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Figure S1: 1H NMR spectrum of [Ti(NtBu)(Me3[9]aneN3)(µ-Me)2AlMe2]

+ (7+) at room 

temperature. 

 

Figures S2 – S4: 1H NMR spectra of the cation [Ti(µ-NtBu)(Me3[9]aneN3)(µ-Me)2ZnMe]+ (8+) at 

different temperatures with and without added ZnMe2 

 

Supporting DFT information: Complete reference for Gaussian 03 (reference 81 in the main text); 

Cartesian coordinates for the molecules optimised at B3PW91 and electronic energies (a.u.). 

 

Further discussion of the bridging methyl groups: (i) bridging methyl group geometries and (ii) 

electronic structures of the adducts: Ti···H-C interactions. 

 

References for the Supporting Information. 



S2 

Figure S1.  1H NMR spectrum of [Ti(NtBu)(Me3[9]aneN3)(µ-Me)2AlMe2]
+ (7+) at 293 K.   
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Figure S2.  1H NMR spectra of the cation [Ti(µ-NtBu)(Me3[9]aneN3)(µ-Me)2ZnMe]+ (8+) at 293 K 

and 233 K.   
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Figure S3.  1H NMR spectra of the cation [Ti(µ-NtBu)(Me3[9]aneN3)(µ-Me)2ZnMe]+ (8+) and ca. 

1 equiv. added ZnMe2 (as a toluene solution) at 293 K and 233 K. 
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Figure S4.  Partial 1H NMR difference spectra of the cation [Ti(µ-NtBu)(Me3[9]aneN3)(µ-

Me)2ZnMe]+ (8+) and ca. 1 equiv. added ZnMe2 (as a toluene solution) at 253 K and 233 K with 

low energy irradiation of the ZnMe2 resonance. 
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SUPPORTING DFT INFORMATION 
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FURTHER DISCUSSION OF THE BRIDGING METHYL GROUPS. 
 

(i) Bridging methyl group geometries.  Homo-1-14 and hetero-bimetallic8,9,15-31 complexes with a 

pentacoordinate bridging methyl group, and the nature of metal-hydrogen (agostic type) 

interactions in general,32-34 are topics of continuing importance in organometallic chemistry.  

Limiting geometries relevant to this work are illustrated in Fig. S5, with specific emphasis on 

trialkyl aluminum systems.  Al2Me6 itelf has been shown through neutron diffraction3 (supported 

by DFT35) to possess bridging methyl groups with distorted square base pyramidal (SBP) type 

geometries. In contrast, rare earth tetraalkyl aluminates (L)M(µ-CH2R)2Al(CH2R)2 almost 

invariably possess structures with distorted trigonal bipyramidal structures of the type TBP-1. 15,24-

31,36,37  The rare earth metal M and one methyl hydrogen (Hax) occupy the formal axial positions 

while the Al and two other hydrogen atoms (Heq) occupy the equatorial sites, the latter making two 

Ln···Heq close contacts. This has been confirmed by neutron diffraction for Nd(AlMe4)3.
15 The 

close approach of the two Heq atoms to the rare earth metal has led to the concept of "polyagostic 

bonding".26,27,33  These neutral rare earth systems have been proposed as structural models for 

cationic transition metal AlR3 adducts.38 

Figure S5.  Limiting SBP and TBP geometries for pentacoordinate methyl groups. 
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Several rare earth metallocene adducts CpR
2M(µ-CH2R)2Al(CH2R)2 (CpR = Cp or substituted 

cyclopentadienyl; M = Group 3 or lanthanide; R = H or Me) have been structurally characterized 

(these are neutral analogues of 7+ and 12).  In most cases, the H atoms for the µ-CH2R groups were 

either not located or their positions were rendered unreliable by disorder.  For compounds with µ-

CH2Me groups, the orientation of the methyl substituents clearly suggest trigonal bipyramidal 

geometries for the bridging carbon atoms, with two C-H bonds oriented toward the rare earth metal 

(mode TBP-1).  However, for neutral ansa-scandocene complexes CpR
2Sc(µ-Me)2AlMe2  the 
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geometries at the bridging carbons differed. The resultant structures could be classified as distorted 

square base pyramidal (SBP) or distorted trigonal bipyramidal (TBP-2). In each case only one Heq 

is oriented toward the Sc.   

In the case of the cationic titanocene system 12, the geometry at each bridging carbon is best 

considered as distorted trigonal bipyramidal (TBP-2 in Fig. S5) with the axial sites occupied by Al 

and the single µ-H atom closest to Ti (Ti···Hax = 2.29 Å).  This Hax lies 0.09 Å out of the 

metallocene equatorial plane containing the Ti and two µ-C atoms.  Defining the mid-point of the 

two bridging carbons as "µ-Cmid", the torsion angles Ti–(µ-Cmid)–C–H for the bridging methyls are 

5.2 (H atom closest to Ti), 115.0 and 124.9 o, consistent with distorted TBP-2 type geometries 

attributed to these carbon atoms. The orientations of the µ-methyl groups in 12 are approximately 

intermediate between the two situations found in the isoelectronic scandocenes CpR
2Sc(µ-

Me)2AlMe2.  The TBP-2 type coordination for 12 persists in the ZnMe2 adduct [Cp2Ti(µ-

Me)2ZnMe]+ (13, Fig. 3).  One µ-methyl C-H bond points toward the metal (Ti···H = 2.29 Å) and 

lies almost exactly in the Ti(µ-C)2Zn plane (Ti–(µ-Cmid)–C–H torsion angle avg. 2.6 o vs. 120.4 and 

118.6 o for the other C-H bonds which are oriented toward the ZnMe group).   

For 7Q (and 7q) the arrangement at each bridging methyl group is identical to that observed in 

the experimental structure 7+ and in Al2Me6. Thus the µ-Me groups are probably better described as 

having distorted square base pyramidal geometries (SBP) with the H atoms labelled H(1) and H(4) 

in Fig. 2 occupying the axial positions.  Note that in 7Q and 7q the C-H bonds of the bridging 

methyls are mutually eclipsed, whereas for Al2Me6 they are staggered.3  The axial H atoms lie 0.99 

Å above the Ti(µ-C)2 plane of 7Q whereas the basal H atoms lie on average 0.53 Å below this 

plane.  The Ti–(µ-Cmid)–C–H torsion angles for the bridging methyls are 98.1 o (axial H), 25.1 o 

(basal H closest to Ti) and 138.2 o. These are comparable to the corresponding Al–(µ-Cmid)–C–H 

values of 96.4 (axial H), 27.4 (basal H closest to Al) and 140.4 o.  Therefore in 7Q and 7+ the C-H 

bonds closest to titanium (Ti···H = 2.21 Å (7Q), 2.17(3) Å (7+)) are oriented more toward the imido 

ligand, whereas in 12 the corresponding H atoms lie approximately in the metallocene equatorial 
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plane. These features can be traced to specific differences between the energies and shapes of the 

[Ti(NtBu)(Me3[9]aneN3)]
2+ and  [Cp2Ti]2+ frontier orbitals as discussed further below. 

The non-planar and asymmetrically bound  Ti(µ-Me)2Zn moiety in 8Q is associated with 

differing geometries at the bridging methyl carbons, neither of which corresponds to the TBP-2 

situation found in 13.  The methyl group that is slightly further from Ti (Ti-C = 2.224 Å) and closer 

to Zn  (C(2)) has an approximate SBP geometry and a single closest Ti···H-C distance of 2.39 Å.  

The other carbon (C(1)) with a shorter Ti-C and longer C-Zn distance has an approximately TBP-1 

geometry (equatorial Zn and axial Al). Thus two C-H bonds of this methyl are oriented toward Ti, 

but at a much longer distances (Ti···H = 2.62, 2.72 Å) than that for the other methyl group (Ti···H = 

2.39 Å).  

Despite the various µ-C geometries and C-H bond orientations, the differences in calculated 

apical and basal/equatorial C-H distances for 12, 13, 7Q, 7q and 8Q are small (maximum variation 

ca. 0.01 Å). Nonetheless, the trends are as expected for formally square base pyramidal (shorter C-

Hax) and/or trigonal bipyramidal (longer C-Hax) geometries.39 We note that neither the neutron 

diffraction study of Nd(AlMe4)3 nor that of Al2Me6 found an experimentally significant difference 

in the various C-H distances of the bridging methyl groups (experimental ∆C-H = 0.01(1) – 0.015(4) 

Å).3,15 The calculations for 12, 13, 7Q, 7q and 8Q are therefore fully consistent with these studies. 

 

(ii) Electronic structures of the adducts: Ti···H-C interactions. As indicated in Fig. 4 (main 

text), the LUMO for [Cp2Ti]2+ is a dy2 type orbital lying at low energy40 and is not involved in the 

principal Ti(µ-Me)2MMen (M = Al or Zn) bonding pattern (Fig. 4). This leaves it as a low-lying 

acceptor orbital perfectly suited to receive electron density through donation from the C-Hax bonds 

of the bridging methyl groups. These agostic interactions therefore have to occur in the equatorial 

(yz) plane to achieve optimal overlap. This is the situation found in 12 and 13 (Fig. 3, main text) 

and results in approximate TBP-2 geometries for the bridging methyls.  For 

Ti(NtBu)(Me3[9]aneN3)
2+, the LUMO and LUMO+1 are involved in the Ti(µ-Me)2Al bonding of 

7Q, leaving the LUMO+2 unused.  However, this orbital is at considerably higher energy, and does 
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not have the proper orientation to receive density from a C-H bond of the bridging methyls. The 

only possible interaction for a bridging C-H bond in 7Q (and hence 7+) is with the σ*(Ti-N) MO of 

the equatorial N atoms trans to the µ-carbon atoms.  As the latter lies slightly above the Ti(µ-

Me)2Al best-fit plane, the optimum overlap is obtained when the C-H bond points below the plane, 

toward the imido ligand. This requires an adjustment of the bridging methyl group and an 

approximate SBP geometry, as observed experimentally for 7+. 

This analysis is supported by NBO (Natural Bond Orbital) 2nd order perturbation energetic 

contributions.  These show a σ(C-H) → dy2 interaction of 119.7 kJ mol-1 in 12, but only a σ(C-H) 

→ σ*(Ti-N) interaction of 48.1 kJ mol-1 in 7Q.  Although the absolute values of these energies 

should not be considered by themselves, they clearly indicate a stronger Ti····H-(µ-C) agostic 

interaction in 12 than in 7Q.  We note in this context that the monoalkyl cation [Cp2TiMe]+ 

possesses a weak α-agostic interaction whereas [Ti(NtBu)(Me3[9]aneN3)Me]+ (4+) does not, again 

because of the shapes and energies of the metal fragment frontier orbitals.1 
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