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The asymmetric 1,4-diazadiene ligands R*N=CHCH=NR* [R* = (S)-CH(CH3)Ph], R*2dad, and 2,2'-bis(4-ethyloxazoline), as-ox, have been used to generate half-sandwich Mo III derivatives by addition to Cp2Mo2Cl4. Ligand R*2dad affords a mononuclear, paramagnetic 17-electron product, CpMoCl2(R*2dad), whereas as-ox leads to the isolation of a dinuclear compound where only one molecule of ligand has been added per two Mo atoms, Cp2Mo2Cl4(as-ox). In the presence of free as-ox, this compound coexists with the paramagnetic mononuclear complex in solution. Both products are capable to control the radical polymerization of styrene under typical atom transfer radical polymerization (ATRP) conditions. However, the tacticity of the resulting polystyrene does not differ from that given by conventional free radical polymerization.

Introduction

In recent years, a number of coordination and organometallic compounds based on different transition metals have been shown to be capable of controlling the radical polymerization of activated olefins through a process that has been termed Atom Transfer Radical Polymerization (ATRP), see Scheme 1. [1,2] The active radical concentration is maintained at very low levels though a reversible equilibrium with a dormant species, thereby reducing the incidence of bimolecular terminations.

<Scheme 1>

Systems based on a variety of transition metals, including Ti III , [3] Mo III , [4,5] Re V , [6] Fe II , [7,8] Ru II , [9] Ni II , [10] Ni 0 , [11] and Cu I , [12] have been shown effective. Although no system currently appears to parallel the activities and practical advantages of certain Cu I complexes, the investigation of other metal systems is useful in order to shine light on the mechanistic details of the process.

In spite of many observations in agreement with the mechanism shown in Scheme 1, certain experimental facts have suggested the possibility of a more complex mechanism. For instance, it has been shown that a large amount of phenol does not inhibit the ATRP of MMA catalyzed by copper(I) bromide, [13] and that the medium polarity could have an important effect on the rate of polymerization. [14,15] Recently, a different 13 C isotope effect has been reported for the Cu I -catalyzed ATRP of methyl methacrylate relative to the free radical polymerization process, suggesting a difference in the nature of the transition state for the propagation step. [16] Although these data have later been fully rationalized without the need to modify the mechanism, [17] further work has shown that, under certain circumstances and for certain catalysts, the monomer can coordinate to the metal center. [18] This feature seems to open the way to the growth of stereoregular polymers, provided the metal is contained within an asymmetric coordination environment, the olefin coordination step is enantioselective, and the coordinated monomer is more susceptible than the free monomer to radical addition. The control of stereochemistry in radical polymerization attracts considerable interest. Moderate success in this goal has been achieved by using a grafted chiral auxiliary on the monomer [19] and by using a Lewis acid additive which is capable to reversibly interact with the monomer. [20,21] Since we have recently developed a series of active ATRP catalysts based on halfsandwich molybdenum complexes of 1,4-diazadiene ligands, [5,22,23] and since asymmetric versions of such ligands are well established, [START_REF] Brunner | Handbook of Enantioselective Catalysis[END_REF] we have decided to prepare the related Mo complexes and to test them in controlled radical polymerization.

Experimental Section

General procedures. (a) Materials. All manipulations were carried out under an atmosphere of dry and oxygen-free argon with standard Schlenk techniques. Toluene, THF and pentane were purified by reflux over sodium benzophenone ketyl and distilled under argon prior to use. CH2Cl2 was dehydrated with P4O10 and distilled under argon. Styrene was washed with an aqueous NaOH solution (10%), followed by water, then dried over MgSO4 and finally distilled at 25°C under reduced pressure. (1-Bromoethyl)benzene (BEB) and Al(O-i-Pr)3 (Aldrich) wera used as received. [CpMo(-Cl)2]2 [START_REF] Abugideiri | Synthetic Methods of Organometallic and Inorganic Chemistry[END_REF] and CH3CH(I)COOEt (IEA) [START_REF] Curran | [END_REF] were prepared as described in the literature. Glyoxal (40% in water) and (S)-H2NCH(CH3)Ph (Aldrich) were used as received. The bisoxazoline ligands were prepared by adapting and optimizing a known procedure [27] involving commercial chiral aminoalcohols (Fluka).

(b) Physical measurements. Molecular weights and molecular weight distributions

were measured with a Gynkoteck P580 size exclusion chromatographer equipped with a refractometer and 2 B Jordi DVB columns (range 1000-1000000) using THF as eluent (1mL/min).

The instrument was calibrated by using polystyrene standards. EPR measurements were carried out at the X-band microwave frequency on a Bruker ESP300 The mixture was then stirred for 3 h at 70°C. The ligand was extracted with 60 mL of heptane. An oil was obtained by cooling the solution to -80°C. After decanting off the mother liquor, the oil was distilled under reduced pressure. 1 H NMR (CDCl3, 25°C):  1.60 (d, J = 6.7 Hz, CH3),  4.52 (q, J = 6.7 Hz, CH), 7.20-7.40 (m, Ph),  8.07 (s, CH=N).

Synthesis of complex CpMoCl2[R*2dad].

[CpMo(-Cl)2]2 (0.360 g, 0.78 mmol) and R*2dad (0.183 g, 1.78 mmol) were suspended in 15 mL of toluene at room temperature. The mixture was then stirred for 24 h at 70°C. The solution was filtered through Celite to remove a small amount of residual solid and concentrated under reduced pressure to ca. 6 mL.

Addition of 10 mL of pentane gave the product as a red brown microcrystalline solid, which was washed with pentane (3 x 5 mL) and dried in vacuo. Yield: 0.502 g (65%). Anal. Calc. for 

Synthesis of Cp2Mo2Cl4(as-ox).

[CpMo(-Cl)2]2 (0.557 g, 1.20 mmol) and as-ox (0.470 g, 2.39 mmol) were suspended in 15 mL of dichloromethane at room temperature. The mixture was then stirred for 4 h at RT. The blue solution was filtered through Celite to remove a small amount of residual solid and evaporated to dryness under reduced pressure.

The dark microcrystalline solid was then washed with 7 mL of pentane and dried in vacuo.

Yield: 0.453 g (57%). A recrystallization from CH2Cl2/pentane afforded X-ray quality crystals, one of which was used for the X-Ray structural study.

ATRP polymerizations. All ATRP polymerization reactions were performed following the same experimental procedure. The complex was added to a 50 mL Schlenk tube equipped with a stirring bar. Styrene and (1-bromoethyl)benzene were added to the reaction flask by a syringe. The Schlenk tube was then immersed in an oil bath heated at 90°C. Aliquots were withdrawn periodically for a reaction monitoring by GPC.

Single crystal X-ray diffraction study. Intensities were collected with a Nonius

Kappa CCD diffractometer at 110 K. The structure was solved via a Patterson search program (DIRDIF-99) [START_REF] Beurskens | The DIRDIF-99 program system[END_REF] and refined with full-matrix least squares methods based on F 2 (SHELX-97) [START_REF] Sheldrick | SHELXL97. Program for Crystal Structure refinement[END_REF] with the aid of the WINGX [START_REF] Farrugia | [END_REF] program. All non-hydrogen atoms were refined with anisotropic thermal parameters. All H atoms were placed in idealized positions and refined using a riding model [Uiso(H) = 1.2Ueq(C), 1. 

Results and Discussion

(a) Syntheses and characterization

The asymmetric (S,S')-R*N=CHCH=NR* [R* = CH(CH3)Ph] ligand (R*2dad) has been prepared by following the same general procedure consisting of the double condensation between glyoxal and the suitable primary amine, [31][32][33][34] see Scheme 2. The bisoxazoline ligands were prepared by reaction of the corresponding chiral aminoalcohols with ethyl oxalate to form the bis-amide, followed by substitution of the alcohol functions by chloride and subsequent ring closure to yield the chiral bisoxazolines (as-ox). [27] <Scheme 2>

The synthesis of complex CpMoCl2(R*2dad) has followed the same procedure that were previously reported for the related CpMoCl2(R2dad) complexes (R = iPr, Ph, p-Tol, C6H3iPr2-2,6), see Scheme 3. [5] The isolated product has been characterized by EPR spectrometry (g = 1.976 et aMo = 45.2 G) and by electrochemistry (reversible oxidation at E1/2 = +0.05 V and reversible reduction at E1/2 = -1.04 V, in THF). These properties are essentially identical to those previously reported for complex CpMoCl2(iPr2dad) (g = 1.975; aMo = 42.8 G; E1/2ox = 0.01 V; E1/2red = -1.10 V), to which it is closely related in terms of steric and electronic properties.

<Scheme 3>

When an identical procedure was carried out using as-ox, the course of the reaction was visually quite different. Contrary to the reaction with R*2dad, which gave a brown solution (like all other previously investigated R2dad complexes, but also typical of all mononuclear CpMoCl2L2 complexes with L = phosphine or L2 = diphosphine or diene), the reaction with as-ox gave a deep blue solution. The solution EPR spectrum is consistent with the presence of expected mononuclear CpMoCl2(as-ox) complex (g = 2.006, aMo = 32.6 G). However, crystallization by slow diffusion of pentane into the reaction mixture in dichloromethane yielded blue crystals, which were revealed to correspond to the dinuclear complex Cp2Mo2Cl4(as-ox) by a single crystal X-ray analysis (see Figure 1).

<Figure 1>

The geometry of the compound can be seen as two four-legged piano stools sharing two legs and is precedente for other dinuclear half-sandwich complexes of Mo(III), such as [Cp2Mo2(-StBu)2(CO)4] 2+ . [35] However, this type of structure is unprecedented for neutral derivatives of molybdenum(III), i.e. of type Cp2Mo2X4L2. The addition of neutral ligands to Cp2Mo2Cl4 has previously been shown to give either mononuclear CpMoX2L2-type compounds directly when the ligand has strong donor properties, or no reaction at all in the case of poor ligands (e.g. amines, ethers). Compound Cp2Mo2Cl4(as-ox) can be viewed as an intermediate of the process converting the tetrachloro-bridged precursor to the mononuclear bis-ligand adduct. Therefore, the donor properties of the as-ox ligand are in the narrow grey area between those two regions. As the EPR spectrum suggests, the mononuclear compound probably exists in solution, though in equilibrium with the blue dinuclear complex, and it is the latter that crystallized preferentially, see Scheme 4. Because of this equilibrium, no informative NMR spectrum could be recorded for the dinuclear complex. A molecule structurally related to complex Cp2Mo2Cl4(as-ox) has been reported for tungsten, Cp'2W2Cl4(dmpe) (Cp' = C5H4Me; dmpe = Me2PCH2CH2PMe2). [36] Interestingly, no mononuclear complex of type CpMX2L2 has been reported for W(III) to the best of our knowledge. The reason of the different behaviour between molybdenum and tungsten, for the outcome of the ligand addition to [CpMCl2]2-type compounds, is related to the stronger metalmetal interactions established by the latter metal. [37] For molybdenum, mononuclear CpMoX2L2 complexes are the rule and the dinuclear Cp2Mo2X4L4-type complex reported here is the exception, whereas for tungsten even the strong dmpe ligand stops at the dinuclear Cp2Mo2X4L4-type complex.

<Scheme 4>

The most interesting structural parameter of the Cp2Mo2Cl4(as-ox) compound is the metal-metal distance [3.124(5) Å]. It is well known that the stepwise opening of the four bridges in Cp2Mo2Cl4 is accompanied by a weakening of the metal-metal interaction. Indeed this distance is shorter in the quadruply-bridged Cp'2Mo2(-Cl)4 [2.607(1) Å] [38] and Cp2Mo2(-SMe)4 [2.603(2) Å], [39] intermediate in triply bridged [Cp2Mo2(-SMe)3(CO)2] + [2.785(2) Å] [40] and [Cp2Mo2(-SMe)2(-SH)(CO)2] + [2.772(2) Å], [41] and longer in doubly bridged [Cp2Mo2(-StBu)2(CO)4] 2+ [3.008(2) Å], [35] [Cp2Mo2(-SMe)2(MeCN)4] 2+ [3.0000 (6) Å] [42] and [Cp2Mo2(-SPh)2(CO)3(MeCN)] + [3.006(3) Å]. [43] For the related W complex Cp'2W2Cl4(dmpe), the W-W distance is 3.196(1) Å. [36] Another interesting feature is the variation of the Mo-Cl bond distance and the bond distances related to the Mo(dad) moiety, in comparison with the structure of CpMoCl2[(C6H3iPr2-2,6)2dad]. [44] The terminal Mo(2)-Cl distances [average 2.48( 2) Å] are much longer than in the mononuclear complex [average 2.40( 2) Å], but correspond closely to those of other CpMoCl2L2 compounds (e.g. average of 2.471(3) Å [45] for L = PMe3). The bridging Mo-Cl bonds are also longer [average 2.45(1) Å].

On the other hand, the N-C and C-C distances of the bis(oxazoline) ligand are respectively shorter [average 1.284( 7) Å] and longer [1.446(6) Å] than the same distances in the mononuclear complex [1.352(2) Å and 1.363(2) Å, respectively]. All these differences point to a more appropriate description of the coordination as involving a dative interaction between the neutral bis(oxazoline) ligand and a Mo III center, whereas the mononuclear complex has a stronger contribution from a resonance form formally viewed as containing a covalently bonded (enediamido)Mo V moiety. Other complexes where diazadiene ligands bind prevalently through a dative interaction also display shorter C-N and longer C-C distances, e.g. average 1.269(4) Å and 1.476(4) Å, respectively, in MoO2Cl2(tBu2dad). [46] The Mo atom is close to the least squares plane defined by the N-C-C-N chelate (distance = 0.20(1) Å).

(b) Controlled radical polymerizations

Complexes CpMoCl2(R*2dad) and Cp2Mo2Cl4(as-ox) have been tested as catalysts for the ATRP of styrene. The polymerization with the former complex was carried out under the typical conditions already applied for related CpMoCl2(R2dad) compounds, using the iodo derivative CH3CH(I)COOEt (IEA) as an initiator, and one equivalent of Al(OiPr)3 as a cocatalyst. [5] A rationalization for the mode of action of this co-catalyst has been reported

separately. [22,47] The results are shown in Figure 2. The polymerization with complex Cp2Mo2Cl4(as-ox) was carried out with 1-bromoethylbenzene (BEB) as an initiator, and without the Al(OiPr)3 co-catalyst. Both the IEA and BEB initiators have been shown to lead to a controlled polymerization of styrene with other Mo-based catalysts. [5] For both systems, we observe that the molecular weights increase linearly with conversion and that the polydispersity indexes (PDI) are relatively low (down to ca. 1.3). Note that the initiator efficiency factor is low in each case (f = 0.6). The same phenomenon occurs for the previously described CpMoCl2(R2dad) catalysts. [5] In addition, the monomer consumption follows in each case first order kinetics, see Figure 3. This is as expected for a controlled process. The rate of monomer consumption is quite a bit slower with complex Cp2Mo2Cl4(asox) [kapp = 5.4 . 10 -5 min -1 ] than with the mononuclear complex CpMoCl2(R*2dad) [kapp = 4.2 . 10 -4 min -1 ]. The latter is close to that measure previously by using complex CpMoCl2(iPr2dad) under the same conditions (kapp = 3.0 . 10 -4 min -1 ). The lower activity of the dinuclear complex could at least in part be attributed to the absence of the Al(OiPr)3 cocatalyst, since an accelerating factor of ca. 17 has been observed in the presence of one equivalent of this compound for the related CpMoCl2(iPr2dad) catalysts. [5] The product obtained from each procedure was analyzed by 13 C NMR, in order to see whether the ligand asymmetry had any effect on the polymer tacticity. [48,49] However, no notable difference could be detected, relative to a polymer obtained by free radical polymerization (AIBN initiator). 

,0)+2*Fc 2 )/3 c Goodness of fit =[w(Fo 2 -Fc 2 ) 2 /(No-Nv)] 1/2 .

Table 2. Selected bond lengths [Å] and angles [°] for compound Cp2Mo2Cl4(as-dioxazoline).

Distances (Å)

Captions for Figures

C23H25Cl2MoN2: C 55 2 =

 552 .66, H 5.08, N 5.64 %. Found: C 55.05, H 5.53, N 5.16 %. EPR (CH2Cl2): g = 1.976 (aMo = 45.2 G). Cyclic voltammetry (THF): reversible oxidation with E1/+0.05 V (Ep = 81 mV) and reversible reduction at E1/2 = -1.04 V (Ep = 76 mV). The ferrocene peak showed Ep = 130 mV.

<Figure 2 and Figure 3> Conclusions

 3> The well established family of half-sandwich CpMoCl2(R2dad) complexes has been extended to asymmetric members, one containing a chiral auxiliary on the nitrogen atom, R*2dad [R* = (S)-CH(CH3)Ph], the second one being based on a C2-symmetric bis(oxazoline) donor, as-ox. The latter is the first reported example of a bis(oxazoline) derivative for the half-sandwich CpMo III system. However, while the use of R*2dad leads to the splitting of the dinuclear Cp2Mo2Cl4 precursor, the as-ox ligand allows for the first time the isolation of a dinuclear adduct, which may be viewed as an intermediate of the dimer splitting process. Indeed, EPR spectroscopy indicates the presence of the mononuclear species in solution. Both complexes, like the previously investigated symmetric analogues, are capable to catalyze the atom transfer radical polymerization of styrene. However, there is no indication that the asymmetric nature of the catalyst exerts any stereocontrol in the polymerization process. Among other possible factors, the probable lack of coordination of the monomer to the asymmetric catalyst may contribute to this result. In fact, the 17-electron nature of the half-sandwich Mo III center does not leave available positions for coordination of a 2-electron donor. It does, however, allow the increase of both the number of valence electrons and the coordination number by one unit, as required by the atom transfer process.
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 3 Figure 3. First order kinetics for the monomer consumption in the ATRP of styrene catalyzed by the systems CpMoCl2(R*2dad)/Al(O i Pr)3 (squares) and
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Preparation of R*2dad [R* = (S)-CH(CH3)Ph]. Glyoxal

  

	spectrometer. The spectrometer frequency was calibrated with diphenylpicrylhydrazyl
	(DPPH, g = 2.0037). Cyclic voltammograms were recorded with an EG&G 362 potentiostat
	connected to a Macintosh computer through MacLab hardware/sofware. The electrochemical
	cell was fitted with an Ag-AgCl reference electrode, a platinum disk working electrode and a
	platinum wire counter-electrode. [Bu4N]PF6 (ca. 0.1 M) was used as supporting electrolyte in
	THF. All potentials are reported relative to the ferrocene standard, which was added to each
	solution and measured at the end of the experiments. The elemental analyses were carried out
	by the analytical service of the LSEO laboratory with a Fisons EA 1108 apparatus. NMR
	spectra were recorded on a Brucker DRX 500 spectrometer. The peaks positions are reported
	with positive shifts in ppm downfield of TMS, as calculated from residual solvent peaks.
	(0.9 g, 15.5 mmol) and (S)-
	PhCH(CH3)NH2 (4 mL, 31.0 mmol) were mixed in 10 mL of MeOH at room temperature.

  5 for methyl groups]. The essential crystallographic parameters are listed in Table 1 and selected bond distances and angles are collected in Table 2. <Table 1 and Table 2 here> Crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 271075.

Copies of the data can be obtained free of charge on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Table 1 .

 1 Crystal data and structure refinement for compound Cp2Mo2Cl4(as-ox).

	Formula	C20H26N2O2Cl4Mo2
	M		660.11
	T; K	110(2)
	Crystal system	Orthorhombic
	Space group	P212121
	a; Å		12.4051(6)
	b; Å	13.6827(7)
	c; Å		14.0961(8)
	V; Å 3	2392.6(2)
	Z		4
	F(000)	1312
	Dcalc; g/cm 3	1.833
	diffractometer	Enraf-Nonius KappaCCD
	scan type	mixture of  rotations and  scans
	; Å	0.71073
	; mm -1	1.515
	Crystal size; mm 3	0.23 x 0.14 x 0.14
	sin()/ max; Å -1	0.65
	Index ranges	h: -16 ; 12
			k: -11 ; 17
			l: -17 ; 18
	RC = Refl. Collected	9714
	IRC = independent RC	5226 [R(int) = 0.0499]
	IRCGT = IRC and [I>2(I)]	4094
	Refinement method	Full-matrix least-squares on F^2
	Data / restraints / parameters	5226 / 0 / 272
	Absolute structure parameter	0.00(6)
	R for IRCGT	R1 a = 0.0415, wR2 b = 0.0683
	R for IRC	R1 a = 0.0643, wR2 b = 0.0756
	Goodness-of-fit c	0.993
	Largest diff. peak and hole; e.Å -3	0.737 and -0.965
	a R1=(||Fo|-|Fc||)/|Fo|.
	b	wR2=[w(Fo 2 -Fc 2 ) 2 /[w(Fo 2 ) 2 ] 1/2 where w=1/[ 2 (Fo 2 ) + (0.0184*P) 2 ] where
	P=(Max(Fo 2

Acknowedgements. We are grateful to the CNRS for financial help. This project started with funding by a national CNRS program entitles "Catalyse et catalyseurs pour l'industrie et l'environnement" (1997-98). The European COST D17 programme (working group D17/0007/00) is also acknowledged for additional financial help.