (m,p-F) values for ISIPs are greater than 3.5 ppm, while those for OSIPs are smaller than 3.0 ppm; see: Ciancaleoni, G.; Fraldi, N.; Budzelaar, P. H. M.; Busico, V.; Macchioni, A. Dalton Trans. 2009, 88248827 and references cited therein.13Note that another interpretation of these data can be envisioned: the presence of the two singlet resonances of equal intensity in the 29 Si{ 1 H} NMR spectrum of 2-Ti (Fig.S6) may reflect the coexistence of two Cs-symmetric species in equal amounts. This assumption is consistent with the average Cs-symmetry pattern of the major species observed in the NMR spectra of 2-Ti registered at the same temperature (223 and 243 K, see Fig.S4).

  molar isomeric ratio, g1 = g2 = degeneracy. (a) Goodman, J. M.; Kirby, P. D.; Hausted, L. O. Tetrahedron Lett. 2000, 41, 9879. (b) McQuarrie, D. A.; Simon, J. D. Molecular Thermodynamics; University Science Books: Sausalito, California, 1999. 17 The higher electrophilic character of the LUMOs in 2-Ti-Cs-decoord(1), 2-Ti-C1-decoord(2) and 2-Ti-Cs-decoord(2) is evidenced from their lower energies (0.1249, 0.1314 and 0.1367 a.u., respectively) as compared to those of the LUMOs in the zirconium based analogues 2-Zr-Cs-decoord(1), 2-Zr-C1-decoord(2) and 2-Zr-Cs-decoord(2) (0.1072, 0.1099 and 0.1179 a.u., respectively).18Such dissimilarity between titanium-and zirconium-based systems may be a result of a smaller effective ionic radius of the former ion (for 4-coordinate metal centers: Ti 4+ , 0.42 Å; Zr 4+ , 0.59 Å), see: Shannon, R. D. Acta Crystallogr., Sect. A 1976, A32, 751767.

  Warren, T. H.; Erker, G.; Frohlich, R.; Wibbeling, B. Organometallics, 2000, 19, 127-134. 20 The regioregular microstructure of this polymers is confirmed by the absence of signals from the CH2-CH2 sequences in the low-field 13 C{ 1 H} NMR spectrum, which would come out in the region of  3840 ppm, see: Rodrigues, A.-S.; Kirillov, E.; Lehmann, C. W.; Roisnel, T.; Vuillemin, B.; Razavi, A.; Carpentier, J.-F. Chem. Eur. J. 2007, 13, 55485565. 21 Feil, F.; Harder, S. Macromolecules 36, 34463448. 22 (a) Sheldrick, G. M. SHELXS-97, Program for the Determination of Crystal Structures, University of Goettingen (Germany), 1997. (b) Sheldrick, G. M. SHELXL-97, Program for the Refinement of Crystal Structures, University of Goettingen (Germany), 1997. 23 Sluis, P. V. D.; Spek, A. L. Acta Cryst. 1990, A46, 194-201. 24 Spek, A. L. Acta Cryst., Sect. A. 1990, 46, C34. 25 Frisch, M. J. et al. Gaussian 09, Revision D.01; Gaussian Inc.: Pittsburgh, PA, 2009. 26 (a) Becke, A. D. Phys. Rev. A 1988, 38, 3098. (b) Becke, A. D. J. Chem. Phys. 1993, 98, . V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B, 2009, 113, 6378. 28 Gonzales, C.; Schlegel, H. B. J. Chem. Phys. 1989, 90, 2154. 29 Varetto, U. MOLEKEL 5.4.0.8; Swiss National Supercomputing Centre (CSCS): Lugano, Switzerland, 2009; http://www.cscs.ch.
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