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Bent's Rule and the Structure of Transition Metal Compounds
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The equilibrium geometries of MECI, for X = C, Si, Ge, Sn, Pb, Ti, Zr, and Hf are calculated at the HF and
MP2 levels of theory using valence basis sets offPZquality. The calculated geometries are in good agreement
with experimental gas-phase values. The-KFCI angle is always smaller than the-&@ —C angle when X is

a main group element-€Pb. This is in agreement with Bent's rule. The opposite relationship is predicted for
the transition metal compounds. The calculated XCtCl angle is significantly larger than the-&—C angle

for X = Ti, Zr, and Hf. The different order of the €X—Cl and C-X—C angles between the main group and

the transition metal compounds is explained by the energy levels of the valence orbitals of the central atom X.
The transition metals have mainly*daybridized bonds, while the main group elements havehgpridized

bonds. The valence s orbital of the main group elements is always below the p valence orbitals, but the valence
s orbital of the transition metals is above the valence d orbitals. The energetically lower lying valence orbital
concentrates in bonds toward the more electropositive methyl substituents yielding bond angle€C Cl—

X—Cl when X is a main group element and-E—C < CI-X—Cl when X is a transition metal. It is suggested

that Bent's rule should be formulated in a more general wéihe energetically lower lyingvalence orbital
concentrates in bonds directed toward electropesitubstituents”

Introduction At that time the experimental geometry of MéCl, was not
known. We have recently been informed about electron

Eer;t’z_rule s(,jtates tza‘t;\tomic S _c_harf)\ct_er con;:en;]rate? in diffraction studies of this molecufe.The results indicate that
orbitals directed toward e eCtrOpO% substituents* The rule the C=Ti—Cl bond angle is 116°7and the C-Ti—C angle is

was dgrived from a systematic comparig,on °f.th? physical 106.2, which is in good agreement with the theoretically
properties of molecules and a correlation with qualitative models predicted values. The apparent contradiction between the

such as valence bond structures and bond hy_brid_izétion. theoretical and experimental resuftef the geometry of Mg
Because of the good correlation between hybridization an_d TiCl, and what is predicted by Bent's rélprompted us to study
molecular structure, Bent's rule has been very helpful to explain the equilibrium geometries of the main group compounds-Me
qualitatively molecular geometries and to predict the changes XCl, (X = C, Si, Ge, Sn, Pb) and the transiton metal

of a structure when an atom or group is sut_)stituted. For compounds MgXCl, (X = Ti, Zr, Hf). The results are reported
example, the C+tC—Cl bond angle in MgCCl, is smaller in this paper. The trends for the-€K—Cl and C-X—C bond
(108.3) than the CG-C—C angle (113.0, because the €Cl angles are compared and the results are discussed in terms of

bonds have a higher p character at the central carbon atom thaqhe X—C(Me) and XClI natural bond orbital (NBO) hvbridiza-
the G-C bonds®® Although Bent's rule was suggested for tion.? (Me) ( ) hy

compounds of the first full row of the periodic table, it seems
to hold for molecules containing heavier main group elements Methods
1 T . I

%Sa\évetlrll.e -l(;—hgi(—:l(;ilngclz; ?;%Le%nzy?;g:z I‘I(jrstr:;;lb::lseitricgiorz?tal The geometries of the molecules were optimized at the Hartree

. e \ Fock (HF) and MP2 (MgllerPlesset perturbation theory terminated
compounds it has been shown that Bent's rule appears to bey cacond ordet)evels of theory using a 6-31G(d) basis’det H, C,
valid.3 Si, and Cl. For Ge, Sn, and Pb an effective core potential (ECP) with

We studied recently the performance of different theoretical a (31/31/1) valence basis set was emploifedn ECP has also been

methods for calculating the geometries of the titanium com- used for Ti, Zr, and Hf with a (441/21141) (N = 4 for Ti, 3 for Zr,
pounds M@TiCl,—n#4 At all levels of theory it was found that 2 for Hf) valence basis sét. This basis set combination is denoted
for Me,TiCl, the calculated GtTi—Cl bond angle idarger basis set IE2 The optimized geometries are minima on the potential
than the G-Ti—C bond anglé. This is opposite to what is energy surface, which was verified by calculating the Hessian matrix

known about compounds M¥CI, of main group elements X.

(5) Only the C-Ti—ClI angles are given in ref 4. The €Ti—Cl and
C—Ti—C angles are reported here.
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Table 1. Calculated and Experimental Bond Lengths (A) and Bond Table 2. Results of the NBO Analysis at MP2I
Angles (deg) of MeXCl, Molecules

X—C X—Cl
struct method XClI X-C C-X-C Cl=X—ClI % X % s(X) % p(X) % d(X) % X % s(X) % p(X) % d(X)
Me,CCl  HF/Il ~ 1.798 1521 113.0 108.3 Me.CCl, 525 314 685 0.1 461 186 8L1 0.2
MP2/il 1793 1516 1131 108.7 MeSiC 26.4 293 69.2 15 228 207 768 26
_ expt 1799 1523 113.6(0.4) 108.3(0.3) Me,GeCh 29.1 30.7 688 05 223 193 794 1.3
Me.SiCl,  HF/Il -~ 2.069 1.867 114.5 107.8 Me,PbCh 31.2 31.8 682 00 186 182 816 02
MP2/l 2.061 1.860 114.2 108.2 MeTiCl, 295 227 01 772 166 271 03 726
expt 2.055 1.845 114.%0.3) 107.2¢:0.3) MeZrCl, 21.4 242 02 757 125 257 05 738
Me,GeCb HF/II 2184 1949 118.6 106.2 Me:HfCl, 15.6 25.5 54 691 98 244 110 64.6
MP2/Il  2.183 1.954 118.3 106.6 )
expt 2.155 1.926 121.%1.4) 106.1£-0.6) 2% X gives the central atom part of t_he—?C and X-Cl bonds; %
Me,SnCh  HF/II 2379 2159 122.1 105.4 s(X), % p(X), and % d(X) give the hybridization of the>C and X-ClI
MP2/1l  2.380 2.161 122.0 105.9 bonds at the central atom X.
expf 2327 2109 110.39.1) 107.543.9) _ _
Me,PbCh  HF/II 2.466 2.218 128.6 104.7 known to us. We expect that the theoretically predicted
_ MP2/Il  2.470 2.227 128.9 105.1 geometries at the MP2/1l level of theory for the two compounds
Me.TiCl, ;';/'2'/” %igg %-g% 132-? i%? should be rather accurate. This means that thexGtCl angle
: : ) ; should decrease with the order ¥iZr > Hf.
expe 2.196 2.048 106.%2.0) 116.7¢0.5)
Me,ZrCl,  HF/II 2402 2225 104.4 118.2 The reverse order of the EX—CI and C—X—C bond angles
MP2/Il 2.372 2.207 105.0 117.6 of the MeXClI, molecules when X is a main group element or
Me,HfCl,  HF/II 2.370 2.205 105.0 116.4 a transition metal is not a trivial result, and it is difficult to
MP2/ll 2.344 2.183 104.9 116.5 explain by qualitative models. For example, the VSEPR model
aReference 2 Reference 2b° Reference 2cd Reference 2d. of molecular geomet?y fails to explain the observed change
e Reference 6. in the bond angle. Due to this model, the effect of higher ligand

electronegativity should lead to smaller bond angles, because

(only positive eigenvalues). The calculations were carried out using the space occupied by the bonding electron-pair domain in the
the program packages TurbomBfeand Gaussian 92° valence shell of the central atom decreage©bviously, the
prediction is wrong for the transition metal compounds,Me
XCly. The failure of the VSEPR model cannot be explained

Table 1 shows the theoretically predicted and experimentally by additional interactions of the ligands with nonbonding d
observed geometries of the molecules. The calculations predictelectrons, because the transition metals inX@, have a 8
that the CHX—Cl angle for X= C—Pb is always smaller than  €lectron configuration. The difference between the main group
the C-X—C angle (Table 1). This is in agreement with the elements and the transition metals can also not be explained by
experimental data and with Bent's rule. The calculations predict the size or the electronegativity of the central atom. Itis obvious
also that the CkX—Cl angle decreases and the-€—C angle that the calculated and observed change of the bond angles must
increases continuously from % C to X = Pb. The reported  be related to the differences in the covalent® and X-C(Me)
value for the C+Sn—Cl angle is larger than for €iGe—ClI, bonds between X= C—Pb and X= Ti—Hf.
but the experimental value for M8nC} has a rather high error Table 2 shows the results of the NBO analysis at the MP2/II
margin2® We tend to believe that the calculated trend of the level of theory. The X-Cl bonds of the main group molecules
Cl—X—Cl bond angles is correct. It should be noted that for Me2XCl are always polarized toward the chlorine atom. This
all molecules the bond angles calculated at HF/Il and MP2/II can be expected because the electronegativity of Cl is higher
are not very different from each other. Recent ab initio than those of the atoms X. The polarization of the® bond
calculations at the CISD/DZ(d) level of theory of the geometries is not very high for MeCCl, (46.1% at the carbon end), but it
of Me;SiCl, and MeGeCh gave bond angles which are very is much higher for X= Si—Pb (between 22.8% for SICl and
similar to our resultd? 18.4% for SA-CI; Table 2). The X-C(Me) bonds of the main

The opposite order of the EX—CI and G-X—C bond group compounds with X= Si—Pb are polarized toward the
angles is calculated for the transition metal compounds. The carbonend. The €C(Me) bond of MeCCl, is slightly (52.5%)
Cl—X—Cl angle is always clearly larger than the-E—C angle polarized toward the central carbon atom. The chlorine atoms
for X = Ti—Hf. This is also opposite to the prediction due to reduce the electron density at the central carbon atom ¢f Me

Results and Discussion

Bent's rule. The calculated geometry at MP2/Il of &l CCl, which leads to a higher electronegativity relative to the
is in good agreement with the experimental gas-phase vélues. Mmethyl carbon atoms. The-XCl bonds have always a lower s
There are no experimental values for MeCl, and MeHfCl, character at X than the respective-K(Me) bonds (Table 2).

This is exactly what is predicted by Bent’s rdlewe do not
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this study, however, is the relaé\bo s character of the -XClI
and X—C(Me) bonds.

The NBO analysis shows that the-XC(Me) and X-Cl bonds
for X = Ti, Zr, and Hf are strongly polarized toward the carbon
and chlorine end, respectively. In particular the+@f{Me) and
Hf—Cl bonds are very ionic. The polarization of the-TG and
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recently, Landis et al. extend&dPaulings’s formulas for hybrid
orbital strength functior?8 to any arbitrary combination of s,

p, and d orbitals. These authors showed that a pair &f sd
functions haswo energy minima at 71 and 109 A pair of s
functions has an energy minimum at°9@ther than 120210
This shows that the correlation between bond angle afd sd

Ti—Cl bonds is comparable, however, to the corresponding Sn hybridization is not straightforward. The calculated results
and Pb bonds (Table 2). A qualitative difference between the shown in Tables 1 and 2 indicate that for the calculated transition
main group compounds and the transition metal compounds ismetal compounds a higher d character means a smaller bond

found for the hybridization. The transition metal bonds of,Me
TiCl, and MeZrCl, are essentially Schybridized at the metal
with negligible contributions by the metal p orbitals. This is

angle.

Is the correlation between higher d character of a transition
metal bond and smaller bond angle restricted to theXaé,

in agreement with the results of photoelectron spectroscopy molecules investigated here? The answer is no! There are other

using variable photon energy of MeTi:Wwhich demonstrate
clearly that Ti is sé hybridized?® The % s character at X%

Ti and Zr is alwaydower, however, for the X-C(Me) bonds
than for the X-Cl bonds. This is opposite to the*dpybridized
X—C(Me) and X-CI bonds of the main group compounds, and

it is also opposite to what is predicted by Bent's rule. In the

case of MeHfCl, there is a significant amount of p character
in the H—C(Me) and patrticularly in the HfCl bonds (Table
2). The % s character at Hf for the HC(Me) bonds is higher
than for the Hf-Cl bonds, but the amount of the (energetically
higher lying) metal p contribution is clearly larger in HEI
than in H=C(Me).

transition metal compounds which exhibit an order of the bond
angles different from that of related main group molecules.
Examples are Sgp, and CrQF,. In SO,F,, the FS—F angle

is smaller (96.9) than the G-S—0O angle (124.9).2%8 The
F—Cr—F angle of CrQF; is larger (111.9) than the G-Cr—0O
angle (107.8).23% Also the —P—F angle of POk is smaller
(101.7) than the F-P—0O angle (116.9,2¢while in VOF; the
F—V—F angle is larger (111°% than the FV—0O angle
(107.5).23d

We want to emphasize that the correlation between the
hybridization and the bond angle does not mean that the

The apparent contradiction between the calculated % s hybridizationenforcesthe geometry. The equilibrium geom-
character of the transition metal bonds and Bent's rule can be etries of the molecules MXCI; are due to the favorable bond

resolved when the theoretical foundation of the rule, which was energies and minimal nonbonded repulsive interactions. The

originally suggested only for main group elemehisexamined.
Covalento bonds of main group elements are mainly* sp

VSEPR model fails, because it focuses on the differences of
the nonbonded repulsive interactions, while for the investigated

hybridized. Atomic p character concentrates in orbitals directed molecules the different trend of the bond angles is caused by

toward electronegative substituents, becatlse valence p

the different bonding interactions. For the transition metals it

orbitals of a main group element are always higher in energy is energetically more favorable to have a lowe d character

than thevalence s orbital This is because the electron density

in the X—CI bonds than in the XC(Me) bonds. For the main

can more easily be withdrawn from higher-lying orbitals than group elements it is more favorable to have a lower % s

from the more tightly bound low-lying orbitals. Covalent
bonds of transition metals are mainlydgy/bridized. It holds,
however, thathe energy leels of thevalence d orbitals of
transition metals are generally below the energyekeof the
valence s orbital® It follows that covalent bonds of transition

character in the X Cl bonds than in the XC(Me) bonds. The
structural consequences are a different order of thexCtCl
and C-X—C bond angles for the two classes of compounds.
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