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Multiple Bonding in Four-Coordinated Titanium(lV) Compounds
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Theoretical description (MP2/6-311G* and B3LYP/6-311G*) is presented for hypovalent titanium alkoxide model
compounds showing linedriTi—O—C angles. This feature is explained by the existence of a polarized triple
Ti—O bond. In contrast, a series of 18 electron germanium derivatives displayingl @entO—C angles contain
polarized single GeO bonds. The nature of thefO and Ge-O bonds is established by means of natural bond
order, atoms-in-molecules theory, and electron localization function analyses.

Introduction as was found for a series of ternary and quaternary metal
nitrides?0

In their recent study, using natural bond order (NBO) methods
to analyze Me-P and W-P triple bonds in phosphido com-
plexes, Wagener and Frenkidglemonstrated that the s and p
components are not very polarized to either the metal or the
phosphorus end.

Although Hickel's descriptiohof a triple bond as consisting
of a singleo and twosr bonds is still favored, particularly in
organic chemistry, it has been challenged since the beginning.
The Pauling-Slater concept of bent bonds was originally
intended to describe double bonds in ethylene, but later P4uling

extended the idea to triple bonds. . Application of the atoms-in-molecules (AIM) thed?y4 has
Although the Hukel concept has traditionally had a hege- 4tiracted great attention regarding the bonding nature, including
mony especially in organic chemist?y,the rivaling model of the description of possible hypervalent compodfidé and
Pauling anq Slater ha; found some use in describing_ terminalransition metal complexéd-22 In this context, Frenking et
P-O bonding (sometimes called banana @r bonding). 5 2324revised the concept of the chemical bond to a transition
However, our recent results show clearly that this concept is meta| by theoretical methods. Multiple bonding to transition
not adequate to describe the phosphoryl bbnd. metals has recently generated noticeable interest and discussion,
Computational methods have been used to make the distinc-including Ga and Al multiple bondin&~27 In addition, very
tion between the two models. Although it was claimed that the
traditional Hickel description would be favored over the bent- (i(l)) \'7\}”9’ E-rB-TC?E-r Jhk%he”&?% 7& 92131- 098 37 1805
bond model, some recent quantum chemical calculations glzg B;,geer, eR.’ F.'\/vA?omls?ﬁ M'O?e%'u'e; A Quantum ThepGlarendon
strongly support the idea of bent borffs. Press: Oxford, U.K., 1990.
The traditional description of a multiple bond between a metal (13) Bader, R. F. WChem. Re. 1991, 91, 893. .
and a ligand atom relies on the"tkel concept. These bonds 8@; gﬁgém CAhen,Jl';:t%? gﬂf‘;{egﬁaﬁiﬁﬁg’gfdggﬁ‘g{g‘ém, M. R.
have mostly been found in higher oxidation states of metals, Am. Chem. Sod999 121, 3156.
with electron counts of &l d!, and &. Low numbers of the d (16) Dobado, J. A.; Mafhez-Garca, H.; Molina, J.Inorg. Chem.1999

electrons are needed to provide empty d orbitals for bonding 17 ?éﬁbg%?/v?s'ki 3 Suffa, P. R.J. Mol. Struct.1992 255 9

with filled p orbitals of the ligand atoms. Another possibility  (18) El-Bahraoui, J.; Molina, J.; Portal, D. Phys. Chem. A998 102,
for the formation of a metalligand multiple bond is the 2443,

i i i (19) Dobado, J. A.; Uggla, R.; Sundberg, M. R.; MolinaJJChem. Soc.,
donation of metal d electrons to empty ligand atom p orbitals, Dalton Trans. 1996 489,

(20) Navarro, J. A. R.; Romero, M. A,; Salas, J. M.; Quiros, M.;
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(3) Slater, J. CPhys. Re. 1931 37, 481. Chem.1996 35, 3954.
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Table 1. Bond Lengths (A) and Bond Angles (deg), and Imaginary Frequenciest{dor the Titaniund (1—4) and Germanium5—8)
Compounds Determined with the 6-311G* Basis Set

1, H3TiOCHj3 2, F3TIOCH; 3 CIsTiOCH;3 4 BrsTIOCH;3

B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
Ti—O 1.724 1.696 1.740 1.716 1.719 1.696 1.720 1.700

(1.724) (1.696) (1.740) (1.716) (1.716) (1.696) (1.720) (1.701)
c-0 1.408 1.416 1.404 1412 1411 1.420 1.410 1.416

(1.408) (1.416) (1.408) (1.412) (1.412) (1.420) (1.412) (1.416)
Ti—YP 1.698 1.691 1.756 1.743 2.200 2.162 2.355 2.318

(1.698) (1.689) (1.756) (1.743) (2.198) (2.161) (2.355) (2.315)
C—H 1.091 1.089 1.092 1.088 1.092 1.090 1.092 1.090

(1.091) (1.088) (1.092) (1.090) (1.092) (1.088) (1.090) (1.088)
O0O0-Ti—YP 106.0 104.7 109.3 109.0 108.1 107.6 107.9 107.3

(106.1) (104.7) (109.3) (109.0) (108.2) (107.7) (108.0) (107.5)
00O—-C—H 109.5 108.6 109.7 109.1 109.1 108.4 109.1 108.4

(109.5) (108.7) (109.7) (109.3) (109.3) (108.4) (109.1) (108.7)
imaginary 46i 39i 50i

freq (32i)
5, H;GeOCH 6, ;:GeOCH 7, Cl;GeOCH 8, Br;GeOCH
B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2

Ge-0O 1.793 1.784 1.737 1.727 1.756 1.740 1.763 1.748
c-0O 1.417 1.420 1.441 1.437 1.432 1.435 1.432 1.435
Ge-YP 1.532 1.528 1.716 1.704 2.136 2.104 2.300 2.268
Ge-Y° 1.545 1.540 1.724 1.713 2.158 2.123 2.324 2.285
C—H; 1.093 1.089 1.090 1.087 1.092 1.087 1.092 1.090
C—H, 1.095 1.095 1.092 1.090 1.092 1.093 1.093 1.090
OJC—-0—-Ge 1195 117.1 121.1 119.3 120.0 119.3 121.9 119.2
00—-Ge-Y,° 104.5 104.9 108.8 109.5 106.4 107.4 105.8 106.5
00—-Ge-Y° 109.6 109.5 112.7 112.4 110.0 110.8 110.4 110.4
0O0—C—H; 107.6 107.5 105.9 106.1 106.2 106.3 106.3 106.1
JO—C—H; 112.3 111.9 111.3 111.0 111.5 111.2 111.5 111.2
0Y1GeO(Y,)? 120.0 120.1 120.1 120.5 120.0 120.4 119.9 120.2
OH:1CO(Hy) 118.8 119.1 118.7 118.8 118.5 118.9 118.8 118.6

2Values for the titanium staggered conformation are given in parenttHe¥es. H, F, Cl, Br.

recently, a detailed study was performed on the relationship 6-311G* densities as input, as described in the AIM théérif The

among thes bonding, electronegativity, and geometry of electron localization function (ELF) analysis and the calculation of the
different ligands in early transition metal complexés. electronic densities over the basins were made with the TopMod series

The main goal of this paper is to characterize-0i bonding of programs? The NLMOs were analyzed using the NBO progfam
in a series of titanium(IV) methoxides with reference to within the Gaussian 98 packagfe.
analogous germanium(lV) complexes. In this context, a series
of four-coordinated titanium(lV) alkoxide analogues whose
geometries strongly suggest multiple bonding were chosen as  Ggometrical AspectsQuantum chemical calculations yielded
model compounds. Indeed, as suggested by Rothwell & al., |ioar C,, geometries for the titanium compounds—4) and
the linear (or pseudolinear) FO—C unit could be described bentCs geometries for the germaniura-{8) compounds (Figure
as 1). The geometrical data are summarized in Table 1. For
- compounds2—4, the eclipsed conformations represent true
Ti—O0—C energy minima and the staggered ones correspond to rotational

Results and Discussion

To investigate the importance of hypovalency (electron defi- (30) '\?risAch,Cl\;I]. J; Trucksj GF'eWZ; ichlegil, I;I/ BG.: Squsg:ia,t G.E; l;ollazb,
H H H H H H AL eeseman, J. R.; ZakKrzewskli, V. G., Jr.; ratmann, R. E.;
C|_ency) in Ti(IV) compounds [where the titanium(1V) Catlon_ Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
displays an empty outer valence core], we compare them with N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.;
a series of Ge(IV) complexes (18-electron species). We show Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

. : B f ; . Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
the existence of multiple bonding in the Ti(IV) compounds; in Malick, D. K Rabuck, A. D.: Raghavachari, K.: Foresman, J. B.-

contrast, the Ge compounds present only-Gesingle bonds. Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.;

Methods Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez,
. . . . C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong,
All calculations were carried out using the Gaussian 98 pacéRage M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E.
of programs. All geometries were fully optimized, and all stationary S.; Pople, J. AGaussian 98Revision A.4; Gaussian, Inc.: Pittsburgh,

points on the hypersurface were characterized by harmonic frequency PA, 1998.
analysis. The B3LYP/6-311G* and MP2(full)/6-311G* theoretical levels (31) Biegler-Kanig, F. W.; Bader, R. F. W.; Tang, T. H. Comput. Chem.
were used to study all of the compounds-@). AIM analyses were 1982 3, 317.

performed by the AIMPAC series of prograth® using the B3LYP/ (32) ;ang:\gf?;air;?g:gge of programs available at www.chemistry.

(33) S. Noury, X. Krokidis, F. Fuster, and B. Silvi, TopMod Package, 1997,
(28) Kaupp, M.Chem—Eur. J.1999 5, 3631. available at www.Ict.jussieu.fr/silvi.
(29) Coffindaffer, T. W.; Rothwell, I. P.; Huffman, J. Giorg. Chem1983 (34) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholtEO,

22, 2906. Version 3.1.




Four-Coordinated Titanium(lV) Compounds

Table 2. NBO Analysis of the Titaniumi—4) and Germanium5—8) Compounds at the B3LYP/6-311G* Theoretical Level

Inorganic Chemistry, Vol. 39, No. 13, 200@833

bond bond

compd X3-0 %X?2 (%s,%p,%d) %0(%s,%p) compd Xb—0 %X°(%s,%p) XO(%s,%p)
1, HsTiIOCH; Ti—0(0) 12(21,0,79) 88(51,49) 5, HsGeOCH Ge-0(0) 19(23,77) 81(25,75)
Ti—O(n) 9(0,0,100) 91(0,100) €0(0) 33(24,76) 67(30,70)

Ti—0(n) 9(0,0,100) 91(0,100) lone pairl (44,56)

C—-0(0) 31(22,77,0) 69(49,51) lone pair2 (0,100)
2, FsTiOCHs Ti—0(0) 12(29,0,71) 88(50,50) 6, HsGeOCH Ge-0(0) 18(29,71) 82(19,81)
Ti—O(n) 10(0,0,100) 90(0,100) €0(0) 31(22,78) 69(33,67)

Ti—0(n) 10(0,0,100) 90(0,100) lone pairl (48,52)

C—-0(0) 31(23,77,0) 69(50,50) lone pair2 (0,100)
3,CLTIOCH;  Ti—O(0) 14(23,0,77) 86(51,49) 7,CLGeOCH  Ge-0(0) 19(29,71) 81(23,77)
Ti—O(7) 12(0,0,100) 88(0,100) €0(0) 31(22,78) 69(31,69)

Ti—O(n) 12(0,0,100) 88(0,100) lone pairl (46,54)

C-0(0) 30(22,78,0) 70(49,51) lone pair2 (0,100)
4,BrsTiOCH;  Ti—O(0) 14(22,0,78) 86(51,49) 8 Br:GeOCH  Ge—0(0) 19(29,71) 81(23,77)
Ti—O(7) 12(0,0,100) 88(0,100) €0(0) 31(22,78) 69(31,69)

Ti—O(n) 12(0,0,100) 88(0,100) lone pairl (46,54)

C-0(0) 30(22,78,0) 70(49,51) lone pair2 (0,100)

aX =C,Ti.®’X =C, Ge.

Table 3. Charge Densitiesp(r), Laplacians of the Charge Densitié& 2o(r), and Local Energy Densitieg(r), for the BCPs of the Titanium
(1—4) and Germanium5—8) Compounds at the B3LYP/6-311G* Theoretical Level

p(r) V2p(r) Eq(r) p(r) V2p(r) Eq(r)
compd ela® ela® [A1/ A3 hartree/g compd ela® ela® [A/ A3 hartree/g@
1 Ti—O 0.167 0.885 0.192 —0.063 5 Ge-0O 0.134 0.526 0.223 —0.050
o-C 0.243 —0.230 0.696 —0.319 o-C 0.252 —0.446 0.989 —0.322
Ti—H 0.106 —0.031 0.545 —0.049 Ge-H; 0.131 —0.019 0.533 —0.081
2 Ti— 0.160 0.849 0.188 —0.058 6 Ge-0O 0.155 0.641 0.224 —0.065
o-C 0.244  —0.219 0.697 —0.320 o-C 0.231 —0.318 0.870 —0.286
Ti—F 0.156 0.822 0.211 —0.042 Ge-F, 0.144 0.802 0.188 —0.039
3 Ti—O 0.172 0.890 0.195 —0.069 7 Ge-0O 0.149 0.598 0.224 —0.060
Oo-C 0.238 —0.157 0.630 —0.311 o-C 0.235 —0.331 0.875 —0.294
Ti—Cl 0.098 0.208 0.278 —0.033 Ge-Cl; 0.107 0.099 0.353 —0.052
4 Ti—O 0.171 0.886 0.195 —0.068 8 Ge-0O 0.145 0.574 0.225 —0.058
Oo-C 0.239 —0.164 0.635 —0.312 o-C 0.237 —0.341 0.883 —0.297
Ti—Br 0.084 0.135 0.296 —0.027 Ge-Br, 0.094 0.024 0.444 —0.043
v bond is small and is in the opposite direction. The-Oi bond
H H H _ lengthens when highly electronegative substituents are attached
H & H & 1 A 0 . . .
S\ - L \ 1l u to Ti with a d'° electronic configuration. Compourilhas the
| l /qule 2| F shortest C-O bond. The germanium compounds-8) exhibit
o o o H, 31 a 0Ge—0O—C angles of about 120 The Ge-O bond length is
| | , il close to the length of the average-€@ single bond, and the
YN P oy sl F influence of substituents is opposite to that in the titanium
W N Y %, Yy "//Yzz 7| a compounds. The GeO bond length decreases as the electro-
8| Br negativities of the substituents increase, giving lengths in the
1 (c3) 24 (c3) 58 (c)

Figure 1. The titanium (—4) and germanium5—8) compounds.

transition states. Fod, the staggered conformation is the
minimum. Compoundsl—4 present a negligible barrier to
rotation about th€; axis. Moreover, the imaginary frequencies

are very low, so that the energies for the transition states and
minima are very close in magnitude. This is especially true for

compoundi, in which the energy difference is only 0.06 kcal/
mol at the MP2(full)/6-311G* level. Also, the overall geo-

metrical parameters (bonds, angles) are very similar (see Tabl
1). The different natures of the substituents (

the titanium compoundd.{-4) have a noticeable influence not
only on the Ti-Y bonds but also on the FHO bond and, to a
slight degree, on the €0 bond. The T+O bond lengthens
when the electronegativities of the substituents on Ti increase, ical results are presented in Tables& The multiple-bonding
with the result that there is a marked difference between nature identified in the titanium alkoxide Compounds and not
Compound2 (Y = F) and the other titanium Compounds (See in the germanium alkoxide CompOUndS is Clearly seen in the
Table 1). This difference could be also explained by fluorine

donation to the Ti atom, in agreement with the influence of the

metal complexes proposed by Kawg§{I he effect on the €O

order5 < 8 < 7 < 6 (see Table 1). The €0 bond lengthens
with the electronegativities of the substituents (in opposition to
the Ge-O bond), giving always larger values than those for
the C-0O bond lengths in the titanium compounds. As a test of
the reliability of the DFT results, Table 1 compares the DFT
data with the MP2 data. The results of the two methods are in

good agreement, though O and Ge-O bond lengths are

shorter and €0 bond lengths are longer at the MP2 level.
The geometrical data strongly suggest multiple bonding for

gthe linear titanium alkoxide complexes and single-@ebonds
H, F, CI, Br) on for the germanium alkoxide complexes.

Electronic Properties. The overall electronic picture of the
titanium and germanium compounds was evaluated by NBO
methods, AIM theory, and ELF topology analyses. The numer-

results of the electronic analyses.
The results obtained with the NBO methods are given in

substituentr-bonding in the geometry of high-valent transition Table 2, in which the NLMO values are summarized. The

multiple bonding in the titanium compounds<4) unmistakenly
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Table 4. Electron Charge Densitieg(r), Laplacians of the Charge Densitié&p(r), and Geometrical Dispositions for the Maxima on
—V2p(r) in the Ge, Ti, and O Atoms at the B3LYP/6-311G* Theoretical Level

maxima  p(r) (e/a’) V2p(r) (e/aP) dist (A) maxima  p(r) (e/a’) V2p(r) (e/aP) dist (A)
latTi 1.446 —12.215 0.406 5at Ge 10.165 —140.668 0.249
1.512 —14.671 0.402 b 10.157 —140.270 0.249
1.501 —14.518 0.402 10.113 —137.946 0.250

1.548 —15.139 0.401
latO c 0.862 —3.862 0.352 5atO b 0.937 —4.820 0.343
0.696 —2.371 0.379 0.672 —2.045 0.384
2atTi 1.403 —11.794 0.407 6 at Ge 10.130 —138.352 0.250
1.420 —11.441 0.407 b 10.121 —137.869 0.250
1.377 —11.469 0.407 10.193 —140.771 0.249

1.447 —12.350 0.406
2atO c 0.864 —3.867 0.351 6atO b 0.938 —4.831 0.343
0.691 —2.278 0.380 0.686 —2.195 0.380
3atTi 1.408 —11.671 0.407 7 at Ge 10.172 —139.753 0.249
1.400 —11.573 0.407 b 10.072 —136.040 0.250
1.430 —11.951 0.407 10.084 —136.607 0.250

1.385 —10.781 0.409
3atO c 0.859 —3.844 0.352 7atoO b 0.936 —4.815 0.343
0.703 —2.440 0.378 0.686 —2.205 0.380
datTi 1.406 —11.607 0.407 8at Ge 10.070 —136.059 0.250
1.423 —11.826 0.407 b 10.058 —135.470 0.250
1.401 —11.553 0.407 10.160 —139.272 0.250

1.377 —10.664 0.409
4atO C 0.859 —3.845 0.352 8atO b 0.935 —4.806 0.343
0.703 —2.442 0.378 0.686 —2.205 0.380

aDistance from the maximum to its corresponding at8his maximum has an additional equivalent ohi€his maximum has two additional

equivalent ones.

Table 5. AIM and NBO (in Parentheses) Atomic Charges and Delocalization Indi¢@$,0) andd(Ge,O), for the TitaniumX—4) and
Germanium $—8) Compounds at the B3LYP/6-311G* Theoretical Level

1 2 3 4 5 6 7 8
atTi 1.82 2.29 1.94 1.87 at Ge 1.55 2.47 1.90 1.67
(1.44) (1.89) (1.38) (1.35) (1.00) (2.33) (1.49) (1.26)
ato —1.08 ~1.09 ~1.05 ~1.06 ato ~1.12 ~1.08 —1.09 -1.09
(—0.70) 0.71) 0.62) 0.63) 0.84) 0.88) 0.85) (-0.85)
at ya —0.45 —0.61 —0.51 —0.49 at Y2 —0.30 —0.65 ~0.45 —0.36
(—0.36) 0.51) (0.38) 0.36) 0.13) 0.59) 0.31) 0.23)
at Y2 -0.32 —0.65 —0.46 -0.39
(—0.16) (0.60) 0.33) 0.26)
atC 0.44 0.45 0.43 0.43 atC 0.44 0.39 0.39 0.40
(—0.17) 0.17) 0.17) 0.17) 0.17) 0.17) 0.18) 0.18)
atH 0.06 0.05 0.07 0.07 atH 0.04 0.07 0.07 0.06
(0.17) (0.17) (0.18) (0.18) (0.17) (0.18) (0.18) (0.18)
atHy 0.01 0.03 0.05 0.04
(0.15) (0.17) (0.17) (0.16)
at OCH, —0.46 —0.49 -0.41 -0.42 at OCH —0.62 —0.56 —0.53 ~0.55
(—0.36) 0.37) (0.25) 0.27) (0.54) (0.53) (0.51) (0.53)
5(Ti,0) 1.07 0.96 1.08 1.08  4(Ge,0) 0.76 0.77 0.78 0.79
ay = H, F, Cl, Br.

shows the characteristics of a triple bond as described in themetal-oxygen bonds are of closed-shell interaction type (highly
Huckel model. Three bonding molecular orbitals (MOs) are polarized character). However, a small covalent character is
observed, each displaying clear ionic character. As expected,proposed on the basis of the negative electron energy density

one MO is as Ti—0O bond formed between an sp atomic orbital

(AO) of oxygen and the empty &thybridized AO of titanium.

The two remaining MOs display character with interaction

values. This is also corroborated for thi/A3| values in the
Ti—O bond critical points (values of ca. 0.19 compared with
ca. 0.15 for alkali metal halidéy. The geometrical effects

between the empty d AOs of Ti and the occupied p orbitals of associated with the metal substituents (see above) can be

O. In every compound, the-€0 bond appears as a normal

single o bond.

The Ge-0 bond in compoundS—8 is totally different. The

NBO analyses show only one MO, again of a very ionic
character. The MO is formed by $80s of Ge and O. There

are also two additional electron lone pairs for oxygen. ThedC
bonds clearly exhibit single-bond character.

The results obtained by the AIM method are collected in
Tables 3-5 and illustrated in Figure 2. The numerical values
of the bond critical points (BCPs) ip(r) imply stronger bonds
for Ti—O than for Ge-O (see Table 3). In both series, the

rationalized in terms of the numerical values of the bond critical
points inp(r). Both single and triple bonds are compatible with
the numerical bond critical point data. However, a different
representation is obtained in thep(r) topology study. The
numerical data summarized in Table 4 give the electron density
concentration maxima surrounding the metal and oxygen for
compoundd —8. For the titanium compounds, four maxima are
located on oxygen, one of them on fgsymmetry axis toward
the carbon atom and the three additional ones in a plane

(35) See ref 12, p 291.



Four-Coordinated Titanium(lV) Compounds

Table 6. ELF Analysis Including Basins, Populations, and
Cross-Exchange Contributions of the Core Metal Basins, for
Compoundsl and5 at the B3LYP/6-311G* Theoretical Level

1 5
cross-exchange cross-exchange
basing pop. contribns basir's  pop. contribns
C(Ti) 19.29 C(Ge) 27.74
V(Ti,H) 1.70 0.33 V(GeH) 212 0.29
V(Ge,H,) 2.12 0.28
V(Ge,O) 0.60 0.05
C(O) 2.16 0.02 C(0) 2.13 0.00
V(0) 5.93 0.41 \(O) 2.85 0.06
V,(O) 2.84 0.06
V(O,C) 1.32 0.03 V(O,C) 1.23 0.00
C(C) 2.09 0.00 C(C) 2.09 0.00
V(C,H) 2.03 0.01 V(CH) 2.04 0.00
V(C,H)  2.05 0.00

aC corresponds to core and V to valence.

perpendicular to th€s symmetry axis toward the Ti atom. There
are also four maxima for the Ge compounds, two of them on
the C-O and Ge-O bonds and two compatible with a two-

electron pair at oxygen atom. The features described above are

depicted in Figure 2.
For the titanium compoundsl{4), the description of the

electron charge concentration surrounding the oxygen and

directed toward the Ti atom, together with the one single
maximum in the GO bond, favors a triple bond. The

description of the GeO bond, on the other hand, matches that
of a standard single bond. No doubt, the triple-bond formation
for the titanium compounds is due to hypovalency. In addition,
four inner electron concentration maxima were found in the
titanium atom environment, directed away from the four ligands

bonded to titanium. These maxima were associated with the

titanium third shell (the core distortion was first noted by
Bader)?1:2236 The charges on the metal atoms indicate an
electron donation from the ligand (see Table 5). All the charges

lie in the same range. A higher electron donation was observed

from the methoxide group to titanium than to germanium (with
methoxide group charges of ca0.45 for the Ti compounds

in comparison with ca=-0.57 for the Ge compounds). The larger
stabilization in the titanium series due to higher electron

donation is also reflected in the charge differences between the

Ti atoms inl and2, increased by 0.47 compared with 0.92 for
5 and 6 when the H atoms are replaced by F ones.

The quantum mechanical pair density, in conjunction with
the quantum definition of an atom in a molecule, provides a
precise determination of the extent to which electrons are
localized in a given atom and delocalized over any pair of
atoms®” The electron pairing is a consequence of the Pauli
exclusion principle, and the extent of spatial localization of the
pairing is determined by the corresponding property of the Fermi

hole density. These ideas are made quantitative through the

appropriate integration of the pair density to determine the total
Fermi correlation contained within a single atomic basin,
F(A,A), or the correlation shared between two bask(@,B).

The quantityF(A,B) is thus a measure of the extent to which
electrons of either spin referenced to atom A are delocalized
onto atom B with a corresponding definition BB,A). Thus,

(36) This core distortion has been discussed for the;M&} structure by
considering the similar geometrical descriptions for these compounds
using all-electron basis sets and 18-electron effective core potentials:
Bader, R. F. W.; Gillespie, R. J.; Marj F. Chem. Phys. Lett1998
290, 488.

(37) Fradera, X.; Austen, M. A.; Bader, R. F. \J..Phys. Chem. A999
103 304.
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Figure 2. Laplacian ofp(r) contour maps, in the molecular plane
obtained using the MORPHY98 progrdfnfor structuresl and5 at

the B3LYP/6-311G* theoretical level. The contours begin at zero and
increase (solid contours) and decrease (dashed contours) in steps of
+0.02,+0.04,+0.08,+0.2, +0.4, +0.8, 2.0, +£4.0, and+8.0 The

thick solid lines represent the molecular graph that joins the nuclei
(solid circles) and the BCP (solid squares) and also represent the zero-
flux surface.

F(B,A) = F(A,B) and their sumF(A,B) + F(B,A) = 6(A,B),
termed the delocalization index, is a measure of the total Fermi
correlation shared between the atoms. This delocalization index
is formulated by taking into account

F(AB) =FBA) =~ T §(A) §(B)
T T

whereS;j(A) is the corresponding atomic overlap matrix given
by the PROAIM programi! The calculated(Ti,O) andd(Ge,0)
values for compound$—8 are listed in Table 5. Thé(Ti,O)
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Figure 3. ELF isosurface plots (0.8 and 0.75) for structutesnd5
at the B3LYP/6-311G* theoretical level.

values are considerably higher than the correspondi{Gg,O)
values (ca. 1.0 and 0.7 electron pair, respectively). Taking into
account the very polarized nat&fef the bonds, the values are
consistent with T+O multiple bonds and with noticeable
covalent character.

(38) The formald value for a pure ionic bond is zero.

Dobado et al.

The ELF has proven to be effective tool in studying chemical
bonds?® Data for compound4 and5 are collected in Table 6,
and ELF plots are shown in Figure 3. For compoundwo
valence basins were found on the O atom, one disynaptic and
the other one monosynaptit The population of the monosyn-
aptic basin is close to 6 electrons, corresponding to the three
electron pairs on oxygen. This basin has a semispherical shape,
rounding the O atom and situated toward the Ti core (see Figure
3), characteristic of a triple bond, though a very polarized one.
In addition, the cross-exchange between the Ti core basin, C(Ti),
and the O monosynaptic valence basin, V(O), is large, even
larger than that for the valence titanium hydrogen basins,
V(Ti,H) (see Table 6). This indicates a net electronic exchange
between the electron pair on O and the Ti atom.

On the other hand, compousdisplays four valence basins
on the oxygen atom, two of them disynaptic (V(Ge,O) and
V(0,C)), corresponding to the Ge& and O-C bonds. The two
remaining monosynaptic V(O) basins belong to the other
electron pairs on the O atom. The above valence basin
distribution corresponds to a bent G8—C geometry (see
Figure 3). This represents a standard-@&esingle bond. In
addition, the cross-exchange between the Ge core, C(Ge), and
the oxygen valence, V(O), basins is very small, indicating a
low stabilization of the Ge charge by the methoxide group.

Conclusions.The linear disposition of] Ti—O—C angles in
the series of titanium alkoxide4+{4) has been rationalized by
a polarized triple T+O bond, on the basis of electronic analyses
including NBO, ELF, AIM, and electron delocalization indexes.
On the other hand, the 18-electron germanium series of
compounds%—8) presented berii Ge—O—C angles compatible
with a standard single GeO bond, with two additional electron
lone pairs on the oxygen atom.
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