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Abstract: A combined experimental and DFT study of the reactions of the titanium imido methyl cation
[Ti(N'Bu)(Mes[9]laneNs)Me]" (4) with AIMe; and ZnMe; is described. Reaction of 4* with AlMe; gave [Ti(N'*-
Bu)(Mes[9]aneNs)(u-Me).AlMe,] " (71), the first structurally characterized AIMez adduct of a transition metal
alkyl cation and a model for the presumed resting state in MAO-activated olefin polymerizations. Reaction
of 4% with ZnMe, also gave a methyl-bridged heterobinuclear species, namely [Ti(x-N'Bu)(Mes[9]aneNs)(u-
Me).ZnMe]" (8%), the first directly observed ZnMe; adduct of a transition metal alkyl cation. At room
temperature, all three metal-bound methyls of 8" underwent rapid exchange with those of free ZnMey,
whereas at 233 K only the terminal Zn—Me group exchanged significantly. Addition of AlMe; to 8%
quantitatively formed 7+ and ZnMe,. Reaction of 4* with Cp,ZrMe, gave [Ti(N'‘Bu){ Me,(u-CH,)[9]aneNs} -
(u-CH2)ZrCp,]* (10%) via a highly selective double C—H bond activation reaction in which both alkyl groups
of Cp2ZrMe; were lost. DFT calculations on models of 7% confirmed the approximately square-based
pyramidal geometries for the bridging methyl groups. Calculations on 8* found that the formation of the
Ti(u-Me).Zn moiety is assisted by an Nimiee—Zn dative bond. DFT calculations for the sterically less
encumbered methyl cation [Ti(NMe)(Hs[9]aneN3s)Me]* found strong thermodynamic preferences for adducts
featuring Nimiee=M (M = Al or Zn) interactions. This offers insight into recently observed structure—
productivity trends in MAO-activated imido-based polymerization catalysts. Calculations on the metallocenium
adducts [Cp,Ti(u-Me).AlMe,]" and [Cp,Ti(u-Me).ZnMe]" are described, each showing a-agostic interactions
for the bridging methyl groups. For these systems and the imido ones, the coordination of AlMe; to the
corresponding monomethyl cation is ca. 30 kJ mol~* more favorable than for ZnMe..

typically contains up to 15 wt % AMeg (hereafter referred to

as “AlMey”)) the catalyst resting state is probably a cationic
bimetallic species of the type [M(u-R),AIR,] . A number of
such cationic group 4 heterobimetallic cations have been studied
spectroscopically during the last 10 ye#s?! Intermediates

of the type [LiM(u-R)2AIR,]™ are known to be important in
chain transfer (to aluminum) and catalyst deactivation in olefin
polymerization catalyst systerhsGibson has correlated chain
transfer to aluminum with the presence of bimetallic complexes

Introduction

Olefin polymerization catalysis continues to be an area of
considerable importance to both the academic and industrial
communities, and a wide range of cyclopentadienyl- and non-
cyclopentadienyl-based systems have been descriBeat-
ionic alkyl complexes “[llM—R]™" are accepted as being the
active species in ZiegleiNatta type olefin polymerization
catalysis*>8However, in systems activated by MAO (which

T University of Oxford.
¥ Institut Charles Gerhardt.
(1) Bochmann, MJ. Chem. Soc., Dalton Tran&996 255.
(2) Brintzinger, H. H.; Fischer, D.; Mhaupt, R.; Rieger, B.; Waymouth, R.
M. Angew. Chem., Int. Ed. Endl995 34, 1143.
(3) Janiak, C. InVletallocenes: synthesis, reagty, applications Togni, A.,
Halterman, R. L., Eds.; Wiley-VCH: New York, 1998; Vol. 2, p 547.
(4) Kaminsky, W.J. Chem. Soc., Dalton Tran$998 1413.
(5) Bochmann, M.J. Organomet. Chen2004 689, 3982.
(6) McKnight, A. L.; Waymouth, R. MChem. Re. 1998 98, 2587.
(7) Britovsek, G. J. P.; Gibson, V. C.; Wass, D.Angew. Chem.,
1999 38, 429.

(12) Bochmann, M.; Lancaster, S. Angew. Chem., Int. Ed. Engl994 33,

(13) Bochmann, M.; Lancaster, S.Jl.Organomet. Chenl995 497, 55.

(14) Tritto, I.; Donetti, R.; Sacchi, M. C.; Locatelli, P.; Zannoni, Racro-
moleculesl997 30, 1247.

(15) Vollmerhaus, R.; Rahim, M.; Tomaszewski, R.; Xin, S.; Taylor, N. J.;
Collins, S.Organometallics2000 19, 2161.

(16) Zakharov, I. I.; Zakharov, V. AMacromol. Theory SimuR002 11, 352.

(17) Bryliakov, K. P Talsi, E. P.; Bochmann, Mrganometallics2004 23,
1409.

Int. Ed. (18) Schrmier L.; Brintzinger, H. H.; Babushkin, D. E.; Fischer, D.; Maupt,
R. Organometalllcs'ZOOS 24, 867.

(8) Gibson, V. C.; Spitzmesser, S. Khem. Re. 2003 103 283.

(9) Suzuki, Y.; Terao, H.; Fujita, TBull. Chem. Soc. Jpr2003 76, 1493.

(10) Mitani, M.; Saito, J Ishn S.; Nakayama, Y.; Makio, H.; Matsukawa, N.;
Matsui, S.; Mohr| J.; Furuyama R.; Terao, H Bando H.; H., T.; Fuijita,
T. Chem. RecZOO4 4 137.

(11) Bolton, P. D.; Mountford, PAdv. Synth. Catal2005 347, 355.

10.1021/ja065638a CCC: $33.50 © 2006 American Chemical Society

(19) Bryliakov, K. P.; Babushkin, D. E.; Talsi, E. P.; Voskobynikov, A. Z.;
Gritzo, H.; Schider, L.; Damrau, H.-R. H.; Wieser, U.; Schaper, F.;
Brintzinger, H. H.Organometallics2005 24, 894.

(20) Petros, R. A.; Norton, J. FOrganometallics2005 23, 5105.

(21) Eilertsen, J. L.; Stavneng, J. A.; Ystenes, M.; RytteinBrg. Chem2005
44, 4843.

J. AM. CHEM. SOC. 2006, 128, 15005—15018 = 15005



ARTICLES

Bolton et al.

[LaM(u-R)2AIR,]™ as catalyst resting statés Remarkably,
although neutral rare earth compounds containing coordinated
AlMe, groups have been crystallographically characterfZed,

no structural data are available on the nature of the-RILAIR 2
moiety for transition metals (the bonding in which can be
expected to differ from that in rare earth systems).

Dialkyl zinc compounds also play an important role in olefin
polymerization, for example to control molecular weight by
chain transfer to ziné? Brintzinger has reported the influence
of added aluminum and zinc alkyls on the polymerization
characteristics of cationi@nsazirconocene catalyst systerits,
and it was concluded that zinc alkyls (even more so than certain
aluminum alkyls) influence productivity and chain transfer
through the formation of cationic heterobimetallic adducts. In

a variant of the chain transfer process, reports have appeared

on the ability of transition metal polymerization catalysts to
promote polyethylene chain growth on zi#&* This occurs
through rapid and reversible polymeryl/alkyl group exchange

processes between a cationic transition metal species and zinc.

In this context, it has been proposed that dialkyl zinc adducts
of transition metal alkyl cations (of the typeM(u-R).ZnR]")

are thermodynamically less stable than the corresponding AlMe
adducts. However, no direct experimental observation or
computational study has yet tested this. Very recently, ZnEt
has been used as a “chain shuttling agent” in the highly novel
and commercially important catalytic production of olefin block
copolymers® Polymeryl-bridged transition metal/zinc hetero-
bimetallic species were again proposed as intermediates in thi
system.

Many transition metal imido compounds=NR) have
also been shown to act as olefin polymerization precatalysts.
We recently reported that compounds of the tfpR and2-R
(Figure 1), containing either a M@JaneN; (1,4,7-trimethyl-
triazacyclononané§-3” or tris(3,5-dimethylpyrazolyl)methaffe
coligand, form very highly active ethylene homopolymerization
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Figure 1. Imido-supported polymerization catalysts and well-defined mono-
and binuclear alkyl cation®-3°

S

catalysts on activation with MAO (methyl aluminoxanes). The
precatalyst familied-R and2-R are isolobal analogues of the
ubiquitous group 4 metallocenes S4Cl,.3° It was consistently
found that only compounds containing a bulky imido N-
substituent formed active and robust catalysts, implying that
adequate steric protection of the=INR bond is an absolute
prerequisite for highly active systems. In the case ofltHe/
MAO and 2-R/MAO catalyst systems, several direct observa-
tions suggest an important role for AIM#:37 In particular,
addition of 2,6-ditert-butyl-p-cresol, a proven AlMgscaven-
ger?#041to the Ti(NBu)(Mes[9]aneN;)Cl./MAO catalyst system
led to higher productivities, highe¥l,, values and more chain
end unsaturation¥.

We recently showed that treatment of TiBw)(Mes[9]-
aneN)R; (R = Me (3) or CH,SiMes) with [CPhg]* formed the
14 valence electron cations [TiBlU)(Me;[9]aneNy)R]T (R =
Me (4+) or CH,SiMe; (51); Figure 1)3° Although they are too
reactive to be isolated (except as Lewis base adducts), cations
4% and/or5' can nonetheless readily be generated in situ and
used in further reactions, for example in aB bond activation
of pyridine, stoichiometric HR bond migratory insertion
reactions with unsaturated substrates, and formation of the
u-methyl-bridged cation [B{(N!Bu)(Mes[9]aneNs).Me,(u-
Me)]* (6, Figure 1) with Ti(NBu)(Mes[9]aneN;)Me,.3942The
ready access td" offered an excellent opportunity to probe
the type(s) of AIMg adduct formed in théd-R/MAO catalyst
systems and also to carry out related studies.
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Scheme 1. Synthesis of Cationic Heterobimetallic Complexes?
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In this contribution we describe the reaction 4f with
AlMej3, together with complimentary studies for Znpnd Cp-

similar (110 and 113 Hz in §DsBr; 111 and 113 Hz in Cp
Clp). These can be compared to values of 111 Hz for the
dimethyl Ti(N'Bu)(Mes[9]aneN;)Me; (3), 116 Hz for the methyl
cation4*, 113 Hz for the adduct [Ti(NBu)(Mes[9]aneN;)Me-
(OPPR)]* (all in CsDsBr), and 112 and 115 Hz for the bridging
and terminal methyl groups of Mes itself.*3 Bochmann has
reportediJcy values of ca. 113114 Hz ¢-Me) and 114-116
Hz (Al-Me) for the zirconium and hafnium AlMgeadducts
[Cp'M(u-Me)AlMe;] ™ (Cp2 = (-CsHs)z, MesSi(indenyl),
or 1,2-GHy(indenyly; M = Zr or Hf).12 The IR spectrum of
solid 7-BArF, showed no low-frequency(C—H) bands which
could have been indicative of significant-+H—C agostic
interactions'#45

Me M?
\
N N
o D
SN “Me / “Me
Me H
\Tn/@ <_—> \Tu ® + AlMe;
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The H and 3C NMR spectra of7™ were sharp at room
temperature, but qualitative 1-dimensional spin saturation
transfer (SST) and 2-dimensional EXSY experiments revealed
some residual dynamic processes consistent with the dissociative
process summarized in eq 1. No exchange was found below
233 K. Norton has recently described a detailed analysis of
analogous equilibria in AlMgadducts of group 4 metallocenium
cations?® The room-temperature experiments revealed net site
exchange between the cis and trans (with respect ‘BuN
macrocycle NMe groups, the bridging and terminal metal-bound
Me groups, and the inequivalent terminatA¥le groups. When
1 equiv of AlMe; was added to an NMR sample @f, no

ZrMe,. In addition, a comprehensive DFT study of a selection Proadening of the latter's spectrum was observed. The EXSY
of both real and hypothetical adducts formed with the two main SPectrum, however, showed clear net site exchange between all

group alkyls is described. These combined experimental andthe metal-bound Me groups of the two organometallic species.
DFT studies provide valuable insight into the molecular and These data indicate a dissociatively activated exchange between

electronic structures and energetic aspects of Al ZnMe

adducts of group 4 monomethyl cations. A part of this work

(namely the synthesis and characterization of [TB@N(Mes-
[9]aneNs)(u-Me),AlMe;][BAr F4]) has been communicatéd.

Results and Discussion

Reaction of [Ti(N'Bu)(Mez[9]aneNs)Me] ™ (41) with AlMe 3.
Addition of AlMes (1 equiv) to a solution of [Ti(’NBu)(Mes-

[9]aneNs)Me]™ (47) in CsDsBr gave quantitative conversion to
[Ti(N'Bu)(Mes[9]aneNs)(u-Me)AlMe,] ™ (7F). The reaction was
conveniently scaled up by treating a &, solution of3 and

AlMe3 with [CPh][BArF,] (Scheme 1, At = CgFs) which

afforded7-BArF, in ca. 50% isolated yield. The NMR spectra
were consistent with th€s symmetrical structure shown in
Scheme 1, which has been confirmed by X-ray crystallography.
The Tiu-Me),Al bridging methyl groups appear as a singlet
(relative integration 6 H) at 0.86 ppm in tAEl spectrum, and
the inequivalent terminal AtMe methyl groups appear a&0.48
(“down” with respect to the Mg9]aneN; ligand) and—0.87
(“up”) ppm. The corresponding shifts in thA&C NMR spectrum

are 23.3,-4.9, and—7.6 ppm, respectively. The averaljley

the free and coordinated AlMeUnfortunately, the slow rates
of exchange and the inherent instability @ in solution
prevented us acquiring data of sufficent quality for a quantitative
analysis of the various exchange processes.

Crystals of7-BArF, were grown from a ChkCl; solution, and
data were collected at 150 K. This is the first X-ray structure
of an AlMe; adduct of a transition metal alkyl cation. The
molecular structure of" is shown in Figure 2, and selected
bond distances and angles are given in Table 1. The geometry
at Ti(1) and Al(1) is approximately octahedral and tetrahedral,
respectively, and the molecular symmetry is approximataly
in accordance with the solution NMR data. The H atoms of the
Ti(u-Me),AlMe, unit were located from Fourier difference maps
and positionally and isotropically refined. Within error, the
experimental geometries at the two bridging methyl groups C(1)
and C(2) are identical with each other and consistent with the
DFT-computed structureZQQ) discussed below.

The Ti—N distances in7* are all shorter than those in the
neutral compound Ti(Bu)(Mes[9]aneNs)Me; (3)3¢ as would

(43) Yamamoto, OJ. Chem. Physl975 63, 2988.
(44) Brookhart, M.; Green, M. L. H.; Wong, L.-LProg. Inorg. Chem1988

36,1
values for the bridging and terminal methyl groups are rather (45) Scherer, W.; McGrady, G. $ingew. Chem., Int. E®004 43, 1782.
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C(7)

Figure 2. Displacement ellipsoid plot (25% probability) of [Ti{Bu)(Mes-
[9]aneNs)(u-Me)AlMe, ]t (71). H atoms other than those of the Allyle
moiety (shown as spheres of arbitrary radius) are omitted for clarity.

Table 1. Selected Bond Lengths (A) and Angles (deg) for
[Ti(NBu)(Mes[9]aneNs)(u-Me)AMez] ™ (71)42

Ti(1)—N(1) 1.698(2)  Ti(1FN(2) 2.413(2)
Ti(1)—N(3) 2.285(2)  Ti(1}N(4) 2.289(2)
Ti(1)—C(1) 2.344(2)  Ti(1}C(2) 2.335(2)
Al(1)—C(1) 2.081(2)  Al(L¥-C(2) 2.075(2)
Al(1)—C(3) 1.963(3)  Al(1}C(4) 1.981(3)
Ti(1)-+-H(3) 217(3)  Ti(L)-H(6) 2.17(3)
C()-H(1) 0.99(3)  C(1)}H(2) 0.97(3)
C(1)-H(@3) 0.97(3)  C(2H(4) 0.97(3)
C(2)-H(5) 0.99(3)  C(2)-H(6) 0.98(3)
CO)-Ti(1)-C(2)  91.24(7) C@Ti(1)-N(1)  96.26(8)
C()-Ti(1)-N(1)  96.61(8)  C(Ti(1)-N(2)  90.34(8)
C()-Ti(1)-N(@2)  88.90(7)  C(I}Ti(1)-N(3)  94.69(7)
N(L)-Ti(1)-N@2)  171.29(7)  N(FTi(1)-N(3)  96.91(7)
C(2)-Ti(1)-N(3) 164.83(7) C(1}Ti(1)-N(4)  163.85(7)
N@)-Ti(1)-N@3)  75.84(6)  N(I}Ti(1)-N(4)  98.52(7)
C@)-Ti(1)-N@)  92.71(7)  N(3}Ti(1)-N@4)  77.92(6)
N@)-Ti(1)-N@4)  75.43(6) C(AYAI(1)-C(3) 112.34(11)
C(1)-Al(1)-C(2)  107.16(8) C(LyAI(1)—C(4)  107.66(11)
C-A(l)—-C(3) 112.84(12) C(3)AI(1)—C(4)  110.97(12)
C2)-Al(1)—C(4)  105.47(11) Ti(FC(1)-Al(l)  79.58(7)
Ti(1)-C(2)-Al(1)  79.92(7)

be expected from the formal positive charge at titanium. The

etries for the bridging alkyl groups and two close -i-k
contacts (note in particular the recent neutron diffraction study
of Nd(AIMey)s?%). It appears that the modeling of transition
metal cations [kM(u-Me)AlMe]* by neutral, rare earth
analogues may only be appropriate to a first approximation in
most cases and that the actual orientation ofitineethyl ligands
may differ for transition metal systems. This aspect is discussed
in further detail below in the DFT section and Supporting
Information.

Reaction of [Ti(N'Bu)(Me3z[9]aneNs)Me] ™ (41) with ZnMe ».
Whereasg-hydrocarbyl-bridged transition metal adducts of AIR
are well-established, there is a paucity of such heterobimetallic
species for zinc, even though dialkyl zincs undergo degenerate
alkyl group exchange through alkyl-bridged intermedi&tdhe
important role of transient zinc alkyl adducts of transition metal
alkyl cations in polymerization catalysis was mentioned above
in the Introduction. Neutral-aryl-bridged Au/Zn bi- and
trimetallic compounds have been reporté& Reaction of
ZnMe, with RUHCI(PPRh); gave an ill-defined R&Zn,—Ru
heterotetrametallic speciésand that with IrMe(PMg4 gave
fac-IrMe,(ZnMe)(PMe)3.5* Bimetallic species involving Ni(-
Me)Zn interactions have been proposed as intermediates in
certain Ni-catalyzed coupling reactions involving organozfics.

A fast Zn—Me/W—Me ligand exchange reaction took place
between ZnMgand the imido tungsten methyl cation [VW{N,)-
(NPh)Mel" (N2Npy = (2-NCsH4)C(Me)(CHNSIMes),),%¢ as
discussed further in the DFT section. The gas-phase reaction
between ZnMgand [CpZrMe]™ gave the methylidene-bridged
heterobimetallic [CgZr(u-CH,)(u-Me)Zn]" according to ion
cyclotron resonance spectrometfySolution phase attempts to
prepare ZnMgadducts of [CpZrMe]* or [Cp*2ZrMe] T (with
[MeBArF;]~ or [BArfj]~ counteranions) were hampered by
facile exchange of alkyl and aryl groups between zinc and
boron3*

Addition of a toluene solution of ZnMg1 equiv) to in situ
prepared [Ti(NBu)(Mes[9]laneNs)Me]™ (41) in C¢DsCl gave
quantitative conversion to [TiEN'Bu)(Mes[9]aneNs)(u-Me),-
ZnMe]" (8") (Scheme 1). Attempts to isolate this cation were
unsuccessful, leading to mixtures of products. Nonetheless,
8-BArF, appeared to be moderately stable in solution, and no

Ti—C distances on the other hand are longer (average 2.339 Aevidence for exchange of ZMe and B-Ar" groups was

in 7+ vs 2.213 A in3), which is consistent with the titanium-
bound methyls irv* participating in 3-center, 2-electron bonding
to aluminum. The terminal AtMe bonds are shorter (average

observed, in contrast to the isolobal zirconocenium sys#éms.
Our inability to isolate8-BAr, is attributed to the inherently
weak coordination of ZnMgeto 47. As illustrated in Scheme 1,

1.972 A) than the bridging ones (average 2.078 A) for the same the lowest energy DFT structure 8f (8Q discussed later)

reasons, and this is also the case inpMé¢*647 and most
crystallographically characterized rare earth AlMeom-
plexes?849

The geometry of the two bridging methyl groups is ap-
proximately square-based pyramidal with one short-Hi
contact/-Me group (each 2.17(3) A). An analogous geometry
was found for the bridging methyl groups in,Meg according
to a recent neutron diffraction studyIn contrast, most AIR

featured a Mqe'*+Zn interaction in addition to two Ti(-Me)-

Zn methyl groups, and this is consistent with the following
spectroscopic data (see the Supporting Information for various
IH NMR spectra).

(50) Nehl, H.; Scheidt, W. R]. Organomet. Cheni985 289, 1.
(51) de Graaf, P. W. J.; Boersma, J.; van der Kerk, G. JJMOrganomet.
Chem.1977 127, 391.
(52) de Graaf, P. W. J.; de Koning, A. J.; Boersma, J.; van der Kerk, G. J. M.
J. Organomet. Chenl977, 141, 345.
)

adducts of rare earth compounds show (where H atom location(s3) Cole-Hamilton, D. J.; Wilkinson, Gl. Chem. Soc., Dalton Tran&977,

has been possible) approximately trigonal bipyramidal geom-

(46) Huffman, J. C.; Streib, W. EChem. Commuri971, 911.

(47) McGrady, G. S.; Turner, J. F. C.; Ibberson, R. M.; Prager,Qvgjano-
metallics200Q 19, 4398.

(48) Fletcher, D. A.; McMeeking, R. F.; Parkin, D. Chem. Inf. Comput. Sci.
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The room-temperaturdd NMR spectrum showed th8t" is reactions o8" were carried out. Addition of ZnMg(1 equiv)
highly fluxional at this temperature, in contrast to the situation to a GDsCl solution of 8" at room temperature gave a single
for [Ti(N'Bu)(Mes[9]aneNs)(u-Me),AlMe;]* (7F). The macro- broad, weighted-averaged resonance at-¢@.3 ppm for the
cycle methyl and methylene groups appeared as very broadmetal-bound methyl groups &" and ZnMe, consistent with
signals. A single broadH resonance at ca—0.1 ppm is overall exchange between free and coordinated ZnNDm
attributed to the three rapidly exchanging metal-bound methyl cooling of the sample to 253 K, this separated out to those of
groups. The fluxional process presumably involves a rapid 8" (as described above) and free Znviill slightly broadened.

dynamic equilibrium betwee8" and separated™ and ZnMe A spin saturation transfer (irradiation at the free ZnMe
(eq 2), analogous to that proposed fér (eq 1) and its resonance) showed rapid SST into both the termiad
metallocenium analogué8. bridging methyl sites of the TitMe),ZnMe moiety of8* (ratio

1:1.7). Cooling to 233 K (close to the freezing point ofD&-

M Me Cl) gave further sharpening of the metal-bound methyl reso-
(_/&\\ TA\\ nances. An analogous SST experiment (again irradiating the
Me” N\:_: /@N\Me . Me/N\:; /N\Me ) resonance for free ZnMgat this temperatur(_e was carried out.
Ti " Me T ® + ZnMe, Interestingly, this showed exchange predominamitlly between
7 \Me N/ \Me the terminal Zr-Me group of8* and those of free ZnMsratio
8y’ \Zn By’ 1:0.2 for the terminal and bridging methyls, respectively).
+ \ +
8 Me 4 Ms M\e
On cooling of the sample to 233 K, the fluxional process <—/£\\\ {_/Q
was effectively frozen out, and the expected resonances fora _N_ @ N< NP Nspe
e . : we "N\ e N
s symmetric compleX8™ were observed. The macrocycle NMe TietMe + ZnMe, | > Pt 3)
groups gave rise to two singlets of integral 6 and 3 H, and the 2 Sue P . 7 Me.,,
methylene groups were observed as a series of multiplets. Atgy” ~~-._\: Bu Me— . —Me
this temperature the metal-bound methyl groups appeared as zn "
two singlets at—0.05 ppm (integral 3 H) and-0.14 ppm g* © o Me———Zn\Me

(integral 6 H), assigned to terminal ZnMe and bridgingu¥i(
Me)Zn groups, respectively. The shifts of these resonances were
noticeably temperature-dependent, and the general broadnesgf
of the *H spectra (including the macrocyclic region) between Me)Zn groups of8* and/or of these with free ZnM&°
the low-temperature limit (233 K) and ambient temperature was

influenced by sample concentration and/or the presence of anyNonetheIess, the qualitative SST experiments clearly suggest
. . . . thatpartial intermolecular alkyl group exchange of dialkylzinc
added ZnMe It is possible that the position of the dynamic partia| " Yl group ex 9 atyzl

oo . adducts may occur, even in the absencemhpleteexchange
equilibrium shown in eq 2 betweeBi and the separatedi” Y p g

. .. of free and coordinated ZnRgroups. Equation 3 shows a
and ZnMe is influenced by these factors, although at no point nRgroup 9

was a spectrum showing these separated components obtaine(EOtemia”y viable exchange mechanism via an intermediate/
" . ) : n
The 13C shifts for the terminal and bridging methyl groups & a1oton State [TIRBL)(MefSJaneNy)(u-Mejzn(u-Me)znie]

(9%). In this context we note Bochmann's report that the
were _.8'2 (J = 120 Hz) and 25.7 p_pml‘q = 115 Hz), 3-coordinate zinc methyl cation [(DAD)ZnMgLlndergoes rapid
respectively. The methyl groups of ZnMm the same solvent methyl group exchange with neutral (DAD)ZnMesven at
appear at-0.62 ppm {) = 122 Hz) at 233 K. The small SHz - _gqyoc (DAD = AINC(Me)C(Me)NAT, Ar = 2,6-GHgPr):
reducﬂoq I~ fgr the bridging methylls 'r8. compared to this is presumed to proceed via a four-coordininate intermediate/
the terminal one is analogous to the situatior7in AloMes,

_ transition state of the type{(DAD)ZnMe}(u-Me)]".58 A
E(Szm”_ + (9D—
and the metall_ocemu_m analogues_ Me)gAIMe_g] (23 number of zinc alkylmetalates containing tetrahedral zinc
Hz). The relatively hlgh-fleldlggsghlft for the terminal ZnMe o ed to four s, sp-, or sp-hybidized carbons have in
group is in the range expectet? T ; .
To our knowledge, this is the first direct observation of a fact been crystallographically characteriZéct

dialkvizi dduct of tal alkvl cation. The hiahlv fluxional Our results may also be relevant to Brintzinger’'s observation
lalkylzinc acduc o+a metal alkyl cation. The highly fiuxional = ., ZnMe has a much greater chain-shortening effect compared
and labile nature 08" at room temperature contrasts with the

. e . to that of AIM& when used as a chain transfer agent in certain
static structure observed f@f and indicates that the coordina- & g

tion of ZnMe, to 47 is less thermodynamically favorable than Zirconocene-based copolymerization proces@éws, in ad-
. . . dition to the experimentally proven ability of AIMeo bind
that of AIMes. As an experimental test of this, a solution&sf P yp y M

. . . more tightly to metallocene-like cations than ZnMeatrtial
n C?GDSCI was trea.ted' with 1'equw of AlMe The ZnMe was ZnMey/coordinated ZnRalkyl group exchange is able to occur
rapidly and quantitatively displaced fro@" to form 7+ as

illustrated in Scheme 1. These results are consistent with theso) For example, even at 233 K it is clear that bridge-WMie—Zn/terminal

DFT calculations presented later Zn—Me exchange (likely via eq 2) competes with terminal-Avie/free
. . " . . ZnMe2 exchange (eq 3).
As mentioned, zinc alkyls are important in chain transfer (61) Edwards, A. J.; Fallaize, A.; Raithby, P. R.; Rennie, M.-R.; Steiner, A.;

reactions of metal alkyl cations, and so further NMR tube scale \1’%“0'9"00”' K. L; Wright, D. SJ. Chem. Soc., Dalton Tran2996
(62) Frdhlich, H.-O.; Kosan, B.; Miller, B.; Hiler, W.J. Organomet. Chem.

We were not able to quantify the different independent rates
exchange between the terminal Zn-Me and bridging:-Ti(

(58) Hannant, M. D.; Schormann, M.; Bochmann, 84.Chem. Soc., Dalton 1992 441, 177.
Trans.2002 4071. (63) Cremer, U.; Pantenburg, |.; Ruschewitz,lbbrg. Chem2003 42, 7716.

(59) Looney, A.; Han, R.; Gorrel, I. B.; Cornebise, M.; Yoon, K.; Parkin, G.  (64) Rijnberg, E.; Jastrzebski, J. T. B. H.; Boersma, J.; Kooijman, H.; Veldman,
Organometallics1995 14, 274. N.; Spek, A. L.; van Koten, GOrganometallics1997, 16, 2239.
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without cleavage of either metak-alkyl bond. In contrast,
AlMe3 appears to only exchange with coordinated Alka a
dissociative mechanism.

Reaction of [Ti(N'Bu)(Mes[9]aneNs)Me] ™ (4™) with Cp -
ZrMe . Bochmann has reported that the cation jJZMe]*
reacts with CpZrMe, to form the homobimetallic methyl-
bridged species [GZrMe(u-Me)ZrMeCp] .12 As mentioned,

4* forms an analogous homobimetallic derivati&e (Figure

1) on reaction with Ti(NBu)(Mes[9]aneNs)Me, (3).2° The
reaction of4" with Cp,ZrMe; was therefore carried out with
the expectation of forming a heterobimetallic cation of the type
[Ti(NBu)(Me;[9]laneN;)Me(u-Me)ZrMeCp] *. Surprisingly, and

in contrast to the reactions with AIMeand ZnMe, when in
situ generated™ was treated with CjZrMe,, the new hetero-
bimetallic complex [Ti(NBuX Me,(u-CHy)[9]laneNs} (1-CHy)-
ZrCpy][B(CeFs)4] (10-BArF,) (Scheme 1) was obtained in 74%
yield. We were not able to obtain diffraction-quality crystals
of 10-BArF,, and the structure is assigned on the basis of
spectroscopic and analytical data and is evidently the product
of a net double €H bond activation.

The NMR data for the catiod0" showed that it has &
symmetric structure. Thed NMR spectrum featured resonances
for two inequivalent Cp rings, and the two remaining (i.e.
nonmetalated) macrocycle NMe groups are also inequivalent.
The N{u-CHy)Zr bridging methylene group was observed as a
pair of mutually coupled doublets at 3.05 and 2.28 ppm, while
the methylene bridging between the two metal centers appeared
as a pair of mutually coupled doublets at somewhat lower field
(0 = 6.80 and 5.82 ppm). The correspondifg resonance
(assigned by &H—13C correlation spectrum) also had a rather
low field chemical shift (202.2 ppm). These values for the Ti- GngfAel I\:jl'e '3;3P\7’V91'0Pitilf\Tl1[iéﬁd ,\E/Jleogﬂgtnrgl\im [Tl\illceBuZ)g\KI/IeeS[?]ageM)awn;j
(u-CHy)Zr group in10* can be compared favorably to bridging 8Q12plana|?)], [C(pz('lgi)(’y-Rr/Ié)zAlM)e(z]?([l]Z), [sz)%( ﬂ_M)é)ZZnM]eF((l%’ and
methylene resonance shifts of 7.681 and 205.7 ¥¥C) ppm [Ti(N'Bu)(Mes[9]aneNs)(u-Me)Zn(u-Me),ZnMe]* (9Q_TS).
in the heterobimetallic complex Gpi(u-CHa)2ZrCp% and of
7.13 (average'H) and 188.19 {6C) ppm in the cationic  Presence of PhNMefforded [Cp%Zr{ MeC(NBuU)(NE)} o(u-
bimetallic species [Cgu-175,7°-CioHg)Zr2(u-Me)(u-CHy)] +.66 Me)(u-CHy)] ;87 allowing a solution of [CB,Tix(NCBu,)Me;,-

In principle, the Ti¢-CH,)Zr methylene moiety in0* could (u-Me)]* (CpR = Cp, Cp*, or GMe,SiMes) to stand at room
arise from either a FiMe or a Z—Me group. To clarify the ~ temperature for several hours afforded feTi2(NC'Buy)2(u-

8Q_planar 9Q_TS

situation, the reaction between in situ generatécand Cp- Me)(u-CH,)] ™ and methané? We note also that concomitant
Zr(CDs), was followed on the NMR tube scale ins@sBr. The C—H bond activation of a triazacyclononane NMe group and
product spectrum was indistinguishable from that obtained with Metat-alkyl bond cleavage has recently been observed for a
natural abundance GprMe,, and in particular, the Ti-CHy)- neutral dilanthanum complex formed by reaction of in situ

Zr methylene resonances at 6.80 and 5.82 ppm were of thegenerated La(CpBiMes)s(THF), and'BuN(H)SiMex(Me);[9]-
correct intensity relative to the rest of the spectrum. THe anen.®

NMR spectrum of the product (after evaporation of the volatiles ~ DFT Studies of Heterobimetallic Methyl-Bridged Cat-
and redissolving in CbCl,) showed no accumulation of ions.® Calculated Geometries of the AlMg and ZnMe;
deuterium in the Ti(-CH,)Zr (or any other) site. Therefore, it Adducts 7t and 8". The methyl-bridged heterobimetallic cation

is apparent that both methyl groups of ZZpMe; (or CpZr- 7t has been characterized by X-ray crystallography, and its
(CDs),) are lost in the formation 0of0", although the mecha- ~ Structure serves as a test for the computational methodology
nistic details of this reaction are not clear. used in this work. The full system [Ti(Bu)(Mes[9]aneNs)(u-

The intermolecular double €4 bond cleavage reaction Me)AIMe?]* was optimized at the B3PW91 level as model
leading toheterdimetallic 10" is very unusualHomdimetallic complex7Q (Figure 3); selected geometric parameters are listed
methylene-bridged cations have been prepared from cationicin Table 2. Further details fafQ and all the computed structures
alkyl precursors or intermediates: reaction of opnyS,7°- are given in the Supporting Information. The overall agreement
CioHsg)Zr,Me, with [CPhs][BAr ] at 213 K formed [Cp(u-

. . (67) Keaton, R. J.; Jayaratne, K. C.; Fettinger, J. C.; Sita, L1. _Am. Chem.
1°m°-CioHg) Zra(u-Me)(u-CHy)] *;%6 warming a solution of S0c¢.200Q 122, 12909.
* + i (68) Zhang, S.; Piers, W. EDrganometallics2001, 20, 2088.
[Cp*Zr{MeC(NBu)(NEt)} Me]* to room temperature in the (69) Tazelaar, C. G. J.; Bambirra, S.; van Leusen, D.; Meetsma, A.; Hessen,
B.; Teuben, J. HOrganometallics2004 23, 936.
(65) van de Heisteeg, B. J. J.; Schat, G.; Akkerman, O. S.; Bickelhaupt, F. (70) Inthe DFT computed structures, labels “Q” indicate that the methyl groups

Organometallics1985 4, 1141. of the triazacyclononane and tteet-butyl group of the imide were included
(66) Bochmann, M.; Cuenca, T.; Hardy, D.J..Organomet. Chenl994 484, in the calculation. Labels “q” indicate that these were not included and
C10. instead substituted by H and Me, respectively.
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Table 2. Selected Geometrical Parameters (Distances in A) for [Ti(N'Bu)(Mes[9]aneNs)(u-Me),AlMe;]* (7Q), [Cp2Ti(u-Me),AlMe,]+ (12),
[Ti(NBu)(Mez[9]aneNs)(u-Me).ZnMe]" (8Q and 8Q_planar), [Cp.Ti(u-Me).ZnMe]* (13), [Ti(NMe)(Hs[9]aneNs)(u-Me).AlMe,]* (7q),
[Ti(u-NMe)(Hs[9]aneNz)Me(u-Me)ZnMe]* (8q), [Ti(u-NBu)(Mes[9]aneNs)Me(u-Me)AlMe,]™ (7Q'), and
[Ti(u-NMe)(Hs[9]aneNz)Me(u-Me)AlMe,] ™ (7q')2

parameters Q 12 8Q 8Q_planar 13 7q 8q 7q' Q'
Ti—X(1) 2.290 2.270 2.202 2.296 2.270 2.280 2.164 2.111 2.107
Ti—X(2) 2.289 2.270 2.223 2.296 2.269 2.281 2.211 2.256 2.234
closest Ti--H for C(1) 2.21 2.29 b 2.171 2.29 2.24 b b b
closest Ti--H for C(2) 2.20 2.29 2.390 2.173 2.26 2.21 251 2.37,2.81 2.49, 2.64
Ti—N(1) 1.676 1.718 1.678 1.676 1.734 1.752 1.764
N(1)---X 3.437 2.296 3.396 3.397 2.130 2.012 2.047
C(1)—X 2.119 2.157 2.356 2.115 2.152 2.130 2.727 3.967 3.635
C(2)—-X 2.127 2.157 2.246 2.117 2.145 2.134 2.302 2.190 2.178
X—Cterminal 1.985, 1.973 1.963, 1.966 1.949 1.949 1.938 1.978, 1.968 1.938 1.964, 1.977 1.976, 1.979

aThe numbering scheme for the bridging carbons is based on that used in the experimental strittyfgire 2).P None less than 2.60 A.

between experimental7{) and calculated values7Q) is Forcing the Tig-C),Zn core to be planar yielded a related
excellent (see Tables 1 and 2), and such an accuracy is expectedtructure 8Q_planar, lying only 8 kJ mot? above8Q (Figure
to hold for the systems to be described later where no X-ray 3). The geometric parameters&® planar (Table 2) are very

structures are available. similar to those of7Q with regards to the bridging methyls,
Experimentally, the reaction between [TiBuW)(Mes[9]aneNs)- and the Nhige'=-Zn distance is 1.1 A longer than that 8.
Me]* (4%) and ZnMe gave the heterobimetallic addugt The transition state9Q_TS) for exchange of the terminal

(Scheme 1), which contains a ZtMe).ZnMe unit on the basis  zn—Me group of 8Q with ZnMe, has been located on the
of low-temperaturéH and**C NMR data. The DFT-computed  potential energy surface, and its geometry is shown in Figure
geometry for the corresponding mod8(J) is shown in Figure 3, The transition state vector is a metathesis-like motion, and
3, and selected geometrical parameters are given in Table 2the geometry of the ZptMe),Zn is that of a lozenge with
The structure oBQ is fully consistent with all the available  ajternating long (2.242 and 2.202 A) and short (2.172 and 2.169
NMR data for 8*. At first sight, the geometry fo8Q is A) Zn—C bond distances. The energy @0 TS with respect
analogous to that ofQ with two methyl groups bridging the  to separate8Q and ZnMe is 53.4 kJ mot?, in agreement with
Ti(N'Bu)(Meg[9]aneNs) and ZnMe fragments. However, the  an exchange observable by NMR at low temperature. Moreover,
Ti—C distances for the bridging methyls are somewhat in- the energy for complete dissociation of ZnMem 8Q amounts
equivalent (2.202, 2.223 A) and, on average, substantially shortero 41.3 kJ mot®; thus, both dissociative exchange of coordinated
than those in7Q (2.290, 2.289 A). There is a much larger and free ZnMe and associative exchange of just the terminal
asymmetry in the Zru-C bond distances (2.356 and 2.246 &)  zn—Me group through9Q_TS possess similar activation
where the longest ZnC bond corresponds to the methyl group  parameters. Therefore, the alkyl group exchange processes
having the shortest HC bond (atom C(1) in Table 2).  opserved experimentally are a combination of two distinct events
Unsurprisingly, the two bridging ZaMe distances are consid-  (egs 2 and 3), and the relative contribution of each component

erably longer than the terminal ZiMe distance (1.949 A).  isinfluenced differently by the temperature and the concentration
Despite the steric bulk of theert-butyl substituent ir8Q, the of free ZnMe as one process is dissociative and the other
Ti(u-C)2Zn moiety is highly nonplanar (fold angle 103)&nd associative.

there is a significantly short ZrN bonding contact with the The formation o8Q can be explained easily since the HOMO

imido nitrogen (2.297 A), V\{hich contrasts with the long, and HOMO-1 of the monomethy! catictt are the Ti-Nimige
nonbonded A+-N(1) distance ivQ (3.437 ,A)' Therefore, the - hitals centered on the imido N atom. Consequently, this
ZnMe; adduct8” is better formally described as a [ZHN'- confers to4" some Lewis base character that can be used to
Bu)(Mes[9]aneNs)(u-Me),ZnMe]" complex with simultaneous  ineract with Lewis acids such as ZnM@r AlMe; as discussed
bridging methyls and a ZrNimice interaction. Although one |5ter) - provided that the steric repulsion by the imido N-
of the bridging methyl groups (C(1), Table 2) is further away ¢ ,nstituent is not prohibitive.

from Zn, it is still well within bonding distance rendering mutual
exchange of the two methyl groups facile as indicated by the
experimental observation of equivalent #-{le),Zn methyl
groups at room temperature. The coordination geometries of
the bridging methyl groups ifnQ and8Q are discussed further

in the Supporting Information.

To evaluate the influence of the steric bulk at Ti, we have
considered the smaller model complexes [Ti(NMeJ@H
aneN)(u-Me)AlMe;]t (7g) and [Ti-NMe)(Hs[9]aneNs;)Me-
(u-Me)ZnMeJ" (8q). These have H atoms in place of ttest-
butyl and macrocycle methyl groups, and so many steric
repulsions are alleviated. F@q, the structure is not significantly

Me different from that of the more sterically encumbered model
\N/\\ 7Q. For 8g, however, the Zn-N interaction develops further
(N_/EﬂN (2.130 A) and the already lengthengeMe:+-Zn bond 0f8Q
Me - \: ~ Me (2.356 A) elongates to 2.727 A with a concomitant shortening
® T of Ti—Me (2.164 A). In addition, the FNime distance inq
o N \ (1.734 A) is significantly longer than i8Q (1.718 A) or7q
Bu ©~2n (1.676 A) as a consequence of the strongdinteraction with
SMe the Zn. The DFT structure f@q is analogous to that calculated
8Q_planar by DFT for the phenylimido species [W{NPh)(NoNpy)Me (u-
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Me)ZnMe]" (11+),5¢ proposed as a transient intermediate in the @ Me
facile W—Me/Zn—Me group exchange reaction between the \@ "
methyl cation [W(NPh)(M\,)Me]* and ZnMe. ot G, A
\Me/ \
% e
12
\ @ ve,
T Zn—Me
Q%\Me/
13

puckering persists in the smaller model complex [Ti(NMe)}(H
[9]laneNy)(u-Me)AlMe,]* (7q), which is sterically less encum-
bered tharvQ (Ti(u-C) Al fold angle= 164.0). Interestingly,
such puckered metallacyclic cores have been observed to
different extents in rare earth metallocenesRB8f{u-Me),-
AlMe, (CpR = Cp or substituted cyclopentadienyl; M Yb

(fold angle 163.9), Y (162.9), Sc (two examples, 161.9 and
174.3)).2371.72|n other AlMe; adducts the M¢-Me),AlMe; is

Comparisons with the Titanocenium Analogues [CpTi- planar (e.g. Nd(AIMg)3,2% (ArO),Lu(u-Me),AlMe; (Ar = 2,6-
(u-Me),AlMe ;] ™ (12) and [Cp;Ti(u-Me),ZnMe] ™ (13). We CsH3'Bup)3Y), as is also the case for Mlles itself.46:47
showed previously that the fragment [TiBW)(Mes[9]aneN;)]2* The Ti—C and AFC bond distances for the bridging methyls

is isolobal with [CpTi]%".3° We have also given an account of differ between7Q and 12. Cation 12 exhibits shorter T-C

the synthesis and electronic structure of the 14 valence electron(2.270 A) and longer A+C (2.157 A) bond distances thaiQ
methyl cation [Ti(NBu)(Me;[9]laneNs)Me]™ (41), together with (ca. 2.290 and 2.123 A, respectively). Similar trends irNie

a comparison with the isoelectronic titanocenium species-[Cp distances are found in the X-ray structures of the neutral
TiMe]*. Despite the general isolobality of the fragments, the dimethyls Ti(NBu)(Mes[9]aneNs)Me; (3, average 2.213 A§
titanium center in [CpTi]2t has a much larger effective and CpTiMe; (average 2.175 A§ and also in the DFT
electronegativity than that in [Ti(Bu)(Mes[9]aneNs)]%", and structures of [Ti(NBu)(Mes[9]aneNy)Me]* (2.109 A) and [Cp-
there are subtle but significant differences in the shapes andTiMe]* (2.069 A)3°

relative energies of their three lowest unoccupied orbitals. These The DFT geometry of the ZnMe adduct [CpTi(u-

had important consequences for the geometricahgostic Me),ZnMe]t (13) is analogous to that ol2. The Ti—Me
bonding, and NMR properties of the corresponding monoalkyl distances are identical with thoseli. Notably, the Tig-C),Zn
cations. Therefore, given the importance of group 4 metallo- unit of 13 is effectively planar, having a fold angle of 173.8
cenium cations [CM(u-Me)AlMe;]™ in general, and the  (cf. 163.0-166.0 in 7T, 7Q, 7q, and12). This contrasts strongly
growing interest in the role of dialkylzinc compounds in cationic  with the position for [Tig-N'Bu)(Mes[9]aneNs)(u-Me),ZnMe]"
Ziegler—Natta olefin polymerization systems, we also studied (8Q, fold angle 103.3) and emphasizes the apparent importance

computationally AlIMg and ZnMe adducts of [CpTiMe]™. of the Nmige'**Zn interaction in this system.

The real AlMe adduct [CpTi(u-Me),AlMe;]™ (modeled as Electronic Structures of the Adducts. As mentioned, the
12) has been described previoudly?? but no structural data  DFT structure of [CpZr(u-Me),AIMe,]* has been describéd,
were obtained. The dimethylzinc adduct [Tifu-Me),ZnMeT+ but little detail was provided. We also note computational studies

(13) has not been reported experimentally. As mentioned, of Al,Meg"* and the “polyagosti@* aluminate Y(AlIMe)s.26 For
attempts to prepare zirconium analogued ®fvere hampered  this latter system the authors advanced computational evidence
by anion degradation reactiofsAlthough a DFT-computed  for significant covalency/delocalization in the-Y:-C—Al bonds
geometry for [CpZr(u-Me)AlMe,]" has been briefly men-  and hypervalent character for the bridging carbons. Notably,
tioned!® no bonding or other analyses were described. The the electron density at the-¥i-C bond critical point (CP) was
complexes [CpTi(u-Me)XMep]t (X = Al, n= 2,12 X = only slightly less than that at the Ak-C bond CP. However,
Zn,n =1, 13) were optimized using DFT. Their structures are while the bridging methyls have two-€H bonds oriented
shown in Figure 3 and selected geometric parameters are givertoward Y with short ¥--H contacts (average 2.42 A), no-YH

in Table 2, where they are compared with those 7@ and

8Q. (71) Day, M. W.; Bercaw, J. E; Zubris, D. L. Private communication to the
L . . . Cambridge Structural Database, deposition no. CCDC 103059: Cambridge
As expected from their isolobal relationship, the basic Crystallographic Data Centre, 12 Union Road, Cambridge, U.K.

il 17— + i imi (72) Day, M. W.; Schofer, S. J.; Bercaw, J. E. Private communication to the
geometry of [CpTi(u-MeLAIMe,] ™ (12) is rather similar to that Cambridge Structural Database, deposition no. CCDC 192902: Cambridge

of [Ti(N'Bu)(Mes[9]aneNs)(u-Me)AlMe]* (71, 7Q). The Ti- CLystaI:ographic rI\Di':lta Centre, 12 UnionhRoad, Cambridge, U.K.

_ H H : 73) Thewalt, U.; Wohrle, TJ. Organomet. Chenl994 464, C17.
(,u Me)2A| moiety _Of 12is nonplan_ar, havmg a fold angle_ of 5743 Berthomieu, D.; Bacquet, Yg Pedocchi, L.; GoursotJAPhys. Chem. A
166.0 (cf. 163.0 in 7™ and 165.8 in 7Q). Furthermore, this 1998 102, 7821.
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Figure 4. Schematic fragment MO interaction diagram for thedli{e),XMe, subunit constructed from [GPi?] T (left) or [Ti(N'Bu)(Mes[9]aneNs)]?™ and
[MexXMey]~ (X = Al, n=2; X = Zn, n = 1). MO energies (eV) are obtained from DFT calculations on the respective fragthéute that the orbitals

are viewed in projection onto thez plane for clarity.

bond CP was found and the difference between théi®ond
distances was insignificani\¢—y less than 0.01 A). See the
Supporting Information for a detailed discussion of the“H
interactions in the complexes studied herein and of bridging
methyl group geometries in general for Alyedducts of metal
complexes.

Figure 4 shows a schematic MO diagram for the interaction
of a [Cp:Ti]2" or [Ti(N'Bu)(Mes[9]aneNs)]2* fragment with a
distorted AlMg~ or ZnMe;~ moiety, forming [CpTi(u-
Me)XMen] ™ (XMe,, = AlMe; (12) or ZnMe (13)) or [Ti(N*
Bu)(Mes[9]aneNs)(u-Me)AlMe,]* (7Q), respectively. We re-
ported previously that the lowest unoccupied MOs of JOF"
lie at significantly lower energy than those of [Ti@u)(Mes-
[9]aneNy)]?" as illustrated in Figure 2 The highest occupied
MOs of AlMes~ or ZnMe;~, distorted with two elongated

combination of two essentially C-centered lone pairs. Because
of the specific shapes and energies of the frontier orbitals of
the two different titanium fragments, the main —fi-Me
interactions differ. For [CgTi(u-Me)XMe]* (12, 13), these
involve the LUMO+1 and LUMO+-2 of [Cp;Ti]?" (as is typical

for CpMX > type compounds). In contrast, for [Ti(NBu)(Mes-
[9]aneNy)(u-Me),AlMe,] T the LUMO and LUMO*1 of [Ti-
(N'Bu)(Me3[9]aneNs)]2™ are better spatially and energetically
disposed for T+-u-Me interactions. Due to the lower energy of
the frontier MOs of [CpTi]2", the interaction with AIMg~ leads

to a more covalent character for the—IC bond and shorter
Ti—C bond distances. This is again an illustration of the more
electrophilic nature of [CfTi]2". The qualitative MO diagram
also helps to explain the differences observed for the orientation

metal-carbon bonds, are the in-phase and out-of-phase linear(75) Lauher, J. W.; Hoffmann, R.. Am. Chem. S0d.976 98, 1729.
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Table 3. Selected Atomic Contributions (%) of the Main
Contributors to the Natural Localized Molecular Orbitals (NLMOs)
and Hybridization (Hyb) at C for the Ti—C Bonds in
[Ti(NBu)(Mes[9]aneNs)(u-Me)AlMez] " (7Q), [Cp2Ti(u-Me)AlMe,]™
(12), [Ti(NBu)(Mes[9]aneNs)(u-Me).ZnMe]* (8Q), and
[Cp2Ti(u-Me)2ZnMe]* (13) (X = Al (7Q, 12) or Zn (8Q, 13))2

compd bridging carbon %Ti %C % X hyb C
Al.Meg 78.4 10.0, 10.5 st
78.4 10.0, 10.5 gt
7Q C(1) 10.8 78.2 10.3 3d
C(2) 10.8 78.9 8.9
12 C(1) 21.0 70.8 6.7 Sy’
C(2) 20.9 70.8 6.8 7
80Q C(1) 17.2 79.3 2.2 4
C(2) 16.0 79.0 34 S0
13 C(1) 24.6 70.2 3.2 sp
C(2) 23.9 70.4 3.6 g

aFor comparison NLMO contributors to the AC bonds in AjMes are
also given.The labels for C(1) and C(2) are as for Table 2.

of the Ti---H—C interactions inl12 and 13 vs 7Q or 7q and,

described as the result of the interaction between a neutral
dimethyl complex and the ZnMe moiety. The Zn atom
participates in the bonding mainly through its valence s orbital,
and thus, there is no preferred geometry of interaction. When a
secondary interaction, such as donation from oreNliz-bond

of the imido to Zn, is possible, the necessary geometry
reorganization to accommodate the new interaction is easy. In
fact, the Ti-Nimige NLMO describing one of ther-bonds of

the TENR linkage does indeed contain 2.1% Zn character as
a result of the Mjge**ZnMe interaction.

Thermodynamic Aspects of Adduct Formation. It is of
interest to evaluate the relative energies of adduct formation
between AlMg and ZnMe and the various titanium methyl
cations, [CpTiMe] ™, [Ti(N'Bu)(Mes[9]aneNs)Me]*t, and [Ti-
(NMe)(Hz[9]aneNs)Me] T, which we have studied experimentally
or/and by DFT previously? The formation energiesAE) are
listed in Table 4 and range from41.3 to—98.4 kJ mot? for
the adducts so far discussed. The dissociation energy (by DFT)

hence, the geometries at the bridging carbon (see the Supporting@f Al2Mes is computed to be 66 kJ mdl, and so in general

Information for further details).

The Al—u-Me—Al bonding in ALbMeg is considered to be of
the classical 3 centet2 electron (3e-2c) type’* As mentioned,
the Y—u-Me—Al bonding has also been analyZednd revealed
a 3c-2c bond, polarized toward Al as the more electronegative
metal. We have analyzed the-Ti-Me—X bonding in7Q, 12,
8Q, and13 using NBO procedures. These found either-3e
Ti—u-Me—X bonds Q) or Ti—C bonds strongly polarized
toward the bridging carborlg, 8Q, or 13). However, in the

the formation of all of the products listed is likely to be
enthalpically favored.

As anticipated from the preceding analysis of the electronic
structures, formation of the AlMedducts is thermodynamically
more favored than formation of the Zniadducts. This is also
in agreement with the experimental isolation BBArF, (but
only NMR observation of the labil&-BArF,;) and the facile
displacement of ZnMge from 8" by AlMe; (Scheme 1).
Formation of12 is thermodynamically more exothermic than

latter cases, several strong 2nd order perturbation terms associformation of its isolobal analogugQ, and formation ofL3 is

ated with donation frona(Ti—C) to Al- or Zn-centered orbitals

more exothermic than formation &Q. However, when the

were present, leading to hyperconjugative contributions that aresterically less encumbered mod&isand8q are considered, it

clearly visible in the composition of the natural localized
molecular orbitals (NLMOs). Table 3 presents the composition
of the NLMOs associated with the FC bonds of the bridging
methyls, together with the hybridization of the C atom in the
respective NLMOs. An equivalent analysis for,®Mes using
the same methodology is also given for comparison.
The NLMO atomic contributions indicate that the-Ti-C—
Al interaction in 12 is more localized than in7Q, with
considerably less participation by the Al atom. The bonding
situation is rather more delocalized 7@ with approximately
equal atomic contributions from Ti and Al. F@Q (as for Ab-
Meg iteself), the M-u-Me—M' interaction can accurately be
described as a 3€2e bond. These results indicate that7i@,
Ti and Al are of similar electronegativity, whereas Ti is more
electronegative than Al in the metallocene syste2nThis is
in accord with our previous analysis of compounds containing
the CpTi and Ti(NBu)(Me;[9]aneN;) fragments and may also
be anticipated from the MO diagram in Figure 4. Interestingly,
the hybridization of the bridging carbon ifQ is the same as
in Al.Meg but somewhat different from that it?. The reduced
2s AO contribution in the F+C bond of12 is also consistent
with the greater electronegativity of the metal center in this case.
For the ZnMe adducts8Q and 13, Zn contributions to the
bridging methyl bonding are much weaker than for the AdMe
adducts, and the FC bonds are more heavily polarized toward
Ti, albeit still essentially developed on C (Table 3). There is

can been seen that formation of the imido-supported systems is
more favored than the corresponding metallocene analogues.
The difference between the formation energie§Qfand8Q
(29.1 kJ mot?) is very close to that betweet? and13 (31.2

kJ mol?), despite the rather different geometry 8.

To shed more light on the energetics of the adduct formation
process, the thermodynamic cycle shown in Figure 5 was
considered and the relevant energies are listed in Table 4.
Formation of the adducts formally requires the following: (i)
deformation of the cationic titanium monomethyl complex to
open a coordination siteAEqe(Ti)); (ii) deformation of XMe,

(X =Al, n=3; X =2Zn,n = 2) to accommodate the bridging
geometry AEqe(X)); (iii) interaction between the two fragments
in the geometry they adopt in the complexHjn(Ti---X)).

We consider first the AIMgadducts7Q, 7q, and12. For the
reasons detailed previously (on the basis of the shapes and
energies of the frontier orbital8jthe [CpTiMe] ™ fragment of
12 is more easily distortedAEqe(Ti) = 74.0 kJ mof?) than
[Ti(NMe)(H3[9]laneNs)Me] ™ (AEqe(Ti) = 87.6 kJ mot?) lead-
ing to 7qg. Considering the actual steric bulk 1Q renders the
distortion of the methyl cation even more energetically demand-
ing (AEge(Ti) = 109.3 kJ mot?). For the AlMg; fragment, the
deformation energEqe(X) is highest forl2 because the AtC
bonds become significantly longetEqge(X) values: 113.9 kJ
mol~! for 12; 96.4 kJ mot? for 7qg; 96.3 kJ mot? for 7Q).
Interestingly, the fragment interaction eney§;n(Ti---X) for

thus increased covalent character between Ti and C for thethese three systems are of rather comparable magnitude, with

ZnMe, adducts as illustrated by the values of atomic contribu-
tions (Table 3). Indeed, the ZnMeadducts could almost be
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Table 4. Formation Energy AE (kJ mol~1) of the AIMe; and ZnMe, Adducts and Energetic Contribution (kJ mol~1) Defined According to the

Thermodynamic Cycle Shown in Figure 5

param 7Q 12 7q 8Q 13 8q 7q' 7Q
AE ~70.4 —-88.0 —98.4 -41.3 -56.8 —71.4 -136.1 —68.9
AEqe(Ti) 109.3 74.0 87.6 76.5 76.0 51.1 53.7 84.4
AEge(X) 96.3 113.9 96.4 134.1 118.9 146.5 109.0 123.6
AEiy(Ti***X) -276.0 -275.8 -282.5 -251.9 —-251.8 —268.9 —298.8 —-277.0
® AE ® M.
LiTi—Me + XMen o | 1) "2 XMen,
AEgef(Ti) T AE;n(TiX)
© Me ® Me
L,Ti* + XMe, —» L,Ti" + _XMeqq
Me/
AEger(X)

AE = AEef(Ti) + AEgef(X) + AEin(Ti~X)

Figure 5. Thermodynamic cycle considered to analyze the formation energy
AE of the adduct as a sequence of three steps: deformation of the
monomethyl cationAEqe(Ti); deformation of the XMg molecule AEger

(X); interaction energy between the two fragments in the geometry of the
adduct,AEjn(Ti=X).

essentially the same, this apparent similarity originates from
two different principal causes: an easier to distort{Gple™]
fragment in12 versus smaller geometric alteration of Alpia

79. For 7Q, increased steric repulsions renders formation of
the AlMes; adduct less energetically favored comparedL.2o
and7q owing to a substantially higheXEqe(Ti) for [Ti(N 'Bu)-
(Meg[9]aneN;)Me]* and slightly lowerAEn(Ti-+-X) in com-
parison to7q.

The formation energies of the ZnMadducts8Q, 8g, and
13 are ca. 30 kJ mot lower than those for the corresponding
AlMe3z adducts 7Q, 7qg, and 12 (Table 4), reflecting an
intrinsically diminished tendency to form such species. For the
structurally analogous system® and 13, the deformation of
the [CpTiMe]™ and XMe, moieties are equivalent within ca.
5 kJ mol?! (Table 4). The difference (31.2 kJ md)} in
formation energy may be traced mainly to a lower interaction
energy in13 (AEn(Ti+--X) = —251.8 kJ mot?! for 13 and
—275.8 kJ mot? for 12) as a result of the lower Lewis acidity
of Zn compared to Al.

A comparative thermodynamic analysis for the imido-based
ZnMe, adducts8Q and 13 is complicated by the different
structures of the two systems. The shorter C{1) distance in
8Q results in a much lowehEge(Ti) (76.5 kJ mof? for 8Q vs
109.3 kJ mot? for 7Q), but the considerably more distorted
ZnMe; raisesAEge(X) (134.1 kJ mot? for 8Q vs 96.3 kJ mot!
for 7Q). Since theAEjn(Ti---X) term for8Q is identical to that
for 13, it suggests that theiNqes+-Zn interaction (N(1)-Zn =
2.296 A) in8Q compensates for the longer Zn-Me distances
(2.356 and 2.246 A iBQ vs 2.152 and 2.145 A in3). Indeed,
in the order from8Q to the smaller model systeBg (N(1)—
Zn=2.130 A), theAEj(Ti++-X) term increases by 17 kJ mdl
in absolute value even though the-Zm-Me distances increase
to 2.727 and 2.302 A.

AlMe 3 Adducts on Ti=NR? Reduction of the steric bulk in
the ZnMe adduct8Q to give 8¢ is accompanied by a stronger
Nimidge***Zn interaction and a ca=30 kJ mot?! increase of the
interaction energyAE to —71.4 kJ mot?, a value virtually
identical to that for7Q. This outcome, together with our recent

7q| TQ'

Figure 6. B3PW91-optimized geometry for [TitMe)(Hs[9]aneNs)(u-
NMe)AIMeZ]* (7q') and [Ti(u-NBu) (Me3[9]aneNs)(u-Me)AlMez]+ (7Q)).

isolation of the labile Nge'**AlMez adduct Tig-CgHg)(-Nt-
Bu)(u-Me)AlMe; (from the reaction of Tig-CgHg)(N'Bu) with
AlMe3),’8 raises the possibility that certain methyl cations [Ti-
(NR)(R'3[9]aneNs)Me]™ could alternatively form adducts con-
taining Nmige'=-Al dative interactions. Furthermore, the forma-
tion of such adducts in imido-based olefin polymerization
catalysts could provide a deactivation pathway that might
explain why, in the catalyst systems Ti(NR)-N3)Clo/MAO

(R = alkyl or aryl; fac-N3 = Me3[9]aneNs3” or HC(Mepz)s%9),
only those catalysts with bulky imido R-substituents show
significant polymerization activities.

Me A

N A
Me/(g\:;:i-i{N\Me H/(g\:::i-i{N\H
4 \h;:"e 4 \h;:”e

Bu” \ | Me” \ |
7|,%“ 7|

Me Me Me Me
7Q 79'

To probe these possibilities, two AlManalogues 08Q and
8q were evaluated by DFT, namely [E{N'Bu)(Me;[9]aneN)-
Me(u-Me)AIMe;] ™ (7Q') and [Ti-NMe)(Hs[9]aneNs)Me (u-
Me)AlMe;]t (7q'). These cations, featuring well-developed
Nimige**+Al interactions, are structural isomers o and 7q,
respectively. Geometric parameters are presented in Table 2,
thermodynamic parameters pertinent to their formation are listed
in Table 4, and geometries are shown in Figure 6.

To separate the electronic and steric effects we first discuss
the smaller model systeffg'. The geometry is best described
as an AlMe adduct on N, presenting a bridging methyl
interaction (C(2)) with Ti. There is a strong interaction with
the imido nitrogen atom (AtN(1) = 2.011 A) resulting in the
disruption of one T+Nimide 7 bond (Ti(1-N(1) = 1.752 A'in
7q vs 1.676 A in7q). The bridging methyl is somewhat further

(76) Dunn, S. C.; Hazari, N.; Cowley, A. R.; Green, J. C.; Mountford, P.
Organometallics2006 25, 1755.
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away from Al in7q than in7q (Al—C(2)= 2.136 A in7g and
2.190 A in7q). This is associated with a concomitant shortening
of the Ti—C(2) bond (2.281 A ir7q and 2.256 A in7q). The
other titanium methyl group is nonbridging C(1)= 2.111 A,
Al—C(1) = 3.967 A).

The formation energy of7q is 37.8 kJ mot! more
exothermic than that ofq (AE = —98.3 kJ mot! for 7q and
—136.1 kJ mot? for 7q), establishing a strong thermodynamic
preference for formation of aniNq¢e-bound AlMe adduct in
the sterically less demanding system. Inevitably, however,
formation of this adduct will be critically influenced by the steric
bulk at the nitrogen substituent (c8g vs 8Q), and in the
experimental systemt, formation of an alternative N ge adduct
appears to be inhibited by the imidert-butyl substituent.

The bulkier model systemQ' tests this situation. Interest-
ingly, the geometry of the four-membered ring-N(1)—Al —
C(2) is not dramatically altered compared/g; the Ti—Nimide
bond is only slightly longer (FiN(1) = 1.752 A in7q vs 1.764
A'in 7Q), and the Ti-C(2) and A-C(2) bonds for the bridging
methyl do not show significant variations. More remarkably,
the Ti—N(1)—C(5) bending angle, a potential reporter of steric
bulk at the nitrogen atom, is not indicative of a particular steric
pressure at this location of the complex (154r97¢' vs 156.5
in 7Q"). The main geometrical change concerns the apicaNTi
bond of the Mg[9]aneN; ligand trans to the imido group (2.614
A'in 7Q vs 2.370 A in7q). The introduction of the real ligands
in this isomer leads to strong repulsions and, to keep the
favorable Niige—Al interaction, results in a loss of bonding for
the most weakly bonded ligand, M@]aneNs. Despite this,
formation of this alternative isomer is still predicted to be
energetically accessible according to the formation energies (
—68.9 kJ mot? for 7Q andAE = —70.4 kJ mot? for 7Q).
The experimentally observed syst&q is therefore calculated
to be marginally more stable (1.5 kJ mél than the nonob-
served imido adductQ'.

The severe destabilization of the.]Ne—AIMe 3 adduct when
the steric bulk at the imido ligand is increased is an important
result. This causes a reduction in formation energy of 67.2 kJ
mol~! on going from7q' (AE = —136.1 kJ mot?) to 7Q' (AE
—68.9 kJ mot?). In contrast, for the /-Me), dimethyl
systems, a loss of formation energy of only ca. 28.2 kJ ol
is observed on going fromqg (AE = —98.4 kJ mot?) to 7Q
(AE = —70.4 kJ mot?). This leads to a relative preference for
bis(-methyl)-bridged dimers over the e adducts with AlMe

(u-Me)AIMe;] ™ (12) provided new insights into the nature of
the bonding and Fi-H—C interactions in the Ti(-CHg)Al
bridges of AlMe adducts of metal alkyl cations. These are
generally contrary to expectations on the basis of the widely
studied neutral rare earth systems. Calculations on the less
sterically protected model systems [Ti(NMe)}{BaneNs)(u-
Me).AlMe,]* (7g/7q) found a pronounced electronic preference
for strong Nmide **AlMe3 coordination. This may help account
for the structure-productivity relationships in recently reported
imido-supported ethylene polymerization catalyst libraries and
helps point toward new approaches to catalyst design in the
future.

NMR spectroscopic and/or DFT investigations of the ZnMe
adducts [Tig-NBu)(Mes[9]aneNs)(u-Me),ZnMe]" (87/8Q) and
[Cp2Ti(u-Me),ZnMe]" (13) have provided the first such ober-
vations/analysis of zinc alkyl adducts of transition metal alkyl
cations. Experimental and computational evaluations of the
relative binding strengths of AIMeand ZnMe to the respective
alkyl cations found AlMe to be the better donor. The nature
of the bonding and TFi-H—C interactions in the Ti(-CHsz)Zn
bridges of these bimetallic cations have also been assessed by
DFT and compared with those in the Aliladducts. Variable-
temperature NMR studies @&" found that exchange of all of
its metal alkyl groups with those of free ZnMes facile above
253 K, whereas at low temperatures the terminat-Kie group
of 8" was able to exchange with those of free ZnMethout
exchange of the bridging methyls at a comparable rate. These
results have significance for chain transfer processes based on
added zinc alkyl reagents.

Experimental Section

General Methods and Instrumentation. All manipulations were
carried out using standard Schlenk line or drybox techniques under an
atmosphere of argon or of dinitrogen. Protio and deutero solvents were
predried over activate4 A molecular sieves and were refluxed over
the appropriate drying agent, distilled, and stored under dinitrogen in
Teflon valve ampules. NMR samples were prepared under dinitrogen
in 5 mm Wilmad 507-PP tubes fitted with J. Young Teflon valviés.
13C{*H}, '°F, and’H NMR spectra were recorded on Varian Mercury-
VX 300, Varian Unity Plus 500, and Bruker AV500 spectrometéis.
and3C assignments were confirmed when necessary with the use of
DEPT-135, DEPT-90, and two-dimensioAll—*H and'*C—'H NMR
experimentstH and*C spectra were referenced internally to residual
protio solvent {H) or solvent {3C) resonances and are reported relative
to tetramethylsilaneX= 0 ppm).1% spectra were referenced externally
to CFCE. Chemical shifts are quoted in(ppm), and coupling constants,

when bulky systems are considered. These results are fullyin hertz. Infrared spectra were prepared as Nujol mulls between NaCl

consistent with the observed structa@oductivity relationships
in MAO-catalyed polymerization by the systems TiN)(Mes-
[9]aneN;)ClL/MAO.

Conclusions

The reactions of [Ti(KBu)(Mes[9]aneNs)Me]t (41) with
AlMe3z and ZnMe, together with DFT investigations of the

plates and were recorded on a Perkin-Elmer 1710 series FTIR
spectrometer. Infrared data are quoted in wavenumbersYjciiass
spectra were recorded by the mass spectrometry service of Oxford
University’s Department of Chemistry, and elemental analyses, by the
analytical services of the University of Oxford Inorganic Chemistry
Laboratory or by the Elemental Analysis Service at the London
Metropolitan University.

Literature Preparations and Other Starting Materials. The

products and their metallocenium analogues, have allowed acompounds Ti(Bu)(Mes[9]aneN)Me; (3),3¢ CpZrMe,,”” and CpZr-
greater understanding of the structures and properties of thes&CDs).% were prepared according to published methods. [{IBAr 7]
key complexes. The results are especially relevant to the and BAF; were kindly provided by DSM Research BV. All other

academic and commercially important area of olefin polymer-

ization catalysis where these adducts play key roles as inter-

mediates or resting states.
The X-ray crystallographic and/or detailed DFT analyses of
[Ti(N'Bu)(Me3[9]aneNs)(u-Me),AlMe,] ™ (77/7Q) and [CpTi-

15016 J. AM. CHEM. SOC. = VOL. 128, NO. 46, 2006

compounds and reagents were purchased and used without further
purification.

[Ti(N 'Bu)(Mes[9]aneNs)(u-Me).AlMe ][BAr Fy] (7-BArFs). To a
solution of Ti(NBu)(Me;s[9]aneN;)Me; (0.050 g, 0.156 mmol) and Al

(77) Samuel, E.; Rausch, M. D. Am. Chem. S0d.973 95, 6263.
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Mes (15.0uL, 0.078 mmol) in CHCI, (2 mL) was added [CRHBAr ]
(0.144 g, 0.156 mmol) in C¥Ll, (2 mL). The reaction mixture was
cooled to 4°C for 16 h resulting in orange crystals suitable for X-ray
diffraction. The mother liquor was carefully decanted away, and the
crystals were dried in vacuo. Yield: 0.088 g (53%). NMR (CD,-

Cl,, 500.3 MHz, 293 K): 3.76 (2H, m, Chi 3.19 (2H, m, CH), 3.18
(6H, s, NMe cis), 2.96 (2H, m, CHi 2.84 (2H, m, CH), 2.75 (2H, m,
CHy), 2.64 (2H, m, CH)), 2.34 (3H, s, NMe trans), 1.14 (9H, s, NC}jle
0.86 (6H, s,u-AlMe,), —0.48 (3H, s, AlMe “down”),—0.87 (3H, s,
AlMe “up”). B¥C{*H} NMR (CD.Cl,, 125.8 MHz, 293 K): 148.1 (br.

d, Wc-F 243 Hz, 2-GFs), 138.2 (br. dXJc-r 243 Hz, 4-GFs), 136.2
(br. d,Jc_r 243 Hz, 3-GFs), 73.2 (N\CMes), 57.1 (CH), 56.6 (CH),
55.7 (CH), 54.5 (NMe cis), 49.9 (NMe trans), 30.2 (W@&s), 23.3
(u-AlMey), —4.9 (br, AIMe “down”), —7.6 (br., AlMe “up”). 2F NMR
(CD,Cly, 282.1 MHz, 293 K):—133.5 (d,3J 10.6 Hz, 2-GFs), —164.0

(t, 33 20.4 Hz, 4-GFs), —167.9 (app t, appgJ 18.1 Hz, 3-GFs). IR
(NaCl plates, Nujol mull, cmt): 2922 (s, br.), 2860 (s), 1644 (s), 1515
(s), 1299 (w), 1271 (s), 1233 (s), 1199 (w), 1086 (s), 998 (m), 979 (s),
889 (w), 784 (m), 775 (m), 756 (m), 736 (m), 725 (m), 684 (m), 661
(m). Anal. Found (calcd for &H4AIBF2oN4TI): C, 46.5 (46.6); H,
3.9 (4.0); N, 5.3 (5.3). “Up” and “down” refer to the orientation with
respect to the triazacyclononane ring.

NMR Tube Scale Synthesis of [Tig-N'Bu)(Mes[9laneNs)(u-
Me).ZnMe][B(C ¢Fs)4] (8-BArF4). To a solution o#-BArF, (generated
in situ from Ti(N'Bu)(Mes[9]aneN;))Me; (0.007 g, 0.022 mmol) and
[CPh][BAr F4] (0.020 g, 0.022 mmol)) in €DsCl (0.75 mL) was added
a solution of ZnMe (2.0 M in toluene, 10.9L, 0.022 mmol). After
10 min an*H NMR spectrum was recorded which showed quantitative
conversion taB-BArfF,. 'H NMR (Ce¢DsCl, 499.9 MHz, 233 K): 2.79
(2H, m, CH), 2.36 (2H, m, CH), 2.20 (6H, s, NMe cis), 2.262.00
(8H, overlapping m, ChH, 1.73 (3H, s, NMe trans), 1.05 (9H, s,
NCMes), —0.05 (3H, s, ZnMe);-0.14 (6H, su-ZnMey). 13C{*H} NMR
(CeéDsCl, 125.7 MHz, 233 K): 148.5 (br dJc—F 248 Hz, 2-GFs), 138.4
(br d, 3Jc—¢ 238 Hz, 4-GFs), 136.6 (br dJc—r 240 Hz, 3-GFs), 71.0
(NCMe3), 55.3 (CH), 55.1 (CH), 55.0 (CH), 51.6 (NMe cis), 47.6
(NMe trang, 31.4 (NQVles), 25.7 1-ZnMe,), —8.2 (ZnMe).*F NMR
(CeéDsCl, 282.1 MHz, 298 K):—132.2 (d,2J 12.1 Hz, 2-GFs), —162.3
(t, 33 19.6 Hz, 4-GFs), —166.3 (app t, appJ 19.6 Hz, 3-GFs).

[Ti(N 'Bu){ Me(u-CH,)[9]aneNs} (u-CH2)ZrCp 2][B(C6Fs)s] (10-
BArF,). To a solution of Ti(NBu)(Mes[9]aneN;)Me; (0.050 g, 0.156
mmol) in GHsCl (2 mL) was added [CRHBAr "] (0.144 g, 0.156
mmol) in GHsCI (2 mL) to give a bright orange solution. egrMe;
(0.039 g, 0.156 mmol) in sCl (1 mL) was then added and the
solution stirred for 24 h. The solution was concentrated to approximately
1 mL, after which hexane (4 mL) was added with stirring resulting in

Table 5. X-ray Data Collection and Processing Parameters for
[Ti(NBu)(Mes[9]aneNs)(u-Me),AlMe;][BArF4]-CH.Cl,
(7-BAI’F4'CH2C|2)

empirical formula GiH42AIBF 20N4Ti-CH.Cl

1141.40

temp/K 150
wavelength/A 0.71073
space group P24/n
alA 13.7837(2)
b/A 19.5766(3)
c/A 18.6673(2)
a/deg 90
Bldeg 109.7558(7)
yldeg 90
VIA3 4740.67(11)
z 4
d(calcd)/Mgm~3 1.599
abs coeff/mm? 0.428
Rindices | > 30(1)]2

Ry 0.0359

Ry 0.0371

ARy = Z[|Fo| — [Fell/ZIFol; Ry = V{EW(|Fol — |Fcl)/ZwFo/2}.

(m), 1088 (s), 1018 (m), 980 (s), 802 (m), 774 (m), 757 (m), 725 (w),
684 (m), 662 (m). Anal. Found (calcd fongsBFoN4TiZr): C, 47.7
(47.9); H, 4.6 (3.4); N, 4.5 (4.7).

Crystal Structure Determination of [Ti{Biu)(Me;[9]aneN;)(u-Me).-
AlMe;][BAr F4]-CH.Cl, (7-BArF,-CH,CI,). Crystal data collection and
processing parameters are given in Table 5. Crystals were mounted on
a glass fiber using perfluoropolyether oil and cooled rapidly to 150 K
in a stream of cold Busing an Oxford Cryosystems CRYOSTREAM
unit. Diffraction data were measured using an Enraf-Nonius KappaCCD
diffractometer. Intensity data were processed using the DENZO-SMN
package® The structures were solved using the direct-methods program
SIR927° which located all non-hydrogen atoms. Subsequent full-matrix
least-squares refinement was carried out using the CRYSTALS program
suite®® Coordinates and anisotropic thermal parameters of all non-
hydrogen atoms were refined. Disorder of the ;CH molecule was
satisfactorily modeled. Hydrogen atoms were positioned geometrically
with the exception of the hydrogen atoms of the metal-bound methyl
groups which were located from difference Fourier maps and their
coordinates and isotropic thermal parameters subsequently refined. Full
listings of atomic coordinates, bond lengths and angles, and displace-
ment parameters have been deposited at the Cambridge Crystallographic
Data Center. See Notice to Authors, Issue No. 1.

Computational Details. All the calculations have been performed
with the Gaussian03 packdgat the B3PW91 level# The titanium

a deep red oil. The supernatant was decanted and the oil washed witrtom was represented by the relativistic effective core potential (RECP)

hexane (3x 2 mL). When a reduced pressure was applied to the oil,
an orange powder was obtained. Yield: 0.139 g (74%). The corre-
sponding NMR tube scale reaction&MeBAr~; with Cp,Zr(CDs), in
CeéDsBr showed conversion ta0-MeBAr"; after 5 days. Following
removal of the volatiles and redissolution in &b, the 2H NMR

spectrum showed no significant resonances apart from those corre-

sponding to some remainings@sBr. *H NMR (CD.Cl,, 299.9 MHz,
293 K): 6.80 (1H, d2J 10.6 Hz, TiCHZr), 6.34 (5H, s, GHs), 6.32
(5H, s, GHs), 5.82 (1H, d,2) 10.6 Hz, TiCHZr), 3.50-3.20 (4H,
overlapping m, NCH), 3.09 (3H, s, NMe), 3.05 (1H, fJ 9.4 Hz,
NCH,Zr), 3.01-2.42 (8H, overlapping m, NC}j, 2.35 (3H, s, NMe),
2.28 (1H, d21 9.4 Hz, NCHZr), 1.23 (9H, s, NCMg). 3C{*H} NMR
(CD4Cly, 75.4 MHz, 293 K): 202.2 (TiCkEr), 148.5 (br d}Jc-r 244
Hz, 2-GFs), 138.6 (br d1Jc_r 240 Hz, 4-GFs), 136.7 (br dXc_r 249
Hz, 3-GFs), 112.2 (GHs), 112.1 (GHs), 80.2 (NCHZr), 68.8 (NCMes),
61.7 (NCH), 58.2 (NCH), 55.6 (NCH), 54.6 (NCH), 54.5 (NMe),
52.0 (NCH), 51.0 (NCH), 49.6 (NMe), 34.3 (N®le3). 1%F NMR (CD-
Cl,, 282.1 MHz, 298 K):—133.5 (d,3J 10.6 Hz, 2-GFs), —164.0 (t,2J
20.4 Hz, 4-GFs), —167.9 (app t, appJ 18.1 Hz, 3-GFs). IR (NaCl
plates, Nujol mull, cmY): 2924 (s), 2854 (s), 1643 (m), 1514 (s), 1275

from the Stuttgart group (12 valence electrons) and its associated basis
set® augmented by an f polarization functioa & 0.869)% The Zn

atom was represented by RECP from the Stuttgart group and the
associated basis s€taugmented Y a d polarization functiofi’ The
remaining atoms (C, H, N, Al) were represented by a 6-31G(d,p) basis
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set® Full optimizations of geometry without any constraint were Cl,, an*H NMR spectrum of [Ti(NBu)(Mes[9]aneNs)(u-Me)2-

performed, followed by analytical computation of the Hessian matrix AlMej]* (7+) at room temperaturetH NMR spectra of the

to confirm the nature of the located extrema as minima on the potential cation [Ti(-N'Bu)(Mes[9]aneNs)(u-Me),ZnMe]* (8*) at dif-

ehnergy surface. N_atur_al blondlng %rk_)ltal anal?_Psmas performed with ferent temperatures, with and without added ZaMecomplete

the NBO 5.0 version implemented in Gaussian03. reference for Gaussian 03- and DFT-computed Cartesian
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