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Abstract 

First principles, density functional theory embodied in the DMol program has been applied to agostic ethyl-Ti-complexes, 
including the dmpe complex, [Ti(-CH2CH3)Cla(dmpe)], where dmpe=(Me2PCH2)2 and its model complex, [Ti(-  
CH2CH3) C13 (PH3)2 ]- The ethyl moiety of the complexes can adopt two limiting conformations, staggered and eclipsed. In the 
model complex, [Ti(-CH2CH3)C13(PH3)2], both conformers are found to form agostic structures upon geometry optimization 
subject to Cs symmetry constraint, with the agostic eclipsed structure being the lower in energy. Full geometry optimization of 
the dmpe complex, [Ti(-CH2CH3) C13(dmpe) ], yields an agostic structure with geometrical features similar to those measured 
by single crystal X-ray analysis. It is shown that the HOMO orbital contributes substantially to the agostic bonding. 

I. Introduction 

A metal-bonded alkyl carbon-hydrogen bond 
can interact as a ligand with an electronically 
unsaturated transition metal center. This interac- 
tion is known as an agostic interaction. Agostic 
organometallic complexes play an important role 
in catalytic Ziegler-Natta polymerization and in 
metal bonded alkyl fl--C-H hydrogen elimination. 
The exemplary agostic compounds, [Ti(-  
R)Cl3(dmpe)], (R=Me or Et; dmpe= 
Me2PCH2CH2PMe2) were prepared and their 
structures were characterized by X-ray and neu- 
tron diffraction. The compound (R = Et) exhib- 
ited an agostic interaction between the metal 
bonded ethyl fl-C-H and the central Ti atom 
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[1,2]. Koga and Morokuma [3] performed the- 
oretical calculations on the model compound 
[Ti(-CH2CH3)C12H(PH3)z], derived from the 
original compound, [ Ti (--CH2CH3) C13 (dmpe) ], 
by replacing dmpe by two PH3 groups and one of 
the three chlorine ligands, trans to the phospho- 
rous atom of dmpe, by hydrogen. The calculations 
at the Hartree-Fock (HF) level produced the 
agostic structure upon geometry optimization. 

Recently, it has been shown that density func- 
tional theory (DFT) method provides accurate 
results for the geometries and other properties for 
transition metal compounds [4,5]. The DFT 
method is suited for large molecular systems, as 
the time required by DFT methods in the local 
density approximation (LDA) scales formally as 
only N 3 (N= number of electrons in the system). 
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The present study applies DFT, as embodied 
efficiently in the DMol code [ 6,7 ], to the model 
compound, [ Ti (-CHaCH 3) C13 (PH 3) 2 ] and to the 
original compound, [ Ti (-CH2CH3) C13 (dmpe) ]. 
We consider the applicability to large molecular 
systems and examine the geometries, energetics 
and agostic interactions in these organotitanium 
complexes. 

2. M e t h o d  and  DFT calculat ion  detai ls  

Molecular electronic energies and energy gra- 
dients were computed mostly at the local density 
functional (LDF) level of theory with DMol [8] 
using the Hedin-Lundqvist/Janak-Morruzi-Wil- 
liams local correction functionals (JMW) [9] or 
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the VWN local correction functionals derived in 
the Vosko-Wilk-Nusair parameterization of 
Ceperley and Alder's electron gas Monte Carlo 
data [10,11]. The atomic orbital basis set used 
throughout was the standard DMol double numer- 
ical+polarization (DNP) basis obtained from 
exact numerical LDF calculations on the constit- 
uent atoms and cationic states of these same 
atoms. Additionally, only the molecular orbital 
(MO) coefficients corresponding to valence orbi- 
tals were included in the self-consistent field 
(SCF) procedure. Thus the M *  coefficients cor- 
responding to the Ti core l s2s2p, the P and C1 
l s2s, and the C Is orbitals were fixed at their 
atomic values in the molecular SCF procedure. 

In order to facilitate the DVr calculations, a 
simplified model, [Ti(--CH2CH3)CI3(PH3)2], of 
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Fig. 1. Structures of non-agostic and agostic Ti complexes: ( IIIe ) non-agostic model structure with an eclipsed ethyl ligand, ( lie ) agostic model 
structure with an eclipsed ethyl ligand, ( Ix)  X-ray crystallographic structure of the agostic Ti complex, (Ia) LDF optimized structure of the Ti 

complex (Ix) .  
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Fig. 2. HOMO contour maps of LDF optimized structures: non-agostic model with an eclipsed ethyl ligand (IIIe), corresponding agostic model 
structure with an eclipsed ethyl ligand (lie), corresponding agostic model structure with a staggered ethyl ligand (Ils), and LDF optimized 
structure of Ti(-CH2CH3)C13(dmpe) (Ia). 

the complex [Ti(-CH2CH3)C12(dmpe )] (Ix) 
characterized structurally by X-ray diffraction 
was derived by replacing the dmpe ligand with 
two PH 3 groups. Two conformers of the model 
compound, [ Ti (-CHECH3) C13 (PH3) 2 ] were 
studied, corresponding to eclipsed and staggered 
conformations of the ethyl ligand. 

The LDF geometry optimizations of the two 
conformers subject to the constraints of Cs sym- 
metry led to agostic structures, both for the 
eclipsed ethyl ligand Ti complex structure (IIe), 
and for the staggered configuration (IIs). 

To explore the energy differences between 
agostic and non-agostic structures, non-agostic 
configurations of the eclipsed and staggered ethyl 
ligands were derived as follows. 

To configure a non-agostic model complex with 
the eclipsed ethyl ligand, the ethyl ligand of the 
DMol optimized agostic model complex with the 
eclipsed ethyl structure was distorted into a nor- 

mal ethyl configuration with a C(2)-C(1)-Ti  
bond angle of 112.4 °, a Ha--C(2)-C(1) bond 
angle of 111.7 °, and a C(1)-C(2)  bond distance 
of 1.52 ,~. Such geometrical parameters were 
derived from the eclipsed ethyl part of DMol- 
optimized propane with an eclipsed configuration. 
The C ( 1 )-Ti bond distance of the complex was 
set to 2.14 .~. An LDF geometry optimization of 
this normal ethyl ligand structure was then carded 
out but subject to a geometrical constraint on 
atoms, C ( 1 ), C (2), Ha, and Ti, by fixing cartesian 
coordinates of these atoms. The optimized non- 
agostic eclipsed ethyl ligand structure (IIIe) was 
thus obtained. 

The non-agostic staggered ethyl ligand struc- 
ture (His) was produced by rotating the methyl 
group of the optimized eclipsed conformer by 
180 °. The LDF energy calculation was then car- 
ried out on this structure without geometry relax- 
ation. 
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The geometries of the non-agostic (IIIe) and 
agostic (IIe) complex configurations for the 
eclipsed ethyl ligand conformation are shown in 
Fig. 1. 

Contour maps of the highest occupied molec- 
ular orbitals (HOMO) obtained for the LDF cal- 
culated structures [(Ia), (IIe), (IIs) and (IIIe)] 
are given in Fig. 2. 

The initial dmpe complex structure, 
[Ti(--CH2CH3)C13(dmpe) ], for the LDF calcu- 
lation was derived from the X-ray analyzed struc- 
ture by adding the necessary missing hydrogens. 
The LDF optimization of the dmpe complex, 
[Ti(-CH2CH3)C13(dmpe)], was successfully 
achieved, although convergence was complicated 
by the size of this molecule, 35 atoms. 

The optimized dmpe complex structure (Ia) is 
given in Fig. 1 together with the original dmpe 
complex structure (Ix) characterized by X-ray 
diffraction. 

Recently the DFT method has been advanced 
by introducing non-local corrections. DMol has 
been enhanced by the implementation of Becke's 
1988 version of a gradient corrected functional 
(B88) [ 12] and the Lee-Yang-Parr (1988) cor- 
relation functional (LYP) [ 13]. 

As part of this study we have applied this new 
methodology to the present agostic ethyl Ti (IV) 
complexes. 

A non-local DFT geometry optimization with 
the B88 and Lee-Yang-Parr functionais was per- 
formed on the agostic model structure with the 
eclipsed ethyl ligand conformation (He). The 
non-local DFT optimized structure (IVe) is 
shown in Fig. 3. InsightlI [ 14] and the modules 
developed by Catalysis & Sorption Project [ 15] 
were used for the graphics display and analysis. 

3. Discussion 

The relative binding energy relationships at the 
local DFT level for agostic and non-agostic con- 
figurations of the eclipsed and the staggered ethyl 
ligand conformation are shown in Fig. 4. The 
eclipsed ethyl ligand conformer (He) was found 
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Fig. 3. C~met ry  of the agostic model complex structure as optimized 
by non-l~al  DFT. 

to have a lower energy than the staggered con- 
former (IIs) in the agostic configuration, whereas 
the staggered ethyl ligand structure (His) was 
found to be lower in energy than the eclipsed struc- 
ture (me) in the non-agostic configuration. 

The binding energy differences between agostic 
and non-agostic structures were calculated to be 
12.4 kcal/mol for the eclipsed conformation and 
8.6 kcal/mol for the staggered conformation and 
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Fig. 4. Binding energy relationships at the local DFT level for the 
non-agostic and agostic configuration of the ¢clipsed and staggered 
ethyl ligand conformation. 
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both the eclipsed and staggered conformers were 
stabilized in the agostic state. 

The geometry data of the optimised agostic 
structures are compared with the experimental 
data of the X-ray analysed structure (Ix) and 
given in Table 1. 

The LDF optimized structure of the dmpe com- 
plex (Ia) is in reasonable agreement with the X- 
ray structural data; the RMS deviation for the 
atom-atom distances in Table 1 is 0.109. Larger 
deviations are observed for distances between the 
hydrogen and the heavy atoms. The hydrogen 
atom positions determined by X-ray analysis are 
likely to be relatively imprecise. 

LDF geometry optimizations without non-local 
corrections tend to give slightly shorter bond 
lengths and this tendency is also observed in this 
case. 

With respect to the bond angles, the optimized 
structure of the dmpe complex (Ia) showed Ti- 
C( 1 )--C(2) bond angle of 82.4 ° (compared with 
the experimental, Ix, 86.3°), a C1-C2-Ha bond 
angle of 115.1 o (ix, 118.9 °) and a P( 1 ) - T I C  ( 1 ) 

bond angle of 73.3 ° (Ix, 74.8°). This set of angles 
characterizes the agostic structure. 

The Local DFT optimised structure (Re) for 
the simplified model compound with the eclipsed 
ethyl ligand conformation also showed good 
agreement with the experimental structure. The 
RMS deviation for the atom-atom distances in 
Table 1 is 0.139. The larger deviations are 
observed again for distances involving hydrogen. 

The optimized model structure (IIe) showed a 
Ti-C(1)-C(2)  bond angle of 82.7 ° (compared 
with the experimental value for the dmpe com- 
plex, Ix, 86.3°), a C(1)--C(2)-Ha bond angle of 
115.2 ° (Ix, 118.9 °) and a P(1) -Ti-C(1)  bond 
angle of 74.1 ° (Ix, 74.8°). The LDF optimised 
agostic structure of the model compound (He) 
shows bond distances and bond angles close to 
those in the LDF optimized structure (Ia) of the 
dmpe complex. 

The structure (IVe) of the simplified model 
compound with the eclipsed ethyl ligand opti- 
mized at the non-local level showed a smaller 
RMS deviation, 0.087, for the atom-atom dis- 

Table 1 
Comparison of  the geometric data for optimized agostic structures 

Inter-atom distances Exp. X-ray dmpe complex 
(/~) and angles (°) Ix 

DMol (local) dmpe complex DMol (local) model 

Ia A Ile A 

DMol (non-local) model 

IVe A 

Ti-CI ( 1 ) 2.408(3) 2.35 - 0.06 
Ti-CI (2) 2.323 (3)  2.30 - 0.02 
Ti-CI ( 3 ) 2.303 (3)  2.29 - 0.01 
Ti-P(  1 ) 2.560(3) 2.48 - 0.08 
Ti-P (2) 2.570 (3) 2.50 - 0.07 
Ti -C(1)  2.151(9) 2.13 - 0 . 0 2  
Ti--C ( 2 ) 2.524 ( 10 ) 2.44 - 0.08 
Ti-Ha 2.22(10) 2.03 - 0.19 
C( 1 )--C(2) 1.467( 15 ) 1.49 + 0.02 
C(2) -Ha  1.04(2) 1.15 +0.11 
CI( 1 )-Ha 2.63 2.45 - 0.18 
C( 1 ) -P(  1 ) 2.88 2.77 - 0.11 
CI( 1 ) -P (2 )  3.27 3.07 - 0.20 

RMS 0.109 

Ti-C( 1 ) - C ( 2 )  86.3(6) 82.4 - 3.9 
C ( 1 ) - C ( 2 ) - H a  118.9 115.1 - 3 . 8  
P( 1 ) -T i -C  ( 1 ) 74.8 (3) 73.3 - 1.5 
P( 1 ) - T i - P ( 2 )  74.75(9) 76.1 + 1.3 
CI( 1 ) - T i - P ( 2 )  82.1 ( 1 ) 78.4 - 3.7 
C I ( 1 ) - T i - C ( 1 )  128.4(3) 132.4 +4 .0  

2.33 
2.28 
2.28 
2.48 
2.52 
2.12 
2.42 
1.99 
1.49 
1.15 
2.40 
2.82 
2.95 

82.7 
115.2 
74.1 
77.2 
74.1 

134.6 

0.139 

- 0.08 
- 0 . 0 4  
- 0.02 
- 0.08 
- 0.05 
- 0.03 
- 0 . 1 0  
- 0.23 
+ 0.02 
+0.11 
- 0.23 
- 0.06 
- 0 . 3 2  

- 3.6 
- 3.7 
- 0 . 7  
+2.5 
- 8.0 
+6.2  

2.38 
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2.34 
2.68 
2.69 
2.16 
2.59 
2.19 
1.52 
1.13 
2.52 
3.03 
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0.087 

87.2 
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76.7 
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- 0.03 
+ 0.02 
+0.04 
+0.12 
+0.12 
+0.01 
+ 0.07 
- 0 . 0 3  
+ 0.05 
+ 0.09 
-0 .11  
+0.15 
- 0 . 1 2  

+0.9  
- 5 . 0  
+ 1.9 
+3 .6  
- 5 . 5  
+0.1 
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tances in Table 1. Several of the atom-atom dis- 
tances that were short at the local level are now 
longer. Larger deviations occure in the Ti-P( 1 ) 
and Ti-P(2) bond distances. This suggests that 
the larger deviation in the Ti-P( 1 ) and Ti-P(2) 
bond distances for the non-local DFT optimized 
structure (IVe) was due to replacing the dmpe 
ligand by two phosphine ligands. The optimized 
structure (IVe) has a Ti-C( 1 )--C(2) bond angle 
of 87.2 ° , very close to experimental value for the 
dmpe complex (Ix, 86.3°), a C(1)-C(2)-Ha 
bond angle of 113.9 ° ( Ix, 118.9 o) and a P ( 1 ) -Ti-  
C( 1 ) bond angle of 76.7 ° (Ix, 74.8°). 

In all of the agostic structures examined in this 
study, the highest occupied molecular orbital 
(HOMO), which mainly involves the Ti 3dxy and 
H a l s atomic orbitals contributed principally to 
the agostic bonding. 

the X-ray structure analysis results, for the Ti- 
C(I)--C(2) angle of 87.2 °, compared with the 
experimental value of 86.3 ° . 

In all of the agostic structures studied, the high- 
est occupied molecular orbitals contributed sub- 
stantially to the agostic bonding, involving Ti- 
3dxy and Ha 1 s atomic orbitals. 
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4. Conclusion 

Geometry optimizations by the I)FT method 
implemented in DMol reproduced the agostic 
structures for both the drape complex character- 
ized structurally by X-ray diffraction and the sim- 
plified model complex in which the dmpe ligand 
was replaced by two PH3 ligands. The computa- 
tional cost is substantially reduced when using the 
simpler model ligands and symmetry constraints. 

The relative binding energy difference between 
agostic and non-agostic structures at the LDF level 
was estimated to be 9-12 kcal/mol for the sim- 
plified model complex. Both eclipsed and stag- 
gered conformations of the ethyl ligand in the 
Ti(IV) complexes converged to agostic structures 
on DMol geometry optimization. 

Use of non-local corrections to the DFT method 
improved the optimized geometry of the agostic 
model compound, and the agostic configuration 
of the ethyl ligand was in good agreement with 
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